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A B S T R A C T   

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that includes several key neuropathological 
changes and behavioral impairments. In utero exposure to the anti-epileptic valproic acid (VPA) increases risk of 
an ASD diagnosis in human subjects and timed in utero exposure to VPA is a clinically relevant animal model of 
ASD. Many human subjects with ASD have cerebellar hypoplasia, fewer Purkinje cells, difficulties with balance, 
ophthalmic dysfunction and abnormal responses to vestibular stimulation and such vestibular difficulties are 
likely under reported in ASD. We have recently shown that animals exposed to VPA in utero have fewer neurons 
in their auditory brainstem, reduced axonal projections to the auditory midbrain and thalamus, reduced 
expression of the calcium binding protein calbindin (CB) in the brainstem and cerebellum, smaller and occa
sionally ectopic cerebellar Purkinje cells and ataxia on several motor tasks. Based on these findings, we hy
pothesized that in utero VPA exposure similarly impacts structure and function of the vestibular brainstem. We 
investigated this hypothesis using quantitative morphometric analyses, immunohistochemistry for CB, a battery 
of vestibular challenges, recording of vestibular-evoked myogenic potentials and spontaneous eye movements. 
Our results indicate that VPA exposure results in fewer neurons in the vestibular nuclei, fewer CB-positive 
puncta, difficulty on certain motor tasks, longer latency VEMPs and significantly more horizontal eye move
ments. These findings indicate that the vestibular nuclei are impacted by in utero VPA exposure and provide a 
basis for further study of vestibular circuits in human cases of ASD.   

1. Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental condition 
characterized by neuropathological changes and impairments in social, 
communicative and behavioral domains (Allen, 1988; Wing, 1997; APA, 
2013; Smith et al., 2019; Mansour et al., 2021; CDC.gov, 2022). 
Approximately 1 in 44 children are diagnosed with ASD and males are 
diagnosed four times more frequently than females (CDC.gov, 2022). 
Beyond well documented behavioral characteristics, the majority of 
subjects with ASD demonstrate some degree of auditory and vestibular 
dysfunction (reviewed in Mansour et al., 2021). Consistent with these 
functional impairments, neuropathological changes in the brainstem 
and cerebellum of human subjects with ASD are well documented 

(Ornitz, 1969; Courchesne et al., 1988; Hasimoto et al., 1992; 1995; 
reviewed in Smith et al., 2019). 

In utero exposure to the antiepileptic valproic acid (VPA) signifi
cantly increases risk of ASD in human subjects (Moore et al. 2000; 
Williams et al. 2001; Rasalam et al. 2005; Koren et al. 2006; Bromley 
et al. 2013; Christensen et al. 2013). Accordingly, timed in utero expo
sure to VPA is a biologically relevant and validated animal model of ASD 
(rodents: Rodier et al., 1996; Mabunga et al., 2015; primates: Zhao et al., 
2019). In fact, many of the morphological changes identified in the 
auditory brainstem of human subjects with ASD are also found in VPA- 
exposed rodents (human: Kulesza and Mangunay, 2008; Kulesza et al., 
2011; Lukose et al., 2015; Mansour and Kulesza, 2021a; rodent: Lukose 
et al., 2011; Zimmerman et al., 2018; Mansour et al., 2021; Mansour and 

Abbreviations: ABR, auditory brainstem response; ASD, autism spectrum disorder; CB, calbindin; CI, confidence interval; CR, calretinin; E, embryonic; L, lateral; 
LVN, lateral vestibular nucleus; M, medial; mc, magnocellular; MVN, medial vestibular nucleus; NT, neurotrace; NHS, normal horse serum; P, postnatal; pc, par
vocellular; PBS, phosphate buffered saline; PFA, paraformaldehyde; PVA, primary vestibular afferents; SpN, spinal vestibular nucleus; SupN, superior vestibular 
nucleus; SOC, superior olivary complex; VEMP, vestibular evoked myogenic potential; VPA, valproic acid. 
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Kulesza, 2021b). Specifically, in utero VPA exposure results in signifi
cantly fewer neurons throughout the auditory brainstem, reduced 
axonal projections to the inferior colliculus and medial geniculate, 
reduced expression of the calcium binding protein calbindin (CB) and 
calretinin (CR), and abnormal responses to pure tone stimuli (Lukose 
et al., 2011; Dubiel and Kulesza, 2015; Zimmerman et al., 2018; Man
sour et al., 2019; Mansour and Kulesza, 2021b). Further, VPA exposure 
impacts gross body metrics, neuronal morphology of cerebellar Purkinje 
cells and performance on certain motor tasks (Main and Kulesza, 2017). 
In particular, we found that VPA-exposed animals weigh less after 
weaning, are shorter and have smaller brains and brainstems (Main and 
Kulesza, 2017, Zimmerman et al., 2018; Mansour et al., 2019) and have 
significantly delayed eye and ear opening (Zimmerman et al., 2018). In 
the cerebellum, we found significantly smaller Purkinje cells, reduced 
expression of the calcium binding protein calbindin (CB) throughout 
cerebellar lobules I-X, and significantly shorter and less complex Pur
kinje cell dendrites (Main and Kulesza, 2017). We also frequently found 
ectopic CB + neurons in the cerebellar granule cell layer (Main and 
Kulesza, 2017). VPA-exposed animals also had significantly slower 
righting reflexes, ataxic gate and marked difficulty navigating static 
beams (Main and Kulesza, 2017). These findings are consistent with 
previous reports of VPA-induced ataxia and cerebellar dysmorphology 
(Ingram et al., 2000; Mychasiuk et al., 2012). Notably, VPA appears to 
have a widespread impact on cerebellar circuitry as in utero exposure 
impacts neuron number and morphology of the deep cerebellar nuclei 
(Mowery et al., 2015). Vestibular dysfunction and cerebellar abnor
malities in human subjects with ASD, together with brainstem changes 
in VPA-exposed animals lead us to hypothesize that in utero VPA expo
sure impacts vestibular structure and function. We addressed this hy
pothesis using quantitative morphometrics to examine total number of 
neurons and cell body morphology in the brainstem vestibular nuclei, 
immunohistochemistry to examine the distribution of CB + inputs to 
vestibular nuclei, and a battery of motor tasks and physiological mea
sures to examine vestibular function in an animal model of ASD. 

2. Results 

VPA-exposure resulted in significant morphological changes in the 
vestibular nuclei. Overall, there were significantly fewer neurons in the 
vestibular nuclei, although there was no difference in the number of 
neurons in the medial vestibular nucleus (MVN; control: 21,146 ±
2,022, VPA: 19,780 ± 2,608; p =.13; Fig. 2A-E). There were however 
significantly fewer neurons in the spinal vestibular nucleus (SpN; con
trol: 12,845 ± 2,922, VPA: 9,428 ± 2,962; t(2.7) = 14, p =.0086), 
lateral vestibular nucleus (LVN; control: 2,692 ± 501, VPA: 2,505 ±
494; t(1.8) = 14, p =.04) and superior vestibular nucleus (SupN; control: 
4,328 ± 1,063, VPA: 2,546 ± 903; t(3.6) = 14, p =.001; Fig. 2A-F). 
These changes amount to decreases of 27 % of neurons in the SpN and 
42 % in the SupN. In the parvocellular (pc) and magnocellular (mc) 
regions of the MVN and SupN, there was no significant difference in cell 
body size after VPA exposure (Fig. 2G). However, in the SpN and LV, 
VPA exposure resulted in significantly larger neuronal cell bodies 
(Fig. 2b, d, G, H). Specifically, in control animals cell bodies in the SpN 
measured 161 µm2, (CI: 167–189 µm2) and in VPA-exposed animals they 
measured 192 µm2 (CI: 203–232 µm2; U(167,179) = 11037, p <.0001). 
In control animals cell bodies in the LVN measured 222 µm2, (CI: 
254–381 µm2) and in VPA-exposed animals they measured 341 µm2 (CI: 
345–472 µm2; U(72,78) = 2141, p <.005). VPA exposure only impacted 
the proportions of cell body morphologies in the LVN. In control ani
mals, 81 % of LVN neurons were round/oval and 19 % were stellate. 
However, in VPA-exposed animals 70 % of LV neurons were round/oval, 
25 % were stellate and 5 % were fusiform (χ2, p =.03). 

Since in utero VPA exposure results in reduced CB immunolabeling in 
cerebellar Purkinje cells and auditory brainstem nuclei, we examined 
the number of CB + puncta on neurons in the vestibular nuclei. In the 
SupN, CB immunolabeling was too dense in axon profiles and puncta for 

reliable quantitative analysis. VPA exposure resulted in significantly 
fewer CB + puncta in the MVN, SpN and LVN (Fig. 3). In control animals, 
MVN somata were associated with 19 (95 % CI: 16–27) CB + puncta, 
however MVN somata in VPA-exposed animals had only 8 (95 % CI: 
8–11; U(28,82) = 344, p <.0001). Likewise, in control animals SpN 
somata were associated with 17 (95 % CI: 15–23) CB + puncta but in 
VPA-exposed animals these neurons had only 10 CB + puncta (95 % CI: 
7–13; U(43,51) = 629, p =.0002). Finally, in control animals LVN 
somata had 28 (95 % CI: 24–32) CB + puncta and in VPA-exposed an
imals LVN somata had only 9 CB + puncta (95 % CI: 4–13; U(38,1000) 
= 545, p <.0001). 

To examine any possible impact of morphological changes on motor 
behaviors, we challenged animals with a number of motor tasks. There 
was no difference in the time animals took to correct posture after being 
placed in a negative geotaxis position (Fig. 4A). Control animals took 
12.25 s (CI: 8.6–15.9 sec) and VPA-exposed animals took 11.55 s to 
correct this posture (CI: 8.9–14.13 sec; p =.23). There was no difference 
in the time animals were able to stay on the accelerated rotarod (control: 
203 ± 49 sec, VPA: 212 ± 56 sec; p =.31; data not shown). In the 
postural instability test, we found no difference in the positional changes 
required to elicit limb corrective postures (Fig. 4B). There was no dif
ference between right and left limbs in control (p =.85) or VPA-exposed 
animals (p =.90) and there was no difference between control and VPA- 
exposed animals for the right (control: 3.29 ± 0.72 cm, VPA: 3.2 ± 0.67 
cm; p =.85) or left upper limb (control: 3.13 ± 0.83 cm, VPA: 3.45 ±
0.83 cm; p =.85; Fig. 4B). However, VPA-exposed animals took signif
icantly longer to traverse the wooden rod (control: 1.55 sec, CI: 
1.36–3.22; VPA: 2.03, CI: 1.6–5.4; U(17,16) = 86, p =.03; Fig. 4C, no 
challenge). After vestibular challenge, it took VPA-exposed animals 
almost twice as long to traverse the wooden rod (control: 6.83 sec, CI: 
1.23–19.2; VPA: 12.32, CI: 9.7–31.77) although this difference was not 

Fig. 1. Experimental Paradigm. Shown in A is the schedule for VPA exposure 
and plan for animal handling and motor testing. Shown in B is the schedule for 
motor tests. At the conclusion of the vestibular evoked myogenic potential 
(VEMP) recording on P28, animals were perfused for histology and/or immu
nohistochemistry (IHC). Shown in C is the electrode array used for recording 
the VEMP. A 10 kHz tone was played in the right ear and recordings were made 
from the right paraspinal muscles in the neck (red line). The reference electrode 
(black) was placed in the right snout and the ground was placed in the left 
hindlimb (green). 
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Fig. 2. VPA exposure results in dysmorphology in 
vestibular nuclei. Shown in A and B are different 
rostrocaudal levels of the brainstem from a control 
animal. The medial (MVN) and spinal nuclei (SpN) 
are shown in A (caudal) and the lateral (LVN) and 
superior nuclei (SupN) are shown in B (rostral). The 
medial nucleus was divided into parvocellular (pc) 
and magnocellular regions (mc). Similar regions are 
shown from a VPA-exposed animal in C (caudal) and 
D (rostral). The LVN and SupN are noticeably smaller 
in VPA-exposed animals. High magnification views of 
the LVN are shown in b (control) and d (VPA). Fig
ures E and F show the total number of neurons in the 
vestibular nuclei. There are significantly fewer neu
rons in the SpN, LVN and SupN in VPA-exposed ani
mals. Shown in G and H are the cross-sectional areas 
of neurons in the vestibular nuclei. In VPA-exposed 
animals, neurons were significantly larger in the 
SpN and LVN. Abbreviations: D – dorsal, DCN – dorsal 
cochlear nucleus, FN – facial nucleus, M – medial, mc 
– magnocellular, NA – nucleus ambiguous, pv – par
vocellular, STN – spinal trigeminal nucleus, stt – spi
nal trigeminal tract, VCN – ventral cochlear nucleus. 
Key to symbols: * = p <.05, ** = p <.01, **** = p 
<.0001. The scale bar in A is equal to 400 µm and 
applies to A-D; the scale bar in b is equal to 20 µm and 
applies to d also.   
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significant. Removing failed attempts after vestibular challenge revealed 
no difference between control and VPA-exposed animals on successful 
attempts (control: 6.55 sec, CI: 3.4–9.56; VPA: 6.36, CI: 2.64–11.36; 
Fig. 4C, no failures). However, there were significantly more failures 
(42 % of attempts) in VPA-exposed animals compared to controls (10 % 
of attempts; Fisher’s exact test, p <.0001; Fig. 4C). There was no dif
ference in the number of foot slips during routine or vestibular-challenge 
attempts. 

To examine a possible impact of VPA-exposure on physiological 
measures of vestibular function, we recorded vestibular evoked 
myogenic potentials (VEMPs) and spontaneous eye movements. VPA 
exposure resulted in significantly longer latency in the onset of the 
VEMP (Fig. 5A). In control animals, the onset latency was 6.9 ± 0.49 
msec but was 7.6 ± 0.82 msec in VPA-exposed animals (t(2.19) = 14, p 
=.02; Fig. 5A-B). There was no difference in the positive peak (p1; 
control: 9.8 ± 1.2 msec, VPA: 9.5 ± 0.42 msec), negative peak (n1; 
control: 12.58 ± 1.1 msec, VPA: 13.02 ± 1.8 msec), response width 
(control: 5.6 ± 1.0 msec, VPA: 5.35 ± 2.4 msec) or VEMP amplitude 
(control: 1.0 ± 0.36 µV, VPA: 1.4 ± 0.87 µV; Fig. 5A-D). Finally, analysis 
of spontaneous eye movements revealed an impact of VPA-exposure. 
Specifically, control animals demonstrated only 2.0 ± 1.67 events/10 
sec (range 0–5, median = 2; Fig. 6A-B). However, VPA-exposed animals 

had significantly more spontaneous movements (4.42 ± 0.9 events/10 
sec [range 3–6, median = 4]; t(4.36) = 21, p =.0001; Fig. 6A-B). 

3. Discussion 

3.1. General comments 

This report constitutes the first study of structural and functional 
aspects of the vestibular brainstem in an animal model of ASD. Our re
sults reveal hypoplasia and dysmorphology in the vestibular nuclei and 
impaired motor performance. Within the vestibular nuclei, we found 
significantly fewer neurons in the SpN, LVN and SupN and larger 
neuronal cell bodies in the SpN and LVN. Consistent with our finding of 
fewer neurons, previous work has shown that in animal models of inner 
ear injury, vestibular dysfunction as indicated by abnormal swimming 
behaviors, deficient air-righting reflexes and impaired performance on 
tail hanging tests was linked to lower nuclear volume and decreased 
neuronal density in vestibular nuclei (Kaiser et al., 2001). Further, we 
found significantly fewer perisomatic CB + puncta in the MVN, SpN and 
LVN. Our battery of motor tests revealed that VPA-exposed animals had 
difficulty navigating wooden rods before and after vestibular challenge, 
significantly longer latency VEMPs and significantly more spontaneous 

Fig. 3. VPA exposure results in fewer CB + puncta. Shown in A and B is CB immunolabeling from the LVN in control (A) and VPA-exposed (B) animals. In control 
animals, most neuronal cell bodies in the LVN were covered with CB + puncta (white arrowheads), although there were some neurons with few puncta (yellow 
arrowheads). In VPA-exposed animals, most neurons were associated with CB + puncta however there were significantly fewer than in controls; many neurons did 
not appear to have any CB + puncta (white arrows). Figure C shows the number of CB + puncta/soma in each of the vestibular nuclei. There were significantly fewer 
CB + puncta in VPA-exposed animals. Abbreviations: CB – calbindin, D – dorsal, M – medial, NT – neurotrace. Key to symbols: *** = p <.005, **** = p <.0001. The 
scale bar in A is equal to 20 µm and applies to B also. 

Fig. 4. VPA exposure impairs navigation of wooden rods. Figure A shows results of negative geotaxis and time taken to correct negative posture. Figure B shows 
results from postural instability for both right and left forelimbs. Figure C shows times take to navigate a 25-mm wooden rod. VPA-exposed animals took longer with 
no challenge and after vestibular challenge, although the latter was not significantly different. The no failures graph shows the vestibular challenge data with only 
successful attempts (e.g., all failures attempts were removed). VPA-exposed animals had significantly more failed attempts. Abbreviations: L – left, R – right. Key to 
symbols: * = p <.05, **** = p <.0001. 
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eye movements. Together with our previous studies of the auditory 
brainstem and findings of Purkinje cell dysmorphology and ataxia (Main 
and Kulesza, 2017), we have shown that in utero VPA exposure signifi
cantly disrupts structure and function of the auditory brainstem (Lukose 
et al., 2011; Zimmerman et al., 2018; Mansour et al., 2019; Zimmerman 
et al., 2020; Mansour et al., 2021; Mansour and Kulesza, 2021b), and 
vestibulocerebellum. The literature provides clear support for involve
ment of the brainstem and cerebellum in human cases of ASD and 
several studies document clear neuropathological changes in these 

regions (Bauman and Kemper, 1985; Courchesne et al., 1988; Hashi
moto et al., 1995; Kulesza and Mangunay, 2008; Kulesza et al., 2011; 
Wegiel et al., 2014a, 2014b; Lukose et al., 2015; Wegiel et al., 2015; 
Avino et al., 2018; Mansour and Kulesza, 2020). It is important to 
emphasize that many of the structural changes reported in the auditory 
brainstem and cerebellum in ASD are reproduced with in utero VPA 
exposure (Lukose et al., 2011; Mychasiuk et al., 2012; Main and Kulesza, 
2017; Zimmerman et al., 2018; Mansour et al., 2021; Mansour and 
Kulesza, 2021a,b). Accordingly, we believe that in utero VPA exposure 

Fig. 5. VPA exposure results in longer latency VEMPs. Figure A shows representative VEMP traces from control (black) and VPA-exposed animals (blue). Auditory 
brainstem responses are indicated in the gray box and VEMPs are indicated in the red box. Figure B shows VEMP onset latencies, peak latency (p1) and negative peak 
latency (n1). Figure C shows the width of the total VEMP and D shows the amplitude of p1. Key to symbols: * = p <.05. Abbreviations: amp – amplitude, auditory 
brainstem response – ABR, nV – nanovolts, µV - microvolts. 

Fig. 6. VPA exposure increases spontaneous eye movements. Shown in A are representative tracings of horizontal pupil movements from control (black) and VPA- 
exposed animals (blue). Each recorded event is indicated by a dot. Shown in B are the number of eye movements (events) per 10 s interval. Key to symbols: *** =
p <.005. 
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provides an excellent animal model as a detailed understanding of how 
brainstem systems and circuits are affected in this condition leading to a 
better understanding of the neurobiology of ASD, better screening 
strategies and earlier diagnosis. 

3.2. VPA exposure results in ataxic gait 

The SpN receives its main inputs from primary vestibular afferents 
(PVA), the cerebellar cortex, and deep cerebellar nuclei; sending axons 
to the cerebellum and spinal cord, the later via the medial vestibulo
spinal tract (Brodal, 1978; Haroian, 1984; Matsushita et al., 1995). The 
LVN receives its main inputs from PVAs, the cerebellar vermis, fastigial 
nucleus and spinal cord, and projects to the spinal cord as part of the 
lateral vestibulospinal tract (Shamboul, 1980; Vidal and Sans, 2004). 
Through descending projections to the spinal cord, both the SpN and 
LVN function in the control of posture. Interestingly, VPA exposure 
resulted in fewer but larger neurons in both the SpN and LVN. The 
functional implication of larger cell bodies is unclear. In the central 
nucleus of the inferior colliculus of VPA-exposed animals we found 
significantly fewer neurons, but surviving neurons had larger cells 
bodies (Mansour et al., 2019). We proposed this increase in soma cross- 
sectional area results from thicker dendrites with longer and more 
elaborate dendritic arbors and/or longer/more extensive axonal pro
jections. Abnormally large dendritic arbors might result from impaired 
pruning during the early postnatal period, and this could lead to 
abnormal patterns of inputs to the SpN and LVN. Larger cell bodies are 
required to support longer leading to abnormal patterns of output from 
the SpN and LVN to the spinal cord (bilateral vs ipsilateral) or aberrant 
innervation of spinal motor neurons. Further morphological and con
nectivity studies will be required to clarify this matter in both auditory 
and vestibular pathways. Our previous study of the cerebellum and 
motor performance in VPA-exposed animals revealed disorganization of 
the Purkinje cell layer with occasional ectopic Purkinje cells. These CB 
+ ectopic neurons were most frequently found in lobule X and connec
tivity of this lobule is consistent with its role in vestibular function 
(Bernard, 1987). VPA-exposed animals had significantly smaller Pur
kinje cells across all vermal lobules with the most drastic differences in 
lobule IV and VI (Main and Kulesza, 2017). We also found drastic 
changes in the number of CB + Purkinje cells – again all vermal lobules 
had significantly fewer CB + Purkinje cells. The most drastic change was 
found in lobule IV – in control animals 91 % of Purkinje cells were CB +
but in VPA-exposed animals only 41 % of Purkinje cells were CB +. 
Cerebellar Purkinje cells in the vermis also had shorter and less complex 
dendritic arbors. VPA-exposed animals had significantly slower righting 
reflexes, shorter stride lengths during footprint analysis, difficulty 
navigating a 25-mm and 12-mm wooden rod with significantly more 
failed attempts after vestibular challenge and longer latency VEMPS. 
Consistent with our findings, abnormal VEMPs have been attributed to 
lesions or dysfunction in PVAs, vestibular nuclei, cerebellum and the 
medial longitudinal fasciculus (Sheykholeslami et al., 2009; Oh et al., 
2016). Based on the role of the cerebellum and vestibular nuclei in 
motor coordination and posture, we believe the structural changes (i.e., 
fewer neurons) in these regions are at least partially responsible for 
slower righting reflexes, gait abnormalities and longer latency VEMPs. 
However, the impact of VPA on spinal motor neurons and local spinal 
circuits has not been examined. VPA exposure does result in altered 
GABAergic neurotransmission (Banerjee et al., 2013; Kumamaru et al., 
2014; Olexová et al., 2016; Chau et al., 2017) and auditory hyperex
citability (Dubiel and Kulesza, 2015). Therefore, it is possible the ataxia 
found in VPA-exposed animals results from a reduction in GABAergic 
inhibition and subsequent imbalance in excitatory/inhibitory inputs to 
spinal motor neurons. Consistent with this, VPA exposure results in 
fewer inhibitory inputs to brainstem oropharyngeal motor neurons 
(Alhelo and Kulesza, 2021). 

3.3. VPA exposure results in abnormal eye movements 

The SupN receives its main input from PVAs, cerebellar cortex and 
fastigial nucleus (reviewed in Vidal and Sans, 2004; Halasi et al., 2005). 
The MVN gets input from PVAs, the cerebellar cortex, fastigial nucleus, 
spinal cord and direct descending projections from somatosensory cor
tex (Bernard, 1987; Matsushita et al., 1995; Nishiike et al., 2000). The 
SupN and MVN both project through the medial longitudinal fasciculus 
to lower motor neurons controlling eye muscles and together function in 
stabilization of gaze and posture (Bernard, 1987; Matsushita et al., 1995; 
Nishiike et al., 2000; Halasi et al., 2005). Again, we found that VPA 
exposure resulted in fewer neurons in the SupN, fewer CB + inputs to 
MVN neurons and significantly more spontaneous horizontal eye 
movements. Given the recognized role of the SupN and MVN in 
vestibular control of eye movements, we propose the structural changes 
in these nuclei are at least partially responsible for abnormal eye 
movements. We interpret the increased number of horizontal sponta
neous eye movements as being consistent with ocular nystagmus of 
central origin. Consistent with this observation, surgical removal of the 
vestibular ganglion or labyrinth results in altered patterns of input to 
vestibular nuclei and spontaneous ocular nystagmus in the horizontal 
plane (Precht, 1986; Li et al., 1995), although these movements return 
to baseline a few days after the lesion. Children with ASD are 10x more 
likely to exhibit spontaneous nystagmus (Chang et al., 2021) and we 
interpret the significant increase in spontaneous eye movements after 
VPA exposure to be consistent with this finding. Since ocular nystagmus 
recovers soon after inner ear or vestibular nerve injury, we interpret the 
findings of nystagmus in subjects ASD and VPA-exposed animals to arise 
from abnormal patterns of activity in the vestibular nerve, SupN, MVN 
or cerebellum. We have not examined neuronal number and 
morphology of lower motor neurons innervating extraocular muscles 
after VPA exposure. VPA exposure does not impact the number or pro
jections of medial olivocochlear neurons (Mansour and Kulesza, 2021) 
or number of motor neurons innervating oropharyngeal musculature 
(Alhelo and Kulesza, 2021). However, VPA exposure does result in an 
imbalance of excitatory/inhibitory inputs to neurons in the trigeminal 
motor nucleus, nucleus ambiguous and the hypoglossal nucleus (Alhelo 
and Kulesza, 2021). 

3.4. VPA exposure reduces immunolabeling for CB 

After VPA exposure there were significantly fewer CB + puncta in the 
MVN, SpN and LVN. This difference in CB + puncta is exacerbated in the 
SpN and LVN since these cell bodies are larger after VPA exposure. 
Previous work in our lab has found that VPA exposure results in 
significantly fewer CB + neurons in the ventral cochlear nucleus, SOC 
and dorsal nucleus of the lateral lemniscus (Zimmerman et al., 2018; 
Mansour et al., 2019) and drastically fewer CB + Purkinje cells (Main 
and Kulesza, 2017). Not only did we find fewer CB + neurons after VPA 
exposure, but the few neurons that did have CB immunoreactivity had 
labeling restricted to the nucleus with little to no cytoplasmic labeling 
(Zimmerman et al., 2018). Further, VPA exposure results in fewer CR +
neurons in the cochlear nucleus and fewer CR + calyceal axons in the 
trapezoid body and SOC (Zimmerman et al., 2018). However, calyceal 
axons were labeled by tracer deposits in the trapezoid body and we 
interpret this to be consistent with reduced brainstem expression of CB 
and CR. The mechanism for this is unclear but we propose that VPA 
impacts expression of the genes for CB and CR through its role as a 
histone deacetylase inhibitor. It is also unclear what impact reduction of 
CB and CR expression might have on neuronal activity and patterning of 
action potentials. CB + terminals in the vestibular nuclei arise from 
cerebellar Purkinje cells, the deep cerebellar nuclei and PVAs (Mehler 
and Rubertone, 1985; Morris et al., 1988; Bäurle et al., 1998). In rats, 
PVAs terminate in the MVN, SpN, LVN and SupN (Bäurle et al., 1998). 
Unilateral labyrinthectomy results in only transient decreases in CB la
beling in the cerebellum (Park et al., 2013). Based on our previous 
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findings, the reduction in the number of CB + inputs in the vestibular 
nuclei may result from reduced expression of CB and not reduced pro
jections from PVAs and cerebellum. 

3.5. Does VPA exposure impact other aspects of the vestibular circuit? 

Similar to the neurons in the superior olivary complex (SOC), the 
majority of neurons in the vestibular nuclei originate on E11-15 (Altman 
and Bayer, 1980). Our previous work revealed that VPA exposure results 
in significantly fewer neurons in the SOC (Lukose et al., 2011; Zim
merman et al., 2018) and reduced ascending axonal projections to the 
midbrain and thalamus (Mansour et al., 2019; Zimmerman et al., 2020). 
Accordingly, we hypothesize that VPA exposure results in significantly 
reduced axonal projections from the vestibular nuclei to the cerebellum 
and spinal cord and that these changes would be most prominent in the 
SpN and LVN. Even though we have identified numerous changes in 
both the auditory and vestibular brainstem pathways, we have not yet 
examined the sensory epithelium in the inner ear or morphological 
features or projections of neurons in the spiral and vestibular ganglia. It 
is possible that in utero VPA exposure impairs hair cell development 
and/or disrupts projections and number of spiral and vestibular ganglia. 

3.6. Summary and conclusions 

Our previous work in human subjects with ASD and VPA-exposed 
animals reveals significant and consistent disruption of auditory brain
stem structure and function. Several recent studies provide evidence for 
ataxia and abnormal eye movements in ASD and our study of VPA- 
exposed animals show significant dysmorphology in brainstem vestib
ular nuclei and cerebellum. This work provides a basis for further study 
of vestibular nuclei in ASD. We hope that better understanding of the 
involvement of the auditory and vestibular brainstem in ASD will lead to 
development of a battery of simple, non-invasive screening test for early 
diagnosis and treatment. 

4. Experimental procedures 

4.1. VPA exposure 

All handling and physiological recordings were approved by the 
LECOM Institutional Animal Care and Use Committee (protocols 
#20–02 and 21–03) and conducted in accordance with the National 
Institute of Health Guide for the Care and Use of Laboratory Animals. 
Sprague–Dawley rats were maintained on a 12 h light/dark cycle with 
ad libitum access to food and water. In utero exposure to VPA was per
formed as previously described (Fig. 1A; Main and Kulesza 2017; Zim
merman et al. 2018; Mansour et al. 2019; Zimmerman et al., 2020; 
Mansour et al., 2021, Mansour and Kulesza, 2021). Briefly, dams were 
fed 3.1 g of peanut butter on embryonic days (E) 7–12. On E10 and E12, 
dams in the VPA group were fed peanut butter mixed with 800 mg/kg of 
VPA (Fig. 1A). Control animals were fed peanut butter meals according 
to the same schedule but without VPA. Pups were delivered without 
interference and litters were not culled. On postnatal day (P) 21, litters 
were weaned and only male pups were included in the study since 
gender-specific effects of VPA exposure are established (Schneider et al. 
2008; Mowery et al., 2015). Pups used in this study were randomly 
selected from each litter – we worked under the assumption that all male 
pups were equally afflicted by VPA exposure; our previous reports are 
consistent with this strategy (Main and Kulesza 2017; Zimmerman et al. 
2018; Mansour et al. 2019; Zimmerman et al., 2020; Mansour et al., 
2021; Mansour and Kulesza, 2021). 

4.2. Motor testing & evoked potentials 

To ensure animals undergoing motor testing were acclimated to re
searchers and the testing environment, animals were handled for 3–5 

min from P15 through P20 (Fig. 1A-B). The schedule for motor testing is 
shown in Fig. 1B. On P21, animals were lightly restrained by hand, and a 
ScopeAround ear camera was positioned 2–3 cm from the animal’s right 
eye and spontaneous eye movements were recorded for 60 s and saved as 
an MP4 file (640x480 pixels @ 20 frames/sec; see below). These video 
files were imported into EyeLoop (https://github. 
com/simonarvin/eyeloop#data; Arvin et al., 2021) and eye move
ments were tracked using the corneal reflection feature. From the video 
recordings, we isolated stable epochs of at least 10 s for analysis. Eye 
movement events were classified as rapid deflections at least 25 % above 
the baseline. On P22 and P25, animals underwent negative geotaxis 
testing. Briefly, animals were placed nose-down on a wooden board set 
at an angle of 45◦ from horizontal. We measured the time it took animals 
to correct the negative (nose-down) posture (i.e., turning 180◦ to nose- 
up position); this was measured three times on each day. On P23, ani
mals underwent a 5-minute training session on a rotarod (Med Associ
ates, Inc). On P24, animals were subjected to postural instability testing. 
Animals were hand restrained with their right forelimb held against 
their torso and their left forelimb positioned on a table. Animals were 
slowly moved forward by the researcher, and we measured the forward 
displacement required for the animal to reposition their left forelimb. 
Measurements were taken from video recordings of each session. This 
was measured over three repetitions for each forelimb. On P25 and P26, 
animals were trained to navigate an elevated (15◦ Incline) 600 mm long, 
25 mm wide wooden beam. Each training session required the animals 
to navigate the entire length of the beam three times. On P27, we 
measure how long it took for animals to navigate the wooden beam. We 
then subjected animals to a vestibular challenge – animals were placed 
in a plastic cup attached to a drill and spun at a rate of 3 Hz for 20 s. 
Animals were then placed on the wooden beam and timed to navigate 
the full distance. All navigation events were video recorded – observa
tions of foot slips (i.e., paws coming off the rod after contact) were made 
from the videos. Animals that fell from the rod during an attempted 
navigation were assigned a time of 40 s (4x the longest successful nav
igation). On P28, animals underwent recording of a vestibular evoked 
myogenic potential (VEMP; Fig. 1C; Yang and Young, 2005; Day et al., 
2007; Sheykholeslami et al., 2009). Animals were initially anesthetized 
with 4–5 % isoflurane in O2 (1.2 L/min); when animals were unre
sponsive the isoflurane was lowered to 3 % and they were moved to a 
sound attenuated chamber. Animals were positioned in a flexed posture 
to stretch the paraspinal muscles; the recording electrode penetrated the 
cervical paraspinal musculature near the spinous processes and 
extended ~ 1 cm from medial to lateral (perpendicular to the muscle 
fibers; Fig. 1C, red line). The reference electrode was placed in the right 
snout (Fig. 1C, black line) and the ground electrode was placed subcu
taneously in the left hindlimb (Fig. 1C, green line). Impedance for the 
recording and reference electrodes were equal to or less than 1kΩ. A 10 
kHz tone was played at 70 dB into the right external auditory meatus 
through a closed-field electrostatic speaker (Tucker Davis Technologies) 
with a 3 cm tube. The tone was driven by a RZ6 Bioacoustics System for 
512 repetitions. Sound-evoked activity from the recording electrode was 
collected on a low-impedance head stage (Tucker Davis Technologies; 
RA4L1), preamplified and digitized on a RA16D Medusa preamp and 
sent to a RZ6 processor over fiber-optic cable. Signals were filtered 
(100–5000 Hz, with a 60 Hz notch filter) and averaged using BioSigRZ 
software. Latencies and amplitudes were determined by visually placing 
cursors in the BioSig trace window. 

4.3. Sectioning and histology 

Animals used for morphology (control, n = 4 [3 litters]; VPA, n = 4 
[3 litters]) were anesthetized with an overdose of vaporized isoflurane 
on P28. When animals were unresponsive to toe pinch, they were 
perfused through the ascending aorta with normal saline followed by 4 
% paraformaldehyde (PFA) in phosphate buffered saline (PBS; pH 7.4; 
fixative). Brains were dissected from the skull and the right side of the 
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brain was marked with a register pin. Brains were stored in 4 % PFA-PBS 
(at 4 ◦C) for at least 24 h. Brains were cryoprotected in 30 % sucrose at 
room temperature for at least 24 h and sectioned in the coronal plane on 
a freezing-stage microtome at a thickness of 50 μm. Every third tissue 
section was collected serially into PBS and mounted from cresyl gelatin 
onto glass slides in caudal-to-rostral sequence. Sections were stained for 
Nïssl substance with Giemsa (Sigma-Aldrich, St Louis, MO), dehydrated 
through ascending alcohols, cleared and coverslipped with Permount 
(ThermoFisher Scientific, Waltham, MA). 

4.4. Neuronal morphology 

The vestibular nuclei were studied with an Olympus BX45 micro
scope and neuronal cell bodies were traced by an observer blinded to 
animal group using a 40x objective (final magnification of 680x). We 
followed the delineation of the vestibular nuclei (medial vestibular nu
cleus – MVN, parvocellular and magnocellular; spinal vestibular nucleus 
– SpN; lateral vestibular nucleus – LVN; superior vestibular nucleus - 
SupN) provided in Paxinos and Watson (2007). Tracings of neuron cell 
bodies were digitized and quantified using ImageJ (1.52; Reuden et al., 
2017). An index of circularity was calculated for each cell body profile 
using the following equation: 

Circularity =
[
4p*Area/Perimeter2]

Classification of cell body shape was made according to objective, 
morphometric measures. Cell body profiles that had a circularity mea
sure greater than 0.6 were classified as round/oval; those with a major 
axis/minor axis greater than 3 were classified as fusiform. All remaining 
profiles were classified as stellate. We have previously correlated these 
criteria with distinct cell body morphologies in the rodent auditory 
brainstem (Mansour et al., 2019). 

4.5. Estimates of neuronal number 

The total number of neurons in each of the vestibular nuclei were 
estimated in control and VPA-exposed animals. Neuronal packing den
sity was calculated by counting neuronal profiles in an evenly spaced 
series of sections through each nucleus. These counts were corrected 
using Konigsmark’s (1970) formula (for recent application in auditory 
brainstem see rat: Mansour et al., 2019a; Mansour et al., 2021; human: 
Mansour et al., 2019b) to account for profile splitting (rearranged): 

N = n(t/t + 2a)

N is the estimated number of neurons, n is the number of counted 
neuronal profiles, t is section thickness and “a” is the square root of r2 - 
(k/2)2. In calculation of “a”, we used the nucleolus correction (Konigs
mark, 1970). Here, r is the average radius of nucleoli and k is the 
diameter of nucleoli fragments. The density of neuronal profiles was 
calculated by dividing the corrected counts (N) by the tissue volume 
from which they were counted. The number of neurons in each region 
was finally estimated by multiplying the calculated neuronal density by 
the estimated volume of the nucleus (Thompson and Brenowitz, 2005). 
The method has produced neuronal estimates statistically similar to the 
optical dissector in the auditory brainstem (Kulesza et al., 2002; Kulesza, 
2007; Zimmerman et al., 2018; Mansour et al., 2019a; Mansour et al., 
2021). 

4.6. Immunohistochemistry 

Free-floating brainstem sections were rinsed in PBS, then blocked in 
1 % normal horse serum (NHS; AbCam), 0.5 % triton X in PBS for 1 h. 
Sections were incubated in rabbit anti-CB (1:1000 with 1 % NHS; 
AbCam, catalog #: ab11426) overnight, rinsed in PBS and incubated for 
2 h in goat anti-rabbit Dylight 488 (1:100; Vector Labs). Sections were 
rinsed, counterstained with Neurotrace Red (NT; ThermoFisher 

Scientific), mounted onto glass slides, dried and coverslipped with 
Entellan (Millipore Sigma). Images of NT and CB labeling were overlaid 
in ImageJ; we counted the number of CB + punctate profiles adjacent to 
NT labeled cell bodies. 

4.7. Statistics 

Descriptive statistics were generated for all datasets using GraphPad 
Prism 7.03 (GraphPad Software, La Jolla, CA) and tested against a 
normal distribution using the D’Agostino & Pearson omnibus normality 
test. If data fit a normal distribution, comparisons were conducted using 
parametric tests (t test or ANOVA) and results are presented as mean ±
standard deviation. If data failed to fit the normal distribution, com
parisons were conducted using non-parametric tests and are presented 
as the median with the 95 % confidence interval (CI) of the median. The 
distribution of cell body shape was examined using the Chi-square test. 
Differences were considered statistically significant if p values were <
0.05. 
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