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Differences in Startle and Prepulse Inhibition in Contactin-associated
Protein-like 2 Knock-out Rats are Associated with Sex-specific
Alterations in Brainstem Neural Activity

Alice Zheng, Kaela E. Scott, Ashley L. Schormans, Rajkamalpreet Mann, Brian L. Allman " and Susanne Schmid *
Anatomy & Cell Biology, Schulich School of Medicine & Dentistry, University of Western Ontario, Canada

Abstract—The contactin-associated protein-like 2 (CNTNAP2) gene encodes for the CASPR2 protein, which plays
an essential role in neurodevelopment. Mutations in CNTNAP2 are associated with neurodevelopmental disor-
ders, including autism spectrum disorder and schizophrenia. Rats with a loss of function mutation in the Cntnap2
gene show increased acoustic startle response (ASR) and decreased prepulse inhibition (PPI). The neural basis of
this altered auditory processing in Cntnap2 knock-out rats is currently unknown. Auditory brainstem recordings
previously revealed no differences between the genotypes. The next step is to investigate brainstem structures
outside of the primary auditory pathway that mediate ASR and PPI, which are the pontine reticular nucleus
(PnC) and pedunculopontine tegmentum (PPTg), respectively. Multi-unit responses from the PnC and PPTg
in vivo of the same rats revealed sex-specific effects of loss of CASPR2 expression on PnC activity, but no effects
on PPTg activity. Female Cntnap2~/~ rats showed considerably increased PnC firing rates compared with female
wildtypes, whereas the difference between the genotypes was modest in male rats. In contrast, for both females
and males we found meager differences between the genotypes for PPTg firing rates and inhibition of PnC firing
rates, indicating that altered firing rates of these brainstem structures are not responsible for decreased PPI in
Cntnap2~/~ rats. We conclude that the auditory processing changes seen in Cntnap2~/~ rats are associated with,
but cannot be fully explained by, differences in PnC firing rates, and that a loss of function mutation in the Cnt-
nap2 gene has differential effects depending on sex.© 2023 The Author(s). Published by Elsevier Ltd on behalf of IBRO.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

The contactin-associated protein-like 2 gene, CNTNAP2,
is an essential gene for neuronal development (Anderson
et al.,, 2012) that is highly expressed in sensory brain
regions (Gordon et al., 2016). Mutations in CNTNAP2
are associated with many neurodevelopmental disorders
such as autism spectrum disorder, schizophrenia, and

region of myelinated axons (Poliak et al., 1999). CASPR2
is important during development, playing a role in neu-
ronal migration (Strauss et al.,, 2006); in dendritic
arborization, spine development, and synaptic stabiliza-
tion (Anderson et al., 2012); and in determining firing rates
and network activities (Pefnagarikano et al., 2011). Previ-
ous studies from our lab showed that rats with a loss of
function mutation in the Cntnap2 gene have increased

intellectual disability (Rodenas-Cuadrado et al., 2014).
CASPR2, the protein product of CNTNAP2, is a
neurexin-like protein involved in the clustering of
voltage-gated potassium channels in the juxtaparanodal
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neurons; CN, cochlear nucleus; IC, inferior colliculus; SC, superior
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reactivity to sound as measured through the acoustic star-
tle response (ASR) and decreased sensorimotor gating
as measured through prepulse inhibition (PPI; Mdéhrle
et al., 2021; Scott et al., 2018, 2020), paralleling similar
findings in autistic people and people with schizophrenia
(Erturk et al., 2016; Cheng et al., 2018; Swerdlow et al.,
2018). Given the face and construct validity of the Cnt-
nap2~/~ rat model, this provides an opportunity to further
investigate the neural mechanisms underlying disruptions
in ASR and PPI, and therefore to better understand the
neural basis of altered sensory processing in neurodevel-
opmental disorders.

In considering how a functional loss of Cntnap2 could
contribute to disruptions in ASR and PPI, it is important to
note that CASPR2 is normally expressed in the cochlear
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nucleus, inferior colliculus, and superior olivary complex
(Gordon et al., 2016), as well as the pontine reticular
nucleus (PnC) and the pedunculopontine tegmental
nucleus (PPTg; Scott et al., 2018), brain regions known
to participate in ASR and/or PPI. The primary ASR neural
pathway involves cochlear root neurons, giant neurons in
the PnC, and motor neurons (Lee et al., 1996; Lingenhdhl
and Friauf, 1994; Fig. 1). After receiving signals from spi-
ral ganglion cells in the inner ear, cochlear root neurons
innervate PnC giant neurons, which then activate motor
neurons, ultimately causing the muscle contractions of
the startle response (Lingenhohl and Friauf, 1994). The
proposed PPI neural pathway involves cochlear neurons
projecting to the inferior colliculus, which then signals to
the superior colliculus, which signals to the PPTg (Koch,
1999). The PPTg is thought to then mediate PPI through
sending inhibitory signals to the PnC (Koch, 1999).

In our first effort to understand the disruptions in ASR
and PPl observed in Cntnap2~~ rats, we previously
recorded the auditory brainstem response (ABR) in
homozygously-bred Cntnap2~/~ rats (Scott et al., 2018)
to investigate if the disruptions were due to alterations in
the magnitude or speed at which sound-evoked activity
is relayed through the auditory pathway (i.e., from the
auditory nerve to the inferior colliculus). Although adult
Cntnap2~/~ rats showed exaggerated ASRs and reduced
PPl compared with wildtypes, they did not demonstrate
differences in their hearing thresholds to acoustic stimuli,
nor did they show increased sound-evoked activity along
their successive auditory nuclei that could directly explain
their ASR and PPI results (Scott et al., 2018). Further-
more, recent work in our lab has found no differences
between the genotypes for amplitudes or latencies of
the ABR in juvenile, adolescent, and adult wildtype and
Cntnap2~/~ rats when bred heterozygously and com-
pared between littermates (unpublished data). Taken
together, these ABR data on homozygously- and
heterozygously-bred Cntnap2~/~ rats suggest that Cnt-
nap2-related disruptions in acoustic reactivity (e.g.,
ASR) and sensorimotor gating (e.g., PPI) are unlikely to
be due to differences in auditory processing at the level
of the cochlea, auditory nerve, or cochlear nucleus.
Instead, downstream structures in the ASR/PPI path-
ways, such as the PnC or PPTg, could be affected in Cnt-
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Fig. 1. Brain regions involved in the acoustic startle response (ASR)
pathway and prepulse inhibition (PPI) pathway. Bold: Primary ASR
pathway. Cochlear root neurons (CRNSs) project to giant neurons in
the caudal pontine reticular nucleus (PnC), which project to spinal
cord motor neurons (MN) that elicit the startle response. /talics:
Proposed major PPI pathway. Neurons in the cochlear nucleus (CN)
project to the inferior colliculus (IC), which projects to the superior
colliculus (SC). The SC then signals to the pedunculopontine
tegmental nucleus (PPTg), and PPTg neurons send inhibitory signals
to PnC giant neurons. Modified from Azzopardi et al. (2018).

nap2~/~ rats. This working hypothesis is further supported
by the finding of alterations in the relative levels of glu-
tamine, glutamate, and GABA in the PnC of Cntnap2‘/‘
rats compared with wildtype rats (Mohrle et al., 2021).
Thus, the PnC and PPTg are promising candidate brain
regions within the ASR/PPI| pathways that may be
involved in altered sensorimotor processing in Cnt-
nap2~/~ rats.

In the present study, we used a combination of
behavioural startle experiments and in vivo extracellular
electrophysiological recordings to investigate sound-
evoked activity in the PnC and PPTg in adult,
heterozygously-bred Cntnap2”/~ rats and littermate
wildtype controls. We hypothesized that the increased
ASR and decreased PPI observed in Cntnap2~/~ rats
are due to increased sound-evoked PnC activity and
decreased inhibition by prepulse-evoked PPTg activity,
respectively.

EXPERIMENTAL PROCEDURES
Animals

Both female and male rats were used for all experiments,
aged post-natal day 68 (p68) to p83 for behavioural
experiments and p72 to p94 for electrophysiological
recordings. Sprague-Dawley wildtype (Cntnap2*/*) and
homozygous Cntnap2 knock-out (Cntnap2~/~) rats from
12 different litters (1-3 pups from each litter) were
obtained from heterozygous (Cntnap*/) crossings.
Cntnap*/ breeders were obtained from Horizon
Discovery (Boyertown, PA, USA). Date of birth was
designated as post-natal 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 (lights on at 07:00 h), with
ad libitum food and water. Behavioural testing was
performed during the light phase. All 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.

Acoustic reactivity and sensorimotor gating -
behavioural testing

Startle magnitude was measured using sound-attenuating
startle boxes (LE116; Panlab) using the StartFear system
(Panlab) and STARTLE software module (PACKWIN-
CSST, PACKWIN version 2.0; Panlab). Rats were
placed in a movement-limiting tube on a motion-
sensitive platform in the sound-attenuating chamber.
Rats were acclimated to the testing room and testing
boxes prior to all testing paradigms. For all paradigms,
trials were separated by 12, 15, or 18 second inter-trial
intervals. The order of presentation of acoustic stimuli
was randomized for all testing paradigms, as was the
order of testing for wildtype rats versus Cntnap2~/" rats.
Different testing paradigms were separated by 1 hour or
more to allow for recovery from the previous testing
paradigm. All startle pulses and prepulses had a 5-ms
rise/fall time.



98 A. Zheng et al. [ Neuroscience 513 (2023) 96-110

Rats were first acclimated to a background sound of
60 dB sound pressure level (SPL). ASR was tested with
20-ms 62-110 dB SPL startle pulses in 6 dB steps,
which were presented 10 times per sound level in a
randomized order. Startle threshold (25% of maximum
startle) of each rat was calculated by scaling the
function of the startle response to the different sound
levels, then fitting the scaled function and solving for
threshold as described in Mdhrle et al. (2021). The next
day, sensorimotor gating was assessed using a PPI para-
digm. PPl was tested with 20-ms 105 dB SPL startle
pulses preceded by 10-ms 65 to 89 dB SPL prepulses,
in 6 dB steps. Prepulses and startle pulses were sepa-
rated by 100-ms inter-stimulus intervals (I1Sls). Each pre-
pulse sound level was presented 20 times in a
randomized order, including trials of 105 dB SPL startle
pulse with no prepulse (0 dB prepulse). Percent prepulse
inhibition (%PPl) was calculated with the following
equation:

o ppi— (1- startle magnitude (arb.) prepulse condition
0 B startle magnitude (arb.) no prepulse condition
x 100%

Startle magnitude in response to different intensities of
startle pulses was calculated for each rat by averaging the
startle magnitude across the 10 trials for each startle
pulse sound level. Percent PPI for varying prepulse
intensities was likewise calculated by averaging %PPI
across the 20 trials for each prepulse sound level.

Electrophysiological recordings

Immediately following ABR recordings (Supplementary
Materials), rats were maintained under ketamine
(80 mg/kg IP) and xylazine (5 mg/kg IP) so that they
could be prepped for in vivo extracellular
electrophysiology recordings. The custom foam earplug
was removed from the left ear and rats were positioned
in a stereotaxic frame with a nose clamp and blunt ear
bars.

Surgical procedure. A midline incision was made in
the skin, and the underlying tissue was reflected from
the skull so that two craniotomies could be performed.
The first was in the caudal aspect of the left parietal
bone in order to expose the cortical tissue dorsal to the
PPTg (2.0 mm x 3.0 mm; 6.5-8.5 caudal to bregma
and 1.0-4.0 lateral to the midline). The second was in
the left side of the occipital bone to expose the cortical
tissue dorsal to the PnC (2.5 mm x 3.0 mm; 10.5-13.0
caudal to bregma and 0.0-3.0 lateral to the midline). A
stainless-steel screw was inserted into the right frontal
bone, to which a ground wire was connected. Having
used dental acrylic to secure a headpost to the skull, at
the end of the surgical procedure both ear bars were
removed to allow for biaural free-field auditory
stimulation during the simultaneous electrophysiological
recordings in the PnC and PPTg. The rat remained in
the stereotaxic frame using the headpost and nose
clamp for the remainder of the experiment.

Recording  equipment. Using a  high-precision
stereotaxic manipulator (World Precision Instruments,
Sarasota, FL), 32-channel electrode arrays were
separately inserted into the PnC and PPTg. To best
sample neurons from the respective brain regions, a
laminar  electrode array (A1x32-5 mm-25-177;
NeuroNexus Technologies, Ann Arbor, MI) was used for
PnC recordings, whereas a Poly2 electrode array
(A1x32-Poly2-5 mm-50 s-177,; NeuroNexus
Technologies, Ann Arbor, MI) was used for PPTg
recordings. Each electrode array consisted of 32
channels which recorded multi-unit activity via a high
impedance headstage (NN32AC; TDT). The neuronal
activity was preamplified and digitized (two RA16SD
Medusa preamps; TDT) and sent to a RZ5 processing
module via a fiber optic cable. Multi-unit activity was
digitally sampled at 25 kHz and bandpass filtered online
at 300-3000 Hz for spiking data. A voltage threshold of
three standard deviations above the noise floor was
used for spike detection.

Recording sites. For PnC recordings, electrode
penetrations were targeted between 9.4 and 10.0 mm
caudal to bregma. This was achieved by positioning the
electrode array entry at 11.6 to 12.2 mm caudal to
bregma, 1.2 mm lateral to the midline, and 8400-
8600 pum depth, with an entry angle of 16° caudal from
the vertical plane. For PPTg recordings, electrode
penetrations were targeted between 7.6 and 8.3 mm
caudal to bregma, with a vertical entry angle positioned
2.0 mm lateral to the midline and 6700—6800 um depth.
Once the electrode arrays were in position, the brain
was allowed to recover for 40 minutes to 1 hour before
acoustic stimulation paradigms began. Electrodes were
dipped in Vibrant Dil Red (V22885; Molecular Probes,
Inc., Eugene, OR) before introduction into the brain, for
marking the recording sites.

Acoustic stimulation paradigms. Acoustic stimulation
paradigms were performed simultaneously for the PnC
and PPTg. Auditory stimulation paradigms were
presented using a RZ6 processing module (TDT;
100 kHz sampling rate) and custom MATLAB scripts
(R2020a; The MathWorks). Speakers were positioned
20 cm above and 24 cm in front of the rat’s head, in line
with the body midline such that the total distance from
the rat’'s ears was 28.3 cm at an angle of 32° above the
horizontal plane. For all paradigms, background noise of
60 dB SPL was delivered using a magnetic speaker
(MF1; TDT). Acoustic stimulation paradigms were
consistent with the above-mentioned behavioural
experiments. In brief, the electrophysiological response
to an ASR paradigm was tested with 20-ms, 62-110 dB
SPL startle pulses presented 10 times per sound level
in a randomized order. Startle stimuli (1-32 kHz noise
bursts) for the ASR paradigm were delivered using a
super tweeter (T90A; Fostex). The electrophysiological
response to a PPl paradigm was tested with 20-ms,
105 dB SPL startle pulses preceded by 10-ms, 65 to
89 dB SPL prepulses presented 20 times per prepulse
sound level in a randomized order, with 100-ms ISls.
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Prepulse stimuli (1-32 kHz noise bursts) for the PPI
paradigm were delivered using a magnetic speaker
(MF1; TDT). Startle stimuli (1-32 kHz noise bursts) for
the PPI paradigm were delivered using a super tweeter
(T90A,; Fostex).

Confirmation of  electrode  hits. Once  the
electrophysiological recordings were finished, the
electrode arrays were withdrawn, and the rat was
removed from the stereotaxic frame. The rat was then
prepped for exsanguination and transcardial perfusion,
and the brain was harvested for slicing and histological
analysis (Supplementary Materials). For each electrode
penetration, the electrode array location was matched
with the corresponding anatomical location using The
Rat Brain in Stereotaxic Coordinates (Paxinos and
Watson, 2007) to create a histological reconstruction
(Fig. 2A, B). For the PnC, the electrodes were positioned
between 9.36 and 10.08 mm caudal to bregma. PnC pen-
etrations that hit within an area that contained giant neu-
rons (>30 pm soma diameter) were included in analysis
(Fig. 2C). For the PPTg, the electrodes were positioned
between 7.56 and 8.28 mm caudal to bregma. PPTg pen-
etrations that hit within an area with cholinergic cells were
included in analysis (Fig. 2D).

Offline analysis of multi-unit activity

Using custom MATLAB scripts (R2020b, MathWorks),
rasters and peristimulus time histograms (PSTHs) were
generated for each channel (Fig. 3, Supplementary
Fig. 3D). PSTHs were created by grouping spikes into
2-ms bins. For all testing paradigms, spontaneous
activity for each channel was found by calculating the
firing rate in the last 500 ms of each trial, then
averaging the firing rates across all trials. Firing rates
for each channel in response to the acoustic stimuli was
calculated as the number of spikes between 2-ms and
40-ms after stimulus onset, divided by 38-ms, averaged
across all trials for each sound level. For the PPI
paradigm, the percent reduction in PnC firing rate was
calculated as:

% reduction in firing rate
. firing rate (Hz) prepulse condition
N firing rate (Hz) no prepulse condition

) x 100%

Responsivity for each channel was found using a
t-test on MATLAB (R2020b, MathWorks) to determine if
the firing rates at each startle pulse sound level were
significantly above spontaneous activity for that channel.
For the ASR paradigm, threshold for each channel was
determined as the lowest startle pulse sound level at

A
y *, Bregma -9.60 Bregma -7.68
‘ \ Bregma -9.72 / \ Bregma -7.92
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W WT male
KO female
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1000 pm
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Fig. 2. A reconstruction of successful electrode hits for in vivo extracellular electrophysiological recordings in the PnC (A; wildtype, N = 12;
CntnapZ’/’, N = 11) and PPTg (B; wildtype, N = 10; CntnapZ’/’, N = 12). Dots indicate the most distal Dil trace of each electrode. Modified from
Paxinos and Watson (2007). (C) Representative image of a PnC hit. Blue = DAPI. Red = Dil. Green = NeuN. (D) Representative image of a PPTg

hit. Blue = DAPI. Red = Dil. Green = NOS1.
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Fig. 3. Methodological comparison of the ASR paradigm and the PPI
paradigm performed during the electrophysiological recordings. Each
panel shows a representative dot raster plot and peristimulus time
histogram (PSTH) from a male wildtype rat in response to the given
paradigm. For the dot raster plots, each dot represents a spike. For
the PSTHSs, spikes were grouped into 2-ms bins. (A) PnC response
from a single channel in response to 80 dB SPL sound pulse (left) and
110 dB SPL startle pulse (right), showing that the magnitude of the
PnC response increased at the higher sound intensity. (B) PnC
response from a single channel in response to a 105 dB SPL startle
pulse preceded by no prepulse (left) and preceded by 77 dB SPL
prepulse (right). The dashed line at 30 spikes shows the decrease in
number of spikes for the prepulse condition (right) compared with the
no prepulse condition (left).

which the channel was consistently responsive. If a
channel was not responsive to any of the sound
intensities, that channel was considered non-responsive
and was removed from analysis. Response onsets,
offsets, and durations were calculated for the sound
levels at which a channel was deemed responsive.
Response onset was determined as when the firing rate
was consistently two standard deviations or more above
the spontaneous firing rate. Response offset was
determined as when firing rate returned to spontaneous
activity. Response duration was calculated as response
onset subtracted from response offset. To calculate the
firing rates per rat, firing rates in the PnC and PPTg for
each sound level were averaged across the 32
respective channels on the electrode array, excluding
channels that were non-responsive to sound from the
ASR testing block. Firing rate thresholds per rat were
then calculated by averaging the PnC thresholds across
the 32 respective channels, excluding channels that
were non-responsive. The % reduction in PnC firing rate
for each prepulse level was calculated for each rat by

averaging the % reduction in PnC firing rate from each
of the 32 respective channels, excluding channels that
were non-responsive to sound from the ASR testing
block and a few channels that were non-responsive to
the no prepulse condition from the PPI testing block.

Statistical analysis

A 3-way mixed ANOVA was separately performed for the
following metrics: ABR amplitudes, ABR latencies, startle
magnitudes, firing rates, normalized firing rates, %PPI,
and % reduction in firing rates across sound levels.
Greenhouse-Geisser correction was used when
sphericity was violated. When there was no significant
3-way interaction, 2-way interactions involving genotype
are reported. Main effects are reported when no
interactions involving genotype were found. If there was
a significant 3-way interaction, post hoc 2-way ANOVAs
were performed separately for females and males. If
there was a significant 2-way interaction involving
genotype, t-test with Bonferroni correction was
performed to investigate differences between the
genotypes at specific sound levels. A mixed-effects
analysis was separately performed for response onset
latencies and response durations. For threshold values,
2-way ANOVAs were performed. For assessment of the
correlation between startle magnitudes and PnC firing
rates, Pearson’s correlation was performed. Graphs
show mean =+ standard deviation (SD). Statistically
significant differences were considered at p-values less
than o = 0.05. Statistical analyses were either run on
IBM SPSS Statistics 26 (IBM Corp., Armonk, N.Y.,
USA) or GraphPad Prism 8.3.0 (GraphPad Software,
San Diego, CA). All graphs were generated on
GraphPad Prism 8.3.0 (GraphPad Software, San Diego,
CA). All figures were completed with Inkscape (Inkscape
0.92.5).

RESULTS
ABR recordings

To confirm that the Cntnap2-related alterations in
acoustic reactivity and sensorimotor gating do not arise
from differences in the sound-evoked activity in the
brainstem auditory pathway (Scott et al., 2018), we
recorded ABR signals in response to 0.1-ms clicks
decreasing from 89 to 41 dB SPL, in 6 dB steps. Peak |
amplitude, which corresponds to synchronized activity at
the level of the auditory nerve, was determined in refer-
ence to a baseline of 0 pV. Latency to peak | was deter-
mined as time to peak | amplitude from stimulus onset.
There were no significant interactions involving genotype
for peak | amplitudes as well as no significant main effect
of genotype for peak | amplitudes (main effect of geno-
type: F(1, 22) = 0.3160, P = 0.5797; Supplementary
Fig. 1B). A significant 3-way interaction
(sex x genotype x sound level) was observed (F(8,
176) = 3.689, P = 0.0005) for peak | latencies. For
females, there was a significant 2-way interaction
between genotype and sound level (F(8, 88) = 2.784,
P = 0.0086), but post-hoc comparisons did not reveal



any significant differences between
the genotypes at specific sound
levels (Supplementary Fig. 1C).
For males, there was also a signif-
icant 2-way interaction between
genotype and sound level (F(8,
88) = 3.043, P = 0.0045), but
again post-hoc comparisons did
not reveal any significant differ-
ences between the genotypes at
specific sound levels (Supplemen-
tary Fig. 1C). Taken together,
these ABR peak | amplitude and
latency data suggest that any alter-
ations in the ASR and PPI in Cnt-
nap2~/~ rats are likely not due to
deficits in the processing of sen-
sory input into the startle pathway.
Additionally, amplitudes and laten-
cies of later peaks of the ABR (cor-
responding to activity in the
cochlear nucleus - peak Il; superior
olivary complex - peak lll; and lat-
eral lemniscus pathway to the infe-
rior colliculus - peak IV) did not
differ between genotypes (data
not shown).

Startle responses and neural
activity in the PnC

Acoustic startle responses were
tested by presenting 10 trials of
20-ms startle pulses ranging from
62 to 110 dB SPL, in 6 dB steps,
in a randomized order. Respective
multiunit firing rates in response to
20-ms  startle pulses were
calculated by dividing the total
number of spikes 2-ms to 40-ms
after stimulus onset by 38 ms.
The minimum number of multiunit
channels that were responsive to
sound for an individual rat was 25
in the PnC and 27 in the PPTg.
The maximum number of multiunit
channels that were responsive to
sound for an individual rat was 32
in the PnC and 32 in the PPTg.
For startle magnitudes, there
was a significant genotype x
sound level interaction (F(8,
176) = 5.900, P < 0.0001). Post-
hoc tests revealed significantly
increased startle magnitudes of
Cntnap2~/~ rats compared with
wildtype rats at 86 dB SPL
(P = 0.0127) and 92 dB SPL
(P = 0.0010; Fig. 4A). In
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Fig. 4. Increased reactivity to acoustic stimuli was accompanied by increased firing rates in the PnC
of Cntnap2~/~ rats compared with wildtype rats. (A) Acoustic startle stimuli ranging from 62 to 110 dB
SPL, in 6 dB steps, were presented 10 times per sound level with 12—18 second inter-trial intervals. At
86 and 92 dB SPL, startle magnitudes were significantly higher in Cntnap2~~ rats (P < 0.05)
compared with wildtypes. (B) For both the multiunit and animal basis, there was a significant 3-way
interaction of sex x genotype x sound level. (C) Firing rates in the PnC were significantly higher in
Cntnap2™/~ females (P < 0.05) compared with wildtype females, when analyzed on both a multiunit
basis and an animal basis. (D) When analyzed on a per multiunit basis, firing rates in the PnC were
higher in Cntnap2~~ males (P < 0.05) compared with wildtype males. However, when analyzed on a
per animal basis, there were no significant differences between the genotypes in male rats. Wildtype:
N = 12rats; PnC = 177 multiunits from 6 females, 192 multiunits from 6 males. Cntnap2’/’: N =14
rats; PnC = 157 multiunits from 5 females, 188 multiunits from 6 males. Graphs show mean + SD.
*P < 0.05.
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respective PnC recordings, a significant 3-way interaction
was found for the multiunit data (sex x genotype x sound
level interaction: F(8, 5248) = 25.97, P < 0.0001;
Fig. 4B). For females, there was a significant 2-way
interaction between genotype and sound level (F(8,
2224) = 7826, P < 0.0001) and post-hoc tests
revealed significantly increased firing rates in
Cntnap2™/~ females compared with wildtype females at
all sound levels tested (P < 0.05; Fig. 4C). For males,
there was also a significant 2-way interaction between
genotype and sound level (F(8, 3024) = 6.012,
P < 0.0001) and post-hoc tests revealed significantly
increased firing rates in Cntnap2~~ males compared
with wildtype males at 74, 80, 86, and 98 dB SPL
(P < 0.05; Fig. 4D).

The difference between the genotypes for multiunit
data from males was modest, so further analyses were
run to compare the averages per animal against the raw
multiunit data. Indeed, the modest difference between
wildtype and Cntnap2~/~ males observed in the multiunit
analysis became insignificant when run on a per animal
basis. Per animal, there was again a significant 3-way
interaction (sex x genotype x sound level interaction: F
(8, 152) = 3.326, P = 0.0016;
Fig. 4B). For female rats, there
was a significant 2-way interaction
between genotype and sound
level (F(8, 72) = 1240,
P < 0.0001). Post-hoc tests
revealed significantly increased
firing rates in female Cntnap2~/~
rats compared with female
wildtype rats at 74, 86, 92, 98,
and 110 dB SPL (P < 0.05
Fig. 4C). Additionally, increased
PnC firing rates in female
Cntnap2™/~ rats appear to be

(=) - -
o o G
1 1 1

Normalized Firing Rate }»
o
o
-

PER MULTIUNIT BASIS

firing rates allows us to distinguish between a simple
increase of PnC firing rates (i.e., startle-scaling) and a
leftward shift of the input/output function (i.e., sound-
scaling), which represent different components of
sensory processing (Miller et al., 2021). For the multiunit
analysis, there was a significant 2-way interaction
between genotype and sound level for both females (F
(8, 2536) = 14.64, P < 0.0001) and males (F(8,
3000) = 5.003, P < 0.0001). Cntnap2~/~ females had
significantly increased normalized firing rates compared
with wildtype females at 74, 80, 86, and 92 dB SPL
(P < 0.05; Fig. 5A). Cntnap2~/~ males had significantly
increased normalized firing rates compared with wildtype
males at 80 and 86 dB SPL (P < 0.05; Fig. 5B). When
analyzed on a per animal basis, there was no significant
2-way interaction between genotype and sound level for
either female rats or male rats, as well as no main effect
of genotype for either females (F(1, 9) = 1.597,
P = 0.2381; Fig. 5A) or males (F(1, 10) = 0.303,
P = 0.5940; Fig. 5B). Thus, there were modest differ-
ences in the normalized curves at the multiunit level and
these differences between the genotypes did not hold
when analyzed per animal. However, when comparing
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disproportionately elevated relative
to their increased startle
magnitudes, such that female
wildtype rats have higher startle
than female Cntnap2~/ rats at the
same PnC firing rate
(Supplementary Fig. 2A). This
correlation could not be run on a
multiunit basis because there is no
multiunit equivalent for behavioural
startle magnitudes. Finally, in
contrast to the multiunit analysis,
males did not show a significant 2-
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Fig. 5. Normalized firing rates show that Cntnap2”~ PnC curves are modestly leftward-shifted

10) = 0.710, P = 0.419; Fig. 4D). compared with PnC curves from wildtype rats. (A) On a multiunit basis, normalized firing rates in the
To further investigate the PnC  PnC were significantly higher in Cntnap2~/~ females at moderate sound levels (P < 0.05) compared
fiing rate differences between With wildtype females. On an animal basis, there were no significant differences between the

wildtype and Cntnap2~/~ rats in

genotypes for normalized PnC firing rates in female rats. (B) On a multiunit basis, normalized firing
rates in the PnC were significantly higher in Cntnap2~/~ males at moderate sound levels (P < 0.05)

females and males, PnC firing compared with wildtype males. On an animal basis, there were no significant differences between the

rates were normalized to the firing  genotypes for normalized PnC firing rates in male rats. Females: N = 177 multiunits from 6 wildtypes,

rate at 110 dB. Normalizing the 157 multiunits from 5 knock-outs. Males: N = 192 multiunits from 6 wildtypes, 188 multiunits from 6
knock-outs. Graphs show mean = SD. *P < 0.05.
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Fig. 6. Lower startle thresholds in Cntnap2~/~ rats was accompanied by lower PnC activation
thresholds. (A) Cntnap2~/~ rats showed significantly lower startle thresholds (P < 0.05) compared
with wildtype rats. (B) On a multiunit basis, Cntnap2~/~ multiunits showed significantly lower PnC
firing rate thresholds compared with wildtype multiunits, for both females and males (P < 0.05). (C)
On an animal basis, Cntnap2~~ rats showed significantly lower PnC firing rate thresholds compared
with wildtype rats. Wildtype: N = 12 rats; PnC = 177 multiunits from 6 females, 192 multiunits from 6
males. Cntnap2’/’: N = 14 rats; PnC = 157 multiunits from 5 females, 188 multiunits from 6 males.

Graphs show mean + SD. *P < 0.05.

thresholds between wildtype and Cntnap2~/~ rats, it indi-
cates that the Cntnap2™~ curves are indeed leftward-
shifted relative to wildtype curves. For the multiunit anal-
ysis, there was a significant 2-way interaction between
sex and genotype (F(1, 710) = 18.48, P < 0.0001) and
post-hoc tests revealed that Cntnap2~~ multiunits had
lower PnC activation thresholds than wildtype multiunits
for both females (P < 0.0001) and males (P < 0.0001;
Fig. 6B). On a per animal basis, there was no significant
2-way interaction. Collapsing across sex, Cntnap2 ™/~ rats
showed significantly lower PnC activation thresholds than
wildtypes (main effect of genotype: F(1, 19) = 13.73,
P = 0.0015; Fig. 6C). Lower PnC activation thresholds
in Cntnap2~/~ rats parallels lower startle thresholds in
Cntnap2~~ rats compared with wildtypes (main effect of
genotype: F(1, 22) = 25.12, P < 0.0001; Fig. 6A).

To assess if the marked increase in firing rates in the
PnC of female Cntnap2~/~ rats persists across multiple
brain regions, PPTg firing rates in response to startle
pulses were analyzed. For the multiunit analysis, there
was a significant 3-way interaction between
sex x genotype x sound level (F(8, 5544) = 4.262,
P < 0.0001; Fig. 7A). For females, there was a
significant 2-way interaction between genotype and
sound level (F(8, 2496) = 8.790, P < 0.0001) and
post-hoc tests revealed that Cntnap2~/~ females had
increased PPTg firing rates compared with wildtype
females at 110 dB SPL (P < 0.05; Fig. 7B). For males,
there was also a significant 2-way interaction between
genotype and sound level (F(8, 3048) = 2.087,
P = 0.0338) and post-hoc tests revealed significantly
increased PPTg firing rates in Cntnap2™”~ males
compared with wildtype males at 62 and 74 dB SPL
(P < 0.05; Fig. 7C). However, at the animal level, there
were no interactions involving genotype and no
significant differences between the genotypes for PPTg
firing rates (main effect of genotype: F(1, 18) = 0.133,
P = 0.720; Fig. 7A). There were no subsequent
analyses run for female and male rats separately, but
the respective graphs are still shown in panels B and C
of Fig. 7 to serve as a visual comparison alongside the
multiunit female and male graphs. Overall, the
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differences between the
genotypes for PPTg firing rates
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were observed in the PnC are
absent in the PPTg.

Looking at properties beyond
the firing rate, response onset
latency and response duration of
sound-evoked activity in the PnC
were compared between wildtype
and Cntnap2~/~ rats. Response
onset was defined as the time
point at which firing rate was
significantly and consistently above spontaneous activity
levels. Response offset was defined as the time point at
which firing rate returned to spontaneous activity levels.
Response duration was calculated as response onset
subtracted from response offset. For multiunit analysis
of response onset latencies, there was a significant 3-
way interaction (sex x genotype x sound level
interaction: F(5, 2914) = 2459, P = 0.0312;
Supplementary Fig. 3A). For females, there was a
significant 2-way interaction between genotype and
sound level (F(5, 1311) = 4.838, P = 0.0002) and
post-hoc tests showed that Cntnap2~~ females have
significantly shorter PnC response onset latencies than
wildtype females at 92, 98, and 110 dB SPL (P < 0.05;
Supplementary Fig. 3B). For males, there was also a
significant 2-way interaction between genotype and
sound level (F(5, 1603) = 2.602, P = 0.0237) and
post-hoc tests showed that Cntnap2~/~ males have
shorter PnC response onset latencies than wildtype
males at 98 and 104 dB SPL (P < 0.05; Supplementary
Fig. 3C). On a per animal basis, there was no significant
3-way interaction for response onset latencies but there
was a significant 2-way interaction between genotype
and sound level (F(5, 93) = 3.819, P = 0.003).
Collapsed across sex, post-hoc tests showed that
Cntnap2~/~ rats have significantly shorter PnC response
onset latencies at 98 dB SPL (P = 0.046) compared
with wildtype rats (Supplementary Fig. 3E).

For multiunit analysis of response duration times,
there was a significant 3-way interaction between
sex x genotype x sound level (F(5, 2914) = 4.370,
P = 0.0006; Supplementary Fig. 4A). There was a
significant 2-way interaction between genotype and
sound level for females (F(5, 1311) = 4.807,
P = 0.0002) and post-hoc tests showed that
Cntnap2’/’ females have significantly longer response
duration times than wildtype females at 86, 92, and
98 dB SPL (P < 0.05; Supplementary Fig. 4B). Males
also had a significant 2-way interaction between
genotype and sound level (F(5, 1603) = 2.524,
P = 0.0276), but no significant differences were
found at specific sound levels (Supplementary Fig. 4C).
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Fig. 7. The marked increase in PnC firing rates in female Cntnap2~/~ rats was not observed for PPTg
firing rates. (A) At the multiunit level, a significant 3-way interaction was found for sex x geno-
type x sound level. At the animal level, there were no interactions involving genotype and no main
effect of genotype. (B) Firing rates in the PPTg were increased in Cntnap2~~ females (P < 0.05) at
110 dB SPL compared with wildtype females when analyzed on a multiunit basis. Although no
statistics were run on an animal basis for females alone, the per animal graph is shown on the right for
comparison. (C) Firing rates in the PPTg were increased in Cntnap2~~ males (P < 0.05) at low
sound levels compared with wildtype males when analyzed on a multiunit basis. Although no statistics
were run on an animal basis for males alone, the per animal graph is shown on the right for
comparison. Wildtype: PPTg = 154 multiunits from 5 females, 159 multiunits from 5 males.
Cntnap2’/’: PPTg = 160 multiunits from 5 females, 224 multiunits from 7 males. Graphs show
mean = SD. *P < 0.05.

PPI

Sensorimotor gating was assessed
through a prepulse inhibition (PPI)
paradigm. PPl was measured by
presenting 20 trials of 20-ms,
105 dB SPL startle pulses
preceded by 10-ms prepulses
ranging from 65 to 89 dB SPL, in

6 dB steps. Consistent with
previous reports, Cntnap2~/~ rats
showed decreased %PPI
compared with wildtypes (main
effect of genotype: F(1,
22) = 2184, P = 0.0001;

Fig. 8A). As expected, PnC firing
rates in response to the startle
stimulus decreased when the
startle stimulus was preceded by a
prepulse (Fig. 3B). However, the
differences between the
genotypes for % reduction in PnC
firing rates was in the opposite
direction as behavioural %PPI. For
multiunit analysis, there was a
significant 3-way interaction
(sex x genotype x sound level
interaction: F(4, 2812) = 11.46,
P < 0.0001; Fig. 8B). Females
had a significant 2-way interaction

between genotype and sound
level (F(4, 1304) = 4.691,
P = 0.0009) and post-hoc tests

revealed that Cntnap2~/~ females
had increased % reduction in PnC
firing rates compared with wildtype
females when startle pulses were
preceded by 83 dB SPL prepulses
(P = 0.0019; Fig. 8C). Males also
had a significant 2-way interaction
between genotype and sound
level (F(4, 1508) = 14.35,
P < 0.0001) and post-hoc tests
revealed that Cntnap2~”/~ males
had increased % reduction in PnC
firing rates compared with wildtype
males when startle pulses were
preceded by 65 dB SPL prepulses
(P < 0.0001; Fig. 8D). These
results indicate that decreased %

These findings further reinforce the sex-specific effects of
a loss of function mutation in the Cntnap2 gene. For the
per animal analysis, there were no significant
interactions involving genotype or main effects of
genotype for response duration times (main effect of
genotype: F(1, 19) = 2622, P = 0.1219;
Supplementary Fig. 4A). Although there was no
subsequent per animal analysis run for female rats and
male rats separately, the respective graphs are still
shown in panels B and C of Supplementary Fig. 4 to
serve as a visual comparison alongside the multiunit
female and male graphs.

PPl in Cntnap2™ rats is not explained by decreased %
reduction in PnC firing rates. This is reinforced by the
per animal analysis, in which there were no significant
interactions involving genotype and no significant main
effect of genotype (main effect of genotype: F(1,
19) = 0.07992, P = 0.7805; Fig. 8B). Although there
was no subsequent analysis run for female rats and
male rats separately, the respective per animal graphs
are shown in panels B and C of Fig. 8 to serve as a
visual comparison alongside the multiunit female and
male graphs. Additionally, firing rates in the PPTg in
response to the 10-ms prepulses alone were not
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Fig. 8. Decreased PPl in Cntnap2~/~ rats compared with wildtype rats was not accompanied by ~fore focused on the PnC and PPTg,
decreased reduction of PnC firing rates. (A) Acoustic startle stimuli at 105 dB SPL were preceded by and found that Cntnap2‘/‘ rats
prepulses ranging from 65 to 89 dB SPL, in 6 dB steps, or no prepulse (i.e., 0 dB “prepulse”). Each  showed increased PnC responsiv-
prepulse sound level, including no prepulse, was presented 20 times with 12-18 second inter-trial . : : .
intervals. Cntnap2~/~ rats showed significantly decreased %PPI (P < 0.05). (B) On a multiunit basis, !ty compared with Wlldty_pes' This
there was a significant 3-way interaction between sex x genotype x sound level. On an animal basis, increase was marked in female
there were no significantinteractions involving genotype and no significant main effect of genotype. (C) At Cntnap2’/’ rats but modest in male
the multiunit level, Cntnap2’/’ females had significantly increased % reduction in PnC firing rates in the Cntnap2*/* rats. There were mini-
83 dB SPL prepulse condition (P < 0.05) compared with wildtype females. Although no statistics were run mal differences between the geno-
on a per animal basis for female rats alone, the graph is shown on the right for comparison. (D) At the . .
multiunit level, Cntnap2~~ males had significantly increased % reduction in PnC firing rates in the 65 dB tyPeS for FPTg re_SanSIVIty’ _WhICh
SPL prepulse condition (P < 0.05) compared with wildtype males. Although no statistics were runona  aligned with the finding of minimal
per animal basis for male rats alone, the graph is shown on the right for comparison. Wildtype: N = 12 differences between the genotypes
rats; PnC = 173 multiunits from 6 females, 191 multiunits from 6 males. Cninap2”/~: N = 14 rats; for PnC inhibition during a PPI
PnC = 155 multiunits from 5 females, 188 multiunits from 6 males. Graphs show mean + SD. *P < 0.05. paradigm
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Fig. 9. The amount of inhibition on the PnC by prepulse-evoked
PPTg activity was not different between wildtype and Cntnap2~/~
rats. (A) For the per multiunit analysis, there were no significant
differences between the genotypes for PPTg firing rates in response
to the prepulses alone. (B) For the per animal analysis, there were no
significant differences between the genotypes for PPTg firing rates in
response to the prepulses alone. Wildtype: PPTg = 154 multiunits
from 5 females, 159 multiunits from 5 males. Cntnap2’/’: PPTg = 160
multiunits from 5 females, 224 multiunits from 7 males. Graphs show
mean = SD. *P < 0.05.

Electrophysiological validity

As shown in Fig. 4, startle magnitudes increased with
increasing startle pulse sound level, and this was
paralleled by increasing PnC and PPTg firing rates. PnC
onset latencies decreased with increasing sound level
(Supplementary Fig. 3) and PnC durations of activity
increased  slightly with increasing sound level
(Supplementary Fig. 4), both of which reflect increased
responsivity in response to louder acoustic stimuli. PPI
was paralleled by a respective reduction in PnC firing
rates. This reduction of PnC firing rates also grew larger
with increasing prepulse sound level, indicating that
there is more inhibition of PnC activity with louder
prepulses (Fig. 8). Collectively, these data validate the
PnC as a site of sound-evoked pre-motor activity, as
proposed by multiple studies (Lingenhohl and Friauf,
1992, 1994; Weber et al., 2002; Simons-Weidenmaier et
al., 2006; Zaman et al., 2017). Additionally, PPTg firing
rates increased with increasing prepulse sound level,
which supports the proposed PPI pathway whereby
sound-sensitive PPTg neurons inhibit the PnC startle-
mediating neurons, leading to more inhibition from the
PPTg to the PnC with louder prepulses (Swerdlow and
Geyer, 1993; Yeomans et al., 2006; MacLaren et al.,
2014; Azzopardi et al., 2018; Fulcher et al., 2020). Thus,
the measures obtained from the electrophysiological
recordings conducted in the PnC and PPTg in response
to a range of startle pulse and prepulse sound levels cor-
related well with the behavioural outputs and validated the
proposed startle and PPI circuits.

Neural basis of increased startle

As expected, there was increased ASR excitability in
Cntnap2~/~ rats compared with wildtype rats. Startle
magnitudes were significantly increased for Cntnap2~/~
rats at moderate sound levels and ASR thresholds were
significantly lower, meaning that Cntnap2~/~ rats began

startling at quieter sound intensities compared with
wildtype rats. PnC firing rates were increased, PnC
activation thresholds were lower, PnC response onset
latencies were shorter, and PnC response duration
times were longer in Cntnap2’/’ rats, all of which
indicate increased responsiveness of the PnC in
Cntnap2’/’ rats. However, there was a sex difference
as these changes were more considerable in female
Cntnap2™/~ rats and modest or absent in male
Cntnap2~/~ rats, even though both female and male
Cntnap2™~ rats have similarly increased ASR
excitability compared with wildtype rats. Thus, it seems
that a loss of function mutation in the Cntnap2 gene
partially affects ASR through increased firing rates in
auditory-responsive  PnC neurons, presumably the
startle mediating pre-motor neurons (Lingenhéhl and
Friauf, 1992, 1994), which would in turn increase activa-
tion of motor neurons to elicit the startle response. Molec-
ularly, increased PnC responsiveness may be due to
increased presynaptic neurotransmitter release (Scott
et al., 2019) or increased frequency of synaptic input to
Cntnap2~~ neurons (unpublished data). A recent study
from our lab has shown that there are no differences in
intrinsic excitability between neurons from adult Cnt-
nap2~/~ rats and wildtype littermates (unpublished data).
However, there is altered synaptic input in auditory cortex
pyramidal neurons of adult Cntnap2~/ rats, specifically,
more frequent spontaneous excitatory post-synaptic cur-
rents and mini excitatory post-synaptic currents com-
pared with wildtype rats (unpublished data). A similar
change could potentially be happening in the brainstem,
although future in vitro recordings are needed to confirm
this. In contrast, in homozygously-bred Cntnap2~/~ rats,
there were no differences in synaptic inputs between wild-
type and Cntnap2~/~ rats, but Cntnap2/~ cells were
more intrinsically excitable than wildtype cells (Scott
et al.,, 2022), highlighting the importance of parental
genotype.

Male Cntnap2~/~ rats only had modestly increased
PnC responsiveness compared with male wildtypes.
Indeed, PnC firing rates in male wildtypes were
generally high, resembling the firing rates in Cntnap2~/~
rats (Fig. 4B). Furthermore, for female Cntnap2’/’ rats,
the range of startle pulse sound levels at which PnC
firing rates were significantly increased did not match
the startle pulse sound levels at which ASR was
significantly increased. Thus, startle magnitude is not
solely dependent on neuronal firing rates and there are
likely factors other than PnC firing rate that contribute to
the neural basis of increased ASR in Cntnap2’/’ rats,
especially in males. A recent study found that
homozygous mutations in CNTNAP2 in brain organoids
increased cell proliferation and increased the total cell
number (de Jong et al., 2021). A potential explanation is
that male Cntnap2~/~ rats have more PnC giant neurons
than male wildtype rats. Increased recruitment of PnC
giant neurons to elicit the startle response could con-
tribute to increased startle magnitude. This explanation
is also possible for female Cntnap2~/~ rats, which may
have increased number and/or recruitment of PnC giant
neurons along with markedly increased PnC firing rates.
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An alternative explanation for increased ASR in
Cntnap2~/~ rats is that there is a brain region that
mediates ASR in rats other than the PnC, and that this
region is altered in Cntnap2~/~ rats, resulting in
increased startle. It is generally accepted that the PnC
is the primary brainstem structure that mediates ASR
(Lingenhohl and Friauf, 1992, 1994). However, a recent
paper by Guo et al. (2021) concluded that the reticu-
lotegmental nucleus (RtTg) can also mediate ASR. Using
mice, the authors observed that startle responses were
induced by optogenetic activation of RtTg neurons and
ASR magnitude was decreased by chemogenetic inhibi-
tion of RtTg glutamatergic neurons (Guo et al., 2021).
Additionally, the mean spike latency of RitTg neurons
was approximately 5.12 ms in response to acoustic stim-
uli (Guo et al., 2021), which is a short enough latency to
mediate the ASR. Finally, the authors found that the RtTg
is innervated by neurons in the CN and that RtTg neurons
project directly to spinal cord motor neurons (Guo et al.,
2021). Thus, if the RtTg mediates acoustic startle, altered
RtTg responsivity may underly increased ASR in Cnt-
nap2’/ ~ rats. However, future studies are needed to con-
firm the RtTg as a brain region that mediates ASR and to
further investigate specifically which neurons in the RtTg
mediate ASR. It would also be of interest to look at sex-
dependent differences in the RtTg, especially in animal
models of ASD such as Cntnap2~/~ rats.

PPTg firing rates in response to startle pulses were
significantly different between wildtype and Cntnap2~/~
rats at very few sound levels, and only when analyzed
on a per multiunit basis. Thus, the marked increase in
PnC firing rates observed in female Cntnap2~/~ rats
was not due to a generalized large increase in
responsivity across multiple brain regions. Various
studies have found that Cntnap2 mutations can either
increase, decrease, or not change neuronal activity
depending on the brain region of interest. Cntnap2
mutations led to increased neuronal activity in dorsal
root ganglion neurons (Dawes et al., 2018; Xing et al,,
2020) and the auditory cortex (Scott et al., 2022), as well
as in human induced pluripotent stem cells (Flaherty
et al., 2017). On the other hand, there was decreased
or unchanged excitatory activity in the hippocampus
(Jurgensen and Castillo, 2015), somatosensory cortex
(Penagarikano et al., 2011), primary visual cortex (Bridi
et al., 2017), medial prefrontal cortex (Lazaro et al.,
2019), suprachiasmatic nucleus (Wang et al., 2020),
and cerebellum (Fernandez et al., 2021) of Cntnap2~/~
rats. Overall, these collective results highlight that a loss
of function mutation in the Cntnap2 gene has differential
effects depending on the specific brain region.

Finally, normalized PnC firing rates revealed that
Cntnap2™”~ curves are slightly leftward-shifted
compared with wildtype curves. However, the
differences between the genotypes were inconsistent
between the per multiunit and per animal analyses.
Additionally, the increase in normalized PnC firing rates
was not as drastic as the increase in absolute PnC firing
rates for female Cntnap2~~ rats compared with female
wildtypes. These results indicate that female Cntnap2~/~
rats have a much higher maximum PnC firing rate than

female wildtypes, but there are modest differences
between the genotypes in terms of the ratio at which
PnC firing rates increase as startle pulses get louder.
For behavioural ASR, absolute values show if there is a
change in the startle response itself, whereas
normalized values show if there is a change in sound
processing (Miller et al., 2021). The respective absolute
versus normalized PnC firing rates could similarly reflect
different components of sensory processing at the neu-
ronal level.

Overall, altered PnC electrical activity cannot fully
explain increased reactivity to acoustic stimuli in
Cntnap2™~ rats considering that PnC differences
between the genotypes were more drastic in female rats
than in male rats, whereas increased ASR in
Cntnap2’/’ rats is not sex-differential. Thus, there are
likely other factors beyond PnC responsivity that
contribute to increased ASR excitability in Cntnap2~/~
rats. Future studies could investigate potential
differences in the number of PnC giant neurons,
morphology of PnC giant neurons, PnC giant neuron
recruitment in response to acoustic stimuli, and other
brain regions that may mediate ASR. Any combination
of these factors could contribute to the hyper-reactivity
to sound observed in Cntnap2~/~ rats.

Neural basis of impaired sensorimotor gating

Consistent with previous studies (Mohrle et al., 2021;
Scott et al., 2018, 2020), Cntnap2’/’ rats showed signifi-
cantly decreased %PPI compared with wildtype rats. Dur-
ing PPI, the decrease in ASR magnitude is presumably
due to PnC activity being inhibited by PPTg activity
(Koch, 1999). Surprisingly, Cntnap2”/~ rats had
increased inhibition of PnC firing rates compared with
wildtype rats at specific prepulse sound levels, which is
in the opposite direction of the behavioural results. Fur-
thermore, there were no significant differences between
the genotypes for PPTg firing rates in response to the pre-
pulses alone, indicating that inhibition of the PnC by PPTg
activity was the same between wildtype and Cntnap2~/~
rats. This raises the question: what is causing decreased
PPl in Cntnap2~/~ rats if not decreased inhibition by the
PPTg, and subsequent decreased reduction in PnC firing
rates? It is important to acknowledge that there are many
brain structures other than the PPTg that modulate the
primary ASR pathway, such as the locus coeruleus, infe-
rior colliculus, and superior colliculus (Fendt et al., 2001;
Hormigo et al., 2015; Gémez-Nieto et al., 2020). These
brain regions may have altered activity in Cntnap2~/~
rats, affecting PPl. However, whether it be through a
direct or indirect projection, these secondary structures
must still ultimately impact PnC activity to modulate the
acoustic startle response (Fendt et al., 2001; Gomez-
Nieto et al., 2020). Thus, if Cntnap2’/’ rats do not have
altered PnC inhibition in terms of % reduction in firing
rates, decreased PPl in Cntnap2~/~ rats is unlikely to be
explained by altered inhibition from these other brain
regions that modulate ASR.

Another consideration is that the field generally
assumes that PPl is independent of baseline startle.
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However, Csomor et al. (2008) argued that PPl magni-
tude depends on baseline startle regardless of how PPI
is calculated. Thus, considering that Cntnap2‘/‘ rats
have elevated baseline ASR, the differences between
the genotypes for PPI could potentially be attributed to dif-
ferences in baseline startle rather than neural changes.
Alternatively, PPl differences between the genotypes
may be caused by the effects of loss of CASPR2 expres-
sion that are even further downstream in the ASR path-
way than the PnC, such as at the level of motor
neurons. CASPR2 has been found to be present in myeli-
nated axons of various nerves in mice (Poliak et al., 1999,
2001), so loss of CASPR2 expression in motor neurons
could potentially contribute to PPI deficits in Cntnap2~/~
rats. Future studies could investigate if there are Cnt-
napZ2-related alterations in motor neuron electrical activity
or potential differences in PnC giant neuron innervation of
motor neurons.

Limitations

A limitation of this study is that we do not know if the
recorded PnC activity is from PnC giant neurons or from
other PnC neurons that respond to sound (Koch et al.,
1992). Future in vitro electrophysiological studies could
investigate the specific impact of a loss of function muta-
tion in the Cntnap2 gene on the electrical activity of visu-
ally identified startle-mediating PnC giant neurons.
Another limitation of this study is that the experiments
were only conducted in adult rats, but is it known that a
loss of function mutation in the Cntnap2 gene has varying
effects depending on rat age (Scott et al., 2018). Future
studies could include Cntnap2~~ rats across different
stages of development to gain a better understanding of
the neural changes that occur with a loss of function
mutation in the Cntnap2 gene. Finally, the sex differences
for PnC responsivity may be due to variabilities in sensitiv-
ity to anesthesia. A study by Zambricki and Dalecy (2004)
found that male rats had lower plasma concentrations of
the anesthetic sodium pentobarbital compared with
female rats. There is little literature on sex differences with
regards to the doses of ketamine/xylazine used to induce
deep anesthesia in rats, but this possibility cannot be
excluded.

In sum, this study investigated brainstem structures
important in mediating the acoustic startle response and
prepulse inhibition, and compared the neural activity
between Cntnap2/~ rats and wildtype littermates.
Electrophysiological recordings were successful as
evidenced by how the various measures obtained from
the PnC and PPTg correlated well with their respective
behavioural outputs. Although our findings confirm
neural correlates for ASR and PPI in the PnC and
PPTg, some results warrant further research into the
specific properties of those brain regions that could
affect startle magnitude and %PPI values. We revealed
that (1) increased ASR excitability in rats with a
functional loss of Cntnap2 is associated with increased
PnC responsiveness, but inconsistently so in male
Cntnap2™~ rats, and (2) decreased PP in Cntnap2~/~
rats is not associated with decreased inhibition of PnC
firing rates or with altered PPTg responsiveness. These

findings suggest that there are other mechanisms that
contribute to altered auditory processing observed in
Cntnap2™~ rats beyond PnC and PPTg electrical
activity, and there are numerous potential alternative
mechanisms that can be explored. Future studies will
investigate other properties of the PnC and PPTg in
Cntnap2™/~ rats, such as neuron recruitment and
neuronal morphology, as well as investigate additional
structures in the ASR and PPl pathways to better
understand how a loss of function mutation in the
Cntnap2 gene impacts auditory processing.
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