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Background: Autism spectrum disorder (ASD) is a developmental disorder associated with in utero exposure to the antiepileptic valproic acid (VPA) in humans,
and similar exposure serves as a validated animal model. Animals exposed to VPA
in utero have a number of structural, function and behavioural deficits associated
with ASD. Furthermore, VPA-exposed animals have shorter body lengths, lower
body and brain weights. This difference in body weight may result from impaired
caloric intake due to impaired oropharyngeal function.
Materials and methods: Specifically, it is hypothesized that in utero VPA exposure
results in fewer lower motor neurons associated with feeding behaviours, that
surviving neurons will exhibit dysmorphology and altered balance of excitatory
and inhibitory inputs. Further, it is hypothesized that VPA exposure will result in
altered oropharyngeal musculature that will impact skull morphology.
Results: These hypotheses were investigated using quantitative morphometrics
and immunofluorescence.
Conclusions: Results support dysmorphology and excitatory/inhibitory imbalance and these alterations may contribute to dysphagia and poor weight gain in
VPA-exposed animals. (Folia Morphol 2022; 81, 4: 863–873)
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INTRODUCTION

cause of elevated risk of an ASD diagnosis in offspring [10, 26, 39]. VPA exposure in humans and
animal models is known to have widespread impact on the offspring with reported changes in the
nervous, cardiovascular and skeletal systems [8, 28].
Specifically, in utero VPA exposure is associated with
neural tube defects, facial deformities, delayed skeletal ossification and ASD. Consistent with this effect
on the nervous system in humans, in utero VPA exposure is a validated animal model of ASD [5, 7]. In
fact, VPA-exposed animals have fewer neurons in
their auditory brainstem, hyperactive responses to

Autism spectrum disorder (ASD) is a neurodevelopmental condition characterised by impairment in communicative, behavioural, and social domains [1, 3].
ASD is diagnosed at a rate of 1 in 5 children in the
United States and 1 in 160 children globally [4, 6, 9,
38]. Furthermore, there is a strong predilection for
males as ASD affects approximately 4 males for every
1 female [14, 37].
Valproic acid (VPA) is an antiepileptic drug prescribed for seizures, migraines and bipolar disorder,
but its use is advised against during pregnancy be-
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pure tone stimuli and reduced axonal projections to
the midbrain and thalamus [12, 22, 24, 25, 41, 42].
VPA-exposed animals have evidence of dysfunction within the auditory cortex [2, 13, 17]; they are
ataxic and have reduced expression of the calcium
binding protein calbindin throughout the brainstem
and cerebellum [23, 25, 41]. Consistent with use as
a model of ASD, VPA-exposed animals demonstrate
a number of ASD-related behavioural disturbances
[27, 36]. Furthermore, VPA-exposed animals demonstrate abnormal body size and weight. Specifically,
before weaning, VPA-exposed rats weigh the same
as control animals. However, at weaning (postnatal
day 21), VPA-exposed animals weigh significantly
less, and this difference persists until at least P50
[23, 25]. At P50, VPA-exposed animals have smaller
brain weights [25]. Based on these observations, it is
hypothesized that changes in body and brain weight
after VPA exposure are attributable to alterations in
central control of oropharyngeal musculature. This
hypothesis is consistent with previous observations
of loss of brainstem lower motor neurons controlling
oropharyngeal musculature [30]. This hypothesis was
investigated by studying the number and morphology of brainstem lower motor neurons (LMNs) in the
trigeminal motor nucleus (TMN), the facial nucleus
(FN), the nucleus ambiguous (NA) and the hypoglossal
nucleus (HGN). Immunofluorescence was utilised to
study the balance of excitatory and inhibitory input to
these neurons and osteological measurements were
obtained from skull and jaw preparations to study
bony features and landmarks.

group were fed 3.1 g of peanut butter mixed with
800 mg/kg VPA. After the animal finished the meal,
they were placed back in their home cage with chow.
This dosage and exposure paradigm for VPA was chosen to more closely model oral-administration in humans (cf. intraperitoneal injection [30]). This exposure
results in consistent litter sizes (10–14 pups; 4–6 male
pups) with only occasional litter resorption [22–25,
41, 42]. VPA-exposed and control damns were permitted to deliver pups without interference. There was
no notable difference in the size of the litters or the
male/female ratio between control and VPA-exposed
damns (litters ranged between 10 and 14 pups with
3–5 males). One litter from a VPA-exposed mother
appeared to be resorbed at some point after the E12
exposure. On P21 animal were weaned and only male
pups were included in the study as gender-specific
effects of VPA have been reported [32]. Previous work
has established that VPA-exposed animals have poor
weight gain after P21, lower body and brain weights
at P28 and P50 [23, 25, 41]. Food and water ingestion
was not recorded for the mothers or their offspring.
Perfusions and brainstem dissection
and sectioning

On P28, male rats were over-dosed with isoflurane
(4% in O2 at 1.2 L/min) and perfused through the
ascending aorta with normal saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (pH
7.2; PFA-PB). The brain was dissected from the skull,
trimmed to a block including the brainstem; the right
side was marked with a register pin and postfixed in
4% PFA-PB. Brainstems were sectioned on a freezing
stage microtome at a thickness of 50 µm. Sections
were collected in 3 wells. Sections in the first well
were used for Giemsa staining (below). Sections in
the second well were saved for immunolabelling.
Sections from the third well were archived in fixative.

MATERIALS AND METHODS
Animals
All animal handling procedures were reviewed

and approved by the Lake Erie College of Osteopathic Medicine Institutional Animal Care and Use
Committee (protocol 18-04). Sprague-Dawley rats
were bred in a controlled laboratory environment,
with free access to food and water under a 12-hour
light/dark cycle. Animals underwent timed breeding
and recovery of a vaginal plug was designated as
embryonic day 0 (E0). On the morning of E6, the
pregnant females were placed in an exposure cage for
20 minutes to acclimate to the new environment. On
the evenings of E6 to E11, chow was removed from
the animal’s home cage. On the mornings (08:00) of
E7–12 animals were fed a meal of 3.1 g of peanut
butter. On E10 and E12, animals in the VPA exposure

Giemsa staining and morphology

Sections from well one were collected in rostro-caudal order and mounted on slides from alcohol gelatin on glass slides. Sections were air-dried
overnight, and then stained for Nissl substance using
Giemsa and sealed under coverslips with Permount
(Thermo Fisher Scientific). Giemsa-stained sections
were examined using a light microscope under low
magnification to locate the TMN, FN, NA, and HGN,
and determine their caudal to rostral boundaries on
both right and left sides of the brainstem. Cell bodies
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Statistical analysis

were traced using a 60× objective and analysed using
FIJI [31]. Cell body shape was classified using objective
morphological criteria. Estimates of neuronal number were performed in 8 control and 8 VPA-exposed
animals as previously described [25, 41, 42].

All statistical tested were done using GraphPad
Prism 8. Data sets were tested against the normal
distribution using the D’Agostino and Pearson
normality test. If the normal distribution was met,
a one-sided unpaired t-test with Welch’s correction
was used to assess the differences between the means
of VPA-exposed and control rats. A nonparametric
Mann-Whitney U test was used under non-normally
distributed data conditions. The c2 test was used to
assess difference of the distribution in the frequency
of stellate, round, and fusiform neuron cell body
shapes between the VPA-exposed and control animals. The difference in VGLUT2 and VGAT terminal
densities were assessed between the VPA-exposed
and control animals using the 2-tailed unpaired
t-test with Welch’s correction. Under the condition
of non-normally distributed data, the nonparametric
2-tailed Mann-Whitney U test was used. All means
were presented as means ± standard deviation, and
p < 0.05 indicated statistical significance.

Immunohistochemistry

Free-floating sections from well two were collected from 4 control and 4 VPA-exposed animals and
washed in PB three times then blocked in a solution
of PB, 5% Triton X and normal horse serum (NHS).
The sections were then transferred to the primary solution composed of PB and NHS, along with
rabbit anti-SLC32A1 (VGAT) and mouse anti-VGLUT
antibodies that target VGAT and VGLUT, respectively,
and incubated on a haler at room temperature overnight. The sections were washed in PB 3 times then
transferred to the secondary solution containing goat
anti-rabbit 594 and Biotin horse anti-mouse antibodies for 12 hours, followed by streptavidin 488 in PB
overnight. The sections were washed three times in
PB, incubated for 20 minutes in a 1:100 solution of
Neurotrace Blue (NTB) 435 in PB, rinsed in PB, mounted on glass slides and sealed under coverslips with
Entellan (Sigma-Aldrich). Images of the nuclei were
collected from a Leica TCS SP5 confocal microscope.
At each region of interest, 3 images were collected:
1 of VGLUT labelling, 1 of VGAT and 1 of NTB. These
images were pseudocoloured and overlaid in FIJI. In
these composite images the number of perisomatic
VGAT and VGLUT immunoreactive (IR) puncta were
counted.

RESULTS
This study focused on four motor nuclei in the
brainstem, the TMN, FN, NA and HGN. All four of
these nuclei were identifiable in control and VPA-exposed animals and presented no macroscopic structural abnormalities (Fig. 1). There were no differences
in the total number of neurons between control and
VPA-exposed animals, overall or between right and
left sides of the brain (Table 1).
For the TMN, VPA-exposed animals had significantly smaller mean cell body areas compared to
controls in the TMN (Figs. 2A, B; 3A; Table 2). When
stratified by cell shape, the stellate and round neurons
also showed significantly lower mean cell body areas
in VPA-exposed animals. There was no significant
difference of the cell type distribution in the TMN.
For the FN, VPA animals had significantly smaller mean cell body areas compared to controls
(Figs. 2C, D; 3B; Table 2). When stratified by shape, stellate neurons were significantly smaller in VPA-exposed
animals (Figs. 2C, D, 3B; Table 2). However, there was
no difference for round or fusiform neurons. There
was a significant difference in the distribution of these
morphologies. In control animals, 80% of FN neurons
were stellate and 20% round, but in VPA-exposed animals 83% were stellate, 15% round and 2% fusiform.
This difference in proportions was significant.

Skull dissection

For study of skull specimens, P28 rats were anesthetised using isoflurane as described above and
euthanized by decapitation. Soft tissue was carefully
dissected away from the skull and the skull was placed
in boiling water until thoroughly cleaned of tissue.
The skull and both sides of the mandible were distinctly marked with matching identifiers. The cranium and
mandible weights and dimensions were measured
and recorded using a pair of digital callipers and set
criteria [11] in 3 control and 3 VPA-exposed animals.
A total of 18 cranial dimensions were measured in
three different parameters, with measurements 1 to
7 quantifying the rostral to caudal lengths, 11 to 17
the lateral dimensions, and 8 to 10 in addition to 18
quantifying the oral cavity dimensions (Figs. 7F, G).
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Figure 1. Giemsa-stained sections through the brainstem from control (A, C, E, G) and valproic acid (VPA) (B, D, F, H) animals reveal no change
in neuronal number. Images show the trigeminal motor nucleus (TMN) (A, B), facial nucleus (FN) (C, D), nucleus ambiguous (NA) (E, F), and
hypoglossal nucleus (HGN) (G, H). The black dashed line indicates the boundaries of each nucleus; D — dorsal; L — lateral. The scale bar equals 500 µm.

Table 1. Number of neurons
Control
Valproic acid

TMN

FN

NA

HGN

3380 ± 632.5

6726 ± 690.3

668.0 ± 171.1

3530 ± 389.4

3551 ± 856.7 (NS)

6667 ± 1034 (NS)

616.6 ± 108.8 (NS)

3832 ± 720.4 (NS)

Data are shown as mean ± standard deviation; FN — facial nucleus; HGN — hypoglossal nucleus; NA — nucleus ambiguous; NS — not significant; TMN — trigeminal motor nucleus
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Figure 2. Giemsa-stained sections show lower motor neurons (LMNs) from control (A, C, E, G) and valproic acid (VPA) (B, D, F, H) animals.
LMNs are shown from the trigeminal motor nucleus (TMN) (A, B), facial nucleus (FN) (C, D), nucleus ambiguous (NA) (E, F), and hypoglossal
nucleus (HGN) (G, H). The red-dashed lines indicate the boundaries of select LMNs. The scale bar represents 20 µm.

round or fusiform neurons. There was no difference in
the distribution of neuronal morphologies in the NA.
In the HGN, VPA-exposed animals had significantly smaller neurons (Figs. 2G, H; 3D; Table 2). This

In the NA, VPA-exposed animals had significantly
smaller neuronal cell bodies (Figs. 2E, F; 3C; Table 2).
This change in cell body size was limited to the stellate neurons; there was no difference in size between
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Figure 3. Valproic acid (VPA) exposure resulted in smaller cell bodies. A. Trigeminal motor nucleus; B. Facial nucleus; C. Nucleus ambiguous;
D. Hypoglossal nucleus; for each box plot the whiskers represent the maximum and minimum values, the box represents the first and third
quartile, and the centre line represents the median; ****p < 0.0001.

Table 2. Soma size
Control [µm ] (%)

VPA [µm ] (%)

P

1925 ± 636.6
1960 ± 655.6 (79%)
1821 ± 512.1 (20%)
1273 ± 787.6 (1%)
1449 ± 546.1
1458 ± 546.5 (80%)
1427 ± 541.5 (20%)
980.0 ± 524.1 (1%)
981.2 ± 368.3
1024 ± 407.7 (53%)
939.4 ± 301.7 (46%)
801.3 ± 516.9 (2%)
1074 ± 477.6
1064 ± 511.2 (69%)
1138 ± 335.5 (26%)
909.0 ± 553.4 (6%)

1612 ± 771.2
1650 ± 781.5 (75%)
1485 ± 738.0 (22%)
1592 ± 666.6 (3%)
1234 ± 655.9
1212 ± 634.3 (83%)
1389 ± 758.4 (15%)
986.2 ± 518.4 (2%)
828.6 ± 399.2
780.9 ± 421.2 (57%)
903.7 ± 360.2 (40%)
749.5 ± 321.8 (3%)
991.9 ± 571.2
949.1 ± 561.8 (65%)
1114 ± 584.0 (31%)
745.2 ± 439.0 (4%)

< 0.0001
< 0.0001
< 0.0001
NS
< 0.0001
< 0.0001
NS
NS
< 0.0001
< 0.0001
NS
NS
< 0.0001
< 0.0001
NS
NS

2

TMN:
Stellate
Round
Fusiform
FN:
Stellate
Round
Fusiform
NA:
Stellate
Round
Fusiform
HGN:
Stellate
Round
Fusiform

2

In the TMN, there was no difference in the density
of VGAT-IR puncta. However, there were significantly
fewer VGLUT-IR puncta (Figs. 4A; 5A, B; Table 3). In
the NA, there were significantly fewer VGAT-IR puncta
(Fig. 4C; 6A, B), but there was no difference in the
number of VGLUT-IR puncta. In the HGN, there were
significantly fewer VGAT-IR puncta (Fig. 6C, D) but
significantly more VGLUT-IR puncta (Figs. 4D; 5C, D;
Table 3).
Skull morphology

The skulls and mandibles from VPA-exposed animals, on average, weighed more than control animals. However, the differences were not significant
(Fig. 7). Measurements of the osteological landmarks
shown in Figure 7F–H revealed heavier skulls and mandibles in VPA-exposed animals. VPA-exposed animals
had longer rostro-caudal skull and mandible lengths
on average (Figs. 7D, measurement 1; 7E, measurement 1). However, none of these differences reached
statistical significance.

Data are shown as mean ± standard deviation; FN — facial nucleus; HGN — hypoglossal
nucleus; NA — nucleus ambiguous; NS — not significant; TMN — trigeminal motor
nucleus; VPA — valproic acid

DISCUSSION

difference in cell body size was restricted to stellate
neurons. In control animals, the HGN was composed
of 67% stellate, 26% round and 7% fusiform. In
VPA-exposed animals the HGN was composed of
65% stellate, 31% round and 4% fusiform and this
difference was significant.

In utero exposure to VPA results in significantly
lower body and brain weights after P14 and this
might be attributable to oropharyngeal dysfunction.
Herein evidence is provided for dysmorphology of
oropharyngeal LMNs, excitatory/inhibitory (E/I) imbalance, and possible cranial dysmorphology in animals exposed to VPA. Together, these results support
oropharyngeal dysfunction in VPA-exposed animals.
Valproic acid-induced loss of neurons has been
found at multiple levels of the auditory brainstem

VGAT and VGLUT puncta

In the FN, there was no difference in the density
of VGLUT or VGAT-immunoreactive puncta between
control and VPA-exposed animals (Fig. 4B; Table 3).

868

H. Alhelo, R.J. Kulesza Jr., Oropharyngeal motor neurons in animal model of ASD

A 80

B 80

Control

60
*
40

20

0

C 80

Control
VPA

Mean puncta frequency

Mean puncta frequency

VPA

40

20

0

VGLUT

VGAT

60

D 80

Control

VGAT

VGLUT

Control

*

VPA

60

Mean puncta frequency

Mean puncta frequency

VPA

*
40

20

0

40

20

0

VGLUT

VGAT

*

60

VGAT

VGLUT

Figure 4. Valproic acid (VPA) exposure led to a significant decrease in VGLUT puncta in the trigeminal motor nucleus (TMN) (A), no change in
the facial nucleus (FN) (B), decreased VGAT in the nucleus ambiguous (NA) (C), and significantly fewer VGAT puncta but more VGLUT puncta
in the hypoglossal nucleus (HGN) (D). For each box plot the whiskers represent the maximum and minimum values, the box represents the
first and third quartile, and the centre line represents the median; *p < 0.05.

Table 3. VGAT and VGLUT puncta
Control
[puncta/cell]

VPA
[puncta/cell]

P

TMN

17.21 ± 8.508

18.13 ± 10.65

NS

FN

21.99 ± 10.46

20.08 ± 7.840

NS

NA

14.53 ± 9.690

9.143 ± 2.535

< 0.05

HGN

18.72 ± 5.233

19.81 ± 13.29

< 0.05

TMN

16.39 ± 7.274

13.21 ± 4.329

< 0.05

FN

17.17 ± 5.001

19.95 ± 9.694

NS

NA

12.82 ± 6.277

13.25 ± 3.173

NS

HGN

17.63 ± 4.533

20.56 ± 9.136

< 0.05

ined in this study. It should be noted that the neuronal
estimates provided in this study are consistent with
previous reports [15]. The reason VPA exposure does
not impact the number of oropharyngeal LMNs is
unclear, but it appears that LMNs exhibit some degree
of developmental protection. In fact, LMNs are able
to reinnervate targets after neonatal injury [18, 33].
Together, these studies provide evidence that brainstem LMNs are less susceptible or able to overcome
in utero injury.
Across all oropharyngeal LMNs examined in this
study, there were significantly smaller neurons and
stellate neurons were most severely affected. In the
FN and HGN, there were significant changes in the
proportions of the different neuronal morphologies.
These changes in cell body size and shape are most
likely attributable to smaller, less complex dendritic
arbours and/or shorter, less extensive axonal projections. Such changes in the dendritic branching could
result in significantly reduced inputs to LMNs. Howev-

VGAT

VGLUT

Data are shown as mean ± standard deviation; FN — facial nucleus; HGN — hypoglossal
nucleus; NA — nucleus ambiguous; NS — not significant; TMN — trigeminal motor
nucleus; VPA — valproic acid

and thalamus [22, 24, 25, 41]. However, there was
difference in the number of brainstem LMNs exam-
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Figure 5. Sections show VGLUT (yellow)
and NTR (magenta) labelling and perisomatic VGLUT puncta are indicated by
white arrows. Shown in panels A and B
are sections through the trigeminal motor
nucleus (TMN) (control and valproic acid
[VPA], respectively). Shown in panels
C and D are hypoglossal nucleus (HGN)
neurons (control and VPA, respectively);
NT — neurotrace.

Figure 6. Sections show VGAT (blue)
and NTR (magenta) labelling. Perisomatic
puncta are indicated by white arrows.
Shown in panels A and B are sections
through the nucleus ambiguous (NA) (control and valproic acid [VPA], respectively).
Shown in panels C and D are hypoglossal
nucleus (HGN) neurons (control and VPA,
respectively); NT — neurotrace.
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the central horizontal line represents the median; VPA — valproic acid.

er, the size and complexity of LMN dendritic arbours
were not examined in the current study.
The number of perisomatic VGLUT and VGAT
puncta on oropharyngeal LMNs was also examined
as a measure of glutamatergic and GABAergic inputs.
The results demonstrate significantly different patterns of E/I inputs to the TMN, NA and HGN. In the
TMN, there were fewer VGLUT terminals, consistent

with reduced glutamatergic input. The major excitatory input to TMNs is from the mesencephalic nucleus
[29]. In the NA, there was reduced VGAT puncta. The
majority of inputs to the NA arise from brainstem
swallowing centres [19]. In the HGN, there was fewer
VGAT puncta but more VGLUT puncta. This finding
suggests E/I balance may lead to a hyperexcitable
environment in the HGN. The sources of these excit-
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atory inputs are the mesencephalic nucleus [40] and
reticular formation [34]. The GABAergic projections
are also mainly from the reticular formation [34].
A possible limitation of this is that VGLUT and VGAT
are surrogates for excitatory and inhibitory synapses and they are not necessarily linked to synapses.
Nonetheless, these markers are used to quantify the
balance of excitatory and inhibitory inputs.
The impact of VPA on E/I balance on oropharyngeal LMNs does not appear to be uniform across nuclei
or systems. In the auditory brainstem, in utero VPA
exposure significantly reduces GABAergic neurons
and their ascending projections and results in hyperactivity in the midbrain [24, 25, 42]. Regardless,
our results support E/I imbalance to brainstem LMNs
controlling chewing and swallowing behaviours. How
in utero VPA exposure impacts the number of glutamatergic and/or GABAergic synapses at P28 is unclear.
However, such lasting effects of VPA on E/I imbalance
are most likely due to its role as a histone deacetylase
inhibitor (HDAC) [20, 21]. The changes in E/I balance
in the NA and HGN are consistent with increased
excitatory input to these neurons. This imbalance
might lead to increased muscle tone or spasticity
of tongue, pharyngeal, laryngeal and oesophageal
muscles and impaired swallowing, reduced caloric
intake and poor weight gain. Furthermore, elevated
glutamate may result in an excitotoxic environment
further impacting LMN function [15]. HDAC inhibition
is known to impact proliferation and differentiation
of brainstem neurons [16]. Through this mechanism,
VPA could impact growth and development of LMN
dendritic trees and axonal arbours. In comparing
the macroscopic structural differences of the mandibles and cranium of the ASD-rat models to their
control counterparts, we saw that the VPA-exposed
rats trended towards longer rostro-caudal lengths.
However, these differences were not significant. This
is counter to the hypothesis that VPA-exposed rats
have smaller skulls than the controls. However, examination of muscle bulk, size and innervation may provide further information on control of oropharyngeal
function in VPA-exposed animals. Additionally, study
of behavioural metrics such as eating and swallowing
behaviours may provide further clarification on how
these circuits are impacted.

cial innervation which leads to possible weaker oropharyngeal musculature, and consequently may elicit
oropharyngeal dysfunctions in terms of mastication
and dysphagia. The E/I imbalance may also impede
the ability to feed through overexcitation leading to
spasticity of the muscles, or excitotoxicity in the LMNs
leading to oropharyngeal muscle weakness. Characterisation of oropharyngeal dysfunction in animal
models will permit a better understanding of feeding
disorders in human subjects with ASD and this will
lead to development of interventions and therapies
to improve quality of life [35].
Conflict of interest: None declared
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