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Neurobiology of Disease

Altered Auditory Processing, Filtering, and Reactivity in the
Cntnap2 Knock-Out Rat Model for Neurodevelopmental
Disorders

Kaela E. Scott, “Ashley L. Schormans, Katharine Y. Pacoli, Cleusa De Oliveira, Brian L. Allman,*
and ©®Susanne Schmid*
Department of Anatomy and Cell Biology, Schulich School of Medicine and Dentistry, The University of Western Ontario, London, Ontario N6A 5C1, Canada

Sensory processing, and auditory processing in particular, is altered in individuals with neurodevelopmental disorders such as autism
spectrum disorders (ASDs). The typical maturation of the auditory system is perturbed in these individuals during early development,
which may underlie altered auditory reactivity that persists in later life. Of the many genes that regulate the auditory system development,
loss-of-function mutations in the CNTNAP2 gene are strongly associated with language processing deficits and ASD. Therefore, using a
novel Cntnap2 knock-out rat model, we tested the impact of Cntnap2 loss on auditory processing, filtering, and reactivity throughout
development and young adulthood in male and female animals. Although hearing thresholds were not altered in Cntnap2 knock-out
animals, we found a reduction in response amplitudes and a delay in response latency of the auditory brainstem response (ABR) in
juvenile Cntnap2 knock-out rats compared with age-matched controls. Amplitudes and latency of the ABR largely normalized by adult-
hood, indicating a delayed maturation of auditory processing pathways in Cntnap2 knock-out rats. Despite the reduced ABR amplitudes,
adolescent Cntnap2 knock-out animals displayed increased startle reactivity accompanied by disruptions in sensory filtering and sen-
sorimotor gating across various conditions, most of which persisted in adulthood. All of these observations show striking parallels to
disruptions reported in ASD. Our results also imply that developmental disruptions of sensory signal processing are associated with
persistent changes in neural circuitries responsible for implicit auditory evoked behavior, emphasizing the need for interventions that
target sensory processing disruptions early during development in ASD.
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(s )

This is the first study of brainstem auditory processing in a novel knock-out rat model with very high construct and face validity
for autism spectrum disorders. Electrophysiological and behavioral measures of implicit auditory-evoked responses were sys-
tematically taken across developmental stages. Auditory processing, filtering, and reactivity disruptions show striking similarities
to observations in autism. We also show for the first time that, whereas auditory brainstem responses normalize by adulthood,
disruptions in brainstem-mediated auditory-evoked behavior persist. This indicates that early developmental perturbations in
sensory processing can cause permanent maladaptive changes in circuitries responsible for auditory reactivity, underlining the
importance for interventions early during development aiming at normalizing sensory processing. j

ignificance Statement

Introduction
The auditory system undergoes tremendous remodeling and
plasticity in early development, which has a profound effect on
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how the adult brain handles acoustic information. The typical
maturation is perturbed in individuals with neurodevelopmental
disorders, such as autism spectrum disorder (ASD), which can
ultimately lead to long-term auditory processing deficits (for re-
view, see Sinclair et al., 2017). Apart from varying degrees of
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language impairment (Kjelgaard and Tager-Flusberg, 2001; De-
riziotis and Fisher, 2017), individuals with ASD have shown def-
icits in how their central auditory system processes the basic
features of sound (Hitoglou et al., 2010), including delayed neu-
rotransmission throughout the successive relay nuclei of the
brainstem (Wong and Wong, 1991; Rosenhall et al., 2003; Kwon
et al., 2007; Tas et al., 2007; Fujikawa-Brooks et al., 2010; Magli-
aro et al.,, 2010; Gongalves et al., 2011; Roth et al., 2012; Miron et
al., 2016). Furthermore, self-report questionnaires (Danesh et al.,
2015) and psychoacoustic testing (Khalfa et al., 2004) have pro-
vided evidence of increased sensitivity to sound in the autism
population. Related to this hyperacusis, the implicit (reflexive)
reactivity to acoustic stimuli, a behavioral measure reliant on
auditory brainstem function, is greater in some individuals with
ASD, as revealed by exaggerated responses to sudden sounds
(Chamberlain et al., 2013; Kohl et al., 2014; Takahashi et al.,
2016). At present, however, the developmental trajectory of these
electrophysiological and behavioral indices of auditory brains-
tem dysfunction has not been fully elucidated because they are
difficult to study longitudinally in patient populations. It is there-
fore not clear whether these deficits are already present in early
life, if they improve/worsen with age, or how auditory processing
disruptions affect auditory reactivity.

To date, a limited number of preclinical studies have exam-
ined ASD-related auditory processing deficits using rodents with
gene mutations linked to ASD. In 2011, Pefiagarikano et al. first
characterized a mutant mouse model with a loss-of-function mu-
tation of the contactin associated protein-like 2 gene (Cntnap2).
Homozygous loss-of-function mutations in CNTNAP2 are a rare
single gene cause for ASD (Strauss et al., 2006; Poot, 2017) and
multiple studies have identified various other CNTNAP2 muta-
tions being associated with, or a risk factor for, ASD and
language-related disorders (Alarcon et al., 2008; Arking et al.,
2008; Rodenas-Cuadrado etal., 2014, 2016; Murphy and Benitez-
Burraco, 2017; Poot, 2017). CNTNAP2, which codes for the
neurexin CASPR?2, is known to be in important in language de-
velopment in humans, with its structure and biological functions
appearing to be conserved (Abrahams et al., 2007; Newbury et al.,
2011; Whalley et al., 2011; Whitehouse et al., 2011; Poot, 2015).
CASPR?2 is highly expressed throughout the mammalian audi-
tory pathway within brainstem structures including the spiral
ganglion cells of the auditory nerve, cochlear nucleus, lateral su-
perior olive, paralemniscal nucleus, and the inferior colliculus in
mice (Gordon etal., 2016). In a series of studies, Cntnap2 mutant
mice showed reduced vocalizations and an impaired auditory
temporal processing (Penagarikano et al., 2011; Truong et al.,
2015). Despite the high construct validity of these Cntnap2 mu-
tant mice, it remains unknown how a deficiency in Cntnap2 af-
fects the time course of maturation of brainstem-mediated
auditory processing and behavior.

In the present study, we used genetically modified rats to
investigate the developmental trajectory of Cntnap2-related
deficits in electrophysiological and behavioral measures of
brainstem function in male and female juvenile, adolescent,
and adult Cntnap2 homozygous (Cntnap2 ~'~) and heterozygous
(Cntnap2*'~) knock-out animals compared with wild-type con-
trols (Cntnap2™'™). Consistent with electrophysiological testing
in humans, the four characteristic waves of the rat auditory brain-
stem response (ABR) to acoustic stimuli were used to assess hear-
ing sensitivity (i.e., hearing threshold), neural responsivity (i.e.,
ABR wave amplitude), and speed of neurotransmission (i.e., ABR
wave latency) across development, which provided an index of
the reliability of auditory information processing. Behaviorally,
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reflexive responses to startle-eliciting sounds were used to deter-
mine how Cntnap2 dysfunction affected the maturation of acous-
tic reactivity, sensory filtering (i.e., habituation), and sensorimotor
gating (i.e., prepulse inhibition, PPI). Overall, the present study
provides the first comprehensive investigation of the direct con-
tribution of the autism-linked gene CNTNAP2 to the develop-
ment of brainstem-mediated auditory processing and behavior
and, in doing so, has validated a new rat model for studying
auditory brainstem dysfunction with high relevance to neurode-
velopmental disorders.

Materials and Methods

Animals. Male and female Sprague Dawley wild-type (Cntnap2 /™),
heterozygous knock-out (Cntnap2*'~), and homozygous knock-out
(Cntnap2 ') rats were used in this study. Mutant breeders were ob-
tained from Horizon Discovery and wild-type breeders from Charles
River Laboratories. Experimental animals were obtained from the fol-
lowing crossings: Cntnap2 '~ rats from homozygous knock-out
crossings; Cntnap2 '~ rats from crossings of wild-type and Cntnap2 ~/~
rats; and wild-type rats from wild-type crossings. Animals from a mini-
mum of three litters of a given genotype were used in all experiments.
Date of birth was designated as postnatal day zero (P0). Rats were weaned
on P21 and sexes were separated on P35. Rats were housed in a
temperature-controlled room on a 12 h light/dark cycle with ad libitum
food and water. Electrophysiological and behavioral testing was per-
formed during the light phase of the cycle (lights on at 07:00 h) and across
age to gain insight into developmental changes in sensory processing.
The electrophysiological assessment of the ABRs was performed at three
time points in each rat: juvenile (P28 or P29; referred to as P28), adoles-
cent (P42 or P43; referred to as P42), and adulthood (P70 or P71; referred
to as P70). The behavioral assessment of auditory brainstem function, as
well as spontaneous locomotor activity, was assessed when rats were
between P36 and P41 (referred to as P38) and between P72 and P85
(referred to as P78). All experimental procedures were approved by the
University of Western Ontario Animal Care Committee and were in
accordance with the guidelines established by the Canadian Council on
Animal Care.

ABRs. The level of sound-evoked electrical activity in the brainstem
was measured using an established protocol (Schormans et al., 2016) to
assess hearing sensitivity, neural responsivity, and speed of neurotrans-
mission in juvenile, adolescent, and adult rats of the three genotypes
(wild-type: 10 males, 7 females; Cntnap2 */7: 11 males, 11 females; and
Cntnap2 ~/7: 12 males, 10 females). Rats were anesthetized with ket-
amine (P28: 40 mg/kg or P42 and P70: 80 mg/kg, i.p.) and xylazine (P28:
2.5 mg/kg or P42 and P70: 5 mg/kg, i.p.) and placed in a double-walled
sound-attenuating chamber. Subdermal electrodes (27 gauge; Rochester
Electro-Medical) were positioned at the vertex (active electrode), over
the right mastoid process (reference electrode), and on the midback
(ground electrode; Fig. 1A). Throughout the electrophysiological assess-
ment, body temperature was maintained at ~37°C using a homeother-
mic heating pad (507220F; Harvard Apparatus).

The acoustic stimuli used in the ABR assessment consisted of a click
(0.1 ms) and 2 tones (4 kHz and 20 kHz; 5 ms duration and 1 ms rise/fall
time), which were generated using a Tucker-Davis Technologies RZ6
processing module sampled at 100 kHz. A magnetic speaker (MFI;
Tucker-Davis Technologies) positioned 10 cm from the animal’s right
ear was used to deliver the stimuli and its left ear was blocked with a
custom foam plug. The acoustic stimuli were each presented 1000 times
(21 times/s) at decreasing intensities from 90 to 40 dB sound pressure
level (SPL) in 10 dB SPL steps and at 5 dB SPL steps from 40 dB SPL to 5
dB SPL. At the lower sound intensities, each stimulus was presented
twice. Consistent with previous studies, each rat’s hearing sensitivity (i.e.,
ABR threshold) for the click and tonal stimuli was determined using the
criterion of just noticeable deflection of the averaged electrical activity
within a 10 ms window (Popelar et al., 2008; Abitbol et al., 2016; Schor-
mans et al., 2016; Fig. 1B). Before the ABR assessment, the acoustic
stimuli were calibrated with custom MATLAB software (The Math-
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stimulus used to determine hearing threshold. The last noticeable deflection of the averaged electrical activity can be seen at 25 dB SPL. C, D, Representative ABR trace from a wild-type animal in
response to a 90 dB SPL click stimulus depicts the four characteristic ABR waves in rats and the measurement for peak amplitudes and latencies (black bars).

Works) using a 1/4-inch microphone (2530; Larson Davis) and pream-
plifier (2221; Larson Davis).

The sound-evoked activity associated with the ABR assessment was
collected using a low-impedance head stage (RA4L1; Tucker-Davis
Technologies), preamplified and digitized (RA16SD Medusa preamp;
Tucker-Davis Technologies), and sent to a RZ6 processing module via a
fiber-optic cable. The signal was filtered (300-3000 Hz) and averaged
using BioSig software (Tucker-Davis Technologies). The peak ampli-
tudes of each of the characteristic positive waves of the rat ABR were
measured in microvolts in reference to the baseline (0 wV; Fig. 1C) and
the latency of each of these peaks was determined from the stimulus onset
(Fig. 1D). Because ABR waves IV/V are often described as a complex,
with wave V riding on wave IV (Alvarado et al., 2012), for a wave peak to
be analyzed, it must have a preceding and following trough less than its
maximum. This resulted in the consistent presence of peaks for waves
I-IV at 90 dB SPL. Interpeak latencies were calculated by subtracting the
timing of the respective peaks (e.g., wave IV — wave II). The experi-
menter was blinded to the animal’s genotype for all analysis associated
with the ABR assessment.

Acoustic startle responses (ASRs). To investigate the developmental
maturation of brainstem-mediated responses to startle-eliciting sounds,
rats of the three genotypes were tested at P38 and P78.

The assessment of acoustic reactivity, sensory filtering, and sensori-
motor gating was conducted in sound-attenuating startle boxes (LE116;
Panlab) using the StartFear system (Panlab) and STARTLE software
module (PACKWIN-CSST, PACKWIN version 2.0; Panlab). Animals
were placed into large plastic tubes, and set on a weight transducing
platform in the sound-attenuating chamber. Before the behavioral pro-
cedures associated with the ASR (i.e., acoustic reactivity, sensory filter-
ing, and sensorimotor gating) animals were handled and acclimated to
the startle boxes over three 10 min sessions. During these acclimation
sessions, only background noise (60 dB SPL, white noise) was presented
to the animals.

Following acclimation, behavioral procedures were conducted over
3 d. On day one, each animal’s acoustic reactivity was assessed by deter-

mining the relationship between the intensity of a given acoustic stimu-
lus and the magnitude of the elicited motor response. By exposing rats to
11 acoustic stimuli of increasing intensity from 65 to 115 dB SPL in 5 dB
SPL steps (20 ms white noise with 5 ms rise/fall time, every 60 s presented
on top of white background noise), the startle threshold was determined,
as well as the maximum startle reactivity for the three genotypes of
rats at the two ages (P38 and P78; (wild-type: 12 males, 10 females;
Cntnap2 /7. 16 males, 16 females; Cntnap2 /= 8 males, 12 females).
For each animal, the peak amplitude of the startle response was recorded
at each sound level and the results were averaged across females or males
for each genotype (see Fig. 5A).

On days two and three, the rats were acclimated to the startle boxes for
5 min. To determine the impact of Cntnap2 knock-out on sensory filter-
ing, the rats were then repeatedly presented a startle-eliciting stimulus
and the degree that their startle response habituated was compared across
the genotypes. Thirty startle stimuli (20 ms white noise at 105 dB SPL; 5
ms rise/fall time) were presented with a randomly varying intertrial in-
terval (ITL: 12, 15, or 18 s) during a continuous background noise (60 dB
SPL white noise). Habituation was assessed from the first 8 trials on day
two in all three genotypes at both P38 (wild-type: 11 males, 11 females;
Cntnap2 +/7:14 males, 15 females; Cntnap2 =/~ 12 males, 14 females)
and P78 (wild-type: 12 males; 8 females; Cntnap2 /7. 15 males, 16 fe-
males; Cntnap2 /7. 8 males, 12 females; see Fig. 6A). A habituation score
was calculated for each animal using the following formula:

Habituation score

(maximum startle magnitude trial 7 + maximum startle magnitude trial 8)/2

maximumstartle magnitude trial 1

Next, sensorimotor gating was assessed by measuring the amount that
each rat’s startle response was attenuated (i.e., PPI) when the startle
stimulus (pulse) was preceded by a brief, nonstartling stimulus (pre-
pulse). Subsequently to habituation, PPI was assessed as follows: over a
total of 50 additional trials, the startle stimulus (20 ms white noise at 105
dB SPL; 5 ms rise/fall time) was presented alone or following an acoustic
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prepulse stimulus (10 ms white noise at either 75 dB SPL or 85 dB SPL; 5
ms rise/fall time). During a continuous background noise (60 dB SPL
white noise), prepulses were presented 30 or 100 ms (i.e., the interstimu-
lus interval, ISI) before the startle stimulus for maximum PPI (Ison et al.,
1973; Graham, 1975; Graham and Murray, 1977; Hoffman and Ison,
1980; Valsamis and Schmid, 2011; Typlt et al., 2013; Pinnock et al., 2015;
Zaman et al., 2017). In total, the animals were randomly presented 10
trials of each stimulus type (startle alone; 75 dB at 30 ms ISI; 75 dB at 100
ms ISI, 85 dB at 30 ms ISI, and 85 dB at 100 ms ISI), with the trials
separated by a randomly varying ITIs (12, 15 or 18 s; see Fig. 7A). The
relative percentage of PPI was calculated using the maximum startle
amplitudes as follows:

repulse pulse
%PPI = <1 - (17177}7)) X 100%
pulse alone

In addition to measuring changes in startle magnitude to assess PP, the
latency of the startle response was also measured in trials with/without
the prepulse as an increased latency to the maximum startle amplitude is
indicative of sensorimotor gating (Hoffman and Wible, 1970; Ison et al.,
1973). The relative changes in latency were calculated as the time to reach
the maximum startle magnitude on startle pulse-alone trials subtracted
from that during prepulse trials (i.e., positive values represented an in-
crease in latency on prepulse trials; Lyall et al., 2009; Marriott et al., 2016;
see Fig. 8A). The amplitude and latency measures of PPI from days two
and three were grouped based on trial type and averaged to obtain a
single value for all five prepulse conditions per animal. Ultimately, to
assess the developmental changes in sensorimotor gating, PPI was mea-
sured at P38 and P78 in the three genotypes (wild-type: 10 males, 9
females; CntnapZ”fs 15 males, 16 females; Cntnapi/fs 8 males, 12
females).

Locomotor activity. Rats (wild-type: 12 males, 10 females; Crtnap2*'~.
16 males, 16 females; Cntnap2 /= 8 males, 12 females) were tested at
P38 and P78. Locomotor testing took place on day two at least 1 h before
acoustic startle testing (described above) in a dimly lit room to which the
animals were acclimated. Rats were placed in a 20 cm X 20 cm locomotor
box (Versamax) to freely explore for 20 min. Total distance traveled
(meters) and velocity (meters/s) were used as measures of hyperactivity
and the proportion of time spent in center of the locomotor box was used
as an index of anxiety. Locomotor data were tabulated, parsed into 5 min
blocks for each rat, and then averaged for the respective experimental
groups.

Immunohistochemistry. Wild-type male animals at ages P28 (n = 3),
P42 (n = 3), and P70 (n = 3) were killed by intravenous injections of an
overdose of sodium pentobarbital (Euthanyl Forte; Bimeda-MTC Ani-
mal Health) and intracardially perfused with 0.9% saline followed by 4%
paraformaldehyde (PFA). The brains were harvested, postfixed in PFA
for 1 h, and stored in 30% sucrose until sliced into 40 pum slices using a
freezing microtome (KS34S; Thermo Fisher Scientific). Slices were di-
vided into 4 parallel series and stored at —20°C in cryoprotectant solu-
tion (30% sucrose, 30% ethylene glycol, and 5% of 0.01% sodium azide
in 0.1 M PB). To assess the expression of CASPR2, the Cntnap2 gene
protein product, immunolabeling was performed on free-floating tissue
sections. Before free-floating immunohistochemistry, as well as in be-
tween all incubations with antibodies, all slices were thoroughly rinsed in
0.1 M PBS. Slices were pretreated with a 1% H,O, in 0.1 m PBS for 10 min,
then blocked for 1 h in 10% normal goat serum (NGS) (Thermo Fisher
Scientific catalog #50197Z) before incubation with primary antibody
overnight (anti-Caspr2, clone K67/25(1:100, mouse; Millipore) in a so-
lution of 0.1 M PBS with 1% NGS. Next, sections were incubated
with biotinylated secondary antibody (1:500; anti-mouse, vector,
AB_2336171; MJS BioLynx) in 1% NGS solution for 1 h at room tem-
perature. Sections were then processed using avidin-biotin complex so-
lution in PBS (1 h at room temperature, 1:1000; Vectastain Elite ABC
Kit, pk 6100; AB_2336819) and labeling was visualized using 3,3’-
diaminobenzidine tetrahydrochloride (DAB) solution (0.04% H,0,, 0.2
mg/ml DAB; D4293, Sigma-Aldrich). Tissue was then mounted onto
positively charged glass slides, dried overnight, dehydrated in increasing
alcohol, cleared in xylene, and coverslipped with DPX mounting me-
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dium (Millipore, HX55746679). Imaging was performed using a Nikon
Eclipse Ni-U upright microscope with a DS-Qi2 high definition color
camera and imaging software NIS Elements Color Camera (Nikon).
Experimental design and statistical analysis. The main objective of the
present study was to investigate the developmental trajectory of auditory
deficits in electrophysiological and behavioral measures of brainstem
function in juvenile, adolescent, and adult Cntnap2 homozygous
(Cntnap2~'~) and heterozygous knock-out (Cntnap2™'~) and wild-
type rats of both sexes. Therefore, electrophysiological and behavioral
testing was performed on at least seven rats from each genotype and sex
at P28, P42, and P70 (electrophysiology) or at P38 and P78 (behavior).
Various types of split-plot randomized complete block designs with re-
peated measures were used (Altman and Krzywinski, 2015). To compare
differences between genotypes across age for all experiments, general
linear model repeated-measures analyses (three- or four4-way factorial
design, with multiple within-subject and between-subject variables) were
performed using a univariate model approach. More specifically, age
(P28, P42 and P70; P38 and P78) and, in some experiments, stimulus
type (various levels) were included as within-subject factors, whereas
genotype (Cntnap2 ~'~, Cntnap2™'~, and wild-type) and sex (male and
female) represented the between-subject factors. The Mauchly test was
used to determine whether the data violated the sphericity assumption.
In the case of a violation, the degrees of freedom were corrected using the
Greenhouse—Geisser (if € < 0.75) or the Huynh—Feldt method (if ¢ >
0.75). Main effects and interactions were assessed, followed by post hoc
simple main effect analysis for the overall effect of genotype and ¢ tests
using the Bonferroni correction to further investigate specific differences
between wild-type animals and either Cntnap2 '~ or Cntnap2 ™'~ rats
at a given age. Differences were considered statistically significant when
p-values (adjusted) were smaller than a = 0.05. In all experiments, in-
teractions involving genotype or a main effect of genotype were of utmost
interest. For most measures collected, heterozygous rats did not differ
significantly from wild-types, so they were not included in figures. Data
analyses were performed with Microsoft Excel 2010 and graphical display
was completed with GraphPad Prism 6.01 and Inkscape 0.92.1 software.
SAS/STAT version 9.4 was used for statistical analysis (SAS Institute).

Results

Animals

Before the ABR testing, rats were weighed and the differences in
body mass was analyzed (age X sex X genotype). A three-way
interaction was observed (F, 94,5 = 3.92, p = 0.005), and a
simple main effect analysis for genotype revealed that only males’
body mass differed between genotypes at P42 (F, 14y = 18.3,p <
0.0001, 7p2 = 0.25) and P70 (F5 1,9, = 39.0, p < 0.0001, 5p2 =
0.42). Ultimately, post hoc t tests revealed that Cntnap2 ~'~ males
had alower body mass than wild-types in adolescence (P42, wild-
type: 232.2 + 3.17 g; Cntnap2 ~'~: 205.6 = 3.47 g; p < 0.0001)
and adulthood (P70, wild-type: 447.1 + 3.17 g Cntnap2 ' :
412.5 £ 3.47 g; p < 0.0001). In contrast, the body mass of
Cntnap2 ™'~ rats did not differ from wild-types (data not shown).

ABRs

Hearing thresholds

To determine whether hearing sensitivity throughout develop-
ment differed between genotypes, the ABR thresholds to a click, 4
kHz, and 20 kHz stimulus were compared at P28, P42, and P70
(age X sex X sound type X genotype; Fig. 2). This analysis re-
vealed a significant interaction of sound type X genotype (F(4 ;o)
= 3.41, p = 0.011), a main effect of age (F,,,9) = 3.25, p =
0.043), and no effect of sex (F(, 55y = 1.07, p = 0.31). Surprisingly,
post hoc tests revealed that heterozygous (Cntnap2 */7)ratshad a
slightly lower hearing threshold (i.e., better hearing sensitivity) to
the 20 kHz stimulus in adulthood compared with wild-types (p <
0.001; data not shown). In contrast, the ABR thresholds for the
three stimuli (i.e., click, 4 kHz, and 20 kHz) were not significantly



8592 - J. Neurosci.,

October 3, 2018 - 38(40):8588 - 8604

Scott et al. @ Auditory Processing in Cntnap2 '~ Rats

P28 P42 P70
50+ 50+ 50+ e wildtype

. * Cntnap2 ™"
T 404 .o 401 40-

w 0000 i L] E ] e0e eoe L] L]

% 30 "= emwe . 30 o= anes . . 304 o w—— e eeee

E L] o000 L] LX) L J L] RS L] L] o0 L] L]

_8 204 — L 204 — eee oo 204 — eese ooo

g mme 0 = . 00 oo . — RS L X ] Y —
'-E 104 oo oo 104 . eee eoeo 104 . e

Click 4 kHz 20 kHz Click 4 kHz 20 kHz 0 Click 4 kHz 20 kHz
Sound stimulus Sound stimulus Sound stimulus

Figure2. (ntnap2 '™ ratshave typical hearing thresholds. Scatter plot of click, 4 kHz, and 20 kHz stimulus thresholds for individual wild-type (blue) and Cntnap2 ~/~ (red) animals as juveniles

(P28), adolescents (P42), and adults (P70). Mean is represented by a horizontal line. ABR thresholds showed no differences between wild-type and knockout animals for all stimuli tested.

A e wildtype y
® Cntnap2™"
P28 P2 P70 e
W\ J 20U
B 0.5ms
P28 N P42 N P70 N
6.0 1 6.0 1 6.0~ |
s f.:’o. o o.o.o . .:.. o
c s bt 4.0 =l 4 4.0 o oot
kel ° ® o o, ®oe ) —r
=] 0o 0 e °® oo LTy h) e g
= LA 0e® —%e e “Soe ° °
a e ""27' e 5 -.--'—1.. L 0.. 5. ° o
E 2.0 1 ...:... 00:’ .:.. 2.0 coge® .'..: 0q0°® 2.0 .: ..:. ...’..:.
&b 1.70 1.12 9.0 °1.75 1.24 — 2.23 2.07
' Peak | Peak IV Peak | Peak IV ' Peak | Peak IV Peak | Peak IV ' Peak | Peak IV Peak | Peak IV
Peaks
Figure3. (ntnap2 ~'" rats exhibit a region-specific reduction in neural responsivity in the auditory brainstem across development. 4, Raw averaged ABR waveforms of wild-type (blue) and

Cntnap2 ~'~ (red) animals to a 90 dB click stimulus. Dashed lines depict the difference in wave IV amplitude between genotypes. B, Scatter plot of absolute peak amplitudes of waves | and IV of the
evoked response at P28, P42, and P70. Individual data are plotted and means are represented by a horizontal line. Cntnap2 '~ rats show a persistent reduction in the amplitude of wave IV,
representing activity of neurons in the lateral lemniscus terminating at the inferior colliculus. The peak IV: ratio is presented above the x-axis to provide an indication of central gain change across
age, illustrating the near recovery of Ctnap2 ~'~ rats wave IV amplitude through development. Asterisks indicate p << 0.05.

different between Cntnap2 ~'~ rats versus wild-types at the three
age groups tested (P28, P42, and P70; Fig. 2), indicating that the
homozygous deletion of Cntnap2 did not affect hearing levels
throughout development.

Peak amplitudes and latencies

The rodent ABR consists of four prominent waves, which are
thought to represent synchronized neural activity in the auditory
nerve, cochlear nucleus, superior olivary complex, and lateral
lemniscus (Church and Kaltenbach, 1993; Popelar et al., 2008;
Alvarado et al., 2012). In humans, the ABR waves approximating
the auditory nerve (wave I), cochlear nucleus (wave III), and
lateral lemniscus (wave V), corresponding to the rat waves I, II,
and IV, are of importance when studying individuals on the au-
tism spectrum (Wong and Wong, 1991; Rosenhall et al., 2003;
Kwon et al., 2007; Tas et al., 2007; Fujikawa-Brooks et al., 2010;
Magliaro et al., 2010; Gongalves et al., 2011; Roth et al., 2012;
Miron et al., 2016). Therefore, using data derived from the 90 dB
SPL click stimulus, we analyzed the peak amplitude of waves I and
IV (age X sex X peak number X genotype), absolute latency of
waves I through IV (age X sex X peak number X genotype), and
interpeak latencies (IPLs) between waves I and II (I-II IPL) as
well as ITand IV (II-IV IPL, age X sex X genotype). In addition,

wave III peak amplitudes were assessed because they visually ap-
peared to differ between genotypes.

When comparing neural response of ABR waves I and IV, a
3-way interaction was found between age X peak number X
genotype (F, ,,0) = 5.76, p = 0.0003), suggesting differential
central gain changes over development between the genotypes. A
main effect of sex (F, 55 = 9.44, p = 0.003) was also found.
Subsequently, a significant genotype X age interaction was found
for both peak I and IV amplitude (peak I: Fg,,0) = 15.5, p <
0.0001, np2 = 0.53; peak IV: Fg 1,4, = 40.5, p < 0.0001, p2 =
0.75). Taken further, the simple main effect of genotype followed
by post hoc t tests revealed the effect of Cntnap2 on ABR peak
amplitudes throughout development. Indeed, the wave IV peak
amplitudes, but not wave I peak amplitudes, were smaller in
Cntnap2~'~ rats compared with wild-types at all ages (P28: p <
0.0001, P42: p < 0.0001, P70: p = 0.023; Fig. 3). This reduction of
the wave IV peak amplitude in the homozygous knock-out rats
was not sex dependent because there was no genotype X sex
interaction (F, s5y = 1.04, p = 0.36). Interestingly, this reduction
of wave IV peak amplitude in the Cntnap2 '~ rats decreased as
they aged, as evidenced by the smaller effect size found in adults
(P70: Fp 110y = 13.2, p < 0.0001, 7p2 = 0.19) compared with
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Table 1. Statistical table for ABR wave Il peak amplitudes and corrected post hoc t
test
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Table 2. Statistical table for the simple main effect of genotype on ABR peak
latency for a given peak and age

Genotype Age Mean (V) SEM (V) p-value Peak Age F-statistic p-value Effect size
Wild-type 28 0.58 0.065 — 1 28 4.42 0.010 0.03
(ntnap2 e 28 1.21 0.065 <<0.0001 42 241 0.090 —
Cntnap2 - 28 1.35 0.075 <<0.0001 70 6.55 0.002 0.04
Wild-type 42 0.10 0.065 — 2 28 178.25 <<0.0001 0.32
(ntnap2 e 42 0.46 0.065 0.008 42 9.09 0.0001 0.05
Cntnap2 - 42 0.91 0.075 <<0.0001 70 3.51 0.03 0.02
Wild-type 70 —033 0.065 — 3 28 173.63 <<0.0001 0.51
(ntnap2 e 70 —0.21 0.065 — 42 43.95 <<0.0001 0.21
Cntnap2 - 70 0.18 0.075 <<0.0001 70 4.64 0.010 0.03
Amplitudes are presented in microvolts relative to baseline. t test for a given age compare either the heterozygous 4 28 262.98 <20.0001 0.61
knockout or homozygous knockout animals wotj wild-types. Heterozygous (ntnap2 */~ are different from wild- 42 4443 <<0.0001 0.21
types in young ages, but not in adulthood, whereas differences from wild-types persist in homozygous 70 1.85 0.160 —

Cntnap2 /", suggesting a potential gene-dose effect.

adolescents (P42: F, ,,) = 37.7, p < 0.0001, #7p2 = 0.41) and
juveniles (P28: F, ;o) = 72.5, p < 0.0001, #p2 = 0.57). This
lower genotype effect observed with age was also reflected in the
ratio of peak IV/peak I amplitude, where the ratio in the
Cntnap2 '~ rats approached that of the wild-types in adulthood
(Fig. 3), indicating a normalization of ABR amplitudes upon
adulthood. ABR peak amplitudes in Cntnap2™'~ rats did not
differ from the wild-types (data not shown).

Though the wave representing the superior olive is not often
assessed in human ASD literature, we observed wave III peak
amplitude differences and therefore included them in our analy-
sis. A significant genotype X age interaction was found (F, ;o) =
4.38, p = 0.003), with no effect of sex (F, 55 = 0.46, p = 0.5). The
simple main effect of genotype followed by post hoc t tests (Table
1) revealed that the loss of Cntnap2 affected peak III amplitudes
throughout development (P28: F, ;,9) = 36.8, p < 0.0001, p2 =
0.40; P42: F(5 110y = 32.7, p < 0.0001, yp2 = 0.37; P70: F(p 119y =
14.3, p < 0.0001, 7p2 = 0.21).

In addition to the amplitude of the ABR waves, the latency to
reach each of the prominent peaks was analyzed (age X sex X
peak number X genotype). We observed a genotype effect on
peak latency that was dependent on both age and peak number
(three-way interaction between peak X age X genotype; F4 5 151
= 5.52, p < 0.0001), but there was no main effect of sex (F(, 55, =
0.25,p = 0.622). As evidenced with the effect size calculations, the
influence of genotype on the peak latencies appeared to be com-
pounded in the ABR trace such that the later waves showed
greater and more persistent slowing across age than the earlier
waves (age X genotype interaction, peak I: Fg 3555 = 11.4, p <
0.0001, 7p2 = 0.22; peak II: F(g 550, = 74.6, p < 0.0001, 5p2 =
0.64; peak III: Fg 355, = 209.8, p < 0.0001, p2 = 0.84; peak IV:
F(g.330) = 338.6, p < 0.0001, #p2 = 0.89). Put simply, the geno-
type effect on latency was most prominent in young animals at
the later-occurring peaks and this effect lessened with age
(Table 2).

As shown in Figure 4, A and B, post hoc t tests revealed that
Cntnap2~'~ rats in particular had increased peak latencies com-
pared with wild-types when young (peak II, P28: p < 0.0001; peak
I, P42: p = 0.02; peak III, P28: p < 0.0001; peak III, P42: p <
0.0001; peak IV, P28: p < 0.0001; peak IV, P42: p < 0.0001),
which disappeared upon maturation so that there were no longer
any latency differences in adulthood. Finally, this delayed matu-
ration of the speed of neurotransmission throughout the audi-
tory brainstem was only observed in the homozygous knock-out
rats, ABR peak latencies were not increased in the Cntnap2 ™/~
rats. In fact, compared with wild-types, the Cntnap2™/~ rats

Effect sizes are greater in the later peaks and overall decrease with age. Degrees of freedom: 2; error degrees of
freedom: 330.

showed modestly shorter latencies (i.e., faster neurotransmis-
sion) for ABR waves III and IV as juveniles (P28, p < 0.0001; data
not shown).

The effect of the loss of Cntnap2 on the IPLs between waves
I-IT and II-IV were examined separately (age X sex X genotype).
Age was found to influence the effect of genotype (F4 0y = 5.40,
p = 0.0005) such that the strength of the genotype effect on I-I1 IPL
decreased with age (P28: F(, 1,9y = 67.0,p < 0.0001, 7p2 = 0.55; P42:
Fionio) = 23.9, p < 0.0001, 7p2 = 0.30; P70: Fi5 110 = 17.0, p <
0.0001, #p2 = 0.24) with no main effect of sex (F, 55y = 3.46,p =
0.07). Whereas the Cntnap?2 */~ rats were again not different
from wild-types (data not shown), the Cntnap2 '~ rats had a
longer wave I-1I IPL than wild-types at all ages (P28: p < 0.0001;
P42: p < 0.0001; P70: p < 0.0001; Fig. 4C). Similarly, an age X
genotype interaction was found for IPLII-IV (F 4 ;) = 6.45,p =
0.0001), with post hoc tests revealing that Cntnap2 '~ animals
had a significantly longer IPL at only P28 (p = 0.0096; Fig. 4D).
Interestingly, Cntnap2 ™'~ animals had a slightly shorter IPL than
wild-types at P28 (p = 0.002; data not shown).

Acoustic reactivity

To assess acoustic reactivity throughout development, startle re-
sponse magnitudes to a series of startle pulses of increasing vol-
ume (65—115 dB in 5 dB SPL increments) were measured and
analyzed (age X sex X startle pulse level X genotype). All of the
three-way interactions involving genotype were found to be sig-
nificant (age X startle pulse level X genotype: F(i537.454.44) =
2.35, p = 0.004; sex X startle pulse level X genotype: F(,( 50,373.73)
= 2.35, p = 0.008; age X sex X genotype: F(; 45y = 3.23, p =
0.046). Because an animal’s body mass can affect its startle re-
sponse magnitude (and body mass was found to vary with age
and sex in the present study), we subsequently analyzed the sim-
ple main effect of genotype for males and females at both ages P38
and P78. Collapsing across startle pulse level ultimately revealed
genotype differences in adulthood for both females (F, 4 =
8.46, p = 0.0005, #p2 = 0.20) and males (F(, 45 = 27.4, p <
0.0001, »p2 = 0.45; Fig. 5B). To summarize the results,
Cntnap2 ~'~ rats of both sexes showed increased acoustic reactiv-
ity compared with wild-types (female: p = 0.007; male: p <
0.0001), which could be visualized as a leftward shift in the rela-
tion between startle response magnitude and intensity (Fig. 5).
Interestingly, this increased acoustic reactivity in the Cntnap2 ~/'~
rats became more robust as animals aged, as evidenced by the
increased effect size of the startle pulse level X genotype interac-
tion found in adulthood compared with adolescence for both
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Figure4. (ntnap2 '~ rats exhibit reduced brainstem neurotransmission speed when young, which matures by adulthood. A4, Raw averaged traces of the ABR waveform to a 90 dB SPL click
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IPLII-IV. Cntnap2 '~ rats show a prolonged IPL |1l that only partially recovers, whereas the IPL II-IV delay fully recovers with age. Asterisks indicate p < 0.05.

females (P72: F3, 650y = 37.7, p < 0.0001, #7p2 = 0.64; P38:
Fi32.680) = 16.0, p < 0.0001, 7p2 = 0.43) and males (P72: F3, cg0)
=58.3, p < 0.0001, 7p2 = 0.73; P38: Fi35 e50) = 17.6, p < 0.0001,
7p2 = 0.45). Most notably, adult male Cntnap2 ~'~ rats showed a
considerable increase in acoustic reactivity compared with wild-
types at moderately loud sound intensities of 85 dB SPL (p <
0.0001), 90 dB SPL (p < 0.0001), and 95 dB SPL (p = 0.019; Fig.
5B). Cntnap2*'~ rats did not differ from wild-types in acoustic
reactivity (data not shown).

Habituation

To assess sensory filtering, short-term habituation of the startle
response was measured across the first eight startle trials of the
test day and analyzed (age X sex X genotype). A main effect of
genotype was found at P38 (F, ;,, = 5.25, p = 0.008), in which
adolescent Cntnap2 ™'~ rats habituated significantly less than
wild-type animals (p = 0.011; Fig. 6B). The extent of short-term
habituation was further quantified by normalizing the average of
the last two startle responses of each animal to its initial startle
response to calculate a habituation score. A main effect of geno-
type was found for the habituation score (F(,,,, = 5.50, p =
0.006), with post hoc t tests revealing a significant difference only
between Cntnap2 ~'~ and wild-type rats at P38 (p = 0.012; Fig.
6C). No differences were found between genotypes at P78 in
habituation of startle magnitude across trials (F(, ¢4y = 0.83, p =
0.441; Fig. 6B) or in the habituation score (F(, ¢4 = 0.09, p =

0.911; Fig. 6C). Therefore, sensory filtering was only impaired in
young Cntnap2 '~ rats.

PPI

The effect of Cntnap2 knock-out on sensorimotor gating
throughout development was assessed using PPI of startle. The
relative amount of PPI (%PPI) elicited by two prepulse stimulus
levels at two different ISIs was analyzed (prepulse type X age X
genotype X sex). This analysis revealed a four-way interaction
(Fs.3.1606) = 2.24, p = 0.049), with genotype interacting with
prepulse type and age, but not sex (prepulse type X genotype:
Fiy85155.06 = 973, p < 0.0001; age X genotype: F, ¢4y = 15.4,
p < 0.0001; genotype X sex: F, 4y = 0.80, p = 0.453). These
significant interactions were further explored by collapsing
across sex to examine the effect of genotype across age for the four
different prepulse types (i.e., 75 dB at 30 ms ISI, 75 dB at 100 ms
IS, 85 dB at 30 ms ISI, and 85 dB at 100 ms ISI). Using analyses of
simple main effects, it was found that the genotypes differed for
the majority of the prepulse types used in the present study, with
increased effect sizes in adulthood (Table 3). Ultimately, post hoc
t tests confirmed that the Cntnap2 ~'~ rats showed a significant
PPI deficit for the 75 dB, 100 ms condition early during develop-
ment (P38: p < 0.0001) and that this deficit extended to all pre-
pulse conditions by adulthood (P78: 75 dB SPL, 30 ms: p <
0.0001; 75 dB SPL, 100 ms: p < 0.0001; 85 dB SPL, 30 ms: p =
0.0026; 85 dB SPL, 100 ms: p < 0.0001; Fig. 7C). Therefore, the
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Figure 5.  Acoustic reactivity is increased in adult Cntnap2 ~~ rats compared with wild-types. A, Positioning of rat in startle tube apparatus set on a movement sensitive platform with an
overhead speaker emitting the acoustic startle stimulus (left). Right diagram depicts three representative raw acoustic startle stimuli (65, 95, and 115 dB SPL) and corresponding ASR traces from an
adult male wild-type rat as measured by the STARTLE software module. Black bars denote the ASR magnitude and green bars indicate the 500 ms ASR recording window. B, Male (top) and female
(bottom) animals’ startle response magnitude to decibel levels from 65 to 115 dB SPL in wild-type (blue) and Cntnap2 '~ (red) animals at P38 (left) and P78 (right) plotted as means + SE. Young
Cntnap2 ~'~ animals are no different from wild-types; however, a significant acoustic startle reactivity deficit appears in adult males and females. A leftward shift of the input/output curve is
observed in (ntnap2 /™ rats, which is indicative of increased reactivity to the acoustic stimuli and is especially apparent at the 85, 90, and 95 dB SPL startle pulses in adult (ntnap2 ~/~ males.

Asterisks indicate p << 0.05.

homozygous knock-out of Cntnap2 impaired sensorimotor gat-
ing as assessed by the relative level of PPI during youth and this
impairment worsened with age. Cntnap2 ¥/~ rats were largely no
different from wild-types and only showed slightly increased PPI
in adulthood at the 85 dB, 100 ms prepulse condition (p =
0.018).

As a complement to the assessment of PPI, we also examined
the change in latency to the maximum startle response in trials
with versus without a prepulse. Although there was no interac-
tion of all four factors (prepulse type X age X genotype X sex),
there was a significant three-way interaction between prepulse
type, age and genotype (Fg 195 = 2.47, p = 0.025). As shown in
Table 4, there was a simple main effect of genotype for most of the
prepulse types; however, there were no clear trends in the effect
size across age. Overall, post hoc tests confirmed that, compared
with wild-types, Cntnap2 '~ rats® startle latencies did not in-
crease in trials that included a prepulse, findings indicative of
impaired sensorimotor gating. This lack of latency increase was

apparent during the 75 dB, 30 ms prepulse trials in the young
Cntnap2~'~ rats (p = 0.001). Moreover, a persistent deficit was
observed in both 85 dB conditions in the young and adult
Cntnap2 ~/~ rats (85 dB SPL, 30 ms, P38: p < 0.0001; 85 dB SPL,
30 ms, P78: p = 0.018; 85 dB SPL, 100 ms, P38: p < 0.0001; 85 dB
SPL, 100 ms, P78: p < 0.0001; Fig. 8C). Heterozygous
(Cntnap2™'™) rats were not different from wild-types in any con-
dition (data not shown).

Locomotor activity

To evaluate the effect of Cntnap2 on locomotion and anxiety-like
behavior, locomotor activity was evaluated in 5 min time bins for
a total of 20 min. Distance traveled and velocity were used as
measures of activity (time bin X age X genotype X sex). Al-
though there were no 4- or 3-way interactions found involving
the distance traveled, a significant interaction existed between
genotype X time bin (F, o7,135.5) = 5.51, p = 0.0003), as well as a
main effect of age (F; 5y = 4.36, p = 0.041). To further explore
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this interaction, data were collapsed A

across sex and the effect of genotype was 100
considered with respect to time bin and
age. Therefore, a simple main effect anal-
ysis revealed an effect of genotype, but
only in the first time bin at both ages (P38:
Fianon = 32.3, p < 0.0001, p2 = 0.24;
P78: Fy 000 = 27.7, p < 0.0001, 5p2 =
0.21). Ultimately, post hoc tests showed
that Cntnap2 ™'~ rats initially traveled a
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Similar to the aforementioned results,
a significant interaction between geno-
type and time bin was found for the veloc-
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p = 0.0004, np2 = 0.07). Ultimately, post C
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Figure 6.  Sensory filtering as measured by short-term habituation of the ASR is perturbed in young knock-out rats. A, Repre-
sentative raw ASR traces from an adult male wild-type rat depicts the decrease in ASR magnitude (black bars) to the repeated
presentation of the startle pulse (105 dB SPL) as measured by the STARTLE software module. Green bars indicate the 500 ms ASR
recording window. B, Wild-type (blue) and Cntnap2 ~/~ (red) animals’ normalized startle response magnitudes at P38 and P78

like behavior. A main effect of age (F(; 65)  across eight subsequent trials. Values <<1.0 are indicative of habituation of the startle response. Ctnap2 '~ animals show no
= 22.90, p < 0.0001) was found, with no  declinein response magnitude at P38. €, Individual habituation scores, taken as the average of the last two trials divided by that of
main effect of genotype or interactions. the first, at P38 and P78 of the respective genotypes are displayed with the horizontal line representing the mean score. A score
There was, however, a trend for an inter-  <1.0 is indicative of habituation of the startle response. Cntngp2 ~/~ animals do no habituate across trials compared with
action between genotype X time bin wild-type animals during adolescence. Asterisks indicate p << 0.05.

(F(6 204y = 2.03, p = 0.064). We therefore

examined the simple main effect of genotype for young and adult
animals in each time bin. In adolescence, the genotypes differed
in their spent more time in the center in the last 15 min and adults
in the last 5 min of the 20 min testing sessions, although the
effects were small (Table 5) and did not reach significance in
corrected ¢ tests.

CASPR?2 expression

To establish the presence of CASPR2 in the auditory and startle
structures of interest, immunohistochemistry was performed
across age in wild-type animals (Fig. 10). At all three ages,
CASPR2 staining can be observed in the dorsal cochlear nucleus

Table 3. Statistical table for the simple-main effect of genotype on percentage PPI

Prepulse type Age F-statistic p-value Effect size
75dBSPL 38 6.65 0.002 0.06
30ms 78 36.7 <<0.0001 0.28
75dB SPL 38 35.0 <<0.0001 0.27

100 ms 78 94.2 <0.0001 0.50
85dB SPL 38 0.29 0.752 —
30ms 78 22.2 <<0.0001 0.19
85dB SPL 38 343 0.034 0.03

100 ms 78 59.6 <<0.0001 0.38

Effect sizes for each prepulse stimulus type increased with age. Degrees of freedom: 2; error degrees of freedom: 192.
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Sensorimotor gating measured as percentage PPl revealed a gating deficit that worsens with age. 4, Representative raw ASR traces from an adult male wild-type rat depicts the ASR

magnitude (black bars) to a startle pulse (105 dB SPL) alone or preceded by a prepulse stimulus (75 dB SPL, 100 ms ISI) as measured by the STARTLE software module. Green bars indicate the 500
ms ASR recording window. B, Because startle reactivity can affect sensorimotor gating (Csomor et al., 2008), differences in baseline startle magnitude were calculated using the startle-only trials
during PPI blocks and analyzed (age XX genotype X sex). A three-way interaction was found (F, 5, = 3.32, p = 0.043). Because sex did not interact with genotype (F, 54) = 2.76,p = 0.071),
age (F, 64 = 3.88, p = 0.053), or have amain effect (F, 50 = 3.84, p = 0.054), the simple main effect of genotype and post hoc t tests were analyzed at P38 and P78. (ntnap2 ~/~ rats (red) had
asignificantly greater startle response magnitude to the 105 dB startle stimulus compared with wild-type rats (blue) despite being the same weight or less (P38, p = 0.026; P78, p < 0.0007; see
above). Scatter plots depictindividual data, with the horizontal line representing the mean ASR magnitude. Cntnap2 *~ rats did not differ from wild-types at P38 or P72 (datanot shown). €, Scatter
plots depicting individual data for each prepulse condition, with the horizontal line representing the mean percentage PPl in wild-type (blue) and Cntnap2 ~’~ (red) animals at P38 and P78.
Cntnap2 ~' rats exhibit reduced PPl in the 75 dB SLP, 100 ms IS| prepulse condition when young, which extends to all conditions upon adulthood, indicative of a sensorimotor gating deficit that
worsens with aging. Asterisks indicate p << 0.05.

(DCN; —11.04 to —11.28 bregma), the caudal pontine reticular
nucleus (PnC; —10.08 to —10.20 bregma), the superior olivary

Discussion
To our knowledge, the present study represents the first system-

complex (—10.08 to —10.20 bregma), the cochlear nerve (8n;
—10.08 to —10.20 bregma), the ventral cochlear nucleus (—10.08
to —10.20 bregma), the pedunculopontine tegmental nucleus
(PPT; —8.16 to —8.28 bregma), and the dorsal nucleus of the
lateral lemniscus (—8.16 to —8.28 bregma).

atic longitudinal investigation of brainstem auditory processing
and auditory reactivity disruptions in an animal model for ASD
with very high construct and face validity. It is also the first report
on sensory processing and reactivity of the novel Cntnap2 knock-
out rat model. Neural measures of hearing sensitivity, responsiv-
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Table 4. Statistical table for the simple main effect of genotype on the change in
latency to maximum startle response for a prepulse stimulus type and age

Prepulse type Age F-statistic p-value Effect size
75dB SPL 38 12.5 <<0.0001 0.12
30ms 78 0.58 0.560 —
75dBSPL 38 3.01 0.051 —
100 ms 78 8.44 0.0003 0.08
85dBSPL 38 53.1 <0.0001 0.36
30ms 78 19.8 <<0.0001 0.17

85 dB SPL 38 39.9 <<0.0001 0.29

100 ms 78 39.5 <0.0001 0.29

Degrees of freedom: 2; error degrees of freedom: 192.

Scott et al. e Auditory Processing in (ntnap2 '~ Rats

ity, and speed of transmission, as well as behavioral measures of
acoustic reactivity, filtering, and sensorimotor gating were as-
sessed to allow a broad understanding of auditory brainstem dys-
function and the behavioral consequences thereof. We found that
the homozygous knock-out rats have typical hearing sensitivity
(threshold), but reduced auditory evoked neural responsivity and
slowed signal transmission throughout different levels of the
brainstem in adolescence. Behaviorally, animals showed in-
creased reactivity to acoustic stimuli and disruptions in habitua-
tion and PPIL Interestingly, the disruptions in auditory signal
processing mostly disappeared by adulthood, indicating that they
are caused by a delay in maturation of the auditory pathway,
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Sensorimotor gating measured by the latency to ASR. A, Representative raw ASR traces from an adult male wild-type rat as measured by the STARTLE software module depicting the

latency to ASR (black bars) elicited by a startle pulse of 105 dB SPL presented alone or preceded by a prepulse stimulus (75 dB SPL, 100 msISI). Green bars indicate the 500 ms ASR recording window.
B, No differences in the latency to baseline ASR peak were found because there was no main effect of genotype (F, ¢,y = 0.28, p = 0.755) nor any interactions involving genotype. Therefore, any
latency effects observed when a prepulse was presented are not confounded by baseline startle differences. Scatter plots depict individual data, with the horizontal line representing the mean ASR
latency. €, Values >1indicate an increased latency to the ASR compared with the startle pulse only condition. Scatter plots depict individual data for each prepulse condition, with the horizontal line
representing the mean latency change. Cntnap2 '~ rats’ (red) ASRlatency does not increase to the same degree as wild-type ats’ (blue) in the 75 dB, 30 ms prepulse condition at P38 and this deficit

can be seen in the 85 dB conditions in young and adult animals. Asterisks indicate p << 0.05.
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Locomotor measures of hyperactivity and anxiety. 4, Exploratory behavior was measured using 5 min bins for a total time of 20 min in wild-type (blue) and Cntnap2 ~/~ (red) rats at

P38and P78. Scatter plot depicts individual data with horizontal line representing the mean distance traveled. At both P38 and P78, Cntnap2 ~'~ ratstravel a greater distance in the first 5 min epoch
compared with wild-type rats, indicative of a hyperactive phenotype that does habituate over time. B, Percentage time spent in center was used as a measure of an anxiety-like phenotype. Scatter
plot depicts individual data with horizontal line representing the mean distance traveled. Asterisks indicate p << 0.05.

Table 5. Statistical table for the simple main effect of genotype on the percentage
of time spent in the center of a locomotor box for a given time bin and age

Time bin Age F-statistic p-value Effect size
0-300 ms 38 0.22 0.80 —

78 1.36 0.26 —
300-600 ms 38 7.0 0.001 0.064

78 0.49 0.61 —
600-900 ms 38 ERN 0.047 0.03

78 131 0.27 —
900-1200 ms 38 6.23 0.002 0.058

78 6.89 0.001 0.063

Degrees of freedom: 2; error degrees of freedom: 204.

whereas increased behavioral reactivity and disruptions in
sensorimotor gating persisted in adulthood. The minor differ-
ences in heterozygous knock-out animals compared with
wild-types are also important because humans with disrup-
tions in the CNTNAP2 gene other than a complete loss-of-
function present with minor language problems and milder
forms of neurodevelopmental disorder (Whalley et al., 2011;
Whitehouse et al., 2011; Poot, 2015).

Brainstem responsivity and reactivity
ABR wave amplitudes were assessed to determine whether the
peripheral brainstem (I: cochlear nerve) versus central brain-

stem (IV: lateral lemniscus terminating at the inferior collicu-
lus) responsivity was affected in Cntnap2 knock-out animals.
In cases of peripheral deficits such as cochlear synaptopathy,
loss of auditory nerve fibers, or noise-induced hidden hearing
loss, reduced wave I amplitudes have been reported (Sergey-
enko et al., 2013; Bourien et al., 2014; Shi et al., 2016). Because
we observed no differences in the amplitude of wave I between
Cntnap2 '~ and wild-type animals, we suggest that peripheral
auditory function is preserved in these animals (Fig. 3). This is
further supported by the lack of ABR threshold differences
(Fig. 2). However, acoustic startle reactivity, which is a behav-
ioral read-out of brainstem auditory signaling (Fig. 10), is
increased in knock-out animals and this worsens with age, as
indicated by the leftward shift of the startle reactivity curve
(Fig. 5B). Therefore, the underlying mechanism for the over-
reactivity in Cntnap2 knock-out animals must occur outside
of the primary auditory pathway, possibly in the sensorimotor
interface of the startle pathway, the PnC, where cochlear root
neurons synapse on premotor neurons (for review, see Koch,
1999; Larrauri and Schmajuk, 2006; Simons-Weidenmaier et al.,
2006; Fig. 10, green). Importantly, both the electrophysiological
and behavioral phenotypic pattern reported here parallel those
reported in individuals with ASD (for review, see Sinclair et al.,
2017).
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Figure 10.

CASPR2 expression across development. Representative images of CASPR2 expression in wild-type rats at P28 (A), P42 (B), and P70 (C) in the dorsal cochlear nucleus (DCN; i), caudal

pontine reticular nucleus (PnG; i), superior olivary complex (SOC; ii), cochlear nerve (8n; iv), ventral cochlear nucleus (VCN; v), PPT (vi), and the dorsal nucleus of the lateral lemniscus (DNLL; vii). Scale

bars are 500 um in the large images and 200 um in the small images.

Interestingly, whereas ASR magnitudes increase during devel-
opment, habituation of this response improves with age. Startle
habituation is a normalized measure and therefore can be quan-
tified independently from changes in baseline startle. Baseline
startle responses rely on the glutamatergic excitation of PnC giant
neurons, whereas habituation relies on synaptic depression at
the axon terminals of the sensory afferents in the PnC, likely
mediated by voltage- and calcium-activated potassium chan-
nel function (Ebert and Koch, 1992; Weber et al., 2002; Simons-
Weidenmaier et al., 2006; Zaman et al., 2017; Fig. 11). Given the
presence of CASPR2 in cochlear root neurons as well as the giant
neurons of the PnC (Fig. 10) and its association with potassium
channels (Kv1.2) at the soma membrane or axon initial segment
(Inda et al., 2006; Dawes et al., 2018), one can speculate that
CASPR?2 affects startle through influencing PnC excitability and

that it interferes directly with startle habituation through its func-
tion in clustering potassium channels.

An analysis of the activity thought to arise from the superior
olivary complex (ABR peak III) shows a clear effect of genotype
across age, with differences persisting but decreasing with devel-
opment. The ABR wave representing the lateral lemniscus/infe-
rior colliculus in humans is more variable and therefore is not
often studied because of its lack of clinical applicability (Rosen-
hall et al., 2003). However, alterations in peak amplitude hold
important information about the number, individual contribu-
tion, and synchronization of neuronal components because al-
terations in any of these factors can lead to differences in wave
amplitudes. It remains to be determined which of these aspects is
disrupted in Cntnap2 knock-out rats. Differences in the wave IV:1
ratio can provide an indication of gain changes in the brainstem;
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plitudes such that higher baseline startle is
accompanied by poorer inhibition by pre-
pulses (Csomor et al., 2008). However,
significant correlations were, for the most
part, not observed between PPI and base-
line startle in wild-type or knock-out
animals in any prepulse condition (excep-
tion: Cntnap2 ~'~, P78, 75 dB SPL 100 ISI
condition: R* = 0.203, p = 0.046). It re-
mains to be determined to what extent
PPI deficits are caused by aberrant signal
processing in the higher brainstem due to
the disruptions during development as a
result of the loss of Cntnap2, by the higher
baseline startle, or by additional top-
down modulatory effects from cortical ar-
eas. In any case, this same pattern has been
described in humans with autism, in
whom increased startle reactivity is ac-
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IC - Inferior colliculus

PPT - Pedunculopontine tegmental nucleus
LDT - Laterodorsal tegmental nucleus

SOC - Superior olivary complex
CN - Cochlear nucleus

PnC - Caudal pontine reticular nucleus

ASR - Acoustic startle response

Figure 11.

Larrauri and Schmajuk, 2006; Yeomans et al., 2006).

Table 6. Auditory brainstem response descriptive table for the wave IV:| ratio
analysis

Genotype Rats with ratio <<1 (%) Range Mean SEM
(ntnap2 ~'~ 47.1 0.65-1.77 1.12 +0.08
Wild-type 0.0 130-2.18 1.70 #+0.05

therefore, the smaller ratio reported in young Cntnap2 '~ rats
indicates that the central brainstem specifically is less responsive
during development, but eventually normalizes with age (Fig. 3).
A single study in the ASD population has looked at a similar
phenomenon and reported that children (age 2—6 years) with
ASD and language delay exhibited higher amplitudes of wave 1
than wave V (35%) more frequently than the control group (San-
tos et al., 2017). Amazingly, the Cntnap2 '~ rats show the same
pattern at P28, such that 47% have a larger wave I than wave IV
amplitude (resulting in a wave IV:I ratio <1.0) compared with
0% of wild-type (Table 6).

Importantly, sensorimotor gating relies on these central com-
ponents of the auditory brainstem. For example, lesioning the
inferior colliculus causes both a greater startle response and pre-
vents inhibition of startle by a prepulse (Leitner and Cohen,
1985). PPI is impaired in knock-out rats (Figs. 7, 10), so the
reduced PPI might directly reflect the reduced responsivity of
wave IV, which may be caused by signal strength loss if synapses
are not properly developed (Poot, 2015; Murphy and Benitez-
Burraco, 2016). This is more evident in the 75 dB prepulse con-
dition at both ages because, at greater prepulse intensities (i.e., 85
dB), there might be a saturation of startle inhibition (ceiling ef-
fect). Interestingly, the wave IV amplitudes improve with age
whereas PPI deficits persist. This persistent PPI deficit may be
caused by the increased baseline startle in knock-out animals
because the amount of PPI is influenced by baseline startle am-

Generalized circuit outlining relevant auditory brainstem structures. The measures of hearing sensitivity, neural
responsivity, and speed of neurotransmission were obtained from the ABR. Acoustic reactivity and sensory filtering (i.e., habitua-
tion) rely on the acoustic reactivity pathway and sensorimotor gating is dependent on the interplay of both circuits (Koch, 1999;

companied by a PPI deficit (Perry et al.,
2007). Furthermore, the top-down mod-
ulation by higher auditory areas
via the PPT have been shown to affect
both the baseline magnitude of the ASR as
well as its inhibition by prepulse stimuli
(Fendt et al., 2001; Larrauri and Schma-
juk, 2006; Fig. 10, blue). Therefore, the
Cntnap2~'~ rats’ PPI deficit is likely a re-
sult of aberrant neural brainstem respon-
sivity to stimulus intensity and increased
acoustic startle reactivity.

Speed of neurotransmission and startle response latency

The speed of neural transmission in the inner ear and auditory
nerve has implications for latency to maximum startle response.
Knock-out animals show typical startle latencies, suggesting that
the synapse from the inner hair cells to the auditory nerve, syn-
apses in the cochlear root, axonal conduction, as well as synaptic
transmission along the motor part of the startle pathway are not
affected in terms of speed (Fig. 10, green). This is consistent with
our finding that the wave I latency was also normal in Cntnap2
knock-out animals. In humans with autism, prolonged startle
response latencies have been reported; however, startle measures
in humans normally measure an electromyogram of the eye-
blink reflex, which is one component of the overall startle and
might be dependent on a slightly different neural circuit (Yuhas
etal,, 2011; Takahashietal., 2014, 2016). In contrast to these early
auditory processing stages that were not affected in knock-out
animals, we found an increased latency between the auditory
nerve (wave I) and cochlear nucleus (wave II) that seemed to at
least partly persist into adulthood, suggesting deficits in either
axonal conduction time and/or the synapse onto the cochlear
nucleus (i.e., endbulb of Held; Rosenhall et al., 2003). Studies of
Cntnap2 knock-down mice showed no differences in the conduc-
tion velocity or refractory periods of the optic or sciatic nerves.
Importantly, there is a close correspondence between synapse
function and ABR maturation and the endbulb of Held synapse
has been shown to be crucial for temporal precision (Blatchley et
al., 1987; Poliak et al., 2003; Yu and Goodrich, 2014). This is
particularly relevant given Cntnap2’s function in synapse devel-
opment and maintenance and thus synaptic transmission in de-
veloping neurons (Poot, 2015; Murphy and Benitez-Burraco,
2016). Importantly, Kv1 channels with which CASPR?2 is associ-
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ated contribute to the precise temporal pattern of synaptic trans-
mission are present in high concentrations in the soma of cells
within the cochlear nucleus and exhibit an age-related increase in
mRNA level expression before leveling off at P56 (Bortone et al.,
2006; Robbins and Tempel, 2012). Therefore, altered synaptic
function is the more likely cause for the increased IPL I-II, as
well as for the delay in subsequent ABR waves. The Cntnap2 '~
rat is first rodent model to recapitulate the slowed brainstem
neurotransmission reported in ASD (Wong and Wong, 1991;
Rosenhall et al., 2003; Kwon et al., 2007; Tas et al., 2007;
Fujikawa-Brooks et al., 2010; Magliaro et al., 2010; Gongalves et
al., 2011; Roth etal., 2012; Miron et al., 2016). The slower IPL I-II
partially and both the prolonged IPL II-IV and absolute latencies
of wave II, 111, and IV of Cntnap2 ~/~ animals fully normalize by
adulthood (Fig. 4, Table 1), suggesting that this reflects a delay in
brainstem development, which, again, has been reported to be
associated with ASD (Fuess et al., 2002; Amorim et al., 2009).
Studies have also found a delayed maturation of cortical auditory
processing in autism (Gage et al., 2003; Edgar et al., 2015). Given
that cortical development relies on the brainstem, it is highly
likely this phenotype is also present in Cnntnap2 ~'~ animals and is
an exciting consideration for future studies.

Studies in rats exploring the neural substrates of sensorimotor
gating have noted that prepulse effects on startle latency occur
separately from PPI (i.e., startle amplitude), so PPI deficits can-
not simply reflect reduced prepulse detection because latency
modulation may still remain intact (Ison et al., 1973; Swerdlow et
al., 1992). Two previous studies support this conclusion because
the presence of PPI deficits in animal models of schizophrenia
was not associated with differences in startle latency (Lyall et al.,
2009; Marriott et al., 2016). This is further exemplified in the
present study, in which Cntnap2 ~/~ rats exhibited greater base-
line startle responses without effects on latency (Figs. 8, 9A).
Startle latency typically increases in PPI trials with ISIs >30 ms
(Ison et al., 1973; Hoffman and Ison, 1980; Fig. 8B). Although
mostly confirmed in our wild-type controls, Cntnap2 '~ ani-
mals did not only show deficient PPI (amplitudes), but also a lack
of increased latencies in PPI trials; in fact, latency sometimes
decreased. Because latency and amplitude manipulations by pre-
pulse stimuli are thought to be independent phenomena (Hoff-
man and Ison, 1980; Hutchison et al., 2000), these results suggest
robust deficits in sensorimotor gating in the knock-out animals.

Comparison with other animal models of autism

Our collective results are consistent with much of what is ob-
served in individuals with autism; however, they do differ from
findings in the Cntnap2 knock-out mice. Behaviorally, no startle
differences were reported in Cntnap2 knock-out mice and PPI
differences vary with experimental protocol (Pefiagarikano etal.,
2011; Brunner et al., 2015; Truong et al., 2015). Our results also
differ from studies on Fmrl knock-out mice and rats, a model for
fragile X syndrome. With respect to the ABR, fragile X mice show
smaller wave I and III peak amplitudes and no latency differences
(Rotschafer et al., 2015). Behaviorally, Fnr1 knock-out rats show
typical startle responses and no significant PPI differences. How-
ever, results in the mouse literature vary, with some showing
increased startle responses to low intensity sounds as found in
our Cntnap2 knock-out rats, but reduced startle to high intensity
sound (Nielsen et al., 2002; Hamilton et al., 2014; Sinclair et al.,
2017). Adult mice with a FOXP2 missense mutation exhibit a
more similar pattern to the juvenile Cntnap2 knock-out rats, with
prolonged ABR latencies and reduced wave I and IV amplitudes
(Kurt et al., 2009). This is promising because FOXP2 transcrip-
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tion factor regulates CNTNAP2 gene expression (Vernes et al.,
2008; Rodenas-Cuadrado et al., 2014; Poot, 2015), revealing a
common path for auditory dysfunction. Last, the greater locomo-
tor activity observed in this study is consistent with previous
studies in the Cntnap2 knock-out rats, as is the observed presence
of motor seizures in the adult rats (Thomas et al., 2016). Interest-
ingly, other rodent models with knocked out Kv1.1 or Kv1.2 also
have a seizure pathology, highlighting the potential importance
of examining potassium channel function as a mechanism for
altered excitability in ASD (Robbins and Tempel, 2012).

Overall, our findings show that alterations in sensory process-
ing during early development due to the delayed maturation of
the auditory pathway are associated with alterations in behavioral
reactivity that persist in adulthood, emphasizing the need for
early interventions targeting sensory processing to prevent po-
tential maladaptive behavioral changes. Our results also validate
a new rat model for studying auditory system dysfunction with
high relevance to ASD (Poot, 2015, 2017; Servadio et al., 2015).
Future studies need to explore cellular and molecular mecha-
nisms that can be targeted to rectify altered auditory processing
and behavioral reactivity.
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