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ARTICLE INFO ABSTRACT

Keywords: Autism spectrum disorder is a group of life-long developmental syndromes, characterized by stereotypic beha-
Propionic acid vior, restricted, communication deficits, cognitive and social impairments. Autism spectrum disorder is heritable
Social behavior state, provided by the mutations of well-conserved genes; however, it has been increasingly accepted, that most

Anxiety-like behavior
Amygdala’s structure/ultrastructure
Rat

of such states are the result of complex interaction between individual’s genetic profile and the environment that
he/she is exposed to. Gut microbiota plays one of the central roles in the etiology of autism. Propionic acid is one
of the most abundant short-chain fatty acids, made by enteric bacteria. Propionic acid has many positive
functions and acts as the main mediator between nutrition, gut microbiota and brain physiology. However,
increased level of propionic acid is associated with various neurological pathologies, including autism. It is
proposed that some types of autism might be partially related with alterations in propionic acid metabolism. The
amygdala, the main component of social brain, via its large interconnections with fronto-limbic neural system,
plays one of the key roles in social communications, emotional memory and emotional processing. Social be-
havior is a hot topic in autism research. As to anxiety, it is not the main characteristics of ASD, but represents one
of the most common its co morbidities. Several theoretical reasons compatible with amygdala dysfunction have
been suggested to account for socio-emotional disturbances in autism.

In the present study, using adolescent male Wistar rats, the effect of acute administration of low dose of
propionic acid on social behavior, anxiety-like behavior and the structure/ultrastructure of central nucleus of
amygdale was described. In addition to qualitative analysis, on electron microscopic level the quantitative
analysis of some parameters of synapses was performed. Behavior was assessed 2, 24 and 48 hours after
treatment. The results revealed that even single and relatively low dose of propionic acid is sufficient to produce
fast and relatively long lasting (48 h after treatment) decrease of social motivation, whereas asocial motivation
and emotional sphere remain unaffected. Morphological analyses of propionic acid-treated brain revealed the
reduced neuron number and the increase of the number of glial cells. Electron microscopically, in some neurons
the signs of apoptosis and chromatolysis were detected. Glial alterations were more common. Particularly, the
activation of astrocytes and microglia were often observed. Pericapillary glia was the most changed. Neuronal,
glial and presynaptic mitochondria showed substantial structural diversities, mainly in terms of size and form.
Total number of the area of presynaptic profile was significantly decreased. Some axons were moderately de-
myelinated.

In general, the data indicate that even low dose of propionic acid produces in adolescent rodents immediate
changes in social behavior, and structural/ultrastructural alterations in amygdala. Ultrastructural alterations
may reflect moderate modifications in functional networks of social brain.
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1. Introduction

Autism spectrum disorder (ASD) is a heterogeneous group of life-
long developmental syndromes, characterized by stereotypic behaviors,
restricted interests, communication deficits, cognitive and emotional
impairments. ASD is a heritable disorder brought about by the muta-
tions of well-conserved genes involved in cell migration, synaptogenesis
and network formation. However, it is now believed that ASD is a result
of complex gene-environmental interaction (Balaan et al., 2019; Gupta
et al., 2014; Kinney et al., 2010; Matsuzaki et al., 2012). ASD’s neu-
robiological basis includes cellular and structural deviations in a variety
of brain regions. The diversity of the brain anatomy and the dynamic
nature of its development make difficult to clarify the complex me-
chanisms of ASD. Numerous studies indicate that different brain areas
contribute uniquely to autism’s impact on cognition and emotions.
However, ASD can be best explained as the deficiencies of functional
neural networks and not in terms of local dysfunctions (Kana et al.,
2017; Lee et al., 2018).

The amygdala, the main component of social brain, has large in-
terconnections with fronto-limbic neural system. Via these connections,
amaygdala plays one of the key roles in social communications, gaze,
attachment behavior, emotional memory and emotional processing
(Dziobek et al., 2010; Eack et al., 2017; Haller, 2018; Paretkar and
Dimitrov, 2018). Given that social deficits, abnormal gaze, attachment
difficulties and emotional disorders are among the main symptoms of
autism, the study of extended amygdala in autistic brain is of special
importance (Amaral and Corbett, 2003; Donovan and Basson, 2017;
Ecker et al., 2017). Postmortem analysis, functional neuroimaging and
experimental studies indicate the abnormal growth patterns, alterations
in neuron densities, neuron size, neuronal morphology and other
structural changes in autistic amygdala (Avino et al., 2018; Varghese
et al., 2017; Velasquez et al., 2017; Weir et al., 2018). In some cases the
degree of such alterations positively correlates with the extent of social
communication deficits (Avino et al., 2018; Donovan and Basson, 2017;
Mitchell et al., 2009). However, due to relatively small number of data
and controversial character of some of them, the role of amygdala in
socio-emotional impairments in ASD remains inconclusive.

Gut microbiota plays one of the central roles in the etiology of
autism. The increased levels of toxin-generating enteric bacteria and
short-chain fatty acids, produced by these bacteria are often observed in
individuals with ASD (Ding et al., 2017; Vuong and Hsiao, 2017; Wang
et al., 2014). Propionic acid (PPA) is one of the most abundant short-
chain fatty acids made by enteric bacteria following fermentation of
indigestible carbohydrates. PPA has many positive functions. Specifi-
cally, PPA acts as the tumor suppressor, regulates enteric neuroendo-
crine system and several metabolic and anti-inflammatory processes,
participates in apoptosis, etc. In addition, PPA represents the main
mediator between nutrition, gut microbiota and brain physiology
(MacFabe et al., 2007; Xu et al., 2016). However, excessive levels of
PPA can produce adverse effects, including developmental delay, mi-
tochondrial dysfunction, oxidative stress, other metabolic and immune
reactions (Chapman et al., 2015; MacFabe et al., 2007). Moreover, PPA
readily crosses the gut-brain barrier, and affects functional brain net-
works, provoking the changes in neurotransmitter synthesis, neuro-
transmission, brain signaling and mitochondrial function (De Almeida
et al., 2006; El-Ansary et al., 2018; MacFabe, 2013). Increased level of
PPA is associated with various types of neurological disorders, in-
cluding autism. Recently it was shown that chronic injection of PPA in
rodents of different age groups affects social skills, cognitive flexibility
and produces some other alterations, compatible to whose, observed in
individuals with ASD (El-Ansary et al., 2018; MacFabe et al., 2007;
Shultz et al., 2015). Based on these data, it was proposed that some
types of autism might be related with the alterations in PPA metabolism
(MacFabe, 2013, 2015). In light of this, the use of rodent model of
autism, with the purpose to evaluate potential role of microbiota in the
pathogenesis of autism is of special importance.
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In the present research, we studied the effect of acute administration
of low dose of PPA on social behavior, anxiety-like behavior and the
structure/ultrastructure of central nucleus of amygdala in adolescent
male Wistar rats.

2. Material and methods
2.1. Animals and animal treatment

Male adolescent (P30-35) Wistar rats, weighing 115-125g, were
used. The animals were housed under normal controlled environment
(temperature 20-22°C, humidity 55-60%, light on 07.30-19.30).
Standard food pellets and tap water were available. Just before ex-
periments, the rats were randomly divided into experimental and
control groups: (i) Experimental rats received a single intraperitoneal
(i.p.) injection of PPA (Sigma-Aldrich, USA) at a dose 175mg/kg,
pH-7.4 (PPA was dissolved in 0.1 M PBS), (ii) Rats nt the control group
were injected with saline. The Committee of Animal Care at I
Beritashvili Center of Experimental Biomedicine and the Committee on
Ethics at Ilia State University approved the experimental procedures.

2.2. Animal behavior

2.2.1. Social behavior

Social behavior was assessed 2 h (h) after treatment (15 animals in
the group). Conventional three-chamber apparatus, modified to a linear
one (45 X 10 x 21 cm), was used (Lee et al., 2016). By this way, the
exploration of unnecessary areas was minimized and the number of
visits to targets was increased. One-day experiment consisted of two
sessions. During first, 5-minute session, the animal, which was placed in
the center of empty apparatus, explored the apparatus. During second
session, in one corner of the apparatus, translucent acrylic cage
(10 x 10 x 10 cm) with stranger rat (social stimulus), and in opposite
corner - unfamiliar inanimate object (asocial stimulus) were placed.
Experimental rat was allowed to explore the space during 10 min. The
rat had free choice to visit social stimulus or non-social stimulus. The
behavior was video-recorded. Social propensity was assessed as follows:
(i) the number of visits to social stimulus and the number of visits to
asocial stimulus and (ii) the time spent in social zone, which is the time,
spent in the 4 cm around the cage confining social stimulus, and the
time spent in asocial zone — with new object. This measure of behavior
has been termed social approach and the preference for unfamiliar
object (unsocial stimulus) is thought to reflect social avoidance (Wilson,
Koenig, 2014).

2.2.2. Anxiety-related behavior

Emotional sphere, specifically, anxiety-related behavior, was eval-
uated in elevated plus maze, 2, 24, and 48 h after treatment (Balaan
et al., 2019; Sungur et al., 2018; Tanaka et al., 2009). For each case, 15
animals were used. The maze was located in the soundproof room, with
constant illumination level. The apparatus consisted of two open and
two enclosed arms (45 X 15 x 30 cm each), perpendicularly crossed in
the middle, where the central area (14 cm x 14 cm) was located. Each
rat was placed in the central area and allowed to move freely for 5 min.
Video-tracking system recorded the following parameters: (i) the
number and duration of episodes in the central area, (ii) entries in
enclosed arms and time spent in enclosed arms, (iii) entries in open
arms and time spent in open arms, (iv) the frequency of head move-
ments towards the enclosed arms from open arms, (v) the frequency of
head movements towards the open arms from enclosed arms, (vi)
grooming activities in open and enclosed arms, (vii) number of vertical
standings in enclosed arms, (viii) total number of boluses.

2.2.3. Statistical analysis of behavioral data
Numerical data were calculated by means of statistics package
Minitab 17. The two-sample t-test was used in order to ascertain the
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Fig. 1. The assessment of social behavior. The following data are presented: (a) the total time spent in social zone (in close vicinity with unfamiliar rat), (b) the
number of visits to social zone (to unfamiliar rat), (c) the total time spent in asocial zone (in close vicinity with unfamiliar object), (d) the number of visits to asocial

zone (to unfamiliar object), * P < 0.05.

difference between control and experimental groups. The P-value less
than 0.05 was considered as statistically significant. The data are pre-
sented as a mean = standard error of the mean (SEM).

2.3. Morphological mygdala

2.3.1. Histological evaluation of neurons and glial cells

Histological analysis of cells was performed 48h after treatment.
Under pentobarbital injection (100 mg/kg), the rats (n =5 in each
group) underwent transcardiac perfusion with heparinized 0.9% NaCl,
followed by 500ml of 4% paraphormaldehyde in 0.1 M phosphate
buffer (PB), pH-7.4 at a perfusion pressure 120 mm Hg. The brains
were removed from skull; amygdala was isolated, blocked, frozen, and
sectioned in the coronal plane with freezing microtome. 15-micron
thick, consecutive coronal sections were collected and placed in 0.1 M
PB. Every third section was stained with the Cresyl Violet. Producing
the traditional multicolored cells, such staining is suitable for differ-
entiation of various fields, to distinguish principal cells, interneurons
and glial cells and to quantify different types of cells. Using anatomical
landmarks, totally 10 sections/animal of similar levels of amygdala
within and between control and experimental groups were analyzed
with optical microscope Leica MM AF. A systemic random sampling was
employed and principal and glial cells with distinct nucleus and nu-
cleolus were counted with 2-dimensional counting grid (250 x 250
|.lm2).

2.3.1.1. Statistical analysis. To determine whether PPA treatment alters
the number of neurons and glial cells, the two-sample t-test was used.
The level of significance was set as P < 0.05. The data are presented as
a mean =+ standard error of the mean (SEM).

2.3.2. Electron Microscopic Study

Electron microscopic study was performed 48h after treatment
(n = 5, in each group). Following pentobarbital injection (100 mg/kg),
the rats to have EM examination of their brains, underwent transcardiac
perfusion with 0.9% NaCl followed by 500 ml of 4% parahormaldehyde
and 2.5% glutaraldehyde in 0.1 M PB, pH-7.4 at perfusion pressure
120 mm Hg. The brains were sectioned, processed and embedded using
conventional procedures, described earlier (Kotaria et al., 2013).
45-50 nm-thick sections were cut with an ultramicrotome Leica EM
UC7, picked up on 200-mesh copper grids, double-stained with uranyl-
acetate and lead-citrate, and examined with JEM 1400 (JEOL, Japan).
From each rat, every fifth section - totally 20 sections per animal were
evaluated and the ultrastructure of neurons, glial cells and synapses was
described.

2.3.2.1. Quantitative analysis. In addition to qualitative analysis, on
each fifth section quantitative processing of presynaptic sectional
profile area of axo-dendritic synapses and the total numbers of
synaptic vesicles and presynaptic mitochondria in axo-dendritic
profiles was perforomed. Finally, a morphometric analysis of the
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porosomes, secretory machinery of cells (Cho et al., 2004), was
accomplished in presynaptic membranes of saline- and PBS-treated
rats, in order to identify any differences in size with regard to diameter
of porosome opening and porosome depth.

To measure the surface area of axon terminals and the number of
mitochondria within these terminals, on electron micrographs the 180
terminal profiles from PPA-treated rats and 152 profiles for saline-
treated rats were outlined. The tracings of axon terminals and the mi-
tochondria they contained were scanned, using the scan plug-in for
Adobe Photoshop CS3 and saved as 150 dpi tiff files. The scans were
imported into ImageJ software (version 1.44, The National Institute of
Mental Health); the areas of profiles were measured and expressed in
nanometers. The counting of synaptic vesicles was performed on 75
axon profiles from PPA-treated rats and 75 profiles from saline-treated
rats (15 profiles from each animal), using Photoshop. For this purpose,
the images of the axon terminals were enlarged onto the computer
screen and each vesicle was sequentially marked, using the brush tool.
For the analysis of porosome depth and diameter, totally 201 synaptic
terminals were observed: n = 100 - in saline-treated rats and n = 101 -
in PPA-treated rats. Quantitative data were analyzed using the Image J
software. To determine whether PPA affects above mentioned para-
meters, two-sample t-test was used. A P-value less than 0.05 were
considered as statistically significant. The results were presented as a
mean * standard error.

3. Results
3.1. Social tendency

Based on data analysis (two-sample t-test), 2h time points, PPA-
treated rats spent statistically significant much less time with un-
familiar rats (P = 0.008). No difference was found in the number of
visits to unfamiliar rat between PPA and saline-treated animals
(P = 0.391). As for the unfamiliar object, no difference between PPA
and saline-treated rats was found neither regarding the number of visits
to this object (P = 0.172), nor in total time spent near it (P = 0.320)
(Fig. 1).

Therefore, experimental rats revealed decreased interest for social
stimulus than control rats, and the same interest as control animals to
unsocial stimulus. Overall, the data indicate that PPA treatment pro-
duces the decrease of social motivation, but asocial motivation remains
the same.

3.2. Emotional sphere

In the study, numerous parameters of anxiety-related behavior were
evaluated. However, the P-value for all parameters in all terms ex-
ceeded 0.05. Such data indicate, that single and relatively low dose of
PPA has no effect on anxiety-related behavior of adolescent rats
(Table 1).

3.3. Neuronal and glial cell assessment

According two-sample t-test (control vs experiment), in the amyg-
dala of PPA-treated rats the number of glial cells was significantly in-
creased (16.2%, P = 0.001) (Fig. 2A). In contrast, slight, but significant
decrease of the number of neurons was observed (4.4%, P = 0.03)
(Fig. 2B).

3.4. Electron microscopy

Amygdala neurons in PPA-treated brain had mostly normal ultra-
structure (Fig. 3A). Only in 9% of observed cells the signs of focal
chromatolysis, mild degree of diffuse chromatolysis, swollen cisternae
of endoplasmic reticulum, swollen or moderately destructed mi-
tochondria, neurons with osmiophilic cytoplasm or chromatin
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condensation changes were detected (Fig. 3B,C). Rarely, large dendrites
with single dendrotubules and the fragments of dark degenerated,
apoptotic cells, partially isolated by astrocyte processes were obsered.
(Fig. 3D). The majority of synapses had normal structure; however, in
comparing with control, large presynaptic terminals with few synaptic
vesicles were often seen. Glial cells were the most changed: swollen
and/or proliferating astrocytes and activated microglia (rarely) were
detected (Fig. 3D,E,F). Some astrocytes, including pericapillary forms,
contained single organelles, and myelin-like, vascuoles or osmiophilic
inclusions (Fig. 3E,F). Some axons were moderately demyelinated
(Fig. 3B). Absolute majority of mitochondria, including presynaptic
forms, had normal ultrastructure, however, substantial structural di-
versities, particularly in terms of size and form were often observed,
rarely, the differences in the energy-transducing inner membrane were
detected.

3.4.1. Quantitative analysis of synaptic parameters

In experimental brain, compared to control, the total area of axo-
dendritic presynaptic terminals was significantly increased (P < 0.01;
by 27%) (Fig. 4). Porosomes were well observed, however statistical
difference of their morphological parameters between control and ex-
perimental rats was not detected.

4. Discussion

It is generally accepted that autism has many causes and forms, and
touches many activities and many regions of the brain. In the present
research, we evaluated the consequences of PPA (one of the factors,
which provokes autism) on social and anxiety-related behavior and
light and electron-microscopic morphology of amygdala in adolescent
rats. To the best of our knowledge, the detailed ultrastructural analysis
of PPA effect on brain has not been done until now.

Social behavior is a hot topic in autism research. As to anxiety-like
behavior, it is not a main characteristic of ASD, but represents one of
the most frequent its manifestations. The amygdala is critically in-
volved in both, the regulation of emotions and anxiety-like behavior.
Several reasons compatible with amygdala dysfunction have been
suggested to account for socio-emotional disturbances in autism
(Amaral and Corbett, 2003; Donovan and Basson, 2017; Schoch et al.,
2017; Zalla and Sperduti, 2013).

In the normal human colon, the level of PPA is about 20 mM/kg (Al-
Lahham et al., 2010). Intraperitneal injection of PPA resulted in a peak
in drug level in the brain about 60 min after injection (Brusque et al.,
1999). In earlier studies, the scientists described PPA-associated autism-
like states in rodents, using chronic injections of substantially larger
dose of PPA — 500 mg/kg. Among other changes, the alterations in so-
cial and anxiety-like behaviors were detected (Choi et al., 2018; Foley
et al., 2014). In the present study, to additionally assess the role of PPA
in the development of autism, we described the effects of lower dose of
PPA - 175mg/kg. Our experiments revealed that not only chronic
treatment, but also acute i.p. injection of low dose of PPA is sufficient to
provide the decrease of social motivation, whereas asocial motivation
and anxiety-related behavior remain unaffected. The lower degree of
behavioral changes seen in our study, might be due to type of PPA
treatment.

Several reasons point to the necessity to evaluate the effects of
different doses of PPA on the brain. In particular, recently it was es-
tablished that the patients who are unable to metabolize PPA are more
common than previously thought; many of such patients have cognitive
impairments, movement disorders, and seizures (MacFabe, 2013). PPA
is usually used in food industry, agriculture and pharmacy; therefore,
some diets or pharmaceutical products can easily provoke the increase
of PPA level. It is also notable that the role of increased levels of PPA in
the pathophysiology of ASD still needs further evaluation. In light of
this, the evaluation of neurobiological consequences of various doses of
PPA is of special importance. Such approach should improve the
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Table 1

The major behavioral activities scored in the elevated plus maze 2, 24 and 48 h after treatment.
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2 hours after treatment
Behavioral Activities

Activities in Open arms
Activities in Enclosed arms

24 hours after treatment
Behavioral Activities

Activities in Open arms
Activities in Enclosed arms

48 hours after treatment
Behavioral Activities

Activities in Open arms

Activities in Enclosed arms

Control rats

Number of entries in open arms 0.36
Total time spent in open arms 23.73
Number of entries in enclosed arms 1.45
Total time spent in enclosed arms 267.27

Control rats

Number of entries in open arms 0.36
Total time spent in open arms 23.73
Number of entries in enclosed arms 1.45
Total time spent in enclosed arms 267.27

Control rats

Number of entries in open arms 0.36
Total time spent in open arms 23.73
Number of entries in enclosed arms 1.45
Total time spent in enclosed arms 267.27

PPA treated rats The Standard Error The Standard Error P Value
Control rats Experimental rats
0.78 0.2 0.36 0.340
45.22 23 25 0.532
1.11 0.25 0.26 0.352
207.22 26 38 0.213
PPA treated rats The Standard Error The Standard Error P Value
Control rats Experimental rats
0.36 0.2 0.2 1.000
31.55 23 21 0.804
1.09 0.25 0.09 0.193
260.27 26 23 0.840
PPA-treated rats The Standard Error The Standard Error P Value
Control rats Experimental rats
0.91 0.2 0.37 0.214
31.45 23 16 0.784
1.91 0.25 0.48 0.410
239.72 26 19 0.397

understanding of potential risk factors that lead to the brain abnorm-
alities associated with ASD.

According to the literature, distinct neuronal subpopulations in
amygdala differentially participate in social and asocial behaviors
(Hong et al., 2014;Rubenstein and Merzenich, 2003). Particularly,
GABAergic subpopulation promotes mainly behavior related to ag-
gression, social grooming and mating, whereas glutamatergic sub-
population participates mostly in asocial behaviors, including self-
grooming. It is suggested that these two subpopulations act antag-
onistically, with each inhibiting the behavior regulated by the other
(Rubenstein and Merzenich, 2003). The effect of chronic treatment of
PPA on both, GABAergic and glutamatergic neuronal subpopulations of
amygdala is well known. However, relatively short and low dose of PPA
may produce other effects on these cells, causing other behavioral re-
actions in adolescent rats. Additional biochemical and morphological
experiments are needed to define relationship between the structure of
amygdala, behavior and changes in neurotransmission.

It is especially notable that in our study, mild neurobehavioral al-
terations develop in parallel with significant changes in the morphology

Glia
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of amygdala. In particular, light microscopic analyses of PPA-treated
brain revealed significant alterations in neuronal and glial populations
of amygdala: relatively slight decrease of neurons and the increase of
glia. Normally, amygdala has remarkably prolonged development into
adulthood. The number of mature neurons in some of the major nuclei
of the amygdala increases by 40%, from youth to adulthood (Avino
et al., 2018). In adolescent rats, the number of amygdalar neurons also
continues to increase (Chareyron et al., 2012). However, in contrast to
normal brain, in many regions of autistic brain the amount of different
types of neurons is decreased (Avino et al., 2018). Electron microscopy
of PPA-treated brain revealed small numbers of residues of dark neu-
rons and neurons with chromatolysis, confirming the loss of amygdala
neurons as a result of treatment.

In opposite to neurons, the number of astrocytes in the amygdala of
normal brain decreases from 3 weeks to 2 months of age, whereas
amygdala volume continues to develop (Chareyron et al., 2012). On the
other hand, it is well known that glial cells of social brain are actively
involved in ASD. Specifically, close association between ASD and genes
related to glial cell activation or genes belonging to immune and
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Fig. 2. The analysis of glia (A) and neuron (B) numbers in the central nucleus of amygdala. *P < 0.05, ***P <0.001.
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Fig. 3. Representative transmission electron microscopy images of amygdalar neuropil. Control (A) and experimental brain (B,C,D,E,F).

(A) The part of healthy neuron. (B) The part of neuron and axon-hillock with slight chromatolysis. (C) Neuron with highly osmiophilic cytoplasm, lysosomes, and
moderately changed organelles, partially surrounded by swollen astrocyte processes. (D) Dark degenerated neuron, fully surrounded by astrocyte processes (in-
dicated with asterisks). (E) Normal micro vessel, fully surrounded by swollen astrocyte processes (indicated by asterisks), forming white perivascular space. (F)
Neuropil, with normal micro vessel, neuron with focal chromatolysis of a slight degree, and two activated astrocytes (indicated with arrows). One astrocyte contains

few organelles.

Area of presynaptic terminals
*%

500000

300000
200000

100000

o
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Fig. 4. The effect of PPA treatment on the area of presynaptic terminals in the
central nucleus of amygdala of adolescent male rats. **P < 0.01.

inflammatory categories was described (Voineagu, 2012). Clinical, ex-
perimental and postmortem analyses indicate to reactive gliosis, glial
cell proliferation (Tetreault et al., 2012; Edmonson et al., 2014), mi-
croglial activation (Suzuki et al., 2013), or high levels of proin-
flammatory cytokines in different regions of autistic brain (Li et al.,
2009; Wei et al., 2011). Chronic treatment of rodents with PPA is also
associated with increased markers for astrocyte and microglia im-
munoreactivity, demonstrating an innate inflammatory response.
Moreover, it was proposed that in the brain PPA is metabolized oxi-
datively mainly in glia (MacFabe et al., 2007). Special vulnerability of
glia to PPA should ultimately lead to structural and functional

alterations of these cells, which is demonstrated on electron micro-
scopic level.

It is still unknown whether the inflammation in autism is beneficial
or not, or what are the cause/s that provoke activation of glia.
According to the most common hypothesis, chronic inflammation plays
an important role in the pathogenesis of neurological disorders, related
with brain development (Dammann and Leviton, 2004; Gupta et al.,
2014; Estes and McAllister, 2015). Various homeostatic mechanisms
regulate inflammatory processes, induced by environmental stimuli;
astrocytes and microglia play special role in the control of these me-
chanisms (Barres, 2008; Serhan and Savill, 2005). Under inflammatory
conditions, the dysfunction in these mechanisms should provoke higher
levels of inflammation, when microglia and astrocytes become reactive.
It is also notable that astrocytes and microglia interact with synapse
formation, function, plasticity and elimination in developing brain
(Chung et al., 2013; Clarke and Barres, 2013; Derecki et al., 2012).
Excessive activation of microglia and astrocytes may perturb their
capability to modulate the functioning of synapses (Suzuki et al., 2013;
Chung et al., 2015).

On electron microscopic level, we revealed substantial structural
diversities of mitochondria. Chronic PPA treatment is known to en-
hance mitochondrial function or, in opposite, to produce a loss of mi-
tochondrial function in a concentration- and time-dependent manner
(Frye et al., 2016). Based on our results, we propose, that not only
chronic treatment, but low increase of PPA level also, has some effect
on neuronal and presynaptic mitochondria. However, to understand the
mitochondrial shape changes in response to treatment, high-resolution
three-dimensional imaging of mitochondrial structure and the analysis
of mitochondrial function is needed (Manella, 2008; Harner et al.,
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2016).

Finally, quantitative electron microscopic analysis of PPA-treated
brain revealed, that among different synaptic parameters, only the in-
crease in the surface of axo-dendritic synaptic profiles is significantly
correlated with the behavioral and ultrastructural impairments dis-
played by these animals. Such modification should manifest in altera-
tion of synapse function. However, to gain a further understanding of
potential changes in the functioning of neural circuits of amygdala, the
measurement of additional synaptic parameters is needed (the amount
of synaptic vesicles in different vesicle pools, synaptic vesicle number
per terminal, length of synaptic junctions, the volume occupied by
mitochondria in axon terminals, possible morphological alterations in
axo-somatic terminals, etc.).

In general, the data indicate that in rodents even acute adminis-
tration of low dose of PPA produces significant decrease of social mo-
tivation. Behavioral changes are associated with significant modifica-
tions in amygdala’s structure/ultrastructure. Such alterations should
reflect moderate changes in functional networks of amygdala. For fur-
ther evaluation of the role of propionic acid in the pathogenesis of
autism, such data are of special importance.

Funding

Georgian Shota Rustaveli National Science Foundation (Grant:
PhD F_17_147), Ilia State University and I. Beritashvili Center of
Experimental Biomedicine supported this work.

Declaration of Competing Interest
None.
References

Al-Lahham, S.H., Peppelenbosch, M.P., Roelofsen, H., Vonk, R.J., Venema, K., 2010.
Biological effects of propionic acid in humans; metabolism, potential applications and
underlying mechanisms. Biochim. Biophys. Acta 1801, 1175-1183.

Amaral, D.G., Corbett, B.A., 2003. The amygdala, autism and anxiety. Novartis Found.
Symp. 151 (2003), 189-197.

Avino, T.A., Berger, N., Vargas, M.V., Carlson, E.L., Amaral, D.G., Baumann, M.D.,
Schumann, C.M., 2018. Neuron numbers increase in the human amygdala from birth
to adulthood, but not in autism. Proc Natl Acad Sci U S A. 115, 3710-3715. https://
doi.org/10.1073/pnas.1801912115.

Balaan, C., Corley, M.J., Eulalio, T., Leite-Ahyo, K., Pang, A.P.S., Fang, R., Khadka, V.S.,
Maunakea, A.K., Ward, M.A., 2019. Juvenile Shank3b deficient mice present with
behavioral phenotype relevant to autism spectrum disorder. Behav. Brain Res. 356,
137-147. https://doi.org/10.1016/j.bbr.2018.08.005.

Barres, B.A., 2008. The mystery and magic of glia: a perspective on their roles in health
and disease. Neuron 60, 430-440. https://doi.org/10.1016/j.neuron.2008.10.013.

Brusque, A.M., Mello, C.F., Buchanan, D.N., Terracciano, S.T., Rocha, M.P., Vargas, C.R.,
Wannmacher, C.M., Wajner, M., 1999. Effect of chronically induced propionic aca-
demia on neurobehavioral development of rats. Pharmacol. Biochem. Behav. 64,
529-534.

Chapman, K.A., Bush, W.S., Zhang, Z., 2015. Gene expression in cell lines from propionic
academia patients, carrier parents, and controls. Mol. Genet. Metab. 115, 174-179.
https://doi.org/10.1016/j.ymgme.2015.05.004.

Chareyron, L.J., Lavenex, P.B., Lavenex, P., 2012. Postnatal development of the amyg-
dala: a stereological study in rats. J. Comp. Neurol. 520, 3745-3763. https://doi.org/
10.1002/cne.23132.

Cho, W.J., Jeremic, A., Rognlien, K.T., Zhvania, M.G., Lazrishili, T., Tamar, B., Jena, B.P.,
2004. Structure, isolation, composition and reconstitution of the neuronal fusion
pore. Cell Biol. Int. 28 (10), 699-708. https://doi.org/10.1016/j.cellbi.2004.07.004.

Choi, J., Lee, S., Won, J., Jin, Y., Hong, Y., Hur, T.-Y., Kim, J.-H., Lee, S.-R., Hong, Y.,
2018. Pathophysiological and neurobehavioral characterstics of a propionic acid-
medaited autism-like rat model. PLoS One 13 (2), €0192925. https://doi.org/10.
1371/journal.pone.0192925. Published online 2018 Feb 15.

Chung, W., Choi, S.Y,, Lee, E., Park, H., Kang, J., Park, H., Choi, Y., Lee, D., Park, S.G.,
Kim, R., Cho, Y.S., Choi, J., Kim, M.H., Lee, J.W., Lee, S., Rhim, I., Jung, M.W., Kim,
D., Bae, Y.C., Kim, E., 2015. Social deficits in IRSp53 mutant mice improved by
NMDAR and mGluR5. Nat. Neurosci. 18, 435-443. https://doi.org/10.1038/nn.
3927.

Chung, W.S., Clarke, L.E., Wang, G.X., Stafford, B.K., Sher, A., Chakraborty, C., Joung, J.,
Foo, L.C., Tompson, A., Chen, C., Smith, S.J., Barres, B.A., 2013. Astrocytes mediate
synapse elimination through MEGF10 and MERTK pathways. Nature 504, 393-400.
https://doi.org/10.1038/nature12776.

Clarke, L.E., Barres, B.A., 2013. Emerging role of astrocytes in neural circuit development.

Micron 125 (2019) 102732

Nat. Rev. Neurosci. 14, 311-321. https://doi.org/10.1038/nrn3484.

Dammann, O., Leviton, A., 2004. Inflammatory brain damage in preterm newborns - dry
numbers, wet lab, and causal inferences. Early Hum. Dev. 79, 1-15. https://doi.org/
10.1016/j.earlhumdev.2004.04.009.

de Almeida, L.M., Funchal, C., Gottfried, C., Wajner, M., Pessoa-Pureur, R., 2006.
Propionic acid induces cytoskeletal alterations in cultured astrocutes from rat cere-
bral cortex. Metab. Brain Dis. 21, 51-62. https://doi.org/10.1007/s11011-006-
9002-9.

Derecki, N.C., Cronk, J.C., Lu, Z., Xu, E., Abott, S.B., Guyenet, P.G., Kipnis, J., 2012. Wild-
type of microglia arrest pathology in a mouse model of Rett syndrome. Nature 484,
105-109. https://doi.org/10.1038/nature10907.

Ding, H.T., Taur, Y., Walkup, J.T., 2017. Gut microbiota and autism: key concepts and
findings. Autism Dev. Disord. 47, 480-489. https://doi.org/10.1007/s10803-016-
2960-9.

Donovan, A.P., Basson, M.A., 2017. The Neuroanatomy of autism 230, 4-15. https://doi.
org/10.1111/joa.12542.

Dziobek, 1., Bahnemann, M., Convit, A., Heekeren, H.R., 2010. The Role of the fusiform-
amygdala system in the pathophysiology of autism. Arch Gen Psychatry 67, 397-405.
https://doi.org/10.1001/archgenpsychiatry.2010.31.

Eack, S.M., Wojtalik, J.A., Keshavan, M.S., Minshew, N.J., 2017. Social-cognitive brain
function and connectivity during visual perspective-taking in autism and schizo-
phrenia. Schisophr. Res. 183, 102-109. https://doi.org/10.1016/j.schres.2017.03.
009.

Ecker, C., Schmeisser, M.J., Loth, E., Murphy, D.G., 2017. The Neuroanatomy and neu-
ropathology of autism spectrum disorder in humans. Adv. Anat. Embryol. Cell Biol.
224, 27-48. https://doi.org/10.1007/978-3-319-52498-6_2.

Edmonson, C., Ziats, M.N., Rennert, O.M., 2014. Altered glial marker expression in au-
tistic post-mortem prefrontal cortex and cerebellum. Mol. Autism 5, 9. https://doi.
org/10.1186/2040-2392-5-3.

El-Ansary, A., Bacha, A.B., Bjerklund, G., Al-Orf, N., Bhat, R.S., Moubayed, N., Abed, K.,
2018. Probiotic treatment reduces the autistic-like excitation/inhibition imbalance in
juvenile hamsters induced by orally administered propionic acid and clindamycin.
Metab. Brain Dis. 33, 1155-1164. https://doi.org/10.1007/s11011-018-0212-8.

Estes, M.L., McAllister, A.K., 2015. Immune mediators in the brain and peripheral tissues
in autism spectrum disorder. Nat. Rev. Neurosci. 16, 469-486. https://doi.org/10.
1038/nrn3978.

Foley, K.A., MacFabe, D.F., Vaz, A., Ossenkopp, K.P., Kavaliers, M., 2014. Sexually di-
morphic effects of prenatal exposure to propionic acid and lipopolysaccharide on
social behavior in neonatal, adolescent, and adut rats: implications for autism spec-
trum disorders. Int. J. Dev. Neurosci. 39, 68-78. https://doi.org/10.1016/j.ijjdevneu.
2014.04.001.

Frye, R.E., Rose, S., Chacko, J., Wynne, R., Bennuri, S.C., Slattery, J.C., Tippett, M.,
Delhey, L., Melnyk, S., Kahler, S.G., MacFabe, D.F., 2016. Modulation of mitochon-
drial function by the microbiome metabolite propionic acid in autism and control cell
lines. Transl. Psychiatry 6 (10), €927. https://doi.org/10.1038/tp.2016.189.

Gupta, S., Ellis, S.E., Ashar, F.N., Moes, A., Bader, J.S., Zhan, J., West, A.B., Arking, D.E.,
2014. Transcriptome analysis reveals dysregulation of innate immune response genes
and neuronal activity-dependent genes in autism. Nat. Commun. 5, 5748. https://doi.
org/10.1038/ncomms6748.

Haller, J., 2018. The role of central and medial amygdala in normal and abnormal ag-
gression: a review of classical approaches. Neurosci. Biobehav. Rev. 85, 34-43.

Harner, M.E., Unger, A.K., Geerts, W.J., Mari, M., Izawa, T., Stenger, M., Geimer, S.,
Reggiori, F., Westermann, B., Neupert, W., 2016. An evidence based hypothesis on
the existence of two pathways of mitochondrial cristae. Elife. 6 (5). https://doi.org/
10.7554/eLife.18853. pii: €18853.

Hong, W., Kim, D.W., Anderson, D.J., 2014. Antagonistic control of social versus re-
petetitve self-grooming behaviors by separable amygdala neuronal subsets. Cell 158,
1348-1361.

Kana, R.K., Sartin, E.B., Stevens Jr, C., Deshpande, H.D., Klein, C., Klinger, M.R., Klinger,
L.G., 2017. Neural networks underlying language and social cognition during self-
other processing in Autism spectrum disorders. Neuropsychologia 28 (102), 116-123.

Kinney, D.K., Barch, D.H., Chayka, B., Napoleon, S., Munir, K.M., 2010. Enviornmental
risk factors for autism: do they help cause de novo genetic mutations that contribute
to the disorder? Med. Hypotheses 74, 102-106. https://doi.org/10.1016/j.mehy.
2009.07.052.

Kotaria, N., Kiladze, M., Zhvania, M.G., Japaridze, N.J., Bikashvili, T., Solomonia, R.O.,
Bolkvadze, T., 2013. The protective effect of myo-inositol on hippocampal cell loss
and structural alterations in neurons and synapses triggered by kainic acid-induced
stagtus-epilepticus. Cell. Mol. Neurobiol. 33, 659-671.

Lee, E., Rhim, L., Lee, J.W., Ghim, J.W., Lee, S., Kim, E., Jung, M.W., 2016. Enhanced
Neuronal activity in the medial prefrontal cortex during social approach behavior. J.
Neurosci. 36, 6926-6936.

Lee, Y., Kim, H., Han, P.L., 2018. Striatal inhibition of MeCP2 or TSC1 produces socia-
bility deficits and repetitive behaviors. Exp. Neurobiol. 27, 539-549.

Li, X., Chauhan, A., Sheikh, A.M., Patil, S., Chauhn, V., Li, X.-M., Ji, L., Brown, T., Malik,
M., 2009. Elevated immune response in the brain of autistic patients. J.
Neuroimmunol. 207, 111-116. https://doi.org/10.1016/j.jneuroim.2008.12.002.

MacFabe, D., 2013. Autism: metabolism, mitochondria, and the microbiome. Glob. Adv.
Health Med. 2, 52-66.

MacFabe, D.F., 2015. Enteric short-chain fatty acids: microbial messengers of metabolism,
mitochondria, and mind: implications in autism spectrum disorders. Microb. Ecol.
Health Dis. 26 (May), 28177. https://doi.org/10.3402/mehd.v26.28177.

MacFabe, D.F., Cain, D.P., Rodriguez-Capote, K., Franklin, A.E., Hoffman, J.E., Boon, F.,
Taylor, A.R., Kavaliers, M., Ossenkopp, K.P., 2007. Neurobiological effects of in-
traventricular propionic acid in rats: possible role of short chain fatty acids of pa-
thogenesis and characteristics of autism spectrum disorders. Behav. Brain Res. 176,


http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0005
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0005
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0005
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0010
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0010
https://doi.org/10.1073/pnas.1801912115
https://doi.org/10.1073/pnas.1801912115
https://doi.org/10.1016/j.bbr.2018.08.005
https://doi.org/10.1016/j.neuron.2008.10.013
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0030
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0030
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0030
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0030
https://doi.org/10.1016/j.ymgme.2015.05.004
https://doi.org/10.1002/cne.23132
https://doi.org/10.1002/cne.23132
https://doi.org/10.1016/j.cellbi.2004.07.004
https://doi.org/10.1371/journal.pone.0192925
https://doi.org/10.1371/journal.pone.0192925
https://doi.org/10.1038/nn.3927
https://doi.org/10.1038/nn.3927
https://doi.org/10.1038/nature12776
https://doi.org/10.1038/nrn3484
https://doi.org/10.1016/j.earlhumdev.2004.04.009
https://doi.org/10.1016/j.earlhumdev.2004.04.009
https://doi.org/10.1007/s11011-006-9002-9
https://doi.org/10.1007/s11011-006-9002-9
https://doi.org/10.1038/nature10907
https://doi.org/10.1007/s10803-016-2960-9
https://doi.org/10.1007/s10803-016-2960-9
https://doi.org/10.1111/joa.12542
https://doi.org/10.1111/joa.12542
https://doi.org/10.1001/archgenpsychiatry.2010.31
https://doi.org/10.1016/j.schres.2017.03.009
https://doi.org/10.1016/j.schres.2017.03.009
https://doi.org/10.1007/978-3-319-52498-6_2
https://doi.org/10.1186/2040-2392-5-3
https://doi.org/10.1186/2040-2392-5-3
https://doi.org/10.1007/s11011-018-0212-8
https://doi.org/10.1038/nrn3978
https://doi.org/10.1038/nrn3978
https://doi.org/10.1016/j.ijdevneu.2014.04.001
https://doi.org/10.1016/j.ijdevneu.2014.04.001
https://doi.org/10.1038/tp.2016.189
https://doi.org/10.1038/ncomms6748
https://doi.org/10.1038/ncomms6748
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0140
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0140
https://doi.org/10.7554/eLife.18853
https://doi.org/10.7554/eLife.18853
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0150
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0150
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0150
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0155
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0155
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0155
https://doi.org/10.1016/j.mehy.2009.07.052
https://doi.org/10.1016/j.mehy.2009.07.052
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0165
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0165
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0165
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0165
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0170
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0170
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0170
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0175
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0175
https://doi.org/10.1016/j.jneuroim.2008.12.002
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0185
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0185
https://doi.org/10.3402/mehd.v26.28177

G. Lobzhanidze, et al.

149-169. https://doi.org/10.1016/j.bbr.2006.07.025.

Manella, C.A., 2008. Structural dversity of mitochondria. Ann. N. Y. Acad. Sci. 1147,
171-179. https://doi.org/10.1196/annals.1427.020.

Matsuzaki, H., Iwata, K., Manabe, T., Mori, N., 2012. Triggers for autism: genetic and
environmental factors. J. Cent. Nerv. Syst. Dis. 22, 27-36. https://doi.org/10.4137/
JCNSD.S9058.

Mitchell, S.R., Reiss, A.L., Tatusko, D.H., Ikuta, 1., Kazmerski, D.B., Botti, J.A., Burnette,
C.P., Kates, W.R., 2009. Neuroanatomic alterations and social and communication
deficits in monozygotic twins discordant for autism disorder. Am. J. Psychiatry 166,
917-925. https://doi.org/10.1176/appi.ajp.2009.08101538.

Paretkar, T., Dimitrov, E., 2018. The central amygdala corticotropin-releasing hormone
(CRH) neurons modulation of anxiety-like behavior and hippocampus-dependent
memory in mice. Neuroscience 390, 187-197.

Rubenstein, J.L., Merzenich, M.M., 2003. Model of autism: of autism: increased ratio of
excitation/inhibition in key neural system. Genes Brain Behav. 2, 255-267. https://
doi.org/10.1034/j.1601-183X.2003.00037.x.

Schoch, H., Kreibich, A.S., Ferri, S.L., White, R.S., Bohorquez, D., Banerjee, A., Port, R.G.,
Dow, H.C., Cordero, L., Pallathra, A.A., Kim, H., Li, H., Bilker, W.B., Hirano, S.,
Schultz, R.T., Borgmann-Winter, K., Hahn, C.G., Feldmeyer, D., Carlson, G.C., Abel,
T., Brodkin, E.S., 2017. Sociability deficits and altered amygdala circuits in mice
lacking Pedh10, an autism associated gene. Biol. Psychiatry 81, 193-202. https://doi.
0rg/10.1016/j.biopsych.2016.06.008.

Serhan, C.N., Savill, J., 2005. Resolution of inflammation: the beginning programs the
end. Nat. Immunol. 1191-1197.

Shultz, S.R., Aziz, N.A.,, Yang, L., Sun, M., MacFabe, D.F., O’Brien, T.J., 2015.
Intracerebroventricular injection of propionic acid, an enteric metabolite implicated
in autism, induces social abnormalities that do not differ between seizure-prone
(FAST) and seizure-resistant (SLOW) rats. Behav. Brain Res. 278, 542-548.

Sungur, A., Schwarting, R.K.W., Wohr, M., 2018. Behavioral phenotypes and neurobio-
logical mechanisms in the Shankl mouse model of autism spectrum disorder: a
translational perspective. Behav. Brain Res. 352, 46-61. https://doi.org/10.1016/j.
bbr.2017.09.038.

Suzuki, K., Sugihara, G., Ouchi, Y., Nakamura, K., Futatsubashi, M., Takebayashi, K.,
Yoshihara, Y., Omata, K., Matsumoto, K., Tsuchiya, K.J., Iwata, Y., Tsujii, M.,
Sugiyama, T., Mori, N., 2013. Microglial activation in young adults with autism
spectrum disorder. JAMA Psychiatry 70, 49-58. https://doi.org/10.1001/
jamapsychiatry.2013.272.

Tanaka, H., Ma, J., Tanaka, K.F., Takao, K., Komada, M., Tanda, K., Suzuki, A., Ishibashi,
T., Baba, H., Isa, T., Shigemoto, R., Ono, K., Miyakawa, T., Ikenaka, K., 2009. Mice
with altered myelin proteolipid protein gene expression display cognitive deficits

Micron 125 (2019) 102732

accompanied by abnormal neuron-glia interactions and decreased conduction velo-
cities. J. Neurosci. 29, 8363-8371. https://doi.org/10.1523/JNEUROSCI.3216-08.
20009.

Tetreault, N.A., Hakeem, A.Y., Jiang, S., Williams, B.A., Allman, E., Wold, B.J., Allman,
J.M., 2012. Microglia in the cerebral cortex in autism. J. Autism Dev. Disord. 42,
2569-2584. https://doi.org/10.1007/510803-012-1513-0.

Varghese, M., Keshav, N., Jacot-Descombes, S., Warda, T., Wicinski, B., Dickstein, D.L.,
Harony-Nicolas, H., De Rubeis, S., Drapeau, E., Buxbaum, J.D., Hof, P.R., 2017.
Autism spectrum disorder: neuropathology and animal models. Acta Neuropathol.
134, 537-566. https://doi.org/10.1007/s00401-017-1736-4.

Velasquez, F., Qin, X.A,, Reilly, M.A., Neuhaus, E., Estes, A., Aylward, E., Kleinhans, N.M.,
2017. Neural correlates of emotional inhibitory control in autism spectrum disorders.
Res. Dev. Disabil. 74, 64-77. https://doi.org/10.1016/j.ridd.2017.03.008.

Voineagu, 1., 2012. Gene expression studies in autism: moving from genome to the
transcriptome and beyond. Neurobiol. Dis. 45 (1), 69-75. https://doi.org/10.1016/j.
nbd.2011.07.017.

Vuong, H.E., Hsiao, E.Y., 2017. Emerging roles for the gut microbiome in autism spectrum
disorder. Biol. Psychiatry 81, 411-423. https://doi.org/10.1016/j.biopsych.2016.08.
024.

Wang, L., Conlon, M.A., Christophersen, C.T., Sorich, M.J., Angley, M.T., 2014.
Gastrointestinal microbiota and metabolite biomarkers in children with autism
spectrum disorders. Biomark. Med. 8, 331-344. https://doi.org/10.2217/bmm.
14.12.

Wei, H.G., Zou, H., Sheik, A.M., Malik, M., Dobkin, C., Brown, W.T., Li, X., 2011. IL-6 is
increased in the cerebellum of autistic brain and alters neural cel adhesion, migration
and synaptic formation. J. Neuroinflammation 8, 52. https://doi.org/10.1186/1742-
2094-8-52.

Weir, R.K., Bauman, M.D., Jacobs, B., Schumann, C.M., 2018. Protracted dendritic growth
in the typically developing human amygdala and increase spine density in young ASD
brains. J. Comp. Neurol. 526, 262-274. https://doi.org/10.1002/cne.24332.

Wilson, C.A., Koenig, J.I., 2014. Social interaction and social withdrawal in rodents as
readouts for investigating the negative symptoms of schizophrenia. Eur.
Neuropsychopharmacol. 24, 759-773.

Xu, J., Bao, J.W., Su, X.F., Zhang, H.J., Zeng, X., Tang, L., Wang, K., Zhang, J.H., Chen,
X.S., Mao, Z.G., 2016. Effect of propionic acid on citric acid fermentation in an in-
tegrated citric aci-methane fermentation process. Bioprocess Biosyst. Eng. 39,
391-400. https://doi.org/10.1007/s00449-015-1522-4.

Zalla, T., Sperduti, M., 2013. The amygdala and the relevance detection theory of autism:
an evolutionary perspective. Front. Hum. Neurosci. 30 (7), 894. https://doi.org/10.
3389/fnhum.2013.00894.


https://doi.org/10.1016/j.bbr.2006.07.025
https://doi.org/10.1196/annals.1427.020
https://doi.org/10.4137/JCNSD.S9058
https://doi.org/10.4137/JCNSD.S9058
https://doi.org/10.1176/appi.ajp.2009.08101538
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0215
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0215
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0215
https://doi.org/10.1034/j.1601-183X.2003.00037.x
https://doi.org/10.1034/j.1601-183X.2003.00037.x
https://doi.org/10.1016/j.biopsych.2016.06.008
https://doi.org/10.1016/j.biopsych.2016.06.008
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0230
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0230
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0235
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0235
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0235
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0235
https://doi.org/10.1016/j.bbr.2017.09.038
https://doi.org/10.1016/j.bbr.2017.09.038
https://doi.org/10.1001/jamapsychiatry.2013.272
https://doi.org/10.1001/jamapsychiatry.2013.272
https://doi.org/10.1523/JNEUROSCI.3216-08.2009
https://doi.org/10.1523/JNEUROSCI.3216-08.2009
https://doi.org/10.1007/s10803-012-1513-0
https://doi.org/10.1007/s00401-017-1736-4
https://doi.org/10.1016/j.ridd.2017.03.008
https://doi.org/10.1016/j.nbd.2011.07.017
https://doi.org/10.1016/j.nbd.2011.07.017
https://doi.org/10.1016/j.biopsych.2016.08.024
https://doi.org/10.1016/j.biopsych.2016.08.024
https://doi.org/10.2217/bmm.14.12
https://doi.org/10.2217/bmm.14.12
https://doi.org/10.1186/1742-2094-8-52
https://doi.org/10.1186/1742-2094-8-52
https://doi.org/10.1002/cne.24332
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0295
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0295
http://refhub.elsevier.com/S0968-4328(19)30181-7/sbref0295
https://doi.org/10.1007/s00449-015-1522-4
https://doi.org/10.3389/fnhum.2013.00894
https://doi.org/10.3389/fnhum.2013.00894

	Effect of propionic acid on the morphology of the amygdala in adolescent male rats and their behavior
	Introduction
	Material and methods
	Animals and animal treatment
	Animal behavior
	Social behavior
	Anxiety-related behavior
	Statistical analysis of behavioral data

	Morphological mygdala
	Histological evaluation of neurons and glial cells
	Statistical analysis
	Electron Microscopic Study
	Quantitative analysis


	Results
	Social tendency
	Emotional sphere
	Neuronal and glial cell assessment
	Electron microscopy
	Quantitative analysis of synaptic parameters


	Discussion
	Funding
	mk:H1_21
	References




