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Abstract

Autism spectrum disorder (ASD) is a severe developmental syndrome of unclear
etiology, arising largely as a disorder of neural systems. One of the most studied
causes is the increased excitation-inhibition in sensory and social systems, which may
explain certain phenotypic expressions in ASD related to different neurotransmitters
and their imbalances (NT). This study aims to assess neurotransmitter levels in the
anterior cingulate (ACC) and posterior cingulate (PCC) cortices in subjects with
ASD using in vivo proton magnetic resonance spectroscopy (1H-MRS), considered a
robust tool. The finding of an imbalance in the neurotransmitters myoinositol (mI),
choline (Cho), N-acetyl aspartil glutamate (NAA + NAAG), and glutamate (Glu) in
cingulated cortices sparked our interest as an important cause of their multiple etiol-
ogy, providing strong empirical support for increased arousal in ASD. This metabolic
imbalance between ACC and PCC was correlated using the autism quotient (AQ) test,
suggesting potential therapeutic interventions.

Keywords: autism spectrum disorders, excitotoxicity, cingulated cortices, spectroscopy
resonance magnetic, social skills, attention switching/tolerance to change, attention to
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1. Introduction

Autism is related to the triad of social, communicative, imaginative, and behavioral
limitations described by Wing and Gould, 1979 [1]. However, recent evidence shows
that autism presents a great phenotypic variation that gives it the identity of a multifac-
torial disease. This has led to the latest revision of the Diagnostic and Statistical Manual
of Mental Disorders DSM-V [2], where autism has been renamed autism spectrum
disorder (ASD) as a single category. Although the new rename of autism has increased
the diagnostic accuracy with more accuracy, using more accurate procedures and
instruments, that has improved the knowledge and training of professionals, the real
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increase in the incidence of this disorder may be due to the increased global population.
In this sense, the development of new diagnostic methods to quantify and study the
evolution of the spectrum of autism in each patient could help us better understand
the neurometabolic processes involved more reliably. From the physiological point of
view, brain metabolism comprises a wide variety of molecules, including peptides,
neurotransmitters, enzymes, all interacting with water. These molecules can maintain
the physiological balance necessary for the healthy functioning of the brain due to their
functions and activity. Furthermore, the brain is one of the organs with the highest
energy demand, consuming 20% of the oxygen and 25% of the glucose ingested by

the body [3, 4]. Considering that, all this neurometabolic exchange must be contin-
ued, fast, and effective, precisely because the brain has few energy reserves and only
receives them through the cerebral vascular system, which involves a correct supply of
cerebral circulation through the circle of Willis.!

The Proton Magnetic Resonance Spectroscopy (1H-MRS) is a technique available
in radiological practice that provides a biochemical, metabolic, and functional assess-
ment of tissues considering that all the mechanisms and pathways that accompany
synapses in the central nervous system (CNS) occur in a very short time scale (mil-
liseconds). It is used principally in the evaluation of brain tumors and now has spread
to the valuation of other diseases such as metabolic disorders, studies of dementia,
vascular disorders, and assessment of some psychiatric disorders, and more recently
in heart disease, liver, breast, and prostate assessment. Despite the consideration of
autism as a multifactorial disease and the wide application of spectroscopy in some
psychiatric disorders, there is still no consensus that allows the use of this tool for the
assessment of ASD. Recent studies have indicated the existence of some defects in the
synthesis, release, or degradation of some neurotransmitters involved in the patho-
genesis of many neurological, muscular, and psychiatric diseases [5], directing our
objective to the study, using 1H-MRS, of possible variations of NT in the brain tissue
of people with ASD.

2. Neurotransmitter’s characteristics and functions

A group of biomolecules in the brain can be detected using proton magnetic reso-
nance spectroscopy. We are referring to neurotransmitters, defined as endogenous
sub-signals that act as chemical messengers that transmit signals and are normally
released by neurons into the synaptic space, where they exert their function on other
neurons or other target cells through a synapse. In summary, at least 100 neurotrans-
mitters (NT) have been described already, and many others have yet to be discovered.
Neurotransmitters can transmit one of three possible actions: excitatory, inhibitory,
and modulatory messages, depending on the NT function. The better-known catego-
ries and neurotransmitter examples and their functions are included in Table 1. Some
are grouped into types according to their chemical nature and are used as markers in
1H-MRS.

Neurotransmitters are generally classified into two main categories based on their
size: (a) small molecule neurotransmitters and (b) neuropeptides, related to their
overall excitatory or inhibitory activity. Another group of biomolecules involved in

! Circle of Willis: Is a junction of several important arteries at the bottom part of the brain. It helps blood
flow from both the front and back sections of the brain. https://www.medicalnewstoday.com/articles/
circle-of-willis
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Metabolite Abbreviation Cellular location Function Decrease Increase

N-Acetyl- NAA Different types of neurons, Neuronal marker. Loss of neurons or axons. Canavan disease.

aspartate oligodendrocytes. Amino acid precursor of NAAG together Dementia, epilepsy, multiple

(6,7,8,9) with glutamate. Its concentration varies sclerosis, ischemia, tumors.

in different types of neurons. Manic states.

N-acetyl- NAAG Neurons, microglia, astrocyte, Synapse-modulating peptide. Damage to neurons in the Neuropro-tection

aspartyl and oligodendrocyte. Responsible, along with glial cells, for motor system. by reduces excess of

glutamate (8,9) synaptic plasticity. glutamate.

Glutamate *” Glu Presynaptic vesicles. Excitatory-inhibitory neurotransmitter Concentrate trouble mental Extra or intra cellular
Neurons, glia, and non- of the synapse. Glial marker. It shares exhaustion. Insomnia. Low glial edema, tissue
synaptic activities (cellular with glutamine an intercellular cycle energy. damage.
metabolism) between neurons and glia.

Glutamine Gln Astrocytes Glial marker. Acts as an inhibitory Decreased y-aminobutyrate Hyperactivity.

neurotransmitter at the brain level. and the enzyme glutamine Toxicity by cumulative
Precursor glutathione. synthetase. ammonia.

Creatine Cr Cytosol of muscles and neurons Homeostasis of cellular bioenergetics Hyper-metabolic states. (Brain Hypo-metabolism states

(11,12,13) (indicator of ATP formation). tumor)

Choline Cho Membrane of nerve and muscle Precursor of the neurotransmitter Deficient exchange of cell Myelin- destruction,

(11,12,13) cells. Acetylcholine. membranes. States of mania tumor proliferation

Muscular control and memory. and depression. gliomas, meningiomas
Synthesis and destruction of the cell
membrane (cell- turnover)

Myoinositol ml Glia, Astrocytes Glial marker. Non-glial tumors. Manic states Gliosis and reactive

(11,12,13) Cell signal transduction. Useful in the astrocytosis Alzheimer’s

assessment of brain maturation.

Glutathione GSH Cytoplasm of glial cells and Cellular toxicity marker. Neurohormone coronary and autoimmune High oxidative stress,

14,15,16,17 neurons (higher concentration and modulators. Cellular and diseases, cancer, dysfunction immune deficiency,
in neurons than in glia). mitochondrial protectors from oxidative mitochondrial, muscle detoxification
Extracellular space damage and peroxidation. Cellular weakness and fatigue. xenobiotics

homeostasis.
Table 1.

A summary of the main metabolites detectable in the human brain, their functions, and the consequence of their imbalance is veferenced in the following works [6-17].
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brain metabolism are the proteins that constitute a group of “receptors” and “trans-
porters” necessary for the metabolism of neurotransmitters. Receptors are proteins
that allow certain neurotransmitters to interact with metabolic processes in the cell,
or in the nerve ending that captures a stimulus and transmits it to produce a response,
and are divided into two groups: (a) ligand-opened ion channels (Ionotropic) and (b)
receptors coupled to G proteins (Metabotropic). Their effect can be excitatory if they
tend to depolarize the membrane or inhibitory if they repolarize it, where after acting
they are degraded or recaptured by the presynaptic cell quickly [18].

Likewise, neurotransmitter transporters are classified into two groups: (a)
the reuptake transporter, located in presynaptic neurons, which pumps NT from
the extracellular space into the cell; and (b) the transporter located in the vesicle
membranes and concentrates NT in them for later exocytosis. Furthermore, another
group of transporters, which have mostly been cloned and are grouped into two large
families based on their molecular characteristics and electrogenic properties, called
axolemmal is known. Those dependent on Na+/Cl- which include transporters for
GABA, norepinephrine, dopamine, serotonin, choline, proline, betaine, glycine, and
taurine, and those dependent on Na+/K+ include transporters for glutamate as well as
alanine, serine, and cysteine [19].

Also, existing other molecules can be released from the same axon terminals as
neurotransmitters, and are known as neuromodulators [20] and they can increase,
prolong, inhibit, or limit the effect of the main neurotransmitter on the postsynaptic
membrane, acting through a system of second messengers [21]. Among the endog-
enous neuromodulators also known as neuropeptides of the central nervous system,
oxytocin acts by modulating social behaviors and its decrease has recently been linked
to the appearance of autism [22].

Functionally, inhibitory properties of neurotransmitters are characterized by
preventing or blocking chemical messages, decreasing the stimulation of nerve
cells in the brain. For example, glutamate (Glu) acts as an “on switch” in neuronal
pathways and requires the neurotransmitter GABA as an “off switch” providing the
necessary balance between these two neurotransmitters for the correct function-
ing of the CNS, essentially in the regulation of cognition, learning, memory and
emotional behaviors [23-25]. Thus, the imbalance between Glu-excitation and
GABA-inhibition leads to hyperactivation of the CNS that has been linked to ASD
symptoms.

3. Materials and methods

Neurotransmitter metabolism in cingulated cortices has aroused great interest
in recent research on autism spectrum disorders (ASD). In this chapter, we present
a study carried out in the cingulate cortices of autistic adults, one of the areas that
make up the limbic system, because it is related to memory, attention, and behavior in
humans, qualities that are affected in people with ASD. In both regions of the cingu-
late cortices, anterior (ACC) and posterior (PCC), we applied the proton magnetic
resonance spectroscopy (1H-MRS) technique, as a powerful tool that provides
biochemical, functional, and metabolic information that complements obtained from
conventional imaging studies. Here, changes in the concentration levels of differ-
ent brain metabolites, as markers of neuronal density, glial density, cell membrane
processes, and energy metabolism, are evaluated between the anterior and posterior
cingulate cortex of subjects with ASD.
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3.1 Sample size and strength

This study was carried out under ethical standards, and the latest Declaration of
Helsinki (revised in 2000) was approved by the University of La Laguna. This study
aims to detect the levels of neurotransmitters present in brain-cingulated cortices in
patients with ASD. For this purpose, an adult population was assessed with 1H-MRS
between 17 and 23 (mean, 20.8 + 1.8) years. The sample of subjects with ASD (n = 19)
and subjects with typical development (TD) (n = 41) were chosen to make the com-
parisons. Previously, a small number of adults who met the criteria for ASD (n = 5)
and TD (n = 1) were excluded from the analyses because they had epilepsy.

3.2 Sample recruitment, sample characteristics, and adherence to the study

The adults were selected and recruited by the respective psychiatry and psychol-
ogy service of the Hospital Universitario de Canarias (HUC), Tenerife, Spain. They
were diagnosed with ASD in childhood and during their growth by applying the tests
used to evaluate and measure early childhood development [26-31] without any vari-
ation in diagnosis during growth according to clinical history. The Autism Diagnostic
Interview-Revised (ADI-R), or the Autism Diagnostic Observation Schedule (ADOS),
is the standardized diagnostic test for assessing autism spectrum disorder which, not
applied independently by us in this study, considers that there was a high degree of
concordance between clinical and research diagnoses [32], thus avoiding overdiag-
nosis. Despite this lack of diagnosis can be seen as a limitation of the methodology,
we considered applying the Spanish version of the AQ (Autism-Spectrum Quotient)
test (Baron-Cohen S, 2005) [33] to all participants for a significant differentiation
between the groups in the study, namely, subjects with autism group (ASD) and
subjects with typical development (TD) used as control (see Table 2).

3.31H-MRS acquisition data

All patients underwent MRI and 1H-MRS on a Signa HD 3 T MRI scanner (GE
Healthcare, Waukesha, WI, USA). Single-voxel acquisition used a spin-echo sequence
recorded within the following parameters: echo time (TE) = 23 ms, repetition time
(TR) = 1070 ms, 2 NEX, flip angle = 90°, 256 acquisitions using the point-resolved
spectroscopy (PRESS) technique. During the acquisitions, voxels (20 x 20 x 20 mm®)
were placed in ACC and PCC (see Figure 1), by the same experienced neuroradiolo-
gist blinded to the clinical data. We used TE-23 ms because myo-inositol is known

Characteristics ASD (n=19) TD (n=41) p Value

Gender (male/female) 16/3 16/25 p=0.016
Age(years) 20.58 (0.71) 23.19 (0.71) p=0.049
Epilepsy 5 » <0.0015
Gastrointestinal disorders 17 p<0.0001
Muscular hypotonia 14 p<0.0001
Autism Quotient (0-50) points 33.84 (6.36) 11.67 (7.07) p <0.0001

Table 2.

Demographic and psychometric summary of participants.
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Figure 1.

Lo%atiom of the volume studied in the (a) anterior and (b) posterior cingulated cortices. The single voxel
acquisition used a spin-echo sequence recorded within the following parameters: echo time (TE) =23 ms, repetition
time (TR) =1070 ms, 2 NEX, flip angle = 90°, 256 acquisitions with point-resolved spectroscopy (PRESS)
technique. While we obtained acquisitions, the same experienced neuroradiologist who was blind to the clinical
data, placed voxels (20 x 20 x 20 mm’) at ACC and PCC.

to be easily detected in the short TE 1H-MRS spectra in the brain due to its high
concentration of 4-8 mM [34]. Each voxel was carefully positioned in the study area
in each subject to exclude signal contamination from the skull and subcutaneous fat.
Furthermore, the morphological examination excluded other pathologies, such as
congenital anomalies, cerebral palsy lesions, tumors, and hydrocephalus in this study.

3.4 Post-processing of the spectra

The data acquired by the magnetic resonance scanner was sent to the General
Electric workstation (GE Workstation) in our image processing laboratory. There, the
LC Model program [35] was installed on a Linux workstation dedicated to the auto-
matic quantification of the spectra obtained. Also, the LC Mgui graphical interface,
available to the user, was used to run the LC Model program more comfortably. Thus,
the results of the processing with LC Model are obtained in a two-page printable file
(postScript), for each voxel studied (see Figure 2) of results, where the concentration
of each metabolite is summarized with its respective Cramér-Rao limit* [36]. In addi-
tion, before looking at the concentrations of the metabolites, it is important to first
look at the standard deviation (expressed as a percentage, % SD) in the input column,
since these have been estimated according to the lower limits of Cramér-Rao concen-
trations, and although they are only the lower limits, they are still the most useful
reliability indicators. The reliability indicator represented by % SD < 20 is subjec-
tively considered as a very approximate criterion for acceptable reliability estimates.

The statistical package used to make the graphical representations and statisti-
cal analysis in this thesis was the GraphPad Prisma v 10.4.0 program (GraphPad
Software, inc. La Jolla, San Diego. USA).

3.5 Neurometabolite post-processing and quantification

1H-MRS datasets were collected using the SAGE and LCMODEL 6.3 software
platforms considering that the calculation of absolute concentrations (e.g., in molar

% Cramér-Rao lower bounds. These are approximate maximum likelihood estimates and their uncertain-
ties. Provencher SW. 1993
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Figure 2.

Post-processed spectrum in a single voxel, obtained by LCMODEL. MR spectrum acquired showing the
prominent resonances of the brain metabolites’ N-acetyl aspartate+ N-acetyl aspartil glutamate (NAA + NAAG),
Glutamate+Glutamine (Glx), creatine (Cr), Choline (Cho), myoinositol (ml). The black line, looks like noise one
is the actually data, and the ved line is the LCModel fitting data. The noisy trace at the top (black) is the residual
fit. The numbers on the right quantification vesults, including error estimates (%SD) in Cramér-Rao lower
bounds (CRLBs).

units) involves correction for many factors, including the tissue composition of the
voxel (relative amounts of cerebrospinal fluid and gray and white matter), the T1 and
T2 relaxation times of the metabolites in the subject under study, the location of the
voxels and their relationship to the electromagnetic properties of the coil, and any
temporal variations in the scanner. However, the assessment of neurometabolite pro-
portion with creatine is generally the fastest and most widely used analysis method
for clinical 1H-MRS. Furthermore, ratios account for all non-metabolite-specific
differences, therefore can be reasonably compared across all participants scanned at
the same institution with the same protocol.

4, Results and discussion

4.1 Neurometabolite variability between anterior (ACC) and posterior (PCC)
cingulated cortices in subjects with and without ASD. Proton spectroscopy
(1H-MRS)

The resonance signals in the spectra of the detected neurometabolites are
fitted by the curvature under the area of each peak shown within the voxel
(see Figures 1 and 2). The absolute concentrations [mM] of the neurotransmitters
present (see Table 3) were calculated using creatine as an internal reference because
it is the most stable metabolite under the applied magnetic field [37]. Spectroscopy
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Metabolites absolute concentration ACC PCC P
ASD [mM] [mM]

NAA + NAAG 10.29 10.87 n.s
NAA 9.70 10.53 n.s
Glx 16.84 13.92 n.s
Glu 12.60 10.29 *p=0.04
Cho 215 1.56 *p = 0.0008
Cr 7.20 6.76 n.s
ml 5.24 5.03 n.s
GSH 3.08 343 n.s
TD

NAA + NAAG 10.63 10.73 n.s
NAA 9.95 10.40 n.s
Glx 9.55 8.40 n.s
Glu 9.98 9.83 n.s
Cho 1.53 1.07 *p=0.02
Cr 743 6.73 n.s
ml 5,55 494 *p=0.03
GSH 375 331 n.s

Case-control analysis of metabolites values according to cevebral vegions in ASD vs. TD, for N-acetyl aspartate (NAA),
N-acetyl aspartate+ N-acetyl aspartil glutamate (NAA + NAAG), Glutamate+ Glutamine (Glx), Glutamate (Glu),
creatine (Cr), Choline (Cho), myoinositol (ml), and Glutathione (GSH). Absolute concentration group means.
Regions = Anterior cingulate cortex (ACC) and posterior cingulate cortex (PCC). P < 0.05 significantly differences.
No significant differences = n.s.

Table 3.
Absolute concentrations [mM] of the main metabolites detected in ACC and PCC, within each group ASD and TD.

studies were performed on subjects in the ASD and TD groups, calculating the aver-
ages of the absolute concentrations of the metabolites detected in the voxel positioned
in ACC and PCC. The resulting neurometabolic report is shown in Table 4.

When observing the pattern of neurometabolites obtained in the TD group and
the variation in absolute concentrations in ACC and PCC, significant differences were
observed in the metabolites myoinositol (p = 0.03) and choline (p = 0.02) between
ACC and PCC (see Table 3). This describes the metabolic needs in each, related to
the function of each area. On the one hand, myoinositol is considered a glial marker
responsible for cellular signal transduction and useful for assessing brain matura-
tion, and on the other hand, choline is responsible for maintaining the structural
integrity of membranes and acts as a modulator of cholinergic neurotransmission.
Furthermore, the function of choline is critical during fetal development, influencing
the risk of neural tube defects and lifelong memory function [38]. We then consid-
ered this metabolic pattern present in healthy subjects with typical development asa
control for comparing them with the results obtained in the group with ASD.

Contrary to the result of the TD group, the neurometabolite pattern obtained
in the ASD group showed a significant increase in absolute glutamate (Glu) con-
centration (12.85; p = 0.04) in the ACC, indicating an imbalance of glutamatergic
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Metabolite AQ1 AQ2 AQ3 AQ4
[mM] + SD Score = (0-10) Score = (11-22) Score = (23-31) Score = (32-50)
ACC
Cr + PCr 748 + 0.81 742 +1.86 6.53+ 0.98 772 £177
ml 6.12+0.81 547 +1.42 729 £3.61 4.83+1.93
GPC + PCho 1.83+ 049 226 +0.59 1.63+0.70 218 + 0.63
NAA + NAAG 1041+ 0.79 10.66 +2.73 846+ 049 10.56 +2.57
Glu + Gln 13.74 + 4.06 15.67 + 413 1734 + 143 16.65 + 7.24
GSH 3.51+0.87 396 £1.32 221+ 0.84 3.36 + 0.60
Glu 8.04 +1.62 10.25£2.70 13.87 £2.13 13.14 + 4.14
NAA 9.96 +1.27 9.95+2.38 841+ 0.38 9.71+1.78
PCC
Cr + PCr 7.05+ 045 6.69 +1.38 6.21+ 0.69 6.68 + 0.51
ml 599 +1.79 4.80 £ 0.71 5.51+0.99 491+ 0.83
GPC + PCho 1.63+0.39 1.66 + 0.41 1.29 + 0.36 148 £+ 0.32
NAA + NAAG 10.28 + 2.60 10.79 £2.08 9.60 + 0.95 10.98 + 1.24
Glu + Gln 13.37+2.11 13.76 + 0.83 10.39 + 0.37 14.14 + 545
GSH 3.08 +1.07 336 +0.91 250 +1.11 344+ 094
Glu 10.51 +2.48 9.74 £2.15 8.94 +2.66 10.10 +2.20
NAA 9.89 +2.16 10.47 +2.04 898 +1.21 10.57 + 1.56
Table 4.

Metabolite concentrations are grouped by AQ scove (AQ1, AQ2, AQ3, and AQ4) in ACC and PCC regions.
Mean + SD.

metabolism (see Table 3), and confirming a large body of research results propos-
ing this glutamate imbalance as one of the many etiologies of ASD. In this regard,

a hyperglutamatergic state has been previously reported in ASD subjects, in late
childhood and adolescence, specifically in the anterior cingulate cortex [39] further
supporting our results. It is important to consider that glutamatergic gliotransmis-
sion is controlled by gliotransmitters released by oligodendrocytes and microglia
[40-42], being the main responsible for excitotoxicity in the CNS; hence, it is related
to a deregulation of the excitatory/inhibitory response in the brain as proposed by the
new models of neurodevelopmental deficits in ASD. Glutamate, together with aspar-
tate, constitutes the main transmitter of the dominant neurons of the cortex (called
pyramidal cells), where developmental changes occur in the transitional stages of the
visual cortex, affecting the nature of spatial and temporal integration in neurons that
contribute to the maturation of visual functions [43]. Recently, the effects of excess
glutamate in the anterior cingulate cortex have been directly correlated with attention
shifting/shift tolerance in subjects with ASD [44].

However, although glutamate contributes to the development of the nervous
system and its synaptic plasticity, important physiological failure within the human
brain is excitotoxicity, attributed precisely to an accumulation of glutamate that con-
tributes to a large number of disorders such as ischemia, epilepsy, AIDS-associated
dementia, and the appearance of neurodegenerative pathologies such as Alzheimer’s
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disease (AD) [45], Huntington’s disease [46], Parkinson’s disease [47], among others
[48] highlighting the importance of adequate glutamatergic metabolism at the brain
level. It should be noted that glutamate is considered the main and most important
excitatory neurotransmitter within the CNS, which shares with glutamine an intercel-
lular cycle between neurons and glia [49, 50].

Highlighting, the choline (Cho) absolute concentration differences between
ACC and PCC are very significant (p = 0.0008) in comparison with the TD group
suggesting hypermetabolism in membrane turnover, also associated with myelin
destruction [51, 52], related to a metabolic imbalance between these two brain areas
(see Figure 3). Some characterized choline functions include sustained attention,
sleep/wake regulation, and learning and memory within the CNS [51], which are
related to principal ASD symptoms. Cholinergic innervation of the human cerebral
cortex arises in the basal forebrain and reaches its highest density in the limbic system
components where they branch off into the limbic cortex formed by the cingulate
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Figure 3.

Metabolic pattern in cingulated cortices ACC and PCC by ASD and TD groups. Mean absolute concentrations of
the metabolites N-acetyl aspartate (NAA), N-acetyl aspartate+N-acetyl aspartyl glutamate (NAA + NAAG),
Glutamate+ Glutamine (Glx), Glutamate (Glu), creatine (Cr), Choline (Cho), myoinositol (ml), and
Glutathione (GSH) in each ASD group (n = 19) and TD (n = 41). Comparison between the regions of the

anterior and posterior cingulate cortex. Mann-Whitney test of Absolute NT. *p < 0.05; **p < 0.001; ***p < 0.0001.
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gyrus. The behavioral affiliations of cortical cholinergic pathways span the domains
of attention and memory [52], both of which are deficient in ASD [53].

Another important result in the ASD group was the significantly reduced con-
centration of myoinositol (mlI) in ACC compared to the TD group. Neurochemical
changes of mI in the anterior cerebral cortex have previously been associated with
circadian disruption and depression in young adults [54] in agreement with our
results. In more severe cases within ASD, the subjects are found to be disrupted to
sleep during the night, increasing stress and inflammation in the brain. Myoinositol is
found in glial cells and astrocytes controlling gliosis and reactive astrocytosis [55, 56].
Both cells interact with synapses that play important physiological roles in learning
and memory [57] so a deficiency of mlI in the ACC of subjects with ASD would be the
cause of a lower performance in both functions [58].

Given the evidence, knowing the neurochemical substrate of both cingulate
cortices, specifically, the PCC, which has a cerebral blood flow and metabolic rate of
approximately 40% above the average of the entire brain [59], places it in the focus of
our research, for understanding the relationship of activity that exists between both
nodes (see Figure 4).

Taking into account ACC is the region that receives projections primarily from
the amygdala and together with the dorsolateral prefrontal cortex, it intervenes
in the regulation of behavior and plays an important role in shifting attention during
the operation of working memory. Consequently, lesions in the anterior cingulate
interfere with selective attention, monitoring of competing responses, and self-
initiation of behavior, all skills that are deficient in subjects with ASD. In contrast to
the ACC, the posterior cingulate cortex (PCC) receives most of the projections from
the hippocampus, forming the emotional-social component of the memory system
[60]. In this way, we present these two brain regions as substantially important for the
investigation of ASD etiology.

On the other hand, ASD has been linked to a high vulnerability to oxidative stress
and low capacity of methylation reaction with ASD symptoms in children [61, 62].
However, recent studies reveal that oxidative stress is related to a decrease in GSH
concentration seen in peripheral blood mononuclear cells, plasma, lymphoblastoid cell
lines, brain tissue, and mitochondria in individuals with ASD [63, 64] and that support
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Figure 4.
Neurochemistry metabolite variation of absolute concentrations of Glutamate (Glu), Choline (Cho), and
myoinositol (ml) in ASD group (n = 19) compared to TD (n = 41). Comparison between the regions of the

anterior and posterior cingulate cortex. Mann-Whitney test of Absolute NT. *p < 0.05; **p < 0.001; ***p < 0.0001.
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the results in this study, identifying glutathione as a biomarker of oxidative stress
caused by an alteration in its metabolism, key in the etiology of ASD [14, 16, 64-66].

4.2 Neuroplasticity’ in ACC and PCC is associated with the intensity of autism
features according to the AQ-test score and the corresponding neurometabolic
pattern

Our results suggest the usefulness of the AQ-Test in characterizing subjects within
the broad spectrum of autism. The subjects were then grouped according to the range
of the AQ-Test autism coefficient described by Baron-Cohen [67] which provides a
broader view of the variations within the autism spectrum. Within the broad social
spectrum in which autism traits are reflected, and their distribution within the popu-
lation as a whole, the autism quotient (AQ )* represents the position an individual
occupies within that broad spectrum or social continuum. Likewise, the author of the
AQ Test attributes two essential uses to it:

1.In clinical practice as a screening tool, allowing physicians or psychologists to
identify individuals potentially affected by ASD for subsequent referral for a
more precise diagnosis; and

2.In research, in comparative studies, to separate “affected” from “non-affected”
individuals in the search for the point that best separates the categories.

The psychometric background that supports the AQ-Test defines it as a psycho-
metric test characterized by being an instrument used in psychology for the measure-
ment of psychological attributes, standardized, composed of selected and organized
items, conceived to produce in the individual the recordable reactions for which it
was designed. The AQ-Test questionnaire consists of 50 questions, divided into five
areas or subscales, and each subscale consists of 10 items, carefully selected from the
behavioral characteristics of Wing’s “Triad” [1] of autism symptoms (social skills,
attention switching, attention to detail, communication, and imagination).

The test result is a number between zero and 50, with the latter value being the
end of the scale with the highest burden of autistic characteristics, where the most
adverse levels of affect are located. The test has proposed four ranges or cutoff points
for autistic characteristics:

AQ1 (0-10) points = Autistic characteristics below the population average.

AQ2 (11-22) points = Average values of autistic characteristics in a normotypical
population (the female average is 15 and the male average is 17).

AQ3 (23-31) points = Autistic characteristics above the population average.

AQ4 (32-50) points = Very high level of autistic characteristics. (Asperger’s
syndrome or high-functioning autism has an average score of 35).

The study population was grouped according to the resulting score when apply-
ing the AQ test, into four groups or phenotypes AQ1 = 28.33%, AQ2 = 43.33%,

AQ3 =10.00%, and AQ4 = 18.33%. When comparing the results of the

? Phenotypic plasticity has been defined as the capacity of the human brain to change its morphological
patterns, interactions in its sensory modalities, and patterns of neurotransmitter secretion. These changes
arise by virtue of external and internal factors and represent a phenomenon called neuroplasticity [68, 69].
* As the author himself points out, the term quotient is not used here in the arithmetic sense of dividing
one quantity by another, but rather derives from the Latin word “quotients,” meaning “how much.”
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cingulate cortex (ACC) and posterior cingulate cortex (PCC). p < 0.05 significantly differences. P < 0.05 significant correlation. No significant correlation = n.s. Pearson correlation = 1.
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spectroscopies reported in point 4.1 where the subjects were grouped according to
their neuropsychiatric reports as ASD and TD, with the results obtained by grouping
them according to the AQ-test score, significant differences were observed in the
absolute concentrations of the neurometabolites between the four groups AQ1, AQ2,
AQ3, and AQ4 suggesting a pattern of neuroplasticity [70, 71] characteristic of these
disorders.

The results show the absolute concentrations (mM) of the metabolites detected
in ACC of the AQ2 group (11-22, mean values of the neurotypical population), AQ3
(23-31, above average) and AQ4 (32-50, very high rate of autistic characteristics)
groups compared to the AQ1 group (0-10, below the mean), as well as in the PCC,
revealing a specific neurometabolic secretion pattern present in each of the AQ1, AQ2,
AQ3, and AQ4 groups (see Table 4). Likewise, these results suggest a better fit, when
referring to the entire broad spectrum of autism, which could explain the diversity of
developmental characteristics in people with this disorder and its complication when
making a diagnosis.
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Figures.

Heatmayp correlation phenotypic neuroplasticity in ACC and PCC within the autism spectrum according to the
AQ. Absolute concentrations (mM) of the detected metabolites, for N-acetyl aspartate (NAA), N-acetyl aspartate
+N-acetyl aspartil glutamate (NAA + NAAG), Glutamate+Glutamine (Glx), Glutamate (Glu), creatine

(Cr + PCr), Choline (GPC + PCh), myoinositol (mI) and Glutathione (GSH). Regions = Anterior cingulate
cortex (ACC), and posterior cingulate cortex (PCC). P < 0.05 significantly differences.
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By correlating the absolute concentrations of metabolites in ACC vs. PCC, a
significant negative correlation was observed for (Cr + PCr) in the AQ2 (r = —0.45;

p = 0.02) group. However, AQ3 highlights that the concentration of (NAA + NAAG)
has shown a significant positive correlation in ACC vs. PCC (r = 0.82; p = 0.05),
showing a new promising marker for the detection of ASD by spectroscopy (see
Table5).

With these results, we graphed the neurometabolic pattern corresponding to
metabolite correlation in ACC vs. PCC in adults, characterized according to the
AQ-Test, which made us suggest the great influence due to metabolic dysfunction
within the broad spectrum of autism and its relationship with the diversity of charac-
teristics observed in subjects who develop this disorder (see Figure 5).

It is necessary to remember that NAAG is distributed together with different
neurotransmitters, including glutamate (Glu), known to be a neurotransmitter
with excitatory and inhibitory activity in the central nervous system, and gamma-
aminobutyric acid (GABA), known as the most common inhibitory neurotransmitter
in the CNS. Furthermore, imbalanced (NAAG) metabolism has been described before
in some neurological conditions such as schizophrenia, amyotrophic lateral sclerosis,
traumatic brain injury, and now in ASD [68, 69, 72].

It caught our attention that although the AQ2 group is made up of subjects with a
range of AQ-Test scores (11-22) that are the average values of neurotypical popula-
tion according to the work carried out by Barén-Cohén; however, neurometaboli-
cally, variabilities were observed in the concentrations of the metabolites that make
us suggest a dysfunction between ACC and PCC in these subjects without them
having the diagnosis of ASD. This does not mean that they do not have some of the
characteristics that would identify them as ASD, but that at the neurometabolic and
functional level they would show some cognitive deficiencies compared to control
group AQI.

Furthermore, dysregulation of metabolism (NAA + NAAG) between ACC and
PCC may also affect the visual system in ASD, highlighting that the posterior cingu-
late cortex is one of the cortical structures involved in visual attention [73].

5. Conclusions

The pattern we observed in the Heatmap reveals an abnormal neuroplasticity
process within the broad spectrum of autism caused by a malfunction of the signaling
between neurons in ACC vs. PCC, when observing the neurometabolic correlation
pattern of each neurometabolite (see Figure 5). The onset of a metabolic change
in AQ2, AQ3, and AQ4 is finely detectable when compared to the group of subjects
below the average of autistic characteristics AQ1. This study is carried out in adult
subjects, which leads us to think that the aberrant neuroplasticity observed in chil-
dren [74] with ASD continues with them into adulthood.

Thus, the need to perform a correct neurometabolic diagnosis and subsequent
treatment in children with ASD is increasingly imminent, recognizing that the same
neurometabolites that are treated in the different diseases mentioned throughout
this chapter are also altered in ASD. Namely the amino acids and neuropeptides
with their derivatives involved in this neuroplasticity process, including glutamate
(Glu), glycine (Gly), y-aminobutyric acid (GABA), and N-Acetyl aspartyl glutamate
(NAAG) among others (see Table 4). 1TH-MRS studies in ASD can be expected to
continue to gain importance. Overall, the knowledge gained about neuroplasticity
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can be applied in clinical and educational areas where all developmental disabilities
from childhood onwards underline. Increased knowledge on the neurochemical
alteration of autism could lead to a completely new approach to the pharmacological
management of autism and to the identification of biomarkers with greater specific-
ity and sensitivity.
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