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Abstract
Autism is a wide spread neurodevelopmental disorder with growing morbidity rates, affecting more boys than girls world-
wide. Activity-dependent neuroprotective protein (ADNP) was recently recognized as a leading gene accounted for 0.17% 
of autism spectrum disorder (ASD) cases globally. Respectively, mutations in the human ADNP gene (ADNP syndrome), 
cause multi-system body dysfunctions with apparent ASD-related traits, commencing as early as childhood. The Adnp hap-
loinsufficient (Adnp+/−) mouse model was researched before in relations to Alzheimer’s disease and autism. Adnp+/− mice 
suffer from deficient social memory, vocal and motor impediments, irregular tooth eruption and short stature, all of which 
corresponds with reported phenotypes in patients with the ADNP syndrome. Recently, a more elaborated description of 
the ADNP syndrome was published, presenting impediments such as hearing disabilities in > 10% of the studied children. 
Irregular auditory brainstem response (ABR) has been connected to ASD-related cases and has been suggested as a potential 
hallmark for autism, allowing diagnosis of ASD risk and early intervention. Herein, we present detriment hearing in the 
Adnp+/− mice with atypical ABR and significant protein expression irregularities that coincides with ASD and hearing loss 
studies in the brain.

Keywords  Activity-dependent neuroprotective protein ADNP · ADNP syndrome · Hearing loss · Developmental delays · 
Auditory brainstem response ABR · Adnp haploinsufficient Adnp+/−

Introduction

Autism spectrum disorder (ASD) affects ~ 1.5% children 
worldwide with higher prevalence in boys [almost fives 
times more common among boys (1 in 42) than among girls 
(1 in 189)] with ~ 50% deficient or borderline intellectual 
function in the US [1]. With time, ASD prevalence keeps 
rising, as a recent paper reported an outgrowth of ~ 30% in 
the US, compared with records given by the Center for Dis-
ease Control in 2012 [2]. ASD is of heterogenic background 
and etiology remains unclear [3, 4]. Today, there is growing 
evidence that single gene rare mutations may be sufficient to 
cause ASD and are a significant tool in deciphering the etiol-
ogy of the disease [4–8]. Activity-dependent neuroprotec-
tive protein (ADNP), discovered and extensively studied by 
our laboratory (Gozes), is crucial for brain development and 
mental function in mice and humans [9–11]. Previous stud-
ies in mice show Adnp is expressed as early as during the 
second week of the pregnancy [10], regulating > 400 genes 
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important for brain and cardiovascular systems development 
[12]. ADNP is highly conserved in vertebrates ranging from 
fish to human [13] and has been identified as responsible for 
≥ 0.17% of known ASD cases [14, 15]. In children, ADNP 
mutations cause an autistic-like disorder (Helsmoortel-Van 
der Aa syndrome; ADNP syndrome) depicting mild to severe 
intellectual, motor, social and speech delays/disabilities 
[14–16]. Similarly, in mice, Adnp-deficiency (Adnp+/−) leads 
to social and vocal impediments, motor delays and learn-
ing and memory deficits [17–19]. Further biochemical evi-
dence emerged, showing ADNP regulates ion channels genes 
(e.g. calcium channels) and potentially regulates the protein 
translation process through eukaryotic initiation factor 4E 
(eIF4E)-binding, both tightly associated with autism [17, 19, 
20]. This was also coupled with significant sex-dependent 
disruption of synaptic formation (hippocampus and motor 
cortex) and axonal transport in Adnp+/− mice [18, 19]. In 
a recent study, which presented full clinical characteriza-
tion of the ADNP syndrome, high resemblance was found to 
other ASD-related syndromes, including mild hearing loss 
(11.7% out of a 78-study cohort) [21]. Commonly, auditory 
brainstem response (ABR) is tested in suspicion of potential 
hearing loss or other developmental aberrations [22, 23]. 
As prolonged ABR latencies were reported in young chil-
dren with autism (as early as infancy) and in some cases 
with normal hearing [22, 24–26], ABR was suggested as a 
discrimination tool for early diagnosis and intervention in 
autism [22, 27]. To determine Adnp+/− mouse model rel-
evance to hearing loss studies and potential correlation with 
additional symptoms in the ADNP syndrome, we set out to 
test neurotransmitter pathways in the auditory cortex and 
added cerebellum and hippocampus for additional reference.

Methods

Animals

Animals: The Adnp+/− mice generation was previously 
described [10, 17–19, 28]. Animals were housed in a 12-h 
light/12-h dark cycle animal facility, with free access to 
rodent chow and water. At the age of 21–30 days, male and 
female mice were separated and Adnp genotype (Adnp+/+ and 
Adnp+/−) was confirmed using Transnetyx services (Mem-
phis, TN, USA). ABR hearing test and ultrasonic vocaliza-
tion (USV) recordings were performed on 2.5-month-old 
and 8-day-old Adnp mice respectively, both ideal ages for 
the machinery and settings at our disposal.

Mouse Hearing Test

Auditory brainstem response (ABR) recording was used 
to evaluate the inner ear cochlear functionality as was 

previously described [29, 30]. 2.5-month-old Adnp+/+ and 
Adnp+/− male and female mice (n = 5–7) were anesthetized 
(ketamine/xylazine) and placed in a sound attenuating cham-
ber connected to the ABR auditory workstation (Tucker 
Davis Technologies). Body temperature was maintained at 
approximately 37 °C using a heating pad (Braintree Sci-
entific). System calibration was maintained throughout the 
day when measurements were made. Subdermal needle elec-
trodes were placed midline above the frontal bone (positive) 
and behind the left pinna, with a ground electrode in the left 
thigh. ABR thresholds (dB) and ABR Hearing latency (sec) 
were measured in response to tone bursts at 6, 12, 18, 24, 
30, and 36 kHz [29, 31]. Tone burst stimuli of alternating 
polarity were repeated at 75-ms intervals in 10-dB incre-
ments starting at 100dB (90dB in click test) and decreasing 
to 20dB. ABR were recorded over 40 msec and averaged at 
each intensity level for 1024 presentations. Mice were not 
euthanized at the end of an ABR measurement, but rather 
returned to a recovery cage.

Ultrasonic Vocalization (USV)

USV recordings were performed on naïve Adnp+/+ and 
Adnp+/− male and female pups (n = 10–14) as previously 
described [19]. In short, on day 8 (P8), each pup was sepa-
rated from the dam and placed in an empty cage for 6 min. 
USVs (40–70 kHz) were recorded using an ultrasonic vocali-
zation detector ANL-973-1 microphone. At the end of each 
trial, the pup was marked with a tattoo for identification 
(Ketchum, Canada), and reunited back with its dam, placed 
in the far corner of the box, allowing the mother to retrieve 
the pup [19, 32]. Data were analyzed using Med USV viewer 
SOF-937-1 (Med associates, Vermont, USA). The minimal 
time distance between calls was set to 0.04 s and the volume 
threshold was set to 40dB. Results are presented as mean 
number of ultrasonic vocalizations recorded per minute of 
the trial, compared with Adnp+/+ pup littermates (control).

Immunohistochemistry

P0 Adnp+/+ and Adnp+/− mice (n = 2–3, undetermined sex) 
were euthanized according to the ethical guidelines, after-
wards both inner ear of each mouse was taken out rapidly. 
The cochlear oval window was exposed and punctured 
prior to placing the entire inner ear in paraformaldehyde 
(4% v/v in PBS) for 2 h at room temperature. Samples were 
rinsed in phosphate buffered saline (PBS), and blocking 
was achieved with normal goat serum (10% v/v in PBS, 
0.5% Triton X-100). The samples were then incubated 
with primary antibodies at 4 °C overnight (Table 1). Sam-
ples were washed with PBS three time and counterstained 
with fluorescent conjugated secondary antibody if needed 
(Table 1) [33]. Samples were visualized using a Leica TCS 
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Stimulated emission depletion (STED) confocal micro-
scope. Images were taken from n = 3 Adnp+/− pups and 
n = 1 Adnp+/+ pup, per region.

For brain immunohistochemical staining, 5-month-
old Adnp+/+ and Adnp+/− male and female mice (n = 2–3) 
were perfused transcardially under deep anesthesia with 
4% PFA in 0.1M PBS, PH 7.4. Brains were removed, post-
fixed in the same fixative and embedded in paraffin. Brains 
were cut to 6 µm serial brain sections that were then depar-
affinized and hydrated in xylene and alcohol solutions 
and rinsed with TBS. Citrate buffer was used for antigen 
retrieval and the endogenous hyperoxidase was blocked 
with 3% H2O2 in methanol. After incubation in blocking 
buffer (FBS 10%), the sections were treated with primary 
antibodies overnight (see Table 1). Secondary antibodies 
were used appropriately (see Table 1), immunoreactions 
were visualized using DAB as chromogen. Counterstaining 
was performed with hematoxyline to show nuclear stain-
ing. The evaluation was performed on the auditory cortex, 
cerebellum and hippocampus (CA1).

Bioinformatics

The STRING protein–protein interaction network tool [34] 
(https​://strin​g-db.org) was utilized on proteins, which sig-
nificantly changed in expression due to the Adnp haploin-
sufficient genotype in mouse auditory cortex, cerebellum 
and hippocampus.

Statistics

Results are presented as means ± standard error of the mean 
(SEM). Data were checked for normal distribution by nor-
mality test using the Shapiro– Wilk test. For two different 
categorical independent variables, two-way analysis of vari-
ance (ANOVA) or two-way repeated measures ANOVA 
followed by Holm–Sidak method or Tukey post hoc test 
were utilized. Student’s t-test analysis was performed when 
needed. P values smaller than 0.05 were considered sig-
nificant. All tests were two-tailed. Statistical analyses were 
conducted using either SigmaPlot software version 11 Inc. 
for Windows (Chicago, IL, USA) or GraphPad Prism 5.0 
software (immunohistochemistry). For immunohistochem-
istry, data were analyzed using either one-way ANOVA or 
Kruskal–Wallis test followed by Dunn post-hoc test.

Results

Abnormal ABR and Decreased Vocalization 
in Adnp+/− Mice

The Adnp haploinsufficient mouse model was previously 
generated and presents many similarities to the ADNP syn-
drome symptoms including significant vocal, motor and 
cognitive impediments, compared with intact littermates 
[19]. In a recent paper, children with the ADNP syndrome 
were diagnosed with hearing impairment, with two (out of 

Table 1   Summary of antibodies and reagents used in this study

Antibody Type Code Source

Myosin-VIIa Rabbit polyclonal antibody PTS-25-6790-C050 Enzo life sciences, USA
Phalloidin-iFluor 488 reagent [F-Actin] iFluor 488 dye CAT#ab176753 Abcam, UK
DRAQ5™ fluorescent probe solution probe solution CAT# 62251 Invitrogen, USA
Alexa fluor 568- goat anti-rabbit Secondary antibody CAT#A-11011 Invitrogen, USA
ChAT Rabbit polyclonal antibody AB144-P Millipore
GAD67 Mouse monoclonal antibody ab 26116 Abcam, UK
Parvalbumin (PVALB) Rabbit polyclonal antibody ab 11427 Abcam, UK
VGLUT2 Mouse monoclonal antibody ab 79157 Abcam, UK
CX32 Rabbit polyclonal antibody 34-5700  Invitrogen, USA
Serotonin transporter (Slc6a4) Rabbit polyclonal antibody AB 9726 Millipore
GAD65 Rabbit polyclonal antibody PA5-22260  Thermo Fisher Scientific
VGLUT1 Goat polyclonal antibody sc-13320 Santa Cruz Biotechnology, Inc
FOXP2 Rabbit polyclonal antibody ab 16046 Abcam, UK
Goat anti-rabbit IgG Secondary antibody BA-1000 Vector
Goat anti-mouse IgG Secondary antibody sc-2039 Santa Cruz Biotechnology, Inc
Rabbit anti-goat IgG Secondary antibody AP-106B Chemicon

https://string-db.org
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78) children using hearing aids as a result of sensorineural 
hearing loss and > 10% suffering from hearing loss [21]. 
Thus, auditory brainstem response (ABR) hearing test was 
applied on Adnp mice. 2.5-month-old Adnp mice ABR were 
analyzed for threshold and latency of auditory response 
(Fig. 1a–e). The ABR test provides information regarding 
the inner ear (cochlea) and the central pathways for hear-
ing. The stimuli response is measured electronically and 
therefore reflects issues with hearing perception. The data 

is registered at the endpoint reflecting the mis-conduction of 
normal electrical signaling from the cochlea to the recipient 
brain section (the auditory nuclei) [35, 36]. Results show-
cased an increase in hearing thresholds as well as prolonged 
latency in auditory brain response in the Adnp+/− mice 
(males and females) compared with Adnp+/+littermates 
(p < 0.05) (Fig. 1a–d). Click hearing thresholds are pre-
sented in Fig. 1e. Male Adnp+/− exhibited significant hear 
loss (p < 0.05) with increased hearing threshold compared 
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Fig. 1   Adnp +/− mice present increased thresholds and latency of 
auditory evoked responses coupled with a decrease in number of 
USV calls. ABR was recorded in 2.5 months old Adnp+/− mice in 
response to pure tone bursts (kHz) at 6, 12, 18, 24, 30, and 36 kHz 
[29, 31]. For thresholds and latency determination, two-way ANOVA 
repeated measures followed by Holm-Sidak method were per-
formed. a, b For auditory threshold, main kHz effect was found for 
both sexes (F (5,48) = 27.268, p < 0.001 in males; F (5,45) = 21.315, 
p < 0.001 in females) as well as a statistically significant interaction 
between Sex and Genotype and kHz in females (F (5,45) = 2.977, 
p = 0.021). Significantly higher thresholds were found for male 
Adnp+/− in 12 and 36  kHz compared with Adnp+/+ (*p < 0.05, Stu-
dent’s t-test). Similarly, significantly higher threshold was observed in 
6  kHz for female Adnp+/− compared with Adnp+/+ (*p < 0.05). c, d 

For latency of auditory evoked responses, no statistically significant 
factors were found. e For click measurement, two-way ANOVA fol-
lowed by Holm-Sidak method were applied. Main Genotype effect 
was found (F (1,20) = 6.108, p < 0.05). Adnp+/− males exhibit sig-
nificant increase in hearing threshold compared with littermates 
(*p < 0.05). Male Adnp+/+ (n = 6); Male Adnp+/− (n = 6–7); female 
Adnp+/+ (n = 5–6); Female Adnp+/− (n = 6). f For USV analysis, two-
way ANOVA with Tukey post hoc test was performed. Main geno-
type effect (F(1,277) = 19.192, p < 0.001) was found. Both male and 
female naïve Adnp+/− pups (P8) produced significantly less USVs per 
minute, compared with Adnp+/+ (*p < 0.05, ***p < 0.001). Results are 
presented as mean (± SEM) USV per minute (males: Adnp+/+ n = 14; 
Adnp+/− n = 11; females: Adnp+/+ n = 12; Adnp+/− n = 10, 6 USV calls 
per mouse)
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with Adnp+/+ littermates. Females presented a similar trend 
(p = 0.247). To further the potential correlation between 
Adnp haploinsufficient mice and the ADNP syndrome, vocal 
communication was tested on naïve Adnp mouse pups. Pup 
USV calls (P8) were induced following dam separation 
(40–70 kHz) and recorded as previously described [19, 32, 
37]. A significant decline in the number of USVs per minute 
was observed in both male (p < 0.05) and female (twofold, 
p < 0.001) Adnp+/− pups, compared with Adnp+/+ littermates 
(Fig. 1f). Significant p-values appear in asterisks.

Normal Hair‑Cell Morphology and Structure

ADNP has been known to be associated with the cytoskel-
eton, implicated in synaptic plasticity, microtubule-depend-
ent axonal transport and dendritic spine formation [18, 19, 
38, 39]. To further investigate the origin of hearing loss 
in Adnp+/− mice, Adnp+/+and Adnp+/− mouse pup (P0) 
cochlea were prepared and stained for myosin and actin 

(cytoskeleton) (Fig. 2) [33]. Adnp+/− hair-cell morphology 
was normal (Fig. 2a) with no visible changes compared with 
Adnp+/+ stains (Fig. 2b).

Significant Protein Expression Alterations 
in Adnp+/− Mouse Auditory Cortex, Cerebellum 
and Hippocampus

Several autism and auditory related proteins were exam-
ined for expression patterns in the Adnp+/− mouse brain. 
A closer look into the auditory cortex (Fig. 3a) revealed 
significant changes in two important proteins: Choline 
O-Acetyltransferase (ChAT) and Glutamate Decarboxylase 
1 (GAD67), previously studied in association with hearing 
loss [40–42]. Specifically, ChAT was significantly decreased 
(> twofold) in male Adnp+/− (p < 0.05) while GAD67 signifi-
cantly increased (threefold, p < 0.05) in female Adnp+/− com-
pared with littermates. The cerebellum was also previously 
related with the auditory circuitry, more specifically to the 

Fig. 2   Normal hair cell morphological appearance in the Adnp+/− 
mouse ear. Representative images of hair cell phenotypes in the basal 
and middle turns at P0 for a Adnp+/− and b Adnp+/+ mice stained for 
Myosin (red), Actin (green) and cell nuclei (purple). Images show 

normal morphological appearance in Adnp+/− and Adnp+/+ mice. 
Images were taken from n = 3 Adnp+/− pups and n = 1 Adnp+/+ pup, 
per region. Scale bars: 0–50 µm or 0-100 µm
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auditory cortex and cochlea [43], as well as to autism [44] 
(Fig. 3b). Parvalbumin (PVALB), a high affinity calcium 
ion-binding protein, was found to dramatically decrease in 
male Adnp+/− cerebellum (fourfold, p < 0.001) compared 
with Adnp+/+. Adnp+/+ Female expression levels were also 
significantly lower compared with males (p < 0.001). Sol-
ute Carrier Family 17 Member 6 (VGLUT2), Gap Junc-
tion Protein Beta 1 connexin 32 (CX32) and ChAT were 
downregulated in female Adnp+/− (p < 0.05), compared with 
Adnp+/+. Interestingly, ChAT expression levels were signif-
icantly lower in Adnp+/+ male cerebellum than in female 
Adnp+/+ (p < 0.05). Statistically significant sex differences 
were also found for Serotonin transporter, solute carrier fam-
ily 6 member 4 (Slc6a4) [18] and GAD67 in Adnp+/− mice 
(p < 0.01) and for Glutamate Decarboxylase 2 (GAD65) in 
Adnp+/+ (p < 0.05). ADNP has been extensively studied in 
the hippocampus giving rise to hippocampal-specific gene/
protein expression changes associated with autism and Alz-
heimer’s disease (AD) [17–19]. These results corroborate 
previous reports of Adnp+/− affecting learning and memory 
(in-vivo) and tau hyperphosphorylation (in-vitro), further 
linking ADNP to Alzheimer’s disease and taupathy [28]. 
Therefore, we have chosen to test these important proteins 
in the hippocampus (Fig. 4). For ChAT, results in the hip-
pocampus present similar expression patterns to the auditory 

cortex, with a significant decrease in male Adnp+/− (p < 0.05) 
compared with male littermates. Similarly, PVALB expres-
sion levels were decreased in male Adnp+/− and female 
Adnp+/+ compared with male Adnp+/+ (p < 0.0001), parallel 
to cerebellar results. Expression levels for male hippocampal 
CX32 and Forkhead box protein P2 (FOXP2) were signifi-
cantly altered as well. CX32 expression decreased due to 
Adnp haploinsufficiency while FOXP2 increased (p < 0.05). 
In females, hippocampal GAD67 expression levels signifi-
cantly increased Adnp+/−, compared with female Adnp+/+ 
(p < 0.0001). These results correspond with GAD67 results 
in the auditory cortex. Statistically significant sex differ-
ences were also found for Solute Carrier Family 17 Member 
7 (VGLUT1) in Adnp+/− mice (p < 0.001) and for GAD65 in 
Adnp+/+ (p < 0.05).

Potential Auditory‑Related ADNP Mechanism 
in the Brain

The STRING protein–protein interaction tool was imple-
mented for potential auditory-related mechanism and func-
tion enrichment of biological processes related to Adnp 
deficiency (Fig. 5) [19]. The analysis was performed on all 
proteins that changed as a result of the Adnp+/− genotype 
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Fig. 3   Significant protein expression abnormalities related to autism 
and hearing loss in the Adnp+/− mouse auditory cortex and cerebel-
lum. Brain sections from 5-month-old mice were stained for potential 
auditory-related abnormalities (Table 1) within the a auditory cortex, 
b cerebellum. Bar graphs represent means (cells per mm2) ± SEM. 
Representative photos of ChAT (A,B,C,D) and GAD67 (E,F,G,H) 

expression patterns in the auditory cortex, using optical microscopy. 
DAB (brown color) and hematoxylin (blue color), magnification x40. 
Data were analyzed using either one-way ANOVA or Kruskal–Wal-
lis test with Dunn post-hoc test. (*p < 0.05; **p < 0.01; ***p < 0.001). 
Adnp+/+ male (n = 2); Adnp+/+ female (n = 3); Adnp+/− male (n = 3); 
Adnp+/− female (n = 3)
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in the mouse auditory cortex, cerebellum and hippocam-
pus. Enriched biological processes were found when 
analyzed according to the mouse genome, encompassing 
regulation of neurotransmitter levels and neurotransmitter 
biosynthesis (Fig. 5 enclosed table).

Discussion

As autism prevalence rises [2], early intervention is 
needed. There is a noted difficulty in early treatment onset 
as most children with ASD are diagnosed only at the age 
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Fig. 4   ASD and inflammation potential markers in the Adnp+/− 
mouse hippocampus. Brain sections from 5-month-old mice were 
stained for potential hippocampal abnormalities (Table  1) within 
the hippocampus (CA1). Bar graphs represent means (cells per 

mm2) ± SEM. Data were analyzed using either one-way ANOVA 
or Kruskal–Wallis test with Dunn post-hoc test. (*p < 0.05; 
***p < 0.001; ****p < 0.0001). Adnp+/+ male (n = 2); Adnp+/+ female 
(n = 3); Adnp+/− male (n = 3); Adnp+/− female (n = 3)

Mouse Human(a) (b)

Regula�on of neurotransmi�er levels 0.0306

Neurotransmi�er biosynthe�c process 0.0306

Biological Process color legend mouse

Fig. 5   Function enrichment and network analysis for proteins regu-
lated by the Adnp genotype. STRING protein–protein interaction 
network [19, 34] (https​://strin​g-db.org) was performed on proteins 
that were found to be regulated by the Adnp haploinsufficient geno-
type in the brain immunohistochemistry (Figs.  3, 4). Proteins were 
compared with either mouse (a) or human databases (b). a Two bio-
logical processes were found to be enriched in mouse and marked 
on the network according to the color legend. False discovery rates 

are also specified. The suggested newly-found connections between 
Adnp and other proteins are marked with black arrows. b Results 
from the human database present a similar protein network with an 
additional connection between VGLUT2 and ChAT proteins with no 
enriched biological processes found. Proteins are presented in accord-
ance to genome databases as follows: ADNP, FOXP2, PVALB, ChAT 
(CHAT), GAD67 (GAD1), VGLUT2 (SLC17A6) and CX32 (GJB1)

https://string-db.org
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of 2–4 years [45]. The reported children with the ADNP 
syndrome show many disorder manifestations includ-
ing ASD symptoms, facial features and tooth eruption 
abnormalities, severe motor and speech delay, hearing 
loss and neuronal and behavioral problems, with all chil-
dren presenting intellectual disabilities [14, 16, 21, 46]. 
The known ADNP mutations result in a truncated ADNP 
protein, excluding important functional properties, which 
may mimic the phenotype of the Adnp+/− mouse model. 
In a recent paper, NAP (CP201) therapeutic effects were 
demonstrated with tremendous impact on the development 
of postnatal mice, treated as early as one day of age [19]. 
NAP treatment was able to abolish motor developmen-
tal delays, vocal detriments and social behavior deficits 
by affecting the trajectory of intrinsic synapse formation 
and key gene expression patterns [19]. This further sup-
ports the need for early diagnosis of the ADNP syndrome, 
in particular, and ASD in general. As > 10% of children 
with the ADNP syndrome were recently reported suffering 
from hearing loss, the ABR hearing test was applied on 
the Adnp+/− mouse model. Importantly, the ABR hearing 
test was also suggested as a potential early marker for ASD 
risk, paving the path for prodromal diagnosis in infants 
[45]. The Adnp+/− mouse results corroborate the potential 
of the ABR test for an early diagnosis as we demonstrate 
aberrant click test results and higher hearing thresholds in 
Adnp+/− mice compared with littermates (Fig. 1A-B). Pro-
longed hearing latencies were also apparent but were non-
significant (Fig. 1C). As there were no known indications 
that ADNP may cause outer or middle ear deformations 
nor acute middle ear chronic inflammation, the ABR reg-
istered impairments were plausibly associated with insults 
located along the inner ear-auditory nerve-brain axis, as 
observed here by immunohistochemistry and gene expres-
sion analysis.

ADNP functions as an important transcription factor, 
regulating over 400 genes during development, vital for 
neural tube closure and brain development [10, 12]. This 
corresponds with evidence both in mice and humans show-
casing extensive physical deficits and abnormalities as early 
as infancy [14–16, 21, 46]. Thus, we tested the integrity of 
P0 Adnp+/− mouse ear hair cells for potential developmen-
tal irregularities. Immunohistochemistry in ear hair bundle 
cells in P0 Adnp+/− mice revealed normal morphological 
appearance and therefore probably is not part of the patho-
physiology found in the Adnp+/− auditory system function 
(Fig. 2). To further investigate the ADNP- hearing loss defi-
cit etiology, we have focused on two important auditory-
related brain regions, the auditory cortex and the cerebel-
lum, for potential significant changes in neurotransmitter/ 
synapse protein expression. Additional immune-staining 
was performed on the hippocampus as both the hippocam-
pus and the cerebellum possess great significance in ASD 

research. Several meaningful changes were reported. For 
ChAT, PVALB, VGLUT2, CX32, a significant decrease 
in expression levels was observed in association with the 
Adnp+/− genotype (Figs. 3, 4).

Acetylcholine (Ach) involvement in cortical sensory 
processing has been previously studied and found to play a 
major role in learning-induced plasticity as well as spontane-
ous firing rates in the auditory cortex [47, 48]. More specifi-
cally, ChAT activity has been linked to intense sound expo-
sure and significantly increased in the anteroventral cochlear 
nucleus granular region and the lateral superior olivary 
nucleus following intense sound exposure [42]. Interestingly, 
no such effect was found in auditory cortex, although ChAT 
activity was reported relatively high in auditory cortex of 
control hamsters [42]. A reduction in ChAT expression lev-
els was associated with impairments in spatial learning and 
memory in hippocampus and frontal cortex of the Japanese 
encephalitis rat model [49] as well as in the hippocampus of 
senile dementia of Alzheimer’s type [50]. This corresponds 
with our findings of a significant decrease in ChAT levels in 
all three tested brain regions in the Adnp+/− mouse.

PVALB is a calcium binding protein involved in Ca2+ 
homeostasis [51]. As previously stated, there is strong evi-
dence of relations between synaptogenesis, calcium-sign-
aling and ASD [18]. PVALB heterozygous and knockout 
mouse models exhibited significant behavioral ASD traits 
and neurodevelopment brain pathologies linked to altera-
tions in inhibitory and excitatory synaptic transmission [52]. 
One of the major anatomical brain pathologies observed by 
magnetic resonance imaging (MRI) was cerebellar hypo-
plasia in both PVALB−/− and PVALB+/− mice [52]. PVALB 
was also connected to age-related hearing loss (presbycu-
sis) C57bl/6 mouse model, whereas there was a significant 
reduction in parvalbumin expression in the primary auditory 
cortex (layers 1–5) with age [53]. In hippocampus PVALB 
deficiency enhanced inhibition, which in turn is suggested 
to affect cognitive functions related with gamma oscillations 
such as sensory information processing and perhaps learn-
ing and memory [51, 54]. Although PVALB was not shown 
to decline in response to Adnp+/− in the auditory cortex, it 
was decreased in both cerebellum and hippocampus, spe-
cifically in Adnp+/− males. With previous data advocating 
PVALB importance to cognition and hippocampus, it is pos-
sible that PVALB is related to the mechanism underlying the 
learning and memory deficiency in Adnp+/− males. ADNP 
was already proposed to affect voltage-dependent calcium 
channel expression both on transcriptional and translational 
levels [18]. This also aliens with the belief that in case of 
Adnp+/− mice, the males are more affected by the Adnp hap-
loinsufficiency in comparison with females [17–19].

Positive regulation of glutamatergic synaptic transmission 
was presented as one of the most enriched modified func-
tions affected by Adnp+/−, NAP treatment or sex differences 
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[19]. VGLUT, critical modulator of synaptic function and 
dendritic structure is also considered as the most reliable 
marker for glutamatergic neurons to-date [55, 56]. In our 
study, VGLUT2 levels were significantly decreased specifi-
cally in the Adnp+/− female brain. Similarly, VGLUT2 was 
previously shown to decrease in the cerebellum of lysoso-
mal storage disorders coupled with a significant delay in 
the acquisition of complex motor abilities [57]. Interest-
ingly, our model also portrays similar motor delays as well 
as sex dependent gait impairments [19]. Correspondingly, 
VGluT1 levels were also reported to significantly reduced, 
in whole mouse brain modeling Rett syndrome [55]. We 
did not observe significant changes for VGLUT1between 
Adnp+/− and Adnp+/+ littermates.

CX32 is a gap junction crucial for myelin function and 
structure in the peripheral nervous system (PNS) as well 
as implicated in myelin radial diffusion. Its expression in 
Schwann cells is regulated during development. Loss of 
CX32 function (mutations in GJB1 gene on chromosome 
X) is attributed to the manifestation of the X-linked Charcot-
Marie-Tooth disease (CMTX) causing sensory and motor 
peripheral neuropathy, affecting males more severally due 
to X-chromosome inactivation in females [58]. Cx32 is also 
expressed in the regenerative nerve and has been connected 
with seizures and epilepsy as well as potentially implicated 
in the pathophysiology of Rett syndrome [59, 60]. Neuroin-
flammation is known to be a hallmark in neuronal diseases 
such as Alzheimer’s disease and epilepsy [61]. ADNP has 
also been previously linked to inflammation [62] and poten-
tial peripheral blood inflammation biomarkers, ameliorated 
by NAP treatment in both Adnp+/− mice and the ADNP syn-
drome [19]. Here, we show a reduction in CX32 levels in 
both the cerebellum and hippocampus of Adnp+/− mice in 
a sex-dependent manner. This corroborated past finding of 
potential inflammation in the two regions. In the cerebellum, 
lack of CX32 together with CX47 was reported to cause an 
extrusive immune response [63]. In the hippocampus, CX32 
known to be expressed in the oligodendrocytes and neuronal 
subpopulations [61] and was shown to decrease in case of 
inflammation in the mouse following Exposure to high levels 
of glucocorticoids [64].

In contrary, GAD67 and FOXP2 were increased in the 
Adnp+/− mouse model (Figs. 3, 4). GAD67 has been pre-
viously associated with partial hearing loss and increased 
spontaneous neuronal activity in the guinea-pig brainstem 
[40]. Here, GAD67 was increased in the Adnp+/− female 
auditory cortex. Respectively, in total sensorineural hear-
ing loss condition, an increase in GAD67/65 protein levels 
was reported in the GABAergic presynaptic terminals in the 
auditory cortex, associated with increased activity and lower 
inhibition [41]. It was potentially suggested as a compensa-
tory response for the ineffective inhibitory synapses [41]. 
In a valproic acid rat model for autism, GAD67 expression 

levels were decreased in hippocampus and cerebellum and 
may underlay alterations in the excitatory-inhibitory balance 
in the cerebral cortex, hippocampus and cerebellum [65]. 
Surprisingly, in our model, GAD67 levels were increased 
in the Adnp+/−female hippocampus compared with Adnp+/+ 
and in the Adnp+/− female cerebellum compared with male 
Adnp+/−. GAD65 expression patterns also showing sex-
dependent significant differences in both the cerebellum and 
the hippocampus of Adnp+/+ mice.

FOXP2 is a gene linked with developmental disorders 
disrupting speech and language skills in humans, songbirds 
and rodents [32, 66–68]. FOXP2 was also suggested to be 
associated in the language disturbances found in autism 
[69]. FOXP2 increases in the presence of paired box pro-
tein (PAX6) [70], a protein regulated by Adnp during mouse 
brain formation [10]. Here, Foxp2 levels were elevated in the 
hippocampus of Adnp+/− mice, which may suit our previous 
findings of an increase in Foxp2 mRNA expression levels 
in the DISC1-mutated mouse hippocampus (schizophrenia 
mouse model) and a decrease following the ADNP snippet, 
NAP treatment [71], enhancing endogenous ADNP activity 
[38]. This may also support the notion that FOXP2 is related 
to ADNP and cognitive function in the hippocampus more 
specifically in males that are known to have a more severe 
autistic phenotype compared with females.

For Slc6a4, increased expression has been linked with 
ASD and found higher in Adnp+/− male hippocampus, com-
pared with Adnp+/+ [18]. Our present results identify a sex-
dependent difference in Slc6a4 expression in the cerebellum 
with significantly higher expression in male Adnp+/− com-
pared with female. Unexpectedly, we did not find similar 
changes in Slc6a4 in the hippocampus, corroborating past 
results. This may be explained by the age difference between 
the animals of both studies (5-months versus 9-months old), 
which was already demonstrated to have significant impact 
on Adnp’s role as a transcription regulator in mice [19]. 
More specifically, the age of mice was proven to affect 
ADNP-related regulation on other members of the Solute 
carrier family (Slc12a2, Slc9a3) in the hippocampus, cortex 
and spleen [19].

To establish ADNP-regulated protein networks, the 
STRING protein–protein interaction tool was applied. Being 
that ADNP affects ChAT, VGLUT2 and GAD67, linked to 
neurotransmission, it is not surprising that the enriched 
functions found in the mouse database were associated with 
neurotransmission regulation. ADNP was previously shown 
to regulate synaptogenesis, dendritic spine plasticity, axonal 
transport and calcium channels [17–19, 38]. FOXP2 and 
CX32, also regulated by the Adnp haploinsufficient geno-
type, were previously connected with synaptogenesis [72, 
73] as well as vocal-motor function (Foxp2) [67]. PVALB 
was suggested to potently modulate short-term synaptic 
plasticity [74]. Therefore, we hypothesize that ADNP causes 
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hearing and vocal malfunctions through its effect on synap-
togenesis, resulting in fewer mature synapses in the brain 
cortex (e.g. [19]) that may also occur in other brain regions, 
such as the cerebellum.

In previous studies we have demonstrated multiple sex-
dependent differences in the Adnp deficient mouse, which 
include for example: (1) vocal impediments (for saline-
treated mice), (2) motor, (3) gait, (4) axonal transport, (5) 
dendritic pathology and (6) sex-specific gene alterations 
[17–19]. Here, ABR test results further advance our hypoth-
esis in which ADNP affects synaptogenesis and brain func-
tion that in turn may translate into auditory brain response 
insults. Once more, the results changed in accordance to the 
mouse sex, with a more severe hearing malfunction observed 
in males. Furthermore, we have evaluated USV production 
in naïve Adnp pups (P8), adding on to our previous observa-
tions on daily-saline-treated mice [19]. Adnp+/− pups pro-
duced significantly less USV calls compared to control pups 
in both sexes. Surprisingly, in contrary to previous results 
in saline-treated Adnp+/− males (non-significant trend), the 
reduction in the number of USV calls in naïve Adnp+/− males 
was found to be statistically significant [19]. This may be 
explained by the mandatory daily pup-handling required 
for treatment. Importantly, both hearing impediments and 
vocalization impairments were shown here as associated 
with the ADNP syndrome in mice.

In past studies, a major part of the cerebellar connectiv-
ity has been identified as non-motor projections connect-
ing to cognitive and affective brain regions. The cerebel-
lum circuits were also found to be highly conserved among 
vertebrates [44]. It is proposed that the cerebellum plays 
an important role in the modification and fine tuning of the 
cortex, during development, in brain regions related to cog-
nition and affect in particular [44]. Moreover, the cerebel-
lum is argued to affect the development and organization of 
distant connection sites in the brain, which in turn might be 
disturbed as a cause of cerebellar malfunctions, develop-
mental diaschisis. In this manner, the cerebellum has been 
linked with ASD showing strong expression of ASD suscep-
tible genes in the human cerebellum during the first years 
of life. It was also classified as one of the most commonly 
found brain regions disarrayed in ASD patients and may be 
potentially enough to cause ASD if the impediment appears 
during early development [44]. Importantly, similar cogni-
tive and affective function irregularities were also described 
in animal models with cerebellar damage at a young age [44, 
75]. Interestingly, the ASD co-expressed susceptible genes 
were found to be strongly associated with neural circuitry 
and plasticity [44, 76], much like the ADNP gene, which was 
already found to directly affect the axonal transport as well 
as regulate dendritic spine formation and synaptic plastic-
ity [18, 19]. Cerebellar lesions were also proven to cause 
atypical social behavior, more so in young individuals than 

in adulthood [44]. In this respect, cerebellar lesions were 
reported to cause language delay or speech-generation defi-
cits in children and adults, accordingly. Remarkably, chil-
dren with ADNP- mutations were reported to suffer from 
severe delays in language acquisition while Adnp+/− mice 
were portrayed with significant sex-dependent vocal impedi-
ments, exhibiting less distressed calls in response to mater-
nal separation [14, 19, 21]. Also, Adnp+/− mice were also 
described with impaired gait, showcasing sex-dependent 
abnormalities in stand, step cycle and stride length [19]. 
These impediments were significantly affected by daily 
treatment with NAP (NAPVSIPQ; CP201), a short ADNP-
derived snippet, drug candidate [19, 28, 38, 77].

The cerebellum was found as part of an important net-
work, activated during auditory and verbal tasks [43, 78, 
79]. More importantly, is was named as the second highest 
activated region during auditory tasks, after auditory cortex, 
even in the absence of motor activation [80]. The cerebellum 
has been further connected to the auditory system, specifi-
cally to the tinnitus phenomenon, suggested as a potential 
tinnitus generator, alongside the auditory cortex [43, 81, 82]. 
Similarly, it has been identified as active during tinnitus in 
humans (imaging studies) [43, 83, 84]. Although much is 
still unknown, cerebellar connectivity and activation also 
indicate linkage to the auditory circuit, more specifically to 
the auditory cortex and cochlea [43, 85].

In conclusion, we find significant new similarities 
between the Adnp+/− mouse model and the ADNP syndrome 
characteristics. ADNP dysfunction resulted in ABR aberra-
tions and hearing loss in mice and humans. Immunostain-
ing further validated the important connection between 
autism and ADNP research as it revealed important changes 
in proteins associated with ASD, hearing loss and brain 
inflammation. We continuously show that the trajectory 
underlying ADNP deficiency pathophysiology is through 
its important role as a transcription factor throughout life 
as well as through its essential role in synapse formation 
and function. We believe that the continuation of this study 
will be of great interest, providing important data regarding 
the Adnp+/− mouse model relevance to ABR in infants with 
the ADNP syndrome in particular and ASD in general [86]. 
Furthermore, the Adnp+/− mouse model may become a rel-
evant platform to test therapeutic applications such as NAP 
(CP201), for effects on hearing loss and other ASD-related 
predicaments.
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