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Abstract

Perceptual learning is a temporally dynamic process involving the acquisition and
integration of sensory information necessary for adaptive decision making. Resolving the
neural basis of perceptual learning could uncover new therapeutic targets for schizophrenia
and other neurodevelopmental disorders that implicate impaired perceptual acuity. In the
present study, we developed a novel touchscreen task which utilizes orientation
discrimination to assess visual perceptual learning (VPL) in male and female rats. Based on
previous evidence we hypothesised that VPL would depend on inhibitory neurotransmission
mediated by y-amino butyric acid (GABA). Segregating subjects based on ‘poor learning’
(lower tertile) and ‘good learning’ (upper tertile) revealed dose-dependent improvements in
VPL in poor learners following the administration of a GABA-B agonist (R-baclofen) and an
a5 subunit specific GABA-A (GABRADS) positive allosteric modulator (alogabat)
administered early in learning. Poor VPL performance was associated with a significant
reduction in GABRAS expression in dorsal regions of the prefrontal cortex (PFC), most
notably the prelimbic cortex. Reduced GABRAS expression in this region was co-localized
to somatostatin- and parvalbumin-expressing interneurons. These findings indicate that
inter-individual variation in the expression of GABRADS in selective PFC populations of
inhibitory interneurons may determine the speed and acuity of VPL. Based on these
findings, interventions that restore GABRAS signalling in the PFC may hold therapeutic

relevance for neuropsychiatric disorders involving deficits in perceptual learning.
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1.0 Introduction

Visual perceptual learning (VPL) refers to long-term improvements in visual discrimination
that emerge after repeated training. Previous studies have revealed finely tuned stimulus-
and context-specific cortical responses during VPL'*. Such responses are linked to
synaptic plasticity in primary visual cortex (V1) with intrinsic neurons exhibiting small
receptive fields and narrow feature selectivity>’. Higher visual processing areas including
parietal and frontal cortices involved in decision-making and attention are progressively also
recruited alongside classical visual processing areas such as V1 and superior colliculus to
refine behavioral output and improve visual discrimination®-'°. However, the relative
contributions of bottom-up sensory versus top-down decisional and attentional control in

VPL remain poorly understood.

Inhibitory control is fundamental to reshaping cortical circuits throughout development and
adulthood, coordinating plasticity during sensitive periods''? and VPL'*-"6. y-Aminobutyric
acid (GABA), the primary inhibitory neurotransmitter in the brain acts in concert with
glutamate, the primary excitatory neurotransmitter, to regulate local circuit and global
network excitability via the excitatory-inhibitory balance (E/I). Dysregulated E/I balance is
associated with perceptual deficits in neurodevelopmental disorders such as autism '7-18
and schizophrenia'®-2", with aberrant inhibition driving network abnormalities??>-2". Resolving
the mechanism by which inhibition contributes to VPL may thus inform the development of

new interventions to improve perceptual learning in a variety of disorders.

At the cortical circuit level, distinct populations of inhibitory interneurons contribute to
experience-dependent remodelling of sensory, associative and executive networks
recruited during learning and attentional tasks?®-3'. These include parvalbumin (Pvalb)-,
somatostatin (Sst)-, and vasoactive intestinal peptide (VIP)- expressing neurons in V1,
which dynamically remap their activity as VPL proceeds?'-3%. During late stages of learning,
increased attentional engagement recruits higher-order inhibitory microcircuits to sharpen
stimulus selectivity and enhance network fidelity*6-3°. However, within these microcircuits,
GABAergic interneurons exhibit significant receptor and receptor composition heterogeneity

and are recruited in a context dependent manner to modify network excitability49—3,

Given the established role of the a5 subunit containing GABA-A receptor (GABRAS) in
hippocampal-dependent learning and memory*4—47, the present study investigated the
potential of GABRAS to enhance VPL. Although GABRADS represent less than 5% of
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cortically expressed GABA-A receptors, they are expressed both intra- and extra-
synaptically and thus contribute respectively to phasic and tonic inhibition*5484°. GABRA5
receptors also show dynamic activity-dependent synaptic re-localisation, a process
hypothesised to facilitate fine tuning of tonic and phasic inhibitory tone to preserve learned
associations in a context dependent manner®°, Thus, modulation of GABRA5 receptors may
offer a promising strategy to rescue or enhance visual perceptual learning in autism,
schizophrenia and other neurodevelopmental disorders.

To investigate the role of GABRAS in VPL we established a novel touchscreen task for rats
involving the discrimination of visual gratings with distinct orientations. We compared sex-
differences in task acquisition and baseline performance before testing the sensitivity of the
task to a range of GABAergic compounds that affect distinct aspects of GABAergic synaptic
transmission and stratified these effects according to poor and good learning performance
on the task. Given that the rate of learning in visual touchscreen discrimination tasks is
linked to thresholds of visual acuity®! we also investigated the dimensional relationship of
VPL in individual animals and expression levels of the GABRAS mRNA transcript and
protein product in V1 and frontal cortex. We hypothesised that enhancing GABAergic
inhibition with selective GABA reuptake inhibition (tiagabine) and a positive allosteric
modulator of GABRA5 (alogabat)®? would enhance VPL. We further hypothesised that inter-
individual variation in VPL would relate to GABRA5 expression with faster visual perceptual

learning in animals exhibiting increased GABRAS expression.

2.0 Methods

2.1 Subjects

Thirty-two Lister-hooded rats (16 male, 16 female) were raised from time mated dams
(Envigo, Bicester, UK), weaned at post-natal-day (PND) 21, and housed in groups of four
with environmental enrichment under a 12/12hr reverse light/dark cycle (lights on 6am).
From weaning, animals had ad libitum access to food (Safe A40, Germany) and water. After
PND26, animals were handled 3 times per week to habituate them to human contact. On
PND56 animals were food restricted to no less than 85% free feeding weight for the
remainder of the experiment. Animals were weighed at least once per week. Animals were
sacrificed at the end of the experiment by schedule 1 methods for tissue collection. All

procedures were carried out in accordance with the UK (1986) Animal (Scientific
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Procedures) Act (PPL PP9536688) and were approved by the University of Cambridge
Animal Welfare and Ethical Review Body (AWERB).

2.2 Visual perceptual learning task

Operant chambers running K-Limbic software (Med Associates, UK) were integrated with a
1024x768 resolution portrait touchscreen (Nexio, UK) on one wall, and a food magazine
with light, pellet dispenser, house light, and tone generator on the opposite wall (see Figure

1A). A camera was installed overhead to record behavior.

To investigate VPL, a novel 3-stimuli orientation-based visual discrimination paradigm
adapted from Horner and colleagues® was developed using sinusoidal stimuli presented in
three equally spaced response windows (200x200 pixels), located 150 pixels from the
bottom of the touchscreen. Target stimuli were assigned at the beginning of training,
counterbalanced within the cohort (16 animals 0°, 16 animals 90°) and spatially randomised
on a trial-by-trial basis to reduce procedural learning and location bias. Pretraining
proceeded with chamber acclimatisation with reward pellets (TestDiet AIN-76, 5TUL, Cat
No.1811155) (PT1), appetitive autoshaping to the touchscreen by association of target
grating with reward (PT2), timeout for background touches (PT3), and the introduction of
distractors in the form of two blank stimuli (PT4). Criteria for progression was >80% correct

on 2 sessions (see Figure S1).

Animals then completed a series of visual discrimination training sessions to assess the
suitability of chosen angular separations from target (ang_sep) before moving to the final
task. Beginning with a 90° (VD1) separation from the target stimuli, training progressed by
decreasing the separation angle through 45°, 30°, 15° and finally 10° (VDS5). Animals were
advanced to the next training stage depending on difficulty after 2 consecutive sessions at
criteria: >80% 90°—45°, >70% 45°—30°, >60% 30°—15°, >50% 15°—10°, >50% 10°—final
task. Animals that reached VD5 but failed to reach criteria after 5 sessions were deemed to
have reached their perceptual limit. All animals were moved to the final task for

pharmacological interventions.

The final task involved 150 trials split into five, 30-trial blocks of distractor orientation which
converged on the target stimulus orientation (Easy - 90°, 45°, 30°, 15° and 10° - Hard —in
degrees from target angle). On any given trial, three stimuli were presented, one target
grating, one distractor grating, and one white stimulus randomised on a trial-by-trial basis.

Here, target distractor distance (TDD) was classified as ‘close’ when target grating and
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distractor grating were presented in adjacent windows, and ‘far’ when target distractor
gratings were separated by the third, white stimuli. TDD was employed to investigate the
role of attentional load and simultaneous suppression of multiple stimuli on perceptual
decision making. A correct response was rewarded with a sucrose pellet and auditory tone
whereas incorrect responses at either the distractor stimuli (distractor grating or white) or
background were signalled with a 10s house light pulse timeout and no food reward.
Sessions lasted on average 1 hour with an inter-trial-interval (ITI) of 10s (see Figure 1B, C).
For further details of the training stages and task contingencies refer to Figure S1.
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Figure 1 : Visual discrimination task and experimental timeline

A Operant chamber apparatus. Med Associates chambers showing the position of the house-light, tone
generator and food magazine with a light connected to a pellet dispenser on one side of the chamber and
a 1024 x 768 resolution touchscreen on the other. A CCTV camera was mounted overhead to record
behavior. B Trial wise decomposition of final task contingencies. A nose poke in the illuminated food
magazine initiated a trial. Stimuli were then presented on the touchscreen (1 target grating, 2 distractors (1
blank, 1 grating) with animals making a choice between the 3 presented stimuli. A correct response was
reinforced with a sugar pellet paired with tone (magazine light on during collection). Incorrect responses at
either the distractor or background stimuli received a 10 second timeout with no reward and house light
illumination. C Baseline task perceptual challenge and distractor presentation sequence. In total, the task
consisted of 150 trials in blocks of 30 at each distractor frequency, starting at 90° from target. Stimuli were
presented randomly on a trial-by-trial basis. D Experimental timeline showing behavioral stratification,
pharmacological challenges and molecular analyses. Figure created using https://app.biorender.com/

2.3 Subject stratification

To investigate individual differences in visual perceptual learning, animals were stratified
into ‘learning type’ groups based on their task acquisition rate. For males (n=16), animals
that completed pretraining and VD training during the thirty-three-session training period
were classified as “good learners” (n=5), whereas animals that failed to reach visual
discrimination training were classified as “poor learners” (n=6). Animals that completed
pretraining but did not finish VD training were classed as “intermediate learners” (n=5) and
represented the mean task acquisition rate. Only good and poor learners were considered

for final analysis to investigate what drives good vs poor VPL.

Although females were included in the study, it was not possible to use the same
stratification procedure as males because considerably more sessions were required for
females to acquire the task (mean 52 sessions) and baseline task response rates were
variable. Moreover, females trained on the basic discrimination task failed to complete the
more difficult training stages of the VPL task, as shown in Figure S2, meaning that no
animals were classed as ‘good learners’ despite the extended training period. Instead, most
females were classed as ‘poor’ (n=8), with the remainder which either reached criterion on
the PT4, or begun VD training were classed as ‘intermediate’ (n=8). These groups were
used in comparing within-sex performance, pharmacology and molecular variations, and

can be found in the supplementary material section.
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2.4 Pharmacological interventions

Selective GABAergic compounds were administered according to a Latin square design.
The compounds (and doses) were tested in with a 3-day dosing schedule (day 1 (dose level
1), day 2 (no drug), day 3 (baseline) and at least 3 day washout period between each
compound: (1) alogabat (3, 10, 30 mg/kg) (2) tiagabine hydrochloride (0.5, 2.5, 7.5 mg/kQg);
(3) R-baclofen (0.05, 0.5, 1.5 mg/kg). Alogabat (provided by Boehringer Ingelheim Pharma,
Germany) was administered in 5% HCI (1M) and 95% 2-(hydroxypropyl)-B-cyclodextrin
(20%) at 2 ml/kg (pH 7-7.5). Tiagabine-HCI (Insight Biotechnology, UK-CAS 145821-59-6)
was administered in deionised water pH 7-7.5 at 1 ml/kg. R-Baclofen (Insight
Biotechnology, UK-CAS 69308-37-8) was administered in 0.9% saline (pH 7-7.5) at 1 ml/kg.
Tiagabine and R-baclofen were administered simultaneously to male and female animals,
whilst alogabat was administered first to males, and as the final compound to females,
accounting for the time difference in pertaining. All drugs were administered via
intraperitoneal (i.p.) injection with 30-minute pretreatment time (See Figure 1D and Figure
S10 for further details).

2.5 Tissue collection

Rats were anesthetised with isoflurane (Sigma-Aldrich, UK) via inhalation before
decapitation 5 days after the final VPL session. Brains were collected and snap-frozen with
dry-ice pre-cooled isopentane (Sigma-Aldrich, UK) and stored at -80°C. Brains were
sectioned using a cryostat (Leica, UK) to obtain coronal slices of the medial prefrontal
cortex (MPFC) (5.16 to 2.28 mm from Bregma) and V1 (-5.6 to -9.1 mm from Bregma).
Each hemisphere was prepared for Western blotting (WB) with sections cut at 200 um or
RNAscope in situ hybridisation (RNAScope) with sections cut at 12 ym. Hemispheres were
counterbalanced between the two assays, and slices were mounted on Menzel glazer
superfrost® slides (Thermo Fisher Scientific, UK) for WB or Superfrost® plus slides
(Thermo Fisher Scientific, UK) for RNAscope. Sections were stored at -80°C prior to

processing.

2.6 Western immunoblot analysis

WB were conducted using a WB kit according to manufacturer guidelines (Invitrogen-Life
Technologies, UK). Four regions-of-interest (ROIl)s were extracted from the slices of each
rat: V1, Cg1, PrL, and IL. After immunoblotting, GABRAS expression was developed using
a primary antibody for GABRAS (Biorbyt, UK — 1:1000 Cat No. orb374299) incubated
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overnight at 4°C on a shaker. The primary antibody for the housekeeping protein actin
(Abcam, UK — 1:10,000 Cat No. ab8226) was incubated for 1h at room temperature.
Secondary antibodies, IRDye680RD and IRDye800CW (LI-COR, UK — 1:15,000 Cat No:
680, 926-68071; 800, 926-32210) were incubated at room temperature for 1h alongside a
chameleon duo ladder (LI-COR, UK — Cat No. 928-60000) before imaging (Odyssey
Imaging System, LI-COR, UK).

2.7 RNAscope fluorescence in-situ hybridisation

The spatial transcriptomic profile of GABRAS in the mPFC and V1 was assayed in replicate
samples to investigate cell-type specific GABRA5 mRNA expression. The assay and target
probes were performed®* according to the fresh frozen tissue protocol provided by the
manufacturer (RNAscope fluorescent multiplex reagent kit, ACD, UK) with specific details

given in the supplementary section (Table 1).

Tissue was imaged using a Zeiss Axio Imager M2 microscope with an AxioCam MRm
microscope camera (Oberkochen, Germany) running Visiopharm software (Medicon Valley,
Denmark). Approximately 15 images were each taken of V1 and mPFC subregions
(cingulate cortex - Cg1; prelimbic cortex — PrL; infralimbic cortex - IL) with 20X
magnification. Signals were quantified using an RNAscope signal analysis pipeline
developed by Velazquez-Sanchez et al.>®, which utilised a MATLAB script (The MathWorks
Inc) combined with a FlJI/ImageJ® machine learning algorithm to count mRNA molecules
within DAPI labelled cells.

2.8 Data analysis

Behavioral data were collected on a trial-by-trial basis and pre-processed to remove
outliers. Baseline outliers were removed based on the following criteria: <96/150 trials
completed in each session — only reaching the third block of distractor, and response
latencies (<100ms) that were too fast to be instrumental in nature (e.g. arising from
unintentional tail contacts with the touchscreen). For the pharmacological experiments,
outliers were removed for failed/incomplete dosing or a failure to reach the trial completion
criteria on <2/4 doses of each compound (n=1 removed per compound), final n: n=5 poor
learners, n=5 good learners. Reaction time responses were inverse transformed (-100/RT)

to normalise distribution of the data and facilitate more robust modelling.

Statistical comparisons were made in R (Version 4.4.2)°" using within-subjects mixed-
effects modelling, a generalised logit link function to quantify trial wise accuracy, and a
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linear model to analyse inverse transformed mean response latencies (inverseRT). Fixed-
effects relationships between angular separation from target (ang_sep), sex, learning type
(LT) and target distractor distance (TDD) were investigated. Animal ID was added as a
random effect with a random intercept to account for within group individual variation (see
Figure S3). Pharmacological models were similar, although model selection showed TDD
did not have significant explanatory power and was therefore not included in the final

model. Ang_sep was also only included as a fixed effect rather than interaction due to
model convergence violations. Where appropriate, estimated-marginal-means pairwise
comparisons with Tukey HSD correction were performed and reported as log-odds ratios for

generalised models.

The analysis of Western blot data was carried out using Welch'’s two sample t-test to
compare learning type means within cortical region. A within-subjects linear mixed-effects
model was applied to molecular data to investigate the relationships between learning-type
and GABRAS5 mRNA expression within specified cell types in the various brain regions of
interest. Each animal was added as a random effect with a random intercept to account for
within group individual variation. An ANOVA was performed to identify main effects, and
where appropriate, estimated-marginal-means pairwise comparisons with Tukey HSD
correction were performed between groups within region, within cell type, and adjusted p
values < 0.05 reported (see Figure S4). All variables and models were performed and
evaluated for analysis suitability using normality and model evaluation metrics available in
the Performance package in R (see Figure S5). Full summaries of statistical models can be

found in supplementary table 2.

10
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3.0 Results

3.1 Modelling VPL with a novel orientation discrimination task

Assessment of performance on the baseline version of the VPL task revealed that
narrowing the angular separation from the target stimulus decreased discriminative
accuracy (Figure 2A) (Compared to ang_sep90: ang_sep45: Pr(>|z|) = 0.970, ang_sep30:
Pr(>|z|) = 2.14e%, ang_sep15: Pr(>|z|) < 2e'%, ang_sep10, Pr(>|z|) < 2e'°). Here there
was also a within-block sex difference in trial wise mean accuracy where females displayed
lower accuracy from block 2 onwards (ang_sep90, F-M: adj.p value = 0.418, ang_sep45, F-
M: adj.p value = 0.0471 ang_sep30, F-M: adj.p value = 0.0531 ang_sep15, F-M: adj.p value
= 0.0275, ang_sep10, F-M: adj.p value = 0.0247). However, the accuracy of males and
females across all blocks was not significantly different (Compared to F: M: Pr(>|z]) =
0.732) (Figure 2B). When the relative location of the target and distractor gratings was
considered (Target Distractor Distance — TDD), both sexes were impaired by a greater
distance between stimuli (F, TDDclose — TDDfar: adj.p value = <.0001. M, TDDclose —
TDDfar: adj.p value = 0.0002), with females showing a greater reduction in accuracy than
males (TDDfar, F-M: adj.p value = 0.02) (Figure 2C). There was no such effect with close
TDD (TDDclose, F-M: adj.p value = 0.163). Analysis of concordant inverse transformed
response latencies (inverseRT) revealed a slowing of responses with narrowing angular
separation (Figure 2D) (F(4.269) = 123, Pr(>|z|) < 2.2e7'%) and a modest blockwise sex effect
(ang_sep90, F-M: adj.p value = 0.848, ang_sep45, F-M: adj.p value = 0.363, ang_sep30, F-
M: adj.p value = 0.204, ang_sep15, F-M: adj.p value = 0.0696, ang_sep10, F-M: adj.p value
= 0.0781 (Figure 2E). However, there was no significant difference between males and
females on inverseRT across the full task (F(1, 20) = 1.54, Pr(>F) 0.225) or when analysed
by TDD (Sex:TDD interaction, F(1, 269) = 0.224, Pr(>F) = 0.637 (Figure 2F).

Figure 2: Baseline performance measures on the VPL task

A Trial-wise mean accuracy by sex presented as mean + SEM. Dashed lines denote distractor frequency
blocks. Annotations denote between-sex comparisons within each distractor frequency block. B
Distribution of baseline task accuracy segregated by sex. Each data point denotes an individual animal. C
Distribution of mean task accuracy for each target distractor distance (TDD). Comparisons made within
TDD-between sex and within sex-between TDD. D Trial-wise mean inverseRT by sex presented as mean =
SEM. Dashed lines mark distractor frequency blocks. Annotations denote between-sex comparisons,
within distractor frequency block. E Distribution of mean inverseRT segregated by sex. Each data point
denotes an individual animal F Distribution of mean inverseRT by TDD. Comparisons made within TDD-
between sex and within sex-between TDD.

Baseline sessions displayed for each sex with statistical comparisons made by generalized linear mixed-
effects model with binomial link for accuracy (A-C). Linear mixed-effects model for inverseRT (D-F).
Boxplots denote median, interquartile range with whiskers extending to 1.5x IQR. Outliers denoted by solid
points. Pairwise comparisons made via estimated-marginal-means to “Female” condition in each case,
within block (A,D) and “close” (C,F). Effect sizes: “p value” = p<0.1, “*” = p<0.05, “***” = p<0.001 (D-F) as
log-odds ratios (A-C).
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3.2 Segregation of good versus poor learners on the VPL task

After validating the perceptual challenge of our paradigm, subjects were stratified based on
their VPL performance. Given that, for difficult learning paradigms, rodents require
extensive training and are often over trained by the time they are evaluated at baseline, we
segregated animals during the task acquisition stage. To achieve this, we grouped subjects
by their final training stage before the drug challenges. Those which completed all
pretraining, reaching the baseline task were classed as “Good Learners” (n = 5), those
which did not complete pretraining were “Poor Learners” (n = 6) (Figure 3A). Unfortunately,
due to differing pre-training exposures, we could not directly compare sexes with this
stratification approach, instead we completed a concordant stratification analysis for female
animals available in the supplementary materials (Figures S7, S8, S9).

In males, groupwise comparisons revealed within-block learning differences in accuracy
(Figure 3B) where good learners were more accurate than poor learners in all but the final
block (ang_sep90, poor-good: adj.p value = 0.0166, ang_sep45, poor-good: adj.p value =
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0.0057, ang_sep30, poor-good: adj.p value = 0.0083, ang_sep15, poor-good: adj.p value =

0.0095, ang_sep10, poor-good: adj.p value = 0.169).This was associated with good

learners displaying a greater full task accuracy (Figure 3C) (poor — good: Pr(>|z|) = 0.0253)

and both TDD close and far accuracies than poor learners (Figure 3D) (TDDclose, Poor-

Good: adj.p value = 0.0258, TDDfar, Poor-Good adj.p value = 0.0114). Additionally, whilst

poor learner accuracy was negatively impacted by increased TDD, good learners displayed

only a marginal reduction in performance between TDDclose and TDDfar trials (Poor,

TDDclose — TDDfar: adj.p value <.0001, Good, TDDclose — TDDfar: adj.p value = 0.0599).

Analysis of inverseRT highlighted no blockwise (Figure 3E) (ang_sep90, Poor-Good: adj.p
value = 0.263, ang_sep45, Poor-Good: adj.p value = 0.203 ang_sep30, Poor-Good: adj.p

value = 0.17, ang_sep15, Poor-Good: adj.p value = 0.204, ang_sep10, Poor-Good: adj.p

value = 0.254) or taskwise (Figure 3F) differences between learning types (poor — good: F(,

9) = 1.81, Pr(>F) = 0.212. There were also no within or between group effects of TDD on
inverse RT (Figure 3G) (F(1,80) = 0.558, Pr(>F) = 0.457).

Figure 3: Summary measures of perceptual performance on the VPL task

A Summary of stratification procedure based on training stage reached at the end of 33 sessions of
pretraining (males only). B Trial-wise mean accuracy by learning type presented as mean + SEM. Dashed
lines mark distractor frequency blocks. Annotations denote between-learning type comparisons, within
distractor frequency block. C Distribution of baseline accuracy by learning type. D Distribution of mean
accuracy segregated by target distractor distance. Points denote individual animals per TDD. Comparisons
made within TDD-between learning type and within learning type-between TDD. E Trial-wise mean
inverseRT by learning type presented as mean + SEM. Dashed lines mark distractor frequency blocks.
Annotations denote between-learning type comparisons, within distractor frequency block. F Distribution of
mean inverseRT by learning type.

G Distribution of mean inverseRT by target distractor distance. Points denote individual animals per TDD.
Comparisons made within TDD-between learning type and within learning type-between TDD. Baseline
sessions are displayed for each learning type with statistical comparisons made by generalized linear
mixed-effects model with binomial link for accuracy (B-D). Linear mixed-effects model for inverseRT (E-G).
Boxplots denote median, interquartile range with whiskers extending to 1.5x IQR. Outliers denoted by solid
points. Pairwise comparisons made via estimated-marginal-means to “Poor learner” condition in each
case, within block (B,E) and “close” (D,G). Effect sizes: “*” = p<0.05, “**” = p<0.01(E-G) as log-odds ratios
(B-D).

13


https://doi.org/10.64898/2026.03.25.714213
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.25.714213; this version posted April 1, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

Bailey et al. 2026

A

Count

Poor

Target Groups

Good

Stratification Approach

Pretraining
—

VD Training

Full Task

—
Training stage Reached

Performance
Learning Type Criteria Total Animals
Poor Learner Failed complete Pre-training 6
B C D
1.004 * [ wx oxx o owx 1.00 * 1.00 * *
| | | | — — —
> [ B s f ' °
@ 0.751 ™, 0.751 e 075 *
5 WA (= — = —
> d
8 AR $ °
c e Learnin
o254 v v v 1 o025 ° 7 . Type J
s [ T I
| | | | o Poor
0.004 90°, 45° 30° 15° 10° (. 0.00 - B Good
0 30 60 90 120 150 Poor Good close far
Trial No Learning Type Target Distractor Distance
E F G
w 02 o -0.2 -0.2
3 I T T o |
- -04 [ N -0.4 ,I o 041
(14 (I ETO, s i
(/] | | 1} L
g 06 b 0.6 0.6
> : : : : Learning
- -0.8 -0.8 -0.8
c ([ N Type
S o ol agel qgo ! g0 @ Poor
S -1.01 90°, 45° 30° 15° 10° 401 1.0 B Good
0 30 60 90 120 150 Poor Good close far

Trial No

Learning Type

Target Distractor Distance

14


https://doi.org/10.64898/2026.03.25.714213
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.25.714213; this version posted April 1, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

Bailey et al. 2026

3.3 GABAergic pharmacology
To investigate the contribution of GABRAS to VPL we administered the GABRAS positive

allosteric modulator (PAM) alogabat during task performance. To interrogate the specificity
of the behavioral effects of this GABRA5-based compound we also administered two
clinically available compounds: tiagabine, a GABA reuptake inhibitor and baclofen, a GABA

B agonist.

As shown in Figure 4A, tiagabine had no significant effect on accuracy (compared to Veh:
0.5 mg/kg, Pr(>|z|]) = 0.831, 2.5 mg/kg, Pr(>|z|) = 0.461, 7.5 mg/kg, Pr(>|z|) = 0.961).
However, in good learners, tiagabine had a dose dependent effect on response latencies
(main effect of dose: F(3161) = 17.3, Pr(>F) = 8.88e'°). Here, low (Veh-0.5 mg/kg: adj.p
value = 0.0365) and middle doses (Veh-2.5 mg/kg: adj.p value = 0.0001) increased
response speed whereas the highest dose slowed responding compared to all other doses
(Veh-7.5 mg/kg: adj.p value = 0.031, 0.5 mg/kg-7.5 mg/kg: adj.p value < 0.0001, 2.5 mg/kg-
7.5 mg/kg: adj.p value < 0.0001) (Figure 4B).

Administration of R-baclofen impacted accuracy in both learning groups (Figure 4C)
(compared to Veh: 0.05 mg/kg, Pr(>|z|) = 0.862, 0.5 mg/kg, Pr(>|z|) = 2.89e%%, 1.5 mg/kg,
Pr(>|z|) = 0.00182). Here, middle-dose R-baclofen improved “Good” learner accuracy
(Good: Veh-0.5 mg/kg: adj.p value = 0.048), and had a positive effect on accuracy in “Poor”
learners (Poor: Veh - 0.5 mg/kg: adj.p value = 0.0002, 0.05 mg/kg — 0.5 mg/kg: adj.p value
= 0.0001). High-dose baclofen improved the accuracy of “Poor” leaners (Poor: Veh-1.5
mg/kg: adj.p value = 0.0099, Veh-0.5 mg/kg: adj.p value = 0.008) but this comparison was
relatively low powered due to subject exclusion (Figure S6). Low dose R-baclofen had no
impact on “Poor” learner accuracy (Poor: Veh-0.05 mg/kg: adj.p value = 0.998), but there
was a positive trend associated with “Good” learner performance (Good: Veh-0.05 mg/kg:
adj.p value = 0.0868). Whilst there was a main effect of R-baclofen dose on inverseRT
(F(3.139) = 6.05, Pr(>F) = 6.68e4), this was limited to “Poor” learners only. Here, dose wise
comparisons revealed faster responses at the intermediate dose (Poor: Veh-0.5 mg/kg:
adj.p value = 0.0026), and slowing at high doses (Poor: Veh-1.5 mg/kg: adj.p value =
0.0014, 0.05-1.5 mg/kg: adj.p value < 0.0001, 0.5-1.5 mg/kg: adj.p value < 0.0001)

compared to vehicle and low dose conditions (Figure 4D).

Like baclofen, alogabat administration modified accuracy in both learning groups (Veh-3
mg/kg, Pr(>|z|) = 1.30e°, Veh-10 mg/kg, Pr(>|z|) = 9.87e'?, Veh-30 mg/kg, Pr(>|z|) =
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0.479). Within groups, “Poor” learner accuracy demonstrated an ‘inverted-U’ dose-response
with stepwise improvements in accuracy from vehicle at 3 mg/kg (Poor:Veh-3 mg/kg: adj.p
value = 0.0001), and 10 mg/kg doses (Poor:Veh-10 mg/kg: adj.p value < 0.0001) whereas
high dose exhibited no difference compared with the vehicle control group (Poor:Veh-30
mg/kg: adj.p value = 0.894). In contrast, a dose of 30 mg/kg alogabat improved “Good”
learner accuracy (adj.p value = 0.0001) with lower doses showing comparable accuracy
with the vehicle group (Figure 4E) (Veh-3 mg/kg: adj.p value = 0.701, Veh-10 mg/kg: adj.p
value = 0.986). Like tiagabine, alogabat had significant effects on response latencies in
“Good” learners only. Thus, a dose of 10 mg/kg resulted in faster responses compared with
vehicle (Veh-10 mg/kg: adj.p value = 0.0275) and 3 mg/kg (3 -10 mg/kg: adj.p value =
0.0193), whilst 30 mg/kg slowed responding compared to the 10 mg/kg dose level (10-30
mg/kg: adj.p value < 0.0001) (Figure 4F).
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Figure 4 Baseline-dependent effects of GABAergic interventions on the VPL task
A Distribution of full task mean accuracy following the administration of the GAT-1 inhibitor tiagabine
separated by learning group. B Distribution of full task mean inverseRT following the administration of the
GAT-1 inhibitor tiagabine separated by learning group. C Distribution of full task mean accuracy following
the administration of the GABA B agonist R-baclofen separated by learning group. D Distribution of full
task mean inverseRT following the administration of GABA B agonist R-baclofen separated by learning
group. E Distribution of full task mean accuracy following the administration of the GABRAS positive
allosteric modulator alogabat separated by learning group. F Distribution of full task mean inverseRT
following the administration of the GABRADS positive allosteric modulator alogabat separated by learning

group.

Generalized linear mixed-effects model with binomial link (A,C,E). Linear mixed-effects model (B,D,F).
Boxplots denote median, interquartile range with whiskers extending to 1.5x IQR. Outliers denoted by solid
points. Pairwise comparisons made via estimated marginal means to Vehicle condition in each case, within
“Learning type”. Effect sizes: “p value” = p<0.1, “*” = p<0.05, “**” = p<0.01, “**” = p<0.001(B,D,F) and as
log-odds ratios (A,C,E).
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3.4 Relating perceptual performance to GABRAS expression

To identify the putative substrates underlying the variability in alogabat’s drug effects we
next investigated GABRAS expression in primary visual cortex (V1) and subregions of the
mPFC (Cg1, PrL, IL — see Figure 5A) using Western immunoblot and RNA scope
fluorescence in-situ-hybridisation (RNA Scope) (Figure 5B-D).

Western blot protein analysis highlighted an increased level of GABRAS protein expression
in the PrL of good learners (Poor - Good: p-value = 0.0393) (Figure 5E). We then assessed
GABRA5 mRNA in selective subpopulations of inhibitory interneurons, specifically:
parvalbumin (Pvalb)-, somatostatin (Sst)-, vasoactive intestinal peptide (VIP)- and
excitatory pyramidal cells (slc17A7) in each target cortical region of interest. Statistical
comparison between learning types revealed a greater number of GABRAS and Sst co-
expressing cells in the PrL of good learners (Poor - Good: adj.p value = 0.0006) (Figure
5F), an increased number of GABRAS and Sst overlapping mRNA copies in the Cg1 and
PrL of good learners (Cg1:Poor - Good: adj.p value = 0.0187, PrL: Poor - Good: adj.p value
= 0.0038), and a greater number of GABRAS and Pvalb overlapping mRNA copies in the
PrL of good learners (Poor - Good: adj.p value = 0.0031) (Figure 5G). There was no
difference in within-region total-DAPI derived learning-type cell counts (LT:Region - F(322.4) =
0.102, Pr(>F) = 0.958). All other comparisons were non-significant. A summary of the

molecular quantification data is given in supplementary Table 2.

Figure 5: Relationship of GABRAS5 expression with perceptual acuity and learning rate

A Schematic illustrations showing target regions of interest, left = primary visual cortex (V1) -5.6mm — -
8.16 mm from bregma, right = prefrontal cortex (PFC) 4.6 mm — 2.52 mm from bregma. Sub-regions:
anterior cingulate cortex (Cg1), prelimbic cortex (PrL), infralimbic cortex (IL). B Representative section of
PFC showing fluorescent signal aligned with ROls. C RNAscope assays from representative good versus
poor learners on the VPL task. Scale bar 100 um. Assay 1 GABRADS (red); Pvalb (green); Sst (yellow):
Assay 2 GABRAS5 (red); slc17A7 (green); VIP (yellow). Arrows highlight cells expressing target probes in
each case. D Representative Western-immunoblot gel for GABRAS protein expression in good versus poor
learning groups with actin as the housekeeper control for each ROI. E Statistical comparison of Western-
immunoblot derived GABRAS protein expression in cortical ROls between stratified “learning types”. F
Cell-wise quantification of GABRA5 co-expression from RNAscope assays within inhibitory interneuron
subtypes: parvalbumin (Pvalb), somatostatin (Sst), vasoactive intestinal peptide (VIP) and excitatory
pyramidal cells (slc17A7) by “Learning type”, per target cortical region. G Puncta-wise quantification of
GABRAS5 co-expression from RNAscope assays within inhibitory interneuron subtypes: parvalbumin
(Pvalb), somatostatin (Sst), vasoactive intestinal peptide (VIP) and excitatory pyramidal cells (slc17A7) by
“learning type” in target cortical regions. A modulus transformation (p=0.3) was applied to scale the
RNAscope y-axes to enable better interpretability between high and low expression values on the same
plot. mMRNA coexpression values are displayed for each “learning type” as mean + SEM per subject.
RNAscope was performed using 2 assays to assess GABRAS within (1: Pvalb, Sst, 2: VIP, slc17A7)
highlighted with dashed line. Pairwise comparisons made via linear mixed-effects model to “poor learner”
condition each case via estimated-marginal-means, within region and cell type: “p value” = p<0.1, *” =
p<0.05, “**” = p<0.01, “**” = p<0.001.
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4.0 Discussion

In this study we investigated the role of inhibitory neurotransmission in VPL and specifically
an underlying involvement of a5 subunit containing GABA-A receptors. Using a novel
orientation discrimination task, we assessed the association between GABRAS expression
and task acquisition and validated our findings with selective GABAergic pharmacological
agents in both male and female animals. We report that superior learning on a visual
discrimination perceptual task is accompanied by increased GABRAS expression in Sst and
Pvalb interneuronal populations in the prelimbic subregion of the medial prefrontal cortex.
Since VPL acuity in poor learners was improved following positive allosteric GABRAS
modulation during the early task sessions, our findings indicate that VPL may depend in
part on optimal GABRAS mediated inhibition in the prelimbic cortex early in the learning

process.

4.1 Modelling perceptual learning and attentional load

Orientation discrimination is a commonly employed behavioral paradigm to investigate
perceptual acuity in rodents?®38 and humans®®°°. However, cross-species translation is
often challenged by differences in task configuration and decoding precisely how rodents
solve tasks of this nature. To address these issues, we developed a novel progressive
orientation discrimination paradigm to test rodent visual perceptual learning in a manner as
close to human perceptual tasks as possible. Like virtual-reality or head-fixed running wheel
approaches®®8', we used progressive orientation discrimination as the perceptual
challenge. However, unlike 2-choice perceptual tasks in rodents®?, we added a third
stimulus. By simultaneously presenting target and distractor gratings close or far from one
another, we not only reduced procedural location-based learning but also widened the
window for pharmacological effects (from chance performance of 50% to 33%). In addition,
the configuration of our novel task increased attentional demands®3, thus mimicking the
high attentional load of equivalent VPL tasks in humans®4. Crucially, our approach also
preserved fine discrimination without restraint, facilitating naturalistic behavior and negating
the limitations of head fixed approaches commonly used in go/no-go-based perceptual
tasks. With these features, our task permitted the investigation and decoding of multiple
components of visual perceptual learning whilst also enabling future temporally resolved
neural recording techniques such as fiber photometry®® and electrocorticography
(ECoG)®e:67,
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4.2 VPL variability is associated with GABRAS expression in the prelimbic cortex

To investigate intrinsic differences in perceptual learning in our task, we stratified behavior
at the conclusion of the pretraining stage. At this point in acquisition, stimulus reward
associations (PT2+3), distractor interference tolerance (PT4, VD1-5), and spatial flexibility
(PT2-VD5) could be assessed. Our approach aimed to separate the upper and lower
tertiles of learning rate to determine whether GABRAS expression in key components of the
visual processing pathway were associated with task acquisition and could function as

predictors of subsequent baseline performance.

VPL involves the integration of bottom-up sensory processing and coordinated responses
from top-down attentional control mechanisms®8-73, Our finding that higher GABRAS protein
expression in a subregion of the PFC — the PrL — is associated with faster perceptual
learning indicates that top-down inhibitory control may be an important determinant of early
contingency learning in this task. Supporting this notion, animals showing faster rates of
learning were also more tolerant of a wider separation between the target and distractor
stimuli, consistent with a role of the PrL in maintaining attentional focus in the face of
distraction”*75. Indeed, higher cortical regions including the PFC and parietal association
cortex (PC) are implicated in the control of interference suppression’® in response to
multiple simultaneously presented visual stimuli on such tasks as multiple-object-tracking
(MOT)”” and visual discrimination”®. Such observations imply that top-down control
processes may be necessary for acquiring attentional selection strategies to enable
discriminative acuity in the present VPL task.

Within each session we found block-wise differences in VPL performance between fast and
slower learning male and female rats, which diminished toward the most challenging
discrimination block (10° from target). This finding suggests that whilst faster contingency
learning during pretraining is beneficial in overall task performance, when the task reaches
fine levels of discrimination, even robust interference suppression strategies are ineffective.
Since the PrL contributes to the formation of stimulus reward action-associations and
dynamic cue-outcome predictions when the stimulus is either ‘rewarded’ or ‘not rewarded’,
rather than changes to its ‘value’”®8° we suggest that when target and distractor stimuli
converge in orientation, so too do their perceived values. Here, groupwise perceptual
strategies recruited early in learning and putatively modulated by GABRAS in the PrL may
break down due to high levels of uncertainty between the perceived values of target and
distractor stimuli. Instead, processing may depend more on bottom-up sensory integration
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or other stimulus-value associated regions such as the orbitofrontal cortex®!82. However, it
could also be argued that 10-degree discrimination represents a perceptual limit for rats in
this task. Taken together, these findings suggest that PrL GABRAS expression may enable
faster acquisition of top-down stimulus-reward association weights and interference
suppression strategies during pretraining. However, during late VPL, a limit is reached for
fine discriminations that may be independent of GABRAS in the PrL.

4.3 GABRAS selective agents may alter performance by modifying tonic inhibitory
activity

The pharmacological interventions in this study aimed to validate the observed differential
expression of GABRAS in the PrL of good and poor learners. To achieve this objective we
administered a specific GABRA5 PAM, alogabat, and compared its effects to clinical
compounds that potentiate metabolic (tiagabine) and post-synaptic tonic inhibitory activity
(R-baclofen), both of which have demonstrated pro-cognitive effects in different
contexts®384, Here, we found a lack of efficacy in metabolic GABA potentiation with
tiagabine, but a positive dose-dependent effect of baclofen on discriminative accuracy in
both poor and good learning male rats. In contrast, alogabat elicited a dose-dependent
enhancement in VPL performance that varied according to learning group and timing of

administration.

Our findings with tiagabine and baclofen suggest that extracellular GABA levels do not
impact task performance at nonsedative doses, but that moderate post-synaptic
potentiation via the GABA B receptor improves perceptual acuity regardless of task
acquisition rate whilst sparing side effects. However, the effects of alogabat are more
challenging to interpret. It should be noted that administration timing of alogabat was
variable, firstly between male and female animals (sessions 1-13 male, 16-23 female), and
secondly, based on relative task experience between good and poor learning males
(sessions: 1-8 poor, ~5-13 good) (Figure S10). We acknowledge this variation as a
limitation but suggest the accompanied behavioural effects shed light on the time
dependent mechanisms by which GABRAS acts in this task.

Alogabat administration resulted in an apparent inverted-U dose response effect on
accuracy in poor learning males, and a positive log-linear dose response in good learning
males. Considering poor learning males were yet to asymptote during administration we
suggest that potentiating GABRAS in this window enables faster learning of the top-down
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stimulus reward associations. Whereas, in good learning males which did not display
asymptotic performance, refinements could only be made at the highest dose (details of
session-wise baseline performance found in Figure S11). Whilst these responses relate to
groupwise PrL GABRAS expression, the similar performance effects of baclofen and
alogabat in male rats suggests that alogabat may be modifying cortical tonic inhibition.
Tonic GABA currents are typically viewed as constraining learning and memory while
sharpening sensory processing (reviewed by Koh., et al. 2023). Although GABA B
receptors contribute substantially to tonic inhibition, several extrasynaptic GABA A subtypes
including GABRAD5 also mediate shunting inhibition*®86:87, This GABA A-based mechanism
has been proposed to narrow the temporal integration window of incoming signals, thereby
increasing the signal-to-noise ratio and improving the fidelity of sensory representations-8°,
In this context, pharmacological potentiation of GABRAS would be expected to bias
microcircuitry toward stability and noise-suppression, potentially enhancing distractor
resistance. Indeed, consistent with the clinical indications of alogabat 52 and similar pro-
cognitive GABRAS5 PAMs %% we suggest that modulating GABRAS in this way may benefit
refinements in early plastic learning periods that appear to rely on receptor expression

presumably related to dynamic synaptic localisation.

Our pharmacological interventions support the notion that extrasynaptic GABRAS receptors
regulate a balance between stability and plasticity favouring stability for faster task
acquisition. However, tuning by GABRAS pharmacology during early exposure to the final
task may enable long-term refinements of stimuli representations, which depend on intrinsic
receptor expression. Moreover, once these representations are well trained, ceiling effects
of increased tonic GABA inhibition is evident.

4.4 Sst and pvalb interneuron GABRAS5 mRNA expression underlies behavioral and

pharmacological variation

Our RNAScope findings indicate that higher GABRAS expression in mPFC pvalb and Sst
interneuron populations benefit early task learning and long-term baseline performance.
Based on the established connections between GABRAS and Sst interneurons with
dendritic input gating refinement to pyramidal cells (PYR) %?-%, we posit that sensory signal-
to-noise ratio and input integration mediated by these cells may be an important
determinant of distractor suppression mediated by the PrL during VPL acquisition. A
putative involvement of Pvalb interneurons also suggests GABRAS+ cells contribute to PrL
recurrent inhibitory activity to fine tune the local E/I balance, thereby enhancing task
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acquisition via trial-by-trial prediction error updates®”-°. The absence of GABRA5
expression differences in VIP and slc17A7 expressing PYR cells potentially highlights
canonical microcircuit mechanisms where VIP interneurons disinhibit PYR excitability
through inhibition of Sst suppression of PYR cells and would be bypassed by increased
tonic inhibition from GABRAS5 expressing pvalb and Sst populations'®92. These findings
suggest that GABRADS clusters in Pvalb and Sst interneurons of the PrL functioning to bias
the microcircuitry towards greater tonic inhibitory tuning of sensory input fidelity. This
mechanism would account for faster learning in animals exhibiting a higher intrinsic
expression of GABRADS.

The profound differences observed in the acquisition of the present VPL task in male and
female rats precludes a meaningful comparison to be made in terms of drug effects and
GABRAS5 dependent mechanisms. The longer acquisition observed in female rats suggests
females may be more susceptible to distraction interference than males. Indeed, a previous
study also reported longer training periods of female rats in similar 3-stimuli operant task
compared to males®. Additionally, we acknowledge that the timing of Alogabat
administration renders stable performance vs learning effects inseparable. Although, we
argue that based on the consistency of RNAScope findings across the cohort, the
similarities in experienced animal responses to alogabat and baclofen, and the dynamic
synaptic localisation of GABRAS receptors, our results display useful learning-based
findings on the contributions of GABRAS. Finally, our results present longitudinal behaviour,

but static molecular readouts.
4.5 Conclusions

Overall, we report a convergent set of findings implicating GABRAS mediated inhibitory
processes during adaptive visually guided behaviors. We report a putative involvement of
GABRAS expressed Sst and pvalb interneurons of the PrL in a visual orientation
discrimination task that involves set-shifting and simultaneous suppression of distractor
stimuli in the visual field. We validated GABRAS’s role in our task via comparing selective
GABAergic agents between groups of animals stratified according to poor and good
learning during early acquisition of the task. Our findings indicate that suppression of
interference by the PrL may facilitate faster learning in animals exhibiting high expression of
GABRAS in PrL Sst and Pvalb expressing interneurons. Thus, in conclusion, GABRAS
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expressed in the PrL may mediate tonic inhibitory control of excitatory sensory input to
facilitate top-down learning of perceptual task contingencies.
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