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Abstract

PSD-95 is one of the most abundant proteins of the postsynaptic density of excitatory synapses. It functions as the backbone of
protein supercomplexes that mediate signalling between membrane glutamate receptors and intracellular pathways. Homozygous
deletion of the Dlg4 gene encoding PSD-95 was previously found to cause a profound impairment in operant and Pavlovian con-
ditioning in Dlg4�/� mice studied in touch screen chambers that precluded evaluation of PSD-95’s role in shaping more subtle
forms of learning and memory. In this study, using a battery of touch screen tests, we investigated cognitive behaviour of mice
with a heterozygous Dlg4 mutation. We found that in contrast to learning deficits of Dlg4�/� mice, Dlg4+/� animals demonstrated
enhanced performance in the Visual Discrimination, Visual Discrimination Reversal and Paired-Associates Learning touch screen
tasks. The divergent directions of learning phenotypes observed in Dlg4�/� and Dlg4+/� mice also contrasted with qualitatively
similar changes in the amplitude and plasticity of field excitatory postsynaptic potentials recorded in the CA1 area of hippocampal
slices from both mutants. Our results have important repercussions for the studies of genetic models of human diseases, because
they demonstrate that reliance on phenotypes observed solely in homozygous mice may obscure qualitatively different changes
in heterozygous animals and potentially weaken the validity of translational comparisons with symptoms seen in heterozygous
human carriers.

Introduction

The discs large homologue 4 (Drosophila) protein (DLG4), better
known as PSD-95, is a highly abundant member of the membrane-
associated guanylate kinase protein family and a major scaffolding

component of the postsynaptic density of excitatory glutamatergic
synapses in the mammalian brain (Cho et al., 1992; Chen et al.,
2008). PSD-95 assembles with other synaptic proteins, forming high
molecular weight supercomplexes that perform sophisticated sig-
nalling functions linking glutamate receptors with cytoplasmic mole-
cules (Husi et al., 2000; Keith & El-Husseini, 2008; Fern�andez
et al., 2009, 2017; Frank et al., 2017). An important component of
PSD-95 supercomplexes is the NMDA receptor that assembles with
other receptors, signalling enzymes and adhesion proteins and regu-
lates multiple physiological functions. PSD-95 supercomplexes are,
in turn, assembled into PSD-95 nanoclusters that are unitary build-
ing blocks of the postsynaptic density (Broadhead et al., 2016;
Frank & Grant, 2017).
The physiological and behavioural roles of PSD-95 were first

demonstrated in mice with a homozygous loss-of-function mutation
of the DLG4/PSD-95 protein (Dlg4�/� mice; Migaud et al., 1998).
Electrophysiological recordings in Dlg4�/� hippocampal slices
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demonstrated lower basal excitatory postsynaptic potentials (fEPSPs)
and significantly enhanced long-term potentiation (LTP) in synapses
between Schaffer collaterals and apical dendrites of CA1 neurons
(Migaud et al., 1998; Yao et al., 2004; B�e€ıque et al., 2006; Carlisle
et al., 2008).
Behavioural studies showed that despite enhanced LTP, Dlg4�/�

mice showed severely impaired spatial learning (Migaud et al.,
1998). Other behavioural abnormalities in these mice included gen-
eral hypoactivity, impaired coordination and reduced fear memory
maintenance (Migaud et al., 1998; Yao et al., 2004; Feyder et al.,
2010; Fitzgerald et al., 2015).
Touch screen technology has enabled a new approach to examine

psychological functions in humans, non-human primates, rodents
and other species (Bussey et al., 2012). Recently, Dlg4�/� mice
were found to be unable to acquire operant conditioning during
touch screen task pretraining. Furthermore, they exhibited deficient
Pavlovian conditioning in the autoshaping test (Nithianantharajah
et al., 2013). The absolute requirement for PSD-95 in these simple
kinds of conditioning indicates its major importance in basic learn-
ing, and it was obvious that these mice would be unable to perform
touch screen tests of more complex cognitive functions (e.g., visual
discrimination or cognitive flexibility). These impairments were con-
sistent with the role attributed to PSD-95 by more traditional learn-
ing paradigms (Migaud et al., 1998; Yao et al., 2004; Feyder et al.,
2010; Fitzgerald et al., 2015). In this same study by Nithiananthara-
jah et al. (2013), mice lacking the Dlg2 and Dlg3 genes, which
encode, respectively, PSD93/DLG2 and SAP102/DLG3, showed
normal operant conditioning and specific disturbances in the more
complex forms of learning. These results demonstrated that touch
screen tests are sensitive to the subtle differences in the function of
Dlg gene family members, and that the evolution of this gene family
has diversified molecular regulation of cognition (Nithianantharajah
et al., 2013; Grant, 2016).
In this study, we performed touch screen testing of heterozygous

Dlg4+/� mice. We reasoned that partial preservation of PSD-95 pro-
duction in heterozygous animals may overcome the prohibitive
learning deficits seen in homozygous mutants, thus allowing detec-
tion of touch screen phenotypes in more complex cognitive compo-
nents. Furthermore, to relate changes in cognitive performance to
possible synaptic physiology phenotypes, we measured fEPSPs in
the CA1 area of hippocampal slices of Dlg4�/�, Dlg4+/� mice and
their wild-type (WT) littermates.

Materials and methods

Animals

For touch screen experiments, male mice heterozygous for a targeted
loss-of-function mutation in the Dlg4 gene (Yao et al., 2004) and
their wild-type (‘WT’) littermates on the C57BL/6J background
were initially bred at the University of Edinburgh. A description of
the generation of this mutant is also available at: http://www.gene
s2cognition.org/publications/g2c/mouse/m00000061/#t_mouse. For
testing, mice were transferred to the Combined Animal Facility of
the University of Cambridge. The cohort of 14 WT and 14 Dlg4+/�

mice were tested sequentially in a series of touch screen tests. They
were approximately 4 months old when Activity testing began (WT
119.4 � 3.7 days, Dlg4+/� 125.2 � 5.3 days), 5.5 months old
when Visual Discrimination acquisition began (WT
158.0 � 4.2 days, Dlg4+/� 163.6 � 6.8 days), 6 months old when
Visual Discrimination Reversal began (WT 177.3 � 4.4 days,
Dlg4+/� 177.2 � 6.6 days), 7.5 months old when Paired-Associates

Learning training began (WT 231.7 � 4.2 days, Dlg4+/�

237.2 � 5.3 days) and 10.5 months old when Extinction testing
began (WT 316.2 � 4.9 days, Dlg4+/� 323.1 � 6.2 days). Mice
were housed in a temperature- and humidity-controlled environment
under a 12 h reversed light/dark cycle (lights off at 07:00 h), in
groups of 2–5 per cage. Cages were conventional (model M3, North
Kent Plastics, Coalville, UK) and furnished with Aspen bedding
(Datesand, Manchester, UK), paper wool bedding (LBS Biotechnol-
ogy, UK), a red plastic house (B&K Universal Ltd, Hull, UK) and a
cardboard tunnel (LBS Biotechnology). Testing was carried out dur-
ing the dark phase of the cycle, and mice were fed RM3 (E) food
(Dietex International Ltd, Witham, UK) upon return to their cage
after testing. Mice were kept on a restricted diet, at 85–90% of their
free-feeding weight to maintain motivation for the task, with water
ad libitum. There was no difference in the weights of heterozygous
mutants and WT mice prior to the start of food restriction: WT,
30.91 � 2.36 g; Dlg4+/�, 30.37 � 2.17 g (P = 0.53, Student’s t-
test). Mice received one training session per day, 4–7 days per
week.
A separate cohort that consisted of four WT, four Dlg4+/� and

four Dlg4�/� mice (7–10 months old, partially litter-matched) was
used for biochemical experiments, in which we examined the
amount of the PSD-95 protein in the cortex and hippocampus.
All experiments were conducted according to the protocols of the

UK Home Office Licence 80/2526, and the study plan was approved
by the Animal Welfare and Ethical Review Bodies of the Babraham
Institute (site of primary availability for the licence) and the Univer-
sity of Cambridge (site of secondary availability).

Apparatus

Activity was assessed in a set of 20 Campden Instruments touch
screen chambers (Campden Instruments, Loughborough, UK). All
other testing was conducted using 30 in-house assembled touch
screen chambers. These touch screen chambers were housed in dedi-
cated rooms. Both types of apparatus were as described in our
recent papers (Horner et al., 2013; Mar et al., 2013), so we only
provide some minor points of clarification here concerning devia-
tions or optional elements of the apparatus. A houselight was fitted
in all the chambers and was on as standard. A click generator was
fitted in some of the chambers but was not used. The two-window
Campden mask for Visual Discrimination (‘VD’) was used for the
activity assessment (see table 1 in Horner et al. (2013)); the two-
window ‘in-house’ ‘VD’ mask was used for pretraining, Visual Dis-
crimination and Reversal tests. The three-window ‘in-house’ ‘PAL’
mask was used for Paired-Associates Learning and Extinction. The
rewards used were 14-mg Bio-Serv purified rodent dustless precision
pellets (Sandown Scientific, Hampton, UK).

Activity assessment

Na€ıve mice were placed individually into Campden Instruments
touch screen chambers for 30 min, with no rewards available. The
total numbers of beam breaks (combined front and rear), traversals
(number of times the mouse ‘traversed’ the chamber, defined as a
rear beam break followed by a front beam break), and screen
touches in 30 min were compared between the genotypes.

Touch screen pretraining

Prior to Visual Discrimination training, mice were trained on basic
touch screen task requirements, which were introduced in stages
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similar to those previously described (Horner et al., 2013). Briefly,
mice were first habituated to the operant chambers in 30-min ses-
sions (Stage 1), during which 10 reward pellets were available in
the magazine and the house light was off. This was repeated until
mice ate all 10 pellets in a session, for a minimum of two sessions.
In Stage 2, mice were introduced to the relationship between stimu-
lus presentation and reward availability. On each trial, one of 40
variously shaped stimuli was presented in one of the two response
windows until touched by the mouse, or for a maximum of 30 s, at
which point the stimulus disappeared. The offset of the stimulus
was accompanied by three reward pellets (if the offset was triggered
by the mouse touching the stimulus) or one reward pellet (if the
stimulus offset occurred after 30 s without a touch), and by onset of
the magazine light and a reward tone. After a 20-s intertrial interval
(ITI), the next trial commenced with presentation of a stimulus. This
stage was considered complete when 30 trials were completed in
1 h and all pellets consumed. Stage 3 was similar, but the stimulus
remained on the screen until touched by the mouse, thus introducing
this as a requirement, and each reward was always a single pellet.
In Stage 4, the requirement to initiate trials was introduced: after the
ITI, the magazine light was turned on, and mice had to ‘nose-poke’
into it to start the next trial. Stages 3 and 4 were each considered
complete when 30 trials were completed in 1 h. In contrast to the
method previously described (Horner et al., 2013), an initial ‘free’
reward was not given in this or any other touch screen experiment
in this study. Finally, in Stage 5, a ‘punishment’ was introduced for
touching the empty (plain black) location instead of a stimulus;
these incorrect responses incurred a 5-s ‘time out’ (houselight off;
no reward) followed by a 5-s ‘correction ITI’, after which mice
could initiate a correction trial (CT; a repetition of the trial to which
an incorrect response was made). After reaching a performance cri-
terion of at least 76% of the 30 trials in a session correct (not
including CTs) and all 30 trials completed in under 40 min in 2
consecutive sessions, mice were moved on to Visual Discrimination
training. The number of sessions required to complete pretraining
was recorded for subsequent comparisons between genotypes.

Visual Discrimination and Reversal training

The Visual Discrimination task was similar to that previously
described (Horner et al., 2013). After initiating each trial, the mouse
was presented with a choice between two (spatially pseudorandom)
stimuli, one in each response window. During acquisition, the ‘mar-
bles’ stimulus was correct (S+; rewarded) for all animals, and the
‘fan’ stimulus was incorrect (S-; Horner et al., 2013). Responses to
the S- stimulus were ‘punished’ with a 5-s ‘time out’ followed by a
CT. As in pretraining, the ITI was 20 s, with a correction ITI of
5 s. When mice failed to complete all 30 trials in a session (limited
to 60 min), the remaining trials were given on the next session, so
that data could easily be combined into blocks of 30 trials for analy-
sis. The mice were considered to have acquired discrimination when
they reached a performance criterion of at least 80% of trials correct
(not including correction trials) in two consecutive 30-trial sessions.
Mice were moved on to the reversal phase of the task individually,
immediately after they attained the acquisition criterion. If necessary
(e.g. due to weekend), minimal additional acquisition days were
given such that the first day of reversal training always immediately
followed an acquisition day in which the mouse achieved at least
80% correct responses. The reversal task was identical to the initial
acquisition task, except that S+ and S� were reversed. Criterion for
completion of this phase was considered to be at least 80% correct
responses on two consecutive sessions, but all mice received at least

20 sessions regardless of when they met this criterion, and mice that
did not attain the criterion were tested for 25 sessions. The first two
sessions of the acquisition and reversal phases were each run over
2 days, in four sessions of 15 trials. These sessions were not
counted towards the acquisition or reversal criteria, even if mice
achieved 80% correct.
Multiple parameters were calculated to assess performance during

Visual Discrimination and Reversal tasks. Initial stimulus bias was
assessed during the first 30 trials of Visual Discrimination acquisi-
tion by comparing the observed percentage correct against chance
percentage correct (50%). For the acquisition and reversal phases,
the numbers of trials (first presentation only, i.e. excluding CTs),
errors (incorrect choices on first presentation trials) and CTs com-
mitted prior to reaching criterion were analysed. Average reward
collection (magazine) and response (reaction time) latencies were
also analysed for both phases. All measures and averages for each
phase were calculated for sessions up to (and including) attainment
of criterion for that phase, only. For the reversal phase, if a mouse
did not reach criterion, its trials to criterion score were 750 (corre-
sponding to 25 sessions, i.e. the minimum sessions to criterion score
it could have attained), and all measures were calculated as if the
criterion was reached on the 25th session. To further investigate per-
formance during reversal, the trials, errors and CTs to criterion data
were also split into sessions in which performance was < 50% (per-
severative) or ≥ 50% (but prior to criterion being reached; non-per-
severative; Brigman et al., 2008). Performance (% correct) across
reversal sessions was also analysed.

Object-Location Paired-Associates learning training

Before Object-Location task training, the mice were first habituated
to the use of three screen locations using a task similar to Stage 5
of the pretraining described above for Visual Discrimination, but
using three screen locations and the three-window mask. The crite-
rion for passing this pretraining phase was achieving at least 75% of
the 36 trials in a session correct (not including CTs) and all 36 trials
completed within 40 min, which ensured that all mice were per-
forming the basic task requirements involved at an adequate level.
The majority of mice achieved this in the first session and proceeded
to Object-Location learning training on the next day; three WT mice
required two or three sessions. Because one WT mouse could not
complete this task for health reasons, it was excluded, and the analy-
sis was based on 13 WT and 14 Dlg4+/� mice.
The mouse Object-Location learning task used here was similar to

that previously described (Horner et al., 2013). During each Object-
Location Paired-Associates Learning trial, a pair of stimuli was pre-
sented, one in each of two locations (left, middle or right; the third
being blank and non-responsive). The three stimuli used (spider,
plane and flower) were novel at the start of training. On each trial,
the S+ and S� were determined by a combination of stimulus
appearance (the ‘object’) and location, for example, flower was S+
(correct) in the left location and S� (incorrect) in other locations.
As described above, correct responses were rewarded, and incorrect
responses were ‘punished’ with a ‘time out’ followed by a CT. The
ITI was 20 s, and the correction ITI was 5 s. No trial type was pre-
sented more than three times consecutively, and in each 36 trial ses-
sion, there were six trials of each of the six possible trial types.
Mice were tested for 60 sessions, each comprising up to 36 trials in
a limit of 60 min. The first of these was split into two sessions of
18 trials each, which were combined for data analysis. Additional
sessions were split in the rare cases where the mouse was not yet
completing 18 trials within 40 min. In rare cases, when mice failed
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to complete 36 trials per session, the remaining trials were usually
(but not always) given in the next session.
Performance score (number of correct responses in each session,

of 36 possible) was converted to a percentage correct score for each
mouse, and these were averaged across blocks of five sessions.
Reward collection (magazine) and response (reaction time) latencies
were also averaged and analysed across blocks of five sessions. Indi-
vidual latency values (for a single mouse and session) were occa-
sionally extreme and unrepresentative, due to their nature.
Therefore, prior to statistical analysis, individual session latency val-
ues which were identified as extreme outliers (outside genotype
group IQR, by more than 39 IQR) were excluded. This resulted in
25 exclusions from a total of 3240 events.

Acquisition and Extinction of a simple instrumental response

Mice began instrumental acquisition training within 3 days of finish-
ing the Paired-Associates Learning task, with no additional pretrain-
ing in between. The mouse acquisition and extinction task used here
were similar to that previously described (Mar et al., 2013). Each
30-trial (maximum 60 min) session commenced with the require-
ment to initiate the first trial, which resulted in the presentation of a
single white square in the central touch screen window. Touching
this stimulus led to reward delivery and the start of a 5-s ITI, after
which it was possible to initiate the next trial. Touches to blank
locations were ignored. The stimulus remained on the screen until
touched. The criterion for completion of the acquisition phase was
completing 30 trials in < 15 min for five consecutive sessions. Each
mouse proceeded to the extinction phase on the day after which it
attained acquisition criterion.
During the Extinction phase, there was no requirement to initiate.

Each of the 30 trials began with a 6-s initiation delay, after which a
plain white stimulus was presented in the central touch screen win-
dow for 10 s. If the stimulus was not touched during this time (an
‘omission’), it disappeared at the end of the 10 s, and was followed
by a 5-s ITI, after which the next trial would begin with an initia-
tion delay. If the stimulus was touched, it disappeared immediately,
and no reward or conditioned reinforcers (tone, magazine light) were
delivered. The programme waited for up to 10 s for a magazine
entry after a stimulus touch; after 10 s, or when the mouse entered
the magazine, whichever came first, a 5-s ITI began, which led on
to the next initiation delay. The criterion for this phase of the task
was ≥ 77% (23/30) omissions on two consecutive days, but mice
were tested for a minimum of 10 sessions. Two mice of each geno-
type failed to complete the acquisition phase within 10 sessions and
could not be tested in the Extinction phase, so the analysis of per-
formance included 11 WT and 12 Dlg4+/� mice. The performance
measures were the number of sessions required to attain the acquisi-
tion and extinction criteria, and performance across the first 10 ses-
sions of extinction.

Hippocampal slice electrophysiology

For electrophysiological experiments in brain slices, mice were
transferred from the breeding facility of the University of Edinburgh
to the Biological Support Unit of the Babraham Research Campus.
Separate cohorts of the Dlg4+/� and Dlg4�/� mice (either sex,
C57Bl/6 background) were used, and each had a set of litter-
matched WT animals for comparative experiments. The former
cohort comprised nine Dlg4+/� and eight WT mice, whereas the lat-
ter cohort included five Dlg4�/� mice and five WT littermates. The
age of animals on the date of dissection was 3–4 months for the

Dlg4�/� cohort and 5–6 months for the Dlg4+/� cohort. Slice prepa-
ration procedures were essentially as those described previously
(Kopanitsa et al., 2006). Mice were killed by cervical dislocation,
and the brain was immediately immersed in ice-cold ‘cutting’ solu-
tion (110 mM sucrose, 60 mM NaCl, 28 mM NaHCO3, 1.25 mM

NaH2PO4, 3 mM KCl, 7 mM MgSO4, 0.5 mM CaCl2, 5 mM glucose,
0.0015 mM phenol red) saturated with a gas mixture of 95%O2/5%
CO2 (carbogen). Whole brain slices were cut at 350-lm thickness
by a Vibroslice MA752 (Campden Instruments, Loughborough, UK)
in such a way, so that the blade would cut through hemispheres at
an angle of 20–30° to their horizontal planes. ‘Cutting’ solution in
the temperature-controlled Peltier bath was maintained at 0–3 °C
and constantly saturated with carbogen. Up to eight slices containing
medial segments of the hippocampus with overlaying cortical areas
were trimmed of the remaining tissue, placed into a well of a slice
chamber (Fine Science Tools, Foster City, CA, USA) and kept inter-
faced between moist air and subfused fresh artificial cerebrospinal
fluid (ACSF) that contained 124 mM NaCl, 25 mM NaHCO3, 1 mM

NaH2PO4, 4.4 mM KCl, 1.2 mM MgSO4, 2 mM CaCl2, 10 mM glu-
cose and 0.0015 mM phenol red. Temperature in the chamber was
slowly increased to 30 °C for the rest of the incubation time. Slices
rested in these conditions for at least 2–3 h before experiments com-
menced.
fEPSPs were recorded by the MEA60 electrophysiological suite

(Multi Channel Systems, Reutlingen, Germany). Four set-ups con-
sisting of a MEA1060-BC pre-amplifier and a filter amplifier (gain
5509) were run simultaneously by a data acquisition unit operated
by the MC_RACK software. Raw electrode data were digitised at
10 kHz and stored on a PC hard disc for subsequent analysis. To
record fEPSPs, a hippocampal slice was placed into the well of
5 9 13 3D MEA biochip (Qwane Biosciences, Lausanne, Switzer-
land). The slice was guided to a desired position with a fine paint-
brush and gently fixed over MEA electrodes by a silver ring with
attached nylon mesh lowered vertically by a one-dimensional U-1C
micromanipulator (Narishige, Tokyo, Japan). MEA biochips were
fitted into the pre-amplifier case, and fresh ACSF was delivered to
the MEA well through a temperature-controlled perfusion cannula
that warmed perfused media to 32 °C. Monopolar stimulation of
Schaffer collateral/commissural fibres through array electrodes was
performed by STG4008 stimulus generator (Multi Channel Systems,
Reutlingen, Germany). Biphasic (positive/negative, 100 ls/a phase)
voltage pulses were used. Amplitude, duration and frequency of
stimulation were controlled by MC_STIMULUS II software.
We performed all long-term potentiation (LTP) experiments using

two-pathway stimulation of Schaffer collateral/commissural fibres
(Schwartzkroin & Wester, 1975). Our previous experiments, which
utilised MEAs, demonstrated that largest LTP was recorded in the
proximal part of apical dendrites of CA1 pyramidal neurones
(Kopanitsa et al., 2006). We have therefore picked a single principal
recording electrode in the middle of the proximal part of CA1 and
assigned two electrodes for stimulation of the control and test path-
ways on the subicular side and on the CA3 side of SR, respectively.
The distance from the recording electrode to the test stimulation
electrode was 420–510 lm and to the control stimulation electrode
it was 316–447 lm.
To evoke orthodromic fEPSPs, stimulation electrodes were acti-

vated at a frequency of 0.02 Hz. Peak amplitude of the negative part
of fEPSPs was used as a measure of the synaptic response. Follow-
ing at least 10–15 min of equilibration inside an MEA well, I/O
relationships were obtained, and baseline stimulation strength was
set to evoke a response that corresponded to ~40% of the maximal
attainable fEPSP at the principal recording electrode. PPF was
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observed after stimulating Schaffer collateral/commissural fibres
with a pair of pulses at baseline stimulation strength and an inter-
pulse interval of 50 ms. PPF value was calculated as fEPSP2/
fEPSP1 9 100%. Average data from five paired-pulse stimulations
were used for each slice. LTP was induced after 60-min period of
stable baseline responses by a theta-burst stimulation (TBS) train
consisting of 10 bursts given at 5 Hz with four pulses given at
100 Hz per burst. Stimulus strength was not altered during LTP
induction. LTP plots were scaled to the average of the first five
baseline points. To account for a possible drift of baseline condi-
tions, peak values in the test pathway were normalised by peak
amplitudes in the control pathway prior to statistical comparison.
LTP magnitude was assessed by averaging normalised fEPSPs in
the test pathway 60–65 min after LTP induction.

Western blotting

WT, Dlg4+/� and Dlg4�/� mice used for biochemical experiments
(N = 4 in each group) were culled by cervical dislocation, their
brain was dissected, and the cortex and both hippocampi were sepa-
rated and snap-frozen using liquid nitrogen. Following homogenisa-
tion, protein concentrations were quantified using a Pierce BCA
Protein Assay Kit (cat. #23225, Thermo Fisher Scientific, Inc.,
Rockford, IL, USA). Then, 10 lg of cortical or hippocampal protein
homogenate was loaded onto a 4–12% gradient gel (cat. #NP0323,
Thermo Fisher Scientific) along with a pre-stained protein ladder
(cat. # LC5699, Thermo Fisher Scientific) and ran at 200 V for 1 h
at 4 °C. Gels were transferred to a nitrocellulose membrane (cat.
#161-0112, Bio-Rad Laboratories, Hercules, CA, USA) at 15 V for
30 min and then blocked with 5% skimmed milk-PBS Tween for
1 h. Membranes were probed with primary antibodies against PSD-
95 (1 : 1000; cat. #610495, BD Biosciences, San Jose, CA, USA)
and b-actin (1 : 2000; cat. #12141, Bio-Rad) overnight at 4 °C on a
roller mixer. Membranes were then incubated with a sheep anti-
mouse IgG conjugated to horseradish peroxidase (1 : 50 000; cat.
#RPN4201V, GE Healthcare Life Sciences, Little Chalfont, UK) in
1% skimmed milk for 1 h before being exposed to enhanced chemi-
luminescent substrate cat. #34096, Thermo Fisher Scientific) for
1 min. Images were captured using an Odyssey Fc imaging system
(Li-COR, Bad Homburg, Germany) and quantified by IMAGE STUDIO

LITE software (Li-COR).

Data analysis

Behavioural data were analysed using the Student’s independent
samples t-test, one-sample t-test, one-way analysis of variance
(ANOVA) and repeated-measures ANOVA (within-subject factor of ses-
sion block, between-subject factor genotype), as appropriate. The
Sidak post hoc comparison test was employed following one-way
ANOVA. Where the assumption of homogeneity of variance was
rejected following Levene’s test, the unequal variance t-test was
used. Where the assumption of normality was rejected by the
Shapiro–Wilk test, attempts were made to normalise the distributions
with transformations. Where applicable, data that were not nor-
malised with transformations were analysed using the non-para-
metric Mann–Whitney U-test instead of the t-test. The Paired-
Associates Learning magazine latencies, Reversal performance
across 20 sessions and Extinction performance across 10 sessions
datasets were also not normalised by transformations; however, in
the absence of a reasonable alternative, these data were nonetheless
subjected to repeated-measures ANOVA. Whilst the results of
repeated-measures ANOVA for these data sets should therefore be

considered with caution, ANOVA is considered robust to such viola-
tion of its assumptions. All ANOVA data were subjected to the
Mauchly’s test of sphericity to ensure that the homogeneity of vari-
ance assumption was not violated. Where it was, the Huynh-Feldt
correction was used. All statistical analyses of behaviour were con-
ducted with a significance level of a = 0.05, using SPSS version
22.0.
For the analysis of electrophysiological data, as several slices were

routinely recorded from every mouse, the values of the area under the
I/O relationship (AUCI/O), PPF and LTP in WT and mutant mice were
compared by the two-way nested ANOVA with genotype (group) and
mice (subgroup) as fixed and random factors correspondingly with
Satterthwaite’s correction applied to calculate effective degrees of
freedom (STATISTICA v. 10, StatSoft, Inc., Tulsa, OK, USA). Statistical
effects were considered significant if P < 0.05.
For the analysis of Western blot data, PSD-95 band intensities

were normalised by the respective b-actin band intensity values and
compared by one-way ANOVA with subsequent post hoc Dunnet’s
test (comparison to values in WT group).
Graph plots were prepared using PRISM 7 (GraphPad Software,

Inc., La Jolla, CA, USA) and ORIGINPRO 8.5 (OriginLab, Northamp-
ton, MA, USA). Throughout the text, data are presented as the
mean � SEM with n and N indicating number of slices and mice,
respectively.

Results

Spontaneous behaviour

Because Dlg4�/� demonstrated reduced locomotor activity (Feyder
et al., 2010), we assessed spontaneous behaviour of heterozygous
mutants before running the touch screen tests. Dlg4+/� mice were
only slightly hypoactive (Fig. 1): they made a similar number of
beam breaks to WT mice (t < 1, P > 0.1), but fewer chamber
traversals (t17.727 = 2.277, P = 0.035, unequal variance t-test) and
screen touches (t26 = 2.069, P = 0.049).

Pretraining (Visual Discrimination)

In contrast to observations in homozygous mutants (Nithiananthara-
jah et al., 2013), we found that Dlg4+/� mice could acquire operant
conditioning during pretraining for the Visual Discrimination task.
In fact, there was no significant effect of genotype on the number of
sessions required to complete all pretraining stages for Visual Dis-
criminations (WT: 10.2 � 0.6; Dlg4+/� 9.5 � 0.9; Mann–Whitney
U-Test, P > 0.1).

Acquisition and Reversal of Visual Discrimination

Surprisingly, in contrast to the deficits of Dlg4�/� mice in simple
operant conditioning, we revealed that heterozygous mutants acquired
Visual Discrimination significantly faster than WT mice (Fig. 2A).
Dlg4+/� mice required fewer trials (t26 = 3.167, P = 0.004), made
fewer errors (t26 = 2.409, P = 0.023) and showed a trend towards
receiving fewer CTs (t26 = 1.824, P = 0.080). Dlg4+/� mice were fas-
ter to collect rewards: average magazine latency was
2652.0 � 155.6 ms in WT and 2246.5 � 106.2 ms in Dlg4+/� mice
(logarithmic transformed t26 = 2.257, P = 0.033). The average reac-
tion time was similar in WT (6197.8 � 599.8 ms) and Dlg4+/� ani-
mals (6206.4 � 788.1; logarithmic transformed t < 1, P > 0.1).
To some extent, the apparently faster Visual Discrimination learn-

ing of Dlg4+/� mice may have been due to a favourable stimulus

© 2017 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 47, 164–176

168 A. E. Horner et al.



bias. On average, Dlg4+/� mice had a slight but significant bias
towards the correct stimulus during their first 30 trials of acquisition,
whereas WT mice did not (WT: 49.3 � 4.2% correct responses,
t < 1, P > 0.1; Dlg4+/�: 58.1 � 3.6% correct responses,
t13 = 2.275, P = 0.041; one-sample t-test against 50%). The percent-
age of correct responses in these first 30 trials did not differ signifi-
cantly between the genotypes (t26 = �1.608, P = 0.120).
Immediately after achieving the Visual Discrimination criterion,

mice were tested on the reversal of the reward contingency. Similar
to the acquisition of Visual Discrimination, Dlg4+/� mice learned
the reversed visual discrimination significantly faster than their WT
littermates (Fig. 2B and C). They required fewer trials (t26 = 2.705,
P = 0.012), made fewer errors (t26 = 3.397, P = 0.002) and
received fewer CTs (t26 = 2.802, P = 0.009; Fig. 2B). Analysis of
performance across the first 20 reversal sessions revealed a signifi-
cant effect of genotype (F1,26 = 15.019, P = 0.001) in addition to
the expected effect of session (F19,494 = 58.594, P < 0.001). There
was no significant interaction between these factors (F < 1, P > 0.1;
Fig. 2C). Dlg4+/� mice also trended towards faster reward collection
(WT: 2476.2 � 210.1 ms, Dlg4+/�: 2080.0 � 101.8 ms, logarith-
mic transformed average magazine latency, t26 = 1.780, P = 0.087),
but were not faster to respond to stimuli (WT: 6267.3 � 473.6 ms,
Dlg4+/�: 5303.9 � 538.2 ms, average reaction time, t26 = 1.344,
P > 0.1). When sessions were split into perseverative (performance
< 50%) and non-perseverative (performance ≥ 50%) prior to the cri-
terion being reached, it was evident that the performance of Dlg4+/�

mice was specifically enhanced in the perseverative phase. They
required fewer trials (WT: 174 � 30.4, Dlg4+/�: 72.9 � 10.8,
square root transformed, t26 = 3.619, P = 0.001), made fewer errors
(WT: 113.4 � 19.3, Dlg4+/�: 48.9 � 6.5, square root transformed,
t26 = 3.668, P = 0.001) and received fewer CTs (WT:
402.4 � 53.3, Dlg4+/�: 247.1 � 33.9; t26 = 2.459, P = 0.021).
Genotype did not significantly affect reward collection or response
latency in the perseverative phase (t < 1, P > 0.1 for both mea-
sures). Genotype did not affect any of these performance measures
in the non-perseverative sessions (all P > 0.1; data not shown).
Performance of Dlg4+/� mice during Visual Discrimination acqui-

sition and Reversal differed from that of Dlg2�/� and Dlg3�/Y ani-
mals (Nithianantharajah et al., 2013). Dlg2�/� mice acquired Visual
Discrimination as quickly as WT littermates, but demonstrated
impaired reversal learning, appearing to take longer to learn the
reversed contingency than WT mice during the reversal of Visual
Discrimination, particularly when more perceptually complex stimuli
were used (Nithianantharajah et al., 2013). On the other hand, simi-
larly to Dlg4+/� mice (Fig. 2A), Dlg3�/Y animals acquired Visual

Discrimination faster than WT littermates, requiring fewer trials and
making fewer errors. However, the performance of Dlg3�/Y mice
during the Reversal of Visual Discrimination was comparable to that
of WT animals, indicating unaffected cognitive flexibility (Nithi-
anantharajah et al., 2013).

Object-Location Paired-Associates learning

In congruence with the Visual Discrimination test results, Dlg4+/�

mice showed superior Paired-Associates Learning performance com-
pared to WT littermates (Fig. 3). Analysis revealed significant main
effects of genotype (F1,25 = 6.825, P = 0.015) and session block
(F11,275 = 38.785, P < 0.001), without a significant interaction
between these two factors (F < 1, P > 0.1). Reaction time became
expectedly shorter with training (F7.774,194.361 = 30.125, P < 0.001;
main effect of session block, logarithmic transformation, Huynh–
Feldt correction), but was not significantly affected by genotype
(F1,25 = 2.145, P = 0.155) or an interaction between these two fac-
tors (F < 1, P > 0.1). Magazine latency was also reduced by train-
ing (F4.976,124.389 = 16.627, P < 0.001; main effect of session block,
Huynh–Feldt correction). Genotype also significantly affected maga-
zine latency (F1,25 = 5.050, P = 0.034) reflecting the faster reward
collection of Dlg4+/� mice. Finally, there was a trend towards a sig-
nificant effect of an interaction between these factors
(F4.976,124.389 = 1.940, P = 0.093).
A relative enhancement of Paired-Associates learning in Dlg4+/�

mice in comparison with performance of litter-matched WTs (Fig. 3)
contrasted with phenotypes observed in Dlg2�/� and Dlg3�/Y mutants:
Paired-Associates learning was normal in Dlg3�/Y animals, but substan-
tially impaired in Dlg2�/� mice (Nithianantharajah et al., 2013).

Extinction of a simple instrumental response

Genotype did not significantly affect the number of sessions
required to acquire the simple instrumental response (WT:
5.3 � 0.2, Dlg4+/�: 5.3 � 0.2; Mann–Whitney U-test, P > 0.1).
Exclusion of the four mice that failed to complete acquisition did
not affect the statistical significance of this result. Similarly, geno-
type also did not significantly affect the number of sessions required
to attain the extinction criterion (WT: 6.5 � 0.8, Dlg4+/�:
6.9 � 1.7; Mann–Whitney U-test, P > 0.1). Included in the Dlg4+/�

group were two mice that failed to complete extinction after 17 test-
ing sessions; therefore, their ‘sessions to criterion’ score was 19.
Analysis of the responding rate (square root transformed) during the

first 10 sessions of Extinction revealed a significant main effect of

Fig. 1. Spontaneous activity of Dlg4+/� and WT mice. Dlg4�/+ and WT mice made a similar number of total beam breaks during a 30-min session (A), but
mutants were hypoactive in terms of the number of chamber traversals (B) and screen touches (C). Data are presented as box-whisker plots (middle line: med-
ian; box: lower and upper quartile; whiskers: minimum and maximum data points). WT: N = 14, Dlg4+/�: N = 14. Both groups had an approximate average
age of 4 months. *P < 0.05.
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session (Huynh–Feldt-corrected RM ANOVA; F5.463,114.724 = 40.575,
P < 0.001), indicating that the responding rate per session became
lower with training (Fig. 4). However, there was no significant effect of
genotype (F1,21 = 1.661, P > 0.1) or of an interaction between these
factors (F5.463,114.724 = 1.144, P > 0.1).
The lack of change in the extinction time-course in Dlg4+/� mice

(Fig. 4) contrasted with slower and faster rates of extinction learning
that were revealed in Dlg2�/� and Dlg3�/Y mice, respectively
(Nithianantharajah et al., 2013).

Hippocampal slice electrophysiology

Because learning and memory are thought to require synaptic plas-
ticity, we next examined electrophysiological responses in the CA1
area of hippocampal slices evoked by the stimulation of Schaffer

Fig. 2. Performance of Dlg4+/� and WT mice during acquisition and Rever-
sal of Visual Discrimination. (A) The numbers of trials, errors and correction
trials (CTs) made by Dlg4+/� and WT mice prior to the acquisition criterion.
WT: N = 14, Dlg4+/�: N = 14. Both groups had an approximate average age
of 5.5 months at the start of Visual Discrimination acquisition. *P < 0.05;
**P < 0.01. (B) The numbers of trials, errors and correction trials (CTs)
made by Dlg4+/� and WT mice during the reversal phase of Visual Discrimi-
nation prior to the criterion. WT: N = 14, Dlg4+/�: N = 14. Both groups had
an approximate average age of 6 months at the start of the reversal testing.
*P < 0.05; **P < 0.01. In A and B, data are presented as box-whisker plots
(middle line: median; box: lower and upper quartile; whiskers: minimum and
maximum data points). (C) Performance of Dlg4+/� and WT mice on Visual
Discrimination Reversal in terms of the percentage of correct responses dur-
ing the first 20 sessions of reversal testing. ‘Acquisition’ data point repre-
sents the average performance during the last two acquisition sessions. Data
are presented as the mean � standard error of the mean. ##P = 0.001 (main
genotype effect).

Fig. 3. Acquisition of the Object-Location Paired-Associates Learning task
by WT and Dlg4+/� mice. Performance is expressed as the percentage of cor-
rect responses in blocks of five sessions. Dlg4+/�: N = 14, WT: N = 13.
Both groups were approximately 7.5 months old at the start of the acquisi-
tion. Data are presented as the mean � standard error of the mean.
#P < 0.05 (main genotype effect).

Fig. 4. Performance of WT and Dlg4+/� mice during the first 10 sessions of
an appetitive instrumental Extinction task expressed as the number of
responses out of a maximum of 30 possible. WT: N = 11, Dlg4+/�: N = 12.
Both groups had an approximate average age of 10.5 months at the start of
the Extinction phase. Data are presented as the mean � standard error of the
mean.
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collaterals. More specifically, as we observed enhancements in the
cognitive performance of Dlg4+/� mice (Figs 2 and 3), which con-
trasted with impaired cognitive performance of homozygous mutants
(Migaud et al., 1998; Nithianantharajah et al., 2013; Fitzgerald
et al., 2015), we reasoned that homozygous and heterozygous
mutants might also show contrasting synaptic phenotypes. In agree-
ment with previously published studies (B�e€ıque et al., 2006; Carlisle
et al., 2008), we found that fEPSPs in slices from Dlg4�/� mice
were substantially reduced (Fig. 5A). Analysis of the input–output
relationships showed that there was an extremely significant effect
of genotype on AUCI/O values chosen as integral measures of basal
synaptic transmission (F1,6.49 = 200.16; P < 0.001). A similar result
was found in the case of Dlg4+/� mice (Fig. 6A): the mean AUCI/O

value in slices from mutants was significantly smaller than that in
slices from WT animals (F1,13.81 = 9.04; P = 0.0096). We also
observed substantially enhanced short- and long-term plasticity in
slices from both homozygous Dlg4�/� and heterozygous Dlg4+/�

mice, expressed as higher percentages of PPF (Figs 5B and 6B) and
LTP (Figs 5C and 6C), respectively. These results also confirmed
findings in homozygous mice that have been reported previously
(Migaud et al., 1998; B�e€ıque et al., 2006; Carlisle et al., 2008).
Thus, we found that heterozygous deletion of PSD-95 led to
changes in synaptic parameters that were similar to those observed
in homozygous mutants, albeit the effect size values were smaller
(Fig. 6).

Western blotting

Because the exact mutation in the Dlg4 gene in mice used in this
study (Dlg4tm2.1Grnt, MGI:3848928) differed from the mutation in
mice examined by Nithianantharajah et al. (2013), namely
Dlg4tm1Grnt (MGI:2182460), we needed to establish that the
Dlg4tm2.1Grnt mutation led to identical biochemical consequences.
Furthermore, it was important to demonstrate the impact of the
heterozygous Dlg4tm2.1Grnt mutation on PSD-95 protein amount in
the brain. Thus, we analysed relative levels of the PSD-95 protein
in the cortex and hippocampus of WT, Dlg4+/� and Dlg4�/�

(Dlg4tm2.1Grnt mutation) mice (N = 4 in each group). We found that
as in the case of homozygous Dlg4tm1Grnt mutation (Migaud et al.,
1998), no PSD-95 protein was detected in the hippocampus and cor-
tex of animals homozygous for the Dlg4tm2.1Grnt mutation (Fig. 7).
Moreover, a significant down regulation of PSD-95 protein levels
was noted in the brain of Dlg4+/� mice (Fig. 7).

Discussion

The role of PSD-95, a major postsynaptic protein, in shaping cogni-
tive abilities required for visual discrimination and associative learn-
ing has been left unexplored because Dlg4�/� mice, which lack
PSD-95 expression, had a striking impairment in operant condition-
ing (Nithianantharajah et al., 2013). To gain a better insight into the
relationship between PSD-95 deficiency and cognitive performance,
we studied Dlg4+/� mice, which exhibit a partial disruption of PSD-
95, in a battery of touch screen tests. In parallel, synaptic transmis-
sion properties were assessed in hippocampal slices from mutant
and WT mice.
PSD-95 plays an important role in the structural organisation of

the molecular architecture of the postsynaptic terminal of excitatory
synapses. PSD-95 affects synaptic physiology by directly regulating
trafficking and retention in the postsynaptic membranes of the major
ionotropic glutamate AMPA and NMDA receptors (Kornau et al.,
1997; Elias & Nicoll, 2007; Bard & Groc, 2011; Opazo et al.,

2012; Frank et al., 2016), as well as the receptors for dopamine
(Zhang et al., 2007), serotonin (Xia et al., 2003) and subunits of
voltage-gated K+ channels (Kim & Sheng, 1996; Inanobe et al.,
2002). It can therefore be expected that differences in gene dosage
in experiments using mice with homozygous and heterozygous Dlg4
mutations would result in synaptic physiological and behavioural
phenotypes. In our electrophysiological experiments, we observed
decreased AMPA receptor-mediated fEPSPs and enhanced NMDA
receptor-driven LTP in both Dlg4�/� and Dlg4+/� mice (Figs 5 and
6), which confirmed previously reported data in homozygous
mutants (Migaud et al., 1998; B�e€ıque et al., 2006; Carlisle et al.,
2008). As might be expected, partial disruption of PSD-95 expres-
sion in Dlg4+/� mice (Fig. 7) led to alterations of synaptic transmis-
sion and plasticity that were qualitatively similar but milder than
those in Dlg4�/� mice (Figs 5 and 6).
In contrast to the graded dose-dependent synaptic physiology phe-

notypes conferred by the heterozygous and homozygous deletion of
PSD-95, the behavioural tests showed a more complex picture. In
accordance with previous data about hypolocomotion in Dlg4�/�

mice (Zhang et al., 2014), Dlg4+/� mice were found to be slightly
hypoactive when their spontaneous activity was measured during the
first exposure to the touch screen chambers. However, this did not
appear to be detrimental to touch screen task performance and in
fact, during touch screen testing (weeks or months later), Dlg4+/�

mice responded to stimuli in times comparable to those of WT ani-
mals, and were actually faster to collect rewards in the Visual Dis-
crimination and Paired-Associates Learning tasks. Because the
complete deletion of PSD-95 in Dlg4�/� mice caused profound
impairments in spatial learning in the water maze (Migaud et al.,
1998), deficient maintenance of the cued fear memory of electric
shock (Fitzgerald et al., 2015), and inability to learn a simple oper-
ant response in touch screen chambers (Nithianantharajah et al.,
2013), we had anticipated that Dlg4+/� mice would also exhibit
compromised cognitive performance. Surprisingly, instead of the
expected increase in the number of sessions required to attain the
Visual Discrimination criterion, we found that Dlg4+/� mice
acquired Visual Discrimination faster than WT littermates (Fig. 2A).
Although this particular result could be partly explained by a slight
positive bias that Dlg4+/� animals had towards the correct stimulus
at the start of testing, the fact that heterozygous mutants also
demonstrated superior learning performance in Object-Location
Paired-Associates Learning (Fig. 3) indicates that the heterozygous
Dlg4 mutation has a significant facilitating effect on discriminative
and associative learning. It should be noted that although the appara-
tus, parameters for operant conditioning and background strain
(C57Bl/6J) were similar in our previous (Nithianantharajah et al.,
2013) and present studies, the former experiments were conducted
during the light phase of the cycle, whereas in the present study, we
performed our tests during the dark phase of the cycle, in a room
with reverse lighting conditions. However, given the extent of the
deficit observed in Dlg4�/� mice, it is unlikely that they would per-
form comparably to WT animals even if they were tested during the
dark phase. We routinely tested multiple lines of mutant mice during
light and dark phases, and we did not notice obvious differences in
simple operant conditioning between these two conditions. Another
factor that could confound a comparison of the results of touch
screen assessments in our previous and current studies was the dif-
ference in the exact mutations that caused Dlg4 gene disruption.
However, we proved that both the biochemical and electrophysio-
logical phenotypes of the homozygous Dlg4tm2.1Grnt mutation
(MGI:3848928) in our present experiments (Figs 5–7) were similar
to the consequences of the mutation in mice examined by
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Nithianantharajah et al. (2013). Furthermore, Dlg4�/� mice used in
the latter study were 3 months old at the start of the experiments,
that is, very close to the age of Dlg4+/� mice in which we saw
enhanced performance in touch screen tests. Thus, the age was unli-
kely a confounding factor in the comparison between these two
studies.

This conclusion about facilitated learning in Dlg4+/� mice is also
supported by the results of an unpublished study conducted in
another laboratory, which was likely underpowered but which simi-
larly found a statistical trend towards enhanced visual discrimination
learning in Dlg4+/� mice relative to WTs (Andrew Holmes, personal
communication). Notably, whilst the aforementioned faster reward

Fig. 5. Effect of homozygous-targeted deletion of the Dlg4 gene on electrophysiological parameters measured in the CA1 area of hippocampal slices. (A)
Baseline synaptic transmission was significantly decreased in Dlg4�/� mice. Input–output relationships (A1) illustrate averaged fEPSP amplitudes in slices from
Dlg4�/� (n = 18; N = 5) and WT mice (n = 17; N = 5) in response to stimulation of Schaffer collaterals by biphasic voltage pulses of 0.1–4.2 V. Data are pre-
sented as the mean � standard error of the mean. (A2) Representative families of fEPSP traces. (B) Paired-pulse facilitation was significantly larger
(F1,7.71 = 6.13; P = 0.039) in slices from Dlg4�/� animals (n = 18; N = 5) than in slices of WT littermates (n = 17; N = 5). Data are presented as box-whisker
plots (middle line: median; box: lower and upper quartile; whiskers: minimum and maximum data points). Representative fEPSP sweeps are given in B2. (C)
Theta-burst stimulation elicited pathway-specific long-term potentiation of synaptic transmission in hippocampal CA1 area (C1). Normalised magnitude of this
potentiation 60–65 min after LTP induction was significantly larger in slices from Dlg4�/� mice (273 � 19%; n = 18, N = 5; F1,7.48 = 18.74; P < 0.0029) rela-
tively to their wild-type counterparts (164 � 4%; n = 17; N = 5). Data are presented as the mean � standard error of the mean. Examples of test pathway
fEPSP traces immediately before and 1 h after theta-burst stimulation are presented in C2.
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collection of Dlg4+/� mice in the Visual Discrimination and Paired-
Associates Learning tasks could simply be indicative of superior
learning about reward delivery, it might reflect a greater motivation
for reward which, in turn, could have stimulated faster learning
throughout our battery of appetitively motivated touch screen tasks.
The latter mechanism could be investigated using the recently devel-
oped touch screen-based Progressive Ratio assay of motivation
(Heath et al., 2016).

Furthermore, Dlg4+/� mice demonstrated more rapid reversal of
the learnt contingency (Fig. 2B and C), particularly in the early per-
severative phase, as assessed by several interrelated performance
measurements. A crucial determinant of performance in the early
perseverative phase is cognitive flexibility, which comprises detec-
tion of contingency change, inhibition of the prepotent response and
overcoming learned irrelevance (Boulougouris et al., 2007; Nilsson
et al., 2015). In the later, non-perseverative phase, learning of the

Fig. 6. Effect of heterozygous targeted deletion of the Dlg4 gene on electrophysiological parameters measured in the CA1 area of hippocampal slices. (A)
Baseline synaptic transmission was significantly decreased in Dlg4+/� mice. Input–output relationships (A1) illustrate averaged fEPSP amplitudes in slices from
Dlg4+/� (n = 24; N = 9) and WT mice (n = 21; N = 8) in response to stimulation of Schaffer collaterals by biphasic voltage pulses of 0.1–4.2 V. Data are pre-
sented as the mean � standard error of the mean. (A2) Representative families of fEPSP traces. (B) Paired-pulse facilitation was significantly larger
(F1,12.24 = 5.25; P = 0.04) in slices from Dlg4+/� animals (n = 24; N = 9) than in slices of WT littermates (n = 21; N = 8). Data are presented as box-whisker
plots (middle line: median; box: lower and upper quartile; whiskers: minimum and maximum data points). Representative fEPSP sweeps are given in B2. (C)
Normalised magnitude of long-term potentiation 60–65 min after its induction by theta-burst stimulation was significantly larger in slices from Dlg4+/� mice
(183 � 6%; n = 24, N = 9; F1,12.53 = 11.74; P = 0.0047) relatively to their wild-type counterparts (151 � 5%; n = 21; N = 8). Data are presented as the
mean � standard error of the mean. Examples of test pathway fEPSP traces immediately before and 1 h after theta-burst stimulation are presented in C2.
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new association is thought to be particularly prominent (Jones &
Mishkin, 1972; Chudasama & Robbins, 2003), perhaps followed by
habit formation (Adams, 1982). However, early and late reversal are
not discreet stages, and performance in early reversal sessions (de-
fined here simply as sessions in which overall performance was
below chance) would involve both learning and cognitive flexibility
(Graybeal et al., 2011). Therefore, significantly enhanced perfor-
mance of Dlg4+/� mice in the early but not the late stage may at
least partially be due to enhanced learning (as seen in the other
tasks), but additionally suggests that heterozygous mutants may have
enhanced cognitive flexibility. It may seem surprising that no signifi-
cant difference between Dlg4+/� and WT mice was detected in the
Extinction test (Fig. 4), which also assays cognitive flexibility and
response control/inhibition. However, it is known that performance
on the Reversal and Extinction tests is molecularly dissociable – for
example, Gria1�/� mice were impaired in Extinction but not Rever-
sal (Barkus et al., 2012), whereas Grin2a�/� mice were impaired on
Reversal but not Extinction (Brigman et al., 2008), suggesting that
these tests do, in fact, assay subtly different cognitive constructs.
Thus, our results have, for the first time, uncovered the role of

PSD-95 in Visual Discrimination, Reversal learning and Object-
Location Paired-Associates learning. The findings of enhanced learn-
ing in Dlg4+/� mice (this study) and impaired learning in Dlg4�/�

mice (Nithianantharajah et al., 2013), reveal a dichotomy that is of
considerable interest when considered alongside the synaptic electro-
physiology data from the same mice. The LTP model of learning
posits that enhanced LTP would enhance learning. Our studies show
a double dissociation between enhanced synaptic plasticity and the
ability to learn: homozygous mutants show enhanced LTP, but
impaired learning, whereas heterozygous mutants show enhanced
LTP and enhanced learning. These findings add to a body of

literature reporting dissociations between learning and LTP (Migaud
et al., 1998; Bannerman et al., 2014). Our results are consistent
with the view that the function of PSD-95 in the postsynaptic termi-
nal is to regulate multiple forms of plasticity, including LTP and
short-term plasticity, as well as other cell biological processes,
which underpin learning. However, changes in LTP itself are not
necessarily positively correlated with changes in learning. Moreover,
PSD-95 is physically coupled to ~100 other proteins (Husi et al.,
2000; Fern�andez et al., 2009, 2017; Frank et al., 2016, 2017) and
thereby participates in numerous biochemical and physiological pro-
cesses that would be candidates for learning mechanisms. It is also
possible that distinct patterns of PSD-95 expression in different
synapses and circuits (Broadhead et al., 2016) render differential
phenotypes in heterozygous and homozygous mice. Thus, further
studies of synaptic physiology in regions other than CA1 stratum
radiatum may shed further light on these dissociations.
Our findings have important implications for the phenotypic assess-

ments of genetic mouse models of human diseases. Although many
human cognitive disorders arise from heterozygous mutations, most
studies typically examine homozygous mutants, which usually show
stronger phenotypes. For example, although mutations in the human
SHANK2 gene that are associated with autism are heterozygous, pro-
found social interaction disturbances were seen only in mice with a
homozygous mutation, whereas Shank2+/� mice displayed only the
hyperactivity phenotype (Schmeisser et al., 2012; Won et al., 2012).
However, our results show that the phenotypes observed in homozy-
gous mice may, counterintuitively, be qualitatively different from
those in heterozygous mice, and, potentially, in heterozygous human
carriers as well. This underscores the importance of careful considera-
tion of the zygosity of genetic disease models in the light of the trans-
lational validity of prospective results.

Fig. 7. Relative amount of the PSD-95 protein in the hippocampus and cortex of WT, Dlg4+/� and Dlg4�/� mice. (A) Western blots illustrating relative
amount of PSD-95 and b-actin in hippocampal and (B) cortical homogenates of WT, Dlg4+/� and Dlg4�/� mice. (C, D) Quantification of PSD-95 band intensi-
ties normalised by the respective b-actin band intensity values (N = 4 in each group). Data are presented as box-whisker plots (middle line: median; box: lower
and upper quartile; whiskers: minimum and maximum data points). Statistical significance of inter-group differences was analysed by one-way ANOVA followed
by the post hoc Dunnet’s test (comparison to values in WT group). ***P < 0.001.
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The gene dosage-dependent phenotypes demonstrated in our experi-
ments may be relevant to the effects of diseases and drugs that modu-
late PSD-95 levels. Very recently, rare mutations in the human DLG4
gene have been described in patients with intellectual disability and
autism (Lelieveld et al., 2016; Xing et al., 2016). Deficient PSD-95
expression revealed in brains of individuals with Alzheimer’s disease
(Gylys et al., 2004; Proctor et al., 2010; Savioz et al., 2014), mild
cognitive impairment (Sultana et al., 2010; Counts et al., 2014),
schizophrenia (Ohnuma et al., 2000; Kristiansen et al., 2006; Dean
et al., 2015) and mood disorders (Kristiansen & Meador-Woodruff,
2005; Zhao et al., 2012) may underlie the synaptic dysfunction and
cognitive disturbances associated with these diseases. Furthermore,
pharmacological treatments targeting PSD-95 are currently considered
as a promising strategy against stroke and inflammatory pain (Bach
et al., 2012; Cook et al., 2012; Andreasen et al., 2013). Our results
demonstrate that potential effects of physiological or pharmacological
destabilisation of PSD-95 functions on cognition can be reliably
assessed using touch screen technology in mice and previous reports
have established excellent correlations of the touch screen data
obtained in mice and humans (Nithianantharajah et al., 2013, 2015).
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