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Preface 

The hippocampus (Figure 1), a brain structure located within the temporal lobe, has long 
interested neuroscientists and clinicians alike. Believed to be the locus of memory formation 
and spatial navigation, this small yet intricately connected region is essential for cognitive 
and emotional processes. A large body of studies spanning decades has unveiled its complex 
roles and its susceptibility to dysfunction. This book, The Hippocampus – Cognitive Functions 
and Disorders, offers a comprehensive exploration of one of the brain’s most intricate and vital 
structures. Edited by Maurice Ptito and Daniel R. Chebat, it brings together a diverse array 
of chapters authored by experts in neuroscience, neuropsychology, and clinical research. 
Covering both the fundamental neuroscience of the hippocampus and its implications for 
various disorders, the volume provides valuable insights for students, researchers, clinicians, 
and anyone interested in understanding the multifaceted roles of this critical brain region. 
Through its interdisciplinary approach, the book highlights the hippocampus’s significance 
in cognition, emotional regulation, neuroplasticity, and pathology, inspiring further research 
and clinical innovation. 

The first collection of chapters, entitled Hippocampal-based Behaviors, offers a com-
prehensive overview of the hippocampus’s pivotal role in cognition and neural plasticity. 
Ashim Pandey, Dipesh Shrestha, and Sujaya Neupane discuss how perceptual-cognitive 
training harnesses brain plasticity to improve visual and mnemonic functions, particularly 
in cortical blindness, and emphasizes integrated perception and navigation strategies. 
Frédéric Bernard examines the expanding understanding of the hippocampus beyond 
memory, proposing its involvement in reading processes such as word decoding and 
comprehension, and advocating for its inclusion in the reading network. Gaël Malleret 
explores the active role of the hippocampus in adaptive forgetting through synaptic depres-
sion mechanisms, such as LTD, which are essential for cognitive efficiency and overload 

Figure 1. 
A: the human hippocampus dissected out and B: the Seahorse it was named after. 



prevention. Maxime Bleau, Daniel-Robert Chebat, Fabien C. Schneider, and Maurice Ptito 
demonstrate how the hippocampus and navigation networks adapt in congenital blind-
ness, supporting non-visual navigation through cross-modal plasticity and highlighting 
the brain’s remarkable capacity for functional reorganization. Lastly, Nick Tsarouchas, 
Nicholas Tsarouchas and Constantin Tsarouchas, in a perspective chapter, focus on the role 
of hippocampus-centered limbocortical networks in emotional regulation and functional 
neurological disorders, modeling how dynamic interactions among default-mode, salience, 
and executive networks generate complex emotional states, and how their dysregulation 
leads to distorted self-representation, maladaptive predictions, and functional symptoms. 

The following collection of chapters, on Hippocampal Dysfunctions, highlights the   
diverse and critical roles of the hippocampus in brain health and disease. Mohammad 
Taghi Joghataei and Fereshteh Azedi explore how hippocampal vascularization patterns 
influence vascular impairment, impacting cognitive and emotional functions. Emerging 
evidence from Prateek Mehra, Julia Malone, and Shawn Malone underscores the impor-
tance of minimizing hippocampal damage during radiotherapy to preserve cognition. 
Haddad et al. demonstrate how prenatal alcohol exposure causes structural deficits in the 
hippocampus, linked to impaired cognitive development, exemplifying its vulnerability 
during critical periods. Serdar Ercan provides a detailed account of anterior temporal 
lobectomy for medically refractory temporal lobe epilepsy, outlining indications, patient 
selection, surgical anatomy, and technique, and showing how resection of hippocampal 
and mesial temporal structures can achieve high rates of seizure control while carrying 
specific cognitive, visual, and psychiatric risks. In a broad clinical neurophysiology per-
spective, Nick Tsarouchas, Nicholas Tsarouchas, and Constantin Tsarouchas characterize 
hippocampal and limbocortical “oscillopathies” across dementia, schizophrenia, mood and 
anxiety disorders, autism, ADHD, PTSD, functional neurological syndromes, movement 
disorders, and epilepsies, framing these conditions as disturbances of large-scale network 
oscillations that support memory, navigation, affect, and behavior. Collectively, these 
chapters underline the hippocampus’s central role across a range of neurovascular, neuro-
psychiatric, and functional disorders, and inform strategies for diagnosis and prevention. 

By bringing together contributions from these leading experts in the field, The Hippocampus –   
Cognitive Functions and Disorders aspires not only to educate but also to inspire future 
research. We certainly hope this collection highlights the lasting importance of the hippo-
campus in advancing our understanding of brain function and dysfunction. New research 
can pave the way for innovative strategies to reduce the impact of hippocampal disorders. 

Maurice Ptito, DMSc, Ph.D., FRSC, OQ 
School of Optometry, 

Université de Montreal, 
Montreal, (Qc) Canada 

Daniel R. Chebat, Ph.D. 
Department of Psychology, 

 Ariel University, 
Ariel, Israel 
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Chapter 1

Perceptual-Cognitive Training 
Paradigms for Understanding 
Cognition and Cortical Visual 
Impairments
Ashim Pandey, Dipesh Shrestha and Sujaya Neupane

Abstract

Brain plasticity and behavioral compensation after neurological injury offer 
promising clinical potential for targeted functional neurorehabilitation. An active 
area of research in neurorehabilitation is vision restoration via perceptual learning. 
Despite exciting success stories, vision rehabilitation strategies have faced limitations 
of achieving longevity and generalization beyond the training parameters. In this 
chapter, we propose that perceptual learning involves more than just sensory brain 
regions, suggesting that the search for neural mechanisms of visual learning should 
expand beyond the visual system. We hypothesize that engaging cognitive circuits 
with a navigation paradigm that involves visual encoding promotes plasticity in the 
visual system, a key input to the brain’s navigation networks. Under this hypothesis, 
we propose an integrated approach for neurorehabilitation where perceptual and 
cognitive systems are dynamically interacting. Furthermore, we argue that studying 
cognitive functions in the context of navigation necessitates controlled omission of 
sensory input in experimental paradigms, and such studies have implications for 
designing effective rehabilitative training for patients with cortical blindness. We 
review animal studies on the neural mechanisms of navigation without sensory input, 
focusing on the hippocampal formation and posterior parietal cortex-brain regions 
thought to subserve spatial navigation. Finally, we explore potential perceptual-cog-
nitive training tasks for vision restoration and their hypothetical neural mechanisms 
to address the limitations of existing vision training paradigms. Overall, we identify 
a promising research direction for developing innovative tools to rehabilitate visual 
function in individuals with cortical blindness.

Keywords: neurorehabilitation, perceptual learning, brain plasticity, navigation 
circuits, cortical blindness

1. �Introduction

A remarkable property of the brain is its capacity to change. When facing adverse 
conditions such as a stroke, the brain’s propensity toward adaptation and plasticity 
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offers a powerful potential to restore lost functions. Although post-stroke adaptation 
often occurs spontaneously, the recovery is seldom complete. For example, after corti-
cal visual impairment (CVI), in which a lesion in the visual cortex causes blindness in 
the contralateral visual field, the chances of spontaneous visual recovery are around 
50% during 1 month, reduce to 20% after 6 months, and go to zero after 12 months 
[1]. A perennial challenge for clinicians and neuroscientists is to design interventional 
paradigms to augment spontaneous recovery and achieve a fuller restoration of lost 
perceptual, cognitive, or motor functions after brain damage [2–4].

One way to achieve plasticity beyond spontaneous recovery is by designing train-
ing paradigms targeted at the lost function. The logic of this approach is as follows: 
Since there are redundant and flexible connections between brain areas [5–7], an 
appropriate rehabilitative training paradigm will leverage the intentionality of a 
patient with brain damage and unmask the residual anatomical pathways leading to 
functional restoration [3, 4, 8]. Supporting evidence for this approach comes from 
the observation that congenitally blinds patients naturally repurpose their brain 
structures to gain visual function [6, 9]. Researchers have designed interventional 
tools with this approach and successfully restored lost function to a certain extent. 
For example, there is a rich literature on perceptual training to regain vision in 
partially blind subjects with visual cortical damage [4, 10–14]. Despite its success in 
restoring lost function beyond spontaneous recovery, a consistent limitation of the 
domain-specific training approach is that the functional restoration is often restricted 
to training parameters and period [12]. What alternative approaches could promote 
longevity and generalization after rehabilitative behavioral training?

We propose an integrated approach for neurorehabilitation where perceptual and 
cognitive systems are dynamically interacting. Such an approach can offer several 
advantages to overcome the specificity and poor retention of vision recovery. First, 
generalization and flexibility are hallmarks of cognition, and as such, this approach 
can leverage the cognitive functions attributed to domain-general brain areas [6]. 
Second, targeting higher brain areas with behavioral training can induce plasticity 
in the feedback connectivity along the sensory hierarchy, opening the possibility of 
achieving functional generalization while stimulating specific sensory areas of inter-
est [8, 15]. Finally, an integrated approach using multiple tasks and continual learning 
is more natural than a trial-based task. The brain evolved to perform goal-directed 
tasks and solve problems in its umwelt by recruiting its various neural circuits in coor-
dination, for example, to detect food or threats, rapidly and flexibly make plans, and 
control its actions for enacting those plans [16]. Therefore, although neuroscientists 
use reduced experimental setups to probe these systems in isolation, a naturalistic 
alternative where the multiple systems work in unison would be more appropriate for 
rehabilitating a lost natural function [17].

A natural link to study perceptual and cognitive circuits as interactive systems 
is spatial navigation. Navigation behavior is ubiquitous across animal species and is 
thought to rely on multiple brain regions, including the hippocampal formation (HF). 
Navigation combines sensory information like self-motion with mnemonic informa-
tion like a mental map [18–20]. While inferring self-motion relies on processing 
sensory information such as the optic flow in visual areas [21], navigation involves 
making flexible decisions based on both sensory and mnemonic information, often 
attributed to cognitive regions such as frontoparietal cortices and the HF [19, 20]. 
More specifically, in primates with an evolved fovea-based visual system, the HF and 
posterior parietal cortex (PPC) are implicated in the perception of visual scenes for 
informing appropriate navigational decisions [22]. Such evolutionary perspective 
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and commensurate findings [23–25] suggest that the hippocampal cognitive func-
tions are coopted in primates for perceptual function, thus making our integrative 
approach more compelling. Furthermore, neurons in PPC encode self-motion [26, 27] 
and are implicated in spatial navigation, complementing the function of HF [28–30]. 
PPC and HF appear to be complementary neural circuits connecting perception and 
cognition. Indeed, by studying blind patients, researchers have shown that navigation 
training can induce plasticity in the parietal visual areas [31–33]. Therefore, naviga-
tion is a promising behavior to study which can inform task design for neurorehabili-
ative training.

In this chapter, we focus on vision restoration in cortical blindness and the neu-
rophysiological studies of two brain areas—PPC and HF. They are the crucial hubs 
in the primate brain underlying perceptual-cognitive behavior and thus capable of 
inducing top-down plasticity for vision restoration. In what follows, we first review 
the literature on visual perceptual learning in cortical visual impairment (CVI) 
patients. We then review the hippocampal studies that employed behavioral assays in 
which sensory information was absent or impoverished. We will subsequently review 
the literature on PPC and its complementary role in navigation and visual processing. 
With this knowledge, we will describe our integrated framework for neurorehabilita-
tion with potential experiments and hypothetical neural mechanisms. In brief, our 
integrated approach aims to leverage three ways of inducing more effective neural 
plasticity that can cause long-lasting improvement and generalization: (1) continual 
tasks to mimic naturalistic behavior and go beyond trial-based training, (2) stimulate 
top-down feedback connections to visual areas from higher areas, including PPC and 
HF, and (3) transfer generalizability of cognitive behavior to perceptual learning [3, 
4, 8, 10, 12, 34–36].

2. �Perceptual learning: Merits and limitations

Perceptual learning is a well-studied phenomenon in humans and animals in 
which improvement in sense perception is observed after repeated training or expo-
sure. A refined palate’s capacity to distinguish variations in a cuisine, a radiologist’s 
capability to read X-ray images, and a field biologist’s ability to recognize baboon 
faces are all attributed to perceptual learning. While other reviews exist on the topic, 
we focus on visual perceptual learning to outline its benefits as a neurorehabilitation 
tool, point out its limitations, and propose integrated approaches to tackle them.

Perceptual learning as a neurorehabilitation tool is most successfully used in cases 
of CVI [4, 10, 35]. CVI results from a lesion in the visual cortex past the optic chiasm, 
which causes blindness in the contralateral visual field. There are very few clini-
cal interventions available for these patients, and most of them live their lives with 
partial blindness. More recently, insights from visual perceptual learning have been 
used to develop vision training protocols to ameliorate CVI by maximizing residual 
functional vision. One way to do this is to place a visual stimulus on the blind field of 
a CVI patient and ask them to respond to queries made on the features of the stimu-
lus. Although the subjects cannot directly see the stimulus, they can respond to it, 
a phenomenon termed “blindsight” [37]. This approach utilizes the patient’s inten-
tionality and appears to activate the residual visual pathways for re-routing visual 
information to bypass the lesioned brain tissue [4, 10, 37]. In computational terms, 
perceptual discrimination of stimulus features presented in the blind field is made 
possible by gradually reweighting the readout of visual information—weakening the 
5
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readout from the lesioned area and strengthening it from an intact area [34, 38]. By 
using visual stimuli with complex features typically processed in higher visual areas, 
vision scientists have achieved greater generalization in both healthy subjects and CVI 
patients [10–12, 39–41].

Early CVI studies leveraged the known neural selectivity in primary visual cortex 
(V1) to design perceptual training paradigms after its partial damage. Patients were 
trained to detect vertical grating presented on their blind field in a two-alternative 
forced-choice task. They showed improved contrast sensitivity limited to trained 
stimuli and location within the blind field [42], as was expected from perceptual 
learning studies that focused on lower visual areas [43]. Subsequent studies used 
visual stimuli that would allow for generalization to untrained stimuli. Huxlin and 
colleagues [44] used motion discrimination training to induce targeted plasticity in the 
extrastriate visual cortex. The perceptual improvements they observed transferred to 
untrained stimulus and task but were retained only at the training location [10, 44]. 
To overcome the location specificity, Pack and colleagues used a discrimination task 
on complex motion stimuli such as optic flow or rotating clouds of dots. Such complex 
motion is known to stimulate neurons in the medial superior temporal (MST) area 
[45]. Since MST receives converging inputs from neurons in the upstream motion-
sensitive areas, MST neurons have large response fields straddling the midline [46, 47]. 
In healthy individuals and CVI patients, they used optic flow stimuli and an “in/out” 
binary discrimination task and monitored their perceptual learning. This approach 
showed generalization of learning across stimulus features as well as spatial locations 
[11, 12, 34], but the spatial transfer did not last beyond the training period [12].

Visual perceptual learning studies have primarily focused on understanding 
neural plasticity across different cortical regions of the visual system [48]. While this 
approach has seen limited success in restoring vision in CVI patients, the retinotopic 
organization of visual areas puts a fundamental limit on location transfer, even 
though the extent of transfer can be expanded by targeting higher visual areas with 
relatively less spatial specificity [12, 34, 43]. Therefore, there is a need to design train-
ing paradigms that are not bound by retinotopic constraints.

One way to achieve this is to take an integrative approach of combining perception 
with cognitive behavior. The potential of cognitive training to enhance perceptual 
experiences has been explored with navigation tasks in blind subjects who exhibit 
enhanced activity in their visual cortex after navigational behavioral training [31, 32]. 
To get a more detailed characterization of the underlying neural circuits of navigation 
and assess its utility in vision rehabilitation training, we review the neural mecha-
nisms of navigation behavior in the next two sections.

3. �Navigation without sensory input

Everyday navigation is a multi-sensory integration process that relies on 
internal and external information. When the destination is visible, navigation 
becomes a process of calibrating one’s bearing to the goal location. In most cases, 
however, navigation involves traveling to a place not immediately visible and often 
entails taking novel routes to new destinations. Such flexible navigation relies on a 
learned mental map, which is viewpoint independent and readily accessible to the 
agent. Over many decades, various neural and behavioral studies have supported 
the notion that animals encode and use such an internal cognitive map to plan and 
execute routes [18–20].
6
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The evidence for the neural representation of the hypothetical cognitive map first 
came with the landmark discovery of place cells in the hippocampal formation of 
rodents [49]. Place cell gets its name from its functional property, namely its charac-
teristic encoding of an animal’s particular location within an arena, irrespective of its 
orientation or speed. Unlike the response field of sensory and motor neurons, which 
encode space relative to eye, head, or body position, place cells encode space with 
respect to objects external to the animal. The discovery of such an allocentric spatial 
code inspired a significant interest in the potential existence of a viewpoint indepen-
dent, generalizable cognitive map in the brain. Naturally, it spawned a new subfield of 
neuroscience that focused on characterizing the nature of this spatial representation 
in the brain [50–53]. Experimental verification of the usage of an internal map, how-
ever, requires behavioral paradigms in which subjects must make inferences over the 
map without access to external input [19]. Numerous experiments were conducted 
toward this goal, as reviewed below, albeit with limitations [54, 55].

When the hippocampal place cell was discovered, researchers established its 
generality by varying the external cues in both light and darkness [56, 57]. In the first 
systematic probing of place cells by O’Keefe, he tested them in the dark, reporting no 
change in their spatial code but only if rats were pre-exposed to the maze with lights 
on [58]. However, removing both visual and tactile cues caused the place fields to 
destabilize. This finding was later confirmed in a more extensive study [59], suggest-
ing that place cells encode a memory of the local spatial environment.

Further support for the mnemonic spatial code in the hippocampus came with 
interventional studies in which blind and deaf rats navigated an open arena [60]. 
The authors found that only a minority of hippocampal place fields remained stable 
in blind and deaf rats [60]. In contrast, when Save et al. recorded activity from the 
hippocampus of blind rats, they found stable place cells. There was one crucial differ-
ence between the two studies—while in the earlier study, the rats were pre-exposed to 
the foraging box before sensory deprivation; in the latter study, rats were made blind 
shortly after birth, precluding any prior visual exposure to any environment. These 
studies suggest that the hippocampal place cell system uses multisensory input to map 
the spatial environment, and the stability of the place system is disrupted if the rela-
tional structure of the environment initially used for cognitive mapping is altered [61, 
62]. In other words, the place cell system is disrupted if there is a mismatch between 
the learned map and the spatial environment, as reported two decades earlier by 
O’Keefe [58]. The destabilization of the place cell system does not mean the hippo-
campal function is disrupted. Instead, the apparent disruption is popularly known as 
remapping of what the animal perceives as a new environment [63].

A major caveat for testing endogenous recruitment of a cognitive map in a dark 
environment is access to olfactory information. Indeed, the studies that robustly 
controlled for olfactory input showed that olfactory cues are enough to maintain 
place cell firing in the dark [59, 61]. For example, Save et al. thoroughly cleaned the 
experimental box to remove any olfactory cues before turning the lights off. Under 
this tightly controlled setup, place code stability was abolished in most previously 
identified place cells [64]. This suggests that the hippocampal place representation 
underwent remapping. The rodents perceived the environment as new without any 
previously experienced sensory cues. The result of this particular study is striking 
because when most sensory inputs were removed, including olfactory cues, it became 
clear that the idiothetic information alone was insufficient for place cell stability [62], 
suggesting that external and internal information must be in constant coordination 
for the stability of a cognitive map.
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The above studies observed rats in their natural behavior—free foraging—and 
their hippocampal place cells in light and dark conditions [65–67], shedding light 
on the mnemonic nature of hippocampal spatial representation. However, they do 
not address how a mental map is recruited endogenously to drive behavior. A lack of 
behavioral readout in those studies makes it difficult to link neural phenomenology to 
the intentional use of a cognitive map.

Following a productive decade of investigating the nature of place cells in freely 
foraging rodents, new studies employed hypothesis-driven experimental tasks to 
find the link between the hippocampal circuits and navigation behavior. In one such 
experiment, researchers systematically displaced the animal’s home box immediately 
after the animal had left it to retrieve food from a fixed target location [68, 69]. They 
found that the place representation near the box remained anchored to the box even 
when displaced by different distances on each trial. Far from the box, however, the 
place representation was anchored to the running track, regardless of the home box 
location. The animal used internal monitoring of self-motion to keep track of its loca-
tion to a certain point on its outbound journey from the box to the food. By assessing 
whether the place representation was anchored to the box at different points along the 
animal’s journey, researchers quantified where, along the journey, the animal’s inter-
nal monitoring system switched to the external cue-based system for updating self-
location. Crucially, when this experiment was repeated in the dark, the switch point 
was significantly further along the journey, suggesting that the behavioral demand 
led to a greater reliance on the internal self-localization system [69]. Other experi-
ments analyzed the homing behavior and used lesioning techniques to show that 
besides the hippocampus, the entorhinal cortex and posterior parietal cortex played 
a significant role in the internal monitoring of self-location [70–72]—also known as 
path integration [73]. What was still lacking was a mechanistic account of how neural 
dynamics in these brain areas could give rise to internal monitoring of self-motion or 
endogenous navigation over a cognitive map in the absence of sensory input.

About 25 years after the discovery of place cells, the landmark discovery of grid 
cells in rodent medial entorhinal cortex (MEC) steered the field toward a mechanistic 
understanding of the hippocampal formation and cognitive map-based navigation 
behavior [74, 75]. Grid cells, like place cells, represent an allocentric spatial code but 
differently—each grid cell is active at multiple spatial locations; the active locations 
form an interconnected tessellation of equilateral triangles, giving the connectivity 
pattern of active sites a hexagonal structure. In the initial studies, the authors char-
acterized the phenomenal grid cells in dark conditions and verified that grid cells 
were light-invariant, similar to the hippocampal place cells [74–76]. Studies in mice, 
in contrast, have reported the disruption of entorhinal grid fields while running in 
darkness [77]. These apparent disparate findings were likely due to a lack of exposure 
to the dark testing environment, similar to what was repeatedly observed in the early 
studies of place cells. In their supplementary figures, Chen et al. (2016) reported 
partial rescue of the gridness structure when mice gained experience running in a 
dark environment. What could such a precisely patterned spatial grid code in the 
brain mean for navigation behavior? The modeling work that followed the discovery 
of grid cells uncovered a crucial insight.

The hexagonal pattern of grid fields emerges in a network of neurons on a planar 
sheet locally connected with a strong enough inhibitory connection. At steady state, 
all phases of the network are equally stable, making the network pattern a continuous 
attractor. When such a network is driven by velocity input, the magnitude and direc-
tion of the input are coupled to the translation of the activity pattern on the neural 
8
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sheet. The network activity is thus continuously updating the current location, essen-
tially performing path integration [78, 79]. Two critical predictions of this model 
were subsequently verified experimentally—that the entorhinal grid cell system is a 
continuous attractor network [80–82] and it plays a role in path integration [83–85].

Recent studies have shown that when the internal information (path integration) 
and external information (visual cue or optic flow) are in conflict, both the entorhi-
nal grid cells and hippocampal place cells show commensurate changes in their spatial 
representation [84, 86, 87]. These studies quantified and perturbed the latent vari-
ables, which are undoubtedly the right approach for robustly linking neurobiology to 
cognitive processes. However, such approaches must be combined with goal-directed 
behavior to link latent variables to the deliberate usage of a cognitive map. Two new 
studies have made significant progress in this direction by training animals to “men-
tally” navigate a previously learned map of an environment.

In the first study, Lai and colleagues [88] exploited the known place code of the 
hippocampal CA1 neurons in rodents. They built a brain-machine-interface (BMI) to 
probe the animals’ ability to use their cognitive map volitionally. The authors collected 
neural recordings from hippocampal CA1 neurons as the animals ran on a treadmill 
that controlled a virtual reality display. Randomly located navigation goal locations 
were visually cued to the animal. A nonlinear decoder was trained to learn the spatial 
code from the recorded hippocampal firing patterns. After building the decoder, the 
animal’s movement on the treadmill was disconnected from the display. The animal 
had to generate appropriate activity patterns in its CA1 to reach the goal location so 
the decoder could transform these activities into virtual movement on the display. 
Remarkably, the animals learned to perform the BMI task by controlling their hip-
pocampal pattern, which controlled the decoder that controlled the animals’ “avatar,” 
providing compelling evidence that they used the hippocampal spatial code.

Next, the authors fixed the animals at the center of the arena. They trained them 
to generate a new pattern of neural activity that could control the movement of an 
external object to a goal location. They repeated the method to build a decoder to 
control the object’s movement. The animals again successfully exhibited voluntary 
control of their hippocampal pattern, which caused the decoder to move the object 
to the goal locations. Since the discovery of hippocampal place cells, this is the first 
direct demonstration of animals using its place cell pattern to control self- and object 
movement. Although the BMI task is a powerful demonstration of how hippocampal 
place cells control navigation behavior, the animal is exposed to continuous sensory 
feedback in this task. The animal also makes motor movements in most of the tri-
als. Therefore, it is unclear if the animals employ a map-based strategy or calibrate 
their bearing to the goal location as they approach it. The latter strategy could have 
been picked up by a sophisticated decoder for the successful completion of the task. 
Regardless, the hippocampus-dependent cognitive BMI offers a crucial test for 
volitional access and use of cognitive maps.

In the second study, we addressed the above shortcomings with a different 
approach. We developed a navigation task paradigm in which monkeys virtually 
travel between two cued positions on a linear sequence of landmarks [89]. Crucially, 
sensory feedback was removed during mental navigation—neither optic flow nor 
interleaving landmarks were visible. The task demand compelled the animals to rely 
entirely on their memory of the map and mentally keep track of the distance tra-
versed to solve the task accurately. In other words, the animals relied solely on internal 
information to navigate between cued landmarks. Generalization tests and behavioral 
modeling further confirmed that the animals used their cognitive map to solve the 
9
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task. More specifically, we found that the animals’ timing variability was captured by 
a dynamic process punctuated by landmark-induced reset events, except that these 
landmark events were mnemonic and not perceptual. We then recorded activity 
from the entorhinal cortex (EC) and found a subregion where neurons exhibited a 
periodicity that matched the inter-landmark interval. To establish a more robust link 
between the periodic neural activity and behavior, we tested if the variability in the 
phase of periodic activity bumps could predict the animals’ timing variability across 
trials. We found that animals consistently undershot if the periodic bumps occurred 
earlier and vice versa. Together, our newly discovered neural dynamics in primate 
EC provide compelling evidence for computation over an internal cognitive map to 
support mental navigation behavior.

The above two studies have opened new avenues for studying the neural mecha-
nisms of cognitive behavior that demand endogenous recruitment of cognitive maps. 
The first study offers a proof-of-principle for using the BMI framework in the HF to 
investigate cognitive control mechanisms. The second study provides a promising 
paradigm for developing tasks, enabling the study of how the perceptual system 
coordinates with the cognitive system in the brain. The rest of the chapter focuses on 
the latter.

4. �Perceptual-cognitive system interactions: PPC and HF

The importance of coordination between the perceptual and cognitive systems 
in navigation behavior has been emphasized long before [90]. Spatial navigation is a 
naturalistic cognitive task that relies on both optic flow input and a cognitive map of 
the local environment. As we move through the environment, the apparent motion 
of objects, surfaces, and textures in our visual field generate optical flow patterns 
and visual cues that teach us about our movement. The pattern of optic flow radiates 
outward from the direction we are traveling, which enables us to determine our head-
ing direction and traveling speed [91, 92]. However, optic flow alone is insufficient 
to plan a route to a goal that is not immediately visible. Taking the first step in the 
correct direction requires a decision based on the goal location and an internal model 
of the external environment. Such cognitive decisions require computations over the 
internal model and continuous integration of optic flow visual input to keep track of 
one’s heading and speed to infer one’s position and distance traveled. In contrast, two 
alternative forced-choice visual perceptual tasks require a simple binary readout of, 
for instance, an optic flow visual stimulus. Therefore, a navigation-based task design, 
besides being more naturalistic, demands richer computations and coordination of 
perceptual-cognitive systems.

Besides the hippocampal formation, the posterior parietal cortex has been impli-
cated in its unique contribution to navigation behavior. PPC is an associative brain 
region located in the dorsal visual pathway of the primate brain. PPC is thought 
to underlie a range of functions at the intersection of perception, cognition, and 
action. Within the PPC, primate area 7a is particularly relevant as it is implicated in 
abstract spatial reasoning and mental simulation [93–95]. More importantly, area 7a 
is sensitive to navigational signals such as the speed of optic flow stimulus [26, 27, 96, 
97] and allocentric spatial code [98–100]. Anatomically, area 7a has monosynaptic 
connections to HC [101], vestibular nucleus [102], and sensorimotor areas [103], 
suggesting that this area might be a hub of neural computations that complement the 
navigational function of HF.
10
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The functional relationship between PPC and HF was first demonstrated by 
observing the impact of PPC lesions on hippocampal place cells. Place cells are known 
to represent allocentric spatial code as their activities are anchored to the configura-
tion of spatial cues in the local environment. However, when PPC was lesioned, the 
rotation of a previously learned set of landmark objects did not rotate the place fields 
[71, 104], suggesting that PPC is an essential node in the neural circuit for learn-
ing mental maps of the environment. Other studies provide further clues as to the 
function of PPC in coordinate transformation—first to transform egocentric visual 
and vestibular input to allocentric spatial code and then to transform allocentric 
mnemonic code into body-centric action sequence plans [28–30]. Area 7a of PPC in 
monkeys is particularly implicated in coordinate transformation [100]. Finally, PPC 
neurons showed a first-person route mapping function in monkeys trained to use a 
joystick to navigate a virtual house [105]. A similar observation about human PPC 
was made in a neuroimaging study [106].

These studies provide compelling initial evidence that motivates the design of 
perceptual-cognitive training paradigms for inducing plasticity in PPC and HF. Such 
task designs can go beyond a binary task and target brain areas outside the canonical 
visual hierarchy for training-induced plasticity. In the next section, we will describe 
new training paradigms and outline hypothetical mechanisms of neural plasticity 
they can potentially induce for vision restoration.

4.1 Perceptual-cognitive training for neurorehabilitation

Our overarching hypothesis is that cognitive task demand can induce plasticity 
in brain regions that process visual inputs, leading to a long-lasting improvement in 
visual perception. In a network of dynamical systems, connectivities exist in a given 
circuit at its input, its output, and within its local interaction. Plasticity can occur in 
any one of these subspaces. A naturalistic cognitive task that offers continual learning 
can activate the entire circuit, inducing richer plasticity and resulting in longer-last-
ing and more general learning. We expand on this hypothesis with three inter-related 
mechanisms for linking cognitive-perceptual training to neural plasticity for vision 
recovery: (1) continual tasks to mimic naturalistic behavior, (2) top-down feedback 
connections to visual areas from upstream regions including PPC and HF, and (3) 
transfer generalizability of cognitive behavior to perceptual learning.

One way to adopt continual learning in a naturalistic task in vision restoration 
programs for CVI is to motivate task design by the specific behavioral loss patients 
experience after visual deficits. Most patients lose their driving license after suf-
fering CVI. A simple cognitive task for vision training, then, is a steering task. In 
this task, a continuous dynamic optic flow pattern that radiates outward from the 
central focus of expansion (FoE) is presented to the subject. The stimulus gives 
the perception of moving forward on a straight path, like driving a car. The FoE 
drifts randomly to either left or right for a random duration. The task is to correct 
the course by compensating for the drift and keeping a straight heading. Although 
the behavioral report is still impoverished since it is binary, the behavior is con-
tinuous in time, and more importantly, the action is in close-loop with optic flow 
presentation [107]. The naturalistic task should engage not only the dorsal visual 
areas for motion perception but also PPC and premotor circuits for continuous 
action output. By placing the optic flow stimulus inside the blind field, one can 
test whether the steering task can induce visual plasticity and restoration with 
higher generalization.
11
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How could continual learning tasks induce more effective recovery? One valu-
able insight generated from trial-based visual training is that double training confers 
superior outcomes in vision recovery [10, 41]. Double training entails incorporating 
two locations or stimulus features in the rehabilitation training protocol. The double-
training effect can be boosted with a continuous paradigm where each instant of time 
in the perception-action loop can act as a trial. By using stimuli that change location 
or feature, we can utilize the double-training effect at a larger scale.

A task that extends the driving task with a higher cognitive demand task is the 
time-to-memorized-landmark task. By placing an invisible target location in the optic 
flow field, subjects now have a memory demand besides keeping track of the heading. 
The invisible target determines the stopping time obtained by accurate path integra-
tion over the perceived speed. A similar time-to-contact task has previously been 
studied with neural modulation in area 7a of primate PPC [27, 108–110].

Similarly, another cognitive task that leverages the memory of landmarks is the mental 
navigation task [89], known to modulate both PPC and HF [111]. To induce perceptual 
learning, the mental navigation task can be modified by introducing a visible optic flow 
field that cues the required speed of navigation over memorized landmarks. In this task, 
the computational demand is twofold: first, spatiotemporal integration of the perceived 
optic flow stimulus to infer velocity, and second, temporal integration over the inferred 
velocity for accurate mental navigation. Although these tasks appear computationally 
demanding, they approximate the natural navigation behavior in which we have continu-
ous access to optic flow stimuli, but no direct visual access to the destination or the map 
of the environment. We believe such tasks are more conducive to stimulating residual 
anatomical pathways in neurological damage [112].

What neural mechanism could potentially induce plasticity for vision restoration 
via cognitive training? Several interrelated neural mechanisms have been proposed 
for perceptual learning. One mechanism of perceptual learning is through the adjust-
ment of readout weights such that behavioral-relevant visual representations are 
weighted more heavily by the downstream decision circuit [113, 114]. By designing 
visual stimuli with higher complexity, higher visual areas with less location specificity 
can be targeted for neural plasticity [10–12]. Complementary to reweighting, percep-
tual learning in attentional tasks is thought to exert influence via feedback projections 
along the visual hierarchy [8, 15, 115]. We extend this reverse hierarchical framework 
of visual learning to include the hippocampal formation, given its specialization in 
perceptual and attentional function [22–25]. Specifically, accurately perceiving the 
optic flow field will leverage the aforementioned visual plasticity mechanisms in PPC 
and other visual areas sensitive to motion. The cognitive demand of using the per-
ceived flow information for solving navigation tasks will engage HF and its connec-
tion with the visual system. By using navigation-based perceptual-cognitive tasks that 
are known to modulate HF and PPC, we expand both the task space and the range of 
neural plasticity they might exert in the visual system.

The tasks mentioned above demand an accurate estimate of elapsed 
time. A behavioral feature in goal-directed navigation tasks is time estimation [89]. 
Estimation of time intervals is a task that is, by definition, internally controlled. 
Therefore, it has been used as a valuable tool to study neural mechanisms of cogni-
tive behavior [116, 117]. One feature of temporal learning is particularly relevant to 
the generalization of visual perceptual learning. While visual perceptual learning 
is usually limited to training location but generalizes to visual features, temporal 
learning generalizes to new spatial locations but remains specific to the trained 
time interval [118]. Therefore, training on our tasks should confer generalization 
12
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of temporal learning across space, as shown in Ref. [118]. Exploiting the features 
of temporal learning thus adds another dimension to overcoming the specificity of 
vision restoration.

Lastly, our proposed integrated perceptual-cognitive paradigms are not limited to 
visual function. They can induce plasticity in neural circuits responsible for cognitive 
functions [86, 119]. As a result, the flavor of navigation paradigms we highlight here 
can also restore cognitive deficits. The extent to which we can control plasticity for 
cognitive functions through targeted brain training is an exciting area of research that 
remains to be explored.

5. �Conclusion

We started by highlighting the capacity of the brain to change and pointing out the 
limitations in the field of vision neurorehabilitation to leverage this capacity for tar-
geted improvement of lost function after brain damage. We identified navigation as 
one of the most ubiquitous, naturalistic behaviors in which perceptual and cognitive 
systems continually interact. We described how navigation-based training paradigms 
could potentially induce long-lasting and generalizable plasticity in neural circuits for 
vision restoration by exploiting naturalistic task design, feedback connections from 
navigation circuits to visual areas, and the generalizability of cognitive functions. 
We reviewed a specific literature of the hippocampal formation in which researchers 
studied the neurobiology of spatial navigation in the absence of sensory input. Based 
on this literature and recent new studies, we proposed various perceptual-cognitive 
experimental paradigms to test the role of cognitive tasks on perceptual learning and 
its hypothetical neural mechanisms.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Perspective Chapter: Should the 
Hippocampus be Considered a Key 
Part of the Reading Network?
Frédéric Bernard

Abstract

Traditionally associated with memory functions, the hippocampus is now 
increasingly recognized for its role in language, particularly in reading. This review 
chapter presents numerous brain imaging and cognitive studies on reading, includ-
ing studies on healthy participants, people with dyslexia, and neuropsychological 
patients. These studies demonstrate the necessity of the hippocampus for various 
aspects of reading, from word decoding to text comprehension. The chapter also 
explores findings that show how reading practice may contribute to hippocampal 
development and protection. Given these insights into the deep connections between 
the hippocampus and reading, it is time to question and potentially redefine the 
traditional boundaries of the reading network.

Keywords: hippocampus, language, memory, reading, neuropsychology, brain imaging

1. �Introduction

The hippocampus is a complex brain structure that remains fascinating even
though the frontal cortex partly stole the spotlight from it starting in the 1990s [1]. 
Its discovery by the Italian anatomist and surgeon Julius Caesar Arantius dates back 
to the sixteenth century [2]. It was not until the mid-twentieth century that a direct 
link was established between the hippocampus and memory, particularly through 
the observation of the effects of bi-hippocampal resection in patient H.M. to treat 
highly debilitating epileptic seizures [3]. This role was subsequently confirmed in 
other patients with hippocampal lesions, making this region a key component of 
the network that underlies declarative memory [4], or even solely episodic memory 
according to some researchers like Tulving [5].

More recently, since the 1990s, an increasing amount of data has led researchers 
and clinicians to consider that the hippocampus could also play an important role in 
language. Thus, for example, a reexamination of data obtained from H.M. suggests 
that, in addition to memory disorders, he had difficulties understanding language 
[6, 7]. These language difficulties could also be observed in patients with temporal 
lobe epilepsy [8, 9]. More recently, Piai et al. have shown, through the recording of 
electrical activity in the hippocampus, that this structure was involved in language 
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processing [10], leading Covington and Duff to propose extending the ‘classic’ 
language network to include the hippocampus [11].

In the rest of this chapter, we will present several results suggesting that the hip-
pocampus may also play a significant role in an even more specific activity, reading. 
This observation raises the question of whether it would be relevant to include the 
hippocampus in the reading network, which primarily encompasses the ventral 
occipito-temporal cortex and the lateral fronto-temporal cortex [12].

In light of the simple model of reading [13], we will first explore the potential role 
of the hippocampus in the identification of individual words, what is called decoding, 
before examining the stage of understanding sentences and texts.

2. �Decoding or the identification of individual words

2.1 �In healthy individuals

Before learning to read and being able to correctly identify written words, children 
spend their first years expanding their vocabulary by learning thousands of new 
words that they hear. Each of these words corresponds to an arbitrary association 
between a combination of elementary sounds called phonemes and at least one mean-
ing. In a functional MRI study, Breitenstein et al. showed that healthy adults who 
activated the hippocampus the most during exposure to new words were also the most 
successful in expanding their vocabulary [14]. This finding suggests that the hippo-
campus is involved in the successful learning of new words that are heard. In another 
fMRI study, Davis et al. highlighted a significant activation of the left hippocampus 
in healthy adults when they were hearing entirely unfamiliar novel words compared 
to consolidated and unconsolidated novel words already heard [15]. Moreover, the 
magnitude of this activation was positively correlated with the post-scan recognition 
level of these entirely unfamiliar novel words. These results demonstrate that the 
hippocampus contributes to the initial acquisition of novel spoken words.

When children learn to read from an alphabetic writing system, they first learn to 
associate each letter with the corresponding sound or phoneme. This process, called 
grapheme-phoneme conversion, is part of an indirect or graphophonological pathway 
and requires the co-activation of the visual word form area (VWFA) located in the 
occipito-temporal cortex, which processes groups of letters, and a temporo-parietal 
region, which processes the corresponding sounds. These two regions are connected 
via the posterior segment of the arcuate fasciculus, which significantly develops 
during the learning of reading as highlighted by diffusion tensor imaging (DTI) [16]. 
The graphophonological pathway is particularly useful for reading regular words 
and pseudowords. Using an artificial orthography in an fMRI study, Quinn et al. 
showed an increase in hippocampal activity between two consecutive days of training 
to read words using the grapheme-phoneme conversion process with new artificial 
and arbitrary association rules [17]. The results of an MEG study, in which Finnish 
adult participants were trained to associate novel foreign letters with Finnish speech 
sounds, also suggest that the hippocampal region plays a role in this kind of associa-
tive learning enabling grapheme-phoneme conversion [18].

He et al. studied 416 healthy Chinese adults and found that a component called 
‘form-sound association’ was positively associated with gray matter volume in the 
bilateral hippocampi [19]. This association was measured using a Visual-Auditory 
Learning test, which involves forming associations between non-language visual 
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stimuli and oral responses, and a Chinese Vocabulary test, which involves reading 40 
very low-frequency Chinese characters. This result confirms the role of the hippo-
campi in the ability to make connections between a new morpheme visually presented 
and its sound, which mainly relies on the graphophonological pathway.

Another complementary pathway, the direct or orthographical pathway, is 
increasingly used as children progress in their reading skills. This pathway starts at the 
VWFA, which processes groups of letters, and leads directly to the lateral temporal 
cortex, involved in accessing the semantic information associated with a recognized 
word from its orthographic form. This pathway is particularly useful for reading 
irregular words and developing spelling ability.

In an fMRI study [20], Abutalebi et al. compared brain activity in 12 healthy 
participants while they read dialect words for the first time (from a native language 
in which participants were illiterate) versus German words (from a second language 
in which participants were literate). This led to the activation of a network that 
included the left hippocampus. According to the authors, these findings reflect the 
contribution of the hippocampus in the development of a new orthographic lexicon 
by creating associations between meanings and orthographic word forms.

In an fMRI study exploring the effects of a 5-week morpheme-based spelling 
intervention on children with poor spelling and reading abilities, Gebauer et al. high-
lighted an increase in spelling and reading comprehension, associated with increased 
activation in the left temporal, parahippocampal, and hippocampal regions during 
a lexical decision task [21]. This result reflects the role of these regions in the recol-
lection of a newly learned morpheme-based strategy. It aligns with the findings of 
Krafnick et al., who observed an increase in gray matter volume in the hippocampus 
of dyslexic children after an 8-week reading intervention [22].

Sterpenich et al. explored the effects of sleep deprivation on the learning and con-
solidation of visually processed non-words [23]. Compared to a group of participants 
who had a sleepless night immediately after learning the non-words, another group 
who had a full night’s sleep afterward recognized significantly more non-words, with 
this better recognition being associated with stronger hippocampal activation. These 
results confirm the role of the hippocampus in the learning of new lexical representa-
tions through the mobilization of the two complementary reading pathways, the 
graphophonological pathway and the orthographic pathway, and demonstrate the 
detrimental effects of sleep deprivation on these processes.

In an fMRI study, Tao et al. examined the brain changes associated with ortho-
graphic word-form learning in healthy adults [24]. The hippocampus showed a 
significant increase in activity during learning. Moreover, the level of activity in this 
region was associated with better post-scan recall scores.

Overall, these results suggest that the hippocampus is involved in the learning and 
consolidation of new words, non-words, or pseudowords that are read.

2.2 �In developmental dyslexia

Paz-Alonso et al. studied the effects of dyslexia on brain activations associated 
with the reading of single words, pseudowords, and pseudohomophones [25]. They 
observed that lower accuracy in reading pseudohomophones among individuals 
with dyslexia was associated with reduced activation in the left angular gyrus and 
hippocampus. This finding reflects the role these regions play in semantic process-
ing during reading. Moreover, during word reading, although there were no accu-
racy differences between dyslexic participants and controls, dyslexic participants 
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exhibited stronger functional connectivity between the left hippocampus and 
the pars opercularis of the left inferior frontal gyrus. This may indicate a greater 
need in dyslexic individuals to integrate and maintain the memory representations 
required for online reading, facilitated by the hippocampus, in interaction with 
regions involved in accessing representations for word reading, such as the pars 
opercularis.

2.3 �In patients with temporal lobe epilepsy

Lah et al. conducted a systematic review to examine reading in children with 
temporal lobe epilepsy [26]. The results show that, overall, patients with temporal 
lobe epilepsy have lower levels of reading accuracy for regular words, irregular words, 
and non-words compared to normal controls. Although these results support the view 
that the hippocampus plays a crucial role in decoding, they do not provide details 
regarding the specific processes associated with decoding that are impaired.

2.4 �In patient H.M

MacKay and James found that patient H.M. suffered from deficits in reading low-fre-
quency words and pseudowords aloud [27]. This result has been interpreted as reflecting 
the crucial role of the hippocampus in creating new connections between nodes or 
representational units located at the semantic, phonological, or orthographic levels.

2.5 �In patients with Alzheimer’s disease

Ota et al. evaluated language abilities in 22 patients with Alzheimer’s disease [28]. 
They found significant negative correlations between a score for reading aloud Kanji 
words and small-world properties (reflecting structural brain networks) in several 
brain regions, including the bilateral hippocampi. This means that as the reading 
score decreases, the functions of the highlighted regions become segregated from 
their surroundings. The authors interpreted this result as reflecting the crucial role of 
the hippocampi in semantic processes during the reading of Kanji words.

3. �Comprehension

3.1 �A cognitive model of comprehension

According to one of the most influential models in the cognitive sciences of read-
ing, the Construction-Integration model [29, 30], two forms of representations are 
activated during reading and text comprehension: (1) the text base and (2) the situa-
tion model. The text base includes surface elements (each individual word consisting 
of an association between a combination of letters and one or several meanings, and 
the way these words are ordered according to specific syntax) and semantic proposi-
tions (associations between a predicate, most often a verb, and one or several argu-
ments, typically nouns). The text base primarily relies on the information contained 
within the text itself, whereas the situation model involves integrating this informa-
tion with the reader’s memories and knowledge. Therefore, the situation model is 
likely to differ between readers, while the text base remains relatively consistent 
across readers. These two forms of representations are activated during the reading of 
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a text, ultimately leading to the construction of a global representation known as the 
episodic text memory. The representations described here will be referenced in some 
of the articles presented below.

3.2 �At the sentence level

3.2.1 �In healthy individuals

In an fMRI study, Cooke et al. measured brain activity while students were reading 
sentences differing in their grammatical structure [31]. They observed activation of 
the left hippocampus when contrasting object-relative long antecedent-gap sentences 
with a pseudofont baseline, and when contrasting object-relative long antecedent-
gap sentences with subject-relative long antecedent-gap sentences. At the time, the 
authors had no precise explanation for this new result. It may have reflected the 
possible role of this region in single-word processing during lexical encoding and in 
lexical meaningfulness. However, it seemed unlikely to the authors at the time that 
this region had a linguistically specific role.

In a Positron Emission Tomography (PET) study, Waters et al. explored the 
brain regions involved in syntactic processing during the comprehension of written 
sentences [32]. Participants were divided into two groups based on their sentence 
processing speed. When contrasting syntactically complex subject-object sentences 
with syntactically simple object-subject sentences, the authors found that only 
participants with low processing speed activated several regions, including the right 
hippocampus. According to the authors, this result was not easily explicable and may 
reflect the use of visual imagery.

Hoenig and Scheef studied the role of the medial temporal lobe in semantic pro-
cessing [33]. Twenty-two participants performed a context verification task, making 
decisions about the semantic fit of congruent and incongruent target words with the 
overall meaning of preceding sentence contexts. Half of the sentences ended with an 
ambiguous (homographic) word. The study followed a 2 × 2 factorial design with four 
experimental conditions: CH (congruent homographic), CN (congruent neutral), 
IH (incongruent homographic), and IN (incongruent neutral). All these conditions, 
requiring semantic context verification, resulted in significant activation of a network 
including the bilateral hippocampi. This region may ‘contribute to semantic process-
ing by a mnemonic function that serves to link the target meaning representation 
with the meaning of a prior sentence context’. A conjunction analysis of the contrasts 
IH minus IN and CH minus CN yielded significant activation in several left hemi-
sphere regions, including the parahippocampal gyrus. This region may then play a 
role in the processing of semantic ambiguity.

Using an artificial language, Opitz and Friederici explored the brain regions 
involved in detecting long-distance and local syntactic violations [34]. Twenty-three 
participants, previously trained in the new grammar system named BROCANTO, 
read sentences that were either grammatical or ungrammatical. The authors found 
that the hippocampus was significantly activated in response to violations of local 
syntactic dependencies. This result is interpreted as reflecting that a local syntactic 
violation ‘introduces a new relationship between a particular word and its new syn-
tactic role in a sentence’, which may require ‘increased relational processing demands’ 
mediated by the hippocampus.

Lee and Newman studied the effects of two different sentence presenta-
tion paradigms—rapid serial visual presentation (RSVP) and whole sentence 
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presentation—on syntactic processing [35]. Twenty participants read single  
sentences presented either as a whole on a screen or one word at a time in the middle 
of the same screen. After reading each sentence, a probe was presented to evaluate 
comprehension. Comprehension accuracy was significantly higher for sentences 
presented as a whole. Several regions, including the bilateral hippocampi, were 
significantly more activated during the reading of sentences presented as a whole 
compared to those read in RSVP. This result may reflect the role of the hippocampi 
in a relational binding process, integrating items into a cohesive memory representa-
tion, which may be limited during RSVP.

Prat and Just investigated the relationships between interindividual differences in 
working memory capacity and brain activity during a sentence comprehension task 
with varying syntactic complexity [36]. They found a positive correlation between 
working memory capacity and the activation level in several brain regions, including 
the left hippocampus, when comparing complex sentences to simple ones. In simple 
terms, participants with higher working memory capacity activated several brain 
regions more intensely while reading syntactically complex sentences, with the hip-
pocampus specifically associated with memory function in this context.

Citron and Goldberg measured brain activity in 26 participants while they were 
reading metaphorical sentences [37]. By comparison to literal sentences, metaphorical 
sentences were associated with the activation of a brain network that included the left 
hippocampus. Along with the amygdala, which was also activated, the hippocampus 
may contribute to the memory encoding and/or retrieval of emotional information 
that occurs while reading metaphorical sentences.

Bonhage et al. explored the brain signature of working memory for sentence struc-
ture [38]. Among several contrasts, they compared brain activity measured while 18 
participants were reading and encoding sentence fragments to brain activity measured 
during a baseline condition involving the reading and encoding of ungrammatical 
word strings. They found that a network of brain regions, including the bilateral 
hippocampi, was significantly activated. This result may reflect the role of the hip-
pocampi in enriching the information in sentences with semantic information stored 
in long-term memory. The authors refer to the work of MacKay et al., showing that 
patient H.M. ‘was unable to recognize ambiguities in sentences’, a result ‘interpreted 
as reflecting a specific deficit regarding semantic-level binding’ [6]. Another comple-
mentary explanation is based on results showing an involvement of the hippocampus 
in syntax processing [39], specifically in detecting syntactic violations after predictive 
processing, which cannot apply when reading ungrammatical word strings.

A year later, Bonhage et al. used a combination of eye-tracking and fMRI tech-
niques to identify brain regions involved in linguistic predictions via anticipatory 
eye movements [40]. The correct prediction of the syntactic word category (verb/
noun) of a target that would appear after reading a regular sentence or a meaning-
less jabberwocky sentence was associated with significant activation of several brain 
regions, including the bilateral hippocampi. This result may reflect the role of the 
hippocampus in predictive processing at a syntactic level. The finding that the bilat-
eral hippocampi were also significantly more activated for regular sentences than for 
jabberwocky sentences underscores the role of this region in predictive processing at 
a lexical-semantic level. These results are considered in light of the predictive coding 
model [41], which may apply to linguistics. As stated by Ryan and Shen, the use of 
eye-tracking is highly relevant for studying memory because the oculomotor system is 
well connected to the hippocampal memory system [42]. By extension, eye-tracking 
is particularly valuable for studying the role of the hippocampus in reading, as this 
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cognitive ability relies on the complex exploration of sentences and texts through 
numerous saccades and fixations. These eye movements contribute to the emergence 
of meaning, in connection with the hippocampus.

In another study combining eye-tracking and fMRI techniques, Schuster et al. 
explored the effects of word length, frequency, and predictability on brain activity 
while 56 healthy participants read sentences [43]. Sentence reading was associated 
with the activation of a large network of brain regions including the hippocampus. 
There was also a significant negative correlation between the frequency of the words 
in the sentences and activation in several regions, including the left hippocampus. In 
simple terms, activity in this region decreased as word frequency increased. However, 
the authors did not specifically interpret this correlation with the left hippocampus, 
only considering its well-known role in memory encoding and retrieval. Notably, the 
predictive coding model [44] was proposed to interpret a negative correlation obtained 
in the left occipito-temporal cortex, which encompasses the VWFA. Considering the 
previous study described above, this model could also apply to the left hippocampus.

Pu et al. used a combination of magnetoencephalography (MEG) and eye-tracking 
techniques to investigate the specific roles of hippocampal theta oscillations in lan-
guage processing [45]. They found increased theta power in the hippocampus when 
healthy participants read sentences ending with a semantically incorrect word, which 
was not the case when sentences ended with a syntactically incorrect word. These 
results highlight the critical role of the hippocampus in semantic processing during 
reading. More precisely, the hippocampus could be involved in ‘semantic retrieval and 
prediction based on previous knowledge’ (see above) and in an integration process, 
given that a semantic violation of the last word increases the difficulty of integrating 
the meaning of the upcoming words into the meaning built up during reading.

In a study combining eye-tracking and fMRI techniques, Schuster et al. investi-
gated the brain regions involved in predictive processing during reading [46]. They 
presented 39 healthy participants with sentences that ended with a target word that 
was either congruent or incongruent with the preceding context and had either 
high- or low-cloze probability. The right hippocampal region was significantly more 
activated for low-cloze compared to high-cloze sentences in congruent sentence 
endings. This result was interpreted as reflecting the contribution of this region to 
language processing and the assembly of semantic meaning by relating incoming 
words to stored semantic information.

3.2.2 �In patients with epilepsy

McCarthy et al. evaluated 64 patients with complex partial epilepsy for resective 
surgery to relieve intractable seizures [47]. Intracranial electrodes were implanted 
to localize the seizure foci. Recordings were obtained from these electrodes while 
the patients were reading sentences. Half of the sentences presented to the patients 
ended normally, while the other half ended with a semantically anomalous word. 
The authors found that ‘anomalous sentence endings often, but not always, elicited 
a large negative field potential in the hippocampus’. These results are coherent with 
those obtained in healthy subjects and described above. They confirm the role of the 
hippocampus in semantic processing whether it is involved in semantic retrieval, 
prediction, or integration.

Noppeney et al. explored the compensatory mechanisms associated with good 
reading skills in patients after left anterior temporal lobe resection for mesial tempo-
ral lobe epilepsy [48]. Brain activity was measured using fMRI while 16 patients read 
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nine-word sentences. Reading ability was significantly and positively correlated with 
activation levels in several regions, including the right hippocampus. Furthermore, 
in controls and in patients with a reading ability within the normal range, activa-
tions were found in the right hippocampus and inferior temporal cortex. The authors 
interpret this result as indicating that patients with high reading skills might engage 
more in encoding sentences using the right hippocampus. Additionally, this result 
suggests that patients without a functional left anterior hippocampus rely on the right 
hippocampus to maintain proficient reading skills.

3.2.3 �In patient H.M.

In a series of four experiments, MacKay and James evaluated patient H.M.’s 
sentence reading abilities using novel sentences composed of high-frequency words 
[49]. In all these experiments, patient H.M. produced more misreadings than controls. 
These misreadings were associated with reduced semantic and syntactic complexity, 
leading to ungrammaticality. These results were interpreted in light of Node Structure 
Theory [50] and may reflect the crucial role of the hippocampus in binding or creat-
ing new connections between nodes.

3.3 �At the text level

3.3.1 �Functional brain imaging data obtained in healthy participants

To our knowledge, the first study to observe hippocampal activation during text 
reading was published in 2005 by Xu et al. [51]. In this fMRI study, 22 right-handed 
healthy participants with an average age of 34 years were instructed to read Aesop’s 
fables in 46-second blocks. Brain activity measured during this main task was com-
pared to activity measured while the same participants read random consonant letter 
strings. Among other regions, the left hippocampus was significantly activated dur-
ing the main task compared to the baseline task. The authors interpreted this result 
by suggesting that the hippocampus might play a role in either memory encoding or 
retrieval, which implicitly refers to episodic memory, or in the implicit activation of 
semantic associations as the story unfolds.

In another fMRI study, Ferstl and von Cramon explored the neural substrates of 
the temporal, spatial, and emotional dimensions of situation models constructed by 
20 healthy subjects while reading short narrative texts comprising two sentences [52]. 
The comparison of brain activity associated with processing the ‘spatial’ dimension 
of the situation model with brain activity associated with processing the ‘emotional/
temporal’ dimensions highlighted the activation of the precuneus/posterior cingulate 
cortex and the hippocampal region. The activation of this latter region has been inter-
preted as reflecting its involvement in memory and navigation processes concerning 
spatial information contained in a situation model.

The same interpretation was proposed by Mano et al. to explain why the hippo-
campal region was activated in 18 healthy adults while they were reading a narrative 
text that required processing the emotions of protagonists [53]. This again suggests 
that this region is involved in the processing of spatial information during narrative 
comprehension.

In an fMRI study aimed at exploring the neural substrates of analogical reasoning 
during metaphor comprehension, Prat et al. asked 24 healthy right-handed partici-
pants with varying levels of working memory to read three-sentence passages with 
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different processing demands [54]. Unlike several cortical regions, which were acti-
vated based on the processing demands of the task, the hippocampus was activated in 
a similar manner regardless of these demands. This suggests that the hippocampus is 
recruited as soon as reading and metaphor comprehension are involved, regardless of 
task difficulty. Furthermore, there was a positive correlation between the participants’ 
working memory capacity and the level of activation in the hippocampus as a function 
of the supportive context provided. This indicates that participants with higher work-
ing memory capacity activate the hippocampus more when the supportive context can 
be particularly exploited, suggesting a role for the hippocampus in the flexible use of 
‘working semantic memory’ during metaphor comprehension.

Aboud et al. found, in adolescents aged between 9 and 14 years, a positive cor-
relation between activation levels of the left hippocampus (among a larger network) 
during the reading of documentary texts and the comprehension scores measured 
thereafter [55]. This result was interpreted as indicating that the best readers, in terms 
of reading comprehension, have better inferential processing capabilities supported 
by those regions associated with the default mode network, of which the hippocam-
pus is a part.

Helder et al. showed that in a group of healthy adult participants, the detection of 
incoherency when reading the sixth and last sentence of a text was accompanied by 
the activation of a network that includes the hippocampus [56]. The authors suggest 
that the hippocampal activation could reflect the ‘reactivation of episodic memory 
traces of the text or reactivation of background knowledge’ in an attempt to restore 
coherency, as well as the episodic encoding of this particular situation.

In an fMRI study exploring the brain regions involved in coherence monitoring 
during the reading of documentary texts, Van Moort et al., asked 31 healthy partici-
pants to read 10-sentence-long texts about well-known historical topics [57]. These 
texts included a target sentence that was either true or false based on the readers’ 
background knowledge. Comparing brain activity measured during the reading of a 
true target sentence versus a false target sentence highlighted significant activation in 
several regions, including the left hippocampus. This sensitivity of the left hippocam-
pus to the ‘correctness’ of information with respect to background knowledge, while 
a dorso-medial prefrontal region was significantly more sensitive to the ‘incorrect-
ness’ of information, suggests that a network involving these two regions is engaged 
in knowledge-based processing. The dorso-medial prefrontal region would ‘detect 
erroneous world-knowledge information and signal to the hippocampus that existing 
knowledge structure should not be updated’, while the hippocampus would be involved 
in the ‘normal’ integration processes between what is read and background knowledge.

In a study using eye-tracking, electroencephalography (EEG), and fMRI, Sato 
et al. explored the mnemonic neural dynamics associated with the natural reading of 
literature [58]. One of the experiments involved 19 participants reading two essays 
at a natural pace inside an MRI scanner for 10 minutes. The fMRI results showed 
negative correlations between brain activity in several regions, including the left hip-
pocampal region, and text correlation scores that reflect the relationship between the 
content of the read texts and the content reports subsequently written by the partici-
pants. This indicates a negative subsequent memory effect for the left hippocampal 
region, which is unusual since this region is more often associated with a positive 
subsequent memory effect. The authors suggest that this result may be explained by 
the long duration of the reading task (10 minutes) and cite a study in which the hip-
pocampus was activated only at the end of an event, while the average activity in this 
region decreased during the event.
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Interestingly, Saito et al. found similar paradoxical results in their study [59]. They 
compared brain activity between a group of 23 rapid readers and a group of 23 non-rapid 
readers while reading novels during 60-second blocks (compared to a low-level cross-
fixation baseline task). Both reading speed and comprehension scores were higher in 
rapid readers than in non-rapid readers. During reading, brain activity was significantly 
lower in rapid readers than in non-rapid readers in several regions, including the hippo-
campus. Additionally, there was a significant negative correlation between reading speed 
and activity in these same regions. The authors interpret these results as reflecting the 
ability of rapid readers to reduce language processes, such as phonological, semantic, and 
syntactic processes, while maintaining reading comprehension during rapid reading.

In a recent fMRI study aiming to identify the brain regions associated with the 
level of comprehension of documentary texts, Keller et al. asked 31 healthy partici-
pants, with either high or low comprehension skills, to read 65-sentence-long texts 
three times each [60]. The participants then completed a comprehension test based on 
multiple-choice questions. Several positive correlations were found between compre-
hension scores and activity measured during the reading of the texts in various brain 
regions, including the bilateral hippocampi. This result was interpreted as reflect-
ing the role of the hippocampi in the episodic encoding and consolidation of new 
declarative knowledge. More precisely, during the reading of texts, this region may 
enable the encoding and integration of new semantic information from the texts with 
pre-existing semantic knowledge to construct new knowledge structures.

3.3.2 �Brain imaging data obtained in patients

In an fMRI study [61], Malfait et al. investigated the brain regions activated while 
19 children (mean age of around 11 years) with benign epilepsy with centro-central 
spikes (BECTS) read pairs of syntactically complex sentences. They were asked to 
decide whether the second sentence of each pair was true or false with respect to 
the first sentence. Performance on this task was comparable between children with 
BECTS and a control group. During this reading task, in addition to several brain 
regions commonly activated by both groups, children with BECTS also activated 
other regions, including the left hippocampus. According to the authors, this 
additional activation of the left hippocampus was unexpected. They consider its 
well-known association with memory systems and its more specific role in grapheme 
decoding, as demonstrated by He et al. (see above) [19].

To our knowledge, the first study to explore the brain structures necessary for text 
comprehension and memorization was conducted by Hausser et al. using a combined 
VBM/DTI approach in neuropsychological patients [62]. In this study, comprehen-
sion scores (text base and situation model) were obtained after the patients read 
narrative texts. The results show that the hippocampal region, in connection with the 
uncinate fasciculus (known to play a role in semantic processing), and the fornix and 
ventral cingulum (known to play a role in episodic memory), is essential not only for 
retrieving the text base and the situation model through episodic memory but also for 
activating the text base during reading and comprehension.

4. �The effects of reading practice and literacy on the hippocampus

Sumowsky et al. explored the contribution of various types of cognitive leisure 
activities to cognitive reserve in patients with multiple sclerosis [63]. The results 
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showed that greater engagement in reading and writing activities was positively 
correlated with larger hippocampal volume and better memory levels. According to 
the authors, ‘most knowledge acquisition after high school is accomplished through 
literacy (i.e., reading), which may explain the relationship between reading-writing 
activity and hippocampal volume reported herein’. These valuable findings thor-
oughly ‘inform the development of targeted evidence-based enrichment programs’ 
aimed at bolstering reserve against memory decline.

In a study published by Sun et al. in Psychological Medicine [64], data from over 
10,000 American children aged 9–13, as part of the ABCD (Adolescent Brain and 
Cognitive Development) project, were analyzed. Parents completed a question-
naire about their children’s reading for pleasure (RFP), including questions on the 
duration (‘For how many years has your child read for pleasure?’) and frequency 
(‘Approximately how many hours per week does your child read for pleasure?’). 
Children underwent a neurocognitive assessment to measure their cognitive abilities, 
and parents filled out the Child Behavior Checklist (CBCL) to identify any psycho-
pathological or behavioral symptoms. Additionally, MRI scans were used to measure 
total brain volume and specific cortical and subcortical regions. Results showed posi-
tive correlations between RFP levels and two cognitive scores: a global cognitive score 
and a verbal memory score. RFP levels also correlated positively with language devel-
opment and academic success. Negative correlations were found between RFP levels 
and measures of mental disorders, including dimensional psychopathology, adaptive 
dysfunction, teacher-reported problems, and impulsivity. Overall, adolescents with 
higher RFP levels had better cognitive performance and fewer mental disorders. MRI 
data revealed a significant positive link between RFP levels and total brain volume, 
particularly in a fronto-temporal network associated with language, including the 
left hippocampal region. The volumes of these brain regions also correlated positively 
with cognitive scores and negatively with attention and psychopathological disorders. 
In summary, this study confirms the positive effects of RFP on cognition, well-being, 
and brain development in adolescents, highlighting significant relationships with 
several brain structures, including the hippocampus.

5. �Conclusions

This chapter provides a comprehensive exploration of the hippocampus’s role 
in reading, traditionally viewed as a memory-related brain structure. Through an 
extensive review of brain imaging and cognitive studies in various populations, the 
hippocampus is established as a crucial component in reading. Key findings highlight 
its involvement at various stages of reading, from word decoding to text comprehen-
sion via sentence comprehension. At the decoding level, the hippocampus is actively 
engaged in learning grapheme-phoneme associations, orthographic word forms, asso-
ciations between orthographic word forms and meanings, and forming connections 
between semantic, phonological, and orthographic units. At the sentence level, the 
hippocampus plays a significant role in syntactic processing and semantic processing, 
including semantic prediction and integration. At the text level, the hippocampus is 
involved in the harmonious use of semantic and episodic memory systems, as well 
as in inferential processing, enabling readers to create and memorize the text base 
and situation model that contribute to a coherent episodic text memory. Moreover, 
this chapter examines how reading practice contributes to hippocampal develop-
ment and protection. In conclusion, this chapter provides compelling evidence that 
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the hippocampus should be considered an integral part of the reading network. 
Recognizing its role enhances our understanding of reading’s cognitive and neural 
mechanisms and emphasizes the importance of reading practices in educational, 
developmental, and therapeutical strategies. This perspective advocates for continued 
research and practical applications in education and neurocognitive health.
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Chapter 3

Role of the Hippocampus in 
Adaptive Forgetting: A Question of 
Synaptic Depression?
Gaël Malleret

Abstract

This chapter examines the often overlooked but crucial role of the hippocampus in 
forgetting as a fundamental cognitive process. Challenging the traditional view that 
forgetting represents a failure of memory, it argues that adaptive forgetting is vital for 
maintaining cognitive efficiency. In addition to its established functions in learning 
and memory, the hippocampus is proposed to play a central role in adaptive forget-
ting by selectively eliminating unnecessary information. This process enhances the 
storage and retrieval of relevant memories, primarily through synaptic mechanisms 
such as long-term synaptic depression (LTD). LTD has been shown to facilitate the 
inhibition or removal of outdated information, thus preventing cognitive overload. 
The chapter also offers a historical perspective on key discoveries that have shaped 
this understanding.

Keywords: forgetting, adaptive, synaptic depression, LTD, interference

1. �Introduction

The hippocampus is well known for its pivotal roles in memory formation,
consolidation, and retrieval [1, 2]. However, its role in forgetting processes is equally 
significant, though often underappreciated, probably because forgetting itself has 
long remained obscure, often perceived as a mere lack of memory—a failed process 
that occurs involuntarily.

Forgetting is a common and often embarrassing experience. “Where did I put my 
keys? What is his name again?” These are familiar questions and situations we have all 
encountered. Yet, more frequently than we realize, our objective is actually to forget 
rather than to remember. For instance, for a waiter taking numerous similar orders 
throughout a shift, the ability to forget previous orders once they are completed 
is advantageous and even crucial to his ability to memorize new orders. Despite 
common complaints about not having a perfect memory, retaining all daily experi-
ences would significantly impair our ability to remember other, more important 
information.

Studies of hyperthymestic patients—individuals who can recall an abnormally 
large number of life experiences—reveal that excessive recall of autobiographical 
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memories can impair the formation of other types of memory. The case of patients, 
like Jill Price [3] or Alexander Luria’s patient S. [4], shows that too much recall of 
long-term memory thus comes at the cost of impairment in short-term memory 
or other important cognitive skills such as reading. These studies suggest that, like 
memory, forgetting is essential to our cognitive processes and that certain forms of 
forgetting are adaptive [5, 6]. This chapter explores the mechanisms by which the 
hippocampus contributes to forgetting, particularly through the process of long-
term synaptic depression (LTD). Additionally, it provides historical insights into the 
development of the concepts surrounding these mechanisms, highlighting key studies 
and discoveries.

2. �What is adaptive forgetting?

2.1 Theories of forgetting

Forgetting is generally defined as the inability to recall information that was once 
known. However, this loss does not necessarily mean that the information is lost 
forever. Often, forgotten memories can be retrieved with the right cues, suggesting 
that forgetting may not be a simple erasure but rather a temporary inability to access 
information [7]. This coexistence of different forms of forgetting was duly noted by 
early philosophers and scientists. As early as the seventeenth century, Robert Hooke 
thus proposed that forgetting could either result from (1) the decay or degradation 
of memory traces over time or (2) from the interference caused by other competitive 
memories during the retrieval process of a particular memory [8, 9].

Throughout the twentieth century, traditional theories of forgetting focused on 
the notion of interference rather than decay. Some thus believed that the classic study 
by Jenkins and Dallenbach [10] provided evidence against the decay theory. These 
authors demonstrated that subjects who slept after learning (and therefore who were 
protected from interference) retained more information than those who stayed awake 
during the same time (and were potentially submitted to interfering information), 
supporting the idea that interference, rather than time-based decay, was responsible 
for forgetting. Because of these findings, decay theory was essentially abandoned and 
interference theory remained for a long time the main theory to explain how (by what 
means) we forget ([11]; but see [12] and also [13, 14] concerning the particular case of 
decay in short-term/working memory).

2.2 Forgetting as a competitive advantage

The interference theory not only explains how we forget information but also why 
we forget. Adaptive forgetting [6] is thus a concept that challenges the traditional 
view of forgetting as the negative counterpart of memory. Instead of seeing forget-
ting as merely the passive loss or decay of memory, adaptive forgetting is considered 
a crucial process that helps maintain cognitive efficiency by actively eliminating 
unnecessary or outdated information. As noted by early psychologists like Théodule 
Ribot [15], William James [16] or Henri Bergson [17], forgetting would therefore not 
be a flaw but a necessary condition for the “health and life” of memory [15].

Forgetting can be adaptive in various ways. It allows for the modification of 
behavior in response to new information, prevents cognitive overload by filter-
ing out irrelevant details, and enables the extraction of general rules from specific 
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experiences. Freud, with his concept of repression, argued that people forget stressful 
episodes in order to gain some immediate psychological advantage [18], even if the 
long-term consequences of repression can be deleterious. Extinction, the process by 
which a learned fear is attenuated, was advocated by Freud in the 1920s for the treat-
ment of phobias [19, 20]. Extinction can be tested in the laboratory when studying the 
extinction of fear conditioning in rats or mice [21]. After conditioning (for instance, 
by giving an electric foot-shock) an animal to a context or a sound, freezing response 
(expressing the animal memory for having been shocked) is generally reduced over 
successive presentation of the context or sound previously associated with the shock. 
Like repressed memories, however, freezing (the behavioral response associated to 
the memory for the stressful event) can be reinstated (a process known as “spon-
taneous recovery”) after a long period of disuse (of several weeks or months) when 
confronted again to the context or sound [19, 21]. Extinction is thus generally con-
sidered a new learning based on a new link formed by the cues and the absence of the 
original fearful event(s). It does not consist in the erasure of the original memory but 
in the temporary inhibition of its retrieval. Extinction nicely exemplifies the adap-
tive advantage of forgetting, as it seems logical for the animal to withhold (freezing) 
responses that are no longer associated with expected events. However, the adaptive 
aspect of spontaneous recovery (the forgetting of extinction) of the freezing response 
after several weeks is less evident [6]. Extinction involves the existence of two 
conflicting memories: one for the original conditioning and the other for extinction 
training. Spontaneous recovery can thus be regarded as a situation in which experi-
ence with ambiguous signals renders it adaptive for the animal to express behavioral 
ambivalence (i.e., an intermediate level of freezing as it is often observed).

2.3 Proactive interference

Fortunately, our daily lives are filled with more neutral events than traumatic or 
fearful experiences. Proactive interference occurs when older memories interfere 
with the acquisition and recall of new ones. This type of interference is particularly 
relevant in situations where environmental conditions or behaviors need to change 
rapidly. For instance, an animal trained to associate a specific action with a reward 
might struggle to learn a new association if the old memory persists. In such cases, 
adaptive forgetting helps by suppressing or inhibiting the retrieval of outdated memo-
ries, allowing the individual to focus on the new, more relevant information [22].

Early interference theories suggested that this process involved “unlearning” –  
meaning “the replacement” of old memories with new ones [23]. However, later 
research has shown that old memories are not entirely erased but rather suppressed 
[22, 24]. This suppression mechanism, often referred to as retrieval inhibition, allows 
for the temporary inaccessibility of certain memories while preserving the potential 
for their future retrieval [6]. This adaptive process is crucial for navigating a world 
where both past experiences (that can be useful to retain in certain circumstances) 
and current demands must be balanced.

2.4 Adaptive forgetting and the construction of memory

Adaptive forgetting plays a critical role in the construction and transformation of 
memory over time. Memories are not static; they are constantly being updated, reor-
ganized, and integrated with new information. This process is particularly evident 
in the transition from episodic-to-semantic memory, where specific, context-rich 
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memories are generalized into broader concepts. For example, a child’s memory of 
learning that “Paris is the capital of France” may initially include details about the 
classroom and teacher. Over time, these details fade, leaving only the essential fact 
that Paris is the capital of France [12, 25]. This transformation is facilitated by adap-
tive forgetting, which helps strip away the contextual details of episodic memories to 
create more stable, semantic knowledge. This process is vital for cognitive efficiency, 
as it allows the brain to maintain a manageable and relevant store of information. 
However, when adaptive forgetting is disrupted, as in the case of hyperthymesia or 
extraordinary memory, individuals may struggle to generalize knowledge, leading to 
difficulties in everyday functioning [4]. This condition underscores the importance of 
adaptive forgetting in enabling flexible and efficient cognitive processes.

2.5 Short-term/working memory

Forgetting is not only essential for long-term memory but also for the efficient 
functioning of short-term or working memory. Working memory is responsible 
for temporarily storing and manipulating information, like remembering a phone 
number long enough to dial it [26]. However, not all information held in working 
memory needs to be retained. Adaptive forgetting ensures that only the most relevant 
information is maintained, preventing cognitive overload [14]. In fact, forgetting 
is intrinsic to the concept of working memory. Dudchenko [27] wisely noted that 
“Working memory is a short-term memory that, once used, should be forgotten or ignored 
(…) and may not actually be a type of memory, but a type of forgetting”. As information 
is supposedly only “temporarily” stored in working memory, this means that, after a 
while, such information is not available any longer (i.e., forgotten).

But what if this information sticks in mind? For several authors, forgetting short-
term memory in human involves the decay of memory traces [13], whereas others 
argue it is caused by interference [28]. However, information stored in so-called 
short-term/working memory can sometimes be stored more permanently, outlasting 
their purpose and acting as proactive interference on the storage of newer informa-
tion in working memory [14, 29–31]. Once again, forgetting this interfering informa-
tion would be essential to our ability to optimally store new information in working 
memory.

Therefore, whether it is for long-term, semantic, emotional, or working memory, 
forgetting would be crucial for the optimal use of our cognitive resources. In fact, 
even if memory and forgetting are certainly two distinct processes, we will see in 
this chapter that they may be highly interrelated and potentially dependent on one 
another. Consequently, the major question that needs to be answered is: do they share 
the same anatomical substrates and cellular mechanisms?

3. �Synaptic mechanisms of forgetting: First evidence and discoveries

3.1 Synaptic mechanisms required for optimal memory storage

Memories are stored through plastic changes in the brain known as memory traces 
or engrams [32, 33]. However, as we have seen, not all memories are maintained 
equally, and in fact many can subsequently be forgotten. Ryan and Frankland [7] 
define forgetting as the reduced retrievability of information that was once success-
fully encoded and identify five possible mechanisms able to explain such reduced 
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retrievability: synaptic strength changes, intracellular signaling, inhibitory mecha-
nisms, hippocampal neurogenesis, microglial remodeling, and sleep. However, these 
authors also acknowledge that some overlap exists among these mechanisms and 
that any one of these processes, which alters synaptic transmission within a neural 
network representing the engram of memory, may consequently alter that memory.

The process of memory storage in the brain is indeed complex and tightly regu-
lated, involving a delicate balance of synaptic mechanisms. For memories to be effec-
tively stored and retrieved, synaptic connections within neural circuits must undergo 
specific structural and functional changes. These changes are particularly significant 
in hippocampal-neocortical networks, where memory engrams are thought to mature 
through a reorganization of synaptic connections [32]. This reorganization is driven 
by the expression of various genes that lead to modifications in synaptic transmission 
efficacy, which are crucial for encoding and stabilizing memories [1, 2].

One of the most well-studied mechanisms of synaptic plasticity is Long-Term 
Potentiation (LTP), a process that strengthens synaptic connections. LTP, which has 
been particularly studied in the hippocampus, is widely considered a cellular model 
for learning and memory [34]. The induction of LTP involves a rise in intracellular 
calcium (Ca2+) levels, primarily through the activation of N-methyl-D-aspartate 
(NMDA) receptors. These receptors, which are ionotropic glutamate receptors, act 
as coincidence detectors, becoming active only when presynaptic glutamate binds to 
them and the postsynaptic membrane is sufficiently depolarized. When this occurs, 
the magnesium ion (Mg2+) blocking the NMDA receptor is expelled, allowing Ca2+ 
to enter the cell.

Once inside the cell, the influx of Ca2+ triggers a cascade of biochemical events 
that are crucial for the maintenance of LTP. These events involve the activation of 
several protein kinases, including calcium/calmodulin-dependent protein kinase II 
(CaMKII), which plays a pivotal role in sustaining the increased synaptic efficacy 
associated with LTP. The activation of CaMKII leads to the phosphorylation of 
proteins that are responsible for the insertion and clustering of other glutamate 
receptors at the postsynaptic density (PSD) such as α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors. These changes enhance synaptic 
transmission, making it more likely for the neuron that potentially participates in the 
memory engram to respond to future stimuli [35].

LTP is generally divided into two phases: early-phase LTP (E-LTP) and late-phase 
LTP (L-LTP). E-LTP is a transient form of potentiation that lasts for a few hours 
and does not require new protein synthesis. In contrast, L-LTP is more stable and 
long-lasting, persisting for days or even longer. The transition from E-LTP to L-LTP 
requires the synthesis of new proteins and mRNA, which are necessary for the struc-
tural changes that support the prolonged increase in synaptic strength [1, 36]. These 
proteins can be integrated into the synapse, contributing to the formation of new 
synaptic connections or the strengthening of existing ones. The specificity of these 
changes is ensured by a process known as synaptic tagging and capture. According 
to this hypothesis, when a synapse is activated, it is “tagged” in a way that allows it to 
capture newly synthesized proteins that are distributed throughout the neuron. These 
proteins are essential for maintaining the changes in synaptic strength that underlie 
memory storage. Importantly, only the tagged synapses will undergo these long-term 
changes, ensuring that the memory is encoded in a specific and targeted manner [36].

For memory to be stored effectively, it is crucial that synaptic modifications are 
highly selective and regulated. This selectivity is maintained through the careful 
balance of phosphorylation and dephosphorylation events at the synapse, which are 
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mediated by protein kinases and phosphatases. For example, the persistent activity 
of CaMKII after its initial activation can serve as a synaptic tag, ensuring that the 
synapse “remembers” the activity that led to its potentiation [37]. Conversely, protein 
phosphatases like PP1 can dephosphorylate key synaptic proteins, counteracting 
the effects of kinases and thus providing a mechanism for downregulating synaptic 
strength when necessary [38].

Research has shown that the activation of protein phosphatases, particularly 
protein phosphatase 2B (PP2B), also known as calcineurin, can negatively regulate 
both LTP and memory consolidation. Calcineurin exerts this effect by dephos-
phorylating key proteins, such as AMPA and NMDA receptors, which are essential 
for increasing synaptic efficacy (see above). This dephosphorylation decreases the 
activity of these proteins, thereby reducing their impact on synaptic transmission 
and memory formation [38]. Given this negative modulation, we and others have 
explored in the past whether inactivating calcineurin could, conversely, enhance 
hippocampal-dependent memory and LTP [39]. In studies using the water maze 
task, it was observed that memory was indeed enhanced in mutant mice expressing 
a calcineurin inhibitor. This cognitive enhancement was accompanied by an increase 
in LTP both in vitro and in vivo. Tonegawa and colleagues also investigated the effects 
of inhibiting calcineurin using forebrain-specific knockout (KO) mice. In these mice, 
calcineurin was completely inhibited in selective cell types, particularly in the granule 
cells of the dentate gyrus (DG) and the pyramidal cells of the CA1 region of the hip-
pocampus [40]. Interestingly, this total inhibition of calcineurin left high-frequency 
stimulation-induced LTP intact, a finding that contrasts with our previous study, 
where partial inhibition of calcineurin enhanced LTP [39]. The authors attributed 
this difference to the substantial endogenous calcineurin activity that remained in the 
model expressing a calcineurin inhibitor, as opposed to the complete gene deletion in 
the KO model [40]. However, the deletion of calcineurin in this model also impaired 
the expression of Long-Term Depression (LTD), another significant and long-lasting 
form of synaptic plasticity [35].

3.2 Cellular and molecular mechanisms involved in LTD

LTD can either be induced de novo or following a pre-induced LTP as a form of 
depotentiation [41]. In the hippocampus, LTD can be typically induced by prolonged 
periods of low-frequency stimulation, such as 15 minutes at 1 Hz [42]. One of the 
most studied forms of LTD is NMDA receptor-dependent LTD, usually induced by 
low-frequency stimulation, which leads to a slow increase in intracellular calcium 
(Ca2+) concentration. This contrasts with LTP, which requires a more rapid increase 
in Ca2+ due to high-frequency stimulation. The slow Ca2+ influx during LTD induc-
tion activates calmodulin, which then activates the phosphatase calcineurin [43]. 
Calcineurin dephosphorylates the inhibitor-1 peptide, leading to the activation of 
protein phosphatase 1 (PP1). PP1 subsequently dephosphorylates various substrates, 
including the ser845 site of the GluA1 subunit of AMPA receptors, signaling their 
internalization and degradation, which results in reduced synaptic transmission and 
the expression of LTD [44]. Post-synaptically, this reduction in glutamate sensitivity 
is primarily due to the removal of AMPA receptors from the synapse or a decrease 
in their conductance properties. Long-term expression of LTD involves more stable 
modifications, such as the shrinkage and elimination of both pre- and postsynaptic 
elements, differing from LTP, which generally involves an increase in the volume of 
small dendritic spines [45].
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The mechanisms underlying the induction and expression of LTD thus appear to 
be similar for some, and opposite for others, to the one associated with LTP. The decay 
of NMDA receptor-dependent late (but not early) LTP could thus be mediated by 
active processes such as depotentiation or a reversal of LTP by LTD that also require 
NMDA receptor activation. While pre-induction and pre-training injection of NMDA 
antagonist alters both LTP and long- term memory [46], Villareal and colleagues 
showed that blockade of NMDA receptor-dependent forms of plasticity (including 
LTD) preserves pre-induced in vivo LTP and also increases retention of previously 
encoded spatial memory [47]. These data suggest that even if memory encoding 
requires NMDA-dependent synaptic plasticity (LTP) [46], memory persistence 
can also be altered by activation of NMDA-dependent plasticity, such as NMDA-
dependent LTD. They also reveal the existence of active processes contributing to the 
possible erasing of previously learned, old information. Synaptic depression would 
thus naturally occur in vivo to reverse prior training or pre-induced potentiation. But 
what would be the “purpose” of such a process? One appealing hypothesis is that LTD 
might be required for the removal of irrelevant information and the flexible use of 
cognitive resources [48].

In the last decades, a number of studies have thus explored the possible roles of 
LTD in learning processes. However, LTD deficits were often first reported in the 
context of a metaplastic shift (i.e., with combined enhancement of LTP) [40, 49]. 
To explore the role of LTD, it was essential to find precise experimental tools and 
use, for instance, laboratory animals with genetic manipulations that specifically 
alter LTD expression while sparing LTP. The characterization of the serum response 
factor (SRF) KO mice that showed normal hippocampal LTP but impaired LTD thus 
represented a good system to explore the selective role of LTD in memory processes 
[50]. Behaviorally, these SRF knockout mice had no issues with non-hippocampal-
dependent tasks but displayed significant deficits in spatial learning tasks, including 
contextual habituation and water maze training. These findings suggested that LTD 
plays a role in acquiring spatial/contextual information. At the time, they also aligned 
with in vivo studies on synaptic plasticity in the hippocampus during exposure to new 
spatial environments. Manahan-Vaughan and colleagues thus found that exposure to 
an empty space reinforced LTP expression in the CA1 region of the hippocampus and 
impaired LTD. Conversely, introducing new objects into this environment facilitated 
LTD and weakened LTP [51]. These results suggested that LTD may be crucial for 
updating hippocampal-dependent information processing, particularly in response to 
environmental changes.

3.3 LTD, cognitive flexibility, working memory, and proactive interference

In fact, updating information is a key feature of short-term/working memory, 
a memory form that allows temporary and flexible storage of information [27]. 
This form of memory was specifically altered in the calcineurin forebrain-specific 
knockout (KO) mice that displayed a deficit in LTD [40]. Although these calcineurin 
KO mice displayed no deficits in Ref. memory, which corresponds to the long-term 
storage of stable information learned across repetitive trials, they struggled with tasks 
requiring short-term/working memory. In rodents, reference memory corresponds 
to long-term semantic memory, whereas working memory is the ability to temporar-
ily store and process trial-unique information [52]. This distinction is critical for 
understanding the specific role of LTD in working memory. Calcineurin KO mice 
had no difficulties learning the classical water maze task, which was aimed at testing 
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reference memory. In this task, mice must learn the consistent location of an escape 
platform over several days of training. However, when challenged with a delayed 
match-to-place task, in which the platform location changed daily, calcineurin KO 
mice exhibited significant impairments.

Delayed match (or non-match) tasks are the most commonly used procedures to 
test working memory in numerous subjects including birds, rodents, non-human 
primates, and humans [30]. The basic match procedure begins by presenting a 
subject with a stimulus known as the “sample” (often a visual pattern/object or a 
spatially distinct place) that they are required to remember after a short delay. Once 
this delay elapses, they have then to identify from a subsequent set of stimuli one 
that “matches” the sample. In the water maze delayed match-to-place task used by 
Tonegawa and colleagues [40], the platform position changed every day and the 
mice were required to learn this position over 8 daily training sessions. Although 
this task cannot be considered one of working memory (working memory being 
trial-unique specific; see above), it still stresses a short-term form of memory for 
the platform location that is unique for each day but that the mice need to update 
every day. While control mice readily learned each platform position every day, no 
such learning was observed in the calcineurin KO mice, suggesting an impairment 
in episodic-like memory; each platform location learned everyday representing a 
discreet episode isolated in space and time.

Based on this finding, the authors then explored “true” working memory of these 
mutants in the classical eight-arm radial maze task. During this task, the mice were 
given one trial per day (respecting the trial-unique contingency associated to work-
ing memory) to localize eight food rewards located in each arm of the maze. Each 
day, during this unique trial, mice were given the opportunity to perform eight visits 
separated by a short inter-visit delay of 5 seconds. The animals thus had to use a 
non-match rule to be adequately reinforced; a re-entry (match) in an already visited 
arm (in which the animal had already retrieved a food pellet) representing a working 
memory error as no more food was present in this arm. Here again, forebrain-specific 
calcineurin KO mice showed impaired performance in this working memory task. 
From these results, the authors concluded that bidirectional synaptic modification 
(LTP/LTD balance) seems to be critical for one-trial learning-based working/epi-
sodic-like memory. In consequence, Tonegawa and colleagues believed that “LTD does 
not seem to be a mechanism that constrains memory, but on the contrary and in conjuga-
tion with LTP, constitutes the basis for an effective distributed memory system”. Following 
this study, Nakao and colleagues [53] tested rats in a spontaneous alternation test 
aimed to assess spatial working memory and monitored thereafter LTD in response to 
low-frequency burst stimulation in the dentate gyrus of the same rat under anesthe-
sia. Interestingly, their behavioral parameter of spatial working memory (the degree 
of spontaneous alternation, a non-match rule) was positively correlated to the mag-
nitude of LTD. Based on their and Tonegawa’s findings [40], Nakao’s team posited: 
“LTD does not merely act to extinguish previous memory or preexisting LTP but does play 
an active role in memory acquisition, probably by co-working with LTP”. However, other 
data described below seem to contradict such hypothesis.

As mentioned earlier, very few models first offered the opportunity to specifi-
cally assess the role of LTD (with no metaplastic shift/combined enhancements in 
LTP). This was the case of transgenic mice expressing an inhibitor of PP2A, a highly 
abundant serine/threonine protein phosphatase [54]. Indeed, like CaMKII auto-
phosphorylation acts as an important “switch” for the maintenance of LTP, PP2A 
auto-dephosphorylation represents a key event required for LTD. In these mice, 
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NMDA-induced AMPA receptor internalization as well as NMDA receptor-dependent 
hippocampal LTD were blocked without affecting the one induced by other glu-
tamate (metabotropic mGluR) receptor activation. These mice thus represented 
an excellent model to study the function of LTD, and more specifically of NMDA 
receptor-dependent LTD, as other forms of plasticity (potentiation, depotentiation, 
and mGluR-dependent LTD) were largely spared. At the behavioral level, PP2A 
inhibition had no consequence on the mice’s ability to learn the standard reference 
memory water maze task, during which the mice were required to learn the invari-
able location of an escape platform. However, this PP2A inhibition greatly impaired 
cognitive flexibility that was required when the mice had to adapt their behavior to 
a change in the platform location during a transfer test (also called reversal phase; 
when the platform was relocated to an opposite quadrant of the pool). In this test, 
transgenic mice displayed a persistent exploratory behavior in the first learned loca-
tion as compared to control mice that flexibly adapted their spatial search to the new 
position of the platform (preferring as expected the new location to the old one). This 
result, in agreement with the work of Duffy and colleagues [55] that links enhanced 
LTD with an improvement in spatial reversal learning, thus indicated the persistence 
(impaired forgetting) in the mutant mice memory of information previously learned 
but that was no longer relevant.

What about working memory? One can wonder if the cognitive inflexibility 
observed after PP2A inhibition would be sufficient to impair performance in a task 
requiring constant flexibility such as a working memory task. The Delayed-Non-
Match-to-Place task (DNMTP) in a T-maze allows to test if learned information can 
be erased after each trial in order to reset working memory for subsequent trials 
– “Resetting”, defined as the capacity of the subject to erase or reset the contents of 
working memory at the end of a test session, has been proposed to be a key feature of 
working memory [29, 52]. In the DNMTP task, food deprived mice have to retrieve a 
sugar pellet at the end of an arm (pseudo-randomly determined by the experimenter) 
and memorize this emplacement (left or right). After a short delay, they next have 
to choose between this emplacement (i.e., right) and the opposite one (i.e., left). 
The reinforced arm is the one in which food was untouched, and mice are rewarded 
only if they choose this new arm and avoid the previously visited one (Non-Match). 
Each trial is unique and different from the previous one; this task requires focused 
attention on the ongoing trial and forgetting previous trials, as both arms of the maze 
being presented are always the same. Inhibition of PP2A clearly affected the perfor-
mance of transgenic mice in this working memory task [54]. After 10 days of training, 
transgenic mice thus showed a decreased number of correct choices as compared 
to controls, suggesting that LTD could underlie working memory processing as 
previously reported by Nakao, Tonegawa, and their colleagues (see above [40, 53]). 
However, a different conclusion emerged when the performance of mice was ana-
lyzed not across days as traditionally done but across trials. The analysis of the results 
revealed that PP2A inhibition did not impair the transgenic mice in acquiring this 
task as they clearly performed above chance level and similarly to control mice during 
the first daily trial. This result suggests that these mice learned the (non-match) 
rule of the task as well as the control group and displayed normal working memory, 
unlike what was previously inferred from the role of LTD in working memory [40, 
53]. However, this analysis by trials revealed that the performance of transgenic mice 
was altered by the multiplication of daily trials: although the performance of control 
and transgenic mice was equal and above chance during the first daily trial, the 
performance of transgenic mice quickly dropped after the second trial (chance level) 
49



The Hippocampus – Cognitive Functions and Disorders

10

and remained low for the remaining trials of the day (as compared to control mice). 
These results thus showed that inhibition of PP2A decreased both LTD and cogni-
tive flexibility by altering forgetting abilities, leading to impaired performance in a 
working memory task but not to decreased working memory per se. They also suggest 
that LTD does not play an active role in acquiring information in working memory as 
previously suggested [40, 53] but does act to extinguish previous irrelevant memories 
in order to prevent them from interfering with newly learned information.

3.4 Hippocampal LTD and adaptive forgetting

To confirm such role of LTD, we and others proceeded to show that unbalancing 
the phosphorylation/dephosphorylation equilibrium toward more dephosphoryla-
tion, by inhibiting protein kinases, for instance, has the potential to increase LTD, 
cognitive flexibility, and forgetting. Previous research has provided both pharmaco-
logical and genetic evidence for the role of protein kinase A (PKA) in synaptic plas-
ticity and long-term memory formation [56]. In order to specifically study the role 
of PKA in the hippocampus, we studied a model with a restricted expression of the 
RIβ regulatory (R(AB)) subunit of PKA to the CA1 area and the dentate gyrus (and 
superficial cortical layers II and III). This specific inhibition resulted in impaired 
late-phase LTP in both the dentate gyrus and CA1 regions but spared the CA3 region 
[57]. Notably, this restricted inhibition also led to an increase in LTD in these areas, 
with low-frequency stimulation that typically induces short-lasting LTD in control 
mice initiating a long-lasting form of LTD in the mutant mice. Behaviorally, these 
mice showed normal performance in the traditional water maze task when trained 
with four trials per day, a result that can be explained by the fact that repeating 
trials in a day may provide sufficient training for the mice to alleviate their deficit 
in PKA-dependent long-term memory [56]. Indeed, when tested with only one trial 
per day, these mice were not as accurate as controls in locating the exact platform 
position (although they learned an approximate position). More importantly, when 
tested 2 weeks later, they were not able to show any remembrance of this position, 
indicating a deficit in the consolidation of information into long-term memory, a 
consequence of their impaired LTP [57]. Nevertheless, these transgenic mice also 
displayed improved performance in other cognitive tasks. They were first shown to 
be more flexible in a transfer test and thus displayed a net preference as compared to 
controls for the new platform position after this one had been changed. Strikingly, 
this enhanced flexibility was accompanied by an increase in performance in various 
working memory tasks performed in an 8-arms radial maze. As is the case in the 
water maze or the T-maze, radial maze learning requires the use of spatial orientation 
and memory (all eight arms being identical, mice have to spatially differentiate them 
by using distal visual cues). The DNMTP paradigm described before in the T-maze 
task [54] can also be used in the 8-arms radial maze, permitting alternative use 
of four different pairs of arms (4 x 2 = 8 arms). This alternative use of four differ-
ent pairs of arms allowed us to compare mice’ performance when these mice were 
subjected to a low or a high level of interference. When different pairs of arms were 
used each day for the four daily trials, the level of interference between these four tri-
als was low. This situation thus represented what is called a low level of Interference 
Working Memory task (or LIWM), each trial being strictly different from one 
another as they were performed in different pairs of arms. In contrast, when the 
same pair of arms were used for all trials, the level of interference between these 
trials was high as the repetitive presentation of the same pair of arms represented 
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conflicting information for the mice. The paradigm thus used was named high level 
of Interference Working Memory task (or HIWM). Inhibition of PKA in the dentate 
gyrus and CA1 region increased mutant mice performance compared to the control 
group, specifically when using the HIWM task [57].

These results suggest that, similarly to its effects on synaptic plasticity, inhibition 
of PKA alters memory in two opposite ways: first, by decreasing long-term storage/
consolidation of information in reference memory, and second, by increasing work-
ing memory capacity, specifically when processing a high number of interfering 
information is required. In agreement with our previous work on PP2A mice [54], 
the reference memory deficit observed in these R(AB) mice can be attributed to the 
decrease in LTP and the improved treatment of interference in working memory tasks 
to LTD persistence. That is to say, LTP and LTD could act as separate and specific 
mechanisms to support long-term memory and working memory, respectively, as 
suggested by Tonegawa, Nakao, and their colleagues [40, 53]. Alternatively, LTD 
and LTP could mechanistically interplay: LTD could function to increase the signal-
to-noise ratio between potentiated synapses that participate in a new memory trace 
(signal) and those that pertain to past – non-relevant – memory information (noise), 
an idea supported by several studies showing that exposure to new stimuli facilitates 
stimulus-induced LTD and reverses previously elicited potentiation [51, 58]. If LTD 
occurs selectively at synapses responsible for encoding information that becomes 
irrelevant with new learning (such as previous locations of escape platforms in a 
water maze, or food rewards in a radial maze), then this specificity could explain how 
information about a location or a task could be modified without affecting unrelated 
memories. According to this theory, LTD may function to weaken and thus forget 
previous memory traces, thereby preventing those traces from interfering with newly 
encoded information when the demands of a task change [25, 54, 57].

4. �Molecular mechanisms of forgetting: Later discoveries

4.1 Other synaptic factors involved in the reduced retrievability of memories

Since the demonstration that protein phosphatases can participate in forgetting 
processes, either passively by opposing the action of protein kinases in memory 
consolidation [39, 43] or more actively and directly by promoting the removal of 
previously stored information [54], efforts were made to identify other key synaptic 
elements contributing to forgetting. Hardt and colleagues thus identified PKM-ζ, 
another protein kinase synthesized upon LTP induction or memory formation and 
remaining constitutively active once synthesized and phosphorylated, as a key switch 
between memory consolidation and forgetting [12]. Transient inhibition of PKM-ζ 
leads to the extinction of old memories, while its overexpression prolongs weak 
long-term memories [59]. PKM-ζ would prevent forgetting of these memories by 
blocking the internalization of GluA2-containing AMPA receptors, especially in the 
dorsal hippocampus [60]. While early phases of memory formation are characterized 
by the initial postsynaptic insertion of GluA1-containing AMPA receptors, it is the 
persistent postsynaptic increase of GluA2 subunits in AMPA receptors that would 
allow memory to be maintained in the long term [60, 61].

Likewise, learning-induced regulation of NMDA receptor composition has been 
suggested as a mechanism for preventing further synaptic changes and potential 
interference, thus contributing to long-term memory stability [62]. NMDA receptors 
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are heteromeric ion channels comprising various subunits (GluN1, GluN2, and 
GluN3), with GluN2 subunit types (A-D) conferring distinct functional properties to 
the receptor [63, 64]. GluN2A-containing NMDA receptors have faster kinetics than 
GluN2B-containing NMDA receptors [63], limiting the time window for detecting 
presynaptic and postsynaptic coincidence and reducing the likelihood of further 
synaptic potentiation. If learning increases the ratio of GluN2A/GluN2B-containing 
NMDA receptors, memory maintenance may result from raising the threshold for 
additional synaptic strengthening [62]. Eventually, memories could be lost due to 
a gradual decrease in the GluN2A/GluN2B ratio (as recently shown by [65]) or the 
inactivation of PKM-ζ, leading to the internalization of GluA2-containing AMPA 
receptors [60]. Although the role of PKM-ζ in LTP, learning, and memory remains 
controversial [66], Hardt and colleagues [12] interpret these synaptic changes as 
evidence of memory loss akin to the idea that synaptic connections weaken over time 
when memories are not exercised, gradually decaying [67]. A decrease in postsyn-
aptic GluN2A subunit concentration (relative to GluN2B) or the internalization of 
GluA2-containing AMPA receptors (due to PKM-ζ inactivation) may occur when 
memory is not reactivated or strengthened over time (suggesting passive forgetting), 
or when an active signal triggers LTD via GluN2B-containing NMDA receptor activa-
tion [68]. Hardt and colleagues view this as evidence that forgetting results more from 
decay than interference, with LTD weakening memory traces.

However, as previously mentioned, interference theory—not mere memory 
decay—likely explains how memories are forgotten [11]. The theory of memory decay 
posits that unused information fades over time, whereas interference theory suggests 
that new information interferes with the recall of past memories. Since interference 
is unavoidable in daily life, it is difficult to definitively favor one theory over the 
other. However, our work on mice expressing a PP2A inhibitor suggests that LTD, at 
least hippocampal NMDA-dependent LTD, plays a specific role in interference-based 
forgetting rather than simple memory decay [54]. As previously mentioned, these 
mice exhibit deficits in a reversal task, as they fail to forget irrelevant information 
about the old platform position in a water maze. These mice persist in revisiting the 
old position, unlike control animals that adapt by avoiding the old position in favor of 
the more recent one. However, when trained to learn only one platform position and 
tested later at different time points (2 and 4 weeks) to assess natural memory decay, 
PP2A-inhibited mice showed a normal retention curve, performing well at 2 weeks 
but exhibiting impaired memory after 4 weeks, similar to control mice. These results 
suggest that (1) the LTD deficit in these animals impairs interference-based forget-
ting but not time-based memory decay, and (2) these two types of forgetting do not 
always share the same molecular mechanisms. Moreover, they suggest that phospha-
tases do not always merely (passively) oppose protein kinases in memory consolida-
tion but may actively participate to a dedicated and active/adaptive forgetting system 
as the one described by Zhong and colleagues in their works on intracellular signals 
involved in forgetting [69, 70].

These authors identified Drosophila melanogaster mutants with enhanced early 
(short-term) memory, reasoning that this enhancement might result from a defect in 
forgetting. Upon analyzing these mutants, Rac-signaling genes caught their atten-
tion, leading them to investigate Rac’s role in forgetting. Rac, a member of the Rho 
family of small GTPases, regulates cytoskeleton dynamics, potentially facilitating the 
physiological or morphological changes necessary for erasing memory by influencing 
activity-dependent structural plasticity [71]. Zhong and colleagues demonstrated 
that inhibiting Rac activity slows the decay of early memory, extending it from a few 
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hours to over a day. Conversely, increased Rac activity in neurons of the mushroom 
body (the Drosophila equivalent of the mammalian hippocampus) accelerates 
memory decay. They also discovered that endogenous Rac activation is more robustly 
triggered when memory decay is accelerating in normal flies, positioning Rac as a key 
molecule specifically controlling forgetting. Recent findings in mice further support 
this hypothesis. Post-training pharmacological inhibition of RAC1 or viral expression 
of a dominant-negative form of RAC1 in the hippocampus prevents the partial forget-
ting of contextual memories. Conversely, expressing a constitutively active version 
of RAC1 accelerates forgetting in these same tasks [72, 73]. These RAC1 changes 
produce related synaptic effects that can be measured in hippocampal slices, with 
RAC1 inhibition resulting in prolonged LTP and RAC1 activation leading to synaptic 
depression/depotentiation [72, 73].

4.2 Neuromodulation, microglia and adult neurogenesis

As mentioned earlier, forgetting can be defined as the reduced retrievability of 
memories stored in engram cells [7]. So far, we have listed several key intracellular 
(or membrane-associated) players (phosphatases, AMPA and NMDA receptors, and 
Rac-signaling genes) able to reduce the strength of excitatory synaptic inputs onto 
engram cells and the retrieval of their associated memories. We must now consider 
other/external factors that can have similar roles.

Berry and Davis proposed that dopamine could influence these changes by playing 
a dual role in memory and forgetting [74]. They observed that while Drosophila’s 
olfactory memory requires dDA1 dopamine receptor activation in the mushroom 
body, forgetting labile long-term memories was absent in mutant flies lacking another 
type of dopamine receptor. However, it is GABAergic neuromodulation that has 
certainly a key role in reducing the accessibility of memories. Numerous studies have 
demonstrated that GABAergic interneurons shape neuronal activity and play a key 
role in the formation of neuronal assemblies [75]. In both the hippocampus and neo-
cortex, GABAergic inhibition regulates the induction of LTP [76] and modulates the 
expression of long-term plasticity [77]. Although their density is significantly lower 
than that of principal (glutamatergic) neurons, GABAergic interneurons are strategi-
cally positioned within cortical networks, allowing them to control neuronal activity 
effectively [78]. A defining feature of GABAergic interneurons is their division into 
distinct subgroups, which are located at key points within neuronal assemblies. 
One subgroup may regulate inputs to principal neurons, while another subgroup of 
GABAergic interneurons manages their outputs [79].

Parvalbumin-positive basket cells are a prominent type of GABAergic inter-
neuron, delivering strong inhibition to the somas and proximal dendrites of prin-
cipal neurons. These cells play crucial roles in generating gamma oscillations and 
coordinating neuronal synchronization. Several studies have identified the role of 
parvalbumin neurons in the CA1 region in spatial working memory, but not in spatial 
reference memory [80]. More recently, research has shown that parvalbumin and 
somatostatin interneurons may have contrasting roles in working memory [81]. Given 
the involvement of these interneurons in working memory—and the established 
connection between working memory and forgetting [14]—it can be hypothesized 
that GABAergic interneurons may also contribute to the inhibition or suppression 
of hippocampal-dependent long-term memory, thereby playing a role in forgetting. 
Strengthening inhibitory GABAergic inputs onto excitatory engram cells can silence 
these cells, rendering them temporarily inaccessible without erasing the plasticity 
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that contributed to the engram formation [7]. This mechanism would allow rapid 
reversibility under appropriate conditions through targeted disinhibition.

Microglia could also be involved in the reduction of the retrieval of a given 
memory trace. During brain development, microglia help shape neural circuits by 
eliminating weaker synaptic connections that have been tagged with complement 
proteins [82]. Recent research has shown that similar microglia-dependent mecha-
nisms also contribute to natural forgetting in the healthy adult brain [83]. In a series 
of experiments, mice that were trained in a contextual fear conditioning protocol 
showed significant forgetting when tested 1 month after training; however, this for-
getting was prevented when microglia were pharmacologically or genetically depleted 
during the retention interval. The observed forgetting was associated with reduced 
reactivation of tagged hippocampal engram cells, an effect that was also blocked by 
microglial depletion.

Similarly, the formation of new neurons in the hippocampus (adult neurogenesis) 
could also reduce the reactivation of tagged hippocampal engram cells. For many 
years, it was widely believed that the adult mammalian brain could not produce new 
neurons. However, during the 1990s, this view shifted. The discovery of new neurons 
in the hippocampus spurred much speculation about the involvement of adult neuro-
genesis in learning and memory processes [84]. Supporting this notion, studies have 
shown that suppressing hippocampal neurogenesis typically disrupts memory forma-
tion [85], whereas promoting neurogenesis enhances it [86]. Nonetheless, several 
studies have also explored the role of adult-born hippocampal neurons in forgetting 
processes. For instance, we first demonstrated that hippocampal neurogenesis could 
hinder forgetting of proactive interference in working memory [87]. This finding 
aligns with the recognized role of the dentate gyrus in pattern separation—a process 
where overlapping or similar representations are transformed into more distinct 
ones to differentiate between them [88]. However, when processing highly repetitive 
information in working memory (like it is being done in a HIWM task – [57]), it is 
unnecessary to differentiate individual trials; rather, past trials must be forgotten to 
prevent them from interfering with the recall of new ones. By reducing neurogenesis 
in the dentate gyrus, forgetting proactive interference in working memory could be 
improved by limiting pattern separation, thereby reducing overlap between neuronal 
representations of irrelevant past trials [87].

This observation, however, appears to contradict subsequent findings, which 
indicate that increasing neurogenesis does not impair forgetting or the processing of 
proactive interference but, in fact, improves it [89, 90]. Consistent with the hypothe-
sis that the addition of new neurons to hippocampal circuits could destabilize existing 
memories, Frankland and colleagues demonstrated that enhancing neurogenesis after 
training promoted the forgetting of spatial and contextual remote memories weeks 
after their formation [90]. They also showed that weakening old memories facilitates 
the encoding of new, conflicting information, which they described as a reduction 
in proactive interference [89]. Consequently, these findings seem to contradict our 
earlier data suggesting that neurogenesis impedes the forgetting of proactive interfer-
ence in working memory [87]. The key to resolving this contradiction lies in timing. 
In the short term, neurogenesis confers an advantage in distinguishing highly similar 
representations in memory (pattern separation) [91], but it counteracts the forgetting 
required to erase proactive interference (competitive representations) in working 
memory [87]. Over the long term, however, adult neurogenesis destabilizes older 
memories [90], thereby enhancing the hippocampus ability to store new memories 
more effectively [25, 89].
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5. �Conclusion

In this chapter, we aimed to draw a parallel between forgetting and a process that 
we believe plays a significant role in the erasure of past memory traces: synaptic 
depression. Synaptic depression, particularly LTD, would serve two functions: (1) it 
could facilitate the flexible learning of new information by clearing out previously 
stored information that is no longer relevant [54, 57], and, paradoxically, (2) it could 
also enhance memory efficiency by promoting the consolidation of information into 
semantic memory [12]. For Hardt, Nader, and Nadel, long-term memories gradu-
ally shift from being episodic to semantic in nature, as the hippocampal component 
of these memories fades with time. This episodic-to-semantic transition is similar 
to context generalization, where behavior initially specific to a particular learning 
context is eventually expressed in other contexts. Richards and Frankland reviewed 
evidence suggesting that forgetting may indeed facilitate such generalization by 
preventing “overfitting” memories to specific past instances that may not accurately 
predict future outcomes [25]. The concept of overfitting, commonly used in statistics 
and machine learning, refers to models that are too detailed and complex, fitting the 
training data so closely that they fail to generalize well to new, unseen data [92]. In 
other words, overfitting prevents the abstraction of broader rules about the world 
(semantic memories) by focusing too heavily on the minutiae of specific experiences 
(episodic memories). Forgetting these details helps to avoid overfitting and promotes 
the formation of a more adaptable and generalized understanding of the world.

This idea aligns with the trace transformation theory of memory consolidation 
[93, 94]. According to this theory, episodic memories are initially composed of both 
central and peripheral details processed by the hippocampus and neocortex. Over 
time, a more schematic, gist-like version of the memory emerges, retaining only the 
core elements, which are represented in extra-hippocampal cortical regions. While 
peripheral details may degrade over time, the detailed episodic memory remains 
dependent on the hippocampus. Thus, both the detailed episodic memory and the 
more generalized gist version can coexist, although they exhibit different vulnerabili-
ties to forgetting over time [94]. Although direct evidence linking synaptic depression 
to the creation of gist-like representations of semantic memory is still limited, Hardt 
and colleagues showed that preventing forgetting impairs the development of contex-
tual generalization in rats [95]. Under normal conditions, contextual generalization 
(such as the generalization of fear to environments other than the one originally used 
for conditioning) can be observed in fear-conditioned rodents tested after a long 
retention delay [96]. Hardt and colleagues [95] found that inhibiting the endocytosis 
of hippocampal GluA2-containing AMPA receptors, a molecular mechanism involved 
in LTD, not only extends the retention of learned tasks over several days but also 
prevents the gradual development of generalization after conditioning. This result 
suggests that the same mechanisms responsible for forgetting (LTD) also promote 
memory generalization. However, although previous studies, including ours, have 
demonstrated that molecular alterations in LTD-related pathways affect forgetting 
processes [54, 60, 95], especially in the context of interference processing in working 
memory [54, 57], direct evidence that forgetting or generalization produces LTD in 
vivo remained elusive.

LTP was discovered 50 years ago and has since drawn substantial interest [97]. 
Thousands of studies have been conducted on hippocampal LTP, all based on the 
assumption that LTP reflects a key cerebral mechanism that could potentially explain 
learning and memory processes. Several studies have thus shown that altering the 
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molecular cascades controlling LTP does also impair learning and memory [98]. 
However, surprisingly few direct demonstrations have shown that learning actually 
induces hippocampal LTP [99, 100]. Likewise, until recently, none has shown that 
forgetting does produce LTD in vivo. To palliate this caveat, we conducted a long-term 
electrophysiological study in freely moving rats to show that cognitive tasks involving 
forgetting processes do indeed produces LTD in the hippocampus [101]. Rats were 
trained in a radial maze in either a long-term reference memory task, or one among 
two different working memory tasks: a low interference (LIWM) or a high interfer-
ence working memory task (HIWM) involving variable levels of proactive interfer-
ence (similar to the ones described earlier in this chapter – [30, 57]) that differentially 
alter their level of performance. Having previously shown that the dentate gyrus of 
the dorsal hippocampus [31] could play a major role in processing these interferences, 
we performed long-term recordings of fEPSPs at the perforant path to dentate gyrus 
synapse during three consecutive days. Our results show that while the efficient 
processing (forgetting) of proactive interference in WM is correlated to an LTD that 
is observed immediately after LIWM training, an inefficient processing of these 
interferences during HIWM training depends on a delayed LTP, probably contribut-
ing to the maladaptive consolidation of these interferences in long-term memory, 
that interferes with the rats’ performance in this task the next day. Strikingly, we also 
found that while reference memory training initially promotes a delayed LTP that is 
positively correlated with next day performance of the trained rats (confirming the 
role of hippocampal LTP in Ref. long-term memory), further training in this task 
replaces this LTP by an LTD once the reference memory rule was fully acquired and 
semantized, confirming the fact that the hippocampus is not the final resting place of 
the engram [93] and suggesting that, once consolidated, information about this task 
could be permanently stored elsewhere (in the neocortex?) [101].

It is possible that this process operates automatically and without conscious aware-
ness [70]. However, it is also conceivable that LTD-dependent forgetting and memory 
semantization/generalization could be under voluntary control. Motivated forgetting 
refers to the intentional suppression of memories under cognitive control. This top-
down suppression can occur during the retrieval of previously consolidated memories 
[5]. Research has shown that this suppression is linked to the activity of prefrontal 
regions involved in resolving retrieval competition during retrieval-induced forget-
ting. Retrieval-induced forgetting occurs when recalling certain items (e.g., “orange”) 
from a learned category (e.g., “fruit”) weakens the recall of other, non-retrieved items 
(e.g., “apple”) from the same category [102]. This type of forgetting suggests that the 
very act of remembering some memories can be detrimental to others. Anderson and 
colleagues found that prefrontal areas are engaged in this process, and that activation 
of these regions predicted later forgetting [5]. These findings highlight a cortical 
suppression mechanism through which remembering actively shapes which aspects 
of our past remain accessible. A key question is whether this prefrontal-dependent 
control can specifically influence our semantic memory by modulating LTD in other 
brain regions directly involved in memory storage, such as hippocampal-neocortical 
networks.
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Abstract

Navigation is a fundamental cognitive ability that relies on the hippocampus, 
a brain region that is known for its role in spatial representation and memory. In 
individuals with congenital blindness, the absence of visual input leads to significant 
neuroplastic adaptations that support alternative navigation strategies. This review 
examines the structural and functional modifications of the hippocampus in indi-
viduals who are blind and explores the broader neural mechanisms underlying their 
spatial abilities. We discuss how cross-modal plasticity repurposes the visual cortex 
for navigation, the role of sensory substitution devices in facilitating spatial learn-
ing, and behavioral performance in navigation tasks. Additionally, we highlight the 
implications of these findings for assistive technologies and brain-machine interfaces 
designed to enhance mobility in blind individuals. By synthesizing recent research, 
this review provides insights into the remarkable adaptability of the brain in response 
to sensory loss and underscores the importance of understanding neural plasticity for 
developing effective navigation aids.

Keywords: congenital blindness, navigation, hippocampus, sensory substitution, 
brain plasticity

1. �Introduction

The brain is not a static entity but a dynamic, evolving structure shaped by experi-
ence and necessity throughout development [1]. This ability of the brain to adapt, 
known as plasticity, is particularly evident in congenital blindness (CB) and early-
onset blindness (EB), in which the absence of visual input triggers extensive neural 
reorganization to compensate for the missing sense [2]. For clarity in this review, CB 
and EB are defined as the absence or loss of vision around birth (CB) or before 3 years 
of age (EB). By this definition, both conditions are often used interchangeably, as 
CB and EB samples are frequently combined in the reviewed literature. Nonetheless, 
EB and CB mark a profound change in the subsequent postnatal development of 
physical and cognitive abilities, with significant repercussions for the brain. This 
phenomenon is especially prominent in the visual system, particularly in the visual 
pathways and structures from the retina to the primary visual cortex (V1), which 
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undergo anatomical and functional modifications to support or enhance nonvisual 
processing, such as touch, sound, smell, and proprioception. This process is known 
as cross-modal plasticity [2–4], and it has been vastly studied in numerous samples 
of CB/EB individuals in the past three decades. The consensus from the literature 
investigating anatomical and neural connectivity changes in the brains of CB and EB 
individuals has been reported in a recent meta-analysis study [5]. These differences 
in terms of volume, fractional anisotropy, and cortical thickness between EB and 
sighted controls (SC) are illustrated in Figure 1 and are discussed.

The ability of the brain for cross-modal plasticity is facilitated by a vast array of com-
pensatory strategies and abilities that CB and EB individuals must develop, train, and rely 
on for everyday tasks. Indeed, by reallocating brain regions typically dedicated to vision, 
they can accomplish and even reach expertise in many nonvisual tasks, including reading 
through Braille and spatial navigation using nonvisual aids such as the white cane or other 
technological devices [for review, see Ref. [6]]. They can also perform spatial tasks and 
gain knowledge about their environment to orient themselves. This raises an important 
question: How do parts of the brain, particularly those outside the visual system respon-
sible for spatial cognition and navigation, adapt to the complete loss of visual input? This 
chapter will explore these areas, notably the hippocampus and its associated navigation 
network, in both blind and sighted humans and animals.

2. �The hippocampus and navigation

In humans, the hippocampus is deeply embedded within the medial temporal lobe 
and consists of an elongated structure with a club-shaped head resembling a seahorse 

Figure 1. 
Structural alterations in the brains of EB (including CB) individuals. Changes in volume (vol), connectivity as 
measured with fractional anisotropy (FA), and cortical thickness (CT) are consistently recorded in the occipital 
(visual) cortex and in the retinofugal pathway (optic radiations, lateral geniculate nucleus). FG, fusiform gyrus; 
GPI, globus pallidus internus; LING, lingual gyrus; MOC, middle occipital cortex; OR, optic radiations; PHG, 
parahippocampal gyrus.
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that begins posterior to the amygdala and arches around the mesencephalon [7, 8]. 
The hippocampus has two primary gray matter folds: the Cornu Ammonis (CA) fields 
(hippocampus proper) and the dentate gyrus. Past research has often divided it into 
three parts: an anterior segment, the head; an intermediate segment, the body; and a 
posterior segment, the tail (see Figure 2).

Functionally, it is highly involved in memory formation, object classification, and 
motivating complex behaviors such as navigation [10]. Along with its network of 
other cortical regions, the hippocampus enables humans and other animals to form, 
through experience-based learning, associations between sensory inputs, objects, and 
specific locations or events. In that process, they build what is called a “cognitive map” 
of their environment [11, 12] or a cognitive representation of locations (i.e., a shelter 
or a food source) and the spatial relationships linking them (i.e., directions, distances, 
and paths). By using cognitive map-based strategies, humans and animals can adapt 
to both familiar and new environments and, while in locomotion, keep track of their 
position in space [13]. This behavior occurs through the continuous comparison of 
perceived features with prior knowledge embedded in the cognitive map, which is the 
information ingrained in the neuronal responses of the hippocampus and its network.

2.1 Place cells in the hippocampus

Animal studies have largely demonstrated the critical role played by the hippo-
campus in spatial navigation. On the one hand, lesion studies in rats have shown that 
the hippocampus is necessary for solving spatial tasks such as radial mazes [14] and 
Morris’s water maze [15]. On the other hand, most of the knowledge on the functional 
aspects of the Hippocampus comes from electrophysiological recordings, including the 
pioneering work of O’Keefe and Dostrovsky [16], who first described the presence of 
“place cells” in this structure. Place cells are widely believed to form the foundation of 
spatial memory and navigation, as they fire when the animal is in specific “preferred” 
locations within an environment [12, 17, 18]. Thus, populations of place cells can rep-
resent the whole surface of an environment and allow the representation of distances 
between locations [19, 20]. These internal representations can remain stable for 

Figure 2. 
The human hippocampus in situ. On the left, a drawing by Henry Vandyke Carter from Henry Gray’s book, 
Anatomy of the Human Body [9]. This illustration depicts the human brain, from which the temporal lobe 
has been removed, exposing the hippocampus (highlighted in blue). On the right is an ex vivo hippocampus 
preparation by Laszlo Seress alongside a seahorse (from URL: https://commons.wikimedia.org/wiki/
File:Hippocampus_and_seahorse.JPG; under a CC-BY-SA license).
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significant periods [21–23], and the hippocampus has been shown to store multiple 
maps of either different environments or various states of the same environment, 
with the remapping of the representation of place cells [24]. Furthermore, place cell 
activity is independent of head direction and visual input [25]. In the absence of 
visual information, rodents’ place cells are modulated by other cues, such as olfaction, 
path integration, and environmental borders [26–30]. Furthermore, place cell activity 
is not confined to 2D spaces, as they can encode volumetric space, such as cubic 
environments [31], which is particularly apparent in flying animals such as bats [32].

Therefore, place cells generate an internal map-like neuronal representation of 
space, allowing for precise localization and supporting movement planning. The hip-
pocampus has thus been proposed to function as a memory compression system, where 
place cell activity emerges as a byproduct of encoding sensory experiences [33]. 
This suggests that place cells are influenced by both spatial and nonspatial variables, 
reflecting recent sensory experiences rather than solely representing static locations. 
Notably, place cell activity is highly variable and is not only determined by excitatory 
synaptic inputs. This variability, termed “excess firing variance,” suggests that place 
cells encode additional signals beyond the animal’s current head location, contribut-
ing to the complexity of spatial representations [34].

2.2 Spatial view cells in primates

In addition to place cells, “spatial view cells” were identified in primates and humans, 
for whom vision plays a dominant role in spatial processing [35]. Indeed, unlike rodents, 
which primarily rely on olfactory and/or tactile cues and direct exploration for path 
integration [36], humans and primates primarily use visual landmarks to navigate 
from one location to another [37]. Therefore, spatial view cells are known to respond to 
specific parts of the environment being viewed, regardless of the observer’s own loca-
tion or gaze direction [35]. In other words, spatial cells encode spatial information in a 
“world-centered” or “allocentric” (independent of the individual’s position and point of 
view) reference frame. This characteristic is fundamental to supporting landmark-based 
navigation, a key strategy in primates, as it allows for stable object location encoding and, 
thus, visual landmark recognition [38]. These cells also participate in episodic memory 
formation, as they provide spatial context for remembering where events occurred and 
how to move through an environment [35, 39]. This suggests that spatial view cells play a 
more dominant role in primates than in other mammals [38], but their function may vary 
across species due to differences in sensory reliance.

Spatial view cells receive input from the ventral visual stream and parietal cortex, 
which provide detailed information about the visual scene [38]. Through these cells, 
the hippocampus can integrate sensory information from the visual and parietal cor-
tices to construct a spatial framework for efficient navigation and memory organiza-
tion [38]. However, even without direct visual input, spatial view cells help maintain 
an accurate sense of location by updating spatial representations through self-motion 
cues [38]. This property is beneficial when environmental details are obscured and 
allows individuals to orient themselves effectively [40].

2.3 �Navigation-relevant cells beyond the hippocampus: An interconnected 
network

The hippocampus, while important, does not function alone but is part of a 
network of interconnected cortical and subcortical structures. As such, hippocampal 
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place cells interact closely with grid cells, primarily situated in the entorhinal cortex 
[41]. This special type of cell provides spatial metrics for place cells in the hippocam
pus, as they encode specific locations in an environment according to a hexagonal 
grid system [25]. The combined function of grid and place cells is essential for precise 
navigation, particularly in complex or cluttered environments [42]. Moreover, to 
facilitate complex spatial behaviors, these cells also interact with other specialized 
neurons, such as whole-body motion cells and head direction cells, which, as their 
name suggests, are sensitive to the facing direction [43]. While most come from ani-
mal studies, recent work on human neuronal recordings has confirmed the existence 
of place cells [44] and grid cells in humans [45]. Figure 3 illustrates the various types 
of navigation-relevant cells in the hippocampus and other structures.

2.4 The hippocampus in humans: Neuroimaging and lesion studies

In humans, the role of the hippocampus became explicitly clear following original 
reports and studies investigating patients with temporal lesions, including the famous 
patient HM [46]. Following the removal of the medial temporal lobe (including the 
hippocampus), HM experienced profound memory loss and severe impairment in spa-
tial cognition. Particularly, HM’s spatial navigation and spatial memory abilities, strat-
egies now known to be dependent on the hippocampus, were severely affected [47]. 
Subsequently, exhaustive work using neuroimaging techniques such as PET, fMRI, and 

Figure 3. 
The different types of neurons engaged in navigation and their location and connectivity in the rodent brain. 
This schematic illustrates the navigation network in rodents and depicts all the interconnected regions involved 
in processing navigation-relevant information. The types of cells found in each of these regions are also depicted, 
including those mentioned in this chapter (place cells, grid cells, head direction cells, and boundary cells). Figure 
from Ref. [25], reprinted with permission (license no. 6015990335147, Elsevier).
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MEG has also demonstrated the critical involvement of the hippocampus in spatial 
navigation, particularly in the encoding, processing, and retrieval of spatial informa-
tion, supporting cognitive map formation and wayfinding [for a review, see 48]. 
Hippocampal activity, mostly in its posterior part, has been found to correlate with 
Euclidean distances between locations [48, 49] and to be engaged during directional 
responses in early learning phases [50], mental navigation [51], virtual navigation 
[52], and other spatial tasks such as path integration and distance judgments [49, 53, 
54]. Furthermore, lesion studies validate its role in encoding spatial locations within 
an allocentric framework: damage to this structure impairs spatial memory, thus 
preventing individuals from forming or retrieving cognitive maps [55–57]. More 
recently, studies involving intracranial recordings [58] further demonstrate how the 
human hippocampus encodes one’s location in an environment [59–62] and constructs 
internal models of space, reflected in its oscillatory patterns, which bear striking 
similarities to those found in rodents [59, 63, 64].

Therefore, research supports the idea that the hippocampus is essential for allo-
centric, cognitive map-based navigational strategies rather than egocentric strategies. 
There is a clear distinction between these two forms of navigation. “Response-based” 
navigation (mostly reliant on the egocentric reference frame) is governed by the 
caudate nucleus and not the hippocampus. In contrast to the hippocampus, the cau-
date nucleus plays a role in procedural learning, enabling navigation through learned 
sequences of actions [65, 66].

2.5 The broader human navigation network (HNN)

The role of the hippocampus in cognitive map formation and navigation is pos-
sible through its interactions with other brain regions, which are also known for 
their space-related activity. Navigation research constantly shows the involvement 
of multiple structures in the medial temporal lobe, the (pre)frontal cortex, and the 
parietal cortex, including parts of the dorsal and ventral visual streams [67]. This net-
work of spatially involved areas is now commonly referred to as the human navigation 
network (HNN). Most importantly, a meta-analysis of the navigation literature has 
highlighted that most navigation tasks consistently activate three key regions of this 
network [68]: the parahippocampal place area (PPA) situated in the parahippocampal 
gyrus (PHG), the retrosplenial complex (RSC)—or “medial place area” (MPA)—and 
the occipital place area (OPA). These regions are scene-selective areas that, as the 
name suggests, are primarily sensitive to the viewing of scenes containing context for 
spatial navigation, such as landmarks, edges, and paths [54, 68–70]. The PPA spe-
cializes in analyzing spatial properties of the immediate environment and responds 
strongly to navigationally relevant landmarks [71, 72]. In contrast, the RSC plays a 
key role in situating local scenes within a broader spatial context, translating egocen-
tric information (from the parietal cortex) into an allocentric reference frame [72, 
73]. The RSC is also sensitive to directional cues at decision points [50] and encodes 
information about an individual’s position and heading, functioning similarly to head 
direction cells in rodents [74, 75]. As for the OPA, its role may be more perceptive, as 
it is sensitive to scene information that forms key aspects to guide navigation, such 
as edges and materials [69, 76]. Furthermore, the hippocampus collaborates with the 
entorhinal cortex to encode spatial features and environmental cues, thereby forming 
cognitive maps [41, 68]. Indeed, as part of the HNN, the entorhinal cortex retains its 
grid-like coding in humans, as proved by many studies, which demonstrated a “hexa-
directional” coding that corresponds to the hexagonal grid built by grid cells [77, 78].
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Finally, the HNN also includes parts of the parietal, frontal, and prefrontal 
cortices, forming a separate system to dictate how individuals can interact with the 
local environment [79]. Contrary to the scene-selective regions that contribute to the 
“allocentric” representations of space for more long-distance navigation, the poste-
rior parietal cortex is involved in perceiving space according to an egocentric point 
of view, in other words, the individual’s point of view [80, 81]. The parietal cortex, 
therefore, mediates interactions with the local environment and enables humans (and 
other animal species) to select and perform actions (i.e., walking, leaping, climbing, 
reaching, grasping, and bringing objects to the mouth) that are relevant to the contex-
tual environment. The parietal cortex also closely interacts with the prefrontal cortex, 
including the frontal eye fields, to direct attention and make decisions. In short, this 
frontoparietal system is central in spatial navigation as it is sensitive to all kinds of 
affordances (i.e., objects/landmarks to reach, objects to grasp, obstacles to avoid, 
salient visual targets to look at) present in the local environment, and it specifies all 
potential actions (grasping position, direction of locomotion, obstacle avoidance 
strategy) that are available to the individual [79]. Furthermore, the prefrontal cortex, 
as part of the HNN, is also crucial for route planning, memory retrieval, maintain-
ing goals in working memory, and integrating input from the PHG [82–84]. These 
characteristics allow the brain to compare sensory inputs to learned rules and, thus, to 
predict upcoming landmarks and guide decisions and route selection by dynamically 
retrieving relevant spatial memories [80, 82].

2.6 The stream of visual information from V1 to the hippocampus

In summary, although they are not visual processing areas per se, the hippo-
campus and HNN play a crucial role in processing sensory information relevant 
to space, memory, and scene recognition to support spatial navigation, including 
locomotion and, on a larger scale, spatial orientation. Indeed, navigation-relevant 
visual information from V1 is distributed to higher-order areas through many 
interconnected paths, or visual streams. Traditionally, there are two visual 
streams: the dorsal stream (“where” pathway), which sends visual information 
for integration in the posterior parietal cortex, involved in spatial awareness and 
motion, and the ventral stream (“what” pathway), which sends information to the 
inferotemporal cortex for object recognition. However, regions in the HNN make 
a second, more medial “where” visual stream that funnels scene- and navigation-
relevant information from the visual cortex to the hippocampus, passing through 
the RSC, PHG, and entorhinal cortex [85–87].

Indeed, scene information is passed from the RSC to the medial temporal lobe, 
where it is integrated by the PPA and the perirhinal cortex, which plays a key role 
in object memory [88]. Visual information is then transmitted from these regions 
to the entorhinal cortex, the primary interface between the neocortex and the hip-
pocampus. This structure conveys contextual spatial (medial entorhinal) and object-
related (lateral entorhinal) information to the hippocampus through the tri-synaptic 
circuit [89]: from the entorhinal cortex to the dentate gyrus (DG), to CA3 via mossy 
fibers, from CA3 to CA1 via Schaffer collaterals, and to the subiculum, which sends 
projections back to the entorhinal and other brain regions. Through this circuitry, 
the hippocampus and HNN support the encoding, consolidation, and retrieval of 
spatial memory via the visual sensory channel. Additionally, feedback loops from the 
hippocampus to the entorhinal, prefrontal, and posterior parietal cortices allow it to 
modulate ongoing visual processing, attention, and decision-making.
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2.7 Multisensory integration and plasticity in the hippocampus

To conclude this part of the chapter, it is important to recognize two key aspects 
of the hippocampus and its capacity to form cognitive maps. First, the hippocampus 
does not construct cognitive maps by solely relying on visual cues but rather through 
multisensory integration, in other words, by synthesizing external visual, auditory, 
and tactile cues and internal proprioceptive and vestibular inputs [67, 90, 91]. All 
animals, including humans, navigate in multisensory environments and are thus 
guided by ever-changing spatial information from these sensory inputs. To achieve 
this, the hippocampus creates a map of space that combines different sensory and 
abstract reference frames, and this mapping is influenced by behavioral goals and the 
sensory modalities used [92, 93].

Second, the hippocampus can be considered a hub for neuronal plasticity, i.e., the 
ability of neurons and, consequently, the brain to change their connections and func-
tions over time and in response to contextual needs. Not only has the hippocampus 
been shown to be one of the rare regions with neurogenesis, or the generation of new 
neuronal cells [94], but it is also prone to significant morphological changes depen-
dent on the environment and the individual’s experiences [95]. Indeed, in one of the 
most influential works in human navigation, Maguire and Gadian [96] have shown 
volumetric variations in the posterior hippocampus linked to navigation expertise, as 
seen in London taxi drivers and students undergoing spatial inference training [96, 
97]. This morphological adaptation highlights that functional plasticity in the hip-
pocampus follows environmental demands and navigational experience, or in more 
technical terms, plasticity is “experience-dependent.”

3. �The hippocampus in individuals with congenital blindness

Due to the reliance of humans and other primates on visual cues for navigation, 
many questions remain unanswered. What occurs in the hippocampus following 
complete vision loss? How does it adapt to the loss of the most essential input for 
navigation and orientation? As we know, congenital blindness leads to some of the 
most significant behavioral adaptations observed in humans. Individuals who are 
congenitally blind develop compensatory strategies for spatial navigation, relying on 
alternative sensory inputs and increasing their dependence on memory capacities, 
which suggests certain hippocampal adaptations. While research has consistently 
shown that the absence of visual input leads to structural alterations in the visual 
parts of the brain [2], only a handful of studies have paid closer attention to the hip-
pocampus [5, 98].

3.1 Anatomical and functional changes in the hippocampus

Most notably, structural neuroimaging studies focusing on hippocampal differ-
ences between blind and sighted individuals have revealed that CB individuals exhibit 
a smaller right posterior hippocampus [99, 100] and/or a larger right anterior hip-
pocampus compared to sighted individuals (see Figure 4) [100–102]. Furthermore, 
hippocampal size in CB correlated with wayfinding performance in a maze task [101] 
and with their learning rate in an obstacle course using a sensory substitution device 
[103]. Finally, a comprehensive meta-analysis of brain structural changes associated 
with blindness highlighted a few alterations in the hippocampal formation [5], but no 
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clear consensus in the literature, which suggests a high interindividual variability in 
the hippocampal morphometry that is not solely a byproduct of visual deprivation.

As with anatomical studies, a limited body of research has examined the func-
tional reorganization of the hippocampus in blindness [98]. However, those who 
attempted this endeavor have found that it is still involved in spatial processing and 
navigation tasks. For example, the hippocampus in CB individuals is involved when 
they solve tactile mazes and improve their performance over time [104] and when 
they estimate Euclidean distances using auditory cues [105]. Furthermore, more 
recent work has investigated the neural patterns associated with cognitive map forma-
tion and found no hippocampal adaptation differences between blind and sighted 
participants while learning a tactile map [106]. These results strongly suggest that the 
function of the hippocampus is preserved and flexible enough to support spatial cog-
nition, cognitive map formation, and navigation strictly through alternative sensory 
channels [107]. This flexibility is highlighted in the functional connectivity of the 
hippocampus in CB, which is increased with many parts of the brain [108, 109]. These 
include cortical areas such as the primary visual cortex, parts of the ventral and dorsal 
visual streams, and, most importantly, other areas of the HNN [108, 109], an aspect 
that may facilitate the processing and integration of nonvisual cues for navigation.

In the animal literature, however, a little more is known about neuronal and molecu-
lar changes at the level of the hippocampus following sensory loss [110]. Most notably, 
blindness is associated with a decreased GABA receptor expression and altered metabo-
tropic glutamate receptor expression, including a reduced expression of the GluN1 
subunit and an altered GluN2A:GluN2B ratio [110–113]. This shows that, on a molecular 
level, the hippocampus seems to revert to a state similar to a critical period, typically 
recorded between birth and 3 months of age, and is maintained this way throughout 
adulthood, showing no evidence of full functional recovery [112, 114]. These molecular 
changes have also been recorded along with a chronic impairment in hippocampal 
synaptic plasticity, specifically long-term potentiation, throughout adulthood, which 
only exhibits partial recovery as animals get older [111–113]. Interestingly, at the level of 
the place cells’ response, EB rats exhibit hippocampal place cells that display location-
specific firing patterns, similarly to those found in sighted rats [26]. This preservation 
indicates that vision is not essential for the establishment of the place cells network and 
that motion-related information and nonvisual stimuli are sufficient to support place cell 
activity in the absence of visual cues [26].

Figure 4. 
Example of volumetric changes in the hippocampus of early blind individuals. The posterior (tail) part of the 
right hippocampus is reduced in volume. Modified, with permission, from Chebat et al., [99].
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3.2 The HNN in blindness

While results on the hippocampus are scarce, most research has investigated how 
areas in the HNN respond to nonvisual spatial cues, including auditory, tactile, and 
proprioceptive information. These studies highlight the activation of scene-selective 
PPA and RSC during haptic exploration of scenes [115], when differentiating large 
nonmanipulable objects (i.e., landmarks) from small objects and non-objects [116], 
and in a mental navigation task [117]. These activations in CB were either similar to 
those in sighted individuals [117] or stronger [115, 116]. Furthermore, the parahip-
pocampal gyrus, likely including the PPA, is also involved in tactile maze navigation 

Figure 5. 
The hippocampus and Human Navigation Network (HNN) are involved in spatial navigation tasks in CB/EB 
individuals. A. A meta-analysis of the neuroimaging literature revealed consistent clusters of activation, including 
parietal and medial temporal cortices, in blind individuals. Clusters include the visual cortex (clusters 1, 5, 
and 6; cuneus, MOG, and LING), the parietal cortex [clusters 2 and 4; precuneus and superior parietal lobule 
(SPL)], and the (medial) temporal cortex (cluster 3; FFG, PHIP, and HIP). Adapted from Bleau et al., [98], 
under a CC BY 4.0 license. B. The HNN is involved in virtual route recognition using a sensory substitution device 
(SSD). Modified, with permission, from Kupers et al., [118]. C. The hippocampus (HIP) and para-hippocampus 
(PHIP) are recruited during tactile maze navigation in CB. Adapted, with permission, from Gagnon et al., 2012 
[104]. D. The HNN is consistently activated during a clock navigation task, but the entorhinal cortex shows an 
altered grid-like coding pattern, four-fold instead of six-fold (in sighted individuals). Adapted from Sigismondi 
et al., 2024 [117], under a CC BY 4.0 license. CB, congenitally blind; Cu, cuneus; FFG, fusiform gyrus; HIP, 
hippocampus; LING, lingual gyrus; MFG, middle frontal gyrus; MOG, middle occipital gyrus; OPA, occipital 
place area; PCC, posterior parietal cortex; Pericalc, pericalcarine; PHIP, parahippocampal gyrus; PPA, 
parahippocampal place area; PrC, precuneus; RSC, retrosplenial complex; SC, sighted controls; SPL, superior 
parietal lobule.
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[104], route recognition using a visual-to-tactile sensory substitution device [118], 
and material discrimination (an essential aspect of nonvisual navigation) with the 
use of echolocation in the case of CB expert echolocators [119]. Furthermore, the 
OPA in CB is activated in mental [117] and echolocation-guided navigation [120]. 
These scene-selective regions in CB, along with the ventral and dorsal visual streams, 
also benefit from increased functional connectivity with each other [108, 116] and, as 
previously said, with the hippocampus [108].

Beyond these scene-processing areas, other areas of the HNN in the parietal, 
temporal, and frontal cortices are still activated in navigation and spatial processing 
tasks in CB [98, 117, 118]. The parietal cortex is associated with Euclidean distance 
estimation via auditory cues [105] and nonvisual route recognition [118], while 
the temporal-parietal junction is active during virtual navigation using tactile and 
auditory feedback [121, 122] in a way that reflects the general navigation skills of CB 
individuals [122]. In the temporal cortex, the superior temporal gyrus is activated in 
imagined locomotion [123], while the entorhinal cortex remains involved in mental 
navigation [117]. However, the hexadirectional grid-like coding in the entorhinal cor-
tex is altered in CB individuals, exhibiting a four-fold rather than a six-fold symmetry 
[117]. This functional change may be linked to the adoption of different navigational 
strategies, such as relying on 90-degree turns to avoid disorientation [117]. Finally, 
prefrontal areas and parts of the ventral and dorsal streams, such as the precuneus, 
fusiform gyrus, and lateral occipital cortex, still emerge as involved in spatial process-
ing and navigation tasks [98, 117–119, 124]. Figure 5 illustrates the neural network 
involved in nonvisual spatial navigation in CB.

The recruitment of these multiple cortical regions across different sensory modali-
ties in both CB and sighted individuals suggests that the HNN is, on the one hand, 
commonly solicited for the processing of multisensory spatial information to support 
navigation in humans and, on the other hand, resilient to the complete loss of visual 
input [117]. These findings align with the hypothesis of amodal spatial representa-
tions, which stipulates that those representations, including cognitive maps, are 
constructed with inputs from multiple senses but stored in a modality-independent 
manner [98, 125]. These functional aspects of the hippocampus and HNN are essen-
tial for blind individuals to maintain efficient levels of spatial competence despite the 
absence of visual input.

4. �Navigation abilities in the blind

4.1 Behavioral performance in navigation tasks and enhanced nonvisual abilities

As previously mentioned, CB individuals can learn various compensatory 
strategies to retain spatial awareness, navigate safely, and learn the layout of their 
environment for orientation, thereby preserving function throughout the HNN in the 
process. However, the volume alterations in CB may reflect high variability in those 
compensatory strategies and their travel habits, as it has been evidenced that hippo-
campal size is a reliable predictor of navigation abilities in humans [126].

Navigating the environment requires the ability to perceive and respond to 
external cues [127], and evidence suggests that blindness leads to the enhancement 
of nonvisual abilities, as they often outperform sighted controls in auditory and 
tactile tasks of spatial and nonspatial nature. Indeed, CB individuals often exhibit 
superior auditory localization skills [128–130], which also correlates with activation 
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in the visual cortex [129]. Furthermore, they can, with the use of sensory substitution 
devices (SSDs), locate and avoid obstacles as efficiently or better than blindfolded 
sighted individuals using tactile or auditory information [131–137], sometimes 
even performing as well as non-blindfolded sighted individuals using vision [138]. 
However, other studies suggest that EB exhibits impairments in other auditory and 
proprioceptive spatial tasks [139–143]. As for spatial navigation itself, the literature 
provides no clear consensus. Some studies find that CB can navigate their surround-
ings as effectively as sighted individuals using assistive technologies or can even 
outperform them in simple obstacle avoidance [133, 135, 138, 144] or in nonvisual 
path integration [145]. However, when it comes to “allocentric” navigation, studies 
show that blind individuals are either equivalent to their sighted counterparts or that 
they fail to achieve the same level of proficiency [104, 106, 146–153]. Figure 6ABC 
illustrates performances of CB in spatial navigation tasks involving the allocentric 
reference frame such as maze learning and mental navigation in a clock task.

Hence, there is no denying that CB leads to complex behavioral changes that vary 
according to the types of paradigms, contextual cues, and different factors, including 
age, gender, blindness onset, travel habits, expertise with assistive technology, and 
specialized mobility training [154–156]. Nevertheless, the cognitive mapping abilities 
associated with the hippocampus exhibit significant variability in CB, likely resulting 
from the diverse adaptive strategies and compensatory skills developed in response 
to the complete loss of visual input. Indeed, CB individuals increase their reliance on 
egocentric strategies, such as route following, instead of allocentric ones, an adapta-
tion from which may stem the recorded structural alterations in the hippocampus. 
Additional research is necessary to explore ways to enhance CB individuals’ access to 
spatial information and improve their cognitive mapping abilities [154, 156]. As an 
example, Bleau and van Acker [152] have shown that increasing the amount of avail-
able information in accessible tactile maps can eliminate the differences in cognitive 
mapping performances between CB individuals, sighted individuals, and those who 
have late-onset blindness (individuals who had prior visual experience).

4.2 Impact of sensory substitution devices

Sensory substitution devices (SSDs) convert visual information into auditory 
or tactile feedback to support blind individuals in navigating their environment or 
accomplishing other tasks such as reading or recognizing objects [6]. The incor-
poration of SSDs into the daily lives of blind individuals not only offers insights 
into how perceptual learning and cross-modal plasticity occur [155] but also how 
it is possible to augment perception and spatial awareness in this population to 
better support nonvisual navigation. Some SSDs, such as the EyeCane [137], have 
been developed specifically to support efficient navigation by providing spatial 
information in a form that the brain can easily interpret [121]. By converting spatial 
information (e.g., the presence and distance of obstacles and walls) directly into 
auditory or tactile cues, they can provide real-time feedback about the environ-
ment, its content, and its layout, and help blind individuals avoid obstacles and 
make navigation decisions [134, 144].

Indeed, CB participants navigating with the tongue display unit (TDU), a 
visual-to-tactile SSD, can detect and avoid obstacles and achieve a significantly 
faster pace than blindfolded sighted individuals performing the same tasks in 
the same conditions [138]. Figure 6DEF illustrates spatial navigation abilities of 
CB using SSDs. In their utilization, these devices engage, through cross-modal 
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plasticity, brain areas typically associated with vision, including the primary 
visual cortex, and other higher-order areas involved in motion, shape, and spatial 
perception, including the area HMT+, lateral occipital cortex, and area V6 [118, 
121, 157]. These devices and how the CB brain adapts to use them suggest that 
blind individuals utilize the same brain regions typically involved in vision to 
process spatial information from other senses [158, 159].

SSDs thus have the potential to increase spatial awareness when combined with—
not without—more traditional navigational aids (i.e., white cane or guide dog) to 
make navigation safer and more effective [134]. These insights from SSDs have other 
practical implications. They suggest that training programs and assistive technologies 
designed for blind individuals can and should capitalize on the brain’s capacity for 
cross-modal plasticity [160]. By enhancing the use of nonvisual cues for navigation, 

Figure 6. 
Behavioral performances of CB and sighted individuals in navigation tasks involving sensory substitution. A. 
CB makes more errors in tactile maze solving and learns the task at a lower rate than their sighted counterparts. 
Adapted, with permission, from Gagnon et al., 2010 [153]. B. When using a 3D tactile maze instead of a 2D 
embossed tactile maze, CB, LB, and sighted individuals form equivalent cognitive maps, enabling them to 
improvise routes between points of interest. Adapted from Bleau et al., [152], under a CC BY 4.0 license. C. CB 
performs worse than sighted individuals in a clock navigation task involving allocentric spatial coding. Adapted 
from Sigismondi et al., 2023 [117], under a CC BY 4.0 license. D-E-F. CB outperform sighted individuals in 
navigation tasks involving detecting and avoiding obstacles using tactile and auditory sensory substitution devices, 
such as the tongue display unit (D; adapted, with permission, from Chebat et al., [133], the auditory GSSD (E; 
adapted from Paré et al., [135], under a CC BY 4.0 license), and the EyeCane (F; adapted from Bleau et al., [134], 
under a CC BY 4.0 license). CB, congenitally blind; EB, early blind; LB, late blind; SC, sighted controls; T-20, 
maze with 20 T-shaped intersections.
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it may be possible to further augment the adaptive changes in the brain and provide 
additional spatial information to the hippocampus and its network, thus better sup-
porting the development of spatial abilities in the process.

4.3 Future research directions and potential applications

As technology advances, new and improved SSDs and brain-machine interfaces 
(BMIs) will likely play an even greater role in enhancing navigation capabilities and 
promoting independence for individuals living with blindness. Indeed, our growing 
understanding of the brain’s capacity to reconfigure itself in response to changes 
in sensory input has implications for both theoretical neuroscience and practical 
applications, such as the development of neuroscience-based training programs and 
refined SSDs. Indeed, currently available or tested SSDs still require significant train-
ing and time for users to process environmental data efficiently. Studies have shown 
that training for relatively simple tasks or environments with optimal contrast and 
minimal complexity takes long hours [6, 155]. Further research is needed to optimize 
these devices for greater accuracy and ease of use. Improving SSDs with AI to pro-
vide intelligible and customized feedback, tailored to the task and user’s needs, will 
become crucial in making SSDs more widely adopted as augmented reality tools.

BMIs, on the other hand, hold great potential for the more seamless integration 
of assistive feedback into the brain’s navigation networks and even directly into the 
hippocampus to trigger spatial learning. However, challenges remain in making these 
devices widely accessible, as they require complex hardware and software, as well 
as a deep understanding of the brain’s neural pathways related to spatial cognition. 
Continued advancements in neurotechnology, signal processing, and cross-modal 
plasticity will be crucial in making BMIs a more viable and practical tool for aiding 
navigation in individuals who are blind. Moreover, integrating SSDs and BMIs could 
hold the key to further enhancing navigational independence.

Further studies are needed to refine their usability and efficacy in real-world set-
tings. Research should also explore how training with these technologies can further 
enhance brain plasticity and improve cognitive mapping abilities. In that same 
goal, virtual reality and virtual environments could be beneficial when combined 
with more sensory substitution capacities. Additionally, longitudinal studies on the 
long-term effects of sensory substitution and BMIs on brain plasticity are essential. 
These studies could provide valuable insights into the sustained benefits of assistive 
technologies for blind individuals and their impact on cognitive functions such as 
memory, attention, and spatial reasoning.

5. �Conclusion

Blindness is associated with significant structural and functional alterations induced 
by brain plasticity, particularly in regions traditionally associated with vision. Studies 
highlight how the visual cortex, through cross-modal plasticity, is repurposed for non-
visual processing to improve compensatory skills and support spatial navigation in blind 
individuals. Beyond the visual system, areas associated with navigation and spatial aware-
ness, including the hippocampus, maintain their function by processing and integrating 
information from multiple senses. However, structural changes in the hippocampus 
are linked to behavioral changes and high variability in compensatory strategies used 
for daily orientation, a sphere where blind individuals often develop deficits that limit 
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their independence. To aid in improving navigational and cognitive mapping skills, new 
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Chapter 5

Perspective Chapter: Hippocampus 
and Limbocortical Networks 
in Emotional Regulation and 
Functional Neurological Disorders
Nick Tsarouchas, Nicholas Tsarouchas 
and Constantin Tsarouchas

Abstract

The hippocampus constitutes a core component of the most extensive integrated 
network of the human brain, the limbocortical network, involved in memory, learn-
ing processes, and emotional and behavioral regulation. In this essay, we model the 
limbocortical network and demonstrate by means of dynamic modular neuronal net-
works the role of the hippocampus in emotional regulation. The hippocampus is a hub 
integrated within small-to-large scale neuronal networks through reciprocal excitatory 
and inhibitory connections, and positive and negative feedback loops, driving oscil-
latory behaviour in neuronal assemblies. The hippocampal formation, the circuit of 
Papez and the limbocortical network, are the integral components of large-scale brain 
networks (default-mode, salience, attention, executive) that underpin higher-order 
cognitive, emotional, and behavioral functions. Emotions or ‘e-motions’ are more than 
just cognitive and affective appraisals, they represent dynamic drives that set human 
behavior into motion. From an evolutionary perspective, emotions act as homeostatic 
mechanisms to balance and regulate the internal and external environments of organ-
isms, crucial for the survival and reproduction of the individual and the species. 
Emotions have evolved in the social mammalian brain, reaching incredible richness 
and complexity that drives communication, learning, imagination and social interac-
tion—all aspects of human life, behavior and culture. The superposition and competi-
tion of emotional states, multimodal sensory integration with episodic memories and 
motor behaviors, defines a unique abstract perception of psychosocial space, flow of 
time and sense of self for every human individual. Emotional dysregulation is associ-
ated with misperceptions or distortions, biases and prediction errors of the self and the 
world, resulting in psychological or psychiatric and functional neurological disorders.

Keywords: hippocampus, limbic system, limbocortical networks, memory, emotion, 
emotional regulation, oscillopathies, movement disorders, functional neurological 
disorders, post-traumatic stress disorders, behavioral disorders, emotional 
dysregulation, default mode network, salience network, central executive network, 
learning, cognition, oscillations, neurology, neurophysiology
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1. �Introduction

The limbocortical network, the brain’s most extensive and integrated network, 
is at the core of memory and learning processes and the regulation of emotions 
and behavior. It serves as a framework for large-scale neuronal communication by 
intertwining diverse inputs from various cortical areas within limbic circuits. This 
integration enables the network-level storage, processing, and representation of 
information, which, in turn, allows for the emergence of higher-order systemic 
properties underpinning complex cognitive and emotional processes that ultimately 
govern motor and behavioral output [1]. The limbic system (integral part of the 
limbocortical network) is composed of cortical and subcortical components.

Cortical components of the limbic system include the hippocampus, which is 
essential for memory formation, spatial navigation, and time perception; the amyg-
dala, which is pivotal in processing emotions, particularly fear and pleasure; and the 
cingulate gyrus, which plays a critical role in emotional regulation, linking behavioral 
outcomes to motivation. The parahippocampal gyrus contributes to memory encod-
ing and retrieval, while the subcallosal gyrus and the orbitofrontal cortex are involved 
in mood regulation, decision-making, and processing of rewards. The insular cortex 
connects our bodily states to emotional experiences and consciousness. The medial 
prefrontal cortex plays a key role in evaluating and integrating emotional and social 
information, modulating the activity of other limbic regions, and contributing to 
decision-making processes and social behavior [1–3].

Subcortical components include the thalamus, which relays sensory and motor 
signals and is integral to consciousness; the hypothalamus, which governs auto-
nomic functions and the endocrine system; and the mammillary bodies, which 
assist in memory recollection. The fornix serves as a major output pathway of the 
hippocampus, linking it to the septal nuclei, which are associated with reward and 
reinforcement. The nucleus accumbens is a critical hub in the brain’s reward circuitry, 
influencing pleasure and motivation. The olfactory bulb, while primarily involved 
in the sense of smell, also triggers emotional and memory responses. Finally, the 
anterior commissure plays a role in interhemispheric communication and the percep-
tion of pain and emotion [1–3].

The hippocampal formation is a complex primordial structure within the deep 
temporal lobe built from phylogenetically ancient Allocortex. This is composed of the 
3-layered archiocortex consisting of polymorphic, pyramidal, and molecular layers 
(strata alveole/oriens, pyramidale, radiatum/lacunosum-moleculare). The limbic 
system is further composed of Paleocortex, which contains 3–5 layers of cells located 
in the parahippocampal gyrus (entorhinal, perirhinal, and parahippocampal cortex), 
uncus (piriform cortex), and lateral olfactory gyrus. The mesocortex, a transitional 
form between the allocortex and isocortex (neocortex), contains 3–6 layers and is found 
in the insula and cingulate gyrus. Embryologically the hippocampus initially forms a 
crescent ridge along the floor of the temporal horn of the lateral ventricle. As it expands 
and rotates, the limbic system develops and grows in tandem with the brain vesicles to 
create a highly integrated system that connects to all lobes (cerebral cortex) and subcor-
tical structures (diencephalon, basal ganglia, brainstem) (Figure 1a and b) [2–4].

The hippocampus, parahippocampal gyrus (entorhinal, perirhinal and parahip-
pocampal cortex), the uncus (piriform cortex), lateral olfactory gyrus, the insula 
and cingulate gyrus, and the orbitofrontal cortex are thus phylogenetically associated 
structures, implying deeper reciprocal connectivity between the hippocampus and 
these limbic system areas [3, 4]. The hippocampus and the limbic system function as a 
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central hub (local area network) within larger scale limbocortical networks intercon-
nected through reciprocal excitatory and inhibitory connections forming positive and 
negative feedback loops (Figure 2) [1, 7–10].

The hierarchical organization and flexible operation of the human brain via 
functional modular neural networks gives rise to three macro-scale canonical net-
works: (1) the default mode network (DMN), which the hippocampus is an integral 

Figure 1. 
(a) https://en.wikipedia.org/wiki/Hippocampus (Creative Commons 4.0 International (CC BY-SA 4.0)) 
J. A. Kiernan modified from Edinger, 1899 (Ref. ) Epilepsy Research and Treatment Vol 2012, Article ID 176157, 
12pages.doi:10.1155/2012/176157 - https://www.hindawi.com/journals/ert/2012/176157.fig. 004.jpg - Hippocampus 
and Cornu Ammonis regions (CA1, CA2, CA3, CA4). (b) https://medicine.en-academic.com/3923. Schematic 
diagram of the hippocampal formation showing the disposition of the various cell fields. CA1-4 denotes a 
classification scheme for subdividing the cornu ammonis region into a series of radially disposed fields. Credit: 
Medical dictionary: medicine.academic.ru/3923y.

Figure 2. 
Limbic system or circuit of Papez. Modified with permission from Weininger et al. [5]. OFC: orbitofrontal 
cortex, FP: frontopolar, PFC: prefrontal cortex, SSMA: supplementary sensorimotor area, PMC: primary motor 
cortex, PSSC: primary somatosensory cortex, PPC: posterior parietal cortex, PC: precuneus, C: cuneus. (Creative 
Commons 4.0 International (CC BY 4.0)) Reproduced from [6].
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part of; (2) the frontoparietal network (FPN), also known as central executive 
network (CEN); and (3) the salience network (SN) [11]. Their interaction seems to 
play a crucial role in almost all cognitive, emotional, and behavioral dysfunctions–the 
triple-network model of psychopathology (Table 1 and Figure 3) [13, 14].

The DMN is involved in internally focused thought (self-referential thought, 
introspection), and FPN is involved in goal-directed behavior (task-related atten-
tion and executive functions). The salience network, primarily composed of the 
anterior insula and dorsolateral anterior cingulate cortex (AI-dACC), contains the 
von Economo neurons [15] and is cardinal for detecting and integrating emotionally 
and physiologically relevant stimuli. This network helps in dynamically switching 
between the other large-scale brain networks, such as the default mode network 
(DMN) and the central executive network (FPN). The co-activation of the amygdala-
hippocampus complex and other SN subcortical nodes in response to various 
experimental tasks indicates a general role in identifying homeostatically relevant 
competing internal and external stimuli [16, 17]. Its function is thus essential for 
processing reward, motivation, emotion, and pain [18].

Limbocortical and thalamocortical networks are intertwined via hierarchical 
modular organization and reciprocal connectivity across different levels of neural 
organization, giving rise to large-scale oscillatory activity. Their derangements will be 
referred to as oscillopathies in our second chapter. This network architecture enables 

Large-scale network Subnetwork components Function

Default Mode Network 
(DMN)

Medial Prefrontal Cortex (mPFC) Self-referential processing and decision-making

Posterior Cingulate Cortex (PCC)/
Precuneus

Episodic memory retrieval and awareness

Inferior Parietal Lobule (IPL) Integrating sensory information and attention

Hippocampus/Parahippocampal Cortex Memory consolidation and retrieval

Lateral Temporal Cortex Processing semantic memory and language

Frontoparietal Network 
(FPN) or Central 
Executive Network 
(CEN)

Dorsolateral Prefrontal Cortex (DLPFC) Working memory, planning, and decision-making

Anterior Cingulate Cortex (ACC) Error detection, attention regulation, and 
emotional processing

Posterior Parietal Cortex (PPC) Spatial attention, working memory, and sensory 
information integration

Inferior Frontal Junction (IFJ) Task switching and inhibitory control

Salience Network (SN) Anterior Insula (AI) Interoception, emotional awareness, and 
sensor>‘information integration

Anterior Cingulate Cortex (ACC) Evaluating salience of emotional and cognitive 
information

Dorsal Anterior Cingulate Cortex 
(dACC)

Cognitive control and conflict monitoring

Amygdala Emotion processing and detection of salient stimuli

Ventral Striatum Reward processing and decision-making

Table 1. 
Large-scale brain networks: Default mode network (DMN), frontoparietal or central executive network (FPN/
CEN) and salience network (SN) with their key modular components, along with their respective functions. 
The highlighted modular (subnetwork) components are highly integrated with the Hippocampus via reciprocal 
connections forming larger scale limbo-cortical networks, crucial for cognitive, emotional and behavioral 
regulation.
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parallel processing across multiple levels, including the brainstem, diencephalon, 
basal ganglia, limbic system, and various cortical regions. Simultaneous direct and 
indirect short-cuts through the circuitry optimize complex cognitive and emotional 
processing and enable rapid and eloquent behavioral responses [1, 3, 11, 17].

2. �From the hippocampal formation (trisynaptic circuit) to the limbic 
system

The primary input to the hippocampus comes from the entorhinal cortex (EC), 
which is strongly and reciprocally connected with numerous cortical and subcortical 
structures—including different thalamic nuclei (anterior and midline groups), the 
medial septum (medial septal nucleus and diagonal band of Broca), the supramam-
millary nucleus of the hypothalamus, the raphe nuclei, ventral tegmental area, and 
locus coeruleus of the brainstem. The EC thus serves as a critical interface between 
neocortical regions (e.g., parahippocampal gyrus, perirhinal cortex) and subcortical 
structures, coupling them to the hippocampus (Figure 4) [18].

The local hippocampal network consists of several interconnected regions, 
each with distinct excitatory and inhibitory components. The EC sends excitatory 
projections directly to the distal apical dendrites of CA1 pyramidal neurons (direct 
perforant pathway) and to the dentate gyrus (DG) and CA3 regions via the indirect 
perforant pathway. The DG, receiving input from the EC, transmits excitatory signals 
to CA3 through mossy fibers, while local interneurons provide inhibitory feedback to 
regulate granule cells within the DG. Mossy fibers play a crucial role in transmitting 
these excitatory signals from DG granule cells to CA3 pyramidal cells (Figure 4) [19].

Figure 3. 
Large-scale brain networks integrating limbocortical and thalamocortical networks – Default mode network 
(HPC, PHC/LTC, mPFC, PCC/Precuneus), salience network (AMG, AI, ACC, VStr, VTA) and central 
executive network (TH, DLPFC, PPC). Reproduced with permission from Ref. [12].
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The alvear pathway originates from EC layer III, travels through the alveus, and 
targets basal and proximal apical dendrites (closer to the soma) of CA1 neurons (takes 
a more ventral route compared to the perforant path). The direct perforant pathway 
(axons also originating from EC layer III) forms synapses on the distal apical den-
drites of CA1 neurons (monosynaptic circuit). The indirect perforant pathway (axons 
from EC layer II) reaches CA1 via the trisynaptic circuit: granule cells in the DG (first 
synapse) transmit signals via mossy fibers to pyramidal neurons in CA3 (second 
synapse), which then project via the Schaffer collaterals to pyramidal neurons in CA1 
(third synapse) (Figure 2) [19].

Within CA3, excitatory connections include inputs from the DG via mossy fibers 
and projections to CA1 through the Schaffer collateral pathway. CA3 also contains 
recurrent excitatory connections that facilitate autoassociative memory processes. 
Local interneurons in CA3 provide inhibitory feedback to control excitatory activity. 
The CA2 region receives excitatory input from CA3 and projects excitatory signals to 
CA1 and the EC, with local interneurons regulating these signals. In the CA1 region, 
excitatory inputs from CA3 are received via the Schaffer collateral pathway, and out-
puts are sent to the subiculum and EC, with inhibitory interneurons modulating both 
excitatory inputs and outputs. The subiculum receives excitatory inputs from CA1 
and projects to the EC and other brain regions, with local interneurons regulating the 
excitatory output for proper signaling (Figure 4) [19].

This intricate network of excitatory and inhibitory components within the 
hippocampal formation generates from low to high frequency dynamic oscillatory 
activity. Based on rhythmic volleys of inhibitory inputs to principal cell popula-
tions, inhibition-disinhibition patterns are generated, providing alternating 
temporal windows of relatively reduced and enhanced excitability in neuronal 
networks. These serve as temporal frames to bind or group neuronal activity into 
cell assemblies and sequences of assemblies on a large scale, effectively exchanging 
information among cortical networks that play a crucial role in memory process-
ing and spatiotemporal navigation. For example, the trisynaptic pathway allows to 
rapidly form memories for specific experiences, while the monosynaptic pathway 
slowly learns generalities [20].

Figure 4. 
Hippocampal Formation. The trisynaptic circuit and its internal organization with subregions, pathways and 
connections.
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The major output of the hippocampus consists of axons from CA1, which project 
back to the EC both directly and via the subiculum, completing the trisynaptic circuit 
(Figure 4). The trisynaptic circuit is organized transversely along the hippocampus, 
while association and commissural fibers are organized along the anteroposterior 
axis. Hilar mossy cells and CA3 pyramidal cells contribute to ipsilateral hippocampal 
association fibers, which connect to the dendrites of granule cells and GABAergic 
interneurons of the inner molecular layer of the DG, as well as contralateral commis-
sural fibers [19, 20].

Hippocampal commissural connections, which are primarily excitatory, are less 
abundant and have evolutionary declined in monkey and humans [21]. Schaffer 
collaterals, axon collaterals from CA3 pyramidal cells of the ipsilateral and con-
tralateral hippocampi, project information to the pyramidal neurons of the CA1 
hippocampal area. These Schaffer collateral synapses make excitatory glutamatergic 
synapses (provide positive feedback) that support activity-dependent plasticity and 
development of memory processing and formation [22]. In CA3, basket cells receive 
excitatory input from pyramidal cells and provide inhibitory feedback, forming a 
powerful recurrent inhibition circuit that dampens excitatory responses and shapes 
the hippocampus’s oscillatory activity (Figure 4) [23].

The hippocampal trisynaptic loop, with its extensive feedforward and feedback 
projections, is a fundamental mechanism of controlled recurrent excitation that 
underpins memory, learning, and emotion within the limbocortical networks (Papez 
circuit) (Figures 2, 3 and 5). Numerous brain structures transmit information to and 
from the trisynaptic circuit, and their activity can be directly or indirectly modulated 
by the activity of the whole trisynaptic loop. Major outputs are via the fornix to the 
lateral septal area and the mammillary body of the hypothalamus, while additional 
outputs are to other cortical areas, including the anterior cingulate and prefrontal 
cortex (Figures 3 and 4).

Figure 5. 
The complexity of the limbocortical network - integration of the hippocampus and the limbic system with 
large-scale brain networks that essentially interconnect the Hippocampus-Amygdala Complex (Archicortex-
Paleocortex) with the Prefrontal Cortex (Neocortex).
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The crura of the fornix connect through the corpus callosum and hippocampal 
commissures with bilateral hippocampal formations. CA3 connects to the lateral 
and medial septum via the alveus and fimbria fornix. CA1 and the subiculum are 
connected to the parahippocampal regions, the entorhinal cortex, and nucleus 
accumbens, projecting to the septal nuclei, preoptic nuclei, ventral striatum, 
orbital cortex, and anterior cingulate cortex (via the precommissural fornix), 
as well as to the anterior and lateral dorsal nuclei of the thalamus, the mammil-
lary bodies, and ventromedial hypothalamus (via the postcommissural fornix) 
(Figure 2) [24, 25]. The information from the hippocampal formation received by 
the mammillary bodies via the fornix is relayed to the anterior nuclei of the thala-
mus and the anterior cingulate cortex (Brodmann areas 24, 32, 33) via the mam-
millothalamic tract [5], while the subiculum relays information to the posterior 
cingulate cortex (Brodmann 23) [25].

Through the cingulate gyrus and thalamic nuclei, primary sensory and association 
cortical areas are reached, integrating information at a higher level to process complex 
stimuli from external and internal environments (Figure 3). The temporal associa-
tion cortex identifies the nature of stimuli (perception), while the frontal association 
cortex plans responses to the stimuli (behavior). These association cortices project to 
other cortical association areas and subcortical structures, including the hippocam-
pus, thalamus, basal ganglia, cerebellum, and brainstem [25].

The hippocampus also receives modulatory inputs from the cholinergic, sero-
toninergic, noradrenergic, and dopaminergic systems; the amygdala; the nucleus 
reuniens of thalamus; and the medial septum. The supramammillary nucleus of the 
hypothalamus is strongly connected via the medial forebrain bundle to the medial 
septum, diencephalon, and brainstem (Figures 2 and 5) [25].

3. �From the limbic system (multi-loop circuit) to large-scale limbocortical 
networks

The limbic system is a complex network comprising several interconnected 
regions, including the hippocampus (archaeocortex) and its phylogenetically 
associated paleocortex structures (such as the olfactory bulb, piriform cortex, 
periamygdaloid cortex, amygdala) as well as the transitioning mesocortex (including 
the perirhinal cortex, entorhinal cortex, parahippocampal gyrus, insula, cingulate 
cortex, orbitofrontal cortex) [5].

The parahippocampal gyrus, particularly the entorhinal cortex, serves as a critical 
relay between the hippocampus and neocortex, playing a central role in memory 
processing and spatial navigation. As one of the oldest cortical areas, the entorhinal 
cortex dates back to early mammalian brain development and is extensively con-
nected to the hippocampus, particularly through the perforant pathway [25].

The amygdala, including the broader periamygdaloid complex, is a crucial com-
ponent of the limbic system, deeply involved in processing emotional responses, 
particularly fear and aggression. Situated adjacent to the hippocampus, it forms a 
complex network that integrates emotional significance with memory and decision-
making. The amygdala receives sensory inputs from various cortical and subcortical 
regions, including the olfactory bulb and the thalamus, enabling it to assess and 
react to emotionally salient stimuli. Its reciprocal connections with the hippocampus 
and other limbic structures facilitate the modulation of emotional experiences and 
memories, influencing behavioral responses and learning (Figure 6) [25].
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The uncus, which includes the piriform cortex, represents an ancient olfactory 
processing area reflecting the primordial significance of the sense of smell in early 
vertebrates. Its connection with the hippocampus highlights the role of olfactory 
cues in memory and spatial navigation, underscoring the evolutionary link between 
olfaction and hippocampal function. Similarly, the lateral olfactory gyrus, involved in 
processing olfactory information crucial for early mammalian survival, interacts with 
the hippocampus, preserving the pathway from olfaction to memory systems [25].

Figure 6. 
Schematic of the connections of the amygdaloid complex nuclei with cortical and subcortical structures  
(reproduced with permission from [26] – under Creative Commons Attribution CC BY 4.0). BLA—basolateral 
(basal) nucleus; BM—basomedial (accessory basal) nucleus; CE—central nucleus; Co—cortical nucleus;  
EC—entorhinal cortex; IN—intercalated neurons; ME—medial nucleus; LA—lateral nucleus; PL—
paralaminar nucleus.
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The insula integrates sensory, emotional, and cognitive information, playing a role 
in homeostasis and self-awareness, with connections to the hippocampus that reflect 
the integration of visceral and emotional states with memory processes, rooted in the 
brain’s evolutionary history [27].

The cingulate gyrus, a key component of the ancient limbic system, is involved in 
emotion formation, processing, learning, and memory. Its robust reciprocal con-
nections with the hippocampus facilitate the integration of emotional and cognitive 
aspects of memory [25].

Finally, the orbitofrontal cortex, evolved to handle complex social and envi-
ronmental interactions, is involved in decision-making and reward processing. Its 
connections with the hippocampus enable the integration of complex sensory infor-
mation and past experiences to guide behavior and decision-making [27].

These interconnected regions highlight the evolutionary significance, and the 
deep reciprocal connectivity with the hippocampus reveals their functional integra-
tion in collectively supporting memory, spatial navigation, emotional regulation, and 
decision-making [25].

The two major pathways into and out of the hippocampus are the fornix and 
entorhinal cortex (via the cingulate cortex). The pre-commissural branch of the 
fornix connects to the septal nuclei, preoptic nuclei, ventral striatum, orbitofrontal 
cortex, and anterior cingulate cortex. The post-commissural branch of the fornix 
links to the anterior nucleus of the thalamus and the mammillary bodies of the hypo-
thalamus. Damage to the mammillary bodies, as seen in Korsakoff ’s syndrome due 
to alcohol exposure and thiamine deficiency, leads to profound difficulty in forming 
new memories. Additionally, since the mammillo-thalamic tract also extends to the 
anterior thalamic nucleus, the hippocampus can influence the thalamus indirectly as 
well as directly [28].

The hippocampus has direct connections (outputs) to the entorhinal cortex (via 
the subiculum) and the amygdala. The entorhinal cortex projects to the cingulate 
cortex. The anterior thalamic nuclei also connect to the cingulate cortex. Therefore, 
the hippocampus can affect the cingulate cortex through either the anterior thalamic 
nucleus or the entorhinal cortex. The input paths to the hippocampus mirror the 
aforementioned outputs: the pre-commissural branch of the fornix brings inputs 
from the septal nuclei, part of the median medial forebrain bundle (including also the 
nucleus basalis of Meynert and substantia innominata), and the post-commissural 
branch of the fornix receives inputs from the mammillary bodies (hypothalamus) 
(Figures 2 and 5) [27].

The cingulate cortex, temporal lobe cortex, amygdala, orbital cortex, and olfac-
tory bulb are all intricately interconnected and project via the entorhinal cortex of 
parahippocampal gyrus back to the hippocampus, forming a major loop called the 
Papez circuit. The Papez circuit like many other components of the limbocortical net-
work is involved in learning, memory, emotion, and social behavior. It was originally 
proposed by James Papez to be the anatomical substrate for emotional experience. 
The hippocampus and amygdala complex (allocortex-palleocortex), along with the 
prefrontal cortex (neocortex), are integral to processing and experiencing emotions 
(Figure 6) [28].

The prefrontal cortex (neocortex) is formed from isocortex. It represents the 
most recent and largest part of the human cortex, comprising up to 90% of its 
surface. It forms the cortical regions of all brain lobes except for the limbic system. 
The isocortex is organized into six layers, each with distinct functions: the four most 
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superficial layers (I-IV) serve as input stations, receiving corticopetal fibers from 
other cortical areas and the thalamus, whereas the two deeper layers (V-VI) are 
output stations that send corticofugal projections to subcortical structures. However, 
the development of these layers varies across different regions of the neocortex, 
resulting in anatomical architectural and functional connectivity differences. For 
example, the motor cortex, which is involved in movement, features a high density of 
pyramidal cells, particularly in layers II-V, while having few granular cells (agranular 
cortex). In contrast, the primary sensory cortex (somatosensory, visual, auditory) 
is heavily filled with stellate (granular) cells (especially in layer IV) that receive, 
process, and relay sensory information from the thalamus to other cortical layers, 
hence containing a relatively small population of pyramidal cells (granular cortex) 
(Figure 5) [27, 28].

Additionally, widespread neurotransmitter systems modulate these processes. 
Noradrenaline from the locus coeruleus (LC) regulates mood/arousal, anxiety, 
pain, sleep/wake cycles, and motor activity. Serotonin from the raphe nuclei (RN) 
regulates mood, emotions, sleep/wake cycles, dominance/aggression, and anxiety. 
Dopamine from the ventral tegmental area (VTA) and substantia nigra (SN) in the 
midbrain is essential for emotional reward and drive. Acetylcholine from the basal 
nucleus of Meynert and septal nuclei affects cognitive processing, arousal, and 
attention. Glutamate has an excitatory effect (from neuronal activation to stress 
excitotoxicity), and GABA has a major inhibitory effect in the adult brain. These 
neurotransmitter systems project throughout the cortex, modulating in particular 
the prefrontal cortex (Figure 7) [27].

Figure 7. 
Projections of brainstem structures of cholinergic (NBM), noradrenergic neurons (LC), dopaminergic Neurons 
(SNc, VTA, nAcc), serotoninergic (RN), directly and indirectly through allocortical (HPC), mesocortical 
(parahippocampal gyrus, entorhinal cortex, uncus, lateral olfactory gyrus, insula, cingulate gyrus, orbitofrontal 
cortex), diencephalic (thalamus, hypothalamus, subthalamus) and basal ganglia (caudate nucleus, putamen, 
globus pallidus, subthalamic nucleus, and substantia nigra) to the prefrontal cortex the end-target.
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4. �Neurophysiology of emotions

Emotions, as the name implies (“e-motions”), are fundamental drives that set 
our behavior (mind and personality) into motion. Emotions have evolved as survival 
mechanisms across all organisms, facilitating interaction and communication with 
our environment and providing feedback responses to internal and external stimuli. 
Emotions are essentially ‘homeostatic’ behavioral drives that help maintain the bal-
ance of the organism with its internal and external environments [29].

Even simple organisms like insects (Drosophila) have elementary emotional 
responses: they move toward hedonic stimuli such as food and mating opportunities 
and away from stressors, indicating a rudimentary form of pleasure and aversion. 
This suggests that emotions have contextual cues that guide purposeful behavior [29]. 

Figure 8. 
(a) Ref. [29]. (b) Modified from https://www.brainkart.com/article/The-Many-Facets-of-Emotion_29432/to 
illustrate the Cannon-Bard theory of emotion (W. B. Cannon, 1927).
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In more complex organisms such as humans, avoidance of pain and stress responses 
are processed in primordial brain structures like the periaqueductal gray matter (a 
collection of neurons) that acts as a ‘gatekeeper’ and filters incoming stimuli to assess 
their threat level and trigger physiological stress responses (Figure 8a and b) [30, 31].

According to Aristotle (384–322 BC), emotions (pathos) are drives of human 
life that cannot be ignored; ethics cultivates them in developing character; rhetoric 
manages them to produce belief [32]. Descartes (1649) identified six passions 
(wonder, love, hate, desire, joy, and sadness), while William James (1890) reduced 
them to four basic emotions: fear, grief, love, and rage, based on bodily involvement 
[22]. Wilhelm Max Wundt (1897), the father of modern psychology, distinguished 
three dimensions based on pleasure/unpleasure, arousal/subdue, and strain/relax-
ation [22]. In more recent years, James Russell (1980) proposed the Circumplex 
model of Emotion (based on two dimensions of Arousal and Valence) (Figure 9a 
and b) [33].

Emotions are network-level phenomena arising from complex interactions across 
the limbocortical network, including multiple cortical areas and deeper subcorti-
cal structures, such as the amygdala, hippocampus, basal ganglia, and brainstem 
structures. These interactions trigger rapid (instinctual) responses for survival and 
influence higher-order cognitive and affective functions. Conversely, top-down 
attentional pathways influence lower-level sensory processing, and emotional regula-
tion impacts decision-making, affecting experiences and social behavior. Thus, even 
seemingly rational decisions are often influenced by underlying emotional drives. 
Emotional dysregulation can lead to a range of cognitive, affective, behavioral, and 
even seizure disorders, highlighting the profound impact of emotions on human 
behavior (Figures 3, 5 and 6) [26, 34].

Figure 9. 
(a) Circumplex theory of emotions with 4 primary emotions (joy, sadness, fear, anger) and combinations 
in-between, like surprise/startle (a mixture of joy and fear) and disgust (a mixture of anger and fear). (b) 
Circumplex model of emotion has two axes: Valence (driven and regulated by dopaminergic and serotoninergic 
transmission pathways respectively) and Arousal (driven and regulated by noradrenergic and GABAergic 
transmission pathways respectively). File: Circumplex model of emotion. Svg. (2024, March 17). Wikimedia 
Commons. Retrieved 18:20, 03.08.2024 from https://commons.wikimedia.org/w/index.php?title=File:Circumplex_
model_of_emotion.svg&oldid=861227692.
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5. �Evolution of emotion circuits from the reptilian to the mammalian brain

Ontogenesis (the development of an organism) often mirrors the broader evolu-
tion of life on earth. According to the triune brain theory by neuroscientist Paul 
MacLean, the human brain has evolved from primordial structures including the 
hindbrain (myelencephalon, metencephalon and cerebellum), midbrain, and fore-
brain (diencephalon and telencephalon or cerebrum) [35].

The most primitive of them, known as the ‘Reptilian’ brain, encompasses the 
basal ganglia and thalamic structures (derived from the floor of the forebrain during 
development). This part of the brain governs basic survival functions, like aggression, 
dominance, and territoriality, operating largely on instinct with minimal emotional 
processing [35].

Following this, the paleomammalian complex, which includes interconnected 
limbic system structures such as the medial septum, hypothalamus, hippocampal-
amygdala complex, anterior cingulate cortex, and orbitofrontal cortex, evolved 
early in mammalian history. This complex is responsible for driving motivations and 
emotions related to feeding, reproduction, and parental care, as well as more complex 
social behaviors.

Neuroscientist Jaak Panksepp further identified seven primary affective systems 
within the limbic structure; SEEKING (expectancy), FEAR (anxiety), RAGE (anger), 
LUST (sexual excitement), CARE (nurturance), PANIC/GRIEF (sadness), and PLAY 
(social joy) [36].

The most recent evolutionary development is the neomammalian complex (cere-
bral neocortex), a structure that is more developed in higher mammals, especially 
humans. This structure enables advanced cognitive functions such as language, 
abstraction, planning, and perception, supporting a complex circuitry of cognitive, 
affective, and behavioral processes.

Within this framework, the hippocampus-amygdala complex connects to the 
thalamic nuclei and cingulate gyrus, enabling the brain to integrate sensory informa-
tion at a higher level. These pathways extend to primary sensory and association 
cortical areas, which process and perceive complex stimuli from both external and 
internal environments. The temporal, parietal, and occipital association cortical areas 
are involved in sensory processing and perception, while the frontal and prefrontal 
association areas are responsible for planning and executing responses to these 
stimuli. These cortical association areas project to other association cortical areas and 
loop back to subcortical structures, including the hippocampus-amygdala, thalamus, 
basal ganglia, cerebellum, and brainstem [25].

The brain’s overarching function is to integrate sensory inputs and translate them 
into motor and behavioral outputs, with large-scale networks of sensory–motor 
integration having evolved through different levels of neural organization. The 
hippocampus plays a key role in this integration by raising reward expectations in 
the ventromedial prefrontal cortex (limbic input) [1] through its connections with 
the anterior thalamus/cingulate cortex and the ventral striatum (including globus pal-
ludis, nucleus accumbens and sub-thalamic nucleus) (Figure 10) [25, 26].

Decision-making, particularly regarding cost/benefit assessment of specific 
reward value, occurs in the orbitofrontal cortex, which is intimately connected to the 
hippocampal-amygdala complex via the uncinate fasciculus.

The dorsolateral prefrontal cortex projects back with cortical input for decision 
making and action selection through the dorsal striatum (globus pallidus internus 
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GPi) down to the substantia nigra (pars reticulata SNr), the ventral anterior nucleus 
(VA) and ventral lateral nucleus of the thalamus (VL), and brainstem [37–39]. 
Through this direct pathway, the basal ganglia initiate voluntary movements by 
disinhibiting thalamic neurons that drive upper motor neurons [40, 41] (regulated by 
dopamine secreted by the striatum onto the D1 dopamine receptor on the substantia 
nigra compacta SNc).

An indirect pathway from the cortex, through the putamen, to the thalamus and 
brainstem passing through the external segment of the globus pallidus (GPe) and the 
subthalamic nucleus (STN) before looping back to the internal segment of the globus 
pallidus (Gpi) [41] is responsible for the termination of movement (regulated by stria-
tal dopamine D2 receptors resulting in inhibition of the disinhibition) (Figure 11).

The main centers of the brain’s motivation and reward systems include: the medial 
forebrain bundle (Ach), the ventral tegmental area (DA), the nucleus accumbens (95% 
of neurons are GABAergic medium spiny neurons with D1 or D2 receptors [42]; 1–2% 
of the remaining interneurons are large aspiny cholinergic or GABAergic), the septum, 
the amygdala, the prefrontal cortex, and certain parts of the thalamus. Each of these 
structures participate in various aspects of behavioral response. All of these centers 
are interconnected and innervate the hypothalamus, informing it of the presence of 
incoming or potential rewards. The lateral and ventromedial nuclei of the hypothala-
mus are especially involved in these reward circuits. The hypothalamus then acts in 
turn not only on the ventral tegmental area but also on the autonomic and endocrine 
functions of the entire body, through the pituitary gland (Figures 5 and 10) [26, 37].

Figure 10. 
Limbocortical Network - Large scale integrated behavioral (emotion) networks – crucial interactions of 
Hippocampus-Amygdala Complex with Prefrontal Cortex (PFC) in cost/benefit assessment of specific reward 
value (Orbitofrontal Cortex: OFC), reward expectation (Ventral Striatum: vStr, Globus Pallidus: GP, Nucleus 
Accumbens: Nuc Acc, Subthalamic Nucleus: STN, limbic input into the Ventromedial Prefrontal Cortex: 
vmPFC), Action Selection via Go-and-Stop processes (Dorsolateral Prefrontal Cortex: dlPFC, via the dorsal 
Striatum: dStr, Caudate nucleus: C and Putamen: Pu). In addition the upstream hippocampal-prefrontal 
network receives input from the Ventral Tegmental Area (VTA), while behavioral/motor output is controlled 
downstream by the dlPFC, and regulated by the basal ganglia network with modulatory inputs from the 
Substantia Nigra Compacta (SNc) and Substantia Nigra Reticulata (SNr).
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6. �The primary emotional circuits

Within the limbic system, four primary emotional circuits emerge from the 
interaction of neocortical and subcortical structures through different neurotrans-
mitter system projections. One of the most powerful systems (behavioral drives) is 
the ‘pleasure-reward (joy) circuit’, based on dopamine (excitation) and serotonin 
(inhibition) balance. The VTA through dopaminergic pathways communicates with 
the prefrontal cortex through sensory and motor inputs while integrating inputs 
from the nucleus accumbens, hypothalamic nuclei, hippocampus, and amygdala 
(Figures 5 and 10) [43–46].

The ‘fear circuit’ has both long and short pathways, processing information by 
higher brain centers and the hippocampus, through direct and indirect paths to the 
amygdala. This way, the complexity of the response and time to elicit actions as well 
can be controlled. These pathways are used to convert sensory inputs from thalamus 
to emotional response from the amygdala to elicit visceral responses from the hypo-
thalamus and relay back to the ventromedial vmPFC for conscious emotional recogni-
tion (Figure 6) [26, 34].

The ‘anger circuit’ results in two forms of aggression, affective or predatory aggres-
sion. Predatory aggression is related to feeding behavior and is not accompanied by 
sympathetic physiological response that affective aggression is associated with. In 
affective aggression actions are heavily driven by the amygdala and the hypothalamus 
as primal emotions, but PAG and VTA neural pathways add more complex behaviors 
through serotoninergic and other pathways (Figure 6) [26, 34, 46].

Aversive, threatening, or unexpected stimuli that provoke fight or flight responses 
activate the brain’s arousal and punishment circuits, which enable us to cope with 

Figure 11. 
Connectivity diagram demonstrating the direct, indirect and modulatory pathways in cortical-basal ganglia-
thalamo-cortical multiple interactive feedback loops. Excitatory glutamatergic pathways are depicted as blue 
arrows, inhibitory GABAergic pathways as red arrows, and modulatory dopaminergic input as magenta arrow.
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unpleasant situations [44, 45]. The ‘punishment circuit’ includes various brain 
structures, such as the hypothalamus, the thalamus, and the periaqueductal gray 
matter, while secondary centers of this circuit are found in the amygdala and the 
hippocampus [45].

The punishment and arousal circuits by means of cholinergic and noradrenergic 
neurons stimulate the secretion of adrenal corticotropic hormone (ACTH), which in 
turn stimulates the adrenal glands to release adrenalin to prepare the body’s organs 
for fight or flight. Interestingly, stimulation of the punishment circuit can inhibit the 
reward circuit (fear and punishment can drive out pleasures). The medial forebrain 
bundle and the periventricular system (periaqueductal gray matter) are two major 
systems of motivation in human beings, which encourage people to behave so as to 
suppress their instinctive impulses and avoid painful experiences [45, 46].

The behavioral inhibition system (BIS identified by Henri Laborit in the early 
1970s) is associated with the septo-hippocampal system, the amygdala, and the 
basal nuclei of the hypothalamus. It receives feedback inputs from the prefrontal 
cortex (perceived dangers or threats) and transmits its outputs via the noradrenergic 
fibers of the locus coeruleus and the serotoninergic fibers of the medial raphe nuclei. 
Serotonin plays an important role as inhibitory neurotransmitter in mood regulation, 
conferring also the sense of contentment one experiences with happiness. The BIS 
may be excessively activated when both ‘fight and flight’ (BAS) seem impossible and 
the only remaining behavioral option is to submit passively (freeze and anxiety). 
Such behavioral inhibition from chronic stress can have pathological consequences 
on human health, resulting in neuropsychiatric and functional neurological disorders 
(Figures 5, 6, 7 and 10) [46].

7. �Hippocampus and limbocortical networks in perception of space, time, 
and motion: Navigation through memory, attention, and motivation

The hippocampus is fundamentally involved in integrating spatial, temporal, 
and motion-related visual cues to support navigation and episodic memory, often in 
emotionally salient or goal-directed contexts. Its capacity to link dynamic environ-
mental cues with internal representations is essential for behaviors driven by reward 
anticipation or strategic planning [47].

Spatial perception has long been associated with hippocampal place cells, which 
exhibit location-specific firing. While visual landmarks influence the orientation of 
place cell fields [47, 48], the hippocampal code is remarkably invariant to sensory 
modality shifts. Blind rats show preserved place cell functionality [49], and tactile or 
olfactory cues alone can elicit robust place fields [50, 51]. This multimodal flexibility 
underscores the hippocampus’s reliance on motion and self-referential (idiothetic) 
inputs, rather than purely visual information, to build spatial maps [52–54].

In primates, spatial view cells encode where in the environment the individual is 
looking, independent of body position. These neurons help associate external space 
(“out there”) with remembered objects or rewards [55, 56]. Such cells can maintain 
activity during recall, even without external stimuli, allowing an object or place to act 
as a retrieval cue for the other. These processes are central to episodic memory and 
involve associative binding mechanisms in the CA3 subfield, which enables pattern 
completion and rapid one-trial learning [57, 58].

The hippocampus operates as part of a dynamic loop with the limbocortical 
network. During memory formation, information flows from the neocortex to the 
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hippocampus, marked by neocortical alpha/beta desynchronization followed by 
hippocampal gamma synchronization. During retrieval, this direction reverses, 
reflecting hippocampal-driven reinstatement of cortical patterns [59]. This bidirec-
tional coupling ensures that temporally sequenced, multimodal experiences are both 
encoded and retrievable—a prerequisite for effective reward-based and goal-directed 
navigation.

Motion perception, especially head and eye movements, has emerged as another 
crucial component of hippocampal representation. Freely moving macaques display 
theta-phase locking of hippocampal neurons at the onset of movement, with spatial 
coding dominated by head direction and eye movement parameters rather than gaze 
location [60]. These findings extend our understanding of hippocampal coding into 
the domain of 3D movement through space, suggesting a multiplexed representation of 
direction, motion, and place that can dynamically adjust to behavioral demands [61].

Temporal sequencing, another dimension of episodic memory, is also encoded 
by the hippocampus. Recent theories suggest that the same attractor mechanisms 
responsible for spatial pattern completion also support the association of episodic 
events across time [62]. This aligns with findings that dorsal CA1 neurons can encode 
sequences of distance, head angle, and allocentric position in task-specific ways [63]. 
These cells multiplex their responses depending on task demands, enabling the hip-
pocampus to construct and recall episodes as temporally organized patterns.

Furthermore, emotional and motivational contexts modulate hippocampal 
activity. Certain spatial view neurons respond selectively to reward locations, linking 
spatial representation directly with behavioral drives [55, 56]. This highlights the 
role of the hippocampus in integrating motivational salience with episodic memory, 
ensuring that memory supports not only navigation but also adaptive goal pursuit.

In conclusion, the hippocampus serves as a nexus where space, time, and move-
ment information from multiple sensory modalities converge with motivation, 
attention, and episodic memory [62, 63]. Through its integration of multimodal 
inputs, dynamic feedback with the neocortex, and specialized mechanisms for 
associative learning, the hippocampus enables organisms like humans to navigate in 
space and time not only the physical environment but also through episodic memories 
and emotional experiences, rewards and goals, expectancy and uncertainty, through a 
more abstract representation of the social environment and the self (Figure 4).

8. �Limbocortical networks in perception of psychosocial space, flow of 
time, and sense of self: Navigation through semantics, emotions, and 
behavior

Semantic cognition arises from the integration of information across various 
sensory modalities (visual, auditory, tactile, olfactory, etc.) in a network that binds 
modality-specific information into multi-modal or amodal concepts and is multi-
plexed with emotional, language, and introspective systems through higher associa-
tion cortices and the widely distributed limbocortical network [64]. For example, in 
the ventral visual stream, there is a hierarchical and feature-sensitive organization 
in category-specific modules like the parahippocampal place area (PPA) selectively 
responsive to images of places [65] and the fusiform face area (FFA) specific for face 
perception [66]. Although rapid categorical go/no-go (animal/nonanimal) responses 
can be driven by lower-level cues through early attentional and sensorimotor inte-
gration mechanisms (already from the lateral occipital complex) [67], the PPA and 
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FFA respond to mid-level visual categorical features (based on texture and contour 
arrangements), while high-level semantic content contributes to more detailed or 
multi-modal object recognition [68]. Core modality-specific hubs (e.g., auditory or 
visual association cortex) then feed into convergence zones, primarily located in the 
anterior temporal lobe (ATL) and middle temporal gyrus, angular gyrus (AG), and 
supramarginal gyrus (parietal lobe), areas responsible for combining perceptual 
features into coherent conceptual knowledge (Figure 2) [64, 69].

Language functions, which rely on regions such as Wernicke’s (receptive) area 
connected through the arcuate fasciculus to Broca’s (productive) area and dorsolateral 
prefrontal cortex (DLPFC), interface with the semantic system via shared fronto-
temporal (uncinate fasciculus) and frontoparietal networks (superior longitudinal 
fasciculus), enabling naming, comprehension, and contextual use of meaning [70]. 
Semantics is further contextualized and retrieved through episodic memory systems, 
engaging the hippocampus, medial prefrontal cortex (mPFC), and posterior cingu-
late cortex. Semantic memory relies more on the ATL, AG, mPFC, DLPFC, and the 
anterior cingulate cortex (ACC)—all integrated with the hippocampus through the 
default mode network and semantic control networks (salience network) (Figure 5) 
[64, 69, 70].

The neocortex enables the higher-level processing of complex emotions (anxiety, 
depression, love, happiness), and underlying cognitive processes can be paired with 
different stimuli, allowing humans to create conditional and unconditional contexts 
for action and behavior [71]. For example, anxiety can be seen as fear without a spe-
cific target (a state of increased arousal and fear through enhanced noradrenergic and 
reduced GABAergic, serotoninergic and dopaminergic effects). On the other hand, 
pleasure driven by continuous dopamine release (impulse response) may heighten 
arousal through the noradrenergic system but does not necessarily result in happi-
ness unless a state of emotional contentment, regulated by serotonin, is achieved 
(Figure 10) [26, 37, 46].

The evolved neocortex bestows humans with distinct traits, such as the ability 
to learn from memories of the past, imagine, predict, and anticipate the future. 
Human imagination and ability for flexible social networking on a large scale 
allows humans to plan, handle abstract concepts, and effectively manipulate the 
ambient environment (the present). Anticipation of the future is shaped by experi-
ences from the past, with constant input of new stimuli and output of responses 
weighed against memories and experiences, social context, norms, and cultural 
customs (Figure 11) [72, 73].

This casts a different perspective into how human perception of space, time, and 
motion is deeply intertwined with such emotional and cognitive processes, giving rise 
to more abstract representations of the outer/inner environments through psychoso-
cial space, flow of time, and a sense of self. As we continuously process past experi-
ences and anticipate future events, our sense of ‘present’ becomes a superposition of 
instantaneous emotional states, often interfering or conflicting with each other. This 
complex interplay of emotions and cognition defines our personal perception of space 
and flow of time, influencing behavior, thoughts, and affect. Unlike other species, 
humans are uniquely aware of their mortality, which influences daily life by eliciting 
emotional states like faith, hope, spirituality, or religiousness, against the awe, fear, 
and anxiety of the unknown and the supernatural (Figure 12) [26, 32–34].

Overactive dopaminergic and glutamatergic brain systems and reduced inhibitory 
GABAergic control systems can lead to behaviors of addiction, gambling, (impulse 
control disorders), hallucination, psychosis, anxiety, and hyperkinetic movement 
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disorders, while reduced dopaminergic and cholinergic input is associated with a 
slowing of movement (bradykinesia) and thought processes (bradyphrenia) as seen 
in Parkinson’s disease and Lewy-Body dementia. Disturbances in these systems can 
thus result in paranoia, hallucinations, and delusions, illustrating the intricate rela-
tionship between emotional states, cognitive processes, and motor functions (thought 
processes are integrated with movement and e-motional circuits) (Figure 11) [37, 71].

9. �Functional neurological, psychiatric and post-traumatic stress disorders

Psychodynamic models of conversion or functional neurological disorder 
(FND) [74] propose that subconscious conflicts manifest with somatic symptoms 
as a defense mechanism to suppress these conflicts and protect the individual from 
anxiety and emotional distress [75–77], thus avoiding overwhelming responses [78]. 
Patients may reenact subconscious memories of adverse life events and patterns of 
previous stress responses (fight or flight or freeze) with physical symptoms and 
abnormal behaviors to new conflicts or traumatic events, as a coping mechanism to 
emotional dysregulation [74].

Functional MRI studies have shown that patients with FND exhibit different 
patterns of regional brain activity compared to healthy controls during the recall 
of traumatic events. These differences include altered activation in the prefrontal 
cortex and hippocampus, with some studies finding a correlation between these 
brain activities and the severity of the symptoms [79, 80]. Additionally, hypersensi-
tive responses of the amygdala to fear stimuli, coupled with abnormal self-focused 
attention (depersonalization during injury or panic), may contribute to sensations or 
movements perceived as involuntary symptoms (altered sense of self-control) [74].

Figure 12. 
The human brain as a learning and predicting machine and the implications for cognitive, affective and 
behavioral neuropsychiatric disorders. Human perception of ‘relative space-time’ dependent on high or low flow 
emotional states. Superposition of emotional states generated by large-scale integration of limbo-cortical networks 
(hippocampal function crucial in episodic memory formation through encoding of location, time and context of 
events during active exploration of the environment and the self).
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The pathophysiology of FND can be conceptualized by the Bayesian principles 
of predictive coding and active inference in information processing [81]. The brain 
constantly generates predictions about sensory inputs based on prior experiences. These 
predictions are then updated by incoming sensory information (predictive coding). The 
brain tries then to minimize prediction errors by either adjusting its predictions (per-
ceptual inference) or acting on the environment (active inference) (Figure 12) [81].

In FND, there is a disruption in this predictive processing [82] and an imbalance in 
the integration of sensory data and top-down predictions, resulting in distortions in 
perception, sense of agency, and motor control [83]. The symptoms of FND therefore 
can be viewed as a result of the brain’s inaccurate predictions about bodily states and 
motor actions [74, 81].

In cases of heightened sensitivity to emotional or interoceptive signals, the brain 
may generate predictions that are overly influenced by these signals, leading to 
impaired processing of emotional and sensory information. Moreover, neuroimag-
ing findings have identified altered activities in the limbic and salience networks 
[80], as well as in cortical regions involved in predictive processing and emotional 
regulation [84, 85].

In post-traumatic stress disorder (PTSD) [85], it is proposed that overactive and 
hyperconnected SN destabilizes intrinsically weakly connected and hypoactive DMN 
and FPN networks. Alternations in networks such as increased posterior SN con-
nectivity to the posterior insula (PI) may result in raised sensitivity to stimuli and 
potential threats that contribute to avoidance and hypervigilance in PTSD patients. 
Hyperactivation in the AI is linked with re-experiencing traumatic memories 
(Figure 3) [86].

The SN with a low threshold for perceived saliency is not able to efficiently regu-
late the DMN and FPN switching. The impairment of cognitive control over salience 
processing in PTSD may be reflected in the reduced insular functional connectivity in 
the ACC and the supplementary motor region. The FPN and the DMN are also weakly 
interconnected and hypoactive, which causes narrowed cognition and incapacity for 
top-down SN regulation in the FPN as well as dissociation and fear generalization in 
the DMN (Figure 3) [71].

Therapeutic interventions aim to recalibrate the brain’s predictive models. 
Cognitive behavioral therapy (CBT) [87] focuses on challenging and changing 
cognitive and emotional distortions (such as thoughts, beliefs, and attitudes), 
along with their associated behaviors, to improve emotional regulation and develop 
effective coping strategies and emotional resilience for managing current and future 
challenges [88].

Cognitive behavioral therapy (CBT), sensory grounding techniques, and a range 
of mindfulness, desensitization and memory reprogramming techniques such 
as Emotional Freedom Technique (EFT), Matrix Reeimprinting, Thought Field, 
Eye Movement Desensitization and Reprocessing (EMDR), Targeted Memory 
Reprogramming (TMR), and breathing techniques help individuals to reconnect 
with themselves and the environment in order to process more accurately sensory or 
interoceptive input, minimize perceptual distortions and top-down prediction errors, 
and/or consciously reprogram painful memories and negative thoughts [89, 90].

Mindfulness techniques and sensory grounding and breathing exercises can also 
help recover motor and autonomic control, improve cardiorespiratory synchroniza-
tion (heart rate variability), and importantly resynchronize brain waves in a more 
relaxing/receptive alpha vs. theta mode, working against anxiety [90]. EEG studies 
show an increase in alpha and a decrease in theta power [91], while an fMRI study 
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highlighted increased activity in cortical (prefrontal, motor, and parietal cortices) 
and subcortical (pons, thalamus, sub-parabrachial nucleus, periaqueductal gray, and 
hypothalamus) structures [92]. Sleep hygiene is also very important. Anxiolytics and 
antidepressants and/or pain-threshold or emotion regulation drugs may shortly be 
used as adjuncts.

Implementing and combining the above techniques can help modify maladap-
tive beliefs and expectations, adjust the brain’s predictive processing, restore 
emotional balance and flow, reduce symptom severity, and improve self-agency 
(Figure 12) [90, 92].

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 6

Hippocampal Vascularization 
Patterns and Its Role in Vascular 
Impairment
Fereshteh Azedi and Mohammad Taghi Joghataei

Abstract

Although there is extensive research on the hippocampus and its vital roles in 
memory, learning, and emotion, the vascularization patterns and vascular endothelium 
of the hippocampus have received comparatively less focus, especially concerning 
pathological conditions such as ischemia or stroke. In this review, we propose that 
the vascularization patterns and vascular cells of the hippocampus may significantly 
influence the brain’s structure and function during ischemic events and strokes. Our 
discussion will concentrate on hippocampal stroke and highlight important aspects of 
hippocampal endothelial cells, including pericytes, in this context.

Keywords: hippocamp, vascular, impairment, ischemia, stroke

1. �Introduction

The hippocampus plays several critical roles in brain functions [1], including
memory, learning, and emotion [2]. Any impairment in this area can significantly 
affect essential processes within the brain [3, 4]. Understanding the structure of the 
hippocampus and its neuronal circuits is crucial for developing new strategies to pro-
tect this vital region [5]. Consequently, there is a wealth of prior research in this area 
[4, 6]. However, there remains a lack of studies focusing on the vascular supply and 
patterns within the hippocampus. Blood circulation in the hippocampus is particu-
larly vulnerable to damage from stroke and cerebral ischemia, more so than in other 
neurological conditions [7]. This vulnerability is attributed to the distinct architec-
ture of its layers compared to other cortical areas [8]. Additionally, previous findings 
indicate that blood flow and circulation in the hippocampus are lower, making it more 
susceptible to hippocampal strokes or infarctions than other regions of the brain [9].

Specific vascular endothelial cells in the hippocampus play crucial roles in both 
physiological and pathophysiological conditions [10]. The blood-brain barrier (BBB), 
often referred to as the neurovascular unit (NVU), consists of various components, 
including endothelial cells, pericytes, the basement membrane, astrocyte end-feet, and 
surrounding oligodendrocytes and microglia [11]. Neurovascular coupling is a process 
that links these components to neurons, resulting in increased blood flow to specific 
areas in response to heightened neuronal activity [12]. A distinctive aspect of the NVU 
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is the close, and sometimes direct, contact between its cellular components, facilitat-
ing effective communication [13]. Blood vessels are lined with endothelial cells and 
pericytes. Pericytes, which are mesenchymal-derived cells originating from the brain 
side [14], are found in capillaries, precapillary arterioles, and postcapillary venules; 
however, larger vessels do not contain vascular smooth muscle cells (VSMCs) [15]. 
Collectively, pericytes and VSMCs are referred to as vascular mural cells (VMCs) [16].

The hippocampus is notably one of the first areas of the brain to experience blood-
brain barrier (BBB) leakage. Furthermore, the degradation of the BBB is a normal 
part of the aging process, and this breakdown is more pronounced in patients with 
mild cognitive impairment (MCI). These findings may be associated with the lower 
number of pericytes in the human hippocampus compared to other brain regions 
[16]. Additionally, it is important to highlight the presence of endothelial cells with 
a more inflammatory profile in this area of the brain. The condition of the underly-
ing endothelial cells and pericytes, along with reduced coverage by pericytes, may 
contribute to the hippocampus’s vulnerability to ischemic injury [17].

2. �The organization of the blood vessels in the hippocampus

The main supply to the hippocampus usually arises from the posterior circulation 
via single or multiple middle and posterior hippocampal arteries. Additionally, the 
collateral branches associated with the posterior cerebral artery (PCA) play a crucial 
role in supplying blood to the hippocampus, supplemented by contributions from the 
anterior choroidal artery (AChA). Erdem and his team investigated 30 fixed brain 
hemispheres postmortem through microscopy. Their findings indicate that the hip-
pocampus is most likely to receive a mixed supply from the branches of the PCA and 
AChA, a pattern observed in 17 out of 30 hemispheres (57%) [18].

Spallazzi et al. conducted an evaluation of hippocampal vascularization patterns 
using high-resolution 7 Tesla time-of-flight MRA in 62 hemispheres, focusing on 
healthy young adults aged 19 to 34 in vivo. The researchers found that 31 (50%) of the 
hemispheres received a mixed vascular supply from both the PCA and AChA.

The most frequently observed patterns for the origin of the hippocampal arteries 
were primarily branches of the PCA, including the inferior temporal branches of the 
PCA (27–34%) and the anterior inferior temporal branch of the PCA (10–11%). The 
least common vascularization pattern noted was the hippocampus being solely sup-
plied by branches of the AChA, which occurred in 3–5% of individuals [19].

Previous research indicates that the primary source of blood supply to the hip-
pocampus is the posterior cerebral artery (PCA). The variability in the Circle of Willis 
leads to differences in blood flow contributions to both the PCA and the hippocam-
pus. In smaller mammals such as cats, sheep, and gerbils, a greater portion of hip-
pocampal blood flow generally comes from the anterior circulation, while the PCA 
is mainly supplied by the carotid arteries via the posterior communicating artery. 
In humans, the PCA is typically supplied by the vertebrobasilar system, making the 
posterior circulation the main source of blood supply to the hippocampus [20].

Conversely, around 20–30% of individuals exhibit a fetal PCA, which is character-
ized by a posterior communicating artery that is larger than the P1 segment of the 
PCA or by an underdeveloped P1 segment. This results in the anterior circulation sup-
plying the majority of the blood flow to the PCA. As a result, the differences in how 
the anterior and posterior circulations contribute to the supply of the distal branches 
of the PCA that nourish the hippocampus are clear (Figure 1) [21].
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2.1 �Vascular supply in the hippocampus compared to the neocortex under 
physiological and pathological states

The neocortex is organized into six horizontal layers of neurons, while the hip-
pocampus has three layers, with densely packed large pyramidal neuron cell bodies in 
its middle layer [22].

The activity patterns of large groups of hippocampal pyramidal neurons, 
known as place cells, differ from those in cortical brain regions. The energy 
demands in the active hippocampus are likely lower than those in the active 
cortex, and the mechanisms that align neuronal metabolic needs with correspond-
ing increases in local blood flow may vary from those in other, more extensively 
researched cortical areas [23].

Research has thoroughly mapped the microvasculature of the rodent brain, consis-
tently showing that the hippocampus has a lower density of blood vessels compared 
to other brain regions. Studies indicate that the hippocampus exhibits the lowest 
vascular density, which impacts oxygen diffusion due to its fewer, more evenly spaced 
microvessels compared to the corpus callosum [18].

While there is a reduction in vascular density, it is thought that the metabolic 
needs of the hippocampus continue to be adequately met, likely due to a decrease in 
the number of spatially organized neurons in the cortical regions. Given the notable 
decline in capillary density, the increased distance between microvessels, and the 
densely packed pyramidal neurons, it seems that the hippocampus may struggle to 
maintain adequate perfusion under pathological conditions [24]. Even minor reduc-
tions in blood flow to the hippocampus can lead to significant impacts on neuronal 
activity, memory, and cognitive functions due to issues such as capillary rarefaction 
and hyper constriction [25].

Figure 1. 
Blood supply to the hippocampal region. Illustrations of the macrovascular supply of the hippocampus, including 
an anatomical variation of the hippocampal arterial supply. A: The variation of the vascular supply of the 
hippocampus as described by Erdem et al. B: The general macrovascular framework of the mesial temporal lobe. 
ACA: anterior cerebral artery, ICA: internal carotid artery, MCA: middle cerebral artery, PcomA: posterior 
communicating artery, PCA: posterior cerebral artery, A: artery.
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A transient occlusion of the middle cerebral artery (tMCAO) occurs in gerbils and 
mice lacking the P1 segment of the PCA, leading to a greater reliance on the anterior 
circulation for blood flow to the hippocampus. This can result in infarction in specific 
areas of the hippocampal region. Consequently, in cases of cerebral ischemic stroke in 
individuals with an anterior-dominated PCA, it is essential to identify the source of 
PCA blood flow [26].

Additionally, a major blockage in the carotid system or middle cerebral artery 
(MCA) can hinder blood flow to the hippocampus, leading to ischemia and memory 
loss after a stroke. The hippocampus is particularly susceptible to hypoxic and 
ischemic damage. Therefore, to support healthy memory and cognitive function, it 
is essential to ensure proper perfusion of the hippocampus, which encompasses both 
baseline blood flow and activity-related fluctuations in blood flow [10, 27].

3. �The NVU components of the hippocampus

The NVU is made up of several components, including endothelial cells, pericytes, 
the basement membrane, astrocyte end-feet, and the surrounding oligodendrocytes 
and microglia.

3.1 Vascular endothelial cells

The endothelium forms a continuous layer across various vascular levels, including 
arteries, precapillary vessels, capillaries, postcapillary venules, and veins. Mural cells 
are also present in different segments of the vasculature, with smooth muscle cells 
(SMCs) found in arterioles and venules and pericytes located in capillaries [28]. The 
perivascular space is defined by the vascular and astroglial membranes, which merge, 
resulting in their disappearance [12]. Alterations at the cellular and molecular levels 
in endothelial cells within the cerebrovascular system are recognized as key factors 
contributing to neuropathological disorders [29].

3.2 Pericytes

Pericytes are crucial for the cerebrovascular system, playing a significant role in 
maintaining cerebrovascular homeostasis [16]. Endothelial cells affect how pericytes 
regulate the integrity of the blood-brain barrier, angiogenesis, and hemodynamic 
responses in brain microvessels [15]. Furthermore, pericytes share characteristics with 
immune cells, including their responses to inflammatory stimuli, antigen presenta-
tion, and regulation of fibrosis. Their phagocytic ability enables pericytes to eliminate 
harmful substances like amyloid-β (Aβ) peptides from perivascular regions. In a mouse 
model of amyloidosis, a deficiency in pericytes caused by Pdgfrb haploinsufficiency 
impairs Aβ clearance, resulting in increased accumulation of Aβ in the brain [30].

Pericytes play a role similar to that of mural cells in the capillary endothelium, 
precapillary arterioles, and postcapillary venules. Their functions extend beyond 
regulating blood flow; they also participate in paracrine signaling during angiogenesis 
and phagocytosis. The function of the blood-brain barrier is significantly influenced 
by pericytes [31].

It is not clear how other important cellular parts of the neurovascular unit, like 
pericytes, are regulated in cognitively stable stroke survivors or those who develop 
poststroke depression (PSD) and vertebral artery dissection (VAD). The breakdown 
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of the hippocampal BBB is the cause of ischemic injury, which is a common occur-
rence for capillary pericytes. Previous studies have employed PDGF receptor immu-
noreactivity to monitor pericyte coverage in various conditions, but the lack of more 
reliable markers has prevented greater characterization of pericytes [32]. Notch3, 
ANG1, and VEGF are other important signaling that have important roles in preserv-
ing the BBB integrity (Figure 2A) [29, 33].

Previous research indicates that reduced PDGFB-PDGFRb signaling results in 
a deficiency of pericytes, disrupting homeostasis and affecting tight junctions and 
basement membrane proteins [25]. This degradation of the blood-brain barrier (BBB) 
leads to increased fluid flow and a loss of selectivity for proteins and macromolecules. 
Neurotoxins like thrombin and fibrin can cross the BBB, contributing to neurodegen-
eration. The passage of serum proteins such as albumin and IgG across the BBB causes 
edema. Additionally, microvascular degradation and pericapillary edema diminish 
capillary blood flow, resulting in hypoxia (Figure 2B) [34].

Besides, age-associated dementia disorders are associated with a loss of capil-
lary pericytes in the hippocampus, which is mostly specific to the CA1 region [2]. 
Pericyte cell loss is probably linked to the age-related breakdown of the neurovascu-
lar unit of the hippocampus, which negatively impacts BBB function. The bilateral 
common carotid artery stenosis (BCAS) model of chronic cerebral hypoperfusion 
replicated these findings, and tissue volume loss was also associated with them. 
BCAS mice exposed to full-time environmental enrichment (EE) showed remark-
able restoration of both CA1 structure volume and capillary density, as well as peri-
cyte numbers. Changes in tissue perfusion and local cellular requirements influence 
the responses of capillary pericyte cells, which can be revived through appropriate 
interventions [35].

Figure 2. 
A: pericytes communicating with endothelial cells, including key signaling pathways (e.g., PDGF-BB, Notch3, 
ANG1, and VEGF). B: The diagram illustrates that a decrease in PDGFB-PDGFRb signaling results in the loss of 
pericytes. This deficiency in pericytes leads to a breakdown of the blood-brain barrier (BBB) and reduced blood 
flow, which ultimately contributes to neuronal injury.
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Likewise, it is well established that in physiological conditions, hippocampal 
mural cells exhibit reduced levels of ion channels and skeletal muscle actin (Acta1). 
Moreover, endothelial cells in the hippocampus show decreased levels of prostaglan-
din E synthase (Ptges) and Kir 2.1, an inwardly rectifying potassium channel respon-
sible for transmitting vasodilatory signals from capillaries to arterioles. As a result, 
the hippocampus seems to be especially susceptible to disruptions in the BBB due to 
variations in the structural mechanisms of pericytes and neurovascular coupling, 
which stem from the diverse gene expression of endothelial cells and pericytes in 
different regions [36]. This results in diminished communication between endothelial 
cells and pericytes, such as through prostaglandins, which impacts their capacity to 
regulate cerebral blood flow [37].

3.3 The NVU components in the hippocampus versus the cortex

Cholinergic neurons originating from the basal forebrain innervate the neuro-
vascular unit (NVU) in both the cortex and hippocampus. The hippocampus, in 
particular, exhibits greater cholinergic interaction with perivascular astrocytes in 
capillaries, along with a thicker basement membrane in veins compared to the cor-
tex. Furthermore, research indicates that astrocytes in the hippocampus experience 
more pronounced age-related changes in gene expression than those in the cortex. 
Additionally, prior studies suggest regional variations in the composition and func-
tion of vascular cells, such as endothelial cells and pericytes, between the cortex and 
hippocampus. Microglia, the brain’s resident immune cells, also contribute to the NVU 
and may be implicated in neurodegenerative diseases. Research has shown a reduction 
in microglial coverage within the NVU in Alzheimer’s disease in both the hippocampus 
and cortex, with more significant changes observed in the cortex (Figure 3).

Figure 3. 
The NVU components in the hippocampus versus the cortex.
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4. �Future directions

Gaining a deeper understanding of the mechanisms behind stroke, mild cognitive 
impairment (MCI), and age-related dementias associated with vascular issues is vital 
for progressing both basic science and clinical research. Identifying potential thera-
peutic targets plays a key role in this effort. One promising target is the vasculature of 
the hippocampus, particularly the function of arterioles and the blood-brain barrier 
(BBB). This region may offer significant therapeutic opportunities for addressing 
stroke and other neurovascular diseases [38].

Diagnosing conditions that impact the hippocampus can be difficult due to the 
similarity of their clinical symptoms. Consequently, imaging findings are essential 
for achieving an accurate diagnosis. Future research employing advanced imaging 
techniques and analyses is needed to establish a clear link between variations in 
hippocampal blood flow and differences in macrovascular anatomy among individu-
als. There is an urgent need to enhance the detection and understanding of vascular 
abnormalities at the micro-level, where critical vascular nourishment and cellular 
metabolic changes occur. Mapping the vasculature of the hippocampus has immedi-
ate implications for comprehending the effects of normal aging and the underlying 
causes of various neurovascular diseases [39].

Research on the vascularization of the hippocampus has traditionally depended 
on imaging techniques such as conventional computed tomography (CT) and 
magnetic resonance imaging (MRI), which provide limited resolution. To obtain 
higher resolution, researchers have turned to methods like light microscopy, elec-
tron microscopy, and a combination of injection and corrosion techniques with 
scanning electron microscopy. However, these advanced approaches do not preserve 
the samples [40].

Recently, there have been significant advancements in nondestructive imaging 
techniques that improve visualization at both macro and micro scales through the 
use of synchrotron radiation. A prominent technique is Hierarchical Phase-Contrast 
Tomography (HiP-CT). Looking ahead, HiP-CT aims to enhance in vivo medical 
imaging by utilizing synchrotron data as a reference to train super-resolution algo-
rithms for integration into standard imaging machines. These developments have 
the potential to not only enrich our understanding of micro-anatomy but also aid in 
surgical guidance and deepen our insights into hippocampal pathologies [41].

5. �Conclusions

This comprehensive review examines our current understanding of vascular 
functionality in the hippocampus, hemodynamic processes in this region, and the 
role of the blood-brain barrier. It emphasizes characteristics that differentiate the 
hippocampus from other cerebrovascular areas, which increase its susceptibility 
to hypoxic or ischemic damage. By studying hippocampal blood vessel develop-
ment in living subjects, along with perfusion and clinical data, we can begin to 
analyze how differences in hippocampal vascularization among individuals relate 
to the interplay between vascular and degenerative diseases in this brain region. 
Furthermore, our findings may provide valuable insights into the neurovascular 
mapping and angiographic patterns of the hippocampus, as well as their implica-
tions for related research areas, such as studies on micro- and macro-vasculature in 
the hippocampus.
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Chapter 7

Effects of Radiotherapy on the 
Hippocampus and Strategies to 
Minimize Neurotoxicity
Prateek Mehra, Julia Malone and Shawn Malone

Abstract

Radiotherapy and Radiosurgery are routinely used in the management of 
malignant and benign brain tumors. In addition, radiosurgery is used to treat select 
benign conditions such as Arteriovenous Malformations and Trigeminal Neuralgia. 
Radiotherapy can cause important late side effects on the brain including neuro-
cognitive toxicity. The neurotoxicity is in part related to effects of radiation on the 
hippocampus. Improvements in radiotherapy techniques have resulted in reduced 
neurotoxicity. These treatment strategies have included hippocampus avoidance 
intensity modulated radiotherapy (IMRT) and proton therapy. In addition, radiosur-
gery is an effective strategy to treat select primary and secondary brain tumors and 
helps to minimize late side effects of radiation.

Keywords: radiotherapy, radiosurgery, hippocampus, neurocognitive toxicity, 
hippocampal sparing techniques

1. �Introduction

The hippocampus is known to be integral to many neurocognitive functions in the
brain. Chiefly, it is related to memory consolidation, learning, attention and sensory 
information processing. The hippocampus forms a part of several important brain 
circuits such as Papez circuit and the trisynaptic circuit. It also receives input and 
output signals from the entorhinal and prefrontal cortices [1]. Brain radiotherapy for 
benign and malignant tumors can have important functional side effects on the hip-
pocampus. There are a number of evolving strategies to help minimize neurocognitive 
effects of radiotherapy.

2. �Role of radiation therapy and radiosurgery treatment

Radiotherapy is an important part of treatment for malignant and benign primary 
brain tumors and brain metastases [2, 3]. Radiotherapy is also used to treat other 
benign conditions such as arteriovenous malformations and Trigeminal Neuralgia 
[4, 5]. Some of the more common uses of brain radiation are radiation treatment are 
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for post-op cavities in high grade gliomas and radiotherapy and radiosurgical treat-
ment of brain metastases [2, 3].

Radiotherapy is routinely used in high grade gliomas following surgical debulking. 
The BTSG 69-01 [6] and 1981 SGSG [7] studies both demonstrated an improvement 
in survival with adjuvant radiotherapy as compared to supportive care in patients 
with glioblastoma. Addition of Temozolomide chemotherapy to adjuvant radiother-
apy further improves survival (Stupp et al.) [8]. Anaplastic gliomas and low grade 
gliomas are also treated using combination radiation and chemotherapy as shown 
by RTOG 9802 [9], EORTC 22845 [10], RTOG 9402 [11] and CATNON [12] studies. 
Gliomas are typically infiltrative tumors, hence the target area for radiation includes 
the tumor bed with a margin. This margin can range from 0.5 cm to 2.0 cm depending 
on the aggressiveness of the cancer, volume of treatment and the performance status 
of the patient [13, 14].

Brain metastases are routinely managed with radiotherapy and radiosurgery 
treatment. Surgery is indicated in select patients with brain metastases including 
those with solitary metastases, or tumors causing marked mass effect [3]. In patients 
treated with surgery, adjuvant radiotherapy or radiosurgery are used to treat the 
surgical bed. Management strategies for brain metastases vary by patients age, perfor-
mance level, type of cancer, extent of extracranial disease and number and location of 
brain metastases [3].

Radiosurgery is also an effective method of treatment of benign brain lesions 
such as meningiomas [15], acoustic neuromas [16], pituitary adenomas [17] and 
arteriovenous malformations [4]. In addition, functional conditions such as trigemi-
nal neuralgia can be treated effectively with radiosurgery [5]. RTOG 0539 study 
showed improvements in progression-free survival local control rates after surgery 
in patients with all grades of meningiomas [18]. Maruyama and colleagues showed 
an 88% decrease in risk of hemorrhage after AVM obliteration through Gamma Knife 
radiosurgery [19]. The International Stereotactic Radiosurgery Society published a 
systematic review of 65 studies which showed 80–87% freedom from pain through 
radiosurgery for patients with trigeminal neuralgia [5]. Regis et al. from the Timone 
Hospital, Marseille published their research on acoustic neuromas, comparing surgi-
cal treatment versus radiosurgery with Gamma Knife. They found that radiosurgery 
resulted in better hearing preservation, less facial nerve damage and shorter hospital 
stay as compared to open surgical approach [20].

3. �Side effects of radiation

Radiation treatment can lead to acute, subacute and chronic side effects. In the 
short period after radiotherapy, there can be cerebral edema resulting in headaches, 
nausea, vomiting and worsening of pre-treatment neurological deficits. In the 
subacute and chronic timeline, there is a small risk of radionecrosis due to death of 
tissue surrounding the original radiation target [21]. In addition, radiotherapy can 
result in functional impairment such as memory loss and neurocognitive changes due 
to damage to the hippocampus, prefrontal and frontal regions.

One of the many ways through which radiation change can manifest in the brain 
is volume loss. Decrease in gray matter, white matter and whole brain volumes have 
been observed in both adults and in children [22–24]. Cortical thinning has been 
repeatedly observed in children specifically [25]. Nagtegaal et al. evaluated the 
change in volume of multiple brain sub-structures and found a decrease in volume of 
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amygdala, hippocampus, nucleus accumbens, globus pallidus, thalamus and putamen 
[26]. Only the caudate nucleus seemed to show no change in volume after treatment. 
Cerebellar atrophy has also been observed in multiple studies [27, 28]. Vascular 
changes have also been recorded, specifically decreasing fractional anisotropy, 
increasing mean diffusivity and increasing radial diffusivity [29–31]. These changes 
tend to indicate increased cerebral edema and demyelination.

Radiation can lead to neurotoxicity in a variety of manners. Radiation 
results in oxidative stress leading to DNA damage and mitotic death of neurons. 
Neuroinflammation of glial cells and decreased hippocampal neurogenic function 
are related to loss of hippocampal function apart from the oxidative stress that 
radiation puts on all brain cells [32]. Seibert et al. carried out a longitudinal study in 
which they measured the hippocampal volume before and one year after partial brain 
radiotherapy for primary brain tumors [33]. They correlated the mean hippocampal 
dose against the hippocampal volume change after one year. Hippocampal volume 
loss was strongly dependent on the mean dose received by the hippocampus. There 
was significant volume loss after 40Gy or higher mean dose whereas no such loss seen 
with lower mean dose (< 10Gy).

4. �Hippocampal avoidance during whole brain radiation

RTOG 0933 study evaluated the benefit of Hippocampal Avoidance in patients 
receiving whole brain radiotherapy. In the trial, Gondi evaluated cognitive function 
and quality of life at baseline and at 2, 4 and 6 months after Hippocampal-Avoidance 
Whole Brain Radiotherapy (HA-WBRT) radiotherapy [34]. HA-WBRT was carried 
out by first contouring the bilateral hippocampi and then ensuring that they received 
less than 9Gy to the entire volume and maximum dose did not exceed 16Gy. The 
patients were assessed with the Hopkins Verbal Learning Test - Revised Delayed 
Recall (HVLT-R DR). The assessment was compared against historical controls who 
had undergone WBRT without any hippocampal sparing and had been assessed using 
the same HVLT-R DR. The mean relative decline in HVLT-R DR scores was 7% for 
the HA-WBRT group, which was significantly less than the 30% which was seen on 
average in the non-hippocampal sparing historical cohort. This study outlined the 
importance of minimizing radiation dose to the hippocampus to maintain neurocog-
nitive functioning.

5. �Role of Memantine in patients treated with radiotherapy

Another strategy to preserve neurocognitive function in patients treated with 
radiation is the use of Memantine. Memantine is a N-methyl-D-aspartate receptor 
(NMDAR) antagonist. It has been shown to reduce neurotoxicity in Alzheimer’s 
disease and modulate the activity of glutamate in the brain [35]. Glutamate is one 
of brain’s excitatory neurotransmitters. While there are many hypotheses on the 
molecular mechanisms of neurotoxicity due to radiation, one of the most popular 
is the ischemia-hypoxia cascade leading to increased glutamate levels inside the 
brain. This leads to excessive activation of NMDAR. These receptors are critical to 
maintaining synaptic plasticity integral to memory and learning. Over-activation 
of NMDARs results in calcium influx in neuronal cells, leading to excitotoxicity 
and cell death [36].
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Brown and colleagues carried out a phase III randomized controlled trial that inves-
tigated the role of memantine as a possible neuroprotective agent in patients receiving 
whole brain radiotherapy [37]. The investigators divided the 554 patients into two arms 
- one receiving Memantine with escalating dose over 24 weeks and the other receiv-
ing placebo. Patients were treated with 37.5Gy over 15 fractions and were assessed 
for neurocognitive functioning through multiple tests including the Hopkins Verbal 
Learning Test - Revised (HVLT-R), Trail Making Test Parts A and B (TMT-A / TMT-B) 
and Controlled Oral Word Association (COWA). Tests were carried out at baseline, 8, 
16 24 and 52 weeks. The Memantine treatment arm had a significantly longer time to 
cognitive decline and the probability of cognitive failure at 24 weeks was lower with 
memantine than with placebo. This study confirmed the benefit of Memantine as a 
neuroprotective agent.

The NRG Oncology CC001 study built upon these concepts even further [38]. This 
study compared the neurotoxicity of HA-WBRT versus WBRT with both arms receiv-
ing Memantine. They recruited 518 patients who were randomly assigned to either 
arm. The neurocognitive functioning was tested through HVLT-R and TMT-A / TMT-B 
at baseline and at 2, 4, 6 and 12 months after whole brain radiotherapy. Risk of cogni-
tive failure was lower when both HA-WBRT and Memantine were used. There was less 
decline in executive function at 4 months (23.3% for HA-WBRT vs. 40.4% for WBRT). 
In addition, there was less decline in learning and memory at 6 months (11.5% vs. 
24.7% and 16.4% vs. 33.3%). Survival and intracranial progression rates were com-
parable indicating that decreasing the dose to the hippocampus did not lead to higher 
chance of relapse.

6. �Evolution of radiotherapy techniques

For most cancers such as gliomas, radiotherapy is delivered using high energy pho-
tons on a linear accelerator or LINAC. On a LINAC, electrons are accelerated under 
high voltage and strike a tungsten target to produce high energy x-ray or photons. The 
radiation beam is modulated or shaped to ensure maximum radiation coverage of the 
target tissue whereas the dose to the other organs is minimized. The beam is modu-
lated with multi-leaf collimators (MLCs) in a radiotherapy technique called Intensity 
Modulated Radiotherapy (IMRT). An advancement of IMRT is Volumetric Modulated 
Arc Therapy (VMAT) in which the beam is continuously modulated as the machine 
rotates around the patient. VMAT is an efficient method to deliver highly conformal 
radiation doses to target tissues while minimizing the dose to normal tissues. An 
integral part of modern radiotherapy techniques is to use on line image guidance 
(Imager Guided Radiotherapy or IGRT) to ensure accurate delivery of the treatment 
to the intended target [39].

7. �Radiosurgery for brain lesions

Stereotactic Radiotherapy (SRT) or Stereotactic Radiosurgery (SRS) is a method 
of delivering high dose radiation in 1 to 5 treatment fractions to small intracranial 
target lesions [39]. Radiosurgery is used to treat brain metastases and many benign 
tumors such as acoustic neuromas, meningiomas and pituitary tumors. It is also 
used to treat AVMs and Trigeminal Neuralgia. The target lesion is localized using a 
stereotactic coordinate system and stereotactic principals. With SRT there is a very 
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rapid fall-off in radiation dose; therefore, the surrounding brain tissue (including 
the hippocampus) receives negligible radiation dose. Minimizing dose of radiation to 
adjacent normal brain tissue helps minimize the risk of late radiation sequelae.

SRS is an effective method of controlling brain metastases. The use and efficacy of 
SRS has reduced the need for whole brain radiotherapy in many patients with intra-
cranial metastases. SRS allows for very low doses of radiation to the hippocampi. In a 
phase 3 randomized trial Brown et al. compared the neurocognitive decline in patients 
who underwent stereotactic radiosurgery (SRS) versus those who underwent WBRT 
and SRS [40]. They found that patients receiving SRS alone had less cognitive dete-
rioration at 3 months and the data did not point to any worsening of survival because 
of the omission of WBRT. The investigators recommended that for patients with 1–3 
metastases, SRS alone is the preferred treatment strategy compared to WBRT. Similar 
results were obtained by Chang et al. when they carried out a similar prospective 
clinical trial [41].

Burgess performed a dosimetric study to assess whether hippocampal dose can 
be decreased further in patients treated with stereotactic radiosurgery [42]. Sixty 
patients with brain metastases historically treated with SRS were re-planned to 
minimize hippocampal dose while ensuring maintenance of target coverage. The 
maximum, minimum, mean and dose to 40% of hippocampus were compared 
between the original plans (in which hippocampal sparing was not performed) 
against SRS plans in which hippocampal sparing had been performed. This technique 
resulted in further reductions in hippocampal dose: a decrease in minimum dose by 
35%, maximum dose by 55%, mean dose by 52% and dose to 40% of hippocampus 
by 50%. The further reduction in hippocampal dose using SRS with hippocampal 
sparing should help further preserve neurocognitive function in patients with brain 
metastases. Similar principles can be applied to other patients treated with SRS or 
IMRT radiation to the brain.

8. �Proton beam radiotherapy

Technology continues to advance. Radiotherapy has mostly been carried out 
through photons (high energy x-rays) in the modern radiotherapy era. Proton therapy 
is quickly becoming the preferred method of treatment for certain patient popula-
tions, e.g. children and young adults with brain tumors. Proton therapy provides a 
favorable dose distribution due to the Bragg peak effect which results in minimal exit 
radiation dose beyond the target lesion [43]. Proton therapy machines can be used 
to treat irregular targets with very tight treatment margins. Dosimetric studies have 
compared hippocampal dose when radiotherapy was carried out through Volumetric 
Modulated Arc Therapy (VMAT) versus Intensity Modulated Proton Therapy 
(IMPT). IMPT allowed for significantly reduced dose to the hippocampus, with mean 
dose reducing from 13.7Gy with VMAT to 5.4Gy with IMPT in pediatric patients and 
11.7Gy to 4.4Gy in adult patients [44]. Through advanced techniques including IMRT, 
SRS and proton therapy risks of neurocognitive dysfunction have been minimized 
compared to historic radiotherapy treatments.
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Abstract

Exposure to ethanol in utero is recognized as a leading cause of preventable devel-
opmental disorder. Children with fetal alcohol syndrome disorders (FASD) display 
behavioral and intellectual impairments that strongly implicate the hippocampus, 
an area essential for learning and memory. Small animal models indicate the third 
trimester equivalent as a critical period for hippocampal damage. We have developed 
a non-human primate model where dams voluntarily and naturally consume alcohol 
in a minimally stress environment. We have found even low-moderate fetal alcohol 
exposure (FAE) leads to reduced neuronal populations in the hippocampus, along 
with reduced immature neuronal population and stem cell activity. This model 
provides a platform in which to test potential therapeutic interventions to minimize 
the effects of fetal alcohol exposure.

Keywords: hippocampus, fetal alcohol exposure, plasticity, development, 
perineuronal net

1. �Introduction

The reported detrimental consequences of alcohol consumption during pregnancy 
can be traced back to the 1700’s with the Royal College of Physicians of London 
describing children of alcoholic mothers as “weak and feeble” [1]. The link between 
the toxic effects of alcohol consumption and pregnancy would later appear in the 
literature at the end of the nineteenth century [1]. The clinical term of fetal alcohol 
syndrome (FAS) was finally introduced in 1973 and attributed to heavy maternal 
drinking, with physical and neurobehavioral anomalies [2–4]. However, there is a 
continuum of fetal alcohol exposure (FAE) deficits termed fetal alcohol spectrum 
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disorder (FASD), an umbrella term to include FAS, partial fetal alcohol syndrome, 
alcohol-related neurodevelopmental disorder and alcohol-relate birth defects [5]. In 
the absence of the characteristic craniofacial dysmorphology which is evident in FAS, 
diagnosing FASD remains a challenge, typically relying on maternal self-reporting 
and the presence of neurobehavioral deficits [6].

The prevalence of FASD is estimated to be between 1 and 4% of live births [7], how-
ever 14% of women report consuming ethanol during pregnancy and 5% binge drink-
ing [8, 9]. Amongst children in foster care or adopted children, it is estimated that the 
prevalence could be 10–15 times higher than in the general population [10]. Currently 
there is no laboratory test that can identify and quantify prenatal alcohol use over a 
protracted period. Recently there has been an emphasis to identify unique signatures of 
ethanol exposure by assessing biomarkers of ethanol consumption such as phosphati-
dylethanol (PEth), fatty acid ethyl esters (FAEES), or ethyl glucuronide (EtG) in new-
born dried blood spots, that has revealed exposure rates between 8 and 15.5% [11–13]. 
There is also a postnatal risk score assessment that has recently been developed that may 
have clinical potential in identifying children that have been exposed to prenatal ethanol 
[14]. The inability to accurately diagnose FASD leads to under- and mis-diagnoses [15] 
which may contribute to the public misconception that prenatal alcohol exposure, even 
moderate drinking, does not impact the developing fetus [5, 16].

Fetal alcohol exposure (FAE) at moderate levels, negatively affects neurodevelop-
ment and behavior that can have life-long consequences on the affected children [17, 
18]. Clinical and animal models suggest the involvement of multiple brain regions 
that contribute to cognitive, executive and behavioral manifestations of fetal alcohol 
exposure [17, 19]. While it is recognized that the developing brain is more susceptible 
to injury than the adult brain [20], the hippocampus is generally regarded as an area 
particularly vulnerability to insult [21, 22]. The hippocampus, which is involved with 
learning, memory, spatial navigation, social memory, and emotional regulation [21, 
23–26], has been consistently implicated the pathogenesis associated with FAE [27]. 
This chapter aims to review clinical and preclinical animal model evidence that links 
FAE to hippocampal dysfunction. It focuses on characterizing structural and func-
tional alterations within the hippocampus, elucidating molecular and cellular mecha-
nisms underlying these effects, and identifying emerging biomarkers that may serve 
as early indicators of FAE-related neurodevelopmental impairments. The goal is to 
clarify how prenatal alcohol exposure disrupts fetal brain maturation, with particular 
emphasis on memory-related neural circuits.

2. �Neuropsychological and long-term effects of fetal alcohol exposure

Imaging studies show a broad array of structural and functional anomalies 
associated with fetal alcohol exposure. Gray matter alterations in the frontal, 
temporal, parietal and occipital lobes have been shown along with global cortical 
thickness reductions [28]. Hippocampal volume [29–32] and deformities have also 
been detected along with agenesis of hippocampal commissure [28] and are associ-
ated with deficits in verbal and nonverbal memory [29] and spatial navigation [33]. 
Morphological alterations within the hippocampus, specifically thinner and less 
curvature of the CA1 and subiculum, are associated with lower IQ in FAE [34]. 
These morphological changes were not, however, associated with overall cognitive 
functioning, although there is an association with right hippocampal thinning and 
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deficits in episodic memory [34]. While there are a multitude of structural changes 
reported in FASD [28], a specific pattern of alterations that could act as a biomarker 
for FASD remains elusive. However, bilateral hippocampi, along with bilateral 
putamen and right pallidum volumes in MRIs have shown to be consistently reduced 
in FAE and combined could potentially be used help discriminate FAE/FASD from 
control subjects [32]. Default mode network analysis also shows reduced functional 
connectivity between the medial prefrontal cortex and hippocampus along with 
other limbic regions which is associated with decreased cognitive control and atten-
tion [35]. Children exposed prenatally to alcohol experience exhibit a multitude of 
damaging neuropsychological effects that are present from early infancy and follow 
them throughout their adult years that either directly involve the hippocampus or 
hippocampal network.

Children diagnosed with FASD report significantly lower performance on spelling, 
writing, arithmetic, and overall IQ [36]. FASD children show visual-motor integra-
tion deficiencies, such as problems explaining local versus global characteristics in a 
context of visual stimuli and spatial learning and memory [37, 38]. Children exposed 
prenatally to alcohol show deficits in hippocampal-dependent learning, such as 
impairment in place learning and spared cued-navigation [38]. Deficits in virtual spa-
tial navigation in FASD children has further been linked to reduced hippocampal vol-
ume [33]. This deficit in spatial learning navigation is comparable to the impairments 
seen in rodents prenatally exposed to ethanol and rodents with hippocampal damage 
[39]. Children exposed to alcohol prenatally show planning and problem-solving 
deficiencies, as well as difficulty inhibiting responses to stimuli [40]. Difficulties 
with abstract thinking as well as with maintaining and manipulating information in 
working memory is common in pediatric FASD patients [40]. Impairment in immedi-
ate memory, immediate delayed recall, retrospective and prospective memory are also 
prevalent [36, 41].

Impairment to executive functioning in those prenatally exposed to alcohol cause 
severe problems in attention, planning, strategy use, and working memory [42]. 
Prenatal alcohol exposure later affects an individual’s problem-solving abilities, as 
they struggle to form and shift through concepts and think analytically [43]. Children 
exposed to prenatal alcohol have significant deficits in verbal abilities and general 
intellectual abilities, as well as in executive functioning, visual spatial ability, mood 
regulation, attention, and poorer impulse control [44]. This tends to lead to deficits 
in adaptive functioning (e.g. activities for daily living and social functioning), such 
as communication and social interaction skills, social judgment abilities, practical 
problem-solving skills and socialization skills [17, 37]. Patients with FASD have major 
difficulties with adaptive behaviors that render adverse life outcomes more com-
mon, as over half of these adolescents will experience disruptive school experiences, 
trouble with the law, confinement (e.g. detention, jail, prison, or psychiatric/inpatient 
setting), and many will have involvement in repeated inappropriate sexual behaviors 
and alcohol/drug problems [45].

While the neuropsychological assessments indicate disturbances within the 
hippocampal circuitry [38], the ability correlate maternal alcohol consumption, 
including quantity, pattern and timing, to neuropsychological complications remains 
complicated due to the reliance of maternal self-reporting [46, 47]. Animal models 
have been essential in our understanding of the pathogenesis of FAE these models can 
control for the pattern, timing, quantity and poly-drug use and prescription medica-
tions that can impact the developing brain.
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3. �Small animal models of fetal alcohol exposure

Clinical as well as animal studies have demonstrated that there is a continuum of 
neurological impacts of FAE that include, but not limited to, hippocampal-related 
behavioral, molecular, anatomical and physiological alterations. Rodents like mice 
and rats are the most commonly employed as models of FAE that have consistently 
demonstrated cognitive deficits, growth retardation, craniofacial abnormalities, and 
physical impairments mimicking human conditions [48].

Rodent models have provided invaluable insights on the effects of prenatal ethanol 
exposure on hippocampus-related behavior, structure, and function in controlled 
experimental settings. However, species choice, method, timing and duration of 
alcohol exposure, and method of alcohol exposure influence hippocampal-related 
outcomes (Table 1) [27, 48]. Similar to clinical aspects of FAE, learning, memory and 
spatial memory in rodents are related to hippocampal function [39]. Behaviorally, fear 
and spatial memory are affected by binge-like gestational exposure [82] and during 
the third trimester equivalent (post-natal days 1–10) [83]. Following more moderate 
alcohol exposure, object discrimination is normal [84], spatial location learning and 
retention has been shown to be normal [84, 85], and male rats have deficits in work-
ing memory in particular with processing spatial information [84], with reduced 
anxiety-like behavior [85].

Fetal alcohol exposure induces the generation of ROS, resulting in oxidative 
stress and activation of inflammatory pathways in the hippocampus, which may 
lead to damage or dysfunction [86–88]. Microglia activation has been reported 
following binge-like post-natal exposure that is accompanied by elevated cytokines 
like interleukin-1 beta and tumor necrosis factor-alpha [71, 88] despite reduced 
microglia population [65]. While there are reports of an overall reduced microglia 
population, there is evidence of elevated microglia activation in the pro-inflamma-
tory phase that lasts well into adulthood [56]. Although elevated inflammation has 
been reported with post-natal ethanol exposure, it does not necessitate accompany-
ing hippocampal neuronal loss [71], but may affect long-term myelination, plastic-
ity and neurogenesis [56, 89].

Hippocampal plasticity is key to learning and memory, but it is also a feature 
of vulnerability. In rodents exposed to alcohol during the first trimester equiva-
lent, AMPA-synaptic currents are disrupted in the hippocampus resulting in 
decreased object recognition [90]. Synaptic plasticity includes LTP and LTD, both 
responsible for forming functional neural circuits in the hippocampus. Prenatal 
alcohol exposure may interfere with those plasticity mechanisms responsible 
for altered synaptic connectivity that will ultimately lead to flawed function in 
memory. Alteration of these mechanisms during sensitive developmental periods, 
especially during early life, has extended consequences on hippocampal-related 
network cognitive functions of the brain. Synaptic plasticity in the form of long-
term potentiation is also affected, but is dependent on developmental timing, 
dosage and method of alcohol exposure [27]. Heavy-binge-like exposure in the 
third trimester equivalent tends to decrease long-term potentiation (LTP) in the 
CA1 region [91–93], whereas gestational and moderate post-natal exposure have 
less of an effect on LTP [94]. Within the dentate gyrus, LTP has been reported to 
be reduced following second trimester equivalent, with only minor alterations in 
the first- or third-trimester equivalence [95]. Likewise, there is a gender-specific 
impairment of LTP and long-term depression (LTD) in the dentate gyrus follow-
ing oral ethanol administration throughout gestation [96].
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Species Alcohol Exposure* Exposure Type** BEC mg/dl Measurement Results Reference

SD Rats E1-20 Intragastric 420 Neuronal population CA1, CA3, DG
ns

[49]

SD Rats E10-20 Intragastric 311 Neuronal population CA1, CA3
ns

[50]

SD Rats E1-20 Intragastric 314 Neuronal population CA1, CA3
ns

[50]

SD Rats E5-21 Intragastric 289 Neuronal Morphology Decreased dendritic arborization CA1-3 DG [51]

SD Rats P4-9 Intragastric 359 Neuronal population CA1, CA3
Decrease

[50]

SD Rats E1-20 + P4-9 Intragastric 335 Neuronal population CA1, CA3
Decrease

[50]

SD Rats E1-20 Oral Diet 184 Stem Cell Proliferation BrdU at PND95
ns

[52]

SD Rats E1-22, P4-10 Intragastric 140-210 Stem Cell Proliferation/
Immature Neurons

No difference BRDU, Ki-67; Inc. in maturational 
marker NeuroD

[53]

SD Rats E1-20 Oral Diet 100 Immature Neurons Decreased in aged animals [54]

SD Rats E0-21 Oral Diet 144 Immature neurons Reduced in females [55]

SD Rats E6-P21 Oral Diet Neural Progenitor Cells and 
Activated Microglia

Decrease in NPC; Elevated activated microglia;
Elevated calbindin neurons

[56, 57]

SD Rats G11-20 Intragastric 216 Gene Expression Sex-specific disregulation in proline, alaninine and 
citrulline biosynthesis and xenobiotic matabolism

[58]

Long Evans Rats E1-10 Intragastric 298 Neuronal Population CA1, CA3, DG
ns

[59]

Long Evans Rats E11-22 Intragastric 322 Neuronal population CA1, CA3, DG
ns

[59]

Long Evans Rats P2-10 Intragastric 370 Neuronal population CA1 Decreased
CA3, DG ns

[59]
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Species Alcohol Exposure* Exposure Type** BEC mg/dl Measurement Results Reference

Long Evans Rats E1-22 + P2-10 Intragastric 378 Neuronal population CA1 Decreased
CA3, DG ns

[59]

Long Evans Rats E6-21 + P4-12 Intragastric 339 Neuronal population CA1 Decreased
CA3, DG ns

[60]

Long-Evans Rats P4-9 Intragastric 328 Immature Neuron Morphology Decreased dendritic morphology of immature 
neurons

[61]

Long-Evans
Rats

P4-10 Intragastric 315 Immature neurons Long-term reduction in DG immature neuronal 
population

[62]

Long-Evans
Rats

P4-9 Intragastric 330 Stem Cell Proliferation BrdU on PND 42 or 72
ns

[63]

Long-Evans
Rats

E1-21 Oral 60 Parvalbumin interneurons CA3 reduction in males; DG reduction in females [64]

Long-Evans Rats P4-9 Intragastric 359 Microglia population CA1-3, DG Decreased number of microglia; 
increased pro-inflammatory cytokines and anti-

inflammatory TGF-ß

[65]

Long-Evans Rats G0-20 Oral 44-110 Gene Expression Downregulation of pathways involved in cell 
adhesion, immune response and toxin metabolism

[66]

Lewis Rats P4-9 Intragastric 265 Neuronal population CA1 Decrease
DG, CA3 ns

[67]

Wistar Rats E7-21 Intragastric 245 Behavior, Immature and Mature 
Neurons

Deficits spatial learning; lower DG neurons; normal 
pyramidal and immature neuronal populations

[68]

Wistar Rats E7-21 Intragastric 246 Morphology Spine density and synaptic proteins
ns

[69]

Wistar Rats P10-15 Vapor chamber 432 Neuronal population CA1-3 DG
ns

Hilus Dec

[70]

Wistar Rats P3-5 Vapor chamber 500 Neuronal population/
Inflammation

CA1-3, DG-ns
Elevated cytokine expression;

Elevated GFAP expression

[71]
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Species Alcohol Exposure* Exposure Type** BEC mg/dl Measurement Results Reference

C57BL/6 Mice E0-P21 Oral 121 Proliferating progenitors No effect on progenitors [72]

C57BL/6 Mice E7-16 Intragastric 184 Proliferation Ki-67 unchanged
Decreased DCX+ immature neurons

[73]

C57BL/6
Mice

P4-10 Intragastric 326 Immature Neurons No effect on immature DG neurons; Dec mature 
DG neurons indicating differentiation inhibition

[74]

C57BL/6
Mice

P2-8 Intraperitoneal NA: 
Binge-like

Dendritic Morphology CA1 Impaired object recognition and spatial memory; 
reduced dendritic arborization complexity and 

spine density

[75]

C57BL/6
Mice

P2-7 Vapor Chamber ≈239
(44-

52 mM)

Dendritic Morphology Increased density, complexity, length, number of 
ends and nodes in dendrites; possibly regulated by 

astrocytes

[76]

C57BL/6
Venus-VGAT 
mice

P2-9 Vapor Chamber 297 Interneurons Decreased [77]

NestinCreERT2: 
tdTomato 
bitransgenic 
mice

P3-15 Vapor Chamber 160 Neurogenesis No change in total number or survival [78]

C57BL/6
Mice

E8-12 Intragastric NA Gene Expression Pathway analysis shows developmental gene and 
calcium signaling pathway alteration

[79]

C57BL/6
Mice

P4-9 Intragastric 401 Gene Expression Induced pathways of ribosome biogenesis; 
inhibited transcriptomes of inhibitory interneurons

[80]

*Rodent neurodevelopment is substantially shorter than that of humans and non-human primates. Embryonic/fetal development lasts 19-21 days (E0-21) and rats and mice are born prematurely 
at the equivalence to the beginning of the third trimester (P0) compared to humans and non-human primates. The first 10 days (P0-10) of life are considered the third-trimester equivalence [81].
**Methods of ethanol administration vary across experiments each with their advantages and limitations. Injections involving subcutaneous or intraperitoneal produce rapid increase in blood 
ethanol content (BEC); Inhalation via vapor chamber is a rapid method that reliably introduces alcohol to the animal without the stress of intubation, but does not have a control equivalent; 
Intragastric intubation delivers alcohol directly to the stomach with a syringe allowing a rapid binge-like exposure, but it is labor-intensive, invasive and can lead to high mortality rates; Oral 
route is provided in a liquid ethanol solution as either its main or only food source with pair-red control groups as a an isovolumetric and isocaloric equivalence for the alcohol consumption [48].

Table 1. 
Hippocampal neuronal populations following prenatal ethanol exposure.
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Early models of FAE reported mossy fiber alterations in the hippocampus 
highlighting the vulnerability of this region [97]. Subsequent models over the past 
40-years have been used to elucidate the extent and timing of neuronal loss. Repeated 
intragastric binge-like exposure (blood alcohol concentration < 250 mg/dl) in rats 
indicate a critical period of the third-trimester equivalent for alcohol-induced 
neuronal loss primarily affecting the CA1 region [50, 59, 60, 98]. However, inconsis-
tencies exist regarding timing and extent of neuronal loss, potentially due to species 
differences and the route of administration (see Table 1). While the most consistent 
data indicate a particular vulnerability of the CA1 region, neuronal numbers in other 
regions like the CA2-3 and dentate gyrus are either unchanged [59, 60, 68, 71, 99] 
or decreased [50] following third trimester equivalent exposure. Morphological 
changes to hippocampal neurons in the form of decreased arborization have also 
been reported following chronic binge-like exposure during the first two trimester 
[51] and third trimester equivalents [61]. Stem cell proliferation markers (e.g. BrdU 
and Ki-67) in the dentate gyrus are reported to remain unchanged given varying 
concentrations, duration and timing of exposure in rodents [53, 54, 62, 72, 73, 100]. 
However, evidence suggests that despite the lack of changes in stem cell proliferation, 
the early neuron maturational marker NeuroD is upregulated in the dentate gyrus 
and could serve as a potential compensatory mechanism in adolescent subjects [53]. A 
subsequent loss of immature neurons (e.g. doublecortin-positive) has been reported 
at a later time point in aged animals [54, 62], indicating long-term consequences of 
FAE on hippocampal learning and memory capacity [62]. The loss of interneurons 
[77], particularly parvalbumin positive interneurons [64] is significant as they play 
an essential role in the perineuronal network underlying development and memory 
consolidation, both of which are disrupted in fetal alcohol exposure [101, 102].

Small animal model systems provide an efficient and accessible method of inves-
tigating the timing, dosage and neuropathogenic mechanisms of fetal alcohol expo-
sure. While rodent models show specific alterations within the hippocampus, they 
also show potential circuity alterations within the reuniens nucleus, a key thalamic 
interface between the medial prefrontal cortex and hippocampus [103, 104], which 
leads to impaired oscillatory synchrony between these areas [105]. Rodent studies also 
suggest potential sex differences in FAE with males displaying a reduced hippocampal 
neuronal survival and LTP [27, 106], females expressing an elevated hippocampal 
immune response [107] and females performing better on hippocampal-dependent 
behaviors than males [86, 108]. There are, however, limitations to rodent models, 
primarily due to the abbreviated gestational and maturation periods. Embryonic/fetal 
development lasts 19-21 days (E0-21) and birth (P0) is the equivalent to the begin-
ning of the third trimester in humans and non-human primates. The first 10 days 
(P0-10) of life are considered the third-trimester equivalence [81]. This shortened 
developmental period limits the exposure time and the artificial administration of 
ethanol complicate extrapolation to the clinical condition. Likewise, the binge-like 
exposure commonly used in rodent studies does not recapitulate the pattern seen in 
the clinical setting [109].

4. �Non-human primate model of fetal alcohol exposure

Since rodent neuroanatomical and developmental findings do not fully translate 
to humans, non-human primate models have been developed to reduce variability 
and better replicate human fetal alcohol exposure (see Figure 1 for methodological 
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overview [110]. Naturalistic FAE models in non-human primates allows dams to 
voluntarily consume moderate levels of alcohol during gestion, closely modeling the 
consumption patterns seen in the clinical setting [19, 109, 111–115]. In the rhesus 
monkey model, subjects voluntarily consumed 0.6 g/kg/day alcohol solution in early 
gestation (E0-50), second-third trimester equivalent (E-50-135) or throughout 
gestation with blood ethanol concentration reaching ≈20-50 mg/dl. Similar to the 
clinical setting, moderate prenatal ethanol exposure in the rhesus monkey has shown 
some cognitive and behavioral impairment and reduces adaptation to stress. However, 

Figure 1. 
Schematic Overview. Fetal alcohol exposure (FAE) disrupts hippocampal development, contributing to the 
cognitive deficits seen in the clinical setting. Animal models that can control the pattern, timing, and quantity, 
are essential in our understanding of the pathogenesis of FAE on the developing hippocampus. Rodent models 
demonstrate hippocampal alterations in behavior, structure, and function, particularly altered neuronal 
populations, neurogenesis and long-term potentiation (LTP). While rodent models reveal critical third-trimester 
vulnerability, they are limited by artificial exposure methods typically resulting a rapid rise in blood ethanol 
content (BEC), as well as a short gestation that restricts exposure windows and complicating translation to 
humans. Non-human primate models, such as our voluntary drinking vervet paradigm, more closely replicates 
human patterns and extended development, revealing dose-dependent neuronal loss, impaired neurogenesis, and 
altered gene expression in the hippocampus.
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neuroanatomical evidence of ethanol-induced hippocampal damage has not been 
investigated [111, 112, 116, 117]. Episodic-binge-like exposure during gastrulation or 
throughout gestation in pig-tail macaques resulting in blood ethanol concentration of 
≈230 mg/dl, likewise results in learning and memory deficits as well as visual-paired 
comparison performance impairment, indicative of medial temporal lobe and hip-
pocampal dysfunction [118–120]. The episodic-binge-like model results in a neuronal 
a reduction in the somatosensory-motor cortices [121] and altered cell cycle of stem 
cell proliferation in the subgranular zone of the dentate gyrus [120].

Our group has developed a non-human primate model of FAE by taking advantage 
of the moderate and naturalistic drinking pattern in the vervet monkey (Chlorocebus 
aethiops sabeus) to model the exposure frequently reported FAE in human epide-
miological investigations [122–125]. Our studies also take advantage of a comparable 
protracted developmental period in the monkey [81] by examining multiple time 
points from birth through early adolescence.

To develop this model, we established stable social breeding groups of 8-10 
alcohol-preferring females and one male housed in their natural environment at 
the laboratories of the Behavioral Science Foundation (BSF), St. Kitts. The method 
of identifying alcohol-preferring females has previously been described [126]. 
Each group setting was further enriched with ropes, poles, bars, and novel objects. 
Subjects were fed high-protein primate chow and fresh local produce, with water 
available ad libitum. Females were trained using reinforcement to transition from 
their social setting into an adjoining sectioned tunnel leading to their home cage 
so that during drinking periods, each subject occupied an individual compart-
ment. No sedation of any kind was required to move animals from the social group 
to drinking compartments thereby minimizing potential stress. The individual 
compartments enabled precise monitoring of subsequent alcohol consumption. 
Additionally, females were trained to present their leg for phlebotomy without 
anesthesia [109, 113].

The social breeding groups were behaviorally monitored for reproductive activity 
and females examined twice weekly to determine pregnancy. At approximately gesta-
tional day 100 (range 75–117 days; calculated retrospectively from birth) of a 165-day 
gestation period, pregnant females would enter the sectioned tunnel for 4 hours, 
four times per week. They were provided access to a 10% v/v solution of ethanol in a 
calibrated drinking bottle (or an isocaloric sucrose mixture for control subjects) with 
water concurrently available. After the drinking period, dams were allowed to return 
to their social group in the main enclosure. Alcohol availability remained restricted 
for the remainder of gestation. To ensure infants did not receive additional alcohol 
exposure through breast milk, alcohol availability ceased upon parturition. Following 
parturition, maternal alcohol consumption was calculated based on the total volume 
of ethanol consumed and expressed as g/kg body weight/drinking day, as well as total 
exposure (g/kg) over the gestational period (Table 2) [19]. At the end of the drinking 
period, blood (1 ml, saphenous vein) was drawn without anesthesia during weeks 
2, 4, 6, and 8 of exposure to measure of blood ethanol level (alcohol dehydrogenase 
method, Sigma). None of the offspring produced in this manner had facial dysmor-
phology (Figure 2) [113]. Our naturalistic and voluntary consumption model yielded 
blood alcohol concentrations of ≈90 mg/dl (range 43–132 mg/dl) similar to those 
found in women after 2–5 standard drinks [123]. These values are considerably lower 
than those achieved in most rodent studies (Table 1). However, the total number of 
exposure days was higher, with our monkeys having been exposed for ≈38 days span-
ning the latter part of the second trimester through parturition.
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Both control and FAE, were group-housed with their mothers until the age of 
6-months, then transferred to a nursery setting for an additional 6-months. At 1-year 
of age, all subjects were moved into large social outdoor enclosures forming peer 
groups of 12 animals. We histologically examined the hippocampi of subjects at 
several time points during the post-natal period ranging from birth until 2-years of 
age, a period of extensive dendritic and axonal maturation of pyramidal neurons in 
the hippocampus of non-human primates [127, 128] as well as active neurogenesis 
[129, 130]. Using design-based stereology, we previously reported a significant 

Animal # Sex Alc or Suc 
starteda

Average Alc  
(g/kg/day)b

Total Alc 
exposure (g)

Average
BECc

Age at 
sacrifice

O1808-3-2 f 87 1.46 68.9 61 30 d

O2898-5 m 96 2.64 103.13 112 18 d

O3245-3 f 76 2.82 149.5 121 4 d

O3307-3 f 94 3.17 126.87 132 35 d

O5011-4 m 82 1.97 82.81 72 15 d

O5154-2 m 112 2.09 64.82 95 1 d

91 ± 13 2.36 ± .63 99.33 ± 33.7 98.8 ± 28 17.1 ± 14

O3065-8 m 94 2.98 122.13 125 5 mos

O3066-6 m 80 2.57 123.30 118 4.5 mos

O3327-4 m 95 2.16 86.37 77 5 mos

O5330-4 m 112 2.23 71.63 86 5.2 mos

O5399-1 m 106 2.48 86.75 109 5.4 mos

97 ± 12 2.48 ± .33 98 ± 23.3 103 ± 21 5 ± .3

O2762-5 m 117 1.01 24.35 43 24 mos

O5066-1 m 109 1.49 63.9 65 24 mos

O5106-1 m 109 1.79 59.2 72 24 mos

O5332-1 f 106 2.19 76.5 91 24 mos

O3082-3 f 115 1.79 48.3 76 24 mos

O5219-1 m 103 2.45 88.3 121 22 mos

O3295-3 m 95 2.63 107.0 132 21 mos

O5011-3 m 77 2.81 135.1 118 24 mos

O3295-2 m 75 2.82 143.9 97 24 mos

O3307-2 f 111 2.64 81.8 105 24 mos

O3327-2 m 113 2.77 85.73 104 22 mos

O3327-1 m 115 2.98 89.4 120 21 mos

103.75 ± 14 2.28 ± .63 83.62 ± 33.7 95.3 ± 27 23.2 ± 1.3
aDay of gestation alcohol or sucrose treatment started out of a 165-day gestation period.
bEthanol (g/kg) ingested by the dam over the entire drinking period.
cBEC mg/dl average blood ethanol content (BEC) measured on 3–4 occasions at the end of a 4 h 
exposure [19, 109, 114].

Table 2. 
Subject profile.
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neuronal reduction of neuronal populations within the CA1-3 fields of the hippo-
campus at birth, 5-months and at 2-years of age (Figure 3) [109]. Over time, we were 
able to expand the 2-year-old subject pool to include subjects with lower and higher 
ethanol exposure than our original study. We found significant negative correlation 
between daily ethanol exposure and both neuronal population and regional volume 
throughout the CA1-3 fields. However, only in the CA1 was there a significant nega-
tive correlation between blood ethanol concentration (BEC) and neuronal population 
(Figure 4) [19]. Similarly, we found a significant negative correlation between the 
number of immature neurons, indicated by doublecortin immunoreactivity (DCX+ 
neurons) in the dentate gyrus and both daily ethanol exposure and average BEC, but 

Figure 2. 
Subjects. Vervet monkeys were exposed to moderate levels of ethanol during the third trimester of gestation. 
Socially housed female vervet monkeys voluntarily drank a range of 1.0–4.0 g/kg ethanol/day or isocaloric 
sucrose (control) four times a week during the last 2-months of gestation. Offspring were housed in their natural 
environment in social groups. None of the offspring showed craniofacial dysmorphology. Subject on the left is FAE 
subject and the subject on the right is an age-matched control subject.

Figure 3. 
Reduced Hippocampal Neuronal Population. Cresyl violet stained sections (Left panels A-D) were used for 
design-based stereology estimation of neuronal populations for all subjects and immunostained NeuN sections 
(right panel A-F), a putative marker for mature neurons, are used to illustrate neuronal reductions. FAE subjects 
display significant reduction in hippocampal neuronal population across the CA1-3 subregions (left panels A 
and B and right panels A-C) compared to control subjects (C and D left panels and D-F right panels). Leftmost 
sections of each panel are taken at 2.5x magnification (scale bar = 1 mm), midsections are taken from the CA1 
region (inset box) at 10x magnification (scale bar = 100 μm), and right-hand images C and F are at 100x 
magnification (scale bar = 10 μm).
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not total exposure (Figure 5) [19]. Moreover, we found fewer actively proliferating 
stem cells at the neonatal period, as indicated by Ki-67 immunoreactivity, in both the 
granular and the hilus regions compared to controls. However, by the 2-years of age 
no differences were observed between FAE and control subjects (Figure 6) [114]. 
The pattern of immature neuron and active proliferation in this model differs from 
that reported in small animal models where some studies suggest lack of changes [63, 
68, 72–74], decreased in these populations [56, 73], or a delayed/adult-onset decrease 
[54]. These reported differences may be due to alcohol exposure, differential BEC or 
species variation.

Figure 4. 
Dose Response. FAE subjects have significantly lower neuronal populations in the CA1-3 fields of the 
hippocampus even with the inclusion of subjects with lower alcohol exposure (top left panel). Cresyl violet 
stained sections from the hippocampus of FAE (A, B) and control (C, D) subjects show a fragmented and meager 
populated pyramidal layer. *p < 0.05 FAE vs. control. (A, C) scale bar = 1 mm (2.5x magnification); (B, D) are 
taken from the CA1 region (inset from A, C) scale bar = 100 μm (10x magnification). There was a significant 
negative correlation between daily ethanol exposure and neuronal populations throughout the CA1-3 regions and 
a negative correlation between BEC and neuronal population only in the CA1 region [19].

153



The Hippocampus – Cognitive Functions and Disorders

14

Figure 5. 
Reduced Immature Neuronal Population. There is a reduction in doublecortin-positive (DCX+) neurons in the 
dentate gyrus in FAE subjects (A, B) vs. control (C, D) subjects. The number of DCX+ neurons were negatively 
correlated with daily ethanol exposure and average BEC, but not total exposure. *p < 0.05. (A, C) scale 
bar = 100 μm; (B, D) scale bar = 10 μm [19].

Figure 6. 
Reduced Cell Proliferation. FAE subjects (A and B) show a significant reduction of Ki-67 positive cells, a marker 
for actively proliferating cells, in the granular layer of the dentate gyrus and hilus region as compared to control 
subjects (C and D). Images taken at 10x magnification; scale bar = 200 μm. There was significant reduction in 
Ki-67+ cells from the neonatal time point to the age of 2-years for both groups, but no difference between groups. 
*p < 0.05 [114].
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Like the CA fields in non-human primates, the dentate gyrus undergoes substan-
tial postnatal development [127, 128, 131–136]. Unlike the CA fields though neurogen-
esis of granule cells is considerably prolonged extending to the early postnatal period 
[132]. In primates up to 30% of granule cells destined for the dentate gyrus are formed 
in the first 3 months of life [132, 136] compared to at least 85% being produced 
postnatally in the rodent [137]. In control subjects the 30% increase in the granule cell 
layer volume from birth to 2 years parallels the neuronal population increase reported 
in other non-human primate species [136].

Fetal alcohol exposure in the vervet monkey alters the number of multiple genetic 
markers and protein levels within the hippocampus. At the mRNA level, gene expres-
sion changes are observed in pathways related to neurogenesis, synaptic function 
and microglia-mediated neuroprotection. These molecular alterations likely underlie 
the structural and functional deficits in the hippocampus and may serve as potential 
targets for therapeutic intervention [138].

With an estimated 122 distinct types of neurons in the hippocampus, it is one of 
the most complex regions of the brain [139]. We are just beginning to scratch the sur-
face of the diversity of these populations of neurons which includes perineural nets 
(PNNs) which are thought to play a role in memory consolidation and development 
[101, 102, 140, 141]. PNNs are extracellular matrix assemblies of molecules including 
chondroitin sulfate proteoglycans, hyaluronan, tenascin-R, and link proteins. These 
components form a mesh-like machinery around neurons, particularly those arising 
from parvalbumin positive (PV+) interneurons. PNNs play an extremely important 
role in the functional maturation of the PV+ interneurons, especially in the hippo-
campus, where their assembly promotes the inhibitory performance of these inter-
neurons in memory-related circuits. PNNs help maintain the excitatory-inhibitory 
balance in neural circuits by stabilizing PV+ interneurons. This stabilization ensures 
that only the most active neurons participate in memory engrams, a crucial process 
for forming sparse and precise engrams for memory recall. Moreover, maturation of 
PNNs around PV+ interneurons indicates closure of the critical periods of plastic-
ity in the brain, marking a transition from a highly flexible developmental state to 
a much more consolidated and adult-like function in both sensory and cognitive 
systems [102]. Understanding how PNNs interact with various types of hippocampal 
neurons, particularly under pathological conditions like FAE, may reveal new avenues 
for therapeutic interventions.

5. �Conclusions

Given the paucity of neuroanatomical data in clinical cases of FASD, we must 
rely on animal models to understand the neurobiology of this disorder. While rodent 
models exist, only non-human primates can accurately model the CNS developmental 
and social behavior in FASD. To address the limitations from small animal studies, 
we developed naturalistic model of maternal ethanol consumption by the Old-World 
monkey, the closest to human on the cladistic tree. This model allows for systematic 
and quantitative hippocampal analysis of changes in response to levels of alcohol 
consumption frequently encountered in a social context (Figure 7). These changes 
are compatible with observed behavioral alterations (Palmour, unpublished observa-
tions) and are consistent with the human clinical data [142]. The period of alcohol 
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exposure is also a contributing factor and is a consequence of phylogenetic devel-
opmental differences between rats and monkeys. Our series of studies corroborates 
rodent literature suggesting that the third trimester is a critical period for ethanol-
induced neuronal loss in the hippocampus, however the extent of loss is much more 
profound and extensive in the current model.

Although the sample sizes in our current non-human primate model are insuf-
ficient to assess potential sex differences, an expanding body of literature indicates 
that males may be more vulnerable than females to developmental insults [143]. Males 
with FASD tend to have higher rates of attention deficit-hyperactivity disorder, oppo-
sitional and conduct disorders that may lead to the reported higher level of school 
difficulties and incarceration. Females diagnosed with FASD tend to have higher rates 
of anxiety, endocrine disorders and depression [144]. Rodent studies corroborate 
sex-related response differences to FAE, with males tending to be more susceptible to 
hippocampus-related behavioral alterations along with deficits in hippocampal LTP 
and neuronal survivability [86, 107, 108]. As we increase the number of subjects in 
our non-human primate model, identifying potential FAE-related sex differences in 
the hippocampus will be essential for understanding the full spectrum of neurodevel-
opmental outcomes and for developing targeted, sex-specific interventions.

Our dose-dependent study revealed a reduction of the hippocampal neuronal 
population, even at low levels of alcohol exposure. However, this is only a partial 

Figure 7. 
Vervet FAE Model Results Overview. Our voluntary and naturalistic non-human primate model of FAE 
has shown disruptions in hippocampal development. Specifically, this model has shown deficits in neuronal 
populations and stem cell proliferation at multiple time points in the hippocampus. There is a dose-dependent 
reduction in pyramidal neurons and immature hippocampal neurons. There is altered gene expression related to 
hippocampal development. Deficits in our model extend to the frontal cortex suggesting a frontal-hippocampal 
network disruption that may contribute to the limbic and executive functioning deficits seen in the clinical setting. 
Future directions within this model include exploring gender differences, further exploring alterations in the 
fronto-limbic pathway and pharmacological interventions to minimize the impact of FAE.
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picture. More than just quantifying cell loss, it is essential that future studies include 
electrophysiological assessments of long-term potentiation and depression that may 
underlie synaptic plasticity. Further investigations into synaptic function and changes 
in protein markers might shed more light on the molecular mechanisms involved in 
damage resulting from fetal alcohol. This multi-focal approach is necessary for a com-
plete understanding of how FAE disrupts hippocampal development and function.

While this chapter has focused on specific impacts of FAE on the developing hip-
pocampus, clinical data suggests a broad range of deficits involving the hippocampal-
prefrontal and limbic pathways [33, 34, 36, 37, 42, 145, 146]. Data from our model 
suggests that FAE also results in reduced neuronal populations in the frontal cortex 
[113] and altered thalamic nuclei [115]. Rodent models also show behavioral deficits 
in executive function [147] that correspond to damage in the reuniens, the thalamic 
nucleus at the interface between the medial prefrontal cortex and hippocampus [148]. 
Furthermore, FAE disrupts the functional interaction between the medial prefrontal 
cortex and hippocampus [105]. The hippocampal-prefrontal and limbic pathways are 
involved in working memory, cognition [149], episodic memory, goal-directed behav-
ior [150], and emotional regulation [151], bi-directional interaction between medial 
prefrontal cortex and hippocampus via the reuniens thalamic nucleus is critical for 
working, episodic and emotional memory [152]. It would be expected that FAE-
induced alterations in the hippocampus would also be accompanied by changes in 
other cortical and subcortical areas disrupting the hippocampal network. Additional 
investigations are warranted for the potential effects on hippocampal network func-
tion and cognitive outcomes at the connectivity and mechanistic levels will require 
both rodent and non-human primate models.

As we unravel the complexities of the hippocampus, the web of interactions and 
what they mean for both normal function and disease states can be understood only 
with a more comprehensive approach. While much remains to be understood about 
the mechanisms of neuronal loss in these animals, the model described here serves 
a valuable tool for prompt, quantitative and evolutionarily relevant evaluation of 
intervention strategies facilitating safe and timely clinical translation.
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Chapter 9

Anterior Temporal Lobectomy for 
Surgical Management of Temporal 
Lobe Epilepsy
Serdar Ercan

Abstract

Anterior temporal lobectomy (ATL) is a surgical procedure used in the treatment 
of medically refractory temporal lobe epilepsy (TLE). It is a method used to improve 
the quality of life of patients who do not respond to medical treatments at the desired 
level. The temporal lobe, especially the mesial structures, is a region where epilepto-
genic foci are common. Therefore, ATL plays a critical role in the surgical manage-
ment of epilepsy. ATL is also applied in cases other than epilepsy, such as temporal 
lobe tumors, vascular malformations, and other pathologies where resection of the 
anterior temporal lobe is deemed necessary. Before deciding on ATL, a comprehensive 
evaluation, including detailed clinical assessment, neuroimaging, and electrophysio-
logical studies, is required to ensure precise localization of the epileptogenic zone and 
minimize postoperative deficits. Surgical technique in ATL usually involves resection 
of the anterior part of the temporal lobe, which includes the amygdala and hippocam-
pus. Dissection must be performed very carefully to preserve critical neurovascular 
structures, and intraoperative neuromonitoring must be used to minimize complica-
tions during resection. The success of ATL depends on the surgeon’s knowledge of the 
complex temporal lobe anatomy and surgical experience. Despite the clinical success 
of ATL, its potential complications require extensive preoperative evaluation and 
postoperative management. Common complications include neurocognitive deficits, 
visual field defects, and psychiatric symptoms. This chapter aims to provide a com-
prehensive overview of the indications, surgical technique, and potential complica-
tions of ATL.

Keywords: anterior temporal lobectomy, temporal lobe epilepsy, surgical technique, 
anatomy, complication

1. �Introduction

Anterior temporal lobectomy (ATL) is a major surgical intervention used pri-
marily in the treatment of medically refractory temporal lobe epilepsy (TLE). This 
procedure usually involves resection of the anterior portion of the temporal lobe, 
including critical structures such as the hippocampus and amygdala that are involved 
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in the pathophysiology of epilepsy. The historical development of ATL dates back 
to the twentieth century. With the contribution of significant advances in surgical 
techniques and neuroimaging, it has been accepted as one of the main treatment 
methods for TLE. The temporal lobe plays a crucial role in various cognitive and 
emotional processes. Minimizing surgical risks and optimizing patient outcomes 
requires a comprehensive understanding of the complex anatomical structures of this 
region and their interconnections. The advent of advanced imaging modalities such 
as magnetic resonance imaging (MRI) and positron emission tomography (PET) has 
increased the sensitivity and safety of ATL by improving preoperative planning and 
intraoperative navigation.

Despite its effectiveness, ATL also has potential complications, including cognitive 
impairments and neuropsychiatric sequelae. Therefore, careful patient selection and 
comprehensive preoperative evaluation are crucial in achieving positive results.

2. �Indications for anterior temporal lobectomy

Anterior temporal lobectomy is a procedure that may be performed for the follow-
ing medical conditions [1–4].

Refractory Temporal Lobe Epilepsy: Temporal lobe epilepsy is the most common 
form of focal epilepsy, characterized by seizures originating in the temporal lobe. 
These seizures often involve mesial temporal structures, including the hippocampus, 
amygdala, and parahippocampal gyrus. Patients with TLE typically experience com-
plex partial seizures that may secondarily generalize. Despite optimal treatment with 
antiepileptic drugs, approximately 30–40% of patients continue to have seizures. 
These patients who do not respond to drug treatment are classified as having refrac-
tory epilepsy. ATL offers a potential treatment by eliminating the epileptogenic zone.

Mesial temporal sclerosis: Mesial temporal sclerosis (MTS), also known as hippo-
campal sclerosis, is a common pathological finding in TLE patients. MTS is character-
ized by neuronal loss and gliosis in the hippocampus, leading to a hyperexcitable state 
that predisposes to seizures. Patients with MTS often have a history of febrile seizures 
in childhood. When these patients reach adulthood, they present with epilepsy that is 
difficult to treat. MTS can typically be detected through high-resolution MRI, which 
shows hippocampal atrophy and increased signal intensity on T2-weighted images. 
ATL is very effective in patients with MTS, as resection of the sclerotic hippocampus 
significantly reduces seizures.

Temporal lobe tumors: Some benign and low-grade malignant tumors in the 
temporal lobe can cause refractory epilepsy. These include gangliogliomas, dysem-
bryoplastic neuroepithelial tumors (DNETs), and low-grade astrocytomas. These 
tumors often disrupt the normal architecture of the temporal lobe, creating a focal 
point for seizure activity. Surgical resection of the tumor, together with the surround-
ing epileptogenic cortex, can provide seizure control and prevent tumor progression. 
ATL may be indicated when the tumor is located in the anterior temporal lobe and is 
associated with persistent seizures. Preoperative imaging, including MRI and PET, is 
essential to define tumor margins and plan the surgical approach.

Cortical dysplasia: Focal cortical dysplasia (FCD) is a congenital malformation of 
cortical development that can cause refractory epilepsy. In FCD, there is abnormal 
neuronal organization that leads to overstimulation. Patients with FCD often present 
with early-onset epilepsy that is resistant to antiepileptic drugs. Diagnosis of FCD 
is typically made with MRI, which can show cortical thickening, gray-white matter 
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junction blurring, and other structural abnormalities. If the dysplastic lesion is 
localized in the anterior temporal lobe and there are very frequent seizures, ATL can 
be applied. Intraoperative electrocorticography (ECoG) can be used to identify and 
resect the epileptogenic cortex.

Encephalitis: Chronic encephalitis, such as Rasmussen encephalitis, can lead to 
progressive neurological deterioration and refractory epilepsy. Rasmussen encephalitis is 
a rare, chronic inflammatory disease that typically affects one hemisphere of the brain, 
leading to unilateral cortical atrophy and incurable seizures. Patients with Rasmussen 
encephalitis often present with hemiparesis, cognitive decline, and focal seizures. In 
cases where the anterior temporal lobe is predominantly affected, ATL controls seizures 
and improves the patient’s quality of life. The diagnosis must be supported by the clinical 
picture, MRI findings of progressive cortical atrophy, and sometimes brain biopsy.

Vascular malformations: Arteriovenous malformations (AVMs) and cavernous 
angiomas in the temporal lobe may be among the causes of refractory epilepsy. These 
vascular malformations can lead to recurrent seizures due to abnormal blood flow 
and resulting gliosis. AVMs are formed by the fusion of abnormal blood vessels, while 
cavernous angiomas are clusters of enlarged capillaries. Both conditions can be visual-
ized with MRI and angiography. Surgical removal of the malformation along with 
the epileptogenic cortex may provide seizure control. ATL may be indicated if the 
vascular malformation is located in the anterior temporal lobe and is associated with 
persistent seizures. In preoperative planning, detailed imaging should be performed 
to evaluate vascular anatomy and possible surgical risks.

Traumatic brain injury: Post-traumatic epilepsy (PTE) can develop as a result of 
traumatic brain injury, especially in cases where the temporal lobe is affected. Patients 
with PTE may experience recurrent seizures that are refractory to medical treatment. 
The temporal lobe is particularly susceptible to injury due to its location and the 
presence of bony structures in the skull. In cases where the primary focus of seizure 
activity is the anterior temporal lobe, anterior temporal lobectomy may be considered 
to achieve seizure control and improve the patient’s quality of life. A history of head 
trauma, seizure semiology, and imaging findings of post-traumatic changes such as 
gliosis, encephalomalacia, or hemosiderin deposits should suggest PTE.

3. �Patient selection

The following criteria should be taken as a basis for selecting patients who are 
likely to benefit from ATL [1, 3, 4].

Diagnosis of temporal lobe epilepsy: The patient must have a confirmed diagnosis of 
TLE, which is characterized by seizures originating from the temporal lobe. To make 
this diagnosis, clinical history, seizure semiology, and electroencephalography (EEG) 
findings must be used.

Medically refractory seizures: The patient must have seizures refractory to medical 
treatment, defined as failure to control seizures with at least two appropriate antiepi-
leptic drugs at therapeutic doses. This criterion ensures that surgery is only consid-
ered for patients who have exhausted medical treatment options.

Localization of seizure focus: There should be clear evidence from video-EEG moni-
toring and neuroimaging (MRI, PET, Single Photon Emission Computed Tomography 
(SPECT)) showing a unilateral, well-defined epileptogenic zone within the temporal 
lobe. Correct localization is crucial for the success of ATL, as it allows targeted resec-
tion of the seizure focus.
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Neuropsychological evaluation: A comprehensive neuropsychological assessment is 
necessary to determine baseline cognitive function and predict potential postopera-
tive cognitive outcomes. This evaluation includes tests of memory, language, execu-
tive functions, and other cognitive domains. The results help identify patients who 
may be at risk of severe cognitive decline following surgery.

Psychiatric evaluation: A comprehensive psychiatric evaluation is necessary to 
identify any psychiatric comorbidities that may affect surgical outcomes or postop-
erative compliance. Conditions such as depression, anxiety, and psychosis should be 
carefully evaluated and managed before and after surgery.

A comprehensive evaluation and preliminary preparation should be made in 
determining suitable candidates for ATL.

•	 Video-EEG monitoring: Continuous EEG and video recording to capture and 
analyze seizure activity helps in precise localization of the epileptogenic zone. 
Video-EEG monitoring is usually done in an epilepsy monitoring unit and may 
require inpatient observation for several days.

•	 Magnetic Resonance Imaging (MRI): High-resolution MRI is used to identify 
structural abnormalities such as hippocampal sclerosis, tumors, cortical dyspla-
sia, and other lesions. Advanced MRI techniques such as volumetric analysis and 
diffusion tensor imaging can provide additional information about the integrity 
of white matter tracts and the extent of structural damage.

•	 Positron Emission Tomography (PET): PET imaging is used to detect areas of 
hypometabolism associated with the seizure focus. Fluorodeoxyglucose (FDG)-
PET is the most widely used method that provides functional information about 
glucose metabolism in the brain.

•	 Single Photon Emission Computed Tomography (SPECT): Ictal and interictal 
SPECT imaging is used to localize areas of altered cerebral blood flow associated 
with seizure activity. Ictal SPECT performed during a seizure can provide valu-
able information about the seizure onset site.

•	 Neuropsychological tests: Comprehensive evaluation of cognitive functions, 
including memory, language, and executive functions, will be helpful to estab-
lish a baseline and predict postoperative changes. Specific tests may include the 
Wechsler Adult Intelligence Scale (WAIS), the California Verbal Learning Test 
(CVLT), and the Boston Naming Test (BNT).

•	 Wada test (intracarotid amobarbital procedure): The Wada test is used to evalu-
ate language and memory functions in each hemisphere to assess the risk of 
deficits after surgery. During the test, amobarbital is injected into the internal 
carotid artery to temporarily numb one hemisphere, allowing the function of the 
opposite hemisphere to be assessed.

Specific patient populations and clinical scenarios require additional consid-
erations. Pediatric patients with TLE may benefit from early surgical intervention 
to prevent developmental delays and cognitive decline. During the evaluation 
process for children, age-appropriate neuropsychological tests and the effect of 
surgery on brain development should be taken into consideration [5–7]. Age alone 
should not be a contraindication to ATL. However, comorbidities and general 
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health status need to be carefully evaluated. Elderly patients may be at higher risk 
of postoperative complications and cognitive decline, requiring a comprehensive 
risk-benefit analysis [1, 8].

Selection of ATL candidates should involve a multidisciplinary team consisting of 
epileptologists, neurosurgeons, neuropsychologists, neuroradiologists, and psy-
chiatrists. This collaborative approach provides a comprehensive assessment of each 
patient’s suitability for surgery and helps optimize surgical outcomes.

4. �Anatomy and physiology of the anterior temporal lobectomy

4.1 Related brain structures

The anterior temporal lobe is a complex region located in the anterior part of the 
temporal lobe. It contains several subregions, each of which contributes uniquely to 
its overall function. Key structures within the ATL include:

Temporal pole: This is the most anterior part of the temporal lobe. It is involved in 
higher-level semantic processing and social cognition. The temporal pole integrates 
sensory inputs to form complex representations of objects and concepts and plays an 
important role in understanding and producing language as well as social interactions.

Perirhinal cortex: The perirhinal cortex, located medial to the ATL, is necessary for 
object recognition and memory. It combines sensory information from a variety of 
modalities to create detailed representations of objects, enabling objects to be identi-
fied and distinguished even under changing conditions.

Entorhinal cortex: Located adjacent to the perirhinal cortex, the entorhinal cortex 
serves as an important input and output center for the hippocampus. It is critical for 
memory formation and spatial navigation by acting as a gateway for information 
entering and exiting the hippocampus. This region also plays a role in processing 
temporal sequences and encoding episodic memories.

Amygdala: Although primarily associated with the medial temporal lobe, anterior 
portions of the amygdala extend into the ATL. The amygdala is crucial for emotional 
processing, especially in the formation and retrieval of emotional memories. It also 
plays a role in regulating social behavior and responses to emotional stimuli.

Hippocampus: Although primarily a medial temporal structure, anterior portions 
of the hippocampus are involved in episodic memory and spatial navigation. The 
hippocampus works closely with the entorhinal cortex to encode, store, and retrieve 
memories and navigate in space.

4.2 Functional effects of these structures

The ATL is an integral part of various cognitive and emotional processes, and each 
subregion contributes to different functional areas:

Semantic memory: ATL, especially the temporal polarity, is essential for the storage 
and retrieval of semantic information, which includes facts, concepts, and the mean-
ings of words. Damage to this area, as seen in semantic dementia, causes profound 
deficits in the understanding and use of language and concepts. Patients with seman-
tic dementia exhibit a striking impairment in semantic knowledge while preserving 
other cognitive abilities.

Object recognition: The perirhinal cortex is vital for recognizing and distinguishing 
objects. It combines sensory information to form complex representations, allowing 
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objects to be identified even if they are partially hidden or viewed from different 
angles. This region is crucial for visual perception and memory, and dysfunction can 
lead to difficulties in recognizing familiar objects.

Memory and navigation: The entorhinal cortex and hippocampus work together to 
support episodic memory and spatial navigation. The entorhinal cortex acts as a gate-
way for information entering and exiting the hippocampus, facilitating the encoding 
and retrieval of memories. It also plays a role in processing temporal sequences and 
spatial contexts necessary for navigating environments.

Emotional processing: The anterior parts of the amygdala within the ATL are crucial 
for processing emotions, especially fear and pleasure. This region helps form emo-
tional memories and influences social behavior by modulating responses to emotional 
stimuli. The amygdala’s role in emotional processing is critical for survival, as it helps 
individuals respond appropriately to threats and rewards.

Social cognition: Temporal polarity is also associated with social cognition, including 
the ability to understand and predict the behavior and intentions of others. This function 
is critical for effective social interactions and empathy. Temporal polarity allows individu-
als to successfully navigate social environments by combining sensory and emotional 
information to create complex representations of social situations [9–11].

5. �Surgical technique

5.1 Preoperative planning and imaging

Preoperative planning for ATL resection is a meticulous process aimed at optimizing 
surgical outcomes and minimizing risks. A comprehensive evaluation of the patient’s 
medical history, neurological status, and cognitive function is important. This includes a 
detailed review of previous imaging studies, neurological examinations, and neuropsy-
chological evaluations to establish a baseline and identify potential risks. Collaboration 
between neurosurgeons, neurologists, radiologists, and neuropsychologists is very 
important. The team discusses the patient’s condition, reviews imaging findings, and 
creates a surgical plan appropriate to the individual’s anatomy and pathology. The surgical 
approach is carefully planned, taking into account the location of the lesion, its extent, 
and its proximity to critical brain structures. The goal is to maximize lesion resection 
while preserving basic functions such as language, memory, and motor skills. Informing 
the patient and family about the surgical procedure, possible risks, benefits, and expected 
results is a vital part of preoperative planning. This helps set realistic expectations and 
obtain informed consent.

Advanced imaging techniques are integral to the preoperative planning of ATL 
resection. These methods provide detailed anatomical and functional information 
that guides the surgical approach. MRI is the cornerstone of preoperative imaging 
for ATL resection. High-resolution structural MRI provides detailed imaging of the 
brain anatomy, allowing precise localization of the lesion. Functional MRI (fMRI) 
can be used to map critical functional areas such as language and motor areas, helping 
to avoid these areas during surgery. Diffusion Tensor Imaging It is a special form of 
MRI that maps white matter pathways in the brain. This technique is particularly 
useful for identifying and preserving important nerve pathways during ATL resec-
tion. DTI helps plan the surgical course to prevent disruption of critical connections. 
PET imaging provides metabolic information about the brain by identifying areas 
of abnormal metabolic activity. In epilepsy surgery cases, PET can help localize 
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epileptogenic regions that may not be visible on structural MRI. This information 
is crucial for planning the extent of resection. Electroencephalography (EEG) and 
Magnetoencephalography (MEG) techniques are used to locate epileptic foci and map 
brain activity. While EEG provides temporal resolution of brain activity, MEG offers 
both temporal and spatial resolution. These methods are often used in conjunction 
with MRI to provide a comprehensive view of the brain’s function and pathology. 
Intraoperative MRI or ultrasound can be used to provide real-time imaging during 
surgery, ensure accurate resection of the lesion, and minimize damage to surrounding 
tissues. These techniques help confirm the extent of resection and make any necessary 
adjustments during the procedure.

5.2 Surgical procedure

Performing ATL resection is a complex and delicate procedure that requires careful 
planning and precise execution. Below is a detailed description of each step, highlight-
ing important information and key points to achieve a successful outcome [12].

•	 Presurgery preparation:

Patient positioning: The patient is placed supine on the operating table with 
the head secured in a Mayfield head holder. The head is turned slightly to the 
contralateral side to provide the best exposure of the temporal region. Correct 
positioning is crucial to avoid pressure points and provide stable access to the 
surgical site. General anesthesia is applied to ensure that the patient is completely 
anesthetized and stable (Figure 1).

•	 Incision and exposure:

Skin incision: A curvilinear incision is made starting just in front of the tragus, 
extending upwards and backward over the ear, and then curving downwards 
toward the mastoid process. This incision provides adequate visibility while 
minimizing cosmetic impact (Figure 2).

Figure 1. 
The patient is placed in supine, secured in Mayfield had holder.
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Soft tissue dissection: The temporalis muscle is carefully dissected and tilted 
forward to expose the temporal bone. Hemostasis is achieved using bipolar 
cautery to minimize bleeding. Craniotomy: Temporal craniotomy is per-
formed using a high-speed drill to create burr holes, which are then ligated 
to remove the bony flap. The craniotomy should extend from the sphenoid 
process to the parietal bone, providing adequate exposure of the temporal 
lobe. Ensuring that the bone flap is large enough is crucial for adequate access 
and maneuverability.

•	 Dural opening:

Dural incision: A diagonal or curvilinear incision is made in the dura mater, which is 
then reflected to reveal the underlying brain tissue. It is important to handle the dura 
carefully to prevent tears and ensure a watertight seal afterward (Figure 3).

Hemostasis: Meticulous hemostasis is achieved by using bipolar cautery and 
hemostatic agents. This step is critical to maintaining a clear surgical field and 
preventing postoperative complications.

•	 Cortical resection:

Defining bookmarks: Important anatomical locations are identified, including 
the Sylvian fissure, superior temporal gyrus, and middle temporal gyrus. Correct 
identification of these landmarks is crucial to guiding the resection.

Figure 2. 
A curvilinear incision, starting in front of the tragus, expanding upwords over the ear.
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Cortical incision: A cortical incision is made parallel to the Sylvian fissure, 
extending from the temporal pole to the posterior edge of the resection area. 
The extent of resection typically varies from 4 to 6 cm from the temporal pole in 
the dominant hemisphere to 6–8 cm in the non-dominant hemisphere. Precise 
measurement and marking of resection margins is important to prevent damage 
to critical areas (Figure 4).

Subpial dissection: Subpial dissection is performed to remove the anterior 
temporal lobe. Suction and bipolar cautery are used to carefully dissect brain tis-
sue while preserving the pia mater. This technique helps minimize bleeding and 
protects underlying structures. Gentle handling of brain tissue is crucial to avoid 
unnecessary trauma (Figure 5).

•	 Resection of mesial structures:

Hippocampus and amygdala: The anterior hippocampus and amygdala are 
identified and resected. This step is especially important for patients with 

Figure 3. 
A diagonal incission is made in dura matter, and important anatomical locations are identified, including 
Sylvian fissure, superior temporal gyrus and middle temporal gyros.

Figure 4. 
A cortical incission is made parallel to sylvian fissure.
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epilepsy, as these structures are often involved in seizure generation. A combina-
tion of suction, bipolar cautery, and microscissors is used to achieve a complete 
resection. Ensuring complete removal of the epileptogenic zone while preserving 
surrounding healthy tissue is a delicate balance.

Verification: Intraoperative navigation and imaging are used to confirm the extent of 
resection. This step ensures that the resection margins are clear of pathological tissue 
and helps prevent unnecessary removal of healthy brain tissue.

•	 Hemostasis and closure:

Hemostasis: Meticulous hemostasis is achieved by using bipolar cautery and 
hemostatic agents. It is important to examine the resection space for any residual 
bleeding to prevent postoperative hematoma formation.

Figure 5. 
Subpial dissection is performed to remove the anterior temporal lobe.

Figure 6. 
The bone flap is replaced and fixed with plates after watertight dural closure.
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Dural closure: The dura mater is sealed watertight using stitches or a dural substitute. 
It is crucial to provide a watertight seal to prevent cerebrospinal fluid leakage.

Bone flap replacement: The bone flap is replaced and fixed with plates and 
screws. Ensuring that the bone flap is stable and properly aligned is important for 
cosmetic and functional results (Figure 6).

Soft tissue and skin closure: Temporal muscle and soft tissues are brought closer 
together, and the skin incision is closed with stitches or staples. Proper closure 
techniques help minimize scarring and speed healing.

6. �Consequences and complications

6.1 Success rates of anterior temporal lobe resection

Anterior temporal lobe resection is a highly effective surgical intervention, espe-
cially in patients with temporal lobe epilepsy refractory to medical treatment. The 
success rates of this procedure are well documented and show significant improve-
ments in seizure control and overall patient outcomes. Approximately 60–70% of 
patients achieve complete seizure freedom following ATL resection (Engel Class 
I outcome). This high success rate highlights the effectiveness of the procedure in 
eliminating seizures for the majority of patients. An additional 20–30% of patients 
experience a significant reduction in seizure frequency. These patients may not be 
completely seizure-free, but they may still benefit from a significant reduction in 
seizure episodes, leading to improved daily functioning and quality of life. Long-term 
follow-up studies reveal that the benefits of ATL surgery persist over time. Many 
patients remain seizure-free or have reduced seizure frequency for years after surgery. 
For example, some studies report that up to 50% of patients remain seizure-free at 
10 years after surgery. This long-term effectiveness highlights the durability of surgi-
cal outcomes.

6.2 Possible complications and management in anterior temporal lobe resection

Although anterior temporal lobe resection is highly effective in treating refractory 
temporal lobe epilepsy, it carries potential risks and complications. Understanding 
these complications and their management is crucial to optimizing patient outcomes 
and minimizing adverse effects.

Psychiatric disorders: Postoperative psychiatric disorders such as depression, 
anxiety, and psychosis are relatively common. These may occur due to the stress 
of surgery, changes in brain function, or pre-existing psychiatric conditions. The 
incidence of psychiatric complications is estimated to be around 7%. Preoperative 
psychiatric evaluation is important to identify patients at risk. Ongoing psychological 
support, both preoperatively and postoperatively, can help alleviate these problems. 
Postoperative psychiatric symptoms should be managed with appropriate medica-
tions and psychotherapy, such as antidepressants or antipsychotics. Close collabora-
tion with a psychiatrist is often necessary to tailor treatment plans to individual 
patient needs [8, 13, 14].

Visual field defects: Visual field defects, especially superior quadrantanopia (loss of 
vision in the upper quadrant), may occur due to damage to the optic radiations during 
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surgery. This complication occurs in approximately 6% of patients. Preoperative 
imaging, such as MRI, can help map optical radiations and guide the surgical 
approach to minimize risk. Postoperative visual field testing is recommended to assess 
the extent of any defects. Rehabilitation strategies such as visual field training and 
compensation techniques can help patients adapt to these changes. Regular follow-up 
with an ophthalmologist is also helpful [15].

Cognitive disorders: Cognitive impairments, especially in memory and language, 
may occur following ATL resection. These are more common in left-sided (dominant 
hemisphere) resections. Cognitive complications have been reported in approxi-
mately 5% of cases. Preoperative neuropsychological assessment helps identify 
patients at risk and establish a baseline for postoperative comparison. Cognitive 
rehabilitation after surgery, including memory training and speech therapy, may aid 
recovery. Continuous monitoring and support from neuropsychologists is useful in 
resolving emerging cognitive problems [8, 14, 16].

Hemiparesis and language disorders: Hemiparesis (weakness on one side of the 
body) and language disorders can result from accidental damage to motor or language 
areas. These complications are relatively rare, occurring in approximately 3% of 
patients. Intraoperative monitoring of motor and language functions using techniques 
such as electrocorticography (ECoG) and direct cortical stimulation may help prevent 
these complications. If deficits occur, postoperative physical therapy and speech 
therapy are crucial for rehabilitation. Early intervention and personalized rehabilita-
tion programs can significantly improve outcomes.

Infections: Surgical site infections, meningitis, and bone flap osteomyelitis are 
potential complications. The infection rate is around 3%. Strict aseptic techniques and 
prophylactic antibiotics during surgery can reduce the risk of infection. If infections 
occur, early diagnosis and treatment with appropriate antibiotics are important. In 
cases of severe infection, surgical debridement may be necessary. Regular monitor-
ing of the surgical site and education of the patient about signs of infection are also 
important [8, 14, 17].

Hemorrhage: Intraoperative or postoperative bleeding may occur and lead to 
hematoma formation. Bleeding is a serious but relatively rare complication, with an 
incidence of approximately 2%. Careful hemostasis during surgery is very important 
to prevent bleeding. It is important to monitor postoperatively for signs of bleeding, 
such as changes in neurological status or increased intracranial pressure. If bleeding 
occurs, immediate intervention, such as surgical evacuation of hematomas, is neces-
sary. Blood transfusions and supportive care may also be necessary.

Cerebrospinal Fluid (CSF) leak: CSF leakage may occur from dural tears during 
surgery. This complication occurs in approximately 2% of patients. Ensuring that the 
dural closure is watertight during surgery is crucial to prevent CSF leaks. If a CSF leak 
occurs after surgery, conservative measures such as bed rest and head elevation may 
be sufficient. Persistent leaks may require surgical repair. Monitoring for signs of CSF 
leak, such as clear fluid drainage from the wound, is important for early diagnosis and 
management.

Cranial nerve deficiencies: Damage to cranial nerves, especially the optic and 
oculomotor nerves, may occur, resulting in visual and ocular motor disorders. The 
incidence of cranial nerve deficits is around 3%. Careful surgical techniques and 
intraoperative monitoring can help prevent these injuries. Postoperative manage-
ment includes ophthalmological evaluation and corrective surgery or rehabilita-
tion if necessary. Early diagnosis and intervention are crucial to minimizing 
long-term deficits.
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Extra-axial fluid collections: Subdural or epidural fluid collections may develop 
after surgery. These collections occur in approximately 2% of patients. Liquid 
Monitoring with serial imaging such as CT or MRI is important to detect collections. 
Most fluid collections resolve spontaneously, but persistent or symptomatic collec-
tions may require surgical drainage. Close observation and timely intervention can 
prevent complications due to fluid accumulation.

Medical complications: General medical complications such as deep vein throm-
bosis (DVT), pulmonary embolism, and cardiac events may occur. The incidence of 
these complications is around 2%. Prophylactic measures, including anticoagula-
tion therapy and early mobilization, are important to prevent DVT and pulmonary 
embolism. Prompt recognition and treatment of medical complications are crucial to 
the patient’s recovery. Regular monitoring of vital signs and education of the patient 
regarding the signs and symptoms of medical complications are also important.

7. �Conclusion

Anterior temporal lobe resection is a highly effective surgical intervention for 
patients with temporal lobe epilepsy refractory to medical treatment. The procedure 
offers significant benefits, including high rates of seizure freedom and significant 
improvements in quality of life. Success rates are supported by meticulous preopera-
tive planning, advanced imaging techniques, and precise surgical execution.

While the procedure is generally safe, it is not without risks. Potential complica-
tions such as psychiatric disorders, visual field defects, cognitive impairments, and 
infections require careful treatment. Comprehensive preoperative evaluations, 
intraoperative monitoring, and careful postoperative care are necessary to minimize 
these risks and ensure optimal patient outcomes.

It is crucial for neurosurgery residents and healthcare professionals to understand 
the detailed steps of ATL resection, from patient positioning to postoperative care. 
Mastering this procedure can significantly improve the quality of life of patients suf-
fering from refractory epilepsy, offering them the chance for a seizure-free future and 
improving overall well-being.

In summary, ATL resection remains a cornerstone in the surgical treatment of 
temporal lobe epilepsy, with a strong track record and a well-defined approach to 
managing potential complications. Thanks to continued advances in surgical tech-
niques and patient care, the outcomes of ATL resection will continue to improve, 
offering hope and relief to many patients.
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Chapter 10

Clinical Neurophysiology 
of Hippocampal Disorders: 
Oscillopathies in Cognitive, 
Affective, Behavioral, Movement, 
and Seizure Disorders
Nick Tsarouchas, Nicholas Tsarouchas 
and Constantin Tsarouchas

Abstract

The Hippocampus is a hub (local area network) integrated within smaller-to-
larger scale limbocortical networks interacting through reciprocal excitatory and 
inhibitory connections. In biological systems built upon integrated recurrent positive 
and negative feedback loops, oscillations and oscillatory behaviors of neuronal assem-
blies emerge. Hippocampal and limbocortical oscillations encode network representa-
tions and memory regarding external and internal environment information, in the 
form of spatiotemporal mapping, motion and navigation, cognitive and affective 
processing, and motor and behavioral outputs. The limbocortical network (hip-
pocampus, amygdala, hypothalamus, anterior thalamus, anterior cingulate cortex, 
medial prefrontal cortex, and orbitofrontal cortex) is a core network of long-range 
projections involved in multimodal sensory processing, spatiotemporal perception, 
short and long-term episodic memory, selective attention, working memory, reward 
expectation, cost/benefit assessment, decision making, motor planning and execu-
tion, emotional regulation, and social behaviors. Hippocampal and limbocortical 
disorders are thus crucially implicated in a range of disturbances of these large-scale 
oscillatory processes (oscillopathies) that underline the pathophysiology of cognitive, 
affective, behavioral, movement, and seizure disorders. In this study, we demon-
strate the implications of hippocampal and limbocortical dysfunction in cognitive, 
emotional, and learning dysregulation, resulting in a wide spectrum of neurological, 
psychiatric, and behavioral disorders. We specifically focus on the clinical neurophys-
iology of dementia, schizophrenia, depression, anxiety, autistic spectrum disorders, 
attention-deficit hyperactivity disorder, post-traumatic stress disorder, functional 
neurological disorders, behavioral and movement disorders, seizures, and epilepsies, 
as manifestations of oscillatory imbalances (oscillopathies) in the function of hippo-
campal, limbocortical, and large-scale brain networks.
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1. �Introduction to hippocampal oscillations and oscillopathies

The hippocampus features a laminar and iterative architecture characterized by 
recurrent excitatory-inhibitory feedback loops [1]. This structural organization sup-
ports the interaction between hippocampal pyramidal cells and a highly sophisticated 
network of inhibitory interneurons, with distinct neurochemical, morphological, 
and functional properties. This interaction is critical in modulating the timing and 
synchronization of hippocampal neurons in the generation of theta oscillations [1]. 
The activity of excitatory principal cells, primarily pyramidal neurons, is regulated by 
a diverse array of GABAergic interneurons in the hippocampus. These include inter-
neurons expressing Parvalbumin (PV), Somatostatin (SST), Cholecystokinin (CCK)/
endocannabinoids, Vasoactive Intestinal Peptide (VIP), Neuropeptide-Y, Calretinin, 
Reelin, 5-HT3aR, NO, and others, which are crucial for various physiological pro-
cesses like generation of oscillations, learning, and memory (Figure 1) [2].

Three main classes of hippocampal rhythms emerge in association with certain 
behavioral states [2, 3]: (1) theta (4–12 Hz) oscillations occurring during active awake 

Figure 1. 
The septal-hippocampal-thalamo-cortical axis. Overview of the complex interactive circuitry of excitatory, 
inhibitory, and modulatory components, underlying some of the structural and functional connectivity of the 
limbocortical networks with clinical implications for the pharmacological and neurosurgical/neurostimulation 
treatment strategies of epilepsy (modified from [1]).
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behavior and REM sleep [4] (important for learning and memory [5]), (2) SPW-Rs 
with R-ripples (very fast oscillations or phase-modulations [FINO mechanism] [6]) 
between 150 and 300 Hz superimposed on slow irregularly occurring “sharp waves” 
(1–15 Hz) (during slow-wave sleep and periods of inactivity [7]) and high-frequency 
(20–150 Hz) gamma oscillations [PING mechanism] [6] that occur during many 
behaviors but are largest when theta rhythms are present [8] (theta-gamma phase 
coupling [9]). These three classes of rhythms play a unique role in coordinating inter-
actions between the hippocampus (HPC) and multiple brain regions it communicates 
with (Figure 1), such as the septal nuclei (Medial Septum-Diagonal band of Broca: 
MS-DbB), the Anterior Nucleus of the Thalamus (ANT), the Anterior Cingulate 
Cortex (ACC), the medial Prefrontal Cortex (mPFC), the Amygdala (AMG), the 
Orbitofrontal Cortex (OFC), and the Hypothalamus (HPTH) [2, 10].

Hippocampal high-amplitude theta (4–12 Hz) oscillations of CA1 pyramidal cells 
are crucial in episodic memory formation through encoding of location, time, and 
context of events [11] during active exploration and voluntary movements or REM in 
sleep and arousal [5]. Sharp wave-ripple complexes emerge during slow-wave sleep 
and periods of inactivity [5]. Fast (8–12 Hz) theta oscillations (driven by atropine-
resistant inputs on the distal dendrites) are associated with spatial navigation and 
movement, whereas slow (4–8 Hz) theta oscillations (driven by atropine-sensitive 
inputs on the somata, and chloride (Cl−)-mediated inhibitory postsynaptic poten-
tials) are associated with arousal and sensory stimulus salience [12, 13].

Although theta oscillations can be intrinsically generated from the interaction of 
excitatory and inhibitory hippocampal circuits [14], in vivo studies have shown that 
septal nuclei (MS-DbB) are important external drivers. They provide cholinergic, 
GABAergic, and glutamatergic inputs that induce and modulate hippocampal theta 
oscillations [15–17]. Septal nuclei send cholinergic (65%) and GABAergic fibers to 
CA1 and glutamatergic fibers to all parts of the hippocampus [18]. Elimination of 
the septal input seems to abolish theta oscillations in the septo-hippocampal axis 
(Figure 1) [19].

A modulatory cholinergic background input needs to interact with precisely 
timed excitatory (glutamatergic) and rhythmic inhibitory (GABAergic) inputs to 
generate theta oscillations [16, 20]. Septal cholinergic neurons target both hippo-
campal pyramidal and GABAergic interneurons, firing in a more irregular way, still 
phase-locked though to theta oscillations [21]. Rhythmic septal interneurons, which 
express parvalbumin and the hyperpolarization-activated cyclic nucleotide-gated 
(HCN) channels [18], act upon hippocampal inhibitory interneurons to exert a strong 
rhythmic disinhibition on pyramidal neurons [17, 18, 20, 22, 23]. Septal GABAergic 
neurons in burst-firing mode disinhibit hippocampal pyramidal neurons in a theta 
phase-locked manner (Figure 1) [20, 21, 24, 25].

Serotonergic projections from the Median Raphe Nucleus alter the firing pattern 
of septal neurons, resulting in desynchronization of theta oscillations in the hip-
pocampus [26]. Serotonergic neurons in the median raphe nucleus (MRN) process 
reward and aversive information in opposite directions to dorsal raphe nucleus 
(DRN) serotonergic neurons (reward-seeking behavior). Extra-septal converging 
top-down (prefrontal cortex) and bottom-up (brainstem, ARAS, thalamus/basal 
ganglia) may play a crucial role in modulating hippocampal, limbic system, and 
large-scale vHPC-mPFC integrated oscillations. Robust wake-promoting actions of 
the locus coeruleus (LC)-noradrenergic system enhance arousal via action on β- and 
α1-receptors located within multiple subcortical structures, including the general 
regions of the medial septal area and the medial preoptic areas [27]. Activation of 
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glutamate receptors or a decrease of GABAergic tone in the VTA leads to enhanced 
dopamine release and increased hippocampal theta power. High time-frequency 
cross-correlation was detected for the theta band between the VTA and hippocampus 
during active waking and REM sleep [28]. Thus, the RN, LC, and VTA are part of a 
broad brainstem-hippocampal network involved in the induction and regulation of 
HPC-PFC theta rhythm (where the MS-DbB acts as a central node for HPC drive, like 
the medial forebrain bundle/NBM acts as a central node for mPFC drive) (Figure 1). 
The pedunculopontine and laterodorsal tegmental (cholinergic) nuclei, the raphe 
(serotonergic) nuclei, the locus coeruleus (noradrenergic) nuclei, and the ventral 
tegmental (dopaminergic) area regulate theta rhythm synchronization between HPC-
mPFC during awake (sensorimotor) and sleep (REM) activity (Figure 1) [24, 26–28].

Sharp wave-ripples (a single high-amplitude 1–15 Hz wave followed by fast 
100–250 Hz oscillations in the pyramidal cell layer [29]) are caused by highly syn-
chronous excitation of the hippocampus. They occur during awake immobility, 
consummatory behaviors, and slow-wave sleep, and are associated with memory 
consolidation and replays [29]. When the HPC neurons fire synchronously during 
SPW-Rs, the majority of the MS neurons are inhibited [30]. On the other hand, when 
MS-driven theta oscillations dominate in the septo-hippocampal axis, SPW-Rs do not 
occur [29]. There seems to exist a flip-flop mechanism influenced by the aforemen-
tioned brainstem structures. Optogenetic activation of the MS cholinergic neurons 
enhances theta oscillations and suppresses occurrence of SPW-Rs in the HPC suggest-
ing that the MS-DbB cholinergic inputs to the HPC control the switch of these two 
mutually exclusive states [31]. The hippocampal-to-septal feedback projections via 
GABAergic neurons also contribute to the theta oscillations in the septo-hippocampal 
axis (Figure 1) [32].

In humans, faster theta oscillations (∼8 Hz) seem to be more prevalent in the 
posterior hippocampus and slower theta oscillations (∼3 Hz) seem to be more preva-
lent in the anterior hippocampus [33]. Theta-gamma phase/amplitude coupling was 
shown also in humans, thought to support memory and learning [34]. The hippocam-
pus is involved via theta oscillations in learning and memory [35–38]. Hippocampal 
theta activity is involved in forming new episodic memories, especially in encoding 
of location and time or the context of events [11]. During these active states, gamma 
oscillations are prominent in the entorhinal-hippocampal network during a variety of 
memory tasks in different species and participate in memory formation [39–42].

We focus on their relationship of theta oscillations to locomotion, memory, and 
spatiotemporal navigation [12, 43, 44]. Theta oscillations may represent a timing 
mechanism where firing of hippocampal pyramidal neurons is phase-locked to the 
theta cycle when excitation by MS-DbB glutamatergic neurons coincides with maxi-
mal sustained excitation by cholinergic inputs, and minimal periodic perisomatic 
inhibition [45–49]. This timing mechanism (based on the sampling frequency of theta 
oscillations) may facilitate sensory processing and memory encoding into a time series 
of movement sequences and planned trajectories for spatiotemporal navigation [44].

2. �Limbocortical network oscillations and oscillopathies

Highly integrated brain regions through reciprocal excitatory and inhibitory 
feedback loops, such as the medial prefrontal cortex (mPFC), anterior cingulate 
cortex (ACC), hippocampus (HPC), amygdala (AMG), and hypothalamus (HPTH) 
[collectively limbocortical network], play crucial roles in the regulation of affective 
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and visceral functions and undergo marked changes in their activity caused by stress-
induced mental disease [9, 50–52]. The extensive HPC-AMG-ACC-mPFC circuit is 
a core network formed by long-range projections in which the ventral HPC (vHPC) 
and the mPFC transfer sensory and contextual information to the basolateral amyg-
dala (BLA) [53, 54] and the BLA, in turn, transfer information of negative valence 
back to the mPFC and vHPC [55–58]. The mPFC is involved in sensory processing, 
motor planning, emotional regulation, reward, attention, working memory, decision-
making, long and short-term memory, and social behaviors [59].

The mPFC is important for working memory, as well as executive functions 
including decision-making, goal-oriented behaviors, and attentional selection of 
task-relevant information [60]. The mPFC receives direct projections from ventral 
CA1 and subiculum subfields of the hippocampus [61, 62], and these synapses are 
plastic [63]. The hippocampus is thought to activate mPFC during behaviors in which 
the functions of mPFC are involved. For example, the hippocampus may encode the 
memory of a circumstance associated with a particular goal-directed behavior. When 
a similar circumstance arises later, the hippocampus may retrieve its memory and 
communicate that to the prefrontal cortex, so that behavior can be adjusted from the 
prefrontal cortex to achieve the desired goal.

Recent studies support the hypothesis that rhythm synchronization processes 
facilitate functional interactions between the hippocampus and mPFC during behav-
iors requiring both regions. Coherent oscillations in the hippocampus and mPFC are 
believed to mediate memory operations in humans [64, 65] and other species [62, 66]. 
Increased theta-slow gamma coupling between the hippocampus and medial prefron-
tal cortex (mPFC) suggests that enhancement of theta-slow gamma coupling reflects 
a compensatory mechanism to maintain spatial working memory performance in the 
setting of increased difficulty. Epochs of high hippocampal theta-prefrontal slow 
gamma coupling are associated with increased synchronization of neurons within the 
mPFC [9]. Such diverse sets of functions are sustained by a dense pattern of recipro-
cal connectivity with other cortices, thalamus, subcortical, and brainstem regions. A 
recent study in mice found that the mPFC can be differentiated from other cortices 
based on more complex ganglio/thalamocortical and limbocortical connectivity pat-
terns. The mPFC has the highest proportion of feedback projections (Figure 1) [67].

The hippocampus is thus integrated via small-to-large-scale limbocortical 
networks with the prefrontal cortex through reciprocal excitatory and inhibitory 
connections (positive and negative feedback loops). Septo-hippocampal axis theta 
oscillations (4–12 Hz) act as a carrier wave frequency (part of a pacemaker system 
stemming from the brainstem/ARAS all the way to the thalamus) of large-scale 
synchronization processes across extensive limbocortical and ganglio/thalamocortical 
networks. The modulations induced through theta/gamma coupling encode the fine 
contextual information of place, time, people, events, through episodic memories 
and representations, complex cognitive/emotional processes, and resultant motor/
behavioral outputs. Inevitably, hippocampal disorders are crucially implicated in a 
range of disturbances of small and large-scale oscillatory processes (oscillopathies) 
that underline cognitive, emotional, behavioral, movement, and seizure disorders. 
Limbocortical and ganglio/thalamocortical networks (with reciprocal connectivity 
across different levels of neural organization) interwoven through hierarchical multi-
modular organization account for large-scale oscillations and their derangements 
(oscillopathies) (Figure 1) [2, 68–71].

The pedunculopontine (PPTN) and laterodorsal tegmental (LDTN) nuclei, the 
raphe (RN) nuclei, the locus coeruleus (LC) nuclei, and the ventral tegmental area 
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(VTA) are brainstem structures that through widespread neurotransmitter/recep-
tor systems (cholinergic, serotonergic, noradrenergic, dopaminergic) short-cut 
through multiple limbocortical/thalamocortical circuitries and feedback loops in 
order to regulate theta rhythm synchronization in long-range interactions between 
HPC-mPFC during awake (sensorimotor) and sleep (REM) activities [26–28]. Their 
dysfunction in any direction can result in long-range oscillopathies and large-scale 
brain network imbalances.

3. �Hippocampal oscillopathies in psychosis and schizophrenia

Psychosis is usually associated with impaired sensorimotor gating (prepulse inhi-
bition startle, latent inhibition, auditory sensory gating) and cognitive dysfunctions 
(impaired social interaction and working memory deficits). Psychotic symptoms 
seem to originate from two pathophysiological processes: (1) enhanced gamma oscil-
lations related to glutamate (glutamatergic hypothesis) and (2) hyperactive mesolim-
bic and mesocortical dopamine systems (dopaminergic hypothesis). High dopamine 
in ventral tegmental area (VTA) causes positive symptoms of schizophrenia, while 
low dopamine receptor activation in the prefrontal cortex seems to be associated with 
negative symptoms of schizophrenia (Figure 2) [72].

The glutamatergic and dopaminergic hypotheses of psychosis in schizophrenia 
can be explained by the hyperactive hippocampus [73] and ventral tegmental area 
pathways [74]. Psychotic symptoms are thus caused by hyperactivity of midbrain 

Figure 2. 
Diagram showing some of the key components of the mesocorticolimbic (“reward”) circuit. Includes 
dopaminergic, glutaminergic and GABA-ergic pathways between the ventral tegmental area, nucleus 
accumbens, prefrontal cortex, amygdala and hippocampus. Dopaminergic brain pathways: the mesocortical 
connects the ventral tegmental area (VTA) with the prefrontal cortex; the mesolimbic pathway connects the 
VTA with the nucleus accumbens; the nigrostriatal connects the substantia nigra with the dorsal striatum; the 
tuberoinfundibular connects the hypothalamus with the pituitary. Mesocorticolimbic Circuit.png, Created: 4 
November 2020 by GeorgeVKach - Own work CC BY - SA 4.0. https://en.wikipedia.org/wiki/Dopaminergic_
pathways#/media/File:Mesocorticolimbic_Circuit.png.
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dopaminergic neurons, which is positively modulated by pyramidal neurons in the 
ventral hippocampus via the nucleus accumbens and the ventral pallidum (Figure 2) 
[73]. Brain imaging studies of schizophrenia patients suggest hyperactivity of the 
anterior hippocampus (enhanced gamma oscillations) leading to hyperactivity of 
dopaminergic neurons in the ventral tegmental area via the pathway from ventral 
hippocampus to nucleus accumbens to ventral pallidum to ventral tegmental area 
[73, 74]. The septal nuclei and the diagonal band of Broca critically modulate the 
activity of the ventral hippocampus (regulate theta and gamma band oscillations 
along the septo-hippocampal axis) and thus may also be involved in sensorimotor 
and auditory sensory gating deficits [15–19].

Decreased dopamine release in the prefrontal cortex, and excessive dopamine 
release in the mesolimbic pathway have been associated with psychosis in schizo-
phrenia and bipolar disorder [75, 76]. Excessive activity in midbrain VTA can 
induce symptoms of psychosis [72, 77], while amphetamine (a dopamine reuptake 
inhibitor) induces psychotic-like symptoms and blockers of dopamine D2 receptors 
(neuroleptics like haloperidol and chlorpromazine) alleviate positive symptoms of 
psychosis [75, 76].

Psychoactive drugs (Phencyclidine, Ketamine, Amphetamine, or MDMA) 
enhance gamma oscillations in the hippocampus and can induce “schizophrenia” phe-
notypes in rats. NMDA receptor blockers by inhibiting NMDA receptors on parval-
bumin-positive GABAergic interneurons can induce abnormal gamma oscillations 
with psychosis. The enhanced gamma oscillations mediated by GABAergic neurons 
in septal nuclei can be abolished by ablation of septal GABAergic neurons (by orexin-
saporin). The enhanced gamma oscillations mediated by GABAergic neurons in septal 
nuclei can be normalized by inactivation of the medial septum by muscimol infusion 
or deep brain burst stimulation of the septum at 100 Hz or abolished by ablation of 
septal GABAergic neurons by orexin-saporin [12].

Typical antipsychotics (from high-potency Fluphenazine, Haloperidol, Pimozide, 
(Trifluo)perazine, Thiothixene, Perphenazine, Clopenthixol, to low-potency 
Promethazine, Prochlorperazine, and Chlorpromazine, the last ones with additional 
anticholinergic and antihistaminergic effects) are not very selective and can block 
dopamine receptors in the mesocortical, tuberoinfundibular, and nigrostriatal 
pathways, resulting in extrapyramidal side effects (involuntary movement disorders 
of dystonia, akathisia, parkinsonism, tardive dyskinesia) along with gynecomastia, 
impotence, weight gain, and metabolic syndrome [78].

Atypical antipsychotics (from low to higher D2 potency and strong anti-5HT2A 
effect like Clozapine, Brexpiprazole, Quetiapine, Ziprasidone, Olanzapine, to highest 
anti-D2 potency Risperidone, and even partial D2 agonist effects of Aripiprazole and 
Cariprazine) act effectively against 5-HT2A receptors (different alleles of which have 
been associated with schizophrenia and depression), in addition to H1, α1/2-adrenergic 
and muscarinic antagonism with lower extrapyramidal side effects or prolactin secre-
tion [79–81]. Higher concentrations of 5-HT2A receptors have been found in cortical 
and subcortical areas, and in particular in the right caudate nucleus [79].

In schizophrenia, there is a reported imbalance in the interaction between large-
scale brain networks (SN, DMN, and FPN), with the SN having dysfunctional con-
nectivity with both DMN and FPN networks, potentially contributing to difficulties 
in appropriately filtering salient stimuli, resulting in cognitive and affective dysregu-
lation, with sensory or auditory gating deficits. This dysregulation might manifest as 
cognitive deficits (impaired attention and executive function), affective symptoms 
(inappropriate emotional responses and mood disturbances), inability to filter out 
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irrelevant stimuli, and focus attention on relevant ones (sensory overload, hallucina-
tions, and cognitive disorganization) [71, 82].

4. �Hippocampal oscillopathies in fear and anxiety

Fear is an adaptive component of transient responses to internal and external 
aversive events such as potentially threatening stimuli. Anxiety is an emotional state 
characterized by an unpleasant sense of heightened alertness even without actual 
exposure to danger [68]. During exposure of animals to anxiogenic stimuli, local field 
potential (LFP) recordings from the ventral hippocampus (vHPC) and the medial 
prefrontal cortex (mPFC) were highly coherent in power and phase at all frequencies, 
with peaks in both theta (4–12 Hz) and gamma (30–100 Hz) frequency ranges. mPFC-
vHPC coherence was even higher at most frequencies than coherence between the two 
hippocampi, while coherence between the dorsal hippocampus (dHPC) and mPFC 
was only high for frequencies below 4 Hz, and low at gamma frequencies [83, 84]. 
Theta-frequency activity in the vHPC and mPFC was highly correlated at baseline, and 
this correlation increased in anxiogenic environments. Increases in mPFC theta power 
predicted avoidance of the aversive situations, and were larger in serotonin 1A-receptor 
knockout mice (a genetic model of increased anxiety behavior). This provides evidence 
that such synchronization is a general mechanism by which the hippocampus commu-
nicates with downstream target structures that influence anxiety (Figure 1) [85].

Theta oscillations arise in the septo-hippocampal axis in anxious environments or 
when confronted with novelty. The anxiety is represented as synchronization of the 
ventral HPC with the mPFC and the AMG [85]. Inactivation or lesion of the medial 
septum disrupts theta oscillations in the hippocampus and decreases anxiety behav-
iors in rats [86, 87]. During the acquisition phase of fear conditioning or REM-sleep 
periods after fear conditioning, and during retrieval phases where the same condi-
tioned stimulus is applied, there is an increase and lasting effect of HPC-mPFC-BLA 
theta (4–12 Hz) and gamma (20–100 Hz) oscillations [68, 88, 89].

Dysregulation of emotions and increased anxiety are hallmarks of stress-induced 
mental disorders in both animal models and human patients. Through different 
behavioral paradigms to estimate the levels of emotional valence and anxiety, a 
number of studies with genetic and pharmacological approaches have suggested 
that the HPC-mPFC-AMG regions are a hub network related to fear and anxiety-like 
behavior [89, 90]. Electrophysiological studies confirm the importance of theta-
range (4–12 Hz) oscillations in LFP signals of the HPC-mPFC-AMG circuit related 
to emotional behavior as potential substrates for temporal circuit coordination and 
long-term plasticity in neuronal networks [90, 91].

Similar observations to the animal brain recordings are extrapolated in humans 
through functional neuroimaging of large-scale brain networks (Triple Network 
Model). Overactivity in the Anterior Insula (AI)-dorsal Anterior Cingulate Cortex 
(dACC) AI-dACC network is associated with affective disorders of anxiety and 
neuroticism [71]. Elevated AI activity has been found in response to facial emotional 
expressions, particularly in individuals with high levels of anxiety, neuroticism, and 
risk avoidance [91]. People with high levels of anxiety may interpret relatively safe 
situations as threatening. Hence, AI overactivation leads to excessive sensitivity and 
anxiety arousal, with generalization and over-mobilization of stress reactions in non-
threatening situations (Figure 3) [92].
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In anxiety disorders, heightened sensitivity within the SN results in increased 
perception of threats and heightened emotional responses, leading to an overac-
tive response to potential threats or stressors. The disrupted connectivity between 
the SN and other networks like the DMN and CEN/FPN can lead to difficulties in 
appropriately filtering and prioritizing stimuli, resulting in cognitive biases toward 
negative or threatening information. The inability to switch effectively between 
the DMN and CEN/FPN may lead to persistent negative thinking, rumination, 
and impaired executive function. This imbalance in network coordination can 
contribute to cognitive and affective dysregulation in anxiety disorders. As the SN 
integrates emotional and physiological states, its dysfunction can result in inap-
propriate emotional responses, heightened anxiety, and difficulties in emotional 
regulation (Figure 3) [71].

Anti-anxiety medications (anxiolytics) are drugs used for the treatment of 
anxiety disorders, which may be mediated by neurotransmitters like norepineph-
rine, serotonin, dopamine, and gamma-aminobutyric acid (GABA) in the CNS. 

Figure 3. 
The role of the salience network orchestrating the dynamic switching and balance between the default-mode and 
central executive (frontoparietal) networks – dysfunctions and imbalances among these three large-scale brain 
networks can result in various cognitive, affective and behavioral deficits. Reproduced under CC BY 4.0. licence 
from Schimmelpfennig et al. [71].
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Anti-anxiety medications are classified into six types according to their mode of 
action: antidepressants, benzodiazepines, azapirones, antiepileptics, antipsychotics, 
and beta blockers [93].

5. �Hippocampal oscillopathies in autistic spectrum and attention-deficit 
hyperactivity disorders

Autism Spectrum Disorder (ASD) is a group of developmental disorders manifest-
ing qualitative abnormalities in social interactions and behavioral patterns, as well as 
a limited and repetitive repertoire of interests and activities. ASD affects how people 
interact socially and behave when in uncertainty [71]. fMRI studies have shown that 
brain regions, like the anterior insula (AI) and anterior cingulate cortex (ACC), are 
less active in people with autism during social tasks (difficulties in processing social 
information) compared to those without autism. A theory proposed by Uddin and 
Menon [94] suggests that ASD may stem from problems in communication between 
sensory and limbic areas and the insula, involved in processing sensory information 
and emotions. The brain’s salience network (SN), which determines the importance 
of social stimuli in our environment, might underestimate the importance of social 
cues in people with autism. This could help explain why individuals with ASD often 
struggle with social interactions. Changes in the functional connectivity among the 
salience (dAIC), default mode network (DMN), and frontoparietal network (FPN) 
correlate with the severity of ASD symptoms [71]. People with ASD may also have 
difficulty adjusting their expectations when faced with new or uncertain situations. 
Because of their rigid expectations, they have an attentional bias toward anticipated 
stimuli and tend to suppress unanticipated stimuli, which can make it harder to adapt 
to changes in dynamic real-world contexts. This could lead to a preference for familiar 
routines and difficulty dealing with unexpected situations. In summary, ASD may 
involve a combination of social communication issues and difficulty in contextual-
izing sensory input, especially in social situations or when faced with uncertainty 
(Figure 3) [94, 95].

Attention-Deficit/Hyperactivity Disorder (ADD/ADHD) is the most common 
neurodevelopmental disorder occurring in childhood, characterized by developmen-
tally excessive levels of inattention, impulsivity, and hyperactivity. In ADHD, there 
may be a dysfunction in the Salience Network (SN) responsible for detecting and 
filtering out relevant stimuli and determining which sensory information is impor-
tant. This may lead to challenges in focusing on important tasks and an increased 
likelihood of being distracted by irrelevant stimuli. In ADHD, there may also be a 
dysfunction of the DMN being overly active during tasks that require attention, 
leading to difficulties in maintaining focus and a tendency to drift off [96]. The 
Frontoparietal Network (FPN) is involved in executive functions, such as working 
memory, attention, and problem-solving. An imbalance in the FPN in ADHD could 
manifest as difficulties in planning, organizing, and executing tasks, contributing to 
the hallmark symptoms of inattention and hyperactivity [97].

Studies have shown that functional connectivity within the DMN and SN is 
disrupted in individuals with ADHD. These networks do not appropriately switch 
between tasks, leading to persistent attention deficits. The hyperactivity of the DMN 
during tasks that require focus, combined with a dysregulated SN, contributes to the 
inability to sustain attention and increased distractibility seen in ADHD. The findings 
highlight the importance of neural network balance for proper cognitive function and 
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suggest that treatments aimed at restoring this balance could be beneficial for manag-
ing ADHD symptoms (Figure 3) [97].

A range of behavioral therapies (CBT parent-child-school), dietary interventions, 
physical activities (exercise, yoga), psychological interventions (social skills, sup-
port groups), lifestyle modifications (sleep hygiene, time management), educational 
interventions, mindfulness and meditation, neurobiofeedback, and complementary 
therapies are available for managing ADHD. When all conservative measures have 
been exhausted, medications used for ADHD include, as first line, methylphenidate-
based stimulants and, as second line, amphetamine-based stimulants. If stimulants 
are ineffective or have significant side effects, then selective norepinephrine reuptake 
inhibitor (atomoxetine), α2-adrenergic agonists (guanfacine, clonidine), and anti-
depressants (off-label bupropion, TCAs (desipramine, nortriptyline)) may be used. 
Rarely, and only in specific cases with other comorbidities, drugs like modafinil, 
venlafaxine, aripiprazole, and risperidone may be used [98].

6. �Hippocampal oscillopathies in depression

Depression is a mental state of low mood and aversion to activity. Nearly 3 in 
10 people will experience depression at some point in their life. Depression affects 
a person’s thoughts, behavior, feelings, and sense of well-being. Depressed people 
often experience loss of motivation or interest in, or reduced pleasure or joy from, 
experiences that would normally bring them pleasure or joy. They feel sad, irritable, 
empty and/or hopeless, with significant changes in appetite (eating much less or 
more than usual) and/or weight (notable loss or gain unrelated to dieting), sleeping 
too little or too much, decreased energy or increased tiredness or fatigue, increase 
in purposeless physical activity or slowed movements or speech (severe enough to 
be observable by others), feeling worthless or excessively guilty, having difficulty 
thinking or concentrating, forgetfulness and/or difficulty making minor decisions, 
having thoughts of death, suicidal ideation, or suicide attempts. It is normal to expe-
rience moments of sadness, at times low mood, or the blues as part of the human 
experience. A diagnosis of depression requires that the above symptoms occur for 
most of the day, nearly every day, for more than 2 weeks, along with a clear change 
in day-to-day functioning [99].

Recent studies have suggested that there are oscillatory disturbances in the 
limbocortical networks of depressed patients and rodent models of depression. 
The oscillatory disturbances in the septo-hippocampal axis, related to symptoms of 
depression, could be used as biomarkers of response to treatment with antidepres-
sants [12]. Furthermore, the symptoms of depression have been alleviated by restor-
ing the abnormal oscillations in patients [100]. Clinical studies have reported altered 
patterns of electroencephalogram (EEG) oscillatory signals in depressed patients, 
such as altered power and functional coupling in the alpha (8–13 Hz) and gamma 
(30–100 Hz) bands in the frontal cortex [101, 102]. Similarly, in PTSD patients, 
resting electrical signals in the PFC show decreased alpha power-mediated inhibition 
and increased gamma power, suggesting hypofunction in the PFC [103]. Accumulated 
evidence from these studies implies that small-to-large-scale oscillopathies represent 
a pathophysiological biomarker of mood disorders (Figure 4) [101, 105].

A model of depression with olfactory bulbectomy is based on degeneration of 
cholinergic neurons in the medial septum (MS) [106]. Early studies investigat-
ing the role of the medial septum as a center of reward and pleasure implied that 
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stimulation of the septal-hippocampal axis might be effective for improving symp-
toms of depression [12]. Deep brain stimulation (DBS) has thus been considered for 
patients with depression resistant to pharmacological treatments. DBS of the medial 
forebrain bundle (MFB) has been employed for patients with treatment-resistant 
depression [107]. The antidepressive effects of MFB stimulation may be mediated 
by co-activation of the septal-hippocampal axis, as the rewarding effects of the 
medial forebrain bundle encourage rats to repeat self-stimulation and septal lesions 
attenuate this effect. Positive feelings induced by MS electrical stimulation have been 
reported in earlier studies of depression, epilepsy, schizophrenia, and refractory 
pain patients [12, 108].

Systemic administration of an antidepressant drug (Reboxetine, a norepi-
nephrine reuptake inhibitor) increased theta power and gamma power in the 
HPC and increased theta phase-locking of septal-hippocampal activities [109]. 
Antidepressants nowadays include selective serotonin reuptake inhibitors (SSRIs), 
serotonin-norepinephrine reuptake inhibitors (SNRIs), tricyclic antidepressants 
(TCA), and monoamine oxidase inhibitor (MAOI). SSRIs (Citalopram, Escitalopram, 
Fluoxetine, Fluvoxamine, Paroxetine, Sertraline) can also be used in all types of 
anxiety disorders, while SNRIs (Desvenlafaxine, Duloxetine, Levomilnacipran, 

Figure 4. 
Transcranial magnetic stimulation (TMS) and complementary approaches targeting major brain centers 
and functions in the treatment of depression. Adapted from Anderson et al. [104], with modifications to 
emphasize the diverse physical (e.g. TMS, tDCS), chemical (e.g. psychoactive medications, drugs, trace 
elements), biological (e.g. breathing control, sleep hygiene, proper nutrition, light therapy), cognitive (e.g. 
mindfulness, relaxation, hypnosis, mental activities and exercises, cognitive–behavioral therapies), emotional 
(e.g. psychotherapies, emotion-focused, attachment-based and dialectical behavioral therapies, interpersonal, 
rewarding, graceful, compassionate, psychodrama and role-play therapies, reflective journaling), sensory-
perceptual-kinaesthetic (e.g. art and music therapies, physical activities and exercises, dancing, yoga, 
acupuncture, aromatherapy, massage), psychosocial (e.g. community-based, group-specific and systemic 
therapies such as Hellinger therapy), and metaphysical (e.g. philosophy, religion, meditation, spirituality) 
factors that contribute to neuromodulation and neuroplasticity. These interventions can act synergistically to 
influence cognitive, limbic, psychomotor and autonomic functions and potentially restore the balance of large-
scale brain networks, including the central executive, default mode, salience, and attention networks.
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Milnacipran, Venlafaxine) are used for depression and/or generalized anxiety 
disorder (GAD). Both of them are considered as first-line anti-anxiety medica-
tions. TCAs (Imipramine, Clomipramine, Doxepin, Amitriptyline, Nortriptyline, 
and Desipramine) and TeCAs (Mirtazapine) are second-line treatment, as they 
can cause significant adverse effects. Benzodiazepines (Alprazolam, Bromazepam, 
Chlordiazepoxide, Clonazepam, Diazepam, Lorazepam, Oxazepam, Temazepam, 
and Triazolam) are effective in emergent and short-term treatment of anxiety 
disorders due to their fast onset but carry the risk of dependence. Buspirone is an 
azapirone indicated for GAD, which has a much slower onset but with the advantage 
of less sedating and withdrawal effects [110].

The accumulation of mental stress loads is a primary risk factor for psychiatric 
disorders such as generalized anxiety disorder (GAD), major depressive disorder 
(MDD), and post-traumatic stress disorder (PTSD) [111].

Increased activity of key SN structures (AI and ACC) and the amygdala was 
shown in response to negative stimuli in depressed individuals [112]. Meta-analysis 
of bipolar disorder patients with rs-fMRI and analysis of effective connectivity 
have shown abnormal functional integration within and among the three core brain 
networks (SN, DMN, and FPN) [113]. Altered connectivity patterns both within 
networks (FPN, SN) and between (DMN-SN, DMN-FPN) were dependent on the 
mood and type of bipolar disorder [113]. Compared to the depression stage, patients 
with the euthymic stage expressed a hyperconnectivity among the FPN and reduced 
connectivity between SN-FPN and SN-DMN (Figure 3) [71].

The findings underscore the importance of targeting the SN and its connectiv-
ity with other networks in first-line therapeutic interventions, before the use of 
antidepressant medications [110]. This could include techniques such as cognitive-
behavioral therapy (CBT), mindfulness-based interventions, and neuromodulation 
therapies like transcranial magnetic stimulation (TMS) to normalize network activity 
and improve symptoms (Figure 4). Behavioral modification/activation with physical 
exercise and engaging in interpersonal and social rewarding tasks (social interaction, 
community life, group therapy) might help shift the balance toward activation of 
the central executive network and off the default mode network, hence improving 
depression [100, 114].

7. �Hippocampal oscillopathies in dementia

Alzheimer’s disease (AD) is a chronic neurodegenerative disease (2/3 of dementia 
cases worldwide) characterized by deposition of extracellular beta amyloid (neuritic 
plaques), pyramidal cells, cortical intracellular neurofibrillary tangles, and neuro-
nal loss in both cortical and subcortical regions. Neuronal loss is significant in the 
hippocampus, in the frontal, parietal, and anterior temporal lobes, in the amygdala, 
and olfactory system. In the cerebrospinal fluid of AD patients, the Aβ1–42 amino acid 
form of Aβ amyloid peptide and the phosphorylated tau protein are specific biomark-
ers for AD and correlate with disease severity [99].

A large reduction in brain choline acetyltransferase is noted in AD due to the 
loss of cholinergic neurons in the basal forebrain cholinergic nuclei. There are also 
significant losses in noradrenergic, serotonergic, and glutamatergic systems. In par-
ticular, losses in the glutamatergic pathways projecting to and from the hippocampus 
lead to functional isolation of the hippocampus, thus the inability to form long-term 
memories in AD. The human cholinergic systems in the basal forebrain bundle (BFB) 
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comprise neurons in the septal and diagonal complex (Group Ch1 of the medial 
septum [10% of cells] and the diagonal band of Broca groups Ch2 and Ch3) that drive 
the hippocampus and neurons in the basal nucleus (nucleus basalis) of Meynert (the 
largest group of cholinergic cells in the basal forebrain (around 90%), Ch4, with 
approx. 210,000 cholinergic cells per hemisphere) that drives the cingulate gyrus and 
the prefrontal cortex (Figure 1) [115].

Electroencephalography (EEG) has emerged as a non-invasive dynamic investi-
gation for assessing oscillatory disturbances in the brain of AD patients [116–120]. 
Large-scale oscillopathies in AD involve a decrease of high-frequency oscillations 
(alpha/beta/gamma band), increased delta and theta power, and decreased alpha and 
beta/gamma power across different topographies, graph theory models, and resting 
states (Figure 5). Smaller-scale hippocampal oscillopathies in AD involve disrup-
tions of theta oscillations, gamma oscillations, and theta-gamma cross-frequency 
phase-amplitude coupling in the hippocampus and the entorhinal cortex [14, 121]. 
Hippocampal oscillopathies seem to underlie the cognitive dysfunction in AD 
patients as these oscillations are crucial for memory encoding and retrieval. The 
theta and gamma disruptions in AD are partially due to dysfunctions of SST- and 
PV-positive interneuron circuits in the HPC, respectively [122]. In addition, these 
oscillatory disturbances can originate from dysfunctions of the MS in AD because 
HPC gamma oscillations are generated and modulated by the medial septum 
cholinergic tone [19, 20, 24, 31].

The number of cholinergic neurons of the basal forebrain bundle (BFB) and 
medial septum (MS) was severely decreased in post-mortem brains of AD patients, 
resulting in decreased cholinergic innervation to the HPC [115, 123]. Amyloid beta 
peptide injection into the MS caused degeneration of MS cholinergic neurons, 
disrupted rhythmic activities of MS GABAergic neurons, decreased power of theta 
oscillations in the HPC, and induced memory deficit in rats [124]. Therefore, cogni-
tive dysfunctions in AD could be improved by restoring theta and gamma oscillations 
in the septo-hippocampal and MFB-neocortical axes via DBS. Electrical stimulation 
of the fornix via DBS increased cholinergic input in the HPC and enhanced memory 

Figure 5. 
EEG resting state in a dementia patient, please note in the right lower corner the spectrogram indicating a 
reduction in the background alpha band power and an increase in theta and delta band power.
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while decreasing amyloid beta deposition in the brain of an AD rat model [125]. 
Stimulation of the BFB/NBM may also increase cholinergic input and activation of the 
neocortex [126, 127]. Optogenetic gamma stimulation of PV-positive neurons in the 
MS improved spatial memory in an AD mouse model [128]. The septo-hippocampal 
theta rhythm stimulation improved novel object recognition and spatial learning in 
chronic epileptic models [129] and a traumatic brain injury model in rodents [130]. 
Theta oscillations in the septo-hippocampal axis can also be induced by Vagal Nerve 
Stimulation (VNS) with less invasive stimulation [131].

Enhancing cholinergic tone by Tacrine (an acetylcholinesterase [AChE] inhibitor) 
improved impaired theta and gamma oscillations in the HPC of an AD mouse model 
[132]. In humans, Donepezil, a non-competitive, non-selective, reversible AChE 
inhibitor with a long half-life, improves cognition and daily functioning in moderate 
to severe AD, without essentially modifying the disease process [106]. Rivastigmine 
is a pseudo-irreversible inhibitor of AChE with fewer side effects. Galantamine is 
an AChE inhibitor and a positive allosteric modulator of nicotinic receptors; it may 
enhance the signal mediated by nicotinic receptors and has fewer and milder side 
effects. AChE inhibitors induce a global improvement in cognitive performance, 
although the response is variable among patients, depending also on tolerance (gas-
trointestinal side effects). Based on the decreased cholinergic tone in AD, muscarinic 
receptor agonists and nicotinic receptor agonists or allosteric modulators (such as 
Galantamine) may have distinct advantages with fewer side effects [115].

Glutamate is a key excitatory transmitter in cortico-subcortical projections and 
in corticocortical fibers. It is likely that the pathophysiology of AD involves a chronic 
excitotoxic effect due to dysregulated glutamatergic transmission, which may be 
further enhanced by amyloid peptides. In addition, the activation of glutamatergic 
transmission through NMDA receptors enhances the production of phosphorylated 
tau. Memantine is a noncompetitive NMDA receptor antagonist that has relatively 
strong voltage-dependency and rapid unblocking kinetics (similar to the stabilizing 
action of Mg2+ blocking the NMDA receptor channel only under resting conditions). 
As it does not interfere with normal glutamatergic transmission but blocks increased 
transmission in chronic conditions, Memantine significantly slows down the rate 
of cognitive and functional decline and has a positive synergistic effect with AChE 
inhibitors such as Donepezil, reducing the burden of side effects [115].

8. �Hippocampal oscillopathies in seizures, movement, and behavioral 
disorders

The lifetime prevalence of seizures (the risk of having a non-febrile epileptic 
seizure at some point in an average lifetime) is estimated between 2% and 5%. 
Around 70–80% of people with seizures will achieve remission, the longer seizures 
occur for, the poorer the prognosis (or the patient dies) [133]. Epilepsy is defined 
by at least two unprovoked (or reflex) seizures occurring more than 24 hours apart, 
increasing the risk of further seizures over the following 12 months to more than 
60%. Epilepsy can be outgrown as an age-dependent self-limited developmental 
process or resolve for those who have remained seizure-free for 10 years, with no 
seizure medication for the last 5 years. Excessive or hypersynchronous activity of 
populations of neurons (epileptogenicity) is an inherent or acquired property of the 
underlying neuronal networks that any brain could manifest under certain condi-
tions (sleep deprivation, emotional dysregulation, extreme fatigue and exhaustion, 
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alcohol and drug (toxic) exposure, flashing/strobe lights, overbreathing, overheat-
ing, brain hypoxia, infection, dehydration, electrolyte disturbances, metabolic 
derangements, diabetes, etc.) [133].

The age epidemiology of epilepsy, movement, and behavioral disorders shows 
a remarkable bimodal distribution, more common in the young (<20 years of age) 
and in the elderly (>60 years of age). The incidence of epilepsy is highest in the first 
year of life and in early childhood, with a relative decrease in adolescence, reaching 
its lowest between 20 and 40, and steadily increasing after age 50 [134]. At birth, the 
average baby’s brain is about 25% of the size of the average adult brain. It doubles in 
size in the first year of life and keeps growing to about 80% of adult size by age 3 and 
90% by age 5. Throughout childhood and into early adolescence, the brain undergoes 
significant development, characterized by the growth, branching, and myelination 
of neuronal processes, as well as the apoptosis (programmed cell death) of certain 

Figure 6. 
Graph-theoretical network representation of the 100 most common genes linking hippocampal and limbocortical 
oscillopathies with various seizure disorders, movement disorders, neuropsychiatric and behavioral disorders. 
Nodes correspond to individual genes, while edges denote their associations with disorder categories (epilepsy 
and seizures, schizophrenia, autism spectrum and movement disorders, attention-deficit/hyperactivity disorders, 
anxiety and depression). Edge weights (represented by length) reflect the relative degree of gene involvement 
across conditions, thereby illustrating the polygenic architecture, pleiotropic effects, and developmental trajectories 
underlying the heterogeneous and complex phenotypic outcomes.
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neurons. Simultaneously, synapses proliferate, grow, and are pruned, undergoing 
continuous plasticity changes [135]. These processes collectively contribute to the 
brain’s “rewiring” for improved impulse control [136] during the teenage years, 
gradually forming a complex and dynamic neuronal network, with ongoing struc-
tural and functional connectivity changes through the first 20–25 years of life [135]. 
Early-life epilepsy, movement, and behavioral disorders are often rooted in genetic 
factors and abnormal brain development, particularly related to the rapid or aberrant 
growth of neural connectivity (Figure 6). Many idiopathic (genetic) focal or general-
ized epilepsies can improve, become self-limited, or even be outgrown after the age of 
20–25 [134].

Seizures start somewhere locally in the brain from aberrant [excessive or 
hypersynchronous] electrical activity of a population of neurons and use the 
same neuronal machinery (that generates brain oscillations during normal brain 
function) to propagate. By using the intrinsic functional connectivity of brain 
networks, seizures can spread and generalize, entraining large-scale brain networks 
for seizure output. Thus, a wide range of aetiopathogenic microscale mechanisms 
of seizure-onset converge through large-scale brain networks into common path-
ways of seizure evolution and phenotypic expression (clinical manifestation) 
(Figure 7) [1].

In focal limbocortical and mesial temporal lobe epilepsies, there is either 
decreased inhibition and/or increased excitation and/or structural and functional 

Figure 7. 
Human intracranial EEG recordings of bilateral hippocampi to demonstrate baseline (DC) shifts and 
high-frequency oscillations (HFOs) as surrogate markers of the ictal onset zone. In this patient, they always 
started from the most atrophic and sclerotic (burnt out) right hippocampus and subsequently spread to the 
left hippocampus. Resection of the right hippocampus in this case conferred seizure freedom and confirmed the 
epileptogenic zone.
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connectivity changes in the hippocampal network that can alter the dynamic interac-
tion of excitatory and inhibitory network components and result in increased net-
work synchronization (Figure 8) [1, 137]. The following fundamental mechanisms in 
different combinations can alter this dynamic interaction of excitatory and inhibitory 
network components, resulting in focal-onset seizures:

Figure 8. 
Time–frequency analysis of human hippocampal intracranial EEG recordings, with power represented 
on the colour scale. Within the right posterior hippocampus (Channel 3 Spectrogram), an initial phase of 
hyperexcitation is evident, characterized by high-frequency ripple synchronization (ripples and fast ripples). 
This is followed by excessive inhibitory feedback and a brief period of background attenuation (broadband 
suppression) reflecting desynchronization or phase-resetting of neuronal oscillators in the right middle 
hippocampus (Channel 2 spectrogram). Subsequently, recurrent excitation–inhibition oscillatory cycles 
(synchronization process) emerge, ultimately giving rise to a sustained paroxysmal depolarization shift marked 
by pathological low/high gamma, ripple, and fast ripple oscillations. The inset illustrates the interaction of 
hippocampal pyramidal neurons with parvalbumin-positive basket interneurons, which generate high-frequency 
gamma oscillations through the pyramidal–interneuron gamma (PING) mechanism and ripple-frequency phase-
modulations via the feedback-inhibition–network oscillation (FINO) mechanism, reproduced from [1] and [6].
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i.	Decreased inhibition due to deficient GABA-A receptor complex subunits/
ligand-gated Cl− ion channel function [e.g. GABRG2, GABRA1] or presynaptic 
GABA-B receptor complex [e.g. GABBR2] or Voltage-Gated Cl− Channels [e.g. 
CLCN2], presynaptic [e.g. Kv1.1/1.2/1.3, Kv3.1/3.2, BK, SK, Kir2.x, TREK-1, 
TASK-1, TASK-3] and postsynaptic K+ channels [e.g. KCNQ2, KCNJ10, Kv4.2, 
Kv2.1], aberrant structural and functional connectivity with deficient feedfor-
ward and feed-backward GABAergic inhibition or defective activation/function 
of GABAergic neurons (Table 1) [1, 137].

ii.	Increased excitation or increased network synchronization due to alterations 
or mutations in the chloride [e.g. GABRG2, GABRA1, CLCN2] and potas-
sium [e.g. KCNQ2, KCNJ10] or the sodium [e.g. SCN1A, SCN2A] and calcium 
[e.g. CACNA1H, CACNB2] channel subunits or the molecules that regulate 
their function. Such abnormalities may decrease or increase the membrane 

Receptor/channel/process Associated genes

Sodium channels (Nav) SCN1A, SCN2A, SCN3A, SCN4A, SCN5A, SCN7A, SCN8A, SCN9A, SCN10A, 
SCN11A, SCN12A

Potassium channels (Kv) KCNQ2, KCNQ3, KCNQ4, KCNQ5, KCNB1, KCNB2, KCNT1, KCNJ10, KCNJ11, 
KCNH2

Potassium channel 
regulation

KCNC1, KCTD7

Calcium channels (Cav) CACNA1A, CACNA1H, CACNB2, CACNB4, CACNA2D1, CACNG2, CACNG3, 
CACNG5

GABA receptors 
(GABAergic signaling)

GABRA1, GABRA2, GABRA3, GABRA4, GABRA6, GABRB1, GABRB2, 
GABRB3, GABRG2, GABRD, GABRQ, GABBR1, GABBR2, GABBR3

Glutamate receptors 
(AMPA/Kainate/NMDA)

GRIN1, GRIN2A, GRIN2B, GRIN2C, GRIN2D, GRIN3A, GRIN3B, GRIA2, 
GRIA3, GRIK1, GRIK2, GRIK3, GRIK4, GRIK5

Nicotinic Acetylcholine 
receptors

CHRNA2, CHRNA3, CHRNA4, CHRNA5, CHRNA6, CHRNA7

Muscarinic ACh receptors CHRM1, CHRM2, CHRM3

Glycine receptors GLRA1, GLRB

Cl−/HCN/ATPase channels CLCN2 [Cl−], HCN1, HCN2, ATP1A2, ATP1A3 [Na/K ATPase]

Neurotransmitter release 
vesicle/synaptic function

STXBP1, SYN1, SYN2, SYNGAP1, PRRT2 [SNARE], MECP2 [regulates 
chromatin/gene expression], BSN [cytoskeleton], CDKL5 [development]

Neurotrophin signaling/
neuronal survival

NTRK1, NTRK2, NTRK3, FOXG1 [regulates GABAergic circuits]

mTOR signaling pathway MTOR, DEPDC5, TSC1/TSC2, PIK3CA

Transporter functions SLC1A1 [glutamate], SLC2A1 [glucose], SLC12A5 [KCC2], SLC9A6 [NHE6]

Magnesium homeostasis TRPM6, TRPM7 [Tropomyosin]

Miscellaneous LGI1 [Regulates Kv1.1 and AMPA-R], GNAS [G-protein], UBE3A [Ubiquitin 
Protein Ligase E3A], CSTB [Cystatin B], CHD2 [chromatin remodeling], RELN 
[Reelin/neurodevelopment], CDKL5 [neurodevelopment]

Table 1. 
This table groups more than 100 most common genes by their involvement in specific ion channels, 
neurotransmitter receptors, or key pathways/processes that are commonly implicated in the development of 
hippocampal seizures.
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permeability and conductance of chloride and potassium or sodium and calcium 
ions forming the chloride-mediated and potassium-mediated hyperpolarizing 
currents (IPSPs) that counterbalance the sodium-mediated and calcium-
mediated depolarizing currents (EPSPs). The overall network balances and 
imbalances in inhibitory and excitatory components critically modulate the 
seizure-threshold (Table 1) [1, 137].

iii.	A lower seizure-threshold may also result from inappropriate activation of fast 
or long-acting glutamatergic channels. AMPA/Kainate [coupled to Na+/K+ cur-
rents], NMDA [coupled to Na+/K+/Ca+2 currents], and metabotropic [late-onset/
prolonged postsynaptic phosphorylation and gene expression via a Ca+2-driven 
second-messenger intracellular system] Glutamate receptors are coupled by 
means of different postsynaptic membrane mechanisms to several depolarizing 
channels. Mutations or dysregulation of glutamate receptors [e.g. GRIN2A, 
GRIA2] or alterations in glutamate transporters (e.g. SLC1A1) can impair the 
reuptake of glutamate (elevated extracellular levels), and enhance excitatory 
neurotransmission, resulting in hyperexcitability and increased risk for seizures. 
Normal NMDA receptor function is associated with learning and memory, 
whereas increased activation has been observed in several animal models of focal 
epilepsy, such as kindling, kainic acid, pilocarpine, etc. (Table 1) [1, 137].

iv.	Reduced intracellular Ca+2-buffering proteins (parvalbumin and calbindin) 
increase the vulnerability of neurons to cellular stress, injury, and death in status 
epilepticus, febrile convulsions, brain hypoxia, and other metabolic, toxic, 
ischemic, infectious, autoimmune, and inflammatory insults. Interindividual 
differences in the Ca+2-binding proteins may explain the variable susceptibility 
of different patients with advancing age to epileptogenesis via the premature loss 
of critical interneurons, a process that alters inhibitory controls of local neuronal 
networks in favor of excitation [1, 137].

v.	Widespread electrical fields emerging from synchronous activation of many 
pyramidal neurons in laminar hippocampal structures or local changes in ionic 
concentrations of extracellular K+ and intracellular Ca+2 or increased neuronal 
coupling due to more permanent changes in functional gap junctions may fur-
ther increase the excitability of neuronal assemblies by non-synaptic interactions 
(ephaptic phenomena), predisposing to focal-onset seizures and status [1].

vi.	Abnormal synaptic plasticity (alterations in long-term potentiation or depres-
sion) can disrupt normal learning and memory processes and can contribute to 
hyperexcitability and seizure generation. In long-term potentiation (LTP), syn-
aptic connections are strengthened through high-frequency stimulation (crucial 
for learning and memory formation, e.g. in CA1 area, it supports the formation 
and storage of spatial and episodic memories). In long-term depression (LTD), 
synaptic connections are weakened through low-frequency stimulation (crucial 
for synaptic pruning and memory extinction, to avoid overload with unneces-
sary or outdated information). An abnormal increase in LTP due to excessive 
activation of NMDA receptors or intracellular Ca+2 or upregulation of proteins 
involved in synaptic strengthening (e.g. CaMKII) or high-frequency stimulation 
due to recurrent seizures could lead to excessive strengthening of synapses, caus-
ing excessive neuronal firing, hypersynchronous neural circuits, and larger-scale 
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network hyperexcitability. In impaired LTD due to a reduction in the activity of 
phosphatases like PP1 or calcineurin, synaptic connections that should be weak-
ened or pruned remain strong, also contributing to hyperexcitability. An imbal-
ance between long-term potentiation (LTP) and long-term depression (LTD) 
disrupts memory processes, leading to impaired formation of new memories and 
reduced ability to filter out irrelevant information. This disruption contributes 
to confusion, cognitive deficits, and—through recurrent seizures such as those 
seen in temporal lobe epilepsy—progressive memory impairment, particularly 
of episodic memory, and accelerated network degeneration, possibly resulting in 
cognitive impairment and even dementia. Although most current antiepileptic 
drugs are classified primarily as anti-seizure medications that raise the seizure 
threshold, seizure reduction and control indirectly support synaptic plastic-
ity, stabilise receptor function, and reduce aberrant excitatory drive, thereby 
facilitating long-term homeostatic adaptations that exert additional disease-
modifying effects on epileptogenesis [138].

vii.	Disruptions or dysregulation in the balance between excitatory and inhibitory 
hippocampal circuits (loss of inhibitory interneurons or aberrant network con-
nections) can lead to enhanced excitability and increased seizure propensity. In 
the dentate gyrus, loss or dysfunction of Granule cells can contribute to hip-
pocampal atrophy/sclerosis and temporal lobe epilepsy. The Mossy cells of the 
hilar polymorphic region of the dentate gyrus receive feedforward input from 
the Entorhinal Cortex and feedback activation from CA3 and appear to activate 
GABAergic neurons and gate-control the inhibitory tone of the network. They 
may be susceptible to seizure-related neuronal death. The loss of Mossy cells 
results in impairment of GABAergic interneuron activation, synaptic reorganiza-
tion, and changes in network plasticity, with formation of newly sprouted circuits 
of excitatory and inhibitory cells in an attempt to restore inhibition. However, 
with epilepsy progression, the sprouted synaptic contacts also create recurrent 
excitatory collateral circuitries that permanently alter the balance between excita-
tory and inhibitory tone in the hippocampal network [1]. Intractable focal or gen-
eralized epilepsies are frequently accompanied by abnormalities in limbocortical 
networks, particularly in the hippocampal formation. Hippocampal atrophy and 
sclerosis are common lesions associated with neuronal loss and gliosis, particu-
larly affecting the hilar polymorphic region and CA1 pyramidal regions, with 
relative sparing of the CA2 pyramidal region and intermediate severity lesions in 
the CA3 pyramidal region and dentate granule neurons. Loss of pyramidal cells 
in CA1 and CA3 regions or alterations in their function can also lead to aberrant 
excitation. About 2/3 of patients with intractable temporal-lobe epilepsy have 
marked hippocampal sclerosis, while animal models with >100 brief convulsions 
or epileptic status showed similar changes, suggesting that epileptogenesis or 
hippocampal/limbic system kindling can be a self-perpetuating process [1].

viii.	Neuroinflammation—Autoimmune inflammatory processes in the mesial 
temporal lobe result in release of pro-inflammatory cytokines such as IL-1β 
(modulate glutamate receptors and decrease GABAergic inhibition), inflamma-
tion-induced activation of astrocytes (release of glutamate), and activation of 
microglia (release pro-inflammatory factors that can modulate ion channel activ-
ity and synaptic transmission), thereby enhancing neuronal excitability in the 
mesial temporal lobe and the risk for seizures (autoimmune epilepsy) [139].
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For example, antibodies against NMDA receptors lead to a reduction in receptor 
density and subsequent dysregulation of excitatory synaptic transmission. VGKC 
complex antibodies can disrupt K+ channel function, LGI-1 disrupts synaptic proteins 
associated with the regulation of AMPA receptors, and CASPR2 antibodies disrupt 
the Kv1 K+ channels. GAD65 antibodies against Glutamic Acid Decarboxylase (GAD) 
can impair GABA synthesis and reduce GABAergic inhibition. Autoantibodies against 
AMPA receptors can alter excitatory synaptic transmission. GABA(B) receptor anti-
bodies impair inhibitory signaling, resulting in an imbalance between excitation and 
inhibition. Glycine receptor antibodies disrupt inhibitory neurotransmission. Anti-Hu 
and other anti-neuronal antibodies lead to neuronal damage and dysfunction, par-
ticularly in the hippocampus (paraneoplastic limbic encephalitis) (Table 2) [141].

ix.	Genetic mutations and hippocampal epileptic and neuropsychiatric syndromes

Genetic mutations in various genes associated with epilepsy (e.g. SCN1A, KCNQ2, 
DEPDC5, etc.) can lead to structural and functional abnormalities in the hippocampus 

Receptor/channel/target Resulting dysfunction predisposing to seizures

NMDA receptor (anti-NMDAR) Receptor internalization reduces NMDA receptor function or 
dysfunction in the GluN2B and GluN1 subunits of the NMDAR alter 
synaptic plasticity, leading to seizuresAnti-GluN2B/Anti-GluN1 Subunits

Anti-mGluR5 antibodies

VGKC complex (anti-LGI1) Disruption of LGI1—K+ channel interaction

VGKC complex (anti-CASPR2) CASPR2 Ab impairs K+ channel function, synaptic dysfunction

GAD65 (glutamic acid decarboxylase) Reduces GABA synthesis, leading to decreased inhibition

Anti-GAD67 antibodies Reduces GABA synthesis, leading to decreased inhibition

AMPA receptor (anti-AMPAR 1/2) Altered excitatory synaptic transmission, receptor dysfunction

GABA(B) receptor (anti-GABABR) Impaired inhibitory signaling/B2 subunit reduces inhibition

Anti-GABA(A) receptor/δ-subunit Reduced GABAergic/inhibitory signaling

Glycine receptor (anti-GlyR) Disruption of glycine receptor function decreases inhibition

Anti-Hu antibodies (ANNA-1) Paraneoplastic/neuronal damage, especially in hippocampus

Anti-Ri antibodies (ANNA-2) Paraneoplastic limbic encephalitis, neuronal dysfunction

Anti-Ma2 antibodies Neuronal dysfunction and disrupted synaptic transmission

Anti-Yo antibodies Contribute to hippocampal hyperexcitability

Anti-Tr (DNER) antibodies Affect brainstem/cerebellar function, potentially TLE

Anti-DPPX antibodies Disrupt K+ channels, increasing neuronal excitability

Anti-Neurexin-3α Antibodies Impair synaptic adhesion and function

Anti-IgLON5 antibodies Can cause brainstem/limbic system dysfunction

Anti-Contactin-2 antibodies Disrupt axonal conduction and synaptic function

Anti-MOG antibodies Primarily affect myelin, but also hippocampal excitability

Anti-AQP4 antibodies Neuromyelitis optica, secondary hippocampal hyperexcitability

Table 2. 
Most common autoimmune inflammatory processes affecting the mesial temporal lobe that can lead to enhanced 
neuronal excitability and increased risk for seizures, organized by specific antibodies against receptor/channel/
targets and the resulting dysfunctions (a review from Graus et al. [140]).
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which can directly impact neuronal excitability and predispose to seizures. Genetic 
mutations that disrupt the normal functioning of ion channels, neurotransmitter 
systems, or synaptic structures in the hippocampus can precipitate this spectrum of 
disorders. For instance, mutations in the SCN1A gene, which encodes a sodium channel, 
are well-known for causing Dravet syndrome, a condition marked by severe epilepsy, 
movement abnormalities, and behavioral challenges such as cognitive impairment and 
autistic traits. Similarly, mutations in the KCNQ2 gene, which affects potassium chan-
nels, are linked to early-onset epileptic encephalopathies with significant motor and 
cognitive deficits. The DEPDC5 gene (regulation of the mTOR signaling pathway), 
associated with familial focal epilepsy, underscores the genetic connection between 
focal seizures, often originating in the hippocampus, and broader neuropsychiatric 
manifestations. These few examples, among thousands of others, highlight how genetic 
mutations affecting brain development, structural and functional connectivity, or excit-
ability of neurons and neuronal networks can lead to a constellation of clinical symp-
toms involving seizures, motor disturbances, neuropsychiatric disorders, and behavioral 
changes, particularly when they impact the hippocampal region (Table 1) [142].

The network diagram of Figure 6 shows the 100 most common genes linking hip-
pocampal oscillopathies with various seizure disorders (focal and generalized epilep-
tic syndromes or epileptic encephalopathies), movement and motor control disorders 
(myoclonus, dystonias, dyskinesias, choreoathetosis, etc.), and neuropsychiatric and 
behavioral disorders (autism, schizophrenia, depression, anxiety, attention-deficit-
hyperactivity disorder, intellectual disability, learning difficulties, etc.). The seizures 
can, in turn, influence motor functions, leading to movement disorders, and can 
affect mood and cognition, resulting in behavioral disturbances (Figure 6) [143].

x.	Developmental and structural abnormalities of the hippocampus, such as 
hippocampal sclerosis, malformations, or dysplasias, can disrupt normal hip-
pocampal structure and function. Febrile seizures (FS), commonly seen up to 
5 years of age, may affect the development of the hippocampus and may be the 
precursor of mesial temporal sclerosis and epilepsy later in life. Certain muta-
tions in the SCN1A gene, encoding the voltage-gated sodium channel NaV1.1, 
may predispose to FS (due to a decrease in the Na+ current density, mainly 
affecting inhibitory neuronal transmission), or β1 subunit of the SCN1B gene 
(usually associated with loss of function) or the SCN2A (encodes the neuronal 
sodium channel NaV1.2) or the GABRG2 (GABA-A receptor subunit γ2) [144].

Human intracranial brain recordings for epilepsy surgery purposes give us a 
unique insight into the electrophysiological dynamics of the hippocampal network, 
especially in regard to seizure disorders. We have described in detail the mecha-
nisms of seizure generation (epileptogenesis) in our previous monograph (Clinical 
Neurophysiology of Epileptogenic Networks) [1]. In Figures 7–9, we present a typical 
example of a hippocampal seizure. An initial wave of hyperexcitation as a result of 
stochastic resonance in a population of hippocampal neurons from the right anterior 
hippocampus (high-frequency synchronization with ripples/fast ripples, Channel 
3 Spectrogram) is followed by excessive feedback inhibition and a brief period of 
attenuation (desynchronization or phase-resetting of unit oscillators) of the right 
middle hippocampus (Channel 2 Spectrogram) which, in turn, goes through recur-
rent excitation-inhibition oscillatory cycles (synchronization process) before a sus-
tained paroxysmal depolarization shift develops with pathological low/high gamma, 
ripple, and fast ripple oscillations [1].
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Focal hippocampal seizures (mesial Temporal Lobe Epilepsy/mTLE) manifest 
with a variable combination of auras, sensory, motor, limbic, or autonomic phe-
nomena, with or without loss of awareness, with secondary unilateral or bilateral 
propagation and generalization. They can occur at any age. Patients usually have a 
normal perinatal history and development. They generally have a normal neurologi-
cal examination and are cognitively intact. A childhood history of febrile seizures is 
an important precursor for the development of mTLE. Follow-up neuroimaging on 
these patients often reveals hippocampal sclerosis and/or hippocampal volume loss 
(atrophy). Other risk factors include head trauma, birth trauma, childhood CNS 
infection, posterior cerebral artery territory infarcts, tumors, and a range of acquired 
structural, ischemic/vascular, inflammatory, infectious, metabolic, autoimmune, 
neoplastic, degenerative, epigenetic, etc. focal pathologies, which could result in 
localized or more widespread focal (within the same or both hemispheres) epilepto-
genic networks.

On the other hand, focal/multi-focal or generalized symptomatic epilepsies are 
usually associated with more apparent or striking focal or generalized brain dysfunc-
tion, injury or developmental abnormality, manifesting from early life. People with 
symptomatic epilepsies have neurological or cognitive deficits and a higher chance of 

Figure 9. 
Seizure onset in the right hippocampus was preceded by a brief broadband attenuation, consistent with 
desynchronization or phase resetting of unit oscillators. This was followed by an initial phase of network 
resynchronization, characterized by recurrent cycles of depolarization and repolarization, which then evolved into 
a sustained broadband paroxysmal depolarization shift. The ictal episode lasted approximately 2 minutes and 
15 seconds and terminated with a prolonged postictal period marked by broadband suppression of background 
rhythms for an additional ~2.5 minutes. The upper spectrogram displays power in 1 Hz frequency bins from 
1–300 Hz using a nonorthogonal 3-cycle wavelet decomposition, while the lower spectrogram presents log-spaced 
frequencies (pseudo-orthogonal decomposition), highlighting that the dominant power was concentrated <4 Hz, 
though more sustained over time between 12–64 Hz (beta and low/high gamma) frequency ranges.
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intellectual disability, cerebral palsy, Lennox-Gastaut syndrome, and other neurode-
velopmental conditions/problems.

In regard to the treatment of hippocampal oscillopathies associated with seizure 
disorders, we need to identify focal lesions or more widespread abnormalities of 
structural and/or functional connectivity (focal cortical dysplasias, developmental 
dysplasias/malformations, previous or perinatal brain injuries, hypoxic or metabolic 
and toxic insults, ischaemic or vascular lesions and malformations, tumors, space-
occupying lesions, infiltrative, (para)neoplastic, inflammatory, infective/postinfec-
tive, autoimmune, vasculitic, (epi)genetic, neurodegenerative, etc.) and modify the 
local and global, structural and/or functional connectivity and network excitability. 
Nowadays, as a result of widespread applications of epilepsy surgery with direct 
intracranial EEG recordings, focal neocortical and allocortical/limbocortical epilep-
togenic networks have been more thoroughly studied and better understood [1].

After the age of 40, most adult-onset epilepsies in individuals with otherwise 
normal brain development and no prior seizure history are attributed to cumulative, 
often subtle, acquired insults and progressive local network alterations. These may 
include ischemic, toxic, cerebrovascular, traumatic, inflammatory, autoimmune, 
paraneoplastic, and/or degenerative processes. Such factors can alter or disrupt struc-
tural and functional connectivity, impair inhibitory control, or accelerate synaptic 
pruning, coinciding with age-related decline in memory and learning. The incidence 
of both epilepsy and movement disorders thus rises with advancing age (>60 years); 
however, seizure severity often diminishes in late life, as ongoing neurodegeneration 
contributes to connectivity degradation and breakdown of neuronal networks.

In order to modify and optimize the local and global functional connectivity and 
control the network excitability, a strategic approach involving antiepileptic medica-
tions is employed [1]. These anti-seizure medications are commonly utilized either as 
monotherapy or in carefully selected combinations (polytherapy) to achieve desired 
therapeutic outcomes. Specifically, medications can be categorized into the following 
five groups based on their primary effects: Groups I, II, III, and V modulate and sup-
press intrinsic local and global network excitability, while Group IV drugs enhance 
local and global network inhibition:

i.	Fast voltage-gated Na+-channel blockers: Carbamazepine also increases dopa-
mine turnover, reduces glutamate release, and indirectly enhances GABA trans-
mission, Oxcarbazepine also inhibits the release of glutamate, Eslicarbazepine 
(active metabolite of oxcarbazepine) more selectively inhibits high-frequency 
firing in the epileptic focus and also inhibits T-type Ca+2 channels. Lamotrigine 
stabilizes presynaptic neuronal membranes and inhibits presynaptic glutamate/
aspartate release, acts also on L-type Ca+2-channels, and inhibits reuptake of 
serotonin, dopamine, and noradrenaline. Cenobamate also acts as positive 
allosteric modulator of GABA-A receptors. Valproate acts also on Ca+2 and K+ 
channels and has anti-NMDA and indirect GABAergic effects. Zonisamide acts 
also on T-type Ca+2-channels. Lacosamide is a slow voltage-gated Na+-channel 
blocker. Phenytoin is a pure Na+ channel blocker.

ii.	SVPA2 receptor inhibitors: Levetiracetam acts also on N-Type Ca+2-channels, 
inhibits high-voltage-gated calcium currents, modulates inhibitory (GABA) and 
excitatory (NMDA, AMPA) postsynaptic ligand-gated receptors, Brivaracetam 
(20× higher affinity for SVP2A) also inhibits sodium channels and modulates 
synaptic GABA.
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iii.	AMPA glutamate receptor antagonists: Perampanel and Topiramate act also on 
GABA-A receptors.

iv.	GABA-A receptor agonists (increase the frequency and duration of Cl−-channel 
opening): Clobazam, Clonazepam, Midazolam, Lorazepam, Diazepam, 
Phenobarbital, Primidone—Stiripentol elevates the levels of GABA and acts as a 
positive allosteric modulator of GABA-A receptors, etc.

v.	Miscellaneous: Cannabidiol acts on CB1/CB2 receptors as an agonist at 5-HT1A 
receptors and as an antagonist to GPR55, interacts with TRPV1, modulates 
intracellular Ca+2, and inhibits adenosine reuptake. Fenfluramine increases 
the release of serotonin and inhibits its reuptake (SERT) and indirectly affects 
glutamatergic and GABAergic systems. Acetazolamide carbonic anhydrase 
inhibitor causes mild acidosis that reduces neuronal excitability. Gabapentin and 
Pregabalin act as presynaptic voltage-dependent Ca+2 channel inhibitors, and 
dose-dependent inducers of L-glutamic acid decarboxylase that enhance GABA 
synthesis. Rufinamide prolongs the inactive state of voltage-gated Na+ channels 
and inhibits mGluR5 subtype receptors at high concentrations.

Alternative approaches to modifying the local and global, structural, and func-
tional network connectivity and excitability are by means of neurosurgery (with 
resection or thermocoagulation of highly epileptogenic lesions/zones and disruption 
or disconnection of epileptogenic networks, etc.) and neurostimulation (vagus nerve, 
electrical/magnetic or optogenetic cortical stimulation or deep brain stimulation of 
the thalamus [anterior, centromedian, subthalamic nuclei]/basal ganglia, hippocam-
pus, etc.) [1, 145].

There are currently five approaches to neurostimulation: (1) Deep Brain 
Stimulation (DBS), (2) Responsive Neural Stimulation (RNS), and indirect 
neurostimulation like Vagus Nerve Stimulation (VNS) [131], or non-invasive brain 
stimulation like transcranial magnetic stimulation (repetitive or theta-burst TMS) 
and transcranial direct DC current stimulation (tDCS). DBS is an open-loop neuro-
stimulator that provides continuous periodic electrical stimulation, while RNS is a 
closed-loop neurostimulator that automatically analyzes electrocortical activity to 
detect and rapidly deliver electrical stimulation to terminate seizures [146]. TMS can 
be used for functional mapping or excitability studies in epilepsy or for patients with 
drug-resistance/intolerance in depression and other conditions (Figure 4) [104, 111].

Fisher has anticipated possible benefits of medial septum-diagonal band of Broca 
(MS-DbB) stimulation based on septum stimulation in animal models of epilepsy, 
depression, or dementia, and clinical studies on septum stimulation in schizophrenia 
and pain patients [108]. A few clinical studies have been conducted to study antiepi-
leptic effects of stimulation of the cerebellum and the nucleus accumbens (NAc). 
Stimulation of the anterior nucleus of the thalamus [145], the centromedian nucleus 
of the thalamus, and the hippocampus, has been found to be effective in reducing 
seizures in drug-resistant epilepsy patients [147].

9. �Epilogue

We have systematically investigated the clinical neurophysiology of hippocam-
pal disorders and the broader limbocortical networks, with a particular focus on 
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hippocampal oscillopathies as fundamental mechanisms underlying cognitive, affec-
tive, behavioral, and seizure disorders. This approach builds on our previous efforts 
to understand the pathophysiology of seizures and epilepsy, from the molecular and 
cellular levels to the scale of neuronal networks, using mathematical models, simula-
tions with complex artificial neuronal networks, and artificial intelligence (AI). Our 
ultimate goal is to develop optimization algorithms for pharmacological, neurostimu-
lation, and neurosurgical treatment strategies for oscillopathy-related disorders.

The implications of this work are profound, not only for the advancement of AI—
which increasingly relies on realistic simulations of biological neuronal networks—
but also for deepening our understanding of how cognitive, emotional, behavioral, 
movement, and seizure disorders arise. For the first time, our approach enables the 
prediction and simulation of the effects of channel or receptor mutations, as well 
as specific drug interventions, from the level of individual neurons to the scale of 
entire neuronal networks. This breakthrough paves the way for precision medicine in 
neurodiagnostics and pharmacogenetics, facilitating the development of novel drugs 
and optimizing therapeutic strategies for conditions such as epilepsy, movement 
disorders, dementia, schizophrenia, depression, anxiety, and various behavioral and 
functional neurological disorders. Additionally, it holds promise for developing more 
effective neurostimulation and neurosurgical treatment strategies [1].

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Edited by Maurice Ptito and Daniel-Robert Chebat

Long celebrated as the brain’s “memory center,” the hippocampus is far more dynamic, 
intricate, and influential than once imagined. This book brings together scientists and 

clinicians to illuminate the hidden workings of this important brain region and its 
profound impact on cognition and mental health. In these pages, readers will explore 

the microscopic architecture of hippocampal circuits and the large-scale networks that 
allow us to navigate the world, imagine the future, and weave the narratives of our 

lives. The contributors reveal how the hippocampus encodes experience, orchestrates 
learning, and collaborates with the prefrontal cortex, amygdala, and sensory systems to 
support thought, emotion, and behavior. However, the hippocampus is also vulnerable, 

and its dysfunction gives rise to some of the most challenging neurological and 
psychiatric disorders of our time. The Hippocampus - Cognitive Functions and Disorders 

is an essential resource for neuroscientists, clinicians, psychologists, and students. 
Whether you are an expert seeking cutting-edge insights or a curious reader drawn to 
the science of memory and the mind, this book offers authoritative insight into one of 

neuroscience’s most fascinating frontiers.
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