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1 | INTRODUCTION

Schizophrenia (SZ), autism spectrum disorder (ASD), and bipolar disor-
der (BD) are often comorbid neurodevelopmental psychiatric
disorders,*? with overlapping symptoms,
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Abstract

Mutations affecting DLG2 are emerging as a genetic risk factor associated with neu-
rodevelopmental psychiatric disorders including schizophrenia, autism spectrum dis-
order, and bipolar disorder. Discs large homolog 2 (DLG2) is a member of the
membrane-associated guanylate kinase protein superfamily of scaffold proteins, a
component of the post-synaptic density in excitatory neurons and regulator of syn-
aptic function and plasticity. It remains an important question whether and how
haploinsuffiency of DLG2 contributes to impairments in basic behavioural and cogni-
tive functions that may underlie symptomatic domains in patients that cross diagnos-
tic boundaries. Using a heterozygous DIg2 mouse model we examined the impact of
reduced DIg2 expression on functions commonly impaired in neurodevelopmental
psychiatric disorders including motor co-ordination and learning, pre-pulse inhibition
and habituation to novel stimuli. The heterozygous DIg2 mice exhibited behavioural
impairments in long-term motor learning and long-term habituation to a novel con-
text, but not motor co-ordination, initial responses to a novel context, PPl of acoustic
startle or anxiety. We additionally showed evidence for the reduced regulation of the
synaptic plasticity-associated protein cFos in the motor cortex during motor learning.
The sensitivity of selective behavioural and cognitive functions, particularly those
dependent on synaptic plasticity, to reduced expression of DLG2 give further cre-
dence for DLG2 playing a critical role in specific brain functions but also a mechanis-

tic understanding of symptom expression shared across psychiatric disorders.

KEYWORDS
autism spectrum disorder, bipolar disorder, habituation, learning, PSD93, psychosis,
schizophrenia

neurobehavioural and motor dysfunction.®=> There is also a substan-

k,6~® concordant with the correlation

tial portion of shared genetic ris
between functional disabilities and risk genes associated with devel-
opmental disorders.”1® Genetic analysis approaches, including

including cognitive, genome wide association studies, studies of common variants as well
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as copy number variant (CNV) analysis, and exome sequencing for
rarer but more penetrant mutations, combined with subsequent gene
set enrichment analysis have been important for identifying the bio-
logical pathways underlying disorder pathophysiology and common
targets for clinical interventions.** This approach has uncovered an
enrichment of genes involved in synaptic plasticity and the post-
synaptic density (PSD) in SZ.*'2°1” Convergence of mutations in
genes important for synaptic formation, plasticity, and elimination

D’18722

have also been found in AS with meta-analyses identifying

postsynaptic complexes as one of three functionally interconnected
pathways associated with ASD risk genes.?324

Discs large homolog 2 (DLG2, also known as post-synaptic den-
sity protein-93 [PSD-93] and chapsyn-110), is part of the membrane
associated guanylate kinase (MAGUK) protein superfamily of scaffold
proteins and is enriched at the PSD.2°> MAGUKs primarily bind and
stabilise proteins at synapses, and regulate the synaptic localization of
glutamate receptors, key for synaptic transmission and synaptic plas-
ticity.2® Both de novo CNVs and SNVs implicate DLG2 in increasing
risk of $Z,51527729 ASD,3%-32 and potentially BD.3®

Mutations in DLG2 affecting its function and/or expression are
plausibly related to the impairments of learning and memory underly-
ing in the cognitive deficits seen in SZ, as well as altered synaptic plas-
ticity linked to abnormal sociability and motor deficits reminiscent of
ASD.?2347%7 |ndeed, homozygous knockout mice (DIg2~"~) showed
no impairment in simple forms of learning, but showed deficits in
complex learning, cognitive flexibility and attention comparable to
similar deficits in humans carrying mutations disrupting the coding
region of DLG2.%® Furthermore, DIg2~'~ mice displayed abnormal

social behaviours,3%4°

increased repetitive behaviours and hypo-
activity in response to novelty,*® as well as defective long-term poten-
tiation (LTP)** and aberrant excitatory synaptic transmission in the
dorsal striatum.*° Significantly, the functions of DIg2 and other mem-
bers of the Dlg family are dissociable both at the behavioural and syn-
aptic levels.26:3841:42

Most genetic lesions observed in humans are deletions within
or of DLG2%Y52772% and are heterozygous.>>*® Little attention has
been paid to investigating behavioural phenotypes associated with
heterozygous DIg2 models, arguably more translationally relevant
than homozygous knockouts. Winkler et al.®? identified a DIg2
dose-dependent impairment of motor learning in mice. There has
been no systematic investigation of reduced DIg2 gene dosage on
potentially core endophenotypes associated with SZ, ASD, BD, and
other neuropsychiatric disorders including motor function, pre-pulse
inhibition (PPI) of startle responses and habituation to a novel
stimulus. 453

In this study we investigated motor co-ordination and motor
learning, habituation to a novel context, PPl of the acoustic
startle response (ASR) and anxiety in heterozygous DIg2 adult
male mice. Using cFos levels as a proxy marker for synaptic

activity and plasticity,>*

we also tested the hypothesis that in
the heterozygous DIg2 mice impaired behavioural function
would be correlated with reduced activity-dependent cFos

activation.

2 | METHODS

21 | Animals

All procedures were conducted in accordance with local ethical guide-
lines and Animals (Scientific Procedures) Act (ASPA) (1986) under UK
Home Office project licence PPL 30/3135. DIg2tm1aEUCOMMWLSI 00
(MGI:4842622, frame shift deletion targeting exon 14, encoding the
SH3 domain common to DLG2 variants, hereafter Dlg2+/* or HET)
were maintained heterozygously on a C57/BL6J background.
Genotyping was conducted in house (Data S1). DIg2™~ and WT con-
trols were housed in mixed-genotype standard cages with <5 litter-
mates. Mice were maintained on a 12:12 hour light/dark cycle (light
phase 8 a.m.-8 p.m.) with ad libtum access to standard food (RM3 E,
Special Services Diet, Lillico, UK) and water. Cages were lined with
wood shavings, and cardboard tubes and wooden sticks provided
environmental enrichment. Holding rooms were maintained at 45%-
60% humidity and 19-22°C.

2.2 | Behavioural analysis

Data from three separate cohorts male of mice is presented in this
manuscript, with Cohort 1 and Cohort 2 undergoing more than one
behavioural test (Table S1). At start of testing mice were 8-12 weeks
of age. All tasks were completed prior to lights off. All mice were
habituated to the experimenter for 1 week before testing, and to pro-

cedural rooms for 5 min before training and testing.

2.3 | Motor learning and performance

Two-day (2d) rotarod motor learning and motor performance task. Mice
were habituated to the experimental room for 5 min prior to the first
trial. Each mouse received 5-min trials on the rotarod (3 cm drum sep-
arated by flanges into 5 x 5.7 cm individual lanes, fall height 16 cm,
47,600, Ugo Basile, Italy). Motor training comprised of 5 trials across
2 days (Day 1, two trials, Day 2, three trials) during which the rotarod
was accelerated incrementally from 5-50 rpm over 5 min. Animals
were returned to home cages in the testing room between trials. Fol-
lowing completion of a trial for the whole cohort (approx. ITI 30 mins)
the next trial was started. Starting on Day 3, to assess motor perfor-
mance, mice then completed two 5-min trials at a fixed speed (5-
45 rpm in 5 rpm increments) over 5 days, with an inter-trial interval of
20-30 min during which the mice were returned to their home cage
in the test room. The mean latency to fall for two trials per speed was
calculated.

Three day (3d) rotarod motor learning task. Mice were habituated
to the experimental room for 5 min prior to the first trial. Each mouse
received 7 trials a day for 3 consecutive days. Each trial comprised of
the rotarod accelerating incrementally from 4-40 rpm over 5 min,
with an inter-trial interval of 5 min during which the mice were ret-

urned to their home cage in the testing room. For the assessment of



PASS ET AL.

Genes, Brain 30f13

cortical activity using cFos IHC, experimental mice were trained on
the accelerating rotarod under the same conditions. However, mice
were single caged in their housing (not test) room for 1.5 h after the
second trial on Day 1. Control mice were singled caged in the holding
room for 1.5 h.

In all tasks, mice were placed on the rod facing away from the
experimenter. Rotarod training order was counterbalanced for geno-
type. Latency to fall (s), defined as the first fall from the rod or 1 full
rotation on the rod, was measured for each mouse per trial. Consoli-
dation of motor learning was analysed by comparing latency to fall
between for the last trial on Day 1 (D1T7) to the first trial on Day
2 (D2T1), = latency to fall(s) (D2T1/(D2T1 + D1T7).

2.4 | Acoustic startle and pre-pulse inhibition

ASR and PPI of startle response was monitored using a SR-Lab™ Star-
tle Response System (San Diego Instruments, USA). Mice were placed
in a Perspex tube (internal diameter 35 mm) mounted to a Perspex
plinth containing a piezoelectric pressure-sensitive accelerometer sen-
sor. All data are reported as the weight adjusted average response
amplitude (v avg) and the contribution of body weight to the startle
response was accounted for using Kleiber's 0.75 mass exponent.>> A
session began with a 5-min presentation of scrambled white noise at
background intensity (70 dB) to habituate the animals to the appara-
tus followed by 3 blocks of acoustic stimuli (pulses). The startle ampli-
tude was 120 dB for block 1, 105 dB for block 2 and a range
(80-120 dB) in block 3. Pulse alone trials consisted of a 40 ms startle
stimulus whilst pre-pulse trials consisted of a 20 ms pre-pulse at 4, 8
or 16 dB above background followed by a 40 ms startle stimulus
(120 or 105 dB) 70 ms after the pre-pulse. Blocks 1 and 2 began with
6 pulse alone trials (either 120 dB or 105 dB) followed by pseudoran-
dom stimuli (pulse alone, pre-pulse or no stimulus) every 15 s. In block
3 varying pulse alone stimuli (80-120 dB) were presented 3 times in a
pseudorandom manner. Whole body startle responses were recorded
as average startle during the 15 s window after pulse onset. No stimu-
lus trials separated the blocks and ended the session.

The startle response (startle amplitude) to the first three pulses at
105 and 120 dB were averaged and analysed as an index of emotional
reactivity before appreciable habituation.>® To measure habituation of
the startle response, responses to the first five pulse-alone trials at
each intensity were measured. For each animal the absolute PPI
unconfounded by the initial startle response was calculated as the
percentage reduction in startle amplitude in pre-pulse (PPI) compared
to pulse alone trials (105 dB and 120 dB). [%PPI = 100 x (ASRstartle
pulse alone — ASRprepulse + startle pulse)/ASRstartle pulse alone].

2.5 | Locomotor activity and habituation

The locomotor activity of individual mice was conducted in clear Perspex
activity boxes (CeNeS Cognition, Cambridge, UK, 21 cm x 36 cm
x 20 cm; 2 IR beams 3 cm from box end, 1 cm from box floor) in the

and Behavior

dark. For each mouse, individual beam breaks were recorded (using a
custom BBC BASIC V6 programme with additional ARACHNID interfac-
ing, Campden Instruments, Loughborough, UK) in 5 min bins over a 2 h
session for 5 consecutive days. Mice were assigned an activity box for
the duration of experiment. Twelve mice were run concurrently and the
order/time of testing was conserved across days. Each batch of 12 mice
was counterbalanced for genotype. The total number of beam breaks
per day was recorded and the total number of beam breaks in the first
6 bins (30 min quartile, Q1-Q4) each day was calculated to measure
between-session and within-session activity, respectively. Changes in

between-session activity = beam breaks (Day 5/[Day1 + Day 5]).

2.6 | RNA extraction and RT-qPCR

Mice (12 WT, 12 HET) were culled via cervical dislocation and the
pre-frontal cortex (PFC), hippocampus and cerebellum dissected and
flash frozen and samples stored at —80°C until use. RNA from tissue
samples was isolated using QIAGEN RNeasy kits and DNase treated
with an Ambion TURBO DNA-free™ Kit (ThermoFisher Scientific, Del-
aware, USA). cDNA synthesis from 1.5 ng/pl RNA was performed
using RNA to cDNA EcoDry Premix (Random Hexamers) (TaKaRa
Europe SAS, Saint-Germain-en-Laye, France). cDNA was diluted to
achieve a 1:15 dilution and then stored at —20°C prior to qPCR. gPCR
was conducted with the SensiMix SYBR® No-ROX Kit (Meridian Bio-
science, Cincinnati USA) on an StepOne Plus Applied Biosystems
Real-Time PCR instrument (ThermoFisher Scientific, Delaware, USA;
1 cycle 95°C, 10 mins; 45 cycles of 95°C, 15 s; 60°C, 1 min). Potential
compensatory changes in the expression of other Digs genes have
been found in homozygous DIg2 mice previously,>” so mRNA expres-
sion of DIg1, DIg3 and DIg4 was measured in addition to DIg2. Hprt
and Gapdh acted as housekeeping genes. Primers were designed using
NCBI Primer-BLAST (5'-3': DIg1 -CGAAGAACAGTCTGGGCCTT (for-
ward), GGGGATCTGTGTCAGTGTGG (reverse); DIg2 - TGCCTGGC
TGGAGTTTACAG (forward), TTTTACAATGGGGCCTCCGC (reverse);
DIg3 - GAGCCAGTGACACGACAAGA (forward), GCGGGAACTC
AGAGATGAGG (reverse); DIg4 - GGGCCTAAAGGACTTGGCTT (for-
ward), TGACATCCTCTAGCCCCACA (reverse); Gapdh - GAACATCA
TCCCTGCATCCA (forward), CCAGTGAGCTTCCCGTTCA (reverse);
UBC - CCAGTGTTACCACCAAGAAGGT (forward), CCATCACAC
CCAAGAACAAGC (reverse) and commercially synthesised (Merck Life
Science UK Ltd, Gillingham, Dorset, UK). All gPCR samples were run
in triplicate and the outcome was calculated using the 272ACt
method.>®

2.7 | cFosimmunohistochemistry

Mice were transcardially perfused under terminal anaesthesia (0.1 ml
200 mg/ml Euthatal, Duggan Veterinary Supplies Ltd, Tipperary,
Ireland) using PBS and 4% PFA and the brains removed. Following
24 h post-fixation in 4% PFA, the brains were cryopreserved in 30%
4°C then embedded in

sucrose in PBS at Tissue Plus
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O.C.T. compound (ThermoFisher Scientific, UK) before storage at
—80°C. One in ten coronal sections (40 pm) were cut and collected
using a Lecia CM1900 cyrostat (Leica Biosystems, UK) spanning the
emergence of cortical M1 (approx. Bregma +2.3 to +2.2 mm) and
stored in 1X PBS at 4°C.

Sections were blocked in 1% Triton-X, 500 ul PBS (PBST) con-
taining 3% normal donkey serum (S30-100ML, Millipore, Hertford-
shire, UK) at room temperature (RT) with agitation for 2 h. Rabbit
anti-cFos (ABE457, 1:5000, Merck Millipore, Hertfordshire, UK) was
diluted in 500 pl 0.1% PBST with 0.2% normal donkey serum (v/v)
and incubated overnight with agitation at 4°C. Following washes, Invi-
trogen Alexa Fluor Plus 488® goat anti-rabbit secondary antibody
(A32731 ThermoFisher Scientific, UK) was diluted (1:1000) in 500 pl
0.1% PBST with 0.2% normal donkey serum (S30-100ML, Merck Mil-
lipore, Hertfordshire, UK) and sections were protected from light and
incubated at RT with agitation for 2 h. Sections were incubated with
the nucleus DNA stain 4',6-diamidino-2-phenylindole (DAPI) (1 pg/ml
D9542-10MG, Merck Life Science UK Ltd, Gillingham, Dorset, UK) in
1x PBS at RT with agitation for 5 min, then washed. Sections were
mounted in a counterbalanced manner, coverslipped with 20 pl
Mowiol® 4-88 (Merck Life Science UK Ltd, Gillingham, Dorset, UK)
and stored at 4°C.

28 | Imaging

M1 was imaged as a Z stack using a Zeiss LSM 900 confocal micro-
scope running ZEN 2 (blue) software at 20x magnification and analy-
sis was conducted in Fiji (1.52 g, https://imagej.nih.gov/). Exposure
time was constant between sections. The average intensity projection
was analysed, taken from the central focal plane and 2 adjacent focal
planes in either direction, with an interplane interval of 1 pm. The area
of M1°? was measured using the freehand tool and cFos™ cells were
manually counted. The average number of cFos* cells/mm? per
mouse was calculated by dividing the mean number of counted cells
by the area measured. Per animal 10-12 sections were counted.

2.9 | Statistical analysis

Data was analysed using SPSS 23 (IBM Corporation, New York, USA),
with an alpha level of p < 0.05 was regarded as significant throughout.
All data was tested for normality using the Shapiro-Wilks test. Out-
liers were determined by both visual inspection of boxplots and/or
standardised residuals of > + 3 (https://statistics.laerd.com/). Unless
otherwise stated analysis was conducted on untransformed data. Data
was analysed by unpaired two-tailed t-test, Mann-Whitney U, one-
way-ANOVA, or mixed ANOVA. For t-tests that violate homogeneity
of variances, Welch's t test is used. For ANOVA where Mauchly's
assumption of sphericity was violated, the Greenhouse-Geisser cor-
rection was used. The assumptions of homogeneity of variances and
covariances were assessed using Levene's and Box's M tests. Signifi-

cant interactions were investigated with one-way ANOVAs.

3 | RESULTS
3.1 | There was a significant reduction in DIg2
mRNA in the cortex of heterozygotic mice

There was no difference in the expression of DIg2 in the cerebellum
(twsoyy = 0547, p = 0.597, t-test) or hippocampus, (tp1) — — 0.238,
p = 0.815, t-test) between WT and DIg2"~ mice (Figure 1AB). However,
there was a reduction in mRNA in the cortex in the DIg2"~ mice (tus) =
—4.163, p = 0.001, t-test, Figure 1C). The expression of DIg1, DIg3, or Dig4
in the same brain regions was not altered in the DIg2*/~ mice (Figure S1).

3.2 | DIg2*~ mice exhibit impaired reactivity to an
acoustic stimulus but intact PPI

The average of the first three acoustic stimulus pulses at 120 dB were
analysed as an index of emotional reactivity. Dlg2+/‘ mice exhibited a
reduced reactivity to the 120 dB auditory stimulus (to = 3.303,
p = 0.004, t-test) (Figure 2A). The reduced startle response in the
DIg2™~ mice to the stimulus persisted across the first 6 pulse alone
trials with no evidence of habituation (TRIAL: F(3g25, 152,983 = 0.803,
p = 0.520, GENOTYPE: F(1, 40) = 7.441, p = 0.009, GENOTYPE x
TRIAL: F3.825, 152.983) = 1.250, p = 0.293, mixed ANOVA) (Figure 2B).

For PPI, as the intensity of the preceding pre-pulse increased the
startle response decreased in both WT and DIg2*~ but with an apparent
difference between the genotypes (PULSE: Fi1742 69692y = 5.791,
p = 0.007, GENOTYPE: F(;, 49 = 5.916, p = 0.020, PULSE x GENO-
TYPE: F(1742, 69.692) = 5.791, p = 0.007, mixed ANOVA) (Figure 2C). The
reduced responses in the DIg2*/~ mice to the startle stimulus alone
(P120) are likely to confound interpretation. When startle response was
adjusted for the baseline response at 120 dB, there was no difference in
the percentage PPl between the genotypes over the range of pre-pulse
intensities tested (GENOTYPE: F(4, 40 = 1.704, p = 0.199, PULSE: F(4 730,
691999 = 123350, p = <0.01, GENOTYPE x PULSE: F730,
69.199) = 0.238, p = 0.757, mixed ANOVA) (Figure 2D). By using a lower
intensity startle stimulus to ameliorate a potential confound of PPl mea-
surement by the responses to the standard 120 dB acoustic startle stim-
ulus in the mutant animals, we showed that both genotypes showing
similar emotional reactivity and PPI to a 105 dB stimulus (Figure S2). This
suggests that failure to see an effect on absolute PPl in the DIg2+/~ mice
is not likely due to a ceiling or floor response effect masking modulation
of startle responses. Thus, while the startle response to a loud acoustic

2+/7

stimuli in the Dig. mice was reduced at least for a 120 dB startle

stimulus, sensorimotor gating was intact in DIg2*/~ mice.

3.3 | DIg2*’~ mice demonstrate impaired
between-session habituation to a novel context

The daily total beam breaks for locomotor activity sessions to an ini-
tially novel open field (novel on Day 1) were compared between the

genotypes using mixed ANOVA with the following factors: Genotype
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FIGURE 1 Region selective reduction in DIg2 expression in DIg2*/~ mice. No changes in the expression of DIg2 mRNA in the cerebellum

(A) or hippocampus (B) of DIg2*/~ (HET) mice compared to WT were measured by RT-gPCR, however there was a reduction in the cortex
(prefrontal cortex) (C). Error bars represent SEM. n = Cerebellum; 9 (WT), 8 (HET), hippocampus; 12 (WT), 11 (HET), and cortex: 8 (WT), 9 (HET).
***p < 0.001 (t-test)

Acoustic startle and pre-pulse inhibition (PPI)
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FIGURE 2 Reduced acoustic startle responses but intact PPI of acoustic startle in DIg2*/~ mice. (A) DIg2*/~ mice (HET) showed reduced
emotional reactivity compared to WT as measured as the averaged startle response to the first three startle stimuli at 120 dB. (B) The difference
in startle responses between the genotypes persisted across the first 6 pulses at 120 dB. (C) There was a monotonic reduction of the startle
response by an increasing intensity prepulse stimulus 40 ms before the 120 dB startle stimulus in both WT and HET mice. This occurred despite a
reduced startle response in the HETs without a pre-pulse (P120). (D) Both HET and WT mice exhibit a similar increase in startle response
inhibition (% PPI) with pre-pulse intensity when expressed as a percentage of the 120 dB pulse-alone (P120). PP4P120, PP8P120, and

PP16P120 = pre-pulse 4 dB, 8 dB and 16 dB above background noise (70 dB), respectively. Error bars are SEM. n = 25 (WT) 17 (HET). HET
compared to WT, *p < 0.05 (ANOVA), **p < 0.01 (t-test (A), ANOVA (B) and (C))

(WT and HET) and Day (1-5). Both genotypes exhibited reduced GENOTYPE: F3, 33 =0.229, p = 0.636, DAY X GENOTYPE:
activity between sessions (DAY: F4 132 = 31.229, p = <0.001, Fa, 132) = 2.264, p = 0.066) (Figure 3A).
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The ratio of activity measured on Day 1 and Day 5 was calculated
as a measure of between-session habituation. Both WT (t47)
=10.967, p = 0.001, t-test) and DIg2*/~ (t,5 = 4.817, p = 0.001, t-
test) mice showed a decreased ratio of activity compared to chance
performance (0.5) indicating between-session habituation in both
genotypes. However, DIg2*/~ mice demonstrated less change in activ-
ity ratio at Day 5 and thus less habituation to the context than WT
mice (ta3) = —2.750, p = 0.010, t-test) (Figure 3B). No differences
were found for within-session habituation on any day (Figure S3).
Therefore, while the DIg2*'~ mice appeared to show normal within-
session habituation and memory of the context exposure, they
showed weaker habituation after 5 days.

34 | DIg2*~mice displayed impaired motor
learning on two accelerating rotarod protocols

In an initial experiment (Cohort 1), motor learning and function (per-
formance) were measured using an accelerating (Days 1 and 2) and
fixed speed rotarod task (Days 3-8), respectively (Figure 4A). DIg2+/~
mice exhibited an impairment on the accelerating rotarod, indicating
deficient motor learning (TRIAL: Fu 16g) = 35.318, p = <0.001,
GENOTYPE: F(1, 420 =1.952, p = 0.170, TRIAL x GENOTYPE:
Fu, 168y = 3.598, p = 0.008, mixed ANOVA) (Figure 4B). However,
motor function as assessed on a fixed speed rotarod, was intact in
DIg2*~ mice (TRIAL: Fs 696, 23353 = 120.649, p = < 0.001, GENO-
TYPE: Fj4, 41y =0.147, p = 0.704, TRIAL x GENOTYPE: F(s 96,
233.53) = 0.631, p = 0.697, mixed ANOVA) (Figure 4C).

To further probe a motor learning deficit a more intensive
accelerating rotarod protocol was employed, which allowed for
investigation of fast and slow motor learning (Buitrago et al. 2004).
An independent cohort of mice (Cohort 2) was trained using an
accelerating rotarod task consisting of 7 trials/day for 3 consecutive
days (Figure 4A). A TRIAL (F, 168y = 16.713, p = <0.001, mixed

(A) Between Session Habituation
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FIGURE 3

ANOVA), DAY (F1504 446300 = 147.891, p = <0.001, mixed
ANOVA), DAY X TRIAL (Fs ¢4, 186591y = 7.255, p = <0.001, mixed
ANOVA) interaction, but no DAY or TRIAL X GENOTYPE interac-
tions (DAY X GENOTYPE: F(1.594, 44.630) = 0.437, p = 0.604, TRIAL
X GENOTYPE: F, 1648y = 0.711, p 0.626, p = <0.001, DAY X TRIAL
X GENOTYPE: Fig¢6a, 186.501) = 0.968, p = 0.454, mixed ANOVA)
show that all mice show motor learning over the task (Figure 4E-G).
Nevertheless, a GENOTYPE effect (F1, 29y = 12.059, p = 0.002,
mixed ANOVA) and consistently lower latencies to fall measured in
the DIg2*/~ mice versus WT indicate weaker motor learning in het-
erozygous mice. In each genotype motor performance on the last
trial of Day 1 was retained on the first trial of Day 2 irrespective of
performance (WT: t;5 = —0.024, p = 0.981, DIg2*/~: ti45 = 1.414,
p = 0.178, t-test), demonstrating that the consolidation of motor
learning was unimpaired in DIg2*/~ mice (tog) = —1.146, p = 0.261,
t-test) (Figure 4D).

3.5 | DIg2*~ mice lack increased neuronal activity
in M1 following motor learning

Using cFos expression as a proxy marker for neuronal activity,”* we
investigated cFos levels using IHC in M1 of the motor cortex 90 min
after completion of two trials of an accelerating rotarod task. The time
point selected reflected the phase in training where we observed the
largest differences in the latency to fall between the genotypes, and
when peak activity-dependent cFos protein expression has been
reported.”*¢® M1 is a key cortical region associated with motor learn-
ing, in particular during the early phase of learning.®* Given the previ-
ously observed impairment in motor learning, we predicted that there
would be less cFos expression as an index of reduced activity in M1
after training in the DIg2*/~ mice.

During the motor skill learning task (Figure 5A), an increased

latency to fall at Trial 2 compared to Trial 1 was observed (TRIAL:

Day 1:5
*%

=

e e o ©e
N w -3 [3,]
1 1 1 1

Change in Activity
e

0.0-
& A
K\ &

Impairment in the habituation to a novel context by DIg2*/~ mice. (A) Both WT and DIg2*/~ mice (HET) mice showed a similar

decrease in total beam breaks for locomotor activity conducted in an activity box measured across 5 consecutive days. (B) When the change in
activity between Day 1 and Day 5 was calculated (Day 5/[Day1 + Day 5]), DIg2*/~ mice exhibited less change compared to WT mice, indicating
weaker between-session habituation to the context after 5 days. Error bars are SEM. n = 18 (WT), 17 (HET). **p = 0.01 (t-test)
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FIGURE 4 DIg2"’~ mice exhibit slower motor learning but intact normal motor function and retention of motor memory across days.

(A) Schematics of two independent rotarod experiments. Cohort 1 (n = 25 (WT), 18 (HET)) were first trained and tested using an accelerating
rotarod protocol (Days 1 and 2) followed by a fixed speed protocol (Days 3-8) to assess motor learning and function, respectively. Motor learning
in Cohort 2 was examined across three days using an accelerating rotarod protocol with more trials per day (7 trials) then the Cohort 1. (B) Cohort
1 DIg2*/~ mice exhibited a shorter latency to fall than WT mice at Trial 2 only (p = 0.004) on the accelerating rotarod trials. The first 2 trials were
conducted on Day 1, remaining trials on Day 2 (C). In Cohort 1, the latency to fall for both genotypes decreased as the speed increased on the
fixed rotarod task (Days 3-8). (D) In Cohort 2, both genotypes (n = 14 (WT), 16 (HET)) exhibit a similar decrease in latency to fall between the last
trial of Day 1 and first trial of Day 2 (Day 2, Trial 1/(Day 1, Trial 7 + Day 2, Trial 1) indicating intact consolidation of the motor learning on Day

1. (E-G) Both genotypes in Cohort 2 demonstrated an increase in the latency to fall between trials on each of the three training days ((E) Day

1, p = < 0.001; (F) Day 2, p = 0.013; (G) Day 3, p = 0.030, AVOVA). However, DIg2"*/~ mice exhibited lower mean latencies to fall across trials
than WT on all the three training days. Error bars represent SEM. **p < 0.01 (ANOVA)

Fi1, 13) 6.602, p = 0.023, mixed ANOVA), but with no effect of GENO-
TYPE (F(1, 13 = 0.215, p = 0.624, mixed ANOVA) or TRIAL X GENO-
TYPE interaction (F(1, 13 = 1.602, p = 0.228, mixed ANOVA) apparent
in this truncated learning protocol (Figure 5B).

There was no difference in the number of cFos positive neurons
in M1 in behaviourally naive home cage control WT or DIgZ”’ mice
(U = 3.000, p = 0.700, Mann Whitney-U test). The number of cFos
positive neurons in M1 was increased in WT mice compared to home-
cage naive controls 90 minutes after Trial 2 (U = 12.000, p = 0.038,
Mann Whitney-U test). No increase was observed in similarly trained
mice DIg2*/~ mice compared to home cage, DIg2*/~ control mice
(U= 38.000, p = 0.900, Mann Whitney-U test) (Figure 5C,D).

Therefore, while both genotypes show evidence of motor learning on
the accelerating rotarod between Trials 1 and 2, an increase in cFos
expression in M1 motor cortex was seen in the trained WT but not
DIg2*/~ mice as predicted.

4 | DISCUSSION

We report that in a mouse model of DIg2 heterozygosity, of high clini-
cal relevance to psychiatric and developmental disorders,3>*? reduced
expression of DIg2, but not other Dlg family members, was observed

in the cortex but not hippocampus or cerebellum. The model also
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exhibited impairments in motor learning and long-term habituation to

a novel context, but not PPl of acoustic startle. The behavioural

impairments were unconfounded by changes in anxiety as measured

on the elevated plus maze or open field (Figure S4). The impact of

reduced genetic dosage on specific behaviours may reflect regional

FIGURE 5 Reduced cFos
expression after motor rod
training in M1 of DIg2~~ mice
(A) Schematic of experimental
design. Mice (ROTA) were single
caged and underwent two trials
on the accelerating rotarod
protocol (0-50 rpm over 5 min,
ITI = 5 min) then returned to
cage for 1.5 h before perfusion.
Control (CON) mice were single
caged in the home cage for 1.5 h
before perfusion. (B) Both WT
and DIg2~/~ (HET) mice show an
increased latency to fall

(s) between the first and second
trial of the accelerating rotarod
task (n = 7 (WT) 8 (HET)).

(C) Only WT rotarod trained mice
exhibited increased cFos
expression in M1 90 min
compared to single caged controls
(WT: p =0.038; HET: p = 0.900).
Trained WT mice expressed more
cFos compared to trained
DIg2*/~ (p = 0.015). (n =4

(WT CON), 6 (WT ROTA), 3 (HET
CON), 7 (HET ROTA)).

(D) Representative images of M1
stained for DAPI (blue) and cFos
(green puncta). Error bars are
SEM. *p < 0.01 (Mann Whitney-
U). Scale bar is 50 pm

haploinsufficiency and thus localised reductions in function as

evidenced by the reduced activity-dependent cFos expression in M1

motor cortex during motor learning. These impairments implicate

Dlg2 in phenotypes associated with psychiatric and developmental

disorders.

45-49,51-58,62,63
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An impairment in motor skill learning but not motor co-ordination
in DIg2™~ mice was shown in independent cohorts using two differ-
ent rotarod training protocols. Using a sparse training protocol con-
sisting of short training trials on an accelerating rotarod spread over
2 days, the DIg2*'~ mice showed a markedly lower improvement in
performance between the first two trials on Day 1 as shown by a
smaller increase in the latency to fall compared to WT. In WT, the
greatest improvement in performance is seen between trials 1 and
2 on Day 1 and is consistent with the typical pattern seen with learn-
ing.* Nevertheless the performance of the heterozygous mutants
matched those in WT during subsequent trials on Day 2. The similarity
in performance by the end of training and a formal assessment of
motor function on the fixed speed rotarod after motor skill acquisition

show that motor function in the DIg2+/~

mice was unaffected per se,
and that the motor learning deficit observed was not confounded by
basic deficits in motor function. The pattern of deficit in the period of
rapid learning observed on the first day, equating with within-session
training, reflects an impact of DIg2 heterozygosity on the “fast” phase
of motor skill learning.6%¢*%> Smaller performance improvements
seen in the DIg2™'~ mice in early trials might also be explained by
changes including altered attention, motivation or physiological “warm
up” effects that are more specifically associated with within-
session.?4~” However, using a more prolonged motor learning proto-
col (7 trials/day for 3 days) to better observe learning and memory
function, DIg2™’~ mice similarly showed deficits in early within-
session learning. But they also showed a performance deficit that per-
sisted across at least 3 days of training. The mutants showed reten-
tion of performance gains between the last trial on Day 1 and the first
on Day 2 indicating that between-session consolidation of motor skill
memory was intact in the DIg2"/~ mice. Thus overall, DIg2*/~ mice
show deficits in both “fast” within-session and “slow” between-
session motor skill learning, but intact motor function and memory
consolidation.

The within-session motor learning was associated with an
increase in cFos expression in M1 motor cortex in WT mice. The
expression of cFos is commonly used as molecular marker of synaptic
plasticity and learning.”®~”2 The observed increase in expression dem-
onstrates the activation M1 by the rotarod protocols we employed,
which is consistent with the critical contribution of M1 to fast motor
skill learning in rodents®® and to fast and slow motor skill learning in
both rodents and humans.”* The failure to see a similar increase in
cFos expression in the DIg2"/~ mice correlates with their impairment
in motor learning and implicate DLG2-associated plasticity mecha-
nisms, particularly LTP*! to support motor learning. An alternative
explanation that the large difference in cortical cFos expression
between the genotypes simply relates to locomotor activity is less
likely because both groups show low levels of motor activity (i.e., low
latencies to quit the rotating rod) at this non-asymptotic point in early
training.

While the plasticity processes in motor cortex are associated with
fast and slow learning, the loci and the contributing circuits, including

t61,74,75

subcortical structures, are distinc and likely involve the selec-

tive engagement of neuronal subtypes or clusters.”® Furthermore, the

and Behavior

activated networks that represent the motor memory “engram” con-
tinue to be refined through both within- and between-session motor
skill learning. The deficits in both fast and slow motor skill learning in
the DIg2™/~ mice are consistent with a broad role for DLG2 in motor
leaning-associated plasticity processes in M1 (this study) and associ-
ated circuits more widely.*® While the discrepancy we see in our two
learning experiments regarding between-session learning, with
DIg2*/~ mice showing persistently lower performance between ses-
sions only when trained using longer sessions over several days, can-
not be explained by a difference in the task used (they are the same),
it is possible that prolonged training engages different circuits such as
cortico-striatal pathways involved in developing habitual responses.”®
We speculate that these circuits may also be more sensitive to the
reduced DLG2 dosage in this heterozygous mouse model.

Deficits in between-session habituation to a novel context in the
DIg2*~ mice manifested as a smaller decrease in locomotor activity
after five consecutive days than WT. Repeated exposure to an unfa-
miliar stimulus, such as a context, results in reduced responses, includ-
ing locomotor activity, over time as the stimulus becomes less
novel.”””® Nevertheless, within-session habituation was similar in
both genotypes, perhaps reflecting a greater impact of DLG2 hetero-
zygosity on long-term than short-term habituation and the different
molecular and plasticity mechanisms supporting them.”” Notably
long-term habituation requires protein synthesis for its production

and maintenance’”#°

similar to NMDA receptor-mediated plasticity
mechanisms regulating long-term associative memory.8? Interestingly,
habituation impairments have been reported in Grial knockout
mice.82 The authors proposed that deficits in habituation are central
to psychological processes such as sensitization and aberrant salience
that give rise to psychosis associated with SZ and other psychiatric
conditions. Together with our data, this suggests disruptions that
AMPAR-mediated signalling involving DLG2 at glutamatergic synap-
ses is a mechanism underlying behavioural habituation deficits that
are core for psychosis.

To our knowledge this was the first study investigating acoustic
startle and PPl in DIg2 mutants. PPI deficits are a common feature of
a range of neuropsychiatric disorders serving as an endophenotype to
identify risk genes in humans and to illuminate neural processes and
circuits affected in genetic models in animals.®3 The DIg2™~ mice
show no impairment in PPI. A decrease in reactivity to the standard
120 dB startle stimulus in the mutants is unlikely to account for the
inability to detect a change in PPl because PPl was similarly unaf-
fected using a 105 dB intensity startle stimulus where reactivity in the
two genotypes was matched. The decreased startle reactivity is
unlikely to be due to a gross motor deficit as motor co-ordination and
initial locomotor activity an open field were unaffected in the Dig2*/~
mice. Thus, whilst an explanation regarding the impaired ASRs needs
to be elucidated, reduced dosage of DIg2 does not appear to affect
sensorimotor gating in this mouse model.

Our observations of unaffected motor performance and locomo-

tor activity in the DIg2+/~

mice can be viewed as broadly concordant
with previous investigations using DLG2 models when considering

gene dosage. Motor coordination and performance in the exon



100f 13 | NEENHEIEi

PASS ET AL.

and Behavior

6 DIg2~/~ deletion model has been reported to be either unaffected®*
or mildly impaired, but with the impairment absent was in the hetero-
zygous mice.* Both DIg2~"~ %2 (exon 6) and DIg2 41#214 (the same
exon targeted as in the mice used in our study) deletion models show
mild hypoactivity activity in novel open fields but not in familiar envi-
ronments.*® Together the data suggest that while subtle effects can
be seen on motor function-related behaviours in deletion models,
these deficits are absent when one copy of DIg2 is present. The dos-
age effect may highlight a role for DLG2 in locomotor-related behav-
iour, including locomotor behaviours associated with novelty
detection, but the role is redundant because DLG paralogs are able to
compensate for a reduction of DLG2 function. This hypothesis may
equally apply to another behavioural phenotype observed in genetic
DLG2 models, that of altered social behaviours which is seen in DLG
homozygotes®?*° but not heterozygotes.®’ Thus, the utility of hetero-
zygous models is not only in interrogating more accurate genetic risk
models for human disease but also for identifying the essential, or
selective functions, associated with the targeted gene. Additionally, it
is important to note that we measured reduced expression of DLG2 in
some brain regions (cortical) but not others (hippocampus and cere-
bellum). A differential impact on regional expression levels if recapitu-
lated more widely, and are reflected at the functional protein level,
may be another source of specificity and variability in observed func-
tional deficits within and between genetic models.

The selectively of the impairments we see in DIg2™~ mice may
reflect the impact of DLG haploinsufficiency on long-term synaptic plas-
ticity mechanisms within functional circuitries. Deficits in long-term
motor learning and habitation may be indicative of impairments in synap-
tic plasticity mechanisms in the cortico-striato-thalamo-cortical and
cortico-cerebello- thalamo-cortico pathways underlying motor learning
(as discussed earlier), and the medial temporal-midbrain-striatal pathways
that mediate the novelty-to-familiarly transition of stimuli that manifest
as habituation.®> DLG2 is critical for LTP, which underlies long-term
protein-synthesis dependent learning, but not AMPA and NMDA
receptor-mediated synaptic transmission*! that are extant for informa-
tion processing and behavioural responses not dependent on LTP such
as motor co-ordination, PPI, and anxiety. In comparison to DLG2
mutants, DLG4 (PSD-95) models show alterations in both glutamatergic
long-term plasticity and basal transmission** and also more severe and
wider ranging behavioural affects.3® These observations lend further sup-
port for a role for DLG2 in functions specifically dependent on long-term
plasticity. It is being established that the multiple paralogs of DLG2 have
differential roles in regulating synaptic function.84®” Understanding the
precise contribution of individual DLG2 variants to functional outputs will
be an important goal for future studies and will help us understand the
subtly and selectivity of the impact of specific DLG2 mutations on brain
development, behaviour and function.

5 | CONCLUSIONS

In this paper, we present data indicating heterozygosity of Dig2,
which has been previously associated with a number of psychiatric

diseases, results in selective behavioural deficits similarly associated
with disease in DIg2*/~ mice. The deficits in motor learning and
long-term habituation of locomotor responses to a novel context
that we observed in the mutant mice can broadly be considered as
failures to adapt to the environment. These are also functions
dependent on synaptic plasticity mechanisms, which DLG2 mediates.
The reduced cortical regulation of the plasticity-associated gene cFos
during motor learning may indeed be a molecular signature for
impairments in synaptic plasticity in DLG2 mutant models. Other
functions including sensorimotor gating of an acoustic stimulus mea-
sured by PPI, motor co-ordination and anxiety were unaffected in
this DIg2™~ mouse model. This suggests functional behavioural and
cognitive domains associated with long-term adaptation to the envi-
ronment that also depend on specific long-term plasticity mecha-
nisms are particularly sensitive to haploinsufficiency of DLG2 across

psychiatric disorders.
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