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Preface

When people discuss how the brain works, inevitably, one thinks about how we learn
new information and how we remember events, persons, and things from the past.
As such, the concept of “learning and memory” is at the heart of neuroscience. This
book addresses how learning takes place and how memories are formed. We can study
learning and memory from different perspectives. For example, there is a temporal
dimension to learning and memory, that is, the speed at which we acquire knowledge.
The effects of learning can involve short- or long-term processes. The mechanisms of
learning and the acquisition of information can be specific for different conditions,
giving rise to various forms of learning and memory. What are the neurobiological
substrates of learning and memory? How are learning and memory processes altered
in brain-injured subjects? Finally, the book describes strategies for better learning
and memory in healthy and patient populations.

The book includes six chapters organized into two sections. Section 1, “Learning,
Memory, and Cognition”, includes Chapters 1-3, and Section 2, “Emotional Memory
and Processes in Olfactory and Limbic Structures” includes Chapters 4-6.

Chapter 1, “Born to Design: Innate Human Behaviors Involved in Learning and
Practicing Engineering Design” by Gary Robert Gress, links memory and learning
processes (cognitive processes) in the brain to abilities that designers must have
when actively creating and designing things. The chapter discusses the features that
characterize successful designers and how different processes, such as visual process-
ing and language, come into play. As such, this chapter adds a new and welcome
dimension to the classic neurobiological discussion of learning and memory.

In Chapter 2, “Enhancing Neuroplasticity and Promoting Brain Health at Work:

The Role of Learning and Memory in Workplace Performance”, Maurice Forget

and Noémie Le Pertel expand the neuroscience of learning and memory from the
academic world to its meaning in the workplace. The chapter starts with a cursory
description of the mechanisms and brain structures relevant to learning and memory
processes. Then, the authors explore how learning and memory affect workplace
performance. The authors focus on the essential role of neuroplasticity in cognitive
processes and outcomes in professional contexts. To be of more practical use, the
chapter outlines a series of effective strategies to optimize neuroplasticity and thereby
augment workplace performance. The chapter examines the practical implications of
integrating learning and memory strategies and how that will help in designing and
implementing effective workplace training and development programs.

Chapter 3, “The Relationship among Working Memory Capacity, Cognitive Flexibility
and Cognitive Emotion Regulation” by Aylin Aydin and Kahraman Guler, discusses
the relationship between working memory capacity, cognitive emotion regulation
strategies, cognitive flexibility, and learning styles. According to the authors, cogni-
tive emotion regulation can be maladaptive. Once cognitive flexibility is adopted and



developed, it is expected to be adaptive in solving problems at the cognitive level.
This chapter explores reciprocal associations among executive functions by focusing
primarily on working memory, cognitive emotion regulation, and cognitive flexibility.

Chapter 4, “Cellular Processes and Synaptic Interactions in Nuclei of the Amygdala”
by Thomas Heinbockel, addresses the functional significance of modulatory inputs
from various signaling systems and the plasticity of amygdala synaptic circuitry in
relation to pathway-specific inputs. The chapter focuses on our understanding of
the organization and operation of the amygdala, its cellular processes, and synaptic
interactions in nuclei of the amygdala, which will help with our understanding of
neural mechanisms underlying fear, anxiety, and related clinical disorders.

In Chapter 5, “The Amygdaloid Body as the Anatomical Substrate of Emotional
Memory: Implications in Health and Disease”, Francesco Weiss and Alessandro Weiss
describe the structure and function of the amygdaloid body to relate its significance
to clinical disorders. The authors place their discussion in a general framework of
what constitutes learning and memory and provide historical references. The authors
describe the anatomical connections of the amygdaloid body and explain the role of
the amygdaloid body in trauma-spectrum disorders and mood disorders. The chapter
includes a contemporary discussion of the clinical relevance of the amygdaloid body.
Specifically, the relationship between the clinical expression of a disorder and its ana-
tomical and functional correlates remains critically relevant in order to understand
the complex relationship between the brain and behavior.

In Chapter 6, “Olfactory Imagery and Emotional Control”, Martin R. Portner addresses
how olfaction and gustation are important survival mechanisms and have an impact
on memory and emotions, such that olfactory stimulation has been used in virtual
reality environments to treat emotional distress. This chapter explores how to incorpo-
rate olfactory and gustatory memory-based experiences during mindfulness exercises
to bring about emotional homeostasis.

I am grateful to IntechOpen for initiating this book project and for asking me to serve
as its editor. Many thanks go to Tea Jelaca at IntechOpen for guiding me through the
publication process and for moving the book ahead in a timely fashion. Thanks are due
to all contributing authors for their excellent chapters. Hopefully, all contributors will
continue their research with many intellectual challenges and exciting new directions.
I would like to thank my wife Dr. Vonnie D.C. Shields, Associate Dean and Professor,
Towson University, Towson, MD, and our son Torben Heinbockel for the time that

I was able to spend working on this book project during the past year. Finally, I am
grateful to my parents Erich and Renate Heinbockel for their continuous support and
interest in my work over many years.

Thomas Heinbockel, Ph.D.
Department of Anatomy,

Howard University College of Medicine,
Washington, DC, USA
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Chapter1

Born to Design: Innate Human
Behaviors Involved in Learning
and Practicing Engineering Design

Gary Robert Gress

Abstract

By researching the existing literature for the abilities and conditions necessary
for people to successfully solve engineering design problems, this chapter uncovers
a consistent pattern of the cognitive processes involved and explains many of the
intrinsic behaviors displayed by designers. Limitations in working memory size
explain the use of several design-solution achievement devices: pattern match-
ing; early single-solution conjecture; iteration; co-evolution of problem and
solution; and intuition. In addition, learning and creating are found to be similar
processes, with both requiring and building upon domain experience, in this case
actual designing. Similar too are the processes of seeing and imagining, so that von
Helmbholtz’s dictum that ‘visual sensations are stronger than acts of the intellect’ can
be applied to the solving of engineering design problems. This leads to an explana-
tion for another set of intrinsic designer behaviors: a preference for visualizing
solutions (over using abstract analysis); single-solution conjectures; object fixation;
and found-object designing. Such explanations should help guide future education
and research in design.

Keywords: design, problem-solving, cognition, visualization, memory, learning,
creativity, imagination, behavior, perception, drawing, language

1. Introduction

In the last two decades, economics and decision-making research has departed the
world view of scientific rationalism, both for the inadequate models of actual human
behavior it offers and that instructions to follow them do not assure superior out-
comes [1, 2]. In both fields, a human-centric position of observation and understand-
ing, instead of prescription, has subsequently been adopted. Research in engineering
design appears to be following a similar trend, albeit far more slowly and in a much
less unified way [3]. Adding to the initial, modernist aspiration towards a rational
design science based on the natural sciences is engineering’s strong association with
science, that is ‘applied science’, with the possible inference being that design must be
such a science and one in its own right.

As will be shown in this chapter, however, people display common, intrinsic
behaviors when designing, and that these both enable and restrict the process of
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design. It is posited that these behaviors need to be understood so that students can be
better guided towards becoming proficient designers.

Towards this goal, this chapter surveys the design-research, decision-making,
psychology, cognitive, neurological and child-development literature for commonali-
ties and discusses how four basic human abilities—learning, creating, visualizing and
talking—manifest themselves as these intrinsic behaviors in the practice of design.

2. Learning from physical objects important to designing

Engineering design’s ultimate goal is to make or change physical objects, so it
should not be a surprise that they are vital to learning and practicing design. In fact,
several researchers go so far as to consider making to be the umbrella concept under
which design resides (e.g. [4, 5]). Experience with physical components positively
affects the path of exploration, discovery and the generation of ideas [6]. Many
education researchers acknowledge that only a groundwork of in-hand activities with
materials and hardware can prepare one to visualize (e.g. [7], p. 56) and sketch (e.g.
[3]) in the engineering domain. Additionally, several recent studies show engineering
students’ comprehension of system interconnections to be substantially improved—
and abilities to describe reasonable redesign solutions to be increased—after dissect-
ing scaffolded designs, that is performing reverse engineering [3].

The basis of this need to start with concrete examples lies in the principle of con-
necting existing to new [8]; humans are endowed to easily visualize, but only in terms
of what they have witnessed before. Deprived of interacting with parts and prototyp-
ing solutions, students will not have any experiences to draw upon when problem-
solving in the future—which normally involves visualizing and sketching. No one can
interpret, understand or specify functions without having first experienced, wit-
nessed or imagined their implementation in physical form [9-11]. And, once they do,
itis in this form that the function will be automatically visualized [1, 9]. They are not
universal absolutes, but derive instead from the actions of physical objects and whose
forms the designer will remember. This and other aspects of imagery generation will
be explicated further in Section 5.

2.1 Pure abstraction insufficient

Design students with no tactile or visual experience—and therefore without
functional knowledge [12]—will use more of their brain regions associated with
abstract reasoning when attempting to solve design problems. Having very little
knowledge to abstract, however, they cannot progress past the problem-scoping
stage to fully develop a solution [13]. Even engineers who are trained analytically
only remain so until they acquire experience with the specific problem type [14];
after that they will visualize solutions. Design is thus considered by some as the
making of meaning [15].

Flipping through images of engineered artifacts or seeking discourse with a
specialist—as substitutes for acquiring genuine, hands-on experience—is not ben-
eficial to design students, for it neither helps them learn nor solve design problems.
In the empirical studies of Radcliffe and Lee [16], the authors observed that students
scouted design magazines apparently aimlessly, and that their quest to find solutions
was restricted by their experience and knowledge. Similarly, Samuel [17] found
students were unable to interact with specialists.
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2.2 A continual need for making

Since observing, interacting with and making physical artefacts are the sources of
visualizing in the first place, it would make sense that these activities are more influ-
ential—and producing the associated internal images would require less effort—than
using just recall. This conclusion is supported by neuroimaging of design ideation
with and without external stimuli [18], and also by Youmans’s [19] study of students
in engineering, design and psychology, for how physical prototyping affected fixa-
tion on a prior-solution example. In it, product performance improved, and fixation
effects reduced, when working (i.e. prototyping) with construction sets was permit-
ted—in comparison with only observing the sets and sketching.

Though expert designers often first envisage then begin sketching, building a
model is still critical to successful design [3, 20]. Participants in Crilly’s [20] interviews
with professional designers frequently emphasized that the making of models was
essential for idea testing. Sketched ideas were rarely considered to satisfy the techni-
cally challenging conditions until they were corroborated by physical prototypes. The
feedback designers obtained from their own prototyping, Crilly concludes, became
in effect an outside critique source, permitting them to disengage from unsatisfactory
ideas. In corroboration, Jornet and Roth [15] remark that it is the actual making and
the perceiving of the result, which allow for the creation of something new.

2.3 Intrinsic learning structures

However, for this to occur, some sort of pre-existing or intrinsic learning structure
must also exist. Daley [21] argues that without it, we would not be able to make sense of
our experience, not even at a rudimentary level: ‘Only by having criteria for what con-
stitutes a phenomenon, could we ever proceed to construct any systematic knowledge
out of a vast myriad of sensory inputs’ [21]. Ingold ([22], p. 98) corroborates this view,
hypothesizing that for physical items to partake in cognitive processes, they must have
already been represented: ‘Why should people think with artefacts alone? Why not also
with the air?’ So does Helmholtz ([23], p. 32), who states that such a process must be a
law of our thought processes which precedes experience, that we cannot receive experi-
ence from physical objects without a causation law which already resides in all of us.

3. Creating requires domain experience and imagination

Regarding the neural devices involved in creating something new, Vygotsky [24]
notes that the brain’s combinatorial function is not unlike its memory storage function,
and is just a further extension of it. He states that “The combinatorial action of the
brain is ultimately based on the same process by which traces of previous stimuli are
stored in the brain, and the only new thing about this function is that, in operating on
the traces of these stimuli, the brain combines them in ways that are not encountered
in actual experience’ This combinatorial ability is the essence of creativity.

3.1 Definition of creativity

Until fairly recently, however, creativity has had no single, simple definition in
psychology [25, 26], with most such researchers now agreeing that it can be consid-
ered in terms of the outcomes of novelty and usefulness [27-31].
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The quantity or volume of ideas generated, though not considered by psychology
researchers to be a measure of creativity, is embraced as a third requirement for cre-
ativeness by some design educators and researchers (e.g. [32]). This definition, which
is not entertained here, appears to be driven by a belief that generating more ideas
will logically allow the solution of a better idea from the start, thereby increasing the
chances of business success. But discerning what is useful requires experience in the
domain, and design students cannot be truly creative unless they accumulate practical
knowledge [33], just as studies of children’s development show that they are not able
to imagine future scenes until they have gained the ability to recall past experiences,
typically between the ages of 3 and 5 [34].

Creativity, therefore, is often characterized as an achievement rather than a trait
[35, 36]. Yet, at the same time, the creative processes are fully manifest in earliest
childhood, and a child’s play is not simply a reproduction of what they have experi-
enced, but a combinatorial or creative reworking of it [24].

3.2 Experience both enables and limits creativity in a domain: fixation

This dependence of creativeness on domain experience has ramifications for
designer behavior. Downing [37] writes that “The act of remembering is so fundamental
to perception and cognition that it seems absurd to argue for a preconceptionless atti-
tude in design. [...] the very roots of creative behavior must include the linkage between
memory and imagination as a critical part of sustaining ideas, the invention of ideas, or
the evolution of ideas in design. The depth and creative potential for memory in design
is complex, but should remain a central aspect of any theory of design..

From the above one can at least surmise, however, that domain experience can
limit as well as enable creativity. A quote from Vygotsky [24] is relevant here: [...]
if we want to build a relatively strong foundation for a child’s creativity, we must
broaden the experiences we provide [them] with’ Since the creative activity of the
imagination depends directly on the richness and variety of an individual’s previous
experience [24], such an approach should be a continual one for students and experts.
This gives direction on how to overcome the so-called ‘fixation’ of designers (on
existing artefacts or design solutions) reported by numerous design-researchers and
educators (e.g. [20, 38]).

4. Memory devices allowing one to learn and create

Humans use several intrinsic cognitive devices that allow them to process other-
wise overwhelming amounts of information so that they can learn, understand prob-
lems and generate appropriate solutions. Those devices considered here of relevance
to engineering conceptual design are outlined in the subsections to follow.

4.1 A synopsis of working memory

The job of maintaining things in mind while one simultaneously undertakes
complex activities like reasoning or comprehension is performed by the cognitive
system referred to as working memory (WM) [39]. It is restricted to containing around
four ‘things’ at any particular time [40] in both adults and infants [41], each of which
is a memory chunk. Chunks in turn are cognitive assemblages, which contain numer-
ous lower-level information elements, and are classified under a solitary function,
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purpose or schema [42, 43]. They are stored in long-term memory (LTM) and are easily
accessed by WM as needed. As knowledge or experience in a topic is accumulated,
each associated chunk will represent increasingly more information such that, when
learning or practicing in the future, just the single chunk will need processing.

Immense quantities of schemas are stored in LTM and they can be individually
brought to WM as necessary. Likewise, information residing in LTM is constantly
under revision with fresh experiences and insights [34] per structures which afford
exploration and creation [44]. The process substantially changes how individuals
tend to approach design problems as they gain experience [14]. Partly because of their
information growth associated with learning, chunks can be instrumental in storing
and retrieving ‘pre-solution’ models, and recognizing new opportunities and direc-
tions for search [45].

4.1.1 Visuals and spoken-language pair in working memory

Baddeley [39] established from experiments that WM has two secondary systems
that are associated with the visual and spoken-language domains. One is a ‘visuo-
spatial sketch pad’ that orchestrates the setting up and manipulation of visual images.
The other secondary system is basically a phonological loop that works with ‘speech-
based information’ The two subsystems are the main components of WM in humans,
as visual and auditory imagery are their most common [46], with the other imagery
types being haptic, olfactory and gustatory.

4.1.2 Verbal coding of images for easy stovage and retrieval

The pairing of visuals and spoken language in WM, however, is not likely due only
to their frequency of use, as it seems to offer a means of simultaneously accessing—or
cross-linking—them. Recalling or generating visual imagery as a consequence of a
verbal prompt is commonplace, such as when people are asked if an elephant pos-
sesses a short or long tail. Most will answer by recollecting the sight of elephants from
memory instead of a list of tail lengths of animals ([46] citing [47]). The process
operating here has been extracted from empirical study, wherein Pearson et al. [48]
discovered that repeatedly saying a word out loud generated considerably more
visualization interference than did secondary visual assignments. This appears to be
evidence of people employing verbal coding to expediently save and retrieve visual
imagery in LTM ([46] citing [49]).

4.1.3 Working Memory’ information sources: sensory and long-term memory

With easy access to both types, WM information is often comprised of combined
sensory and conceptual representations [41], the latter coming of course from LTM.
Sensory input to WM is not limited to the visual, of course, and includes auditory and
proprioceptive (physical) as well [41].

With regard to its interfaces with perception and with LTM, the WM system
operates essentially serially, one process at a time, and not in parallel fashion [50, 51].
These elementary processes—the passing from perception or LTM to WM of infor-
mation amounting to the equivalent of a chunk—take tens or hundreds of millisec-
onds [51], and their outputs are held in a WM having a capacity of only a few symbols
or chunks. Moreover, the time required for the opposite, to store a symbol in LTM, is
considerably longer—as will be discussed in the next section.
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4.2 Mitigating WM limitations: general and design-specific intrinsic devices

With WM’s small size, any learning must slowly build upon what are initially
extremely simple experiences and issues. At every stage, successive increases in
difficulty are bound by these limitations too and consequently can be integrated into
the chunks or schemas. Such bounding is evident from Ericsson’s [52] study, which
found that students and practitioners should be given cases just immediately above
their present ability level. Each such level becomes the next learning stage’s founda-
tion; that is, a person learns only in terms of that which they already know [53]; there
should be a real, built-up knowledge framework for the ability to exist.

The time needed to learn, therefore, is substantial. WM’s small size and the time
involved in moving items from it to a LTM of effectively infinite size—seconds or
even tens of seconds—combine to form the system’s bottleneck [50, 51]. Its effect is
accentuated by the necessity of presenting the stimuli multiple times, with definite
breaks between ([54], p. 172). Moreover, some critical aspects of the object of the
learning must vary while other aspects remain constant [55] ([56] citing [57]). The
subsequent presentation(s) then allow the brain to creatively consolidate what one is
learning ([58, 59], p. 116).

An additional though advantageous corollary of these learning conditions is that
object functions are abstracted from their particular forms after seeing many examples
[44, 60, 61]. Zeki [61] views this as a crucial step in the effectual acquiring of knowl-
edge; without abstraction the brain would unfortunately be tied to particular objects
and specific instances.

Some of the intrinsic means designers naturally employ to deal with or circumvent
the limitations of WM size and speed are described in the following subsections.
Some not explicitly discussed here include iteration (which will be discussed in
Section 5.2), incubation and opportunism.

4.2.1 Matching patterns

In the decision-making domain, which includes design, experts subconsciously
and automatically employ pattern matching once they gain problem awareness [62].
They will search for matches between their past experiences and the present situation
[62], and, if an exact one is found, execute the normal remedy [1]. If none is found,
the experts will then search for similar patterns from their mental collection in the
domain to create larger, more applicable ones. This procedure may be assisted with
the use of sketches, elaborated on near the end of this chapter. Once it is intuitively
deemed suitable, the solution is consciously simulated and evaluated, which involves
visualizing how the solution proposal will operate in the situation. The solution is
applied if it is judged to work, otherwise it is modified or alternate solutions may
be considered. The procedure operates serially, wherein only one solution is con-
jured and assessed at a time; no comparisons are made between multiple solutions
[1]. According to Klein [1], the matching of patterns and the synthesis parts of the
problem-solving process are unconscious and intuitive, while the mental simulation
part is deliberate and analytical.

4.2.2 Early conjecture of single solution

Ball et al. [63] conclude from empirical studies that the tendency of designers
to favor minimal searches for solutions is a reliable one and that basic cognitive
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limitation—in the face of design’s large information-processing load—is the likely
cause. Only a small set of cues from the problem is needed to evoke and conjure a
solution, partial or complete, in the experienced designer’s mind [63, 64]. And, as
many studies have demonstrated, these designers will usually conjecture then iterate
on one solution only (e.g. [14, 65-69], pp. 145-146).

Empirical studies show that student designers also tend to stop considering alterna-
tives once they have an idea [70, 71]. This tendency persists in spite of the students
being recently trained in the methods of rational design [72], where generating and
developing multiple design concepts in parallel is considered a best practice (see
Section 3.1). Ball et al. [63] conclude from their empirical-study review that novice
and expert designers’ strategies for solution-development are very similar, with both
groups minimally exploring alternatives, fixating on initial concepts, refining the solu-
tion through iteration and patching up concepts for which weaknesses are revealed.

4.2.3 Problem and solution co-evolution

Designers have difficulty clarifying and analysing design problems upfront
[14, 73, 74], and the time they spend trying does not correlate with the outcome’s
quality ([75], p. 87). In explanation, it is not likely that designers are able to
account for all aspects of a problem without proposing a solution [76]. New
information and insights concerning a problem may arise from iterative solving,
allowing the designer to advance to higher levels of its understanding. As they
seek and elucidate information regarding the problem, designers will gain further
insight that improves upon its previous understanding. In this way, designers are
constantly co-constructing problem understandings and potential solutions [3];
learning is central and inherent to designing [77] and problems and solutions are
closely interwoven [78]. No situation has an inherent structure because the prob-
lem is learned and understood only in terms of the designer’s own experiences.
Figueiredo [79] summarizes co-evolution well, observing that, ‘the process of
solving a problem becomes identical with the process of understanding its nature,
[...] with the information needed to understand the problem depending on the
designer’s ideas for solving it’

4.2.4 Intuition: vapid responses from accumulated experience

Intuition’s primary purposes are expediency and quality of outcome, for it com-
presses years of experience and learning into mere seconds [80-82]. It is manifested
partly as emotions because accrued experience reveals itself as having a ‘feel’ for
choosing a course of action [83, 84]. The process is not, however, an irrational one
[82]. And per Dreyfus and Dreyfus [85], such emotional involvement is not found to
affect technical rule testing and result in irrational decision-making. To the contrary,
Badke-Schaub and Eris [80] propose that basic intuitive behaviors are possessed by all
humans, and that they are mainly associated with survival mechanisms.

Intuition is largely based on implicit learning ([62] citing [86]), especially from
feedback and the environment. Intuitive processing, though drawing upon experience
gained serially and therefore extremely slowly, is parallel in nature and rapidly

integrates and organizes complex sets of cues ([62] citing [87]) — and is right most
of the time [1, 62%. Being a subconscious feel for all the factors, their importance

and relationships, intuition is in part an extension or furtherance of pattern
matching [1, 62, 81].
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Conscious deliberation, in contrast, is a ‘low capacity’ channel and can be quickly
overwhelmed by large amounts of information. It will only be more effective than
intuition when the problem is simple or if there is a clear condition for success [62].

4.3 Learning and creating using same memory transformations

Rather than just supplying memory chunks with additional information, the
learning process provides a structured memory, which is conducive to future explora-
tion and creation [14, 44]. The patterns become the basis for future learning and
creation, achieved through transformations [8] or, using another term, synthesis [1],
the flexible recombination of bits of actual experience to model a new or even hypo-
thetical scenario [88], and the forming of new patterns. From this, it would appear
that learning and creating are very similar, which makes sense considering that both
can only be performed in terms of that which is already known. Somewhat corrobora-
tively, Kolb ([89], p. 36) states that ‘learning is the process of creating knowledge’

Dewey ([90], pp. 217-218) wrote that learning can indeed be viewed as a form of
creation. He stated that all conscious experience requires some imagination, and that
‘while the roots of every experience are found in the interaction of a live creature with
its environment, that experience becomes conscious, a matter of perception, only
when meanings enter it that are derived from prior experiences. Imagination is the only
gateway through which these meanings can find their way into a present interaction;
or [...] the conscious adjustment of the new and the old is imagination. Commensurate
with this observation, a refined definition of learning, as guided creating, will logically
emerge in Section 5.7.

5. Visualization

In Section 2, it was noted that no one can comprehend object functions without
having first experienced their implementation in physical form [9-11] and that
designers first visualize representative embodiment solutions [1, 9] when posed
a design problem. That conceptual knowledge in design is always derived from
devices and systems rather than abstract concepts—which is the case in science
[10]—is due to the brain’s visual areas being exceptionally evolved and capable
of inferring meaning to and from real or imagined imagery. The human visual
system and its multiple subsystems begin to automatically recognize and interpret
situations and artefacts ([61, 91, 92], p. 7), and their internal visualization cannot
be avoided once one has become exposed to them [9]. People therefore visualize
design solutions in terms of the real-world artefacts they have been exposed to and
comprehend [12, 93].

5.1 Shapes have meaning

Through the interaction of the human visual system’s network of subsystems and
the learning and creating mechanisms described earlier, and within the limitations of
WM, exposures to physical objects progressively allow the inference of meaning and
function to increasingly complicated situations and complex artefacts [94, 95]. This is
the development of an ability to discover and learn—through transformations—which
is tied to and allows the creation of new shapes for problem-solving, so perception is
strongly linked to conception [94].
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5.2 Drawing and iteration

Since real objects are the strongest influences on us in design, it makes sense to
present them—or representations of them such as drawings or sketches—to our
powerful, meaning-making visual senses so that we can comprehend and modify
them—within the limitations of WM—as we design. This is the essence of the process
Oxman [96] refers to as re-representation. A thought which becomes concrete in a
sketch or model permits the designer to discover new insights and new ideas [70, 971,
and allows emergent features of the solution concept to be recognized, helping the
designer make transformative changes [98, 99]. Our ability to perceive includes the
distinguishing of structural relationships in design representations [100]. Creativity
in design thus may be seen as an ability to transform the externalized representation
and re-represent the schema [96]. The overall process is then one of iterations—of
making/drawing then observing, and then making/drawing again—and so on.
Sketching and drawing are interaction, and not just the emptying of one’s thoughts
onto paper through the hand. A restructuring and reorganizing of knowledge result,
which, in effect, creates a new prototype (sketch) and a new designer.

5.3 Image generation from both seeing and imagining

The process of seeing is the perception, analysis and comprehension of that which
is before the individual—a working assembly of mechanical components, for exam-
ple—and the associated image generation which occurs in the brain [94]. Foundational
shapes, or primitives, and their relationships are discerned, which leads to meaning
being assigned to the assembly in memory via transformations and results in genera-
tion of the internal image.

Imagining is another process involving image generation, but is solely a conse-
quence of conception, the receiving of information—perhaps transformed—from
LTM ([94] citing [101]). Imagining, therefore, derives from either recall or creativity,
or both.

5.4 Near-equivalence of seeing and imagining

The above descriptions imply an equivalence—or nearly so—between the pro-
cesses of seeing and imagining; the image arising in a person’s mind while looking at
an object before them is formed by means similar to an image received from LTM and/
or WM. It is a view corroborated by many empirical studies [102] and the finding that
many of the brain areas that are activated when we recognize and identify objects
are also activated while imagining ([102] citing [101]) [103]. Both processes must
draw upon memory and transformations for comprehension and image formation.
Furthermore, words invoke imagery per the coding scheme described in Section 4.1.2,
so a presented object produces an image in the brain in the same fashion that a verbal
or written problem in design will. In the former case, the object’s image will be as it is
understood in terms of iterated, re-concatenated primitives, in the latter, it will repre-
sent the person’ first plausible guess at a solution. The differences between the images
will be that the imagined one is not as ‘strong’ as the one arising from seeing and that
the imagined image will be constrained by WM’ limited capacity, absent any external
means of re-representation and iteration—for example sketching. Such equivalence is
further validated by combining two likely possibilities: that all varieties of conscious-
ness use similar mechanisms [104] and; that to be cognizant of some visual aspect of
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an object, a collection of similar neurons must already be located in the individual’s
visual cortex, and their triggering will match that detail in the observed scene [53].

5.4.1 Imaginings form memories too

For the supposition of equivalence to be useful, however, imaginary images should
form memories in LTM too, and the plausibility of this is furnished by Downing [37],
who writes that an internal image strong enough to make a ‘sensory’ impression in
one’s consciousness must be a perception of its own. This would imply that memories
made via imagination while designing are as natural as those made via observing
external objects.

5.5 Combining past and present using creative imagination

In what we witness and perceive, there is little which is new, and it is evident that
we combine past experiences and current sensations to reduce processing costs. If we
are in fairly familiar surroundings, there is no need to look closely at the details. The
visual circuits stitch old and new pieces together into a contrived, high-resolution
experience of the world [105], which imposes itself with overwhelming power and
without our being conscious of how much of it is due to present perception and how
much to memory [23]. The latter could likely be the larger part [106], with individuals
being forced to be highly creative with information inflow because of how ‘impover-
ished’ their sensory inputs are [105].

5.6 Gathering new experiences and ignoring old ones

The more frequent the same circumstance occurs, and the more its sensation is
taken as the object’s normal evidentiary existence, the more arduous an analysis of
the sensation will be by additional observation alone ([23], p. 7). That is, the more
one is exposed to the object, the less it will actually be ‘seen’ or even noticed, and the
effort one has to make to account for it is less as well. This could be a manifestation of
the progressive chunking of experiences in memory described previously, and may
explain our need to gaze upon new objects for prolonged periods, thereby turning
them into old. In everyday life, this permits us to depend automatically on near-
instant recognition ([90], p. 52), freeing up processing power to focus on the new.
Our sense-perceptions will not regard anything as a sensation if experience-based
factors can overcome it ([23], p. 12). An extension of this is the extreme case, wherein
past and present are identical, and the experience which results does not enter into
perceptual consciousness ([90], p. 218), and nothing is learned.

5.7 Learning a new object is guided creating, so is easier than creating new

The similitude between learning and creating introduced earlier (in Section 4.3)
is explored further here, combining phenomenological insights with the somewhat
different-leveled predictive perception in cognitive neuroscience [106]. According
to Seth [106], everything that is new must be taken in and meshed with the existing
to be understood, which is partly a creative act on its own. For example, the observa-
tion of art relies on completing the image—that is those elements not seen previ-
ously—through the observer’s active participation. They are drawn into the creative
act by this involvement, and so experience the joy of ‘making’ which previously had
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only been the artist’s providence. Seth defines this as a guided process, wherein the
observer’s memories and expectations are cast on and into the image. No doubt the
same process is in play when generally observing new objects, including mechani-
cal devices; to the perceived object the observer creatively adds components and
associated functions as necessary, with the prerequisite being that these constitutive
elements have already been experienced and comprehended. Seeing the new—or
learning—then, is in some ways analogous to creatively making, and underscores
the importance of genuine, built-up experiences in design—even if only observa-
tional. The distinction between the two may be evident from Seth’s use of the term
‘guided’, whereby the creative effort needed for learning is inferred to be less than
that required for true invention. With its associated guidance, learning is easier than
purely creating, since the former just has to match that which is before the observer,
in identical terms, whereas the latter has little to follow except abstract constraints
and goals. This would imply that creative individuals are intelligent or at least good
learners, which empirical research has shown to be the case [107, 108], but it by no
means indicates that intelligent people are inventors.

The difference also suggests that the creation of a new object for solving a design
problem is more challenging than understanding an existing one, and that, despite
learning being a creative act, pure creativity entails more than memory transforma-
tions alone.

5.8 Visual sensations stronger than acts of the intellect

Helmbholtz ([23], p. 1) observed that no present sensation could be abolished
or overcome by an ‘act of the intellect’ (e.g. trying to ‘will’ something out of view)
which, together with the above considerations, implies that visual sensations are
more powerful than logic or reasoning. If seeing that which is before you and imagining
(scenes using memory) are in fact nearly equivalent, the problem-solution imagery
generated when working on design problems is then such a sensation, which predicts
that instructions to not visualize are likely to be unsuccessful. This likely also partly
explains why directives to consider multiple solutions, a standard instruction in the
teaching of design (e.g. [109]) have mostly failed, with student and expert designers
usually only considering single solutions (Section 4.2.2). Another partial explanation
may be that multi-tasking—which such an endeavor will likely involve—is not really a
feasible undertaking [110].

Based on the above discussion, a likely better approach to student guidance than
procedural directives is the making of verbal suggestions evoking imagery—per the
pre-coding discussed previously. Corroboratively, Pugh and Girod [111] write that we
often mistakenly only teach concepts instead of engaging students in ideas.

5.8.1 Some well-known designer Behaviors explained

Helmbholtz’s observation in Section 5.8 above regarding the strength of visual
sensations should apply to external-object fixation as well, wherein the designer
cannot refrain from considering an object solution they have recently witnessed.
Attempting to think of another solution is an act of the intellect, which of course is
weaker—per Helmholtz’s observation described above—than sensations of the actual
object. The only remedy, aside from a sufficient time interval, would appear to be the
incurring of additional sensations, either one conjured by coded object-wording or
by viewing alternate artefacts. It is plausible too that Helmholtz’s observation foretells
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the phenomenon of found-object designing by students, despite instructors’ best efforts
to direct otherwise [3].

In summary, based on the above arguments and the idea that sensation-images can
be evoked by coded words (e.g. a design-problem statement), it is possible to account
for several designer behaviors through Helmholtz’s visual-sensation-overriding-
intellect effect:

* Preference for visualizing solutions (over abstract analysis)
* Conjecturing single solutions

* External-object fixation

* Found- or nearby-object designing

All of these behaviors can only be mitigated, it appears, by adding further visual
and tactile experiences to the designer’s knowledge base, or by changing the verbal
cues given to the designer.

6. Spoken language

There has been a growing recognition and understanding of spoken language as
an important and motive force in the process of design. Encompassing the views and
studies of this and other researchers, the following subsections explore how language
both affects and effects design.

6.1 Language use in adult designing

Language use in design, with its semantics and grammatical structure, is an active
functional instrument and can be considered as ‘doing’ design [112]. It does not serve
just to guide another’s eyes across an object; language now takes on an explicit design-
ing function [113]. Design concepts, if they can be described at all, are intrinsically
part of spoken language, and so the language starts to structure the process of the
design’s fulfillment [112].

6.1.1 Adult designers verbalize design problems to improve solutions

Talking with others, even people who are naive regarding the design problem, is an
effective way of finding a solution ([114] citing [115]). An explanation by Anderson
([54], p. 261) is that a sentence represents a hierarchical group of solution tasks,
and so verbalizing a design problem is a way of organizing the design, giving ita
hierarchy the way language is structured. Goldin-Meadow’s ([116], p. 24) explanation
is similar, concluding that spoken language segments and linearizes meaning that
is usually multidimensional [117]. Plausibly, this rearranging can expose voids or
create new connections among information chunks, and thus may be an exploratory
or transformative means similar to or complementing learning and creativity. Whom
we talk with may be important as well, for Goldin-Meadow ([116], p. 139) note that
speakers alter their speech according to who their listeners are. Tailoring one’s speech
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to the comprehension of the audience may force re-examination towards the way they
would. Additionally, when talking among peers, domain-specific jargon may repre-
sent complicated ideas expediently and at low cost cognitively [118].

6.1.2 Informal discussions most effective

Eckert and Stacey [115] found from their own and other’s empirical studies that
the most fruitful personal interactions—in terms of problem exploration and idea
generation—are in-person and informal. Such exchanges take place spontaneously
without prior scheduling [88], and arise from impromptu groups formed around
specific problems [119].

It appears that such flexibility in meetings and communication may allow the
product itself to determine the solution structure, just as it relates to language
structure. Being allowed a flexible approach when designing—as opposed to
following a prescribed, systematic design methodology—has been found to reduce
work effort [120].

6.1.3 Storytelling: guidance in design

Stories provide practitioners in several fields with the means of telling what they
know without specifying it ([22], p. 110). They do not so much convey pre-set or
fixed information but pointers of where to go and what to watch out for. By telling
stories, practitioners are able to offer novices general guidance instead of fixed speci-
fication; stories are effective at any level in education, which has been corroborated
by many studies (e.g. [121], p. 2, [122-124]). A complete, detailed specification would
offer no guidance, and leave the novice perplexed as how to proceed.

In philosophical support, Ingold ([22], p. 110) suggests that the telling of stories
has the same roving quality that the practice of making does since they ‘issue from
moving bodies and vital materials’

6.2 Simultaneous language and object-knowledge development in childhood

The results of Lifter and Bloom’s [125] longitudinal study of infants show that
their first words’ (FW) emergence is closely tied to the realization that objects are
distinct items and have reversible relations between them, for example objects can
be pulled apart then placed back together. Irrespective of the difference in infants’
ages when accomplishments in play and speaking were made, there was a consis-
tent relation between them. Lifter and Bloom conclude that these accomplishments
were not only a result of maturation, but were also associated with each other via
each one’ relation to developments in cognition. The researchers also find that
making specific structures corresponds to a dramatic rise in new words, just before
their combination. Following this is the advent of first sentences around the age of
three. In many studies, a remarkable characteristic of young children’s early words
is their referring to objects and events observed in dynamic relationships, such as
actions and sounds, and all represent variation and change [126]. This is in fact the
ultimate purpose of words according to Dewey ([90], p. 209), being symbols which
signify objects and actions. This of course aligns well with the two subordinate
WM systems of visuals and language, and the verbal coding of images, discussed
in Section 4.1.
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6.2.1 Early creativity with words

It has been frequently observed that, from the very beginning of language acquisi-
tion, when a young child is unable to find a word which expresses their meaning,
they will often invent one [126]. Such constructions, according to Nelson [126], are
indicative of the child’s pre-existent conceptual structure—which does not necessarily
match that of the adult community. This appears to relate very strongly to the pre-
existing structures for learning and creating discussed in previous sections.

6.2.2 Early abstraction

Once the young child acquires a word, it is usually generalized to other ‘similar’
things [126]. This similarity can refer to many dimensions, though only one is the per-
ception of shape and form; others are function and action [126]. This process appears
to be the same abstraction designers subconsciously apply to objects and functions
with increased exposure to them—as was discussed in Section 4.2.

Prior to this stage, there appears to be no conveyance of abstract concepts; the vocal-
izations of pre-FW infants are similar to those of chimpanzees, which are considered by
many linguists to be no more than expressions of emotional states ([127], p. 50).

7. Conclusions

A survey of the design-research, decision-making, psychology, cognitive, neuro-
logical and child-development literature for the abilities and conditions necessary for
successful engineering design provides a consistent pattern of the cognitive processes
involved. From the survey, four main abilities emerge: learning, creating, visualizing
and talking. Learning and creating are seen to be similar processes and using the same
memory structures—which explains why creative people are also intelligent—with
both requiring and building upon domain experience (in this case, actual design
practice) and with both dependent upon and limited by working memory. This
limitation explains the use of several design-solution achievement devices: pattern
matching; early single-solution achievement devices; iteration; co-evolution of
problem and solution and intuition. It is also seen that imagery and spoken language
are cross-linked in working memory such that words can conjure images, both real
and imagined.

Similar too are the processes of seeing and imagining, such that von Helmholtz’s
dictum that ‘visual sensations are stronger than acts of intellect, when applied to the
solving of engineering design problems, leads to an explanation for another set of
intrinsic designer behaviors: a preference for visualizing solutions (over using abstract
analysis); single-solution conjectures; object fixation, and; found-object designing.
These explanations should help guide future design education and instruction, and
also research in design.

Finally, spoken language is shown to not only evoke internal imagery during the
conveyance of a design problem, but to assist in the problem’s hierarchical structuring
and consequent solution.
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Chapter?2

Enhancing Neuroplasticity
and Promoting Brain Health at

Work: The Role of Learning and
Memory in Workplace Performance

Maurice Forget and Noémie Le Pertel

Abstract

This chapter provides an accessible exploration of the integral role neuroplasticity—the
brain’s adaptability—plays in learning, memory, and ultimately, workplace performance.
Beginning with an overview of the neurobiology of learning and memory, it elucidates
how these processes impact key skills and knowledge in today’s global business environ-
ment, and how individual differences affect team performance. The chapter then delves
into strategies to enhance neuroplasticity and improve job performance, encompassing
cognitive training, brain stimulation, and mindfulness interventions. Finally, it offers
practical insights for integrating scientific findings into workplace training and develop-
ment programs, with a focus on optimizing brain health and harnessing neuroplasticity
to boost productivity.

Keywords: neuroplasticity, learning, memory, workplace performance, brain health

1. Introduction
1.1 Definition of neuroplasticity

Neuroplasticity, interchangeably known as brain plasticity or neural plasticity,
signifies the inherent capability of the brain to restructure its neural pathways and
synaptic connections in response to learning, experience, and environmental stimuli
[1]. As Kolb and Whishaw [2] elucidate, the term is a portmanteau of ‘neuron, sig-
nifying the fundamental functioning unit of the brain, and ‘plastic, denoting adapt-
ability or malleability. This adaptive nature of the brain enables it to alter its structure
and functionality based on new experiences, inputs, and damage, a phenomenon that
continues to occur throughout different stages of life.

The process of neuroplasticity occurs at various levels in the brain, extending from
individual neurons forming new connections to large-scale adaptations involving corti-
cal remapping or reorganization [3, 4]. It is critical to note that neuroplasticity plays
a significant role not just in the brain’ initial development during infancy and child-
hood but continues to redefine brain functionality across an individuals lifespan [5].
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Neuroplasticity facilitates the continuous learning process, aids in recovery from brain
injuries, and allows for effective adaptation to evolving circumstances and environments
[6]. It is this very plasticity that equips the brain with the resilience and adaptability it
requires to navigate the complexities of life.

1.2 Importance of neuroplasticity in workplace performance

The value of neuroplasticity extends well beyond the confines of neuroscience,
offering profound implications for the modern workplace. In today’s dynamic and
unpredictable business environment, the ability to learn, adapt, and develop isa
requisite for not only surviving but also thriving [7]. The underlying mechanism for
such capacities is neuroplasticity. This powerful process serves as the foundational
underpinning that enables individuals to acquire, assimilate, and integrate new skills,
knowledge, and cognitive functions, empowering them to navigate and adapt effec-
tively to new situations, challenges, and opportunities that arise in the workplace [8].

Consistent participation in lifelong learning and personal development strategies
can effectively harness the power of neuroplasticity, leading to significant enhance-
ments in productivity, job performance, and career advancement [9]. For instance,
training programs that engage multiple senses can stimulate brain plasticity, improv-
ing memory retention and the acquisition of new skills [10]. Similarly, novel and chal-
lenging tasks can also stimulate neuroplasticity, thereby fostering cognitive agility, a
trait that is increasingly valued in the modern workforce [11].

An understanding of neuroplasticity provides organizations with invaluable
insights into how to optimize workplace environments and learning experiences to
boost employee performance and productivity. It presents an opportunity for busi-
nesses to cultivate a more dynamic, resilient, and adaptable workforce capable of
meeting the ever-changing demands of the business world [12].

1.3 Overview of the chapter

The ensuing discussion in this chapter undertakes a comprehensive introductory
journey through the complex neurobiology underpinning learning and memory. It
seeks to illuminate the intricate processes and structures that are instrumental in
facilitating these functions [13]. In the progression of this intellectual expedition,
the discussion broadens its scope to highlight the profound impact of learning and
memory on workplace performance. The spotlight will be centered particularly on the
indispensable role of neuroplasticity in driving these cognitive processes and their
outcomes in professional contexts [7].

It outlines a series of effective strategies with the potential to optimize neuro-
plasticity, thereby augmenting workplace performance [12]. These strategies span
a wide array, encompassing aspects such as the promotion of optimal brain health,
utilization of cognitive training, application of brain stimulation techniques, and
incorporation of mindfulness-based interventions [11, 14]. Each of these factors and
their respective impacts on neuroplasticity will be thoroughly scrutinized.

Finally, this chapter will examine the practical implications of these insights
for designing and implementing effective workplace training and development
programs. This section will provide actionable recommendations for leveraging
the phenomenon of neuroplasticity to enhance workplace performance, thereby
equipping organizations with the knowledge to foster a more cognitively agile
and resilient workforce [9]. In conclusion, the paper will point toward promising
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future research directions, underscoring the essentiality of ongoing exploration and
understanding of neuroplasticity in the context of workplace performance [10].
The ultimate aim is to contribute to a deeper appreciation and utilization of the
brain’s malleability in promoting learning, adaptability, and growth in professional
environments.

2. The neurobiology of learning and memory
2.1 Overview of the different types of memory

Memory, as a cognitive process, is a complex, multifaceted construct that enables
organisms to learn, retain, and utilize information over time [13]. The classification of
memory into different types primarily hinges on two dimensions: time frame (short-
term versus long-term) and content (explicit versus implicit).

Short-term memory, also known as working memory, serves as an active process-
ing unit that retains information temporarily for immediate tasks [15]. Conversely,
long-term memory retains information over extended periods, ranging from a few
minutes to a lifetime [16].

Content-wise, explicit or declarative memory involves conscious recollection of
factual information and personal experiences. It is further subdivided into semantic
(facts and general knowledge) and episodic (personal experiences) memories [17].
Implicit or nondeclarative memory, however, involves learning skills and habits
(procedural memory), classical conditioning, and priming, which occur without
conscious awareness [18].

Recognizing these types of memory and their respective neural substrates pro-
vides a foundation for understanding the plastic nature of the brain and its capacity
for learning and adaptation.

2.2 Brain regions involved in memory processing

Several key brain structures play integral roles in memory processing. The hippo-
campus, located in the medial temporal lobe, is central to the formation and retrieval
of explicit memories, both episodic and semantic [13]. It is involved in binding
together different elements of memory, such as sights, sounds, and emotional con-
text, to form a coherent whole [19].

Adjacent to the hippocampus, the entorhinal cortex acts as a critical interface
between the hippocampus and neocortex and is especially significant for spatial
memory [20].

The prefrontal cortex, primarily involved in working memory, exerts control over
the processing and utilization of memories [15]. Meanwhile, the amygdala is critical
for processing emotional memories, particularly fear conditioning [21].

Implicit or procedural memory is primarily mediated by the basal ganglia and the
cerebellum [22]. Understanding the roles these regions play in memory processing is
pivotal for maximizing neuroplasticity and enhancing cognitive performance.

2.3 Basic principles of learning and memory for non-scientific readers

Learning is the process of acquiring new knowledge or skills, while memory
involves the storage and subsequent retrieval of this acquired information [13].
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One of the fundamental principles of learning and memory is that they are facilitated
by repeated experiences or practice, a concept known as repetition priming [18].

Learning and memory also depend on the strengthening of connections between
neurons, a process called long-term potentiation (LTP) [23]. When two neurons are
activated together, the connection between them is strengthened, which aids the
learning process.

Moreover, memories are not static but undergo a process known as consolidation,
where they become increasingly stable over time. This process often occurs during
sleep and is vital for long-term memory formation [24].

Finally, emotional arousal can enhance memory formation, particularly for events
that stimulate a strong emotional response, a process facilitated by the amygdala [25].
Understanding these fundamental principles can help one harness the brain’s poten-
tial to learn and remember effectively.

3. The impact of learning and memory on workplace performance
3.1 Essential skills and knowledge for success in the business world

To thrive in the business world, a multitude of skills and knowledge areas are
deemed essential. These encompass both ‘hard’ skills specific to certain job roles and
‘soft’ skills that are widely applicable across various professional contexts.

Foremost among the hard skills are digital literacy [26], financial acumen [27],
and project management capabilities, reflecting the increasingly digital, data-driven,
and project-oriented nature of current business operations.

Simultaneously, soft skills such as critical thinking, creativity, communication,
collaboration, and emotional intelligence have been recognized as equally crucial for
navigating the complexities and dynamism of the modern workplace [28]. These skills
facilitate effective decision-making, problem-solving, interpersonal interactions, and
adaptability in the face of change.

Moreover, the ability to continuously learn and adapt, often referred toasa
‘growth mindset’ [29], is deemed pivotal in today’s rapidly evolving business land-
scape, underlying the ability to acquire new knowledge and skills as necessitated by
evolving job roles and market conditions.

3.2 Acquisition and retention of skills and knowledge through learning and
memory processes

The processes of learning and memory are fundamental to acquiring and retain-
ing skills and knowledge. As discussed earlier, learning is the act of obtaining new
information, whereas memory involves storing and retrieving that information over
time [13]. These cognitive functions underpin the development of both hard and soft
skills necessary for success in the business world.

Skill acquisition, for instance, often follows a transition from explicit to implicit
memory. Early in learning, conscious, effortful processing (explicit memory) is
needed. However, with practice, skills become automatic and are stored as implicit
memory [16]. This progression is seen in various domains, from motor skills like typ-
ing to cognitive skills like problem-solving.
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Memory consolidation, where short-term memories are converted into more
durable long-term memories, is critical for retaining learned skills and knowledge
[24]. Interestingly, consolidation often happens during sleep, emphasizing the impor-
tance of healthy sleep habits for effective learning [30].

By leveraging the principles of learning and memory, individuals and organiza-
tions can enhance the efficiency and effectiveness of skill and knowledge acquisition
and retention.

3.3 Individual learning and memory capacity differences and their impact on
team performance

Individual differences in learning and memory capacity can significantly impact
team performance. Cognitive abilities, including learning and memory, vary widely
among individuals due to factors such as genetic predisposition, environment,
lifestyle, and health [31].

High-capacity learners tend to acquire new skills and knowledge more quickly,
enabling them to adapt and respond effectively in rapidly changing environments.
They can also assist in disseminating knowledge within teams, thereby enhancing
collective performance [32].

Conversely, individuals with lower learning and memory capacities may need
additional support or resources to achieve their full potential. This diversity within
teams, when managed effectively, can promote complementary strengths and foster
collective learning [33].

Understanding these individual differences and tailoring learning interventions
accordingly can optimize team performance. This approach aligns with the concept of
personalized learning, emphasizing the tailoring of educational experiences to meet
individual learner needs [34].

4. Enhancing neuroplasticity for improved workplace performance
4.1 Brain health and its impact on neuroplasticity

Brain health, characterized by the optimal functioning of the brain in terms of
cognitive, emotional, and motor performance, is a key determinant of neuroplasticity
[35]. Numerous factors influence brain health, including physical exercise, nutrition,
sleep, and stress management, which in turn modulate neuroplasticity.

Regular physical exercise, for example, is known to induce neurogenesis (the
birth of new neurons), enhance synaptic plasticity, and improve cognitive func-
tions, thereby bolstering neuroplasticity [36]. Similarly, adequate sleep is essential
for synaptic homeostasis, which supports neuroplasticity and promotes learning and
memory [37].

Good nutrition, particularly diets rich in antioxidants and omega-3 fatty acids,
also promotes brain health and neuroplasticity by reducing oxidative stress and
inflammation and enhancing synaptic function [38]. Conversely, chronic stress can
impair neuroplasticity and cognitive function, underscoring the importance of effec-
tive stress management for brain health [39].

Maintaining optimal brain health thus enhances neuroplasticity, facilitating learn-
ing, memory, and adaptive behavior.
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4.2 Cognitive training and its impact on neuroplasticity

Cognitive training, encompassing activities designed to enhance cognitive func-
tions such as memory, attention, and problem-solving, has been shown to induce
changes in neuroplasticity. These changes are believed to underlie the improvements
in cognitive performance observed following cognitive training [40].

One form of cognitive training, known as working memory training, has been
demonstrated to enhance working memory capacity, with imaging studies revealing
associated increases in prefrontal and parietal cortex activity indicative of neuroplas-
tic changes [41]. Similarly, attention training programs have been associated with
alterations in brain regions involved in attention control, such as the anterior cingu-
late cortex and prefrontal areas [14].

Moreover, cognitive training can enhance the brain’ resilience by promoting
compensatory processes and neuroplastic changes that can offset the impact of age or
disease-related cognitive decline [42].

In essence, cognitive training capitalizes on the brain’s neuroplasticity to augment
cognitive functions, demonstrating potential benefits for workplace performance.

4.3 Brain stimulation and its impact on neuroplasticity

Brain stimulation techniques, such as transcranial magnetic stimulation (TMS)
and transcranial direct current stimulation (tDCS), are powerful tools that can
modulate neuroplasticity. These noninvasive methods can selectively stimulate or
inhibit neuronal activity, leading to alterations in brain function and structure and
consequently enhancing cognitive abilities [43].

TMS, for instance, has been shown to improve cognitive functions, such as
working memory and attention, by inducing changes in neuroplasticity within the
stimulated brain regions [44]. Similarly, tDCS can modulate cortical excitability and
induce long-lasting neuroplastic changes, leading to improved cognitive performance,
including enhanced learning and memory [45].

Research indicates that these brain stimulation techniques can boost the brain’s
plasticity, making them promising interventions for cognitive enhancement in both
healthy individuals and those with neurological conditions [46].

4.4 Mindfulness-based interventions and their impact on neuroplasticity

Mindfulness-based interventions, which encourage individuals to focus their atten-
tion on the present moment nonjudgmentally, have been found to facilitate neuroplastic
changes in the brain, leading to cognitive and emotional benefits [47].

These interventions have been associated with increased gray matter density in
the prefrontal cortex, a brain region involved in executive functions like decision-
making and self-regulation, and in the hippocampus, a region crucial for learning and
memory [48]. Such changes suggest enhanced neuroplasticity in these areas, associ-
ated with improved cognitive performance.

Mindfulness-based interventions have also been linked to reduced activity in
the amygdala, a brain structure associated with emotional processing, reflecting an
enhanced capacity for emotion regulation [49].

These neuroplastic changes induced by mindfulness practice may yield significant
improvements in attention, memory, emotional regulation, and stress management,
making these interventions valuable for optimizing performance in the workplace.
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5. Implications for workplace training and development programs
5.1 Practical recommendations for optimizing employees’ brain health

Maintaining optimal brain health is crucial for promoting neuroplasticity and
enhancing cognitive performance in the workplace. Organizations can implement
several strategies to support employees’ brain health.

Firstly, promoting a healthy lifestyle is paramount. Regular physical activity has
been linked to enhanced cognitive functioning and neuroplasticity, likely mediated
by increased cerebral blood flow and neurotrophic factors [50]. Encouraging exer-
cise, providing gym facilities, or organizing active team-building activities could be
beneficial.

Adequate nutrition also plays a crucial role in brain health. Omega-3 fatty acids,
for example, are vital for brain function and can support neuroplasticity [38].
Companies might consider providing healthy food options in cafeterias and organiz-
ing nutritional education workshops.

Lastly, stress management is vital, as chronic stress can impair neuroplasticity
and cognitive performance [39]. Companies can offer stress management programs,
including mindfulness training or relaxation techniques, to mitigate the harmful
effects of stress on brain health.

5.2 Incorporating neuroplasticity techniques in workplace training and
development programs

Understanding and harnessing neuroplasticity could significantly enhance work-
place training and development programs. In line with this, organizations could adopt
strategies that stimulate and capitalize on the brain’ plasticity.

One approach could be the incorporation of active learning strategies, such as
problem-based learning and experiential learning. These methods are found to
promote deeper processing, encourage neural network formation, and improve the
retention of new information [51].

In addition, integrating cognitive training exercises can help refine critical cogni-
tive skills, including attention, memory, and problem-solving [52]. Such exercises
could be customized to the specific needs and job functions of employees.

The use of brain stimulation methods, like transcranial direct current stimulation
(tDCS), could also be explored. Recent studies suggest that tDCS can potentially
enhance learning and skill acquisition [53].

Mindfulness training should not be overlooked either, given its positive impacts on
attention, stress management, and emotional regulation [54].

5.3 Potential benefits of using neuroplasticity techniques in the workplace

Leveraging neuroplasticity techniques in the workplace can bring numer-
ous benefits to both employees and organizations. These techniques can lead to
improved learning and memory, enabling employees to acquire and retain new
skills more efficiently, which is particularly crucial in a constantly evolving busi-
ness environment [55].

Moreover, neuroplasticity techniques can promote the development of cognitive
skills, such as attention, problem-solving, and decision-making, which are key to task
performance and productivity [56].
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These techniques can also facilitate emotional regulation and stress management,
contributing to better employee well-being and lower rates of burnout [47].

At the organizational level, adopting neuroplasticity techniques can lead to a more
adaptive and resilient workforce, better prepared to navigate changes and challenges,
potentially improving overall organizational performance [57].

6. Conclusion
6.1 Summary of the key points

This chapter explored the intricate nexus between neuroplasticity and workplace
performance. Neuroplasticity, a fundamental brain property that allows for struc-
tural and functional changes in response to experience, plays a vital role in enabling
continual learning and adaptation [1]. This property underlies essential cognitive
processes like learning and memory and manifests in the capacity of employees to
acquire, retain, and utilize knowledge and skills in the workplace [51].

Several regions of the brain, such as the hippocampus, prefrontal cortex, and
amygdala, were highlighted as central to memory processing and learning [58].
Moreover, the paper explored how individual differences in learning and memory
capacity could impact team performance, underscoring the importance of diversity in
cognitive strengths within a team [7].

The chapter emphasized various strategies to enhance neuroplasticity and, by
extension, workplace performance. These strategies encompass maintaining optimal
brain health, engaging in cognitive training, using brain stimulation techniques, and
adopting mindfulness-based interventions [38, 39, 50, 53, 54]. The potential benefits
of implementing neuroplasticity techniques, including improved learning, cogni-
tive skills development, and enhanced emotional regulation, were also discussed
[47, 55, 56].

6.2 Future directions for research

Despite the promising evidence, further research is required to deepen our under-
standing of neuroplasticity and its applications in the workplace. Future studies could
investigate how to best tailor neuroplasticity techniques to different organizations
and their populations, considering factors such as age, cognitive profiles, and job
roles. It would also be beneficial to explore the long-term effects of these techniques
on employee performance, well-being, and career progression.

Furthermore, future research could focus on how neuroplasticity techniques can
be integrated into digital platforms, such as e-learning and virtual reality, to cre-
ate innovative and effective training programs. Lastly, with emerging technologies
like tDCS showing the potential to enhance learning and skill acquisition, research
exploring the ethical, safety, and efficacy aspects of such interventions in the work-
place context is needed [53].

6.3 The necessary focus and importance of neuroplasticity for workplace
performance

The concept of neuroplasticity is a cornerstone in understanding how individuals can
adapt, learn, and perform in a dynamic work environment. As the business landscape
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continues to evolve, organizations must recognize the importance of fostering a
neuroplasticity-conducive environment that empowers employees to optimize their
cognitive potential. By doing so, organizations can cultivate a more agile, innovative,
and resilient workforce capable of driving performance and success in the face of
rapid change and uncertainty.

The application of neuroplasticity in the workplace is a testament to how neurosci-
ence can illuminate our understanding of human performance in practical contexts,
opening a frontier for the exploration of brain-based approaches to enhancing
workplace learning, productivity, and overall organizational performance.
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Chapter 3

The Relationship among Working
Memory Capacity, Cognitive
Flexibility and Cognitive Emotion
Regulation

Kahraman Guler and Aylin Aydin

Abstract

Accumulating evidence contributed to establishing an association between
working memory capacity and the ability to remember, maintain attention, and
inhibit irrelevant data while switching between tasks. It is a critical cognitive skill
that is mainly associated with adaptive strategies, task-switching, decision-making,
reasoning, and language learning. Additionally, cognitive emotion regulation
strategies and cognitive flexibility have similar critical roles for completing a task,
handling a problem, and regulating the emotions arising from mostly simply nega-
tive events or, conversely, from the ones stemming from traumatic events. The basis
of cognitive emotion regulation is to regulate emotions as a way to handle problems,
while cognitive flexibility refers to the ability to handle more than one task at the
same time. Cognitive emotion regulation can sometimes be maladaptive, and the
effort of individuals might be unavailing. However, once cognitive flexibility is
adopted and developed, it is expected to be adaptive in solving problems at the
cognitive level. This chapter explores reciprocal associations among executive func-
tions by mainly focusing on working memory, cognitive emotion regulation and
cognitive flexibility. Further studies are advised to be conducted between cognitive
emotion regulation strategies and working memory capacity, as these findings may
have significant implications for understanding the correlation between memory
and emotion. Cognitive flexibility is also advised to be researched more in order to
understand its role in cognitive processes.

Keywords: working memory capacity, cognitive emotion regulation,
cognitive flexibility, memory, acceptance

1. Introduction

The tendency to develop strategies for managing less familiar situations is a human-
specific feature that can be capsuled within executive function set in the prefrontal
cortex. The learning environment of individuals is one of those places in which unfa-
miliar or less familiar information is most likely to be encountered, and both executive
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functions and strategies are necessitated. Strategies for managing cognitive tasks can
be needed in memory for recalling the necessary information and using it even when it
is manipulated and also in cognitive emotion regulation for regulating negative emo-
tions, as in reappraisal. The necessity for using strategies is also of great importance
during the encoding of information, internalization and acquisition it. The common
grounds of all these different components necessary for managing cognitive tasks

are that they are related to executive functions such as attention, inhibition, working
memory capacity, decision making, cognitive emotion regulation, cognitive flexibility,
planning, language activities, reasoning, problem-solving and doing multiple cogni-
tive functions simultaneously. These cognitive processes might allow one to address
some claims that those higher-order executive functions might be possibly related to
each other as well as being triggered reciprocally. Researchers focus on establishing an
association among those cognitive processes with the aim of understanding how one
handles these processes in mind naturally by using various techniques, research modes
and approaches. As numerous studies have primarily focused on the possible associa-
tions of those cognitive processes, hereby this review aims to illustrate the association
among some of them, which are working memory, cognitive emotion regulation and
cognitive flexibility. In doing so, it was expected to discuss the importance of those
executive functions’ nature by designing such research.

Working Memory (WM) capacity is one of those higher-order executive function-
related capacities that is defined as the capacity for handling the manipulation of
information during cognitive activity, and it, as intellectual functioning, refers to a
limited capacity in which necessary information is temporarily stored and manipu-
lated simultaneously. A large body of research has focused on the WM capacity of
individuals, and recent research in this vein suggests that individuals with high WM
capacity are more accurate in cognitive tasks, and it is related to fluid intelligence,
information compression, attention, cognitive flexibility all of which are executive
functions of human cognition. Numerous studies have been conducted in the field
of memory with the aim of understanding how inputs are processed in mind while
encoding and recalling them and if their features are visuospatial, verbal or phono-
logical matter. Some studies point to the fact that different components of working
memory are most probably processed both in domain-general and domain-specific
networks and put the domain-general network into a place that activates itself during
working memory retention and visual and verbal working memory activation [1].
Neuropsychological evidences with regard to domain-related concerns supports that
being specific to the domain might be related to the maintenance of the input rather
than storing it. Working Memory (WM) is a nonunitary system and surely has sub-
systems that have its own storage capacity in which the input is retained before being
recorded to the long-term memory (LTM) [2]. Recent neuropsychological evidences
adopting the nonunitary system and the domain-general view supports the approach
of Baddeley, the creator of Baddeley’s Working Memory Model and contrasts with the
domain-specific and unitary system approach by Cowan [3, 4].

In our recent research article, we brought forward the same question in a differ-
ent design in which participants attended three complex span tasks measuring their
working memory capacity from visual, verbal and spatial perspectives. The results
of the present study indicated that scores obtained from the Symmetry Span Task,
which is a spatial WM task, are correlated with the scores of the Rotation Span Task,
which is a verbal and nonspatial task. The correlation between a spatial and verbal task
indicates that individuals with a high WM score in Symmetry Span Task also score high
in the Rotation Span Task. Studies conducted with individuals with psychological or
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neurological disorders mostly highlight the difference between spatial and verbal WM
capacity. Taking an earlier study conducted with patients with Parkinson’s disease hav-
ing mild clinical symptoms as an example, it indicated that their spatial WM capacity
was weaker when compared to verbal and visual WM capacity [5]. Also, a very recent
study investigated the difference between verbal and visual WM capacity in depressive
individuals and found that only the spatial WM capacity of individuals with unipolar
depression and bipolar II depression was impaired [6]. There are some other researches
indicating the difference between verbal and spatial WM capacity in healthy children.
A study conducted with children indicated that verbal and spatial WM capacity have
different neural bases in children [7]. Additionally, verbal WM capacity was found in
a study as a good predictor for reading comprehension in children rather than spatial
WM [8]. There are also other studies indicating the relationship between reading skills
and verbal WM capacity [9, 10]. Another study questioning the role of age in WM
capacity found that while verbal WM capacity is protected across years, the capac-

ity for visual-spatial WM declines in time [11]. The results of the above-mentioned
studies support the domain-specific view in the field of working memory. On top of
all these studies pointing to the difference between verbal and spatial WM and sup-
porting the domain-specific view, the present study conducted with healthy university
students indicates a positive correlation between the visual and verbal WM capacity
of individuals. Our study contrasts other research and supports the domain’s general
view. Similar research suggests a common storage for verbal, spatial or visuospatial
WM as indicated in the present study [1, 12, 13]. When evaluated in terms of multi-
tasking, the result of a very recent study researching the verbal and visuospatial WM
capacity within a multitasking concept in which a Bayesian state-trace analysis was
used indicated that while dealing with more than one task at the same time, a common
pool for verbal and visuospatial data is used which supports the domain-general view
[14]. Considering all of these studies, it can be speculated that domain-general and
domain-specific tendencies may differ with regard to the scenario, cognitive load, age,
psychological state, and other relevant indicators. The results that we endorse in this
study support the domain’s general view.

2. The working memory capacity and cognitive emotion regulation

Emerging studies reveal that any cognitive activity of high importance, such
as decision-making, inhibition, language learning, etc., is connected with another
cognitive behavior related to memory consolidation, evaluative thinking, and so on,
addressing us to conceive that cognitive activities process within unitary systems.
Cognitive emotion regulation is one of these important cognitive activities and has
an untaught association with relevant cognitive processes. Additionally, the innate
tendency of individuals to cope with emotions is instinctively shaped by their learned
strategies, and these strategies are either adaptive or maladaptive strategies with
which individuals tend to lower their stress levels arising from the acute problem.
The role of memory herein in this process is open to question. Before discussing the
role of memory, it might be of great importance to highlight that a growing body of
literature with mounting evidence points to the memory systems, rather than a single
memory pool. Recent approaches focus on the role of working memory in terms of the
rationale that it is defined as having a connection with other subsystems and evalu-
ated as a “capacity”. Individuals with high working memory capacity, in its simplest
definition, have the capacity to connect the information that is temporarily kept in the
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short-term memory to the relevant information in the long-term memory. By doing
so, this capacity lessens the cognitive load. As the involvement of emotion during
this cognitive process is inevitable, an adaptive regulation of it might also lessen the
cognitive load, quicken the cognitive process, and contribute to the accurate process-
ing of the cognitive regulation. Another rationale behind this prediction would be
that if the cognitive process functions accurately in one system, then other systems
can saliently function in an appropriate way, which is the exact regulation of activities
and emotions. McRae & Gross [15] describe the role of emotion regulation within
peoples’ tendency to use strategies against discrepancies and contradictions in their
emotional situation and the realities that they face. Being an unconscious process,
cognitive emotion regulation can also be defined as the ability to function with the
aim of balancing emotions. This process aims to lessen the stress level and get off the
discrepancies. Accumulating studies conducted for researching the relation between
emotion and memory revealed that people with high working memory capacity are
prone to using more emotion regulation strategies [16], and working memory train-
ing contributes to the adaptive use of emotion regulation [17-19]. The results col-
lected from these studies point to the fact that emotion and memory are associated,
work reciprocally, and affect each other’s functioning process as well as contributing
to its accuracy if adopted adaptively. As cognitive emotion regulation and working
memory capacity are predictors of some psychological disorders, such as depression,
anxiety, and trauma-related disorders, this association must be evaluated within

the perspectives of neuroplasticity, cognitive skills and associative memory, as some
studies suggest [20].

3. The working memory capacity and cognitive flexibility

What working memory does is simply to switch between subsystems of memory
while keeping the data to-be-encoded vivid. During this switching process, the
working memory evidently works on the data and in the background, the attention is
tried to be kept on it. This process is expressed as a capacity as it differs from person
to person and is effected both by internal and external factors. Thus, the functions of
working memory can be saliently framed in the fact that this process is a flexible and
ongoing process as well as being open to the manipulation of these external and inter-
nal stimuli. In this regard, a possible association between working memory capacity
and cognitive flexibility would reveal a scenario in which they act reciprocally.
Cognitive flexibility can be defined as an ability with which more than one cognitive
task can be handled, and it is one of the most prominent higher-order cognitive func-
tions [21]. Explicitly linked to complex cognitive functions, it can be manipulated that
this ability might decrease with aging as well as being affected by depression, anxiety
and trauma like other cognitive functions [22]. Cognitive flexibility might be placed
next to the definition of “task switching” in terms of pointing to its cognitive ground.
Additionally, cognitive flexibility is a crucial facet in all branches of life as it neces-
sitates being somehow skilled at finalizing a task, doing multiple tasks simultaneously
without being distracted by the current task, and having psychological adjustment
to adapt to the current situation. Its relation with working memory is still a question
waiting to be answered. Some studies with healthy individuals have primarily focused
on the relationship between Working Memory Capacity (WMC) and cognitive flex-
ibility, and they indicated that those two cognitive processes predict creative thinking
processes [23]. Other important issues might arise regarding how one controls these
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cognitive processes, which is highly advised to be studied. Working memory functions
in association with multiple subsystems utilize various tasks in multiple concepts, and
likewise, cognitive flexibility is related to the cognitive adaptation of an individual to
various situations by doing multiple tasks. Thus, the important issue that arises here is
that an advantageous working memory capacity might predict the cognitive flexibility
of individuals. With the aim of understanding this possible reciprocal association,
further studies must be carried out, and this logical rationale must be hypostasized.
Further studies with larger samples might contribute to understanding how cognitive
processes function and how much they are associative.

4. Discussing the reciprocal associations of cognitive functions

Our primary objective with this chapter is to delve into the logic behind the asso-
ciations among working memory capacity, cognitive flexibility and the use of cogni-
tive emotion regulation strategies, all of which have cognitive grounds. The results
of our latest research have been elaborated in this review paper, which indicated that
there is a significant difference and negative correlation between a working memory
task, an Operation Span Task and an adaptive cognitive emotion regulation strategy
that is Refocus on Planning. The findings of the research in question also indicated
reciprocal correlations between Cognitive Emotion Regulation strategies. When
findings collected from the Cognitive Flexibility scale were evaluated, they indicated
a strong positive relationship between Refocus on Planning and Positive Reappraisal
as cognitive emotion regulation strategies. Apart from this, Cognitive Flexibility was
not found to be correlated with working memory capacity.

4.1 Understanding the relation between working memory capacity and cognitive
emotion regulation strategies

Emotions are affective processes supporting or limiting cognitive abilities or vice
versa supported or limited by cognitive processes, which can saliently highlight the
fact that emotions find their expressions through cognitive processes as well as cogni-
tive processes are not independent of emotions. It is next to impossible to evaluate
emotions and cognitive processes separately, let alone cognitive emotion regulation
strategies. Except that their regulation strategies and the coping mechanism that they
adopt are adaptive or maladaptive, individuals have innate tendencies for coping with
a problem with the aim of protecting the unity in their self, identity and memory. This
tendency might be framed within an adaptive solution as in “Refocus on Planning”,
or a maladaptive one as in “Catastrophizing”. It is definitely of a great certainty that
regulating emotions is not limited to these adaptive or maladaptive cognitive emotion
regulation strategies. Finding it unbearable or agonizing, some individuals might
dissociate these feelings by suppressing them. On the other hand, individuals who
are aware of the problem and conscious about what they are through but do not know
how to cope with these problems and lose track of time and solutions by struggling
desperately take a dip in maladaptive attitude.

With the aim of understanding the reciprocal relation between working memory
capacity and the use of cognitive emotion regulation strategies, a comparison analysis
was conducted in our latest research. The results collected from the Operation Span
Task, a nonspatial and verbal task measuring the working memory capacity of an
individual, illustrated that the WM capacity is significantly different from one of the
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adaptive cognitive emotion regulation strategies of individuals, that is the Refocus on
Planning strategy and is strongly correlated with it. Refocus on Planning is an adap-
tive strategy with which individuals focus on possible solutions in order to manage
their emotions [24]. On the other hand, WM capacity is robustly related to fluid intel-
ligence [25-28], executive functions [29-31] and executive attention [32]. Focusing
on the fact that Refocus on Planning is an adaptive strategy supporting the resilience
in patients with depression and anxiety disorders [33], and this adaptive strategy is
associated with more positive emotions because of the fact that individuals have lower
anxiety symptoms when they design more plans for their problems [34], the low
working memory capacity then necessitates more plans. In other words, the rationale
behind this result would be that individuals with low working memory capacity
might have the tendency of adopting more plans as well as refocusing on them as they
cannot, on a balance of probabilities, rely on their working memory capacity which is
a capacity of establishing an association between the subsystems of memory. Further
studies must be conducted with regard to this association of working memory capac-
ity and cognitive emotion regulation.

4.2 “Acceptance” as a cognitive emotion regulation strategy: is it adaptive or
maladaptive?

Cognitive Emotion Regulation Strategies are adopted with the aim of managing
a stressful or traumatic life event or a problem in order to protect the self. Adopting
these strategies can end up either with self-injury, as in Self-blame or Catastrophizing,
or by imposing its results on others, as in other-blame. Individuals might also feel lost
in the loop of rumination, which is a destructive way of dealing with a problem and
mostly ends with an increase in the level of stress. In other words, these are common
maladaptive strategies for managing a problem that are not successful in relieving it,
let alone finding a solution. Being antecedent-focused or response-focused, cognitive
emotion regulation strategies can be adaptive, though. An adaptive way for individu-
als to deal with a problem might resemble like putting the Problem into Perspective,
or Refocusing on Planning with the aim of handling a problem objectively, or employ-
ing Positive Reappraisal in order to see the contribution of the problem from a posi-
tive perspective. These strategies can be utilized together, and an adaptive strategy is
expected to be associated with another adaptive strategy, rather than a maladaptive
one. Our latest research questioned this associative relation, and the findings high-
lighted that cognitive emotion regulation strategies are correlated positively.

Taking Acceptance as an example, which is defined as accepting emotional experi-
ences without manipulating them [35], it is contemplated as being correlated with
positive matters [36]. Acceptance can be defined as an adaptive strategy as it can be
saliently associated with consciousness while dealing with a stressful event, a contrary
situation that might lead to psychopathology [37, 38] and anxiety disorders [38, 39].
Suppressed emotions or ideas can be dissociated when they are found unbearable.
Contrarily, Acceptance might be more than dissociating by denying or suppressing it,
but having a tendency for relieving stress. There are numerous studies illustrating that
Acceptance contributes to reducing anxiety or depression [40], and healthy people
prefer Acceptance as a strategy for regulating their emotions on a cognitive ground
[41]. On the other hand, surprising results of some studies point to the association of
Acceptance with negative emotions, depressive symptoms and self-injury [42, 43].
This contradiction raises the problem that the place of Acceptance is ambiguous.
When the results of our latest research are formulated, they indicate that Acceptance,
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Rumination, Self-blame and Catastrophizing function similarly. This result typically
reveals that maladaptive cognitive emotion regulation strategies such as Rumination
and Self-blame can be associated with an adaptive-looking maladaptive strategy, that
is Acceptance. Rumination is the continuous contemplation of negative situations
from negative perspectives. Rumination is employed by individuals diagnosed with
Euthymic Bipolar Disorder and Major Depressive Disorder [44] and individuals with
internalizing problems [45], and it has a role in mediating the relationship between
anxiety problems and their consequent interference [46]. There are mounting studies
pointing to the association of Rumination with Acceptance, other blame, and reduced
Positive Reappraisal with maladaptive anger suppression [47]. Therefore, Acceptance
is found to be associative either with adaptive or maladaptive coping strategies in
various studies. This contradiction in results might allow us to address some claims
that Acceptance is an adaptive-looking maladaptive strategy on the cognitive ground.
Individuals having tendency to adopt Acceptance as a strategy for coping with a
stressful event might increase their stress level as the nature of Acceptance might
subconsciously evoke some feelings of being the victim of a sort of stressful situa-
tion as well as feeling less capable. These feelings are inevitably related to Self-blame.
Another scenario would be that individuals accepting the situation as it is might find
it difficult to resolve it, which is possibly why they directly accept it without any
manipulation. Additionally, the result of our latest research revealed the relation-
ship between Acceptance and Catastrophizing. Accumulating evidence from various
research studies pointed out that Catastrophizing is associated with violent behaviors
and somatic complaints [48, 49] and is mostly adopted by individuals diagnosed with
euthymic bipolar disorder and Major Depressive Disorder [44]. This association also
points to the same contradiction and allows us to address some claims that Acceptance
can function as an adaptive strategy in some situations while some situations might
turn it into a maladaptive one.

4.3 Reciprocal relationship among adaptive and maladaptive cognitive emotion
regulation strategies

Individuals cope with problems in various ways by adopting different coping
strategies. Strategies that contribute to resolving the problem as well as lowering
the level of stress are defined as adaptive cognitive emotion regulation strategies.
Our latest research focused on correlations among adaptive cognitive emotion
regulation strategies and found them correlative. One adaptive coping strategy is
Positive Refocusing, which finds its expression within the definition of focusing on
the positive sides of the situation. There are various studies that have examined the
contributions of Positive Refocusing, and they revealed that it is associated with
externalizing problems and lowers the level of anxiety and depression [40, 45]. In
our latest research, we found that Positive Refocusing is positively correlated with
Refocus on Planning, which is saliently a cognitive strategy to handle stressful life
events with resilience [50]. Numerous studies indicate the contribution of Positive
Refocusing on the healthy and accurate mental process during regulating emotions
[33, 43, 51]. What is more, Refocus on Planning was also found to be positively
correlated with Positive Reappraisal, which is another adaptive strategy reducing
the effect of negative events, such as bullying [52] and Putting into Perspective, an
adaptive version of emotion regulation on the cognitive ground which is effective as
an alternative to treatment [53]. Additionally, Positive Reappraisal and Putting into
Perspective were also found correlative. Positive Reappraisal is the re-evaluation of
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the current stressful situation from a positive perspective, and a recent study revealed
that high-trait-anxious women use the Positive Reappraisal strategy unsatisfactorily
[54]. Our latest research found a negative correlation between Positive Reappraisal
and Catastrophizing, a maladaptive strategy, which is mostly associated with negative
feelings, violent behavior, somatic complaints, rumination, self-blame, other-blame,
anxiety problems, and their consequent interference [44, 46, 48, 49]. The findings
of our study contribute to the existing literature as it points to the nature of cognitive
emotion regulation strategies, which are negatively correlated in terms of being adap-
tive and maladaptive.

When maladaptive cognitive emotion regulation strategies are evaluated, it can
be explicitly acknowledged that they change reciprocally and predict each other. An
individual tending to adopt a maladaptive strategy might be expected to utilize other
maladaptive strategies with different scenarios. Thus, our latest research revealed
positive correlations among maladaptive cognitive emotion regulation strategies. Self-
blame and Rumination are maladaptive coping strategies associated with depressive
modes, somatic complaints, anxiety problems and violent behavior [42, 46, 48, 49].
Numerous studies highlight the relationship between catastrophizing, rumination,
self-blame and other-blame and anxiety problems, their consequent interference and
problematic online gaming [46, 55]. When individuals are trained to gain perspectives
in resolving a stressful problem, this association between maladaptive cognitive emo-
tion regulation strategies might change them with adaptive ones. Therefore, in order
to disrupt the domino effect of maladaptive strategies, cognitive emotion regulation
training is highly recommended.

4.4 The nature of cognitive flexibility and its association with cognitive emotion
regulation strategies

Characterized by being explicitly related to task switching, adapting to new
changing situations, handling two or more tasks simultaneously, and focusing on
the task while inhibiting irrelevant stimulus, cognitive flexibility is an ability of
great importance for advancing cognitive processes and, apart from being aware of
alternatives for a situation waiting to be resolved, it is also about being willing to
adapt to this situation with a high self-efficacy [56]. In addition to these cognitive
advantages, cognitive flexibility can also be an advantage in understanding emo-
tions [57]. On the other hand, a possible relationship between cognitive flexibility
and cognitive emotion regulation would be discussed in terms of adaptive strategies
because of the nature of cognitive flexibility that is far from being maladaptive. In
other words, cognitive flexibility is a quite adaptive cognitive process adopted with
the aim of resolving a matter. As in cognitive flexibility, adaptive cognitive emotion
regulation strategies help individuals manage their problems accurately. Our latest
research reported that cognitive flexibility is associated and correlated with Refocus
on Planning and Positive Reappraisal. Functioning as adaptive mechanisms, Refocus
on Planning and Positive Reappraisal help individuals deal with a problem with lucid-
ity by approaching the negative and stressful situation with a different perspective as
well as evaluating possible positive aspects of it. Thus, the rationale behind the asso-
ciation of cognitive flexibility with two adaptive cognitive emotion regulation strate-
gies would be that individuals with high levels of cognitive flexibility also innately
adapt to multitasking in an adaptive way or vice versa; their cognitive flexibility skill
might shape their way of handling a problem in an effective way which is possibly the
reason why they use adaptive cognitive emotion regulation strategies.
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5. Conclusion

Nature of working memory capacity can be capsulated within the definition of
remembering and processing simultaneously. Its association with other cognitive
processes finds its expression through the fact that it is a dynamic and active process
reciprocally affecting other cognitive abilities, as in language learning [58, 59].

There is a growing body of literature questioning its association with other cogni-
tive systems in various fields, such as cognitive psychology, neuropsychology as well
as educational sciences. Studies conducted in this regard are performed by healthy
individuals or those diagnosed with various psychological disorders. Therewithal, it
should be acknowledged that an interdisciplinary perspective should be adopted for
evaluating these explicit associations of each cognitive function with the other. For
instance, a traumatic individual’s approach to resolving a matter, remembering it, or
deciding about it will definitely differ from the one who has not experienced a recent
trauma. In a dissociated individual who becomes a subject with a psychiatric diagnosis
due to a traumatic event that affects his/her consciousness, memory, identity and
even autonomy because of individual and social traumas, when a recurrent flow of
external traumatic stimuli evolves into a recurrent flow of internal traumatic stimuli,
the emergence of the “traumatic self” is experienced [60]. This way, the traumatic
self might be expected to be less skilled in resolving a stressful event, making a deci-
sion on it, thinking flexibly, regulating his/her emotions in an adaptive way as well as
associating information in their short-term memory with their long-term memory,

as working memory does. In other words, a trauma might have a domino effect on the
cognitive processes. Trauma is only one small example explaining this effect. There
are numerous studies pointing to the effect and association of psychological situa-
tions and cognitive abilities on each other. Individuals with low self-esteem employ
avoidant and panic decision-making style, acute stress increases the possibility of
decision-making failures and the functions of working memory and action-state
orientation predicts self-control, all of which highlight this association [61-63]. Thus,
an interdisciplinary perspective is advised to be adopted to discuss it.

What we questioned and researched in our latest study was the reciprocal associa-
tion among some of these executive functions. The working memory capacity of
individuals were determined with complex span tasks and the result was compared
with their cognitive flexibility level, and tendencies for utilizing cognitive emotion
regulation strategies. The overall result of the study indicated a relationship between
working memory capacity and cognitive emotion regulation strategies. Another sig-
nificant result was the association between cognitive flexibility and adaptive cognitive
emotion regulation strategies. The findings of our research did not point to a relation
between working memory capacity and cognitive flexibility. These results might pro-
vide a comprehensive understanding of the associations between cognitive processes.
It should also be highlighted that individuals with a high level of cognitive flexibility
can multitask, and this ability contributes to the regulation of their emotions, which
is why cognitive flexibility training is another issue to be handled and developed for
improving multitasking skills as well as regulating emotions.
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Chapter 4

Cellular Processes and Synaptic
Interactions in Nuclei of the

Amygdala

Thomas Heinbockel

Abstract

The amygdala is a core structure of the limbic system in the brain. Anatomically,
the amygdaloid complex comprises ~13 nuclei in the mid-temporal lobe. The amyg-
daloid complex is important for regulating emotional behavior, anxiety, fear, learning
and memory. It is involved in several neurological disorders such as post-traumatic
stress syndrome, depression, and temporal lobe epilepsy. The lateral nucleus of the
amygdala is the main sensory input station of the amygdala and receives sensory infor-
mation from cortical and subcortical (thalamic) fields. Thalamic afferents project to
the lateral amygdala medially from the internal capsule, whereas cortical afferents
arrive from the internal capsule. These two input pathways converge on populations of
principal neurons and interneurons, both of which can be identified by characteristic
electrophysiological, neurochemical, and morphological properties. Pressing issues
for our understanding of the organization and operation of the amygdala are the
functional significance of modulatory inputs from various signaling systems and the
plasticity of its synaptic circuitry in relation to its pathway-specific inputs. This chap-
ter reviews progress in this regard as far as cellular processes and synaptic interactions
in nuclei of the amygdala are concerned which will help with our understanding of
neural mechanisms underlying fear, anxiety, and related clinical disorders.

Keywords: amygdala, cortex, emotion, fear, intercalated cells, memory, synaptic
plasticity, thalamus

1. Introduction

The amygdala, also known as amygdaloid complex or amygdaloid body, consists of
several related nuclei. The amygdala is involved in different functional contexts such as
memory, learning, emotion, fear, and motivation. Moreover, neurons in the amygdala
contribute to symptoms of temporal lobe epilepsy and spread of seizure discharges in
models of epilepsy. The amygdala is a core structure of the limbic system and a key site
for emotion, anxiety, fear, learning and memory [1, 2]. Anatomically, the amygdaloid
complex comprises ~13 nuclei in the midtemporal lobe. The amygdaloid complex is
important for regulating emotional behavior and learning and is involved in several
neurological disorders such as post-traumatic stress syndrome, depression, and tempo-
ral lobe epilepsy [3-5]. Pressing issues for our understanding of the organization and
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operation of the amygdala are the functional significance of modulatory inputs from
various signaling systems and the plasticity of its synaptic circuitry in relation to its path-
way-specific inputs. Recent studies set out to determine (a) the role of signaling mol-
ecules and their receptors for nerve cell signaling and information processing and (b) the
influence of these signaling systems on learning and memory processes in the amygdala.
The long-term objective of these studies is to understand the neural mechanisms under-
lying fear, anxiety, and related clinical disorders. The amygdala is critically involved in
mediating normal and pathological conditions of fear and anxiety. Furthermore, the
amygdala serves as a relay station for sensory input and output to higher order brain
centers and centers of autonomic control. The lateral amygdaloid nucleus (lateral
amygdala, LA) is the initial site of synaptic integration for cortical and thalamic afferent
input to the amygdala. Signal flow of lateral amygdala excitatory principal neurons to
downstream basolateral and central amygdaloid nuclei is influenced by two populations
of GABAergic interneurons, classic local interneurons scattered throughout the amyg-
dala and clusters of paracapsular intercalated (ITC) cells. These interneurons control
impulse traffic through the amygdala, are sites of synaptic plasticity, and control fear
memory. Using genetically engineered mice in which specific neuronal populations are
labeled with fluorescence markers, it is possible to classify interneurons by describing
their molecular, cellular and electrophysiological properties. Patch-clamp electrophysiol-
ogy can be used to determine activity patterns and plastic behavior of principal neurons
and interneurons in acute brain slices. Results obtained in these studies aid in better
understanding the mechanisms of fear and anxiety, and consequently anxiety disorders,
and might yield a new approach in fighting anxiety and stress disorders.

2. Fear, stress, and anxiety disorders

Fear and stress responses are facets of a behavioral repertoire that contributes to
the survival of an individual. However, pathological deviations from normal fear and
stress responses manifest themselves as clinical disorders including mood, fear, and
anxiety disorders such as panic disorder and post-traumatic stress disorder (PTSD).
PTSD has a lifetime prevalence of 6.8% of the adult population in the United States
[6]. The amygdala is an anatomical and functional brain substrate critically involved
in mediating normal and pathological conditions. Despite the clinical and functional
importance of the amygdala, it is only recently that general principles of intra-amyg-
daloid mechanisms of signal processing have emerged from electrophysiological,
anatomical, and pharmacological studies.

The amygdaloid complex is important for regulating emotional behavior and learning
[7-13]. It is involved in several neurological disorders. Some of these disorders may also
lie at the root of the many well-documented race-based physical health disparities that
affect African Americans and other minority populations [14]. For example, after hurri-
cane Katrina, emotional and stress-related health problems affected primarily members
of minority populations, and stress through racism affects primarily black men.

3. Structural and functional organization of the lateral amygdala

The amygdala is a central relay station for sensory input and output to higher
order brain centers and centers of autonomic control. The lateral nucleus of the
amygdala is the initial site of synaptic integration for cortical and thalamic afferent
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input to the amygdala. Synaptic information is then relayed to the basolateral nucleus
with the central nucleus serving as the amygdala output station. In rat brain slices,
sharp-electrode recordings in an interface chamber can be used to determine physi-
ological and synaptic parameters of lateral amygdala neurons [15, 16]. Neurons that
are labeled intracellularly and digitally reconstructed allow a correlation between
structure and function (Figures 1 and 2). Principal neurons can be identified by
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Left and middle panels: confocal images of two principal neurons with many spine-rich dendrites in the lateral
amygdala vecorded intracellularly, stained with biocytin and incubated with Cy3-streptavidin. The neuron

on the left has a pyramidal appearance, whereas the one in the center is move stellate in shape. Scale ba, for

left image: 100 pm, center image: 150 pm. Right panel: intracellular recordings from a principal neuron in the
lateral amygdala. Two types of oscillations of the membrane potential (low threshold [e.g., at —50 mV] and high
threshold oscillations [at —42 mV and —44 mV]) are generated in principal neurons of the lateral amygdala.

Figure 2.

Four images of the same principal neuron in the lateral amygdala, stained with biocytin and incubated with
Cy3-streptavidin. (A) Laser scanning confocal image of the neuron. (B) False color image of the neuron. (C)
Color-coded spatial image of the neuron. (D) Surface-rendered image of the neuron to generate 3-D effect.
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Figure 3.

(A) Amygdala slice preparation and activation of afferent input fibers to the lateral amygdala in vitro. Dashed
lines indicate borders of the slice preparation. (B) Postsynaptic responses of principal neurons in the lateral
amygdala evoked by electrical stimulation of thalamic or cortical inputs in fontal amygdaloid slices. Synaptic
responses weve evoked with two bipolar tungsten electrodes placed in the external capsule and close to the internal
capsule for stimulation of putative cortical and thalamic afferents. Stimulus intensity was adjusted to produce

a synaptic response 30-50% of maximum amplitude without triggering action potentials. Neurons were held

at resting membrane potential. A single principal neuron in the lateral amygdala receives input from both
pathways, cortical and thalamic. Single electrical stimulation of inputs evokes either a primarily excitatory
response mediated by ionotropic glutamate veceptors (left trace) or a triphasic sequence of a fast glutamate
receptor mediated excitatory postsynaptic potential (EPSP) followed by a fast GABA 4 and a slow GABAg
receptor mediated inhibitory postsynaptic potential (IPSP) (right trace). (C) The fast IPSP in principal neurons
is mediated by GABA release from interneurons and can be pharmacologically isolated with NMDA (APs5) and
non-NMDA (DNQX) antagonists and a GABAg antagonist (CGP35348). Bicuculline blocks the fast GABA 5-
mediated IPSP. Modified from [15].

morphological (after Biocytin injection and histological processing) and electrophys-
iological criteria. Projection neurons reveal complex morphologies with numerous
spiny dendrites (Figures 1 and 2). Principal neurons in the amygdala generate slow
membrane potential oscillations [1, 17]. Specifically, neurons produce theta activity
(6-10 Hz) (Figure 1) during emotional arousal and various types of rhythmic activity
during sleep.

An acute brain slice preparation that contains the amygdala and adjacent regions
of the brain, e.g., cortical and thalamic areas (Figure 3) is an advantageous experi-
mental system for studies of amygdala signaling [15, 16]. This slice preparation
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preserves the synaptic circuitry in the amygdala to the extent that one can study
synaptic processing by electrically stimulating afferent input (stimulation electrodes)
while recording from neurons (recording electrode) in the lateral amygdala or other
amygdaloid nuclei. It is possible to record and intracellularly stain principal neurons
and interneurons in the amygdala while selectively activating thalamic or cortical
input fibers (Figure 3). Thereby, one can synaptically drive postsynaptic neurons and
induce neuroplasticity in an input-specific manner. Such frontal amygdaloid slices,
prepared from deeply anesthetized rats of either sex (postnatal days 25-30) [16],
allow to evoke synaptic responses from principal neurons in the lateral amygdala with
two bipolar tungsten electrodes placed in the external capsule and close to the inter-
nal capsule for stimulation of putative cortical and thalamic afferents, respectively
[18, 19]. Stimulus intensity can be adjusted to produce a synaptic response 30-50%

of maximum amplitude without triggering action potentials. In such experiments,
neurons are held at resting membrane potential.

Recordings from principal neurons in the lateral amygdala have confirmed that
electrical stimulation of afferents that project to the lateral amygdala evokes excit-
atory and inhibitory postsynaptic potentials (PSPs) and thus results in a dual effect
with direct excitation of principal neurons coupled with concurrent feedforward
inhibition via interneurons [17, 20-22]. The excitatory PSPs (EPSPs) are mediated by
feedforward glutamate receptor-mediated excitation. The inhibitory PSPs (IPSPs) are
either polysynaptic in origin or they are monosynaptically mediated by feedforward
inhibition via local GABAergic interneurons since (a) the IPSPs can be evoked after
blocking excitatory transmission (Figure 3) [15], (b) connections between different
basolateral amygdala nuclei primarily consist of excitatory connections [23], and (c)
lesions deafferenting the basolateral complex lead to minor decreases in glutamic acid
decarboxylase levels [24]. Thus, the excitability of principal neurons in the lateral
amygdala depends upon the relative strength of the inputs to projection neurons and
interneurons.

4. Synaptic plasticity and fear learning in the lateral amygdala

The lateral amygdala is the main sensory input station of the amygdala and
receives sensory information from cortical and subcortical (thalamic) fields [25].
Thalamic afferents project to the lateral amygdala medially from the internal capsule,
whereas cortical afferents arrive from the external capsule [26]. These two input
pathways converge on principal neurons and interneurons, both of which have
characteristic electrophysiological, neurochemical, and morphological properties
[20, 21, 27-30]. Theta rhythm activity (Figure 1) has been implicated in lateral
amygdala synaptic plasticity, retrieval of fear memory, and transmission in the
amygdalo-hippocampal network [31]. Therefore, theta frequency stimulation can
be used as a paradigm to test for intercellular signaling and synaptic plasticity in the
lateral amygdala. We have reported that homosynaptic long-term depression (LTD)
of excitatory responses can be induced in the lateral amygdala after stimulation of
putative thalamic inputs but not of cortical inputs (Figure 4) [16]. This form of LTD
is induced by theta frequency stimulation and involves postsynaptic Ca**-dependent
mechanisms and metabotropic glutamate receptors. The reader is referred to [2] for
an excellent review of plastic synaptic networks of the amygdala for the acquisition,
expression, and extinction of conditioned fear.
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Theta frequency stimulation of thalamic afferents evokes an LTD of EPSP amplitude evoked with single thalamic
control stimuli while it has no effect on cortically evoked EPSPs. Theta stimulation of cortical input fibers does
not result in a change of EPSP amplitude of either afferent input pathway demonstrating input specific plasticity,
namely, depression of EPSPs in response to stimulation of thalamic afferents. Modified from [16].

5. Principles of signal processing in the amygdala

Three principles of signal processing have emerged from studies of amygdala
circuitry [1, 2]: (1) oscillatory activity in the theta frequency range, (2) dominance
of inhibition and (3) sustained synaptic plasticity. One principle of information
processing in the amygdala is the stereotypic responses in the form of slow oscillating
activity in the theta frequency range [1, 32]. Studies of the membrane properties of
projection neurons in the lateral amygdala revealed that these neurons are capable of
generating intrinsic stable oscillations in the frequency range of 6-10 Hz (Figure 1)
which is reminiscent of theta waves in the limbic system. The frequency of the oscil-
lations is relatively constant even with excitatory synaptic input of different strength.
The functional consequence is a synchronization of intrinsic and synaptic input in
this defined frequency and a temporal structuring of synaptic input activity toward
slow rhythmic output [33, 34]. These oscillations form the basis of phase-coupled
oscillatory response patterns that are evoked in neuronal networks of the amygdala.
In amygdalohippocampal circuits, rhythmic synchronization at theta frequencies
increases between the hippocampal CA1 region and the lateral amygdala after fear
conditioning and presentation of fear stimuli [31]. Therefore, synchronized theta
activities in the amygdalo-hippocampal network serve as a neuronal correlate of
conditioned fear.

A second principle of information processing is the dominance of synaptic
inhibition in the amygdala (Figure 3). Mainly feedforward inhibitory responses are
observed to stimulation of major afferent systems through activation of GABAergic
or glycinergic receptors [21, 22, 35-38]. Powerful IPSPs regulate the responses of
projection neurons in the lateral amygdala relatively irrespective of the stimulation
site, i.e., perirhinal, entorhinal, basomedial or lateral amygdala stimulation [35].
Thus, the lateral amygdala seems to be equipped with an inhibitory gating mechanism
regulating information flow through the amygdala [27, 39]. We found that adenosine
may participate in these neuronal processes related to fear conditioning, learning and
memory in the amygdala [15], e.g., by directly interacting with the inhibitory mecha-
nisms and/or by modulating the potentiation of GABA-mediated synaptic currents
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in pyramidal neurons after tetanic stimulation of inputs to interneurons [28]. A
decrease of GABAergic interneuron activity in the lateral amygdala is correlated with
the development of epileptiform discharges. In the kindling model of epilepsy, GABA
receptor-mediated inhibitory transmission is reduced [40-42] and glutamatergic
transmission is enhanced in the amygdala [41, 42].

Another principle of processing in the lateral amygdala is the prevalence of
synaptic plasticity, including input-specific neural plasticity of its afferent pathways
(Figure 4). Different forms of activity-dependent synaptic plasticity have been
reported to occur in the amygdala, one of which, long-term potentiation, has been
suggested to be an important cellular mechanism for conditioned fear [9]. During
fear conditioning the synapses of thalamic afferent pathways in the lateral amygdala
undergo synaptic plasticity [43, 44] illustrating the relevance of associative LTP for
learning processes in a behavioral context. The molecular mechanisms of LTP have
been studied as well as other forms of plasticity such as LTD and bidirectional synap-
tic plasticity (depression and potentiation) that is sensitive to the type and sequence
of the stimulation paradigm used [16, 45-47]. Modulation of synaptic transmission
in the amygdala by activity-dependent processes is controversially discussed in the
literature, and it is not yet clear how the different input systems relate to synaptic
plasticity in the amygdala and to conditioned fear. Short-term and long-term synaptic
plasticity in the amygdala appear to play a critical role in conditioned fear and anxiety.

6. Synaptic signaling mechanisms and plasticity in amygdala interneurons

Fear learning involves the lateral and basolateral nuclei (BLA) of the amygdala.
Here the association between incoming fearful and neutral stimuli leads to potentia-
tion of synaptic transmission. Projections from the basolateral amygdala nucleus
synapse on neurons in the central nucleus which in turn projects its axons to the hypo-
thalamus and brainstem to trigger the autonomic expression of fear [9]. However,
this classic view was recently challenged [48] in favor of a model in which afferent
input reaches both the lateral and central amygdala. Lateral amygdala neurons do not
directly synapse on central amygdala output neurons, but rather lateral amygdala
neurons are thought to synapse on interneurons which in turn disinhibit brainstem
projecting central amygdala neurons. The central amygdala itself can be a site of syn-
aptic plasticity. The GABAergic interneurons of the paracapsular intercalated (ITC)
cell masses that surround the lateral amygdala and basolateral amygdala have a pivotal
role in mediating signal flow from lateral to central amygdala [39, 49-53]. Therefore,
pressing issues for understanding the organization and operation of the amygdala are
the functional significance of modulatory input (e.g., [54, 55]), the functional role of
its distinct neuronal populations, and the plasticity of its synaptic circuitry in relation
to its pathway-specific inputs.

One of the emerging principles of synaptic processing in the amygdala is the domi-
nance of inhibition. In addition to excitatory principal neurons, the amygdala houses
two populations of GABAergic interneurons: (1) classic local interneurons scattered
throughout the amygdala and (2) clusters of paracapsular intercalated (ITC) cells
(Figure 5). Afferent synaptic input converges onto single principal neurons as well as
interneurons in the lateral amygdala. The relay from lateral amygdala principal neu-
rons to downstream amygdala nuclei is regulated by GABAergic interneurons through
feedforward and feedback inhibition. Classic interneurons in the lateral amygdala
respond with EPSCs of constant latencies to minimal stimulation of both cortical and
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Confocal images of amygdala slices from GAD-67-GFP mice counterstained with a nuclear stain (Sytox

orange). (A) Schematic diagram of parts of the amygdala. Dotted rectangle indicates outlines of panel B. (B)
Paracapsular intercalated cells form an inhibitory sheath surrounding the basolateval amygdala (BLA). Clusters
of intercalated cells are located primarily along the external capsule (lateral paracapsular cells, lpcs) and along
the border of BLA and central amygdala (CeA) (medial pcs, mpcs). Scattered GABAergic interneurons ave found
throughout the BLA and adjacent areas. The intercalated nucleus is located immediately ventro-medial to the
BLA. (C) The medial cluster of paracapsular cells contains many GABAergic INs; same slice as in B. (D) Higher
magnification of parts of the medial paracapsular cell cluster and scattered INs in the BLA; same slice as in B.
(E) Scatterd INs and parts of the lateral pavacapsular cell cluster, same slice as in B. (F) Dendritic branching
pattern of an IN in BLA; same slice as in B. Scale bars: B—200 ym, C—100 ym, D—s50 pum, E—s50 um,

F—s50 pm. BLA—basolateral amygdala; CeA—central amygdala; IAN—intercalated amygdaloid nucleus;
LA—lateral amygdala; lpcs—Ilateral pavacapsular cells; mpcs—medial paracapsular cells.

thalamic fibers, indicating direct convergent monosynaptic input [29]. Based on the
data, a population of interneurons in the lateral amygdala is likely to receive conver-
gent input from thalamic and cortical fibers through principal neurons both directly
and indirectly (in a feedforward and feedback manner, respectively). Irrespective of
the route of excitation, interneurons in the lateral amygdala can be regarded as homo-
geneous with respect to their afferent connections considering thalamic and cortical
input pathways and mediate inhibitory control of postsynaptic principal neurons.
This symmetrically built GABAergic circuitry can be of functional significance, given
the distinctive role of the two afferent input systems for the mediation of different
components of fear responses and the importance of GABAergic mechanisms for
limitation of excessive neuronal activity [1, 29].

7. Intercalated cells of the amygdala

Another principle of processing in the lateral amygdala is the prevalence of
synaptic plasticity, including input-specific neural plasticity of its afferent path-
ways. Based on the findings discussed above, one hypothesis is that Pavlovian fear
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conditioning and fear memory involve synaptic plasticity also of the inhibitory
GABAergic interneurons. Specifically, (a) activation of interneurons in the lateral
amygdala might regulate impulse traffic of its principal neurons, and (b) interneu-
rons in the amygdala are sites of input-specific and location-specific neural plasticity
themselves. These interneurons include scattered interneurons in the amygdala and
the paracapsular ITC neurons [56]. Genetically engineered mice, GAD-67-GFP mice
[57, 58], house specific neuronal populations, namely GABAergic interneurons, that
are labeled with fluorescence markers to identify and classify GABAergic neurons in
slice preparations iz vitro, based upon patch-clamp recordings, molecular and cellular
markers (Figure 5). The nomenclature for ITC cell masses is confusing. While some
authors refer to all intercalated cell masses as intercalated nuclei, others restrict the
term nucleus to a prominent one that is filled with inhibitory neurons and is located
immediately ventral to the basolateral amygdala. Here, this nucleus is referred to as
the intercalated amygdaloid nucleus whereas the clusters of GABAergic interneu-
rons that form a sheath around the basolateral amygdala complex are referred to as
paracapsular ITC cell masses (Figure 5). We distinguish two clusters, a lateral one
along the external capsule (lateral paracapsular cells, Ipcs) and a medial one along the
border of the BLA and CeA (medial pcs, mpcs) in accordance with a recent study of
ITC cells in the amygdala [59].

In the GAD-67-GFP mouse line, GABAergic interneurons are fluorescently labeled
with GFP such that GABAergic cells in slices from these mice can be directly visual-
ized with fluorescence microscopy in the patch-clamp slice microscope. In this trans-
genic mouse line, the promoter for GAD-67 drives the expression of GFP. In addition
to their fluorescent property, amygdala interneurons can be recognized by electro-
physiological criteria. Classic interneurons respond with regular sustained firing to
depolarizing current pulses, they possess high resting input resistance and generate
fast spikes compared with those of principal cells [17, 27-29, 60, 61]. Interneurons
typically have non-spiny or sparsely spiny dendrites (Figure 5).

Few studies have addressed synaptic signaling mechanisms and plasticity in
amygdala interneurons. After tetanic electrical stimulation of the external capsule,
The authors in [28] observed long-term potentiation (LTP) mediated by calcium-
permeable AMPA receptors in putative GABAergic interneurons in the basolateral
amygdala. This LTP is reflected in an increased GABA ,-mediated inhibitory synaptic
current in principal neurons. In another study, tetanization of thalamic afferents
resulted in NMDA-dependent heterosynaptic LTP of excitatory postsynaptic currents
(EPSCs) in interneurons which in turn was reflected as larger IPSCs in postsynaptic
principal neurons [62]. However, the potentiation was found in both input pathways,
thalamic and cortical. Interneurons of ITC cell masses located at the border between
central amygdala and basolateral amygdala (putative medial paracapsular cells, mpcs)
displayed bidirectional synaptic plasticity (LTD, LTP) depending on the stimulus
paradigm used [63, 64]. More recent evidence points to a role of ITC cell masses in
fear extinction [65, 66] and a specific role of neuropeptide S in interneuron-related
fear processes [65, 67]. ITC cells form a sheath of GABAergic interneurons surround-
ing the basolateral amygdala [2, 68]. Additionally, a prominent intercalated nucleus of
GABAergic cells is located ventro-medially of the basolateral (Figure 5). Intercalated
cells of the medial group, which is located at the border of basolateral amygdala and
central amygdala, display distinct short-term plastic synaptic responses that vary
dramatically between different connected cell pairs [69]. Intercalated cells exhibit
an unusual pattern of receptor expression and do not stain for typical interneuron
markers such as calbindin, calretinin, parvalbumin, NPY, CCK, somatostatin [59].
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Furthermore, only study has attempted to systematically analyze the large number of
anatomically distinct ITC interneurons in terms of electrophysiological parameters
[59]. Overall, these studies reveal an exciting, yet inconclusive picture of interneuron
function in the amygdala and do not provide a clear functional assignment and/or
classification of GABAergic cells. The data available suggest that, as in other neural
systems [70], interneurons in the amygdala present themselves as diverse types of
neurons [30, 71] and possibly participate in spatiotemporal division of labor. This
idea is supported by two studies of amygdala neural circuits [54, 72]. Interneurons

in the amygdala are found in specific locations and patterns of aggregation, either in
ITC clusters or distributed as individual interneurons throughout amygdaloid nuclei.
These interneurons can also be distinguished based on morphological features. In
confocal images, interneurons of ITC cell masses have smaller soma size, and their
dendritic branching is less readily visible than the more extensive branching of scat-
tered interneurons. This suggests that differences in dendritic receptive fields exist
that in turn could result in fewer synaptic connections of ITC cells and a possible
dominance of short-range synaptic interactions with neighboring ITC cells. Thus,
one possible role of ITC cells could be to mediate lateral inhibition in ITC cell clusters
whereas classic interneurons with longer dendrites could function in longer range
feedforward or feedback inhibition of principal neurons. Furthermore, afferent input
from thalamic and cortical regions can either converge on individual interneurons
and principal neurons or reach amygdaloid neurons in a more distributed manner
[29]. All of this suggests that subpopulations of interneurons exhibit distinct func-
tional roles in amygdaloid networks. The basis of these functional roles rests with
distinct intrinsic and synaptic properties of interneurons which are supported by two
studies that showed how distinct neuronal circuits can differentially affect amygdala
function [54, 72].

8. Fear conditioning, functional imaging, and theta rhythms

Functional imaging studies, such as fMRI (functional magnetic resonance imag-
ing) studies, have confirmed the central role of the amygdala in fear conditioning
paradigms. Fear conditioning is a classical experimental paradigm used to investigate
associative learning, particularly the formation and expression of fear-related memo-
ries. In this paradigm, participants are exposed to neutral stimuli (such as tones or
images) paired with aversive stimuli (such as electric shocks or unpleasant images).
Over time, the neutral stimuli become associated with fear responses [73-75]. The
amygdala is critically involved in the acquisition and consolidation of fear-related
memories during fear conditioning. Studies have consistently shown that activity
in the amygdala increases when animal models (rodents) or humans are exposed to
conditioned stimuli associated with fear-inducing events. This increased activity
reflects the encoding and storage of fear memories [4, 5, 9, 76, 77]. In fear conditioning
paradigms, the amygdala also plays a role in the expression of fear responses. Once fear
memories are formed, the amygdala becomes activated when individuals encounter
the conditioned stimuli, even in the absence of the aversive stimuli. This activation
leads to the expression of fear responses, such as increased arousal, physiological
changes, and behavioral reactions. Functional neuroimaging techniques such as fMRI
examine the neural correlates of fear conditioning in humans. Studies using fMRI have
consistently implicated the amygdala in the processing of fear-related stimuli during
fear conditioning tasks. Increased amygdala activity is observed when participants
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are exposed to conditioned stimuli associated with fear, providing evidence for its
involvement in fear learning and expression [77-80]. Beyond its role as a primary hub
for fear processing, the amygdala interacts with other brain regions to modulate fear
responses. fMRI studies have revealed functional connectivity between the amygdala
and various cortical and subcortical regions involved in emotional regulation, atten-
tion, and memory. These network interactions contribute to the complex processing of
fear-related information and the regulation of emotional responses [77-80].

Fear conditioning represents a most reproducible paradigm to study the neuro-
biological mechanisms underlying emotions [81]. Studies of the synaptic plasticity
underlying fear conditioning in both humans and rodent models focus on neural
circuits in the amygdala and prefrontal cortex, cingulate gyrus, and hippocampus
[82, 83]. Plastic changes involve cortical representations and the refinement of
contextual input as part of circuit modulation. Theta oscillatory activity across several
brain regions has been found to be critical in this regard [31, 84-87], e.g., in relation
to long-term fear memory, modulation of synchronized oscillations in the hippo-
campal-prefrontal-amygdala circuit in contextual fear, and changes in brain rhythms
and connectivity tracking fear acquisition and reversal. Projection neurons of the
lateral amygdala exhibit resonant/oscillatory behavior of their membrane potential
and provide a cellular correlate of coherent theta activity in amygdalo-hippocampal
pathways (see Figure 1). This can be a neural correlate of conditioned fear [84, 85].
Synaptic plasticity observed in these networks has been proposed to rely on correlated
activity, e.g., input-specific long-term depression of thalamo-amygdaloid signals and
consolidation of long-term potentiation in the dentate gyrus. Moreover, increased
theta rhythm in the cingulate cortex was found to subserve fear acquisition and is
transmitted to other cortical regions via increased functional connectivity, which
allows for fast theta rhythm synchronization [87].

9. Conclusions

A long-term objective of research in the amygdala is to understand the neural
mechanisms underlying fear, anxiety, and related clinical disorders. The amygdala
is critically involved in mediating normal and pathological conditions of fear and
anxiety. The amygdala serves as a relay station for sensory input and output to higher
order brain centers and centers of autonomic control. The lateral amygdaloid nucleus
is the initial site of synaptic integration for cortical and thalamic afferent input to
the amygdala. Signal flow of lateral amygdala excitatory principal neurons to down-
stream basolateral and central amygdaloid nuclei is influenced by two populations
of GABAergic interneurons, classic local interneurons scattered throughout the
amygdala and clusters of paracapsular intercalated cells. Interneurons control impulse
traffic through the amygdala, are sites of synaptic plasticity, and control fear memory.
A basic principle of information processing in the amygdala is the stereotypic
responses in the form of oscillating activity in the theta frequency range. Input spe-
cific plastic changes seen with the theta frequency stimulation paradigm make them
extremely relevant for synaptic plasticity and help to integrate the intrinsic properties
of the projection neurons into synaptic and network properties in the amygdala.
Presumably, synaptic depression in the lateral amygdala, like other forms of endur-
ing synaptic weakening, provides a means of reducing the relative contribution of
a high synaptic input. Changes in synaptic strength are input specific and could
mediate balance shifts of thalamic vs. cortical influences, possibly with effects on fear
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conditioning neuronal circuits. The functional consequence could be a reduction of
reflex-like components of conditioned fear responses, the direct thalamic influences,
with a shift toward a stronger cortical component which is linked to analysis of con-
textual stimuli. These studies determine the functional significance of neurotrans-
mitter systems and provide insights into amygdala network properties. Furthermore,
the results could help to explain and suggest treatments for pain, anxiety, phobias,
stress, and neurological conditions associated with amygdala networks.
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Chapter 5

The Amygdaloid Body as the
Anatomical Substrate of Emotional
Memory: Implications in Health
and Disease

Alessandro Weiss and Francesco Weiss

Abstract

The Amygdaloid Body is a heterogeneous nuclear complex that establishes
extensive connections with numerous structures of the limbic system, the thalamus,
the brainstem, and the neocortex, and constitutes the focal center of its widespread
three-dimensional white matter chassis. Since the 50s, the neurophysiological obser-
vations of Wilder Penfield et al. began to clarify the role of the AB in human memory.
More recently, the introductions of a more advanced neuroimaging technology (PET,
fMRI, DTI) led to a growing awareness of its crucial implications in the etiology of a
variety of neuropsychiatric disorders, such as trauma spectrum and mood spectrum
disorders. Additionally, the AB and its connections have been successfully used as
a target for Deep Brain Stimulation (DBS) in the treatment of refractory forms of
psychiatric disorders, especially trauma spectrum disorders. Therefore, gaining a
deeper understanding of the morphophysiology of the AB has increasingly become
utmost relevance for neuroscientists and clinicians alike. With the present chapter,
we attempt to provide an exhaustive description of the functional anatomy of the
AB, hopefully providing a useful tool for the approach to the anatomical substrates
of the emotional components of memory and learning and to their role in the
phenomenology and treatment of neuropsychiatric disorders.

Keywords: emotional memory, amygdaloid body, post-traumatic stress disorder,
bipolar disorder, implicit memory, explicit memory, memory, disconnection syndrome

1. Introduction

“Learning is defined as the change in behaviour that results from acquiring
knowledge about the world, and memory as the process by which knowledge is
encoded, stored, and later retrieved” [1].

Debate on the mind’s mechanism for learning and memory dates back to the
beginnings of western science when the ancient Greek philosophers speculated about
the causes of behavior and the relation between mind and brain. In the seventeenth
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century, René Descartes believed in a dualistic view between body and mind.
According to his view, the brain (part of the body) is responsible for perception,
motor acts, memory, appetites, and passions, while mind for the conscious experi-
ences characteristic of the human behavior. The connection between body and mind
was supposed to be in the pineal gland, located in the center of the brain. In the
eighteenth century, the philosophical debate about learning and memory split along
different lines: Empiricists believed that the brain was initially a blank slate (tabula-
rasa) that is later filled by sensory experiences, whereas idealists, notably Immanuel
Kant, believed that the perception of the world was determined by inherent features
(a priori) of human mind [1].

During the twentieth century, Freud and colleagues introduced the psycho-
analytical thinking, which consisted in a renewed dualistic model of memory and
learning based on conscious and unconscious processes [2]. Despite the importance
of this revolutionary intuition, its biological confirmation had to wait for almost
one century later when the development of modern neuroscience, open to the possi-
bility of reconsidering previous philosophical thoughts, embraced a more pragmatic
model based on functional and molecular neuroanatomy [1, 3-5]. The first obser-
vation to have been confirmed was properly the intuition of Descartes that there
would be a higher-order matter (soul) controlling a lower one (body): since the
second half of the twentieth century, it has been assumed that phylogenetic recent
areas of the brain, disposed cranially in the neuraxis, control older areas disposed
more caudally. On this respect, Paul MacLean in 1960 presented the model of the
“triune brain,” comprising a reptilian central primitive brain, devoted to homeosta-
sis and survival; a paleomammalian brain, surrounding the central reptilian part,
which is related to emotional and motivational aspects of behavior; and lastly, a
neomammalian brain, corresponding to the neocortex, which is responsible for cog-
nitive and executive integrations of behavior [6]. More recently, Heimer and Wilson
[7] demonstrated that basal ganglia extend all the way to the ventral surface of the
mammalian brain to include the olfactory tubercle and other structures of the basal
proencephalon. They grouped together these portions of the basal ganglia into what
they termed ventral striato-pallidal system. Such model replaced the old concept
of the subcommissural substantia innominata, providing a more defined morpho-
physiologic establishment to these structures. The importance of this acquisition
is not only due to more refined topographic depiction of the basal ganglia, but also
and foremost to the understanding of the biunivocal relationship between the basal
ganglia and the whole cortical mantle.

Contemporarily, the use of neural electrical stimulation in awake-neurosurgery,
employed in the treatment of refractory temporal lobe epilepsy, allowed to clarify
the anatomical substrate of memory and learning [1, 8-10]: it was demonstrated
that mnesic functions were not grouped in a single region but widely distributed
among many brain regions, whose access was independent of visual, verbal, or
other sensory clues. The current classification of memory (shown in Figure 1) was
elaborated by Peter Graf and Daniel Schacter, who based their model on the obser-
vation of post-operative mnesic impairments [1, 10, 11]. The authors classified
mnesic functions in a short-term type and in a long-term type. Long-term memory,
in turn, has been subdivided into implicit and explicit forms, differing in that the
former does not require conscious awareness for recalling. Four different processes
compose the physiologic build-up process of long-term memory: encoding, storage,
consolidation, and retrieval [12].
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MEMORY
I 1
short term long term
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priming procedural associative learning: non associative facts ———— events
(skills and classical and learning
habits) operant conditioning

emotional skeletal

responses muscolature
neocortex striatum  amygdaloid  cerebellum reflex medial temporal lobe

bod! atwavs (hippocampus, fomix
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parahyppocampal gyrus
piriform and entorinal cortex)

Figure 1.
Classification of memory by Graf and Schacter.

Implicit memory (also referred to as non-declarative or procedural memory) is
unconscious, mainly automatic and tightly connected to the original conditions under
which the learning occurred. It gives rise to priming, skill learning, habit memory,
and conditioning and comprises the emotional and viscerosomatic memories.

Explicit memory (or declarative memory) is defined as the deliberate or conscious
retrieval of previous experiences, as well as conscious recall of factual knowledge
about people, places, and things and it can be further subdivided into an episodic or
autobiographical memory (memory of personal experiences) and a semantic memory
(memory of meanings, words, and concepts).

But why do humans store some memories and discard others? This question has
persisted since the beginning of the philosophical debate on memory and learning.
Nowadays, the intuitive assumption that memory consolidation and storage depend,
to a substantial extent, on the affective charge of experiences is well established. Such
function is largely under the control of the Amygdaloid Body (AB) [13]. Indeed, the
AB signals to the hippocampus the experiences that are more emotionally salient and
should have a sort of priority for storage, relative to other poorly salient experiences
that are less significant for the individual. As a consequence, the AB is thought to be
involved in the genesis of the affective symptomatology of many neuropsychiatric
disorders, such as trauma spectrum and mood spectrum disorders, in which the emo-
tional features of mnesic functions are often altered [14-17]. Accordingly, the AB and
the connections of its functional network have been successfully used as a target for
Deep Brain Stimulation (DBS) in refractory cases of some of these conditions [18-26].

In this scenario, gaining a deeper understanding of the morphophysiology of
the AB has become increasingly relevant not only for neuroscience researchers but
also for the clinicians who, in their daily practice, deal with the aberrations of such
fascinating aspects of neurobiology.
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2. Neuroanatomy

The AB is located deep within the anterior segment of the uncus and it appears as
an ovoid-shaped gray matter nuclear complex with an anteroposterior and transverse
diameter of 12 mm and of 16 mm, respectively. The medial surface of the AB is in
relation to the semilunar and ambiens gyri. Laterally, the posterior aspect of the AB
faces the intralimbic gyrus and piriform cortex, (Figure 2a) and medially constitutes
the anterolateral wall of the temporal horn of the lateral ventricle. This surface is con-
cave due to the presence of the head of the hippocampus, from which it is separated
by the uncal recess (Figure 2b). In the temporal horn, the superior portion of the AB
is within the anterior roof of the ventricle, and anteriorly within the white matter
of the temporal pole (Figure 2b). Superiorly, the AB is continuous with the globus
pallidus and with the ventral claustrum (Figure 3) [27].

2.1 Microneuroanatomy

Burdach was the first, in the early nineteenth century, to provide a comprehensive
description of this structure, for which he proposed the name “amygdala” in view of
its resemblance to an almond seed [28-31]. During the last century, several authors
have improved the anatomical knowledge of the region, identifying a large number
of heterogeneous nuclei surrounding the one originally described by Burdach.
Accordingly, the name of this area of gray matter was changed to the more appropri-
ate term AB [31].

This nuclear complex is currently subdivided into four groups of nuclei: a basolat-
eral complex, which is the one originally described by Burdach, a centromedial com-
plex, a cortical complex, and an additional fourth group [27, 31], as shown in Figure 3.

IDpo. Gyrus

- Uncal Sulcus

Figure 2.

Mogrphology and location of the amygdaloid body (*). In “a”, exposure of the medial tempoval region is shown.
The amygdaloid body is located deep within the anterior segment of the uncus. The relation between the
amygdaloid body and the periamygdaloid covtex is highlighted in green. The medial surface of the amygdaloid
body is adjacent to the semilunar gyrus, superiorly, and the ambiens gyrus, inferiorly. Postero-medially and
postero-inferiorly, the amygdaloid body faces the intralimbic gyrus and the piriform cortex, respectively. In “b”,
the dissection of the basal aspect of the left temporal lobe is shown. The relation between the amygdaloid body and
the surrounding structures is highlighted. The uncus consists of an anterior portion, containing the amygdaloid
body and covered by the peri-amygdaloid cortex, and a posterior portion, enclosing the head of the hippocampus
and covered by the cortex of the parahippocampal gyrus. The amygdaloid body is separated from the head of the
hippocampus by the uncal recess. Anteromedially, the amygdaloid body is separated from the anterior perforated
substance by the rhinal sulcus.
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Figure 3.
Coronal cut of the medial temporal lobe at the level of the anterior commissure showing the nuclear subdivision of
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the amygdaloid body, in macroscopic divect-view. In “a”, the amygdaloid nuclei are highlighted. The basolateral
amygdaloid body (yellow dotted line) is composed of the lateral (blue), basolateral (ved), and basomedial (yellow)
nuclei, disposed in a latero-medial divection. The lateral nucleus exhibits a striate appearance, due to the passage
of fibers of the ventromedial portion of the uncinate fascicle. The centromedial amygdaloid body (blue dotted line)
is composed of the central nucleus (purple), located infero-laterally and anteriorly, and the medial nucleus (pink),
located superomedially and posteriorly. The cortical amygdaloid body (green) comprises multiple tiny nuclei located
supevomedially, in the context of the nuclear complex. In “b”, the velation between the amygdaloid body and the
surrounding structure is highlighted. The ventral claustrum is scattered throughout the uncinate fascicle, without

a clear demarcation from the basolateral amygdaloid body. The amygdalo-piriform area is composed of the gray
matter located between the amygdaloid body and the piriform cortex. Superiorly, the amygdaloid body adjoins the
white matter of the basal forebrain and it is continuous cranially with the globus pallidus.

The basolateral AB has a telencephalic origin and is composed by the lateral,
basolateral, and basomedial nuclei. The lateral nucleus exhibits a striate appearance,
due to the presence of fibers of the ventromedial uncinate fascicle.

The centromedial AB has a diencephalic origin and is composed of the central
nucleus, located inferolaterally and anteriorly, and the medial nucleus, located
superomedially and posteriorly, adjacent to the stria terminalis. Both nuclei are pale,
reminding the color of the pallidum with which they share the ontogenetic origin.

The cortical AB has a telencephalic origin and is composed by multiple tiny
nuclei located superomedially, in the context of the nuclear complex. These nuclei
are continuous with the piriform cortex of the uncus, and include the primary and
secondary nuclei of the lateral olfactory stria and the anterior cortical amygdaloid
nucleus intercalated in the olfactory system.

The additional group comprises all gray matter areas surrounding the proper
nuclear complex, and seamlessly transitions into the neighboring structures. It
includes two essentially independent structures: the telencephalic amygdalo-piriform
area, located between the AB and the piriform cortex; and the diencephalic bed
nucleus of the stria terminalis, which identifies with the gray matter following the
course of the stria terminalis and constitutes the continuity between the AB and the
hypothalamus.

2.2 Connectomic

The AB is characterized by numerous connections with the limbic system, the
thalamus, the brainstem, and the neocortex, organized in a three-dimensional chassis
around the nuclear complex [12, 30].
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2.2.1 The amygdalofugal pathways

Humans and other mammals are endowed with two divergent amygdaloid projec-
tion systems named dorsal and ventral amygdalofugal pathways [30-33]. These two
bundles arise from the centromedial AB and from the basolateral AB, respectively,
and converge at the level of the septum and of the hypothalamus [30].

The dorsal amygdalofugal pathway, shown in Figure 4, forms the stria terminalis.
This projection system has been comprehensively described in humans [27, 30, 31]
as a C-shaped bundle arising from the centromedial AB and following the lateral
ventricle and the surface of the thalamus toward the ipsilateral foramen of Monro.
Hence, it splits into three components: a pre-commissural component, reaching
the septum and the nucleus accumbens septi; a commissural component, running
toward the contralateral hemisphere within the anterior commissure (AC) and
taking part in the inter-amygdaloid pathway; and a post-commissural component
running behind the AC. The latter, splits into a portion following the post-commis-
sural fornix to reach the mammillary body, and another portion following the stria
medullaris thalami to reach the habenula, the thalamus, and the hypothalamus. All
along its course, the stria terminalis is in continuity with its bed nucleus. The bed
nucleus of the stria terminalis is subdivided into a rostral, intermediate, and caudal
portions and it represents the anatomical gray matter continuity between the AB and
the hypothalamus.

Figure 4.

Dz%sem'on of the medial aspect of the right hemisphere. The complete course of the stria terminalis is exposed
after the complete removal of the fornix and the hypothalamus (which position is still marked in green). The stria
terminalis is a C-shaped bundle arising from the centromedial amygdaloid body (*) and following the lateral
ventricle and the surface of the thalamus toward the ipsilateral foramen of Monro, where it splits into three
components: A pre-commissural component, reaching the septum and the nucleus accumbens septi; a commissural
component, running toward the contralateral hemisphere within the anterior commissure and taking part of the
inter-amygdaloid pathway; and a post-commissural component running behind the anterior commissure. The
latter splits in a portion following the post-commissural fornix and another portion following the stria medullaris
thalami to reach the mammillary body, the habenula, the thalamus, and the hypothalamus.
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The ventral amygdalofugal pathway arises from basolateral AB and runs ventrally
to the ventral striato-pallidal structures, the AC, and the internal capsule, to reach the
septal region. Due to the spread diffusion of its fibers into several structures and due
the limited size of the region, a comprehensive description of its anatomy has always
been difficult to achieve [27, 30, 31]. Using Klinger fiber dissection technique on
ex-vivo brain specimens, we have recently provided a new account on the subject [27].
According to our findings, the ventral amygdalofugal pathway appears as a widespread
bundle connecting the basolateral AB with the septum, the thalamus and the hypo-
thalamus, characterized by two arms diverging below the AC, as shown in Figure 5.

The anterior arm of the ventral amygdalofugal pathway, named also diagonal
band of Broca, runs underneath the AC in a latero-medial direction toward the basal
nucleus of Meynert (scattered along its course) and bends anteriorly and medially
toward the nucleus accumbens septi, directed to the septum. The posterior arm of the
ventral amygdalofugal pathway runs laterally above the anterior perforated substance
and toward the thalamus and hypothalamus, where it intermingles with fibers of the
medial forebrain bundle (MFB) and of the stria medullaris thalami.

2.2.2 Connections with the brainstem

The MFB connects the AB with the brainstem [4, 34], as shown in Figure 5, and
is supposed to play a role in the neurovegetative correlates of implicit memories.
Since the rostral portion of the MFB splits into several different branches, extending
in various directions and depths, its dissection in humans has always been partial
[30, 35-38]. In the diffusion MRI tractographic study performed by Coenen et al.
[39] the MFB appeared composed by a main trunk arising in the dentate nucleus of
the cerebellum, and running through the retrobulbar area and the periaqueductal
gray, to reach the ventral-tegmental area of the midbrain. Here, it splits into an infer-
omedial portion, running along the lateral wall of the third ventricle and reaching

Diag. Band

Figure 5.

Ing‘,‘a” and in “b”, the dissection of the medial and inferior aspects of the same vright hemisphere are highlighted,
respectively. Both pictures show the complete course of the ventral amygdalofugal pathway, which arises from
the basolateral amygdaloid body (*) and immediately spreads into two arms. The anterior arm of the ventral
amygdalofugal pathway, named also diagonal band of Broca, runs underneath the anterior commissure in a
latero-medial divection toward the basal nucleus of Meynert (scattered along its course) and bends anteriorly
and medially toward the nucleus accumbens septi, divected to the septum. The posterior arm of the ventral
amygdalofugal pathway runs latevally above the anterior perforated substance and toward the thalamus and
hypothalamus, where it intermingles with fibers of the medial forebrain bundle and of the stria medullaris
thalami.
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the hypothalamus; and in a superolateral portion, running inferolaterally to the
thalamus. In particular, the superolateral MFB has been dissected in ex-vivo speci-
mens, from the ventral-tegmental area, caudally, to the medial ceiling of the anterior
perforated substance, rostrally, where it intermingles with the posterior portion of
the ventral amygdalofugal pathway [27]. Its neuromodulation in humans seems to
show mood-regulating effects in refractory major depressive disorder (MDD) [25].

2.2.3 Connections with the hippocampus

The intra-ventricular amygdalo-hippocampal bundle, shown in Figure 6, con-
nects the basolateral AB with the head of the hippocampus. This connection was
firstly described in rhesus monkeys by Rosene and Van Hoesen in 1977 [40], and in
rats by Kemppanien et al. in 2002 [41]. In humans, it was identified by Di Marino
et al. in 2016 [31], and by our group in 2021 [27]. Kemppainen and Pitkanen [42]
demonstrated that the connections between the basolateral AB and the CA1/subicu-
lum of the hippocampus are resistant to neuronal damage induced by the status
epilepticus in rats, suggesting their role as a pathway for seizure propagation between
the two structures. Di Marino et al. [31] suggested the existence of an additional

extra-ventricular amygdalo-hippocampal connection, whose existence has still to be
confirmed [27, 31].

2.2.4 Cortical connections

The amygdalo-temporal fascicle, whose function is still unknown, arises from
the basolateral AB and runs straight to the cortex of the temporal pole, as shown in
Figure 6. Its existence in humans was first mentioned by Curran in 1909 [43], but it
has been described in detail only by Klingler and Gloor in 1960 [30] and by our group
in 2021 [27].

The temporo-pulvinar bundle of Arnold arises from the anterior temporal cortex
with a postero-medial course and is arranged in a thin sheet of fibers running above
the roof of the temporal horn underneath the tail of the caudate nucleus, establish-
ing a connection with the lateral AB. Afterwards, it continues posteriorly within the

Figure 6.

<« »
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In ‘@, the lateral dissection of the right hemisphere is shown, while in “b” and in ¢’ its stepwise basal dissection
is shown. In “a”, the removal of the inferior longitudinal fascicle allows the exposure of the amygdaloid body (*),
anteriorly and of the hippocampus posteriorly. Retracting the hippocampus postevo-inferiorly with a spatula was
possible to expose the tiny bundle that connects the aforementioned structures. Such connection is exposed also in
“b”, where the cingulum has been partially sectioned and the hippocampus vetracted medially (exposing the roof

 »
c

of the temporal horn of the lateval ventricle). “c” Highlights the amygdalo-temporal fascicle.
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sublenticular segment of the internal capsule, eventually ending into the pulvinar. Its
dissection is shown in Figure 7. Such bundle was first detected by von Monakow in
1895 [44] and extensively described by Klingler and Gloor [30], who termed it “inferior
thalamic peduncle,” and by our group [27]. Its function is still unknown, but clinical
evidences of neuromodulation suggest that it could play a role in mood control [45].
The lateral olfactory stria, whose dissection is shown in Figure 7a, arises
from the olfactory tract, in front of the anterior perforated substance, and represents
the lateral part of the olfactory trigon. It runs laterally, just anteriorly to the
diagonal band, to intermingle with fibers of the external capsule at the level of
the limen insulae and insular gyri. Laterally, the lateral olfactory stria provides
fibers directed toward the cortical AB, in particular, it reaches the primary and
secondary olfactory nuclei and the anterior cortical amygdaloid nucleus. Along its
course, the lateral olfactory stria interconnects the olfactory bulbs, the gray matter
of the anterior perforated substance (considered the involution of the laminated-
olfactory tubercle of macrosmatic mammals), the piriform cortex, the AB, and
the insula; for this reason, Nieuwenhuys et al. [4] have considered such pathway
as the anatomical substrate of the link between taste and smell, as well as between
smell, emotions, and memories. It is widely ascertained that olfactory clues are the
strongest inputs for perceptual recalling of emotional components of memories
(commonly referred to by the French as Proust phenomenon) [46]. In fact, the
lateral olfactory stria connects the olfactory bulb directly with the AB and the
piriform cortex, making olfaction the sole sensory modality to reach the cortex
without thalamic retransmission.

Ant. Comm.
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Stria Terminalis
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Figure7.

Dz%section of the inferior aspect of the right hemisphere. “a” Highlights the relation between the amygdaloid body
(*) and the uncinate fascicle, located anterolaterally, the lateval olfactory stria, located anteromedially, and the
temporo-pulvinar bundle of Arnold located postero-laterally. The lateral olfactory stria arises from the olfactory
tract, in front of the anterior perforated substance and runs laterally, just anteriorly to the diagonal band, to
intermingle with fibers of the external capsule at the level of the limen insulae and insular gyri. Laterally, the
lateral olfactory stria provides fibers directed toward the cortical amygdaloid body. The temporo-pulvinar bundle
of Arnold arises from the anterior temporal cortex with a postero-medial course and is arranged in a thin sheet
of fibers running above the roof of the temporal horn underneath the tail of the caudate nucleus, establishing

a connection with the lateral amygdaloid body. Afterwards, it continues posteriorly within the sublenticular
segment of the internal capsule, eventually ending into the pulvinar. In “b”, the lateral olfactory stria has been
sectioned exposing the anterior commissure.
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Herrick in 1956 wrote: “This olfactory field at the anterior end of the brain is the
dominant centre of control of all behaviours of these primitive vertebrates, and for
this reason it was the seedbed for further structural differentiation as the patterns of
behaviour were stepped up from one integrative level to another. Here, the rudimen-
tary cortex had its beginnings” [5].

The uncinate fascicle (UF), whose dissection is shown in Figure 7 and in Figure 8,
connects the frontal lobe with the anterior portion of the temporal lobe. It is com-
posed by a ventromedial part, arising from the medial orbitofrontal cortex (mOFC),
and an anterolateral part, arising from the medial prefrontal cortex (mPFC). In its
course to the temporal pole, the UF bends below the nucleus accumbens septi forming
the supero-anterior wall of the Gratiolet’s canal, where some fibers of its ventromedial
part provide connections with the basolateral AB, as shown in Figure 8c. The ventral
claustrum is scattered throughout the ventromedial UF, without a clear demarcation
from the AB. The fibers of the anterolateral UF follow their course straight to the
cortex of the temporal pole [27, 30].

The most conspicuous AB’s cortical connection is constituted by the cingulum,
whose dissection is shown in Figure 9. The cingulum, in humans, arises from the
basolateral AB and runs over the medial surface of the hippocampus in a postero-
medial direction (as shown in Figure 9b) interconnecting the gyrus ambiens and the
parahippocampal gyrus. Afterwards, it bends anteriorly, above the corpus callosum,
reaching first the parietal cortex, then the mPFC, eventually ending at the level of

Darsolataral " A
Uncinate Fagciclas

Baglateral-graup

Figure 8.

Thge dissection of the lateral aspect of the left hemisphere. In “a”, the whole course of the uncinate fascicle that
connects the frontal and the temporal lobes is shown. Its relation with the ventral claustrum, scatteved throughout
its course without a clear demarcation from the amygdaloid body (%), is highlighted in “b”. The uncinate fascicle is
composed by a ventromedial part, arising from the medial orbitofrontal cortex, and an anterolateral part, arising
from the medial prefrontal cortex. In its course to the temporal pole, it bends below the nucleus accumbens septi
forming the supero-anterior wall of the Gratiolet’s canal, and, at this point, some fibers of its ventromedial part

« »

provide connections with the basolateral amygdaloid body as shown in “c
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Figure 9.

The dissection of the medial aspect of the right hemisphere. In “a”, the whole course of the cingulum is shown,
which arises from the basolateral amygdaloid body (*), and runs over the medial surface of the hippocampus in
a postero-medial direction interconnecting the gyrus ambiens and the parahippocampal gyrus. Afterwards, it
bends anteriorly, above the corpus callosum, reaching first the parietal cortex, then the medial prefrontal cortex,
eventually ending at the level of the basal forebrain. The avising point of the cingulum from the basolateral
surface of the amygdaloid body is shown in “b”.

the basal forebrain [27]. Since the observation of Dejerine in 1895, there has been

the idea that the cingulum would be composed by the combination of short fibers,
arising from neighboring gyri [32, 47]. This observation was confirmed in 2014 by
the tract-tracing study performed by Heilbronner and Haber [48], and in 2021 by our
dissection work [27], which illustrated fibers arising from the basolateral AB getting
directly into the temporal cingulum, and indirectly, through the ventral amygdalofu-
gal pathway, into the rostral-subgenual cingulum on the medial surface of the nucleus
accumbens septi.

The ABs are reciprocally connected by the AC, the major inter-hemispheric
connection of the limbic system. The AC, which course is shown in the dissection
in Figure 10, is a transverse, handlebar-shaped bundle composed by a compacted
medial portion that spreads bilaterally into the temporal lobes. The medial AC
is located in front of the columns of the fornix, at the rostral edge of the third
ventricle, and is housed into a canal formed entirely by white matter, named canal
of Gratiolet. Such canal is composed by the UF, anteriorly and superiorly, from
the diagonal band of Broca anteriorly and inferiorly, and from the columns of the
fornix, posteriorly. From its medial portion, the AC curves bilaterally and poste-
riorly passing under the lenticular nucleus before crossing the temporal isthmus.
At this point, it splits into an anterior crus extending forword to the mPFC, and
in a fan-shaped posterior crus giving branches getting into the AB’s dorsal surface
[27, 30, 49]. Eventually, the posterior crus divides into an occipital extension,
joining the sagittal stratum, and a temporal extension, reaching the anterolateral-
temporal cortex.

2.3 Functional anatomy of the AB

The heterogeneous pattern of projections of the AB has been recently organized in
two different functional systems by de Olmos and Heimer [50]: the extended amyg-
dala and the great limbic lobe.
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Figure 10.
The dissection of the lateral aspect of the left hemisphere in “a” and of the inferior aspect of the brain in “b” and
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©” show the complete course of the anterior commissure starting from its compacted medial part housed into
the Gratiolet’s canal and spreading bilaterally into and anterior and a posterior course reaching the frontal and
temporal lobes and interconnecting the two amygdaloid body.

The extended amygdala belongs to the ventral pallidum and is constituted by a
continuum of gray matter of diencephalic origin organized as a ring encircling the
internal capsule. It is composed by the centromedial AB, the bed nucleus of the stria
terminalis, and the lateral and medial hypothalamus. All structures belonging to
the extended amygdala are shown in the dissection in Figure 11. These structures
are reciprocally connected through the stria terminalis, which is supposed to link
food-related, olfactory, sexual, and endocrine cues [12, 50]. In particular, the central
AB seems to be directly connected to the autonomic and somatomotor centers in
the lateral hypothalamus, while the medial AB seems to be directly connected to the
endocrine-related medial hypothalamus.

The great limbic lobe, shown in Figure 12, includes the basolateral AB, the cortical
AB, the hippocampus, the basal forebrain, the insula, the cingulate gyrus, the ventral
prefrontal cortices, the subcallosal, and the entorhinal cortices. All these structures
have a telencephalic origin, and its subcortical nuclei belong to the ventral striatum.
The white matter bundles connecting the structures of the great limbic lobe are the
ventral amygdalofugal pathway, the cingulum, the UF, the MFB, and the lateral olfac-
tory stria [12, 50].

The converging point between the extended amygdala and the great limbic lobe is
the basolateral AB, that receives afferent fibers from the cortex and from the ventral
striatum, and projects efferent fibers to the centromedial AB.

In view of the recent advances in functional neurosurgery, such classification
acquires a clinical relevance. Indeed, the basolateral AB has been used as DBS-target
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Figure 11.

Shows the structures composing the extended amygdala that belongs to the ventval pallidum and is constituted by a
continuum of gray matter of diencephalic origin organized as a ring encircling the internal capsule. It is composed
by the centromedial amygdaloid body (*), the bed nucleus of the stria terminalis (light blue) and the lateral and
medial hypothalamus (green). These structures are reciprocally connected through the stria terminalis (red dashed
line).
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Figure 12.
Shows the brain cortical regions composing the great limbic lobe that includes the basolateral and cortical
amygdaloid body (*), the hippocampus, the basal forebrain, the insula, the cingulate gyrus, the prefrontal

cortices, and the subcallosal, entorhinal, and ventral-tegmental areas.

for the treatment of refractory Post-Traumatic Stress Disorder (PTSD), [22, 23, 26]
autism, [19-21] and, together with the cingulum and the superolateral portion of
the MFB, refractory MDD [18-20, 51]. Furthermore, DBS targeting the bed nucleus
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Paper Year Target Disorder Effect
Kennedy et al. [18] 2011 Basolateral amygdaloid Autism Improve
body
Langevin etal. [19] 2012 Basolateral amygdaloid Autism Improve
body
Langevin etal. [19] 2012 Cingulum MDD Improve
Schlaepfer et al. [20] 2013 Basolateral amygdaloid Autism Improve
body
Schlaepfer et al. [20] 2013 Basolateral amygdaloid MDD Improve
body
Sturm et al. [21] 2013 Superolat. Portion of MDD Improve
the MFB
Koek et al. [22] 2014 Basolateral amygdaloid PTSD Improve
body
Langevin etal. [23] 2015 Basolateral amygdaloid PTSD Improve
body
Blomstedt et al. [25] 2017 Medial forebrain bundle MDD Improve
Lavano et al. [26] 2018 Basolateral amygdaloid PTSD Improve
body

Piacentiani et al. [53] 2008 Stria terminalis Dystonia Developing of MDD
(unintentional) with psychosis
Luyten et al. [24] 2016 Bed nucleus of the stria DOC Improve
terminalis
Blomstedt et al. [25] 2017 Bed nucleus of the stria Relapsing Improve
terminalis anorexia
Table1.

Summary of the clinical outcomes in patients treated with the DBS of the amygdaloid body and its connections.

of the stria terminalis has been shown effective in decreasing anxiety in patients

with obsessive-compulsive disorder (DOC) [24] and relapsing anorexia [25]. These
observations are in line with the results of analogous studies in animals [52]. On the
other hand, Piacentiani et al. [53] reported that the unintentional stimulation of the
stria terminalis, caused by the displacement of a DBS-electrode previously positioned
in a patient affected by dystonia, determined the development of MDD with mood-
incongruent psychotic symptoms. These pieces of evidence support the idea that the
stimulation of the AB’ connections, comprised in the great limbic lobe, might increase
mood control and decrease the severity of aversive emotional responses to traumatic
memories [20-23, 25, 26, 51, 54-57]. On the contrary, the effects of the stimulation of
the extended amygdala in humans are still controversial and the few case reports in the
literature are not enough to predict its possible outcomes [24, 25, 53]. All results are
resumed in Table 1.

3. Role of the AB in trauma spectrum disorders

Trauma spectrum disorders are a group of psychological alterations consequent to
the exposure to a trauma, defined as an event that is perceived to be life-threatening
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or to pose the potential of serious bodily injury to self or others [58]. This condition
is considered as a chronic dysregulation of the physiologic nervous response that
normally follows the exposure to a threat.

Trauma spectrum symptomatology is characterized by phenomena that can be
grouped into three primary domains: reminders of the exposure such as flashbacks,
intrusive thoughts, and nightmares; activation patterns such as hyperarousal, insom-
nia, agitation, irritability, impulsivity, and anger; and deactivation patterns such as
numbing, avoidance, withdrawal, confusion, derealization, depression, and dissocia-
tion. In particular, dissociation is defined as a failure, disruption, interruption, and/
or discontinuity of the normal, subjective integration of behavior, memory, identity,
consciousness, emotion, perception, body representation, and motor control, and
it represents the link between trauma spectrum disorders [58] and a large variety of
psychiatric disorders like drug abuse, self-injurious behaviors, suicidality, somatiza-
tion, and borderline personality disorder [59, 60].

Dissociative disorders can be classified into two subtypes: structural dissociation,
involving the autonomic responses following the exposure of traumatic cues, leading
to possible repercussion on personality and general functioning; and somatoform dis-
sociation, which is characterized by the expression of implicit viscerosomatic memo-
ries, leading to body representation disorders and to a large variety of dermatologic
and immune disorders [59, 60].

Clinical manifestation of the psychological trauma has been known since the
beginning of the psychoanalysis [2], although the deep insight of its consequences on
the society was reached only in the second part of the nineteenth century when it has
been given a bigger attention to war veterans difficulties at the moment of their return
to daily living. The huge increase of the post-traumatic diagnoses in the last decades,
whose recognition has moved far beyond the border of war situations, along with
their heavy potential for social impairment, highlighted the need for a more accurate
nosology and a deeper insight into the pathophysiology of these disorders.

It is currently thought that there is a substantial continuity in the expression of
trauma spectrum disorders and, accordingly, trauma manifestations have been orga-
nized in two groups of clinical severity: the simple and the complex PTSDs [58-60].

Simple PTSDs are characterized by the presence of a single or multiple traumatic
event/s that occurred after the psychological maturity of the subject. These individu-
als typically retain both explicit and implicit memories of the trauma. Simple PTSDs
comprise the acute post-traumatic disorder and the proper PTSD.

Complex PTSDs are characterized by the presence of a single or more often mul-
tiple relational traumatic event/s that occurred before the psychological maturity of
the subject. Individuals with Complex PTSD typically retain implicit memories of the
traumatic event(s), but not necessarily explicit memories. Complex PTDSs comprise
the proper complex PTSD, the Dissociative Amnesias, the depersonalization/dereal-
ization disorders, and the dissociative identity disorder.

This classification has been supported by functional magnetic resonance studies,
which have observed differences in the cerebral activation pattern between the simple
and complex PTSDs [59-61]. According to these studies, when exposed to traumatic
cues, a subject affected by a simple PTSD presents a hyperactivation of the AB, a
relative hyperactivation of the autonomic nervous system (ANS), and a deactivation
of the mPFC; differently, in a subject affected by a complex PTSD, the activation
pattern might not be so well defined and a hyperactivation of the AB/ANS might not
be so evident, the thalamus might be deactivated, and some parts of the cortex might
present a different degree of activation/deactivation.
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These neurobiological evidences found clinical confirmation in the symptomatic
expression of the two groups of post-traumatic disorders: in simple PTSDs, the
symptoms consequent to the reminder of the exposure are prevalent, while in com-
plex PTSDs the symptomatic pattern is more characterized by hyperactivation and
deactivation [58, 62].

In Table 2 the biological evidences reported in the PTDS are resumed. The endo-
crine system presents activation of the hypothalamic-pituitary-adrenal axis and of the
hypothalamic-pituitary-thyroid axis. The cerebral neurochemical pattern is char-
acterized by increased levels of noradrenalin and by decreased levels of serotonin.
Eventually, some parts of the brain like the hippocampus, the mPFC, and the anterior
cingulate gyrus present a volume reduction [62].

Feature Change Effect
1. Neuroendocrine
Hypothalamic-pituitary- Hypocortisolism Disinhibits CRH/NE and upregulates response

adrenal axis

to stress
Drives abnormal stress encoding and fear
processing

Sustained, increased
level of CRH

Blunts ACTH response to CRH stimulation
Promotes hippocampal atrophy

Hypothalamic-pituitary-
thyroid axis

Abnormal T3:T4 ratio

Increases subjective anxiety

2. Neurochemical

Dopamine Increased levels Interferes with fear conditioning by
mesolimbic system

Norepinephrine Increased levels Increases arousal, startle response, encoding
of fear memories

Serotonin Decreased levels in dorsal Disturbs dynamic between amygdala and

and median raphe hippocampus

Compromises anxiolytic effects
Increases vigilance, startle, impulsivity, and
memory intrusions

GABA Decreased levels Compromises anxiolytic effects

Glutammate Increased levels Derealization and dissociation

NPY Decreased levels Leaves CRH/NE unopposed and upregulates
response to stress

p-endorphin Increased levels Numbing, stress-induced analgesia, and

dissociation

3. Neuroanatomical

Hippocampus Reduced volume and Alters stress responses and extinction
activity
Amygdaloid body Increased activity Promotes hypervigilance and impairs

discrimination of threat

Prefrontal cortex

Reduced volume and
activation

Dysregulates executive functions

Anterior cingulate cortex

Reduced volume

Impairs the extinction of fear responses

Table 2.
Biological evidences reported in patients affected by PTDS.
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This piece of knowledge has paved the way for the development of numer-
ous theories regarding the pathophysiology of each AB’s connection, opening up
opportunities for their clinical experimental use as DBS-targets in neuromodulation
[23, 27, 62, 63].

In particular, the UF and the cingulum seem involved in the process that links
implicit and explicit memories. A conduction disorder of these bundles seems to be
involved in the genesis of the symptoms consequent to the reminders of the exposure
and their neuromodulation showed promising results in the treatment of refractory-
PTSD and MDD [19, 59].

The connections between the basolateral AB and the thalamus, such as the tem-
poro-pulvinar bundle of Arnold and, especially, the ventral amygdalofugal pathway,
seem to play a role in thalamic deactivation, and, consequently, in the development of
the symptomatic deactivation pattern of PTSD [59, 61, 64].

The MFB, connecting the basolateral AB directly with the brainstem, and the stria
terminalis, connecting the centromedial AB with the lateral hypothalamus could
constitute a direct and an indirect links between the exposure of traumatic cues and
the activation of the ANS, whose nuclei are located in the brainstem. Some authors
[6, 60, 64] supported the idea that these pathways could be involved in the genesis of
structural dissociation.

Additionally, the portion of the stria terminalis, connecting the centromedial AB
with the medial hypothalamus, seems to be involved also in the post-traumatic endo-
crine dysregulation and, together with the temporo-insular connections (involved in
visceral introjection belonging to the vagus nerve) could play a role in the develop-
ment of the somatoform dissociation [65].

4. Role of the AB in mood disorders

The neuroanatomical and neurofunctional studies related to mood disorders are
much compounded by the Leonhardian dichotomy, adopted by the DSM tradition,
which categorically distinguishes between bipolar and unipolar mood disorders. As
a matter of fact, the literature about the structural and functional brain correlates of
both nosological groups does not yield significantly different results [66, 67] although
recent imaging studies claim to have found subtle pattern differentiations [68-70].
One of the most consistent findings, when we examine the role of the amygdaloid
body in mood disorders, is the tendency toward an overactivity and progressive atro-
phy of this brain region, particularly on the left side [66, 67, 71], but these alterations
are to be mindfully considered in light of the astounding heterogeneity that charac-
terizes mood disorders. It is possible that these amygdalar dysfunctions are not related
to a specific disease, being in fact transcategorial biomarkers of dysphoric experi-
ences, such as hyperarousal, anxiety, and irritability [71]. It is also presumable that
the amygdaloid body could be more implicated with some subsets/endophenotypes
of mood disorders, while being utterly marginal in other pathotypes [71]. Finally, it
is likely that some changes might be state-specific (mania, hypomania, mixed states,
depression), whereas other changes may be trait-related and, therefore, underlying
all mood states [72]. Subsequently, while waiting for more neurobiologically-based
psychopathological dimensions, addressing amygdala’s implications in affective
disorders as a whole heterogeneous group seems to be the most convenient approach.

The first sound experimental contributions concerning the role of the amyg-
daloid body in manic-depressive illness are to be ascribed to the research of Post
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and coworkers [73, 74]. Largely drawing from observations of progressive epileptic
threshold lowering in murine models of temporal lobe epilepsy, these authors
prompted that overexcitability in the amygdaloid region could be engendered by
long-term repetition of subthreshold stimuli (e.g. minor life events or subclini-

cal mood states), at least in subjects with a substantial degree of constitutional
(familial) predisposition. According to this perspective, amygdala-kindled seizures
would represent a non-homologous model for mood disorders recurrence and mood
episodes could be heuristically interpreted as “prolonged non-convulsive limbic
pseudo-epilepsies.” Post’s theoretical model is partly prescient of later acquisitions
and was historically crucial for the consolidation of the concept of mood-stabilization
with antiepileptic drugs [75, 76]. A more thorough neuroanatomical model of BD
was proposed by Stephen Strakowski et al. in 2012 [77]. According to their synthesis,
mostly based on brain imaging studies, amygdala’s dysregulation could be placed at
the center of two major emotion-regulatory cortico-striato-pallido-thalamo-cortical
networks: the ventrolateral prefrontal pathway, linked to explicit and conscious
emotional regulation, and the orbitofrontal pathway, associated with implicit and
non-conscious affective processing [77]. This model describes essentially a top-down/
bottom-up imbalance hinged upon fronto-limbic structures: a neurodevelopmental
fragility in top-down regulation of the amygdaloid body and related structures,
caused by an ineffective maturation of ventral prefrontal cortices or related white
matter systems, would predispose subjects to extreme affective states, wherein
subcortical limbic centers are insufficiently modulated and are thus free to provoke a
sort of bottom-up, emotion-laden neural flooding.

Morphometric studies report contradictory findings at a first glance, showing
either reductions or increases in amygdalar volumes among subjects with BD [67].
These results are to be understood with some cautiousness, since the adults with BD
recruited in these studies might conceal a host of confounding factors, including
differences in disease cyclicity and polarity or the differential effects of different
treatment options (such as lithium salts and valproic acid). Indeed, studies inves-
tigating the issue in pediatric populations consistently show volumetric amygdalar
decreases and so do research papers on first episode BD [67]. As we have proposed
elsewhere, [78] molecular and cellular desensitization to glutamate as a tentative
homeostatic adaptation to increased glutamatergic transmission could explain most
of the findings: a chronic hyperactivity of amygdaloid structures, be it related to
childhood stress or the allostatic load of mood episodes, could lead to neurotoxicity
and glial cell loss. Conversely, mood stabilizers could exert neuroprotective effects on
limbic structures, reducing overexcitation and normalizing receptor sensitivity. This
interpretative strategy could partly resolve the outwardly contradictions found in the
available scientific literature on this topic.

5. Conclusions

The relationship between the clinical expression of a disorder and its anatomo-
functional correlates remains pivotal for a real understanding of the complex rela-
tions between brain and behavior [79, 80]. The disconnection paradigm, as envisaged
by Geschwind in his landmark paper and revitalized today by the availability of
methods for mapping connections and cortical activities in-vivo, seems to be of key
importance to elaborate a comprehensive approach to the study of the brain-behavior
relation. All the evidences reported in this chapter suggest that social behavior,
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learning, and memory depend on the activity of different brain cortical regions
coordinated by subcortical structures, and that “emotions,” whose effector nuclear
complex is the AB, are the key starting points for all of these physiological processes.
Concurrently, there have been numerous pieces of evidence that neuropsychiatric
disorders related with mnesic functions, such as trauma spectrum and mood spec-
trum disorders, subtend an altered connectivity linked to an abnormal activity of the
AB, [4,12-17, 50, 51, 58-73, 77] and that its normalization by either pharmacological
or non-pharmacological techniques could feasibly lead to a better clinical outcome
[18-26, 45, 52, 54-57, 68, 74-76, 78]. In this scenario, the disconnection paradigm
provides a renewed mindset to rethink neuropsychiatry and psychotherapy.
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Chapter 6

Olfactory Imagery and Emotional
Control

Martin R. Portner

Abstract

Olfaction and gustation are important survival mechanisms. These sensory
modalities also have an impact on memory and emotions. Olfactory stimulation has
recently been used in virtual reality environments to treat emotional distress. There is
evidence that olfactory and gustatory stimuli reach the insula, where they influence a
number of other brain networks. There is little research on the use of smell and taste
during mindfulness, but it will be shown that they can foster balanced emotional
responses. In this chapter, we will look at how to incorporate olfactory and gustatory
memory-based experiences during mindfulness exercises to bring about emotional
homeostasis.

Keywords: smell, olfaction, taste, gustatory, mindfulness, olfactory virtual reality,
insula

1. Introduction

It is true that the senses of smell and taste are often overlooked nowadays, but the
fact remains that the mind relies heavily on olfaction and gustation to communicate
with the body. Furthermore, certain scents and tastes can have a profound effect on
moods and emotions, and these ancient sensory modalities have ensured humanity’s
survival. In addition to supporting our daily lives, they are used for the appreciation
of perfume and wine, and scent-based therapies have been shown to be effective
treatment for conditions such as anxiety [1] and depression [2].

The most powerful human sense may also be the least used. The scent is a sense
rapidly activated when we are born and is also a fierce memory encoder during
development. Science has repeatedly demonstrated how deeply the olfactory system
is linked to an individual’s emotional state [3]. Scent has been shown to have a connec-
tion with the brain areas responsible for motivation and decision-making [4], and it
may emerge as a powerful strategic tool for changing our behavior and moods.

2. A painful experience

An interesting experiment has shown how common people unconsciously smell
their hands [5]. Ninety-four percent of 400 respondents acknowledged engaging in
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smelling their hands. The study also showed that simultaneous motor expression was
crucial for that because the nasal airflow more than doubled when the hands were at
the nose, indicating that people were in fact sniffing their hands’ smell.

Movement appears to be important during odor appreciation as reducing the
sniffing movement of the nose impacts the degree of pleasantness of the smell [6].
Sniffing seems to happen in a certain order during olfaction, and it may serve the
same purpose as moving the eyes during visual imagery.

Regarding why such an unconscious smell of the hands takes place, it appears that,
similarly to what happens when one looks at herself/himself in the mirror, smelling
one’s hands could be related to obtaining a notion of one’ self through olfaction.
Thus, by sniffing their hands, humans may subconsciously obtain reassurance about
themselves.

When most people think about the sense of smell or taste, they might imagine
something like enjoying a fragrant flower or savoring a delicious meal. However,
smell and taste may play key roles in emotional well-being. In this respect, it could be
argued that smelling one’s hands could in fact lead to emotional homeostasis—trying
to return to the present moment when emotional balance swings.

It appears that a connection has been made between olfaction and pain. It has
been shown that exposure to odors results in an elevated pain threshold in people who
suffer from persistent low back pain [7]. How could such a process be explained? An
experiment has shown that at the level of the mouse input trigeminal system, olfac-
tory stimulation seems to modify nociceptive processing [8]. In the presence of pain,
the floral odorants phenylethyl alcohol and lavender oil decreased the amount of
network activity in the caudalis trigeminal nucleus. It was hypothesized that olfac-
tory inputs excite hypothalamic networks, which in turn alter network activity in the
trigeminal nucleus. It would appear that exposure to odors stimulates activity in the
hypothalamus and inhibits the processing of painful stimuli, a form of descending
inhibition of the pain modulation mechanism. The fact that smelling includes a sig-
nificant hedonic component lends weight to the idea that it can be used as a technique
for relieving pain. The authors suggest that such an approach could transform olfac-
tion into a therapeutic tool for the management of headaches.

In his book “The Brain’s Way of Healing: Remarkable Discoveries and Recoveries
from the Frontiers of Neuroplasticity,” Canadian psychiatrist and researcher Norman
Doidge described the case of a woman who sustained a lower back injury with
multiple lumbar vertebrae fractures [9]. After the traumatic event, she suffered from
intractable pain for years, necessitating ever-increasing opioid medications. A new
possibility emerged when she met Dr. Michael Moskowitz, a chronic pain specialist.
Moskowitz had himself suffered a cervical injury and, after many years of increasing
pain, resorted to attempting to ease his pain by trying to mentally modify the cerebral
maps that underlined it. He thought that rewiring the brain’s pain connections was
possible, so he began to support brain neuroplasticity as a way to treat pain.

He explained to his patient that he was convinced, he had no other effective means
to bring her pain relief, and he advised her to try the visualization technique he had
used on himself. It was not an easy task, but with a persistent and focused approach,
the patient began to realize she had some moments of feeling no pain. After some
months, she was able to live for days without pain. Many months later, she was pain-
free and, after years of monitoring, she was declared cured.

Expanding on the brain maps for pain, Doidge argues that the abnormal con-
nections of the central nervous system circuits underlying chronic pain are brought
together under the principle that neurons that fire together, wire together. Hence, if
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properly directed by visualization, such connections could be unlearned by progres-
sively unwiring the pain connections.

Moskowitz discovered that in the use-it-or-lose brain, there is constant competi-
tion for cortical estate because the brain’s activities take up more and more circuits by
capturing resources from other areas. He drew three brain images: one in acute pain,
with activity in 16 brain areas; one in chronic pain, with the same areas expanded;
and one in which the brain registers no pain at all [9]. As a result, whenever
Moskowitz felt pain, he immediately began visualizing his brain maps. To begin, he
would visualize the image of the brain in chronic pain and note how much that map
had expanded due to newly added neuroplastic neurons. Then, he imagined the firing
areas shrinking until they resembled a painless image of the brain. He was aware, for
instance, that the posterior cingulate cortex and posterior parietal lobes co-processed
vision and pain. He knew that by visualizing these brain maps repeatedly, he was
forcing their neurons to limit pain processing in order to accommodate visual inputs.
He imagined; he was transferring pain to vision. His experience demonstrates that
he achieved success. He had been in excruciating pain for 13 years before using his
visualization technique and was pain-free in 6 weeks.

In point of fact, Moskowitz’s strategy can be construed as an instance of practic-
ing a specific form of mindfulness. The results of a study conducted on female college
students who were experiencing stress, anxiety, and sadness and who participated
in an 8-week program that combined visualization and meditation found that the
combination of these two techniques increased self-awareness and decreased anxi-
ety [10]. Pain relief was associated with orbitofrontal cortex and rostral anterior
cingulate cortex regulation of low-level nociceptive neural targets (the thalamus
and primary somatosensory cortex). Following mindfulness-based mental training,
it appears that a reappraisal mechanism was activated, possibly by rewiring these
neuronal circuits [11].

There is some evidence to suggest that olfactory inputs to the brain can alleviate
physical pain by having an effect on the connections that house emotionally painful
experiences. The amygdala, orbitofrontal cortex, and hippocampus, for example,
are all involved in the process of odor-elicited emotion as well as in the recalling of
odor-associated emotional memory [12]. The citrus fragrance has been shown to
have a beneficial effect on the mental states and immune function of patients who
are depressed [13]. It has also been demonstrated that rose essential oils prevent the
disruption of the skin barrier and the elevation of salivary cortisol in humans caused
by stress [14], and that the aromas of orange and lavender counteract the anxiety
experienced by patients in a setting similar to that of a dental office [15].

The influence of gustation on both physical pain and emotional experience is
much less well understood. When evaluated using heat detection thresholds and the
perception of painfully hot stimuli, solutions of sucrose and sucralose exhibited no
evidence of analgesic activity [16]. Positive emotions were associated with increased
sweet and decreased sour intensities, while negative emotions were associated with
increased sour and decreased sweet tastes. On the other hand, positive emotions were
associated with increased sweet and decreased sour intensities [17].

3. Memory storage

Invoking positive autobiographical memories has been shown to be an effective
therapeutic technique for reducing feelings of emotional distress in a wide variety
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of clinical conditions. In general, one could say that positive autobiographical
memories have the ability to improve mood (for a review, see [18]). Odors may be
particularly helpful for enhancing mood states because they elicit more profound
emotional memories than other types of stimuli and because the memories that are
evoked by odors are typically pleasant. It was discovered that men and women who
were exposed to the scent of a perfume that personally reminded them of themselves
experienced more positive emotions, an increased mood of happiness, and decreased
anxiety when compared to when they were exposed to a pleasant fragrance that did
not elicit personal memories.

In accordance with the principles of odor-associative learning, when an odor
becomes linked to the emotional properties of an event, it can produce a downstream
effect on physiology. A calming odor, for example, will also slow heart rate and
respiration rate, as well as improve immune responses [19]. On the other hand, an
odor that evokes an important event from one’s past emotional history can cause one’s
heart to race and a jolt of adrenaline to be released. Because of the direct link between
olfactory processing and the amygdala-hippocampal complex, emotions elicited by
odor-evoked memories can arise immediately upon perception. An odor-evoked
memory can thus be defined as possessing emotional primacy, which occurs when
affect is elicited before a cognitive understanding of why that emotion occurred in the
first place.

Odor-evoked memories could thus elicit specific emotions such as self-confidence,
motivation, and energizing behavior. All of these states, for example, could be trig-
gered by an odor that evokes the memory of winning a significant event, resulting in
positive physiological effects [20]. Considering that olfactory cognition is not affected
by retroactive interference, a specific odor associated with a significant past personal
event can be considered a potential therapeutic agent.

Because odor-evoked memories are emotionally charged, they recall our past in
a visceral way more than any other type of memory experience. This exceptional
feature of olfaction can be seen in people who suddenly lost their sense of smell,
taste, or both during the COVID-19 pandemic. Olfactory training has been shown to
be the only disease-specific intervention with evidence of efficacy for the treatment
of postinfectious olfactory dysfunction. Treatment based on sniffing and trying to
identify scents, such as rose, eucalyptus, lemon, and clove, over the course of several
months should be implemented as soon as possible [21].

It has been reported that emotional distress caused by the COVID-19 pandemic is
expected to be a major mental health issue in the coming years, including post-trau-
matic stress disorder (PTSD). Perhaps a remarkable example of using odor treatment
for emotional distress is its use to treat patients with PTSD. In recent years, we have
seen the emergence of olfactory virtual reality (OVR) as an effective means to treat
PTSD [22, 23].

Virtual reality (VR) technology is becoming more prevalent in healthcare set-
tings. It provides an experience that is unrivaled in real life. VR applications have
the potential to transform the assessment, understanding, and treatment of mental
health problems, and have been used in studies to treat pain in patients undergoing
treatments such as chemotherapy [24], as well as emotional disorders, such as stress
and low self-efficacy [25].

When VR alters other senses, such as sight and spatial perception, olfactory
stimuli can reconnect oneself with the other senses. Olfactory stimuli can influence
psychosocial functioning by altering negative emotional states such as hostility,
jitteriness, upset, and distress. Reduced negative effect improves these emotional
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responses. Because confidence is increased, improvements in self-efficacy are fre-
quently observed.

Odors are common and debilitating triggers of distressing emotions, and OVR
technology is being adapted to treat such disorders. It appears to be uniquely posi-
tioned to be used in the treatment of PTSD symptoms due to unique emotional fea-
tures of olfactory processing and odor-evoked memory. Systematic desensitization,
prolonged exposure, reappraisal strategies, and conditioning odors are being used for
emotional calming and are examples of OVR treatment strategies for PTSD [22].

Preventing PTSD in vulnerable groups can be accomplished by neutralizing poten-
tial odor triggers, such as burned fuel or flesh, through preemptive habituation and
reappraisal training. In addition to PTSD, OVR has shown promise in treating other
types of emotional problems as well. In a test for improving psychosocial well-being
with OVR, for example, the presence of a pleasant odor significantly reduced negative
affect on several measures, such as hostility, anxiety, and distress, compared to when
there was no odor. OVR is a computer-simulated, three-dimensional environment
where the user wears a headset that blocks out most of the outside world and replaces
it with new information. It is the experience of presence—the illusion of “being
there”—in a world that exists outside of the self [26], where the external physical
environment disappears from the user’s phenomenal awareness. It is created by a
headset that provides its own sensory and psychological landscape. The desired state
in OVR is presence, a complex psychological experience formed by the multifaceted
interaction between sensory stimulation, including smell, and the resulting cognitive
responses. Also, the person can interact with the virtual environment and become
“immersed” in it by using hand controls or other interface devices [27].

PTSD is a severely debilitating emotional disorder characterized by extremely
distressing thoughts and intrusive traumatic memories. Depression, substance abuse,
sleep problems, and anxiety are all common symptoms. According to the American
Psychiatric Association, it affects approximately 3.5% of adults in the United States,
with one in every 11 people suffering from it at some point in their lives [28]. Notably,
alarmingly high rates of PTSD have been reported since the COVID-19 pandemic
began, and there is a looming mental health crisis among healthcare workers and the
general public. As aresult, PTSD and all other forms of anxiety, perhaps even depres-
sion, will likely affect a much larger proportion of the population than they did prior
to0 2020, and rates are expected to rise over the next few years.

4, Odor and tastes return

Odors with positive emotional associations can be used to repair unpleasant emotional
states and prevent unhealthy behaviors [29]. Subjectively pleasant odors, for example,
can improve mood, increase nostalgia and its psychological benefits [30], reduce cigarette
cravings in smokers [31], and decrease cravings for unhealthy foods [32]. An odor that
induces calming emotions will also slow heart rate and respiration rate, as well as improve
immune responses. Based on these principles, positive emotional associations with odors
can be used to reduce the unpleasantness of traumatic memories. If a person is emotion-
ally overwhelmed by a traumatic recollection, using a technique based on odor mindful-
ness can induce relaxation, de-escalate emotions, and change the mindset.

As exposure to an olfactory stimulus has been shown to reduce pain, improve
negative affect and increase emotional resilience, it opens up an avenue to question
whether these effects can be obtained through an odor willfully recalled from memory.
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For many years, it was assumed that odor could not be perceived when the pri-
mary chemosensory substance was absent. However, like visual mental imagery,
olfactory mental imagery shares many neural processes with true olfactory percep-
tion. Methods from neuropsychology [33] and neuroimaging [34] have revealed
striking similarities between visual perception and visual imagery. When positron
emission tomography is used, it reveals that odor mental imagery is associated with
the activation of odor-processing regions such as the piriform and orbitofrontal
cortices [35].

Not only does the activity elicited by imagining odors mirror that is elicited by
perceiving real odorants in specific brain regions but it also has a hedonic-specific
pattern [36]. Its net effect is that during mental imagery of olfactory events, pri-
mary and secondary sensory cortical structures are activated and then expanded to
emotion-processing brain centers.

It is important to emphasize that olfaction integrates a sensory and a motor
component (the sniff for olfaction). It appears that olfactory perception is not
simply passively induced but includes the reenacting of some form of motor input.
Therefore, sniffing, the motor component of olfaction, is likely to be a prominent
feature of olfactory reenactment [37].

Olfactory mental images can be generated from long-term memories. However,
information in long-term memory is implicit and poorly accessible, as opposed to
information in short-term memory, which is explicit and accessible. Therefore,
sniffing during olfactory imagery is likely to activate an internal representation stored
in long-term memory; this is used to generate the mental image, which includes a
sensory-type representation in short-term memory. Sniffing while recalling an odor
makes the information explicit and thus accessible.

If remembering an odor from memory activates the very same cortical areas that
smelling itself does, and considering olfaction influences the emotional behavior of
humans, could we use mental imagery of odors as a potential means to target feelings
and behavior? In order to provide a response to this question, I will first examine how
odor imagery can influence activity in the olfactory and nonolfactory regions of the
brain.

5. The power of the insula

The primary olfactory cortex (piriform cortex), the secondary olfactory cortex
(posterior orbitofrontal cortex), and the insula have all been shown to be activated
during odor imagery. Perfumers have larger gray-matter volumes in areas associ-
ated with olfactory processing, such as the insula and anterior cingulate, which is an
important region for emotional and cognitive integration [38].

A thicker and denser insular cortex has been shown to be associated with better
olfactory performance in healthy people [39], while patients with various degrees
and forms of olfactory dysfunction show loss of insular gray matter [40]. It is also
well established that both olfactory and gustatory sensory modalities project to the
prefrontal and insular cortices, and both odor and gustatory stimuli can exert calm-
ing effects when an olfactory or gustatory stimulus is presented [41, 42].

Mindfulness meditation has been shown to be capable of treating pain and emo-
tional-related disorders [43-45], though its effect in the long run still remains to be
elucidated. Mindfulness is a self-administered reflexive technique that has an impact
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on several brain structures. It is capable of increasing blood flow to the insula [46]
and enriching the gray-matter volume in the insular cortex [47].

More recently, a groundbreaking approach to treating chronic pain has been
advanced, whereby patients seek to willfully activate a particular brain region while
receiving real-time functional magnetic resonance imaging. It was shown that
participants could voluntarily self-activate the cingulate and insula using real-time
functional magnetic resonance imaging (rtf-MRI) and that such activation resulted
in pain reduction [48] as well as a better balance between stress-involved brain
structures [49]. It was clear that when given feedback about their performance with
rtf-MRI, participants were able to learn a strategy to control their minds.

Participants in such studies were able to change neuronal processing within the
insula, but the precise mechanism by which this was accomplished is still unknown. It
has been demonstrated in normal subjects [49] as well as in a small group of patients
with a psychopathic disorder [50]. The anterior insula was clearly regulated by one
criminal psychopathic individual. This participant not only learned to up-regulate the
left anterior insular cortex, increasing the number of connections in the emotional
network, but he also learned to increase the insula’s difference between outgoing and
incoming connections.

The brain insula is a region that possesses connectivity to various other brain
centers. It is involved in interception and decision-making, connecting worldly events
to inner states, and everyday activities such as pain, love, emotion, craving, addiction,
music enjoyment, or even wine tasting. The insula may be partly responsible for all of
these seemingly disparate things because it lies at the center of the concept of self-
awareness—the fact that humans can be aware of themselves, their bodies, and their
emotions, and motivate actions that define the present moment [51].

According to Damasio’s [52] somatic marker hypothesis, people use bodily
signals to help them make decisions. The insula uses its connections to influence
decision-making because it is involved in the processing of these bodily sensations.
Because of its constant bombardment with information about the body’s location,
condition, subjective emotions, and key features of its environment, the insula plays
an important role in the foundation of our overall awareness. This compiled data
is incorporated into what Craig refers to as a “global emotional moment” (51), a
snapshot of ourselves at a single point in time that contains all of the information that
is important to us—for example, being happy while hungry. It is the insula’s role in
stringing together these global emotional moments that allow us to be aware of the
day’s ongoing moments.

It has been shown that the insula can be a target region for rtf-MRI-based treat-
ment for patients with emotional disorders. Further, this part of the brain can be
activated consciously with feedback or without it. It has been shown to be activated
during real time functional magnetic resonance imaging [53] and also when biofeed-
back was subsequently removed [54]. So, it would be reasonable to think that reenact-
ing smelling and tasting may activate the insula in a way not based on feedback.

Odor and gustatory recollection from memory both activate the insula. Hence, I
propose the mechanism of a switch, whereby recalling an odor or having a gustatory-
based sensory experience activates the insula and brings us back to the present
moment. During a mindfulness exercise, reenacting stored interoceptive (smell
and gustation) and exteroceptive (sniffing and tasting) information into working
memory engages the insula. For instance, mindfully reenacting a smell or taste or
both could be brought about at a time of the day when one falls prey to negative
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thoughts or bad feelings. As the insula is shifted to the present moment, rumination is
stopped by the recall of the pleasant olfactory and gustatory imagery. Furthermore, if
practiced repeatedly, it could stimulate the insular cortical system, leading to neuro-
plasticity. Learning to mindfully recollect olfaction and gustation could be envisioned
as a way to facilitate living in the present moment, increasing emotional appraisal,
and facilitating decision-making.

6. Focused mindfulness

Mindfulness could be viewed as a method for activating the insula, whether
through real time function neuroimaging, after-feedback learned to control, or
mindful olfactory-gustatory recall. Borrowing from Kabat-Zinn, mindfulness could be
defined as awareness that arises from activating the insula by paying attention on pur-
pose, in the present moment, and non-judgmentally [55]. The mindful reenactment
of a memory odor or flavor redirects insular resources away from pain, emotional
rumination, and helplessness.

It is also possible that repeated application of this gustatory or smell-based mind-
fulness technique will result in increased insular neuroplasticity. It has been shown,
for example, that olfactory perception regulates the olfactory brain’s experience-
dependent neuroplastic properties. This mechanism underpins the acquisition of
fine-grained percepts that distinguish the perfume of Rosa damascena (Bulgarian
Rose) from that of Rosa centifolia (Rose Maroc), allowing us to appreciate the wide
range of aromas encountered in daily life [56].

It has also been demonstrated that olfactory training induces changes in functional
connectivity in the left and right piriform cortices in anosmic patients with long-term
smell loss due to infection before and after a 12-week period of olfactory training
[57]. Prior to olfactory training, a broad network encompassing predominantly
nonolfactory regions, such as the prefrontal areas, left inferior frontal gyrus, and
left premotor cortex, was active; following training, these nonolfactory functional
linkages were reduced. This suggests that after olfactory training, a process of brain
remodeling occurs. It may play a similar role in mindfulness-based exercises involving
gustatory or olfactory reenactments.

Only recently has science begun to comprehend how intimately the olfactory and
gustatory systems are tied to an individual’s emotional state. It has been demonstrated
that smell and taste influence regions of the brain involved in emotion and motiva-
tion, and that actions, such as what we eat and drink, affect our daily productivity.
Consequently, it could be a formidable strategic instrument for modifying behavior
and emotions.

Does this suggest that we can achieve a runner’ high or a state of mindfulness
merely by recalling odors or tastes? Perhaps. The limbic system, which is the por-
tion of the brain responsible for smell and emotion, contributes to a wide range of
processes, including motivation, long-term memory, behavior, and, of course, smell.
However, the most important function of the limbic system is to set the tone for our
emotional self, altering throughout the day to generate the appropriate energy and
emotions to execute tasks and preserve memories.

During this time, the olfactory and gustatory regions engage directly with the hip-
pocampus in order to recover memories assisted by smell or taste. Consider the rush
of recollections that accompanies getting a whiff of a loved one’s scent or the aroma
emanating from a glass of wine reminiscent of a memorable meeting.
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Smelling and tasting are sensory experiences that imprint in memory the sense of
well-being felt at the time they occur. We know that these memories can be recovered
whenever a sensory stimulation occurs by chance; evidence demonstrates that we can
act on them by deliberately recalling fragrances or tastes, giving us the opportunity to
be touched by the initial emotions.

The insula, which is concealed within the lateral sulcus of the human brain, has
a unique functional profile at the intersection of the internal and external environ-
ment, the crossroads of cortical and subcortical neural hierarchies, and as a func-
tional lever at the intersection of the major large-scale functional brain networks. The
insula gets a large number of cross-modal afferents and is best viewed as a multimodal
integration site [58]. As it is connected to the limbic system, the reward system, and
the frontal cortex, which are all engaged in cognitive, affective, and executive activi-
ties, it lays the groundwork for a rich functioning experience.

The hypothesis that recalling memories of gustatory and olfactory experiences
during focused mindfulness strengthens the insula’s role as a functional switch, lead-
ing to greater executive and emotional control, no doubt, needs to be tested further.
Meanwhile, we could just be a step back from demonstrating that the pleasure of
living one’s life to the fullest is only a sniff or a taste away.

7. Conclusion

Smell and taste are complex mental experiences, and like hearing and vision,
they can be reenacted. You can shut your eyes and visualize the music concert you
attended. You can also vividly hear the chord progression of your favorite tune with-
out any music in the background. Similarly, the smells of baked cake, coffee, or wine,
as well as the tastes of barbecue, cheese, and beer, can be recreated. These odor and
taste reenactments have the property of quickly building a bridge from a past experi-
ence to appreciation in the present moment, leaving ruminating unwanted thoughts
or unpleasant feelings at bay. Sniffing and tasting have been important for evolution.
Maybe we kept them in our memories as a way to help us get through hard times.
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