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Abstract

Background: Contactin-associated protein-like 2 (Cntnap?) is a highly expressed gene during development, coding for the cell adhesion
molecule CASPR2. Loss-of-function of Cntnap2 leads to a neurodevelopmental disorder that presents with the core symptoms of autism.
One prominent theory to explain autism symptoms is an imbalance of excitatory and inhibitory neurotransmitters, which leads to hyper-
excitability in the autistic brain. R-baclofen, a y-aminobutyric acid (GABAg) receptor agonist, has been shown to acutely improve
autism-like symptoms in rat models of autism, including exaggerated acoustic reactivity. However, the cellular basis and long-term
impact of R-baclofen treatment during development are unknown. In the present study, we explored the impact of acute R-baclofen
treatment on auditory cortical neurons and whether there are lasting changes in cell excitability and synaptic signaling following time-
restricted R-baclofen administration during the critical period of auditory development. Methods: R-baclofen or saline were injected
daily on postnatal days (PND) 14-21 and whole-cell patch clamp recordings were performed on pyramidal neurons in brain slices of
the auditory cortex of juvenile (PND25-33) and adult (PND70-90) Cntnap2 wild-type and knockout rats. Results: While acute R-
baclofen application led to the expected reduction in cell excitability, early-life exposure to R-baclofen induced lasting changes in neuronal
membrane properties and excitability. However, these effects were not uniformly beneficial, as in some instances they exacerbated the
knockout phenotype and induced unwanted effects in wild-type neurons. Conclusions: The study shows that drug exposure in early
age can change the developmental trajectory of the auditory system, indicating both opportunities and risks when considering early drug
Intervention.
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1. Introduction inhibitory interneuron development, synaptic connectivity,
and intrinsic neuronal excitability [14,15,16,17,18,19]. Re-
cent work from our laboratory identified that Cntnap2 KO
phenotypes are also critically determined by developmen-
tal stage, with alterations in intrinsic excitability in cortical
pyramidal neurons in the auditory cortex during the juve-

nile period followed by long-term changes in neurocircuits

Contactin-associated protein-like 2 (CNTNAP2) en-
codes the contactin-associated protein-like 2 (CASPR2)
protein, which is a neurexin-family adhesion molecule pre-
dominantly expressed during development across sensory
pathways, and plays a critical role in neuronal connectivity
[1,2]. CASPR2 regulates neuronal excitability by cluster-

ing voltage-gated potassium channels at the juxtaparanodes
of myelinated axons, synaptic terminals, and axonal seg-
ments [3,4,5,6,7]. CNTNAP2 is highly conserved and ex-
pressed in humans and in animal models, including rodents
[8]. Functional loss of CNTNAP2 causes a syndromic dis-
order in humans, presenting with core symptoms of autism
[9]. Accordingly, Cntnap?2 knockout (KO) rats express sev-
eral autism-like traits—such as impaired social interactions,
altered ultrasound vocalizations, hyperlocomotion, stereo-
typic movement, and altered auditory behaviour—making
the Cntnap2 KO rat a highly valid model for autism symp-
toms [1,10,11,12,13].

At the cellular level, Cntnap2 KO disrupts excitatory
and inhibitory (E/I) balance with reported abnormalities in
dendritic spine morphology, AMPA (o-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid) receptor trafficking,

in adult synaptic networks [20].

A prominent theory of the neural basis for behavioural
changes in autism spectrum disorder (ASD) posits an im-
balance between the excitatory and inhibitory neurotrans-
mitters (E/I balance), primarily involving glutamate and
yv-aminobutyric acid (GABA) [21,22]. Post-mortem stud-
ies of individuals with autism have revealed altered gluta-
matergic signaling [23,24,25] and deficits in GABAergic
signaling [26,27,28]. In accordance with this, we demon-
strated that glutamine, glutamate and GABA are dysreg-
ulated in Cntnap2 KO rats [29]. R-baclofen, a selective
GABAg receptor agonist, has been discussed to poten-
tially restore E/I balances in autism by enhancing inhibi-
tion. By activating presynaptic metabotropic GABA recep-
tors, R-baclofen induces slow and prolonged inhibitory ac-
tion by increasing outward potassium currents and inacti-
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vating voltage-gated calcium channels [30]. Indeed, sev-
eral studies indicate that acute administration of R-baclofen
improves autism-related behaviours in various rodent mod-
els, including Cntnap2 KO, such as social deficits, repet-
itive behaviours, cognitive deficits, and altered auditory
processing [29,31,32,33]. Although these results seem en-
couraging, they were conducted predominantly in adult an-
imals. In contrast, clinical trials with R-baclofen have been
conducted predominantly in children and have yet to show
convincing results [34,35], and were often hampered by
methodological problems. Therefore, the long-term effects
of R-baclofen administration during early childhood—a pe-
riod of high brain plasticity—remain unclear. Building on
our previous work on developmental changes in auditory
cortical processing in Cntnap2 KO rats, we here aim to fur-
ther delineate when during development alterations occur,
and how these changes are affected by early-life exposure to
R-baclofen treatment. R-baclofen, or vehicle, was injected
daily on postnatal days 14-21, a critical period for auditory
system development shortly after the ear canals open and
animals begin processing low-threshold auditory stimuli.
This period is marked by a high level of activity-dependent
synaptic plasticity [36,37,38,39]. Whole-cell patch-clamp
recordings were performed on pyramidal neurons in the au-
ditory cortex after cessation of treatment during a juvenile
period and again in adulthood to assess the long-term effects
of R-baclofen on membrane properties, intrinsic excitabil-
ity, and synaptic input.

2. Materials and Methods
2.1 Animals

Male and female Sprague-Dawley Cntnap2 wild-type
(WT) and homozygous KO brain slices were obtained
from litters bred through heterozygous Cntnap2 cross-
ing in our animal facility as described previously [13].
Briefly, original heterozygous Cntnap?2 breeders were ob-
tained from Horizon Discovery (Boyertown; originally cre-
ated at SAGE Laboratories, Inc.; the line is now maintained
by Inotiv, PA, USA). Date of birth was assigned as postna-
tal day 0. Rats were genotyped via toe clipping at postna-
tal days (PND) 5-7 using polymerase chain reaction (PCR)
and sequencing protocols as provided by the vendor. Ex-
perimental animals were used at two age ranges: postna-
tal day 25-33 (P25-33, juvenile) and postnatal day 70-90
(P70-90, adulthood). Animals were weaned on P21 and
separated by sex before P35. Rats were housed in groups or
pairs in a temperature-controlled room on a 12 h light/dark
cycle with ad libitum food and water.

2.2 R-Baclofen Administration

R-baclofen was provided by the Simons Foundation
for Autism Research free of cost. It was stored as a frozen
concentrated stock solution that was diluted on each exper-
imental day into 0.9% saline. Doses of 0.5 mg/kg were ad-

ministered intraperitoneally daily, once a day, from postna-
tal days 14-21. Control animals received equal volumes of
0.9% saline.

2.3 Whole-Cell Patch Clamp Recordings

Sprague-Dawley WTs and homozygous Cntnap2 KOs
were anesthetized with 5% isoflurane (M60303, Fresenius
Kabi Canada, Toronto, ON, Canada) and quickly decap-
itated for brain extraction. After removal, brains were
rapidly placed into ice-cold slicing solution containing
(in mM): 2.5 KCl, 1.25 NaH,PO4-H,0, 24 NaHCO3, 10
MgSOy, 11 glucose, 234 sucrose, 2 CaCl,, 3 Myoinositol, 2
Na-Pyruvate, and 0.4 ascorbate; saturated with 95% O,/5%
CO,. Coronal slices of 300 pm containing the auditory cor-
tex were cut using a vibrating microtome (Compresstome
VF-200, Precisionary, Ashland, MA, USA) in a chamber
filled with ice-cold slicing solution and then transferred into
another holding chamber filled with artificial cerebrospinal
fluid (ACSF) containing (in mM): 3 KCl, 1.25 NaH,;POy4-
H,0, 3 MgS0,, 26 NaHCOs;, 124 NaCl, and 10 glucose;
saturation with 95% 0,/5% CO,. CaCl, (2 mM) was added
to the ACSF just before slices were transferred. Juvenile
slices were left to rest for one hour at room temperature be-
fore recordings took place, while adult slices were placed in
ACSF heated to ~35 °C for 3040 minutes, and then left for
an additional hour to rest at room temperature. Slices were
kept at room temperature for the time of the experiment.

Electrophysiological experiments were performed as
reported previously [20,40]. Briefly, whole- cell patch
clamp recordings were taken from visually identified pyra-
midal neurons in layers 2/3 throughout the auditory cortex
using an upright microscope (Zeiss Axioskop, Oberkochen,
Germany), attached with an EMCCD camera (Evolve 512,
Photometric, Tucson, AZ, USA). Patch pipettes were pulled
on a P-97 Puller (Sutter Instrument, Novato, CA, USA) us-
ing fabricated borosilicate glass capillaries (1B150F-4, OD:
1.50 mm, ID: 0.84 mm, World Precision Instruments, Sara-
sota, FL, USA) and had resistances from 3-7 MQ when
filled with a filtered intracellular solution containing the fol-
lowing (in mM): 140 K-gluconate, 10 KCI, 1 MgCl,, 10
HEPES, 0.02 EGTA, 3 Mg-ATP, and 0.5 Na-GTP, pH ad-
justed to 7.2—7.3, 290-300 mosmol. Signals were sampled
at 10 kHz and amplified with Axopatch 200B (Axon Instru-
ments, Molecular Devices, Sunnyvale, CA, USA), digitized
with Digidatal 550 (Axon Instruments), and analyzed using
pClamp10.4 (Axon Instruments). Pyramidal cells with an
access resistance >25 MQ were discarded for analyses; pa-
rameters were continuously monitored throughout record-
ings. Pipette capacitance was compensated, access resis-
tance and cell capacitance were not compensated. Junction
potential was calculated to be +15 mV using the Nernst-
Planck equation via LJPcalc software (https://swharden.c
om/LJPcalc; [27]) and was not compensated for.

Voltage-clamp membrane test using 10-mV step was
used to assess cell capacitance and membrane resistance.
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The membrane potential was held at—70 mV for all voltage-
clamp recordings. Resting membrane potentials (RMPs)
were measured in current-clamp while holding the current
at [ = 0. Current-clamp recordings using 40 pA steps to
measure action potential features including firing threshold,
half-widths, rheobase current, and firing frequencies were
made while adjusting the current to keep the cells at —70
mV, as described prior [20].

For acute administration of R-baclofen on brain slices
at P14, R-baclofen was added to the bath solution (N = 2
rats, n = 7 cells). Once whole-cell was achieved, current
clamp recordings to measure action potentials were taken
under control conditions while adjusting current to keep
cells' membrane potential at =70 mV, which was close to
their resting membrane potentials (RMP). 1-s long step cur-
rent injections in 40 pA increments from —120 pA to +440
pA took place to assess rheobase and firing frequencies.
Subsequently, R-baclofen was perfused with the bath, and
current-clamp recordings were taken after 3—5 minutes of
wash-in.

Spontaneous postsynaptic currents (sPSCs) were as-
sessed in voltage-clamp with 5-minute recordings of cell
currents while holding the cells at =70 mV. For recording
evoked postsynaptic currents (ePSC), layers 5/6 of the au-
ditory cortex were stimulated using a bipolar tungsten elec-
trode (Science Products, Hofheim, Germany) and paired
pulses were generated with a pulse generator (Master-8,
AMPI, Jerusalem, Israel). This stimulation likely activates
multiple synapses, including inputs from layers 5/6 neurons
and axons in surrounding areas, and from neurons in layer
2/3 [20]. Paired pulse ratios (PPR) were calculated using
an interstimulus interval of 50 ms.

2.4 Offline Analysis

Passive membrane properties (RMP, membrane ca-
pacitance, membrane resistance), current clamp step
recordings, and ePSCs were analyzed in pClampl0.4
(Molecular Devices, San Jose, CA, USA). Action potential
threshold was considered to be the baseline voltage of the
first action potential, while rheobase was the accompanying
current that elicited the first action potential. Action poten-
tial half-width was recorded from the second spike elicited
from the rheobase current, measured as the width (ms) of
that event’s half amplitude. Firing frequencies were found
by manually counting the number of spikes elicited during
the 1s of each step current injection. Paired pulse ratio for
ePSCs were calculated as the amplitude of the second ePSC
divided by the amplitude of the first. The amplitude and fre-
quencies of sPSCs were analyzed in MiniAnalysis (v.6.0.8.,
Synaptosoft, Fort Lee, NJ, USA). A minimum amplitude of
5 pA was set as criteria. Data analyses were performed with
pClamp10.4 (Molecular Devices), and/or Microsoft Excel
2016 (Microsoft Corp., Redmond, WA, USA). Groups sizes
(N = animal/n = recorded cells) were as follows: P25-33:
saline-WT: N =5-6/n=9-13 (1-4 cells per animal); saline-
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KO: N =5-7/n=9-12 (1-5 cells per animal); R-baclofen
(rbac)-WT: N =4-5/n=10-12 (1-5 cells per animal); rbac-
KO: N =4-7/n = 10-12 (1-6 cells per animal). P70-90:
saline-WT: N = 3/n = 9—11 (14 cells per animal); saline-
KO: N = 3/n = 89 (14 cells per animal); rbac-WT: N =
4/n=9-10 (14 cells per animal); rbac-KO: N =5/n=8-10
(1-3 cells per animal).

2.5 Data Presentation and Statistics

Graphs were generated with GraphPad (Prism 10.4.1
for Windows, GraphPad Software, San Diego, CA, USA).
Sample recordings were created in pClamp. Statistical
analyses were conducted using R Studio (v.2025.05.0+496;
Posit Software, PBC, Boston, MA, USA). All data
was analyzed using linear mixed-effects models using
the Ime4 package (https://cran.r-project.org/web/package
s/lme4/index.html) to account for repeated measurements
within cells (firing frequencies) and for hierarchal structure
of'the data, specifically that multiple cells were recorded per
animal (cells nested within animals). The statistical anal-
ysis of fixed effects was determined with Type Il Analy-
sis of Variance with Satterthwaite’s approximation for de-
grees of freedom (ImerTest package, https://cran.r-project
.org/web/packages/ImerTest/index.html). Type II was pre-
ferred due to unequal distribution of cells per animal across
groups and its compatibility with mixed models. Model
assumptions were assessed by visual inspection of resid-
uals using Q—Q plots, as normality assumptions in linear
mixed models pertain to model residuals rather than raw
data. When significant interactions were detected, we con-
ducted post hoc simple effects analyses using estimated
marginal means and Tukey adjustment to compare geno-
types within treatments and treatments within genotypes
(emmeans package, https://cran.r-project.org/web/package
s/emmeans/index.html). Outlier detection was performed
in GraphPad. Outliers identified by this procedure were
excluded using the ROUT method with Q = 1%, in order
to remove values that were statistically flagged as inconsis-
tent with the overall distribution while limiting the expected
proportion of false-positive exclusions to 1%. As such,
outliers were removed in the following measures: P25-33
firing threshold (2 cells, both WT-sal), P25-33 sPSC fre-
quency (1 cell, WT-sal), P70-90 capacitance (1 cell, WT-
rbac), and P70-90 membrane resistance (2 cells, 1 KO-
sal and 1 WT-rbac). If cell health was questioned during
a recording it was discarded and excluded from analysis,
for example, if membrane potential became unstable during
sPSC recordings or if a cell could not be evoked for PPR
analysis. Statistically significant differences were deter-
mined as p values being less than a = 0.05. Exact p-values
are reported, unless p < 0.001. Male and female animals
were analyzed together to maximize statistical power, since
sample sizes within each sex were not sufficient to support
reliable analyses of sex-specific effects. As well, the distri-
bution of males and females was not balanced across experi-


https://cran.r-project.org/web/packages/lme4/index.html
https://cran.r-project.org/web/packages/lme4/index.html
https://cran.r-project.org/web/packages/lmerTest/index.html
https://cran.r-project.org/web/packages/lmerTest/index.html
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/emmeans/index.html
https://www.imrpress.com

A —e— Control B C
204 = R Baclofen ]* Control R Baclofen - 250 *%
£ £ 200 | .
E 159 ‘ ‘ \ \l 30mv1\(Eﬂ "dc-;
§1o ,JJJ_,_,L/L 1504 *
g | ‘/ \\-'/ N g °
g o 1004
£ 57 \ 2
g | L @ 50-
:E 0 T T T T 1 G ‘—/¥k_/\/" _ i
L 100 200 300 400 500 N
-5 Current injected (pA) o &
ol ,bc}o
A2
Q.

Fig. 1. Acute perfusion with R-baclofen reduces excitability of auditory neurons at P14. (A) Firing frequencies before and after

R-baclofen administration in response to increasing current stimuli. Graph shows mean = SEM. (B) Sample traces of action potential

trains in response to a 160 pA current. (C) Rheobase current of auditory cortical neurons is significantly increased after perfusion with

R-baclofen in acute brain slices. Animal/cell counts: N = 2/n = 7. Graph shows mean + SEM. Statistical comparisons were performed

using a linear mixed-effects model. Asterisks indicate significant differences, *p < 0.05, **p < 0.01.

mental groups, restricting the ability to appropriately model
sex as an independent factor. This limiting factor is elabo-
rated on in the discussion as a limitation.

3. Results

3.1 Inhibitory Effect of Acute R-Baclofen Administration
in Auditory Cortical Neurons

To first establish the effect of acute R-baclofen ad-
ministration, we measured the excitability of auditory cor-
tical neurons by evaluating firing frequency and rheobase
current before and after perfusion with 10 uM R-baclofen
(Fig. 1) in slices at P14. Firing frequency was significantly
reduced by R-baclofen application (F(;, 158y = 6.229, p =
0.014, Fig. 1A,B). Furthermore, rheobase current signifi-
cantly increased following R-baclofen perfusion (F(, 11y =
14.61, p = 0.003). Taken together, the lower firing fre-
quency in response to current stimulation and increased
rheobase current identify an inhibitory effect of acute R-
baclofen.

3.2 Age Dependent Differences in Passive Membrane
Properties Mediated by Genotype and R-Baclofen
Treatment

Next, we evaluated the long-term impact of R-
baclofen treatment during the critical period on passive
membrane properties in juvenile and adult Cntnap2 KO and
WT rats. In juvenile animals, analysis of resting membrane
potential (RMP) revealed a genotype x treatment interaction
(F(1,22.179)= 4.6077, p = 0.043; Fig. 2A). Post hoc Tukey
tests indicated significantly more negative RMPs in neu-
rons from saline-treated KO animals compared to saline-
treated WT (p = 0.018). Interestingly, neurons from R-
baclofen-treated WT rats also showed lower RMPs than
saline-treated WT (p = 0.0456), in which the treatment
made them more similar to the KO groups. R-baclofen

treatment had no effect on RMPs in Cntnap2 KO rats (p
=0.427). In brain slices from adult animals, there were no
longer any significant effects of either genotype or treat-
ment on RMP (Fig. 2B).

In terms of cell capacitance, there were no significant
effects of either genotype or treatment across any age range
(Fig. 2C,D). Analysis of juvenile membrane resistance also
demonstrated no genotypic or treatment effects, whereas
adults exhibited a trend of genotype (F 1,34y = 3.7434, p =
0.0614) and a trend towards a genotype x treatment inter-
action (F(;,34) = 3.9219, p = 0.0558) (Fig. 2E,F).

3.3 Action Potential Features are Unaffected by Genotype
and Treatment Across Development

To further evaluate long-term effects of prior R-
baclofen treatment, we assessed action potential features
in auditory cortical neurons elicited by current stimulation
(Fig. 3A—QG). While there were no main effects of geno-
type or treatment, there was a trend towards an interac-
tion between treatment x genotype in animals aged P25—
33 (F(, 10687 = 4493, p = 0.0583) for firing thresholds
(Fig. 3B). No main effects, nor interactions, were observed
in adulthood (Fig. 3C). Analysis of rheobase current also
showed no effect of treatment, genotype, or interactions for
either age (Fig. 3D,E). Similarly, analysis of action poten-
tial half-widths revealed no effects or interactions during
the juvenile or adult stage (Fig. 3F,G).

3.4 R-Baclofen Treatment Induces Alterations in Firing
Frequency That Persist Into Adulthood

We subsequently examined firing frequency patterns
in the current-clamp mode. At P25-33, there were no main
effects of genotype or treatment, but there was a significant
effect of current (F(1, 469y = 2830.083, p <0.001) and an in-
teraction between current and treatment (£'(1 469) = 9.901,
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Fig. 2. Passive membrane properties are changed by R-baclofen depending on genotype and age. (A,B) Resting membrane potential,
(C,D) cell capacitance, (E,F) and membrane resistance of auditory cortical pyramidal neurons in wild type (WT) and contactin-associated
protein-like 2 (Cntnap2) knockout (KO) rats that were treated from P14-P21 with R-baclofen or vehicle. Animal/cell counts—P25-33:
saline-WT: N = 6/n =12—13, saline-KO: N = 7/n = 11-12, R-baclofen (rbac)-WT: N = 5/n = 12, rbac-KO: N = 6-7/n = 11; P70-90:
saline-WT: N =3/n= 11, saline-KO: N=3/n=9, rbac-WT: N =4/n =10, rbac-KO: N = 5/n = 10. Graphs show means + SEM. Statistical
comparisons were performed using a linear mixed-effects model. Asterisks indicate significant differences, *p < 0.05. WT, Cntnap?2
wild-type; KO, Cntnap2 knockout.
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Fig. 3. Action potential features. (A) Sample current clamp recording indicating firing threshold and half-width. (B,C) Firing thresh-
olds, (D,E) rheobase current amplitudes, (F,G) action potential half-widths in brain slices from juvenile and adult Crtnap2 KO and WT
animals treated with saline or R-baclofen from P14-21. Animal/cell counts—P25-33: saline-WT: N = 6/n = 11, saline-KO: N = 5/n =
10, rbac-WT: N = 5/n = 11, rbac-KO: N = 5/n = 11; P70-90: saline WT: N = 3/n = 11, saline-KO: N = 3/n = 8, rbac-WT: N =4/n = 10,

rbac-KO: N =5/n=9. Statistical comparisons were performed using a linear mixed-effects model. Graphs show means + SEM.
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Fig. 4. Firing frequencies during juvenile (P25-33) and adult (P70-90) age ranges comparing genotype and treatment. (A,C)

sample recordings from each group at +440 pA current injection. (B,D) F-I curves for juvenile and adult rats treated with saline or
R-baclofen. Animal/cell counts—P25-33: saline-WT: N = 6/n = 11, saline-KO: N = 5/n = 10, rbac-WT: N = 5/n = 11, rbac-KO: N = 5/n
=11; P70-90: saline WT: N = 3/n = 11, saline-KO: N = 3/n = 8§, rbac-WT: N = 4/n = 10, rbac-KO: N = 5/n = 9. Graphs depict mean +
SEM. Statistical comparisons were performed using a linear mixed-effects model. Asterisk indicates significant differences between F-I

slopes, **p < 0.01, ***p < (0.001.

p = 0.002; Fig. 4A,B). Post hoc Tukey tests did not de-
tect significant differences between treatment groups at in-
dividual current steps; however, pairwise comparisons of
the frequency-current (F-I) curve indicated that R-baclofen
altered the input-output function in KO neurons. Specifi-
cally, the F-I slope in R-baclofen-treated KOs was signifi-
cantly steeper than in saline-treated KOs (p = 0.005). No-
tably, R-baclofen-treated KOs fired similarly to saline-WTs
(p = 0.702), whereas saline-KOs trended to fire at lower
rates compared to saline-WTs (p=0.098). At P70-90, there
was a significant main effect of current (£'(1, 414) = 1024.252,
p < 0.0001), significant interactions of current x genotype
(F,414 = 15.594, p < 0.0001) and current X genotype X
treatment (F(j, 414) = 6.081, p = 0.014; Fig. 4C,D). Post hoc
comparisons again indicated no statistical differences be-
tween genotypes, or genotype X treatment combinations at
individual current steps. Nonetheless, pairwise slope com-
parisons revealed a marked divergence between KO-saline
and WT-saline groups (p < 0.0001). Treatment with R-
baclofen in KO neurons attenuated this difference, such that
the comparison with WT-saline was no longer statistically
significant (p = 0.076).
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3.5 R-Baclofen Administration Increases Synaptic Input
During P25-33

In order to determine the long-term effect of R-
baclofen administration during the critical period on synap-
tic input on auditory cortical neurons in the Cntnap2 KO rat,
we measured spontaneous postsynaptic currents (sPSCs,
Fig. 5A,B). During the juvenile age range, there were no
effects or interactions on sPSC amplitude (Fig. 5C). How-
ever, sPSC frequencies increased due to a main effect of
genotype (F(1, 11.077) = 9.678, p = 0.0098) and main effect of
treatment (F(]’ 11.280) = 4935,p = 0048, Flg SD) Post hoc
analysis revealed that this effect was driven by R-baclofen-
treated KOs, which showed significantly higher frequencies
compared to saline-treated KOs (p = 0.047) and R-baclofen-
treated WTs (p = 0.025). In adulthood, there were no more
significant main effects present for either amplitude or fre-
quency of sPSCs (sPSC frequency: genotype—p = 0.418,
treatment—p = 0.169; sSPSC amplitude: genotype—p =0.589,
treatment—p = 0.367) (Fig. 5E,F).
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Fig. 5. Spontaneous postsynaptic currents (sPSCs) are affected by treatment and genotype during juvenile age, but not during
adulthood. Sample recording of sPSCs (A,B). Amplitude and frequency of sPSCs in Cntnap2 KO and WT rats treated with saline or
R-baclofen during juvenile age range (C,D) and adulthood (E,F). Animal/cell counts—P25-33: saline-WT: N = 5/n = 9-10, saline-KO:
N=5/n=09, rbac-WT: N = 5/n =10, rbac-KO: N = 5/n = 10; P70-90: saline WT: N = 3/n = 10, saline-KO: N = 3/n = 8§, rbac-WT: N =
4/n=9, rbac-KO: N = 5/n = 8. Graphs show means + SEM. Statistical comparisons were performed using a linear mixed-effects model.
Asterisk indicates significant differences, *p < 0.05, **p <0.01.
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3.6 Synaptic Release Probabilities are not Changed After
R-Baclofen Treatment

Paired pulse evoked PSCs were elicited by stimulating
in the pyramidal neuron layers 5/6 of the auditory cortex to
assess presynaptic release probability in the Cntnap2 KO
rat, and to see if this is impacted by R-baclofen treatment.
During P25-33, KO animals exhibited significantly higher
PPR values than WT animals, indicating a lower release
probability (main effect of genotype: F'(1,9.9043)=9.7375, p
=0.011; Fig. 6A,C). By adulthood, this effect of genotype
was no longer apparent (p = 0.624; Fig. 6B,D). R-baclofen
treatment did not have any significant effects at either age
range (juvenile: p = 0.747, adult: p = 0.751).

4. Discussion

The present study examined the acute and long-term
effects of R-baclofen administration early in development
on electrophysiological properties of neurons in the audi-
tory cortex in Cntnap2 WT and KO rats. We have previ-
ously shown that acute administration of R-baclofen ame-
liorates characteristic changes in brainstem-mediated audi-
tory behaviour in Cntnap2 KO rats, i.e., it reduces exag-
gerated startle responses and reverses the much lower star-
tle thresholds in KO animals [29]. Building on this, the
goal of the current study was to show both the acute ef-
fect of R-baclofen on neuronal signaling in the auditory
cortex and to also evaluate the long-term effects of early
R-baclofen administration during development on auditory
processing, which is a more clinically-relevant paradigm
given that clinical treatment trials include mostly children.

4.1 Acute R-Baclofen Administration

Acute bath administration of R-baclofen at P14 in-
duced the expected generally inhibitory effect in auditory
cortical neurons, evidenced by increased rheobase and de-
creased firing frequency at moderate current injections. Fir-
ing partially recovered when neurons were strongly depo-
larized with high depolarizing current injections, indicat-
ing a downward and rightward shift of the F-I curve. This
aligns with known mechanistic effects of R-baclofen: in-
creased activation of pre- and post-synaptic GABAg re-
ceptors inhibits voltage-gated calcium channels [41,42]
and opens protein-coupled inwardly rectifying potassium
(GIRK) channels [43], collectively reducing excitability
during current stimulation. Others have also identified
potent and dose-dependent effects of R-baclofen on fir-
ing frequencies, with high concentrations or additional co-
factors often achieving full suppression of neuronal activ-
ity [44,45]. Although cortical auditory neurons are not di-
rectly involved in mediating acoustic startle responses [46],
it can be presumed that similar inhibitory effects on audi-
tory brainstem startle neurons are responsible for reversing
higher startle responses in Cntnap2 KO rats.
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4.2 Effects of Early Treatment With R-Baclofen on Cell
Properties

To determine any long-term effect of R-baclofen on
neuronal properties, we injected animals for eight consecu-
tive days during a critical period for auditory development
(P14-21), when the meatus has opened and low threshold
auditory information is reaching the brain, coinciding with
a phase of high activity-dependent plasticity and synaptic
re-organization [37,47]. We evaluated changes in electro-
physiological properties in the auditory cortex in juvenile
(P25-33) and adult (P70-90) neurons. This approach al-
lowed us to identify potential long-term consequences of
early-life exposure to R-baclofen during the critical period.

Passive membrane properties were not different be-
tween Cntnap? KO and wildtype rats in neither juvenile
nor adults, with the exception of a slightly more negative
resting membrane potential in juvenile Cntnap2 KO neu-
rons. While genotypic changes in resting membrane poten-
tials have been described in fast-spiking Cntnap2 KO in-
terneurons within the somatosensory cortex of mice [17],
our prior investigation found no major differences in pas-
sive membrane properties between Cntnap2 KO and WT
pyramidal neurons; however it did show notable develop-
mental changes between P8 and P18, and no developmen-
tal changes thereafter [20]. It is important to note that the
difference in RMP observed in neurons from juvenile WT
versus KO animals is in the same direction as these rapid
developmental changes occurring just before the juvenile
stage analysed here [20]. As such, we cannot entirely ex-
clude the possibility that slices from KOs were taken from
animals more towards the older limit of the juvenile age
range, while slices from WT animals might have been taken
more towards the younger limit, which could explain these
slight differences and the fact that we didn’t observe them in
the previous study [20]. Interestingly, our results also show
that in juvenile animals treated with R-baclofen, the rest-
ing membrane potentials in WT neurons no longer different
from Cntnap2 KO saline and R-baclofen-treated neurons,
indicating that if anything, R-baclofen may have produced
unwanted effects in juvenile WT animals but no effect in
KO animals or on passive membrane properties in the adult
stage of either genotype.

Action potential features, including firing threshold,
half-width, and rheobase, were not significantly altered by
genotype at either age examined here. We previously re-
ported reduced rheobase and action potential half-width in
Cntnap2 KO auditory neurons at P18-21, a critical devel-
opmental period when neurons and their networks are still
maturing in rats. These differences are normalized by adult-
hood [20]. The later juvenile stage examined in the present
study (P25-33 as opposed to P18-21 in the previous study)
indicates that these genotypic differences start to converge
as early as P21-25. R-baclofen treatment did not have any
long-term effect on action potential features.
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means + SEM. Statistical comparisons were performed using a linear mixed-effects model. Asterisks indicate significant differences, *p

<0.05.

4.3 Effects of Early Treatment With R-Baclofen on Firing
Rates

Firing frequencies in response to depolarizing current
were altered in KO neurons: while initially lower in the
juvenile stage, firing rates in adult KO neurons trended to-
ward increased responsivity at low levels of depolarizing
current injection, but as depolarizing current intensity in-

10

creased, firing rates in KO neurons did not hold up as well
as in WT neurons and became lower than in WT. This
lower slope of the I/O function in adult cortical auditory
neurons has also been observed in a previous study us-
ing in vitro electrophysiological recordings with step cur-
rent stimulation [48]. Interestingly, R-baclofen treatment
had a significant effect on juvenile KO neurons, reversing
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the slightly lower firing rates. By adulthood, the impact
of treatment persisted as neurons from KO animals treated
with R-baclofen no longer significantly differed in F-I slope
from WTs, and although firing remained somewhat reduced
at higher depolarizations, there was an overall improvement
in neuronal responsivity. GABAgp receptor activation could
influence the firing rates through a variety of processes, po-
tentially impacting plasticity at the axon initial segments
(AIS), ion channel composition, or homeostatic synaptic
plasticity [49,50,51,52,53]. Given that Cntnap2 loss dis-
rupts the organization of voltage-gated potassium channels
at juxtaparanodes and the AIS during development [3,54],
KO neurons may be particularly vulnerable to these types
of perturbations, which may also explain why R-baclofen
treatment did not impact firing profiles in WTs at either age.
Future research could directly test these possibilities by in-
troducing synaptic blockers during recordings to isolate in-
trinsic properties, voltage-clamp pharmacology to evalu-
ate specific K* currents, or structural/molecular analyses of
AIS organization and ion channel expression/localization.
As well, it is important to consider that since we did find
a genotypic difference in RMP at P25-33, there is poten-
tial that this could impact firing frequencies, as RMP in KO
animals would be further from the threshold and thus re-
duce firing frequencies. However, since we did not find
any genotypic difference in rheobase or firing thresholds,
it is unlikely that RMP alone could explain differences in
cell excitability and responsivity. The more prominent dif-
ference in F-I slopes and normalization of RMP alterations
during adulthood supports this further.

4.4 Effects of Early Treatment With R-Baclofen on
Synaptic Signaling

KO neurons exhibited increased frequency of sPSCs
in addition to higher PPRs relative to WT neurons. Since
increased frequency of sPSCs indicates greater synaptic ac-
tivity, but PPR facilitation indicates lower release proba-
bility at each individual synapse, this could be interpreted
as an increased number of synaptic inputs to Cntnap2 KO
neurons, with reduced individual release probabilities. This
corresponds well with findings in the auditory brainstem of
adult Cntnap2 KO animals, where a higher number of neu-
rons was reported to be activated in response to a startle
sound, indicating higher connectivity [55]. The reduced re-
lease probability might compensate for higher connectiv-
ity to maintain synaptic homeostasis [56]. However, since
synaptic blockers were not used to separate excitatory and
inhibitory components or to isolate miniature PSCs, it is not
possible to determine if hyperconnectivity is definitively
supported. Though it is plausible, there could be other con-
tributions to the observed increase in synaptic input, such as
increased presynaptic firing. Further, similar to the intrinsic
membrane properties, any differences in synaptic activity
due to R-baclofen treatment were normalized by adulthood.
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4.5 Integrating Changes due to R-Baclofen Treatment

In juveniles, firing profiles in neurons from saline-
treated KO animals displayed a trend toward hypo-
excitability relative to saline-WTs, whereas R-baclofen
treatment significantly shifted KO firing patterns closer to
saline-WT levels. However, saline-KOs also exhibited in-
creased sPSC frequency, and R-baclofen further increased
sPSC frequency, suggesting either increased synaptic con-
nectivity or upregulated synaptic input. Thus, careful inter-
pretation of the “normalization” of firing frequency in KOs
is warranted. R-baclofen did not necessarily reverse the KO
effects and restore WT-like physiology, but instead, intrin-
sic neuronal hypo-excitability seemed to have been coun-
teracted through exacerbated synaptic input. Future stud-
ies using synaptic receptor antagonists (e.g., AMPA/kainite
receptor antagonist CNQX, GABA, receptor antagonist
PTX) during recordings would help isolate intrinsic ex-
citability by removing ongoing synaptic input, thereby
clarifying whether the observed changes in neuronal ex-
citability are driven by cell-autonomous mechanisms or are
masked and/or shaped by alterations in synaptic drive.

Even so, compensatory effects like these could poten-
tially contribute to known paradoxical effects of GABA ag-
onists observed in some patients, including those with ASD
[57,58]. For example, benzodiazepines modulate GABA 5
receptors to enhance inhibitory tone and acutely reduce
anxiety. However, it is well documented that chronic ex-
posure to such compounds can induce rebound anxiety
or even worsening of baseline anxiety following discon-
tinuation/dose reduction [59]. Neurobiologically, chronic
GABA, activation can lead to reduced receptor sensitiv-
ity, altered subunit composition, upregulation of excitatory
transmission, and a net shift in E/I balance toward excita-
tion [60,61]. These adaptive changes may be conceptually
consistent with the cellular alterations observed following
early-life R-baclofen exposure in the present study. Future
work should therefore aim to elucidate GABAg receptor-
specific adaptations following prolonged treatment across
development.

Our results show that early developmental perturba-
tions may exert lasting consequences on cortical circuit
maturation, ultimately producing altered excitability phe-
notypes in adults. A similar trajectory has been reported in
pyramidal neurons of the Dix/ knockout mouse, a model
for post-developmental loss of interneurons. In this case,
loss of inhibitory interneurons induced reductions in ex-
citatory synaptic drive and intrinsic excitability around 30
days of age, which normalized across development, while
altered firing network dynamics emerged later on [62]. To-
gether, these findings suggest that apparent normalization
of neuronal properties may mask complex, developmen-
tally emergent changes in excitability, thereby providing
a plausible mechanistic framework for the developmental
shift in excitability alterations observed in the Cntnap2 KO
rat.
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Overall, these results highlight both the risks and the
potential of early-life exposure to R-baclofen. In Cntnap?2
KO rats, early R-baclofen treatment largely reversed Cnt-
nap2-related changes in firing frequencies, but it also exac-
erbated changes in synaptic input in an age-dependent man-
ner. Moreover, in juvenile WT neurons, R-baclofen tran-
siently altered the intrinsic excitability by depolarizing rest-
ing membrane potentials and raising firing thresholds. Al-
though these effects resolved by adulthood, they highlight
that treatment with a GABAp agonist is capable of disrupt-
ing intrinsic neuronal properties, including in healthy neu-
rons. This has important translational implications on the
therapeutic use of R-baclofen in pediatric patients, as this
treatment has not only the potential to change the develop-
mental trajectory of the brain, but also can disrupt matura-
tion of intrinsic excitability in non-affected neurons. This
is especially critical when considering the implications of
treatment during developmental periods when ion channel
expression and AIS organization are still being refined [63].
Our findings highlight the importance of proper develop-
mental timing and thorough diagnosis of potential underly-
ing genetic and physiological causes before considering a
GABAg agonist-based therapy. Future work should aim to
determine the behavioural manifestations of early-life treat-
ment with R-baclofen to assess how electrophysiological
changes may translate into functional outcomes.

4.6 Limitations

While the present findings provide important insights
into therapeutic intervention in Cntnap2-related ASD, sev-
eral methodological constraints limit their interpretation.
First, sex was not included as a factor in our analyses in
order to preserve statistical power. In addition, sex distri-
bution was not balanced between groups, further limiting
the ability to accurately assess sex as a potential modifying
factor. Although statistical power considerations were pri-
oritized, we acknowledge that sexual dimorphism in ASD,
as well as in GABAergic signaling, is well established. This
is also relevant to the Cntnap2 KO model, in which sex-
dependent differences have been reported at both the be-
havioural and cellular levels. Future studies should there-
fore strongly prioritize appropriate experimental design and
powering to assess sex as a biological variable, in order to
better evaluate the efficacy and safety of R-baclofen treat-
ment. Moreover, although acute slice electrophysiology
provides high-resolution insights into cellular and synaptic
function, there are inherent limitations in its translatability
to clinical outcomes. During tissue preparation, acute slic-
ing preserves only local microcircuits while severing long-
range inputs and outputs. As such, although we observed
changes in neuronal properties presently, these findings do
not necessarily map onto behaviour, as clinical outcomes
arise from integrated and distributed networks. Further-
more, brain slice preparations may lack intact neuromod-
ulatory tone, limiting the expression of state-dependent dy-
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namics such as oscillations and network transitions, and
may introduce sampling bias toward neurons that are more
resilient to the slicing procedure.

5. Conclusions

In conclusion, we’ve shown that Cntnap2 loss pro-
duces age-dependent alterations in neuronal function, with
juvenile neurons exhibiting changes in resting membrane
potential, cell capacitance, firing thresholds, and synaptic
input, and adult neurons displaying pronounced shifts in fir-
ing dynamics, including an indication of a different gain
pattern. Early-life exposure to R-baclofen partially nor-
malized the alterations in firing frequency in juvenile and
adult KO neurons, yet induced complex, sometimes un-
wanted age-specific effects on intrinsic and synaptic prop-
erties. When translating these findings into the clinic, one
also has to keep in mind that only a fraction of autistic pa-
tients have a loss in Cntnap?2 function or in a related pro-
tein. Nevertheless, our findings provide some understand-
ing of the long-term consequences of early pharmacolog-
ical treatment and the challenges of developing therapeu-
tic interventions in neurodevelopmental disorders, particu-
larly in autism, where the large heterogeneity of underlying
biological causes almost prohibits a “one-size-fits-all” ap-
proach to treatment.
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