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Abstract
Background: Cognitive deficits profoundly impact on the quality of life of patients with
schizophrenia. Alterations in Brain Derived Neurotrophic Factor (BDNF) signalling, which
regulates synaptic function through the activation of full-length tropomyosin-related kinase B
receptors (TrkB-FL), are implicated in the aetiology of schizophrenia, as is NMDA receptor
(NMDA-R) hypofunction. However, whether NMDA-R hypofunction contributes to the disrupted
BDNF signalling seen in patients remains unknown.
Aims: The purpose of this study was to characterise BDNF signalling and function in a preclinical
rodent model relevant to schizophrenia induced by prolonged NMDA-R hypofunction.
Methods: Using the subchronic phencyclidine (PCP) model, we performed electrophysiology
approaches, molecular characterisation and behavioural analysis.
Results: The data showed that prolonged NMDA-R antagonism, induced by subchronic PCP
treatment, impairs long-term potentiation (LTP) and the facilitatory effect of BDNF upon LTP in
the medial prefrontal cortex (mPFC) of adult mice. In addition, TrkB-FL receptor expression is
decreased in the PFC of these animals. By contrast, these changes were not present in the
hippocampus of PCP-treated mice. Moreover, BDNF levels were not altered in the hippocampus
or PFC of PCP-treated mice. Interestingly, these observations are paralleled by impaired
performance in PFC-dependent cognitive tests in mice treated with PCP.
Conclusions: Overall, these data suggest that NMDA-R hypofunction induces dysfunctional
BDNF signalling in the PFC, but not in the hippocampus, which may contribute to the PFCdependent cognitive deficits seen in the subchronic PCP model. In addition, the data suggest
that targeting BDNF signalling may be a mechanism to improve PFC-dependent cognitive
dysfunction in schizophrenia.
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Introduction
Schizophrenia is characterized by positive and negative symptoms and pronounced
cognitive deficits (Marder and Cannon, 2019). The drugs currently used relieve the positive
symptoms (Huhn et al., 2019) but have limited efficacy for the negative symptoms and cognitive
deficits (Fusar-Poli et al., 2015; Krause et al., 2018). Thus, there is an urgent need to understand
the mechanisms contributing to these symptoms and for new effective treatments.
A key role for glutamatergic dysfunction in schizophrenia is supported. In particular,
there is evidence for N-methyl-D-aspartate receptor (NMDA-R) hypofunction in the prefrontal
cortex (PFC) and hippocampus, brain regions dysfunctional in the disorder (Dauvermann et al.,
2017; Lee and Zhou, 2019). Furthermore, prolonged NMDA-R hypofunction induced by
subchronic PCP administration in rodents induces cognitive, behavioural and neurochemical
alterations, along with deficits in PFC metabolism (“hypofrontality”) and brain network
connectivity, that have translational relevance to those seen in patients (Cochran et al., 2003;
Egerton et al., 2008; Dawson et al., 2012, 2014; Neill et al., 2014).
BDNF is a neurotrophic factor that, through the activation of the full length kinase
receptor B (TrkB-FL), promotes neuronal survival, differentiation, and synaptic plasticity (Lee et
al., 2001; Chao, 2003). Truncated isoforms of the receptor (TrkB-TC) act to limit BDNF signaling
(Dorsey et al., 2006; Eide et al., 1996). Alterations in BDNF signaling are implicated in
schizophrenia pathogenesis (Nieto et al., 2013; Palomino et al., 2006). Reduced BDNF and TrkB-
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FL expression, and increased TrkB-TC expression, in the PFC (Weickert et al., 2005; Wong et al.,
2013) and hippocampus (Durany et al., 2001; Iritani et al., 2003; Thompson Ray, 2011) of
patients support reduced BDNF signalling in the disorder (Sigurdsson and Duvarci, 2015).
Interestingly, serum BDNF levels are also positively associated with cognitive function in patients
(Ahmed et al., 2015) and a functional single-nucleotide polymorphism (rs6265) in the BDNF gene
is linked to neurocognitive deficits in patients(Egan et al., 2003). Overall, the data suggests that
BDNF signalling may play a key role in the cognitive deficits seen in the disorder. Evidence from
relevant animal models also supports a role for disrupted BDNF signalling in the disorder
(Faatehi et al., 2019; Fiore et al., 2004; Pillai and Mahadik, 2008). Despite these observations the
potential contribution of sustained NMDA-R hypofunction to the disturbed BDNF signalling seen
in schizophrenia remains to be adequately defined. Thus, here we characterize the molecular
and functional deficits in BDNF signalling seen in the PFC and hippocampus of the subchronic
PCP mouse model.

4

Methods
Animals
Male (2-3 months old) C57BL/6 mice (Charles River, Spain) were used. All procedures were
carried out under European Community Guidelines (Directive, 2010/63/EU) and the Portuguese
law (DL 113/2013) for Animal Care for Research Purposes. Animals were tagged and distributed
in groups of five animals to each housing cage, kept in a controlled environment (14-10 h
light/dark cycle, 45–65% humidity and 22-24 °C room temperature, RT) with food and water
provided ad libitum. To determine allocation to either the control or experimental treatment
group a pseudo‐randomization procedure was employed. Animals were habituated to the
presence of the investigator and handled for 5-days before testing. Animal behaviour
experiments were performed during the light phase and around the same time each day.

Drug Treatments and Experimental Timeline
Animals treated subchronically with PCP received 10 mg/kg PCP.HCl (2 ml/kg injection
volume) (Tocris, UK, in 0.9% w/v sterile saline, intraperitoneally, i.p.) over 12 days (one daily
administration on days 1-5 and 8-12, with no treatment on days 6 and 7). Controls received
saline treatment with the same protocol. The PCP dosing regimen was based on published work
showing that this induces cognitive, behavioural and neurochemical alterations in mice relevant
to schizophrenia, that last for at least 7 days after the final PCP administration (Hashimoto et al.,
2007, 2008; Fujita et al., 2008; Tanibuchi et al., 2009; Santini et al., 2013). Thus, to make sure
that all primary endpoint measures of interest were taken between 3-5 days after the final PCP
injection, we performed the Morris Water Maze Test (MWMT) and other behavioural tests in
two separate cohorts of animals. Therefore, the Open Field Test (OFT), Novel Object Recognition
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Test (NORT) and Y-Maze Spontaneous Alternation Test (YMT) were conducted in one cohort of
animals and the MWMT was performed in a separate cohort of animals. This also ensures that
the results obtained in the OFT, NORT and YMT are not influenced by the stress induced by the
MWMT.
The aim of the present study was to determine the primary endpoint measures of interest
in the behavioural tests, and electrophysiology measurements, at around 72 hours after the final
PCP administration, where the conformational changes induced by the drug are more prominent
than its acute effects. This timepoint aligns with that measured in a broad base of published
literature utilising subchronic PCP administration in both mice (Hashimoto et al., 2007, 2008;
Fujita et al., 2008; Tanibuchi et al., 2009; Santini et al., 2013) and also in rats, using lower PCP
doses (Cochran et al., 2003; Egerton et al., 2008; Dawson et al., 2012). The available
pharmacokinetic information on repeated PCP administration in mice shows that animals are
indeed “drug-free” at this timepoint. Nabeshima et al., 1987 reported the half-life of PCP in brain
tissue in mice, at the end of a repeated dosing schedule (10 mg/kg, i.p., 14 days of treatment),
to be approximately 30 minutes. Thus, this is the expected half-life of PCP in the brain associated
with an i.p. injection of the same PCP dose used in our study in mice. Therefore, at 72 hours
after the final PCP injection (approximately 142 half-lives), when we take the primary measures
of interest in our study, the brain concentration of PCP in our treated mice would be negligible.
Similar information supports subchronic PCP-treated rats being drug-free at this timepoint,
albeit with the lower PCP doses applied (Kalinichev et al., 2008). In accordance with this, we
aligned the test phase of NORT and the probe trial of the MWMT to be completed 72 hours after
the final PCP administration. This meant that some aspects of the training for these tests must
overlap with part of the PCP administration protocol. The PCP treatment and testing protocol
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employed ensures that animals were not under the acute effects of PCP administration during
behavioural testing for the primary end-point measures (the training and test phase of the NORT
and MWMT probe trial). However, during the initial training phase of the MWMT, the
habituation phase of the NORT and the OFT (no alterations detected), PCP treatment was
ongoing. To ensure that animals were not under the effects of acute PCP treatment at these
time points behavioural measurements were all conducted at least 20h after the previous PCP
injection.
The OFT was conducted on day 11. The probe trial of the MWMT was conducted on day
15, 3 days after the final PCP administration. The test phase of the NORT and YMT were
conducted on day 16, 4 days after the final PCP administration. For behavioural analysis 10-12
PCP and 9-10 saline-treated mice were used.
Electrophysiological and molecular characterisation was performed during the same time
interval. However, a separate cohort of animals, 16 PCP-treated (10, hippocampus; 6, mPFC) and
20 controls (10, hippocampus; 10, mPFC) was used to prevent the potential impact of animal
manipulation and behavioural testing on electrophysiology. The experimental design is detailed
in Figure 1.
[insert Figure 1.]
Ex Vivo Electrophysiology Recordings in medial prefrontal cortex
Animals treated with saline or PCP were sacrificed by decapitation under deep isoflurane
(Esteve, Barcelona, Spain) anaesthesia, and the brain was rapidly removed from the skull and
submerged in ice-cold dissecting solution containing: 110 mM sucrose; 2.5 mM KCl; 0.5 mM
CaCl2; 7 mM MgCl2; 25 mM NaHCO3; 1.25 mM NaH2PO4; 7 mM glucose, pH 7.4, gassed with 95%
O2 and 5% CO2. For the electrophysiology in the medial prefrontal cortex (mPFC), coronal slices
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(300 µm thick) were cut with a Vibratome (VT 1000S; Leica, Nussloch, Germany). The slices were
then transferred to a pre-chamber containing artificial cerebrospinal fluid (aCSF) (124 mM NaCl,
3 mM KCl, 1.2 mM NaH2PO4, 25 mM NaHCO3, 2 mM CaCl2, 1 mM MgSO4, and 10 mM glucose,
pH 7.4), maintained for 30 min at 35°C with constant oxygenation. After recovery for at least 1
h at RT, individual slices were transferred to a submerged recording chamber where they were
continuously superfused at a rate of 3 ml/min with oxygenated aCSF at 32°C. A bipolar
concentric wire stimulation electrode was placed in layer 2/3 of the mPFC (Figure 2(a)),
delivering rectangular pulses of 0.1 ms duration every 20 s. The evoked responses were recorded
through a microelectrode filled with aCSF (2–6 MΩ resistance) placed in the layer 5 of the mPFC,
using an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA, United States). Responses
were digitized and continuously monitored on a computer using WinLTP 2.20b software
(Anderson and Collingridge, 2007). Individual responses were monitored, and averages of six
consecutive responses were used to calculate the slope of field excitatory postsynaptic
potentials (fEPSPs). Due to difficulties experienced in inducing LTP in mPFC slices, multiple
protocols were extensively tested and the protocol employed, which has been used before
(Gemperle et al., 2003; Kerkhofs et al., 2018), was found to be the most reliable one in our hands.
LTP was induced in the PFC by delivering a train of 100 Hz (50 pulses, 0.5 s duration) stimuli for
priming, followed 15 min later by four trains of 100 Hz (50 pulses, 0.5 s duration, 1 every 10 s)
stimuli. LTP was quantified as the % change in the average slope of the fEPSPs taken from 50 to
65 min after LTP induction relatively to the average fEPSP slope measured during the 10 min
prior to LTP induction. The effect of BDNF on LTP was evaluated by comparing the LTP magnitude
in a control (aCSF superfusion) and test slice (BDNF superfusion) from the same animal. BDNF
remained in the bath until the end of the recording period. The order of testing BDNF and control

8

treated slices was counterbalanced, to avoid any potential influence of dissection bias or time
of day on the measurements.
To make sure that, in our experimental conditions, we were assessing a synaptic signal,
mostly glutamatergic in nature, we performed a control experiment with 10 μM of 6-cyano-7nitroquinoxaline-2,3-dione (CNQX), an AMPA/kainate glutamate receptor antagonist. CNQX was
added to the aCSF superfusion solution of the slices containing mPFC taken from a saline-treated
animal. After 10 min, CNQX was washed out from the system by superfusion aCSF and individual
responses were monitored, and averages of six consecutive responses were used to calculate
the slope of fEPSPs (Supplementary Figure 1).

Ex Vivo Electrophysiology Recordings in hippocampal slices
Animals treated with saline or PCP were sacrificed after being deeply anesthetized with
isoflurane, 3 to 5 days after the final treatment (days 15-17). The brain was quickly removed and
placed in ice-cold continuously oxygenated (O2/CO2: 95%/5%) aCSF and the hippocampi were
dissected free. The hippocampal slices (400 μm thick) were cut perpendicularly to the long axis
of the hippocampus with a McIlwain tissue chopper (Campden Instruments, Leicestershire, UK).
After recovering functionally and energetically for at least 1 h in a resting chamber filled with
oxygenated aCSF at RT, hippocampal slices were transferred to a recording chamber
continuously superfused with oxygenated aCSF at 32°C (flow rate of 3 mL/min). fEPSPs were
recorded extracellularly through a microelectrode filled with aCSF (2–6 MΩ) placed in the
stratum radiatum of the CA1 hippocampal subfield (Figure 3(a)). The Schaffer collaterals were
stimulated (rectangular pulses of 0.1 ms duration) every 10 s using a bipolar concentric wire
electrode positioned at the CA3-CA1 border. Recordings were obtained with an Axoclamp 2B
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amplifier (Axon Instruments, Foster City, CA, United States), digitized and continuously stored
on a computer using WinLTP 2.20b software (Anderson and Collingridge, 2007). Individual
responses were monitored, and averages of six consecutive responses were obtained to
calculate the slope of the initial phase of the fEPSP. LTP induction and quantification were
performed as previously described (Diógenes et al., 2011) using a stimulation paradigm
optimised to detect the effect of BDNF upon LTP (𝜃-burst protocol; three trains of 100 Hz, three
stimuli, separated by 200 ms) (Fontinha et al., 2008). This stimulus protocol is considered to be
closer to physiological stimulations that occur in the hippocampus during episodes of learning
and memory in vivo (Albensi et al., 2007). After a stable fEPSP slope was achieved, LTP was
induced. In an independent slice from the same animal, LTP was induced after 20 min of BDNF
perfusion (20 ng/mL). BDNF remained in the bath until the end of the experiment. Again, the
order of testing BDNF and control treated slices was counterbalanced, to avoid any potential
influence of dissection bias or time of day on the measurements.
LTP was quantified as % change in the average slope of the fEPSP taken from 50 to 60
min after LTP induction relatively to the average slope of the fEPSP measured during the 10 min
prior to LTP induction. The effect of BDNF on LTP was evaluated by comparing the LTP magnitude
in the first (control, aCSF superfusion) and second hippocampal slices (test, BDNF superfusion)
from the same animal, as previously described (Figurov et al., 1996; Fontinha et al., 2008).

BDNF, TrkB Receptor and NMDA-R subunits quantification
Brain tissue samples (PFC and hippocampus) were isolated and washed with ice-cold
phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4.2H2O, and 1.5 mM
KH2PO4, pH 7.4) and lysed with Radio Immuno Precipitation Assay buffer (RIPA, 50 mM Tris-HCl
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(pH 7.5), 150 mM NaCl, 5mM ethylenediamine tetra-acetic acid, 0.1% sodium dodecyl sulfate
145 (SDS) and 1% Triton X-100) containing protease inhibitors (Roche, Penzberg, Germany).
Tissue homogenates were clarified by centrifugation (13 000 g, 10 min, 4°C), and the amount of
protein in the supernatant determined by Bio-Rad DC reagent assay (Bio-Rad Laboratories,
Berkeley, USA).
BDNF protein levels were quantified using an enzyme-linked immunosorbent assay
(ELISA), according to the manufacturer’s instructions (Cat. No.: G7611, Promega, WI, USA).
Samples were analysed in duplicate.
For western blot, a loading buffer (350 mM Tris pH 6.8, 10% SDS, 30% glycerol, 600 mM
Dithiothreitol, 0.06% bromophenol blue) was added and the mixture was heated to 95-100°C
for 5 min. Each sample (70 μg of total protein) and the molecular weight marker (NZYTech,
Lisbon, PT) were separated using 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS–PAGE) within a standard migration buffer (25 mM Tris pH 8.3, 192 mM
Glycine, 10% SDS), at a constant voltage between 80-120 mV. Proteins were then transferred
onto Polyvinylidene Difluoride (PVDF) membranes (GE Healthcare, Buckinghamshire, UK),
previously soaked in methanol for 5 min, in the standard buffer (25 mM Tris pH= 8.3, 192 mM
157 Glycine, 15% methanol) for 90 min. Membranes were then stained with Ponceau S solution
to determine protein transference efficacy and then blocked with a 3% (w/v) bovine serum
albumin in Tris-buffered saline solution containing 0.1% Tween-20 (20 mM Tris base, 137 mM
NaCl and 0.1% Tween-20). Membranes were incubated with the primary antibody (overnight at
4°C). These antibodies were: C-14 - the C-terminal of Trk-FL rabbit polyclonal antibody (1:2000;
Santa Cruz Biotechnology, Dallas, TX, USA), which was used to quantify TrkB-FL levels, and the
pan-TrkB mouse monoclonal antibody (1:1500), raised against the extracellular domain of
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human TrkB (aa. 156–322; BD Bioscience), used to quantify the levels of TrkB-TC protein. We
also quantified NMDA receptor expression in the PFC and hippocampus (Supplementary Figure
2) using an GluN1 mouse monoclonal antibody (1:500; BD Bioscience, Franklin Lakes, NJ, USA),
GluN2A mouse monoclonal antibody (1:200; Santa Cruz Biotechnology) and GluN2B rabbit
polyclonal antibody (1:1000, Abcam, Cambridge, UK). Membranes were then incubated for 1h
at RT with goat anti-mouse or goat anti-rabbit IgG-horseradish peroxidase-conjugated
secondary antibodies (1:10000, Santa Cruz Biotechnology). Immunoreactivity was visualized
using the Enhanced Chemiluminescence (ECL) detection system (GE Healthcare). Band intensity
was recorded using the ChemiDoc system (Bio-Rad Laboratories) and quantified by digital
densitometry software in ImageJ 1.45 (Bethesda, MD, USA). The intensity of GAPDH (mouse
anti-GAPDH; 1:5000, Thermo Fischer Scientific) was used as the loading control.

All Western Blot experiments were performed by the same researcher and with the same
equipment.

Behavioural Testing
Y-Maze spontaneous alternation test
Spontaneous alternation was tested in a Y-shaped maze with three white, opaque plastic
arms (each with 15 x 5 x 12 cm) at a 120° angle from each other, as previously described (Hughes,
2004). The animal was placed in an arm, facing the center of the maze, and allowed to freely
explore the maze for 8 min. A correct alternation occurred when the animal sequentially moved
to the other two arms of the maze without retracing its steps (i.e., from arm A to B to C).
Movement sequences involving the animal re-visiting a previously visited arm, such as ABA or
ACA, were recorded as being incorrect alternations. Based on all movements made over the
entire session, the percentage of correct alternations was calculated. An arm entry was
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considered to occur when all four of the animal’s limbs were within the given arm. The
percentage of correct alternations was calculated by dividing the number of correct alternations
by the number of alternation opportunities minus one x 100.
Open field test
The OFT was used to determine any impact of PCP on locomotor activity or anxiety-like
behaviour that might affect performance on the other behavioural tests. The arena used (white,
square, 40 x 40 x 40 cm) was the same used for the NORT. The OFT was carried out on the first
time that animals had contact with the environment, i.e., on the first 5 min of the first day of
NOR habituation phase, indicating the animals locomotor activity in response to a novel
environment. The arena was virtually divided into three different square zones, namely a
peripheral zone, an intermediate zone and a central zone. The amount of time spent in the
central zone was used as an inverse indicator of anxiety-like behaviour. Mean velocity and
distance travelled were quantified to compare locomotor activity. Movements were recorded
and analysed using the videotracking software SMART® (PanLab, Barcelona, Spain).
Novel object recognition test
The NORT was conducted in an open field arena (40 X 40 X 40 cm), to which the animals
had previously been exposed, in accordance with published protocols (Mouro et al., 2018).
Animals were habituated to the arena context in the absence of any stimulus or object, under
the same lighting and environmental conditions and every day around the same hour, for 15
min on 2 consecutive days (habituation phase). The objects used in the training and test days
were wooden dolls (7 cm height × 6 cm width). The role of the object, as either familiar or novel,
and the location of their presentation were randomized across animals. Between every trial, the
arena and the objects were cleaned with a 30% ethanol solution to erase any olfactory clues.
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The objects were placed in symmetric and opposed corners of the arena, as previously described
(Antunes and Biala, 2012). Animals were placed inside the arena facing away from the objects.
During the acquisition phase the animals were exposed to two identical objects (familiar objects)
and were allowed to freely explore the environment and the objects for 5 min. After a retention
interval of 24 h, to test long-term memory (Antunes and Biala, 2012; Clarke et al., 2008), animals
were placed as before inside the arena, this time containing one of the familiar objects and one
novel object (test phase). Animals were allowed to explore the objects for 5 min, after which
they were removed from the arena. The habituation phase coincided with days 11 and 12 of the
subchronic treatment regimen, with PCP being administered to animals after behavioural
testing. Immediately after being removed from the arena, an i.p. injection of a saline solution or
PCP was administrated to the animals and then they returned to their home cage. The
acquisition (day 15) and test phases of NORT (day 16) were performed after the injections had
stopped, to prevent any impact of acute PCP administration on NORT performance.
Exploratory behaviour was quantified as the amount of time animals spent sniffing the
object, rearing towards the object or touching the object (Mouro et al., 2018). Object preference
was quantified as the percentage of exploration time spent exploring each object over the total
time spent exploring both objects. The Novelty Preference Index (NPI) was also calculated as
(N-F)/(N + F), where N corresponds to the time spent exploring the novel object and F the time
spent exploring the familiar object, during the test phase of NORT. Thus, this index ranges from
-1 to 1, where 0 represents the absence of discrimination between novel and familiar objects, 1
corresponds to exploration of the novel object only and -1 corresponds to exploration of the
familiar object only.
Morris Water Maze Test

14

Hippocampal-dependent spatial learning and memory was evaluated by the MWMT, as
previously described (Batalha et al., 2013). The water maze consisted of a circular pool (100 cm
diameter, 60 cm height) filled with white opaque water at RT. The pool was virtually divided into
4 quadrants. An escape platform (8 cm diameter) was submerged beneath the water surface in
the centre of the target quadrant. Animals were pre-trained in a one-day session to be
familiarized with the maze and the presence of the platform, with no extra-maze visual cues
presented. In the first trial the platform was placed at 1 cm above the water surface at the centre
of the maze. Animals were placed directly on the platform being allowed to remain there for 20
s before being removed from the maze. In the next trial, the platform was submerged 1 cm
beneath the water surface, and the same protocol repeated. On the next day, extra-maze visual
cues were positioned on the walls of the testing room. During the learning phase, animals were
tested for 4 consecutive days (acquisition phase) with 4 trials per day and a 30 min inter-trial
interval. Animals were released into the pool, facing the wall of the maze. If the animal located
the platform in less than 60 s, it was allowed to remain on the platform for 10 s. If the animal
failed to locate the platform within 60 s, the animal was guided or placed on the platform and
allowed to remain there for 20 s. The start position (1, 2, 3, or 4) was randomized across trials
to ensure that the animals were using extra-maze spatial cues to determine the platform
location during the learning phase. For any given animal the platform location was maintained
in the same target quadrant of the maze, but the target quadrant was randomized across
animals to avoid bias. After successful completion of a trial, mice were removed from the maze
and placed back into their home cages. One day after the final session of the acquisition phase
(day 5), a probe trial was conducted. During this probe trial (60 s), the platform was removed
from the maze, and the search pattern of the mice within the maze tracked. The proportion of
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time spent in the target quadrant (the quadrant where the platform was previously located) was
determined. The distance travelled to locate the platform (cm) and swim speed (velocity (cm/s),
as a measure of possible motor defects that could interfere with an animal abilities to perform
the task) were determined using videotracking software (SMART®).

Statistical Analyses
Data were analysed in GraphPad Prism 8 (San Diego, CA) using ANOVA or Student’s ttest, where appropriate. Where significant interactions were detected in ANOVAs, post-hoc ttests with Bonferroni correction were performed. Outliers were identified by Grubbs' test.
Statistical significance was set at p<0.05.
A post-hoc power analysis based on the actual group sizes included in our manuscript
was undertaken and included in the Supplementary material.
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Results
The facilitatory effect of BDNF upon LTP is attenuated in the PFC, but not in the hippocampus, of
PCP-treated mice
High Frequency Stimulation (HFS) induced LTP in L5 neurons of the mPFC in control mice
as previously reported (Gemperle et al., 2003; Hempel et al., 2000; Fénelon et al., 2011).
Subchronic PCP-treatment impaired the induction of LTP in the mPFC (main PCP treatment
effect, F(1, 31)=10.17, p=0.003, two-way ANOVA) (Figure 2(d)). The half-life of PCP in the rodent
brain after i.p. injection under repeated treatment conditions is approximately 30 min
(Nabeshima et al., 1987). Therefore, at the time of recording, 72-120h after the final PCP
administration, the PCP-induced impairment of LTP cannot be attributed to the acute blockade
of NMDA-Rs. However, changes in the expression of the GluN2B NMDA-R subunit, known to be
critical for LTP in the PFC (Zhao et al., 2005), may be involved as we found decreased GluN2B
expression levels in the PFC of PCP-treated animals (Supplementary Figure 2).
There was strong trend towards a significant interaction between subchronic PCP
treatment and BDNF treatment on mPFC LTP (F(1,31)=4.12, p=0.051, two-way ANOVA), while the
main effect of BDNF itself was found to be non-significant (F(1, 31)=2.42, p=0.130, two-way
ANOVA). Given that the significance of the interaction was found to be very close to the
significance threshold in this case, conservative post-hoc testing was applied to determine if
there was any difference in the response to BDNF between the two treatment groups. We found
that exogenous BDNF (20 ng/mL) significantly enhanced LTP magnitude (LTPCTR+BDNF: 92 ± 16 %
vs. LTPCTR: 37 ± 13 %, n=8-10, p=0.031, t-test with Bonferroni correction) (Figure 2(d)) in the
mPFC of control animals. However, BDNF failed to enhance LTP in mPFC slices from PCP-treated
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mice (LTPPCP+BDNF: 12 ± 19 % vs. LTPPCP: 19 ± 12 %, n=8-9, p>0.999, t-test with Bonferroni
correction).
Given our functional data showing attenuated BDNF signalling in the mPFC of PCPtreated mice, we measured BDNF, TrkB-FL and TrkB-TC expression levels in the PFC (Figure 2(eg)). While BDNF levels (n=6-9, p=0.482, t-test) were not significantly altered, there was a marked
decrease in TrkB-FL receptor expression in the PFC of PCP-treated animals (n=11, p=0.008, ttest). By contrast, there was no difference in TrkB-TC levels in the PFC of PCP-treated animals
(n=11, p=0.117, t-test). This suggests that decreased BDNF signalling in the PFC of PCP-treated
animals is mediated by decreased TrkB-FL receptor expression rather than through increased
negative modulation (TrkB-TC) or alterations in the levels of the endogenous ligand.
[insert Figure 2.]

In the hippocampus, we did not find evidence for a significant PCP treatment effect on
LTP (F(1,32)=0.77, p=0.386, two-way ANOVA) or for a significant PCP-treatment x BDNF-treatment
interaction (F(1,32)=0.06, p=0.806, two-way ANOVA). However, BDNF was found to significantly
enhance hippocampal LTP (F(1,

32)=14.83,

p=0.0005, two-way ANOVA). Thus, as previously

reported (Fontinha et al., 2008; Tanqueiro et al., 2018), BDNF (20 ng/mL) facilitated LTP in
hippocampal slices from both control animals. Interestingly, in clear contrast with PFC, the
facilitatory action of BDNF on hippocampal LTP was also present in PCP-treated mice (Figure
3(d)). Our molecular data also showed that subchronic PCP administration did not alter BDNF
levels (n=9-10, p=0.610, t-test), TrkB-FL or TrkB-TC (n=11, p=0.106 and p=0.134, respectively, ttest) expression in the hippocampus (Figure 3(e-g)). Additionally, GluN2A/B subunit expression

18

was unaltered and only GluN1 subunit was increased in the hippocampus of PCP-treated animals
(Supplementary Figure 2).
Overall, the data suggest that the ability of BDNF to enhance LTP is selectively
compromised in mPFC. This is consistent with decreased TrkB-FL receptor expression seen in the
PFC, but not the hippocampus, of PCP-treated mice.

[insert Figure 3.]

Subchronic PCP administration impairs spontaneous alternation and object recognition memory
The YMT provides an index of working memory, reflecting the preference of control mice
to explore less recently visited arms of the maze (Hughes, 2004; Kraeuter et al., 2019), that is
regulated by the PFC (Lalonde, 2002). We found that PCP-treated animals performed less correct
spontaneous alternations in the YMT (n=9-12, p=0.005, t-test) (Figure 4(a)), while motor
performance and activity levels were not significantly altered in PCP-treated animals
(Supplementary Figure 3).
In the training phase of the NORT, control and PCP-treated animals explored each of the
two identical objects for a similar proportion of time (Figure 4(b)). There was no evidence for a
significant PCP treatment effect (F(1, 36)=3.17e-008, p=0,999, two-way ANOVA), object effect
(F(1,36)=0.98, p=0.328, two-way ANOVA) or a PCP treatment x object interaction (F(1, 36)=1.13,
p=0.294, two-way ANOVA) on object exploration during the training phase. By contrast, on the
test day (Figure 4(c)) a significant PCP treatment x object interaction on object exploration time
was found (F(1, 36)=11.65, p=0.0016, two-way ANOVA). Post-hoc tests showed that while control
animals showed a significant preference for exploring the novel object (n=9, p<0.0001, t-test
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with Bonferroni correction), PCP-treated animals did not (n=11, p=0.088, t-test with Bonferroni
correction). In addition, a significant effect of object (familiar v novel) was also found (F(1,
36)=38.65,

p<0.0001, two-way ANOVA) while the effect of PCP treatment on overall object

interaction time was found to be non-significant (F(1, 36)=8.57e-008, p=0.999, two-way ANOVA).
A similar effect was seen for the Novelty Preference Index (NPI) with PCP-treated
animals showing a decreased preference for the novel object when compared to controls (n=11,
p=0.026, t-test) (Figure 4(d)). Moreover, while NPI values in control animals were significantly
different from zero (n=9, p=0.003, t-test), indicating novel object preference, this was not
significant in PCP-treated animals (n=11, p=0.131, t-test). Total object exploration time
(Supplementary Figure 4) and locomotor activity (Supplementary Figure 5) were not different
between groups in either the training or test phase.
Hippocampal-dependent spatial learning and memory was assessed using the MWMT.
The path length to the platform (distance travelled) was used as an indicator of learning during
the acquisition phase of the MWMT. A significant effect of training day (F(3,24)=28.78, p<0.0001,
two-way ANOVA) on distance travelled was found, with animals travelling shorter distances as
training days progressed, indicating that animals had learned the location of the platform. In this
case we also found a significant PCP treatment x training day interaction (F(3, 24)=3.27, p=0.039,
two-way ANOVA) and a significant effect of PCP treatment (F(1,24)=6.50, p=0.018, two-way
ANOVA). To further understand the basis of the PCP treatment x day interaction post-hoc tests
were applied. Post-hoc tests showed that PCP-treated animals travelled significantly further
distances to reach the platform than controls on day 1 (p=0.008), but not on days 2, 3 or 4
(p=0.287, p>0.999, p>0.999, respectively (Figure 4(e)) during the acquisition phase. This suggests
that learning may be significantly impaired in PCP-treated animals on day 1 of acquisition, but
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this is not seen on the other acquisition days. We also recorded the swim speed (mean velocity)
and latency to reach the platform during the acquisition stage of the MWMT, and these data are
reported in the supplementary material (Supplementary Figures 6 and 7).
Importantly, during the probe trial, 72h after the final PCP administration, there was no
significant difference in the percentage time spent in the target quadrant between groups (n=10,
p=0.097, t-test) (Figure 4(f)) or in the number of passes over the target area (Supplementary
Figure 8(a)), indicating that long-term spatial memory was not disrupted in PCP-treated animals.
In addition, motor abilities in the probe test of MWMT were not altered in PCP-treated mice
during this phase of the MWMT (Supplementary Figure 8(b,c)).

[insert Figure 4.]
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Discussion
In this work, we have shown that PCP-treated mice display decreased TrkB-FL receptor
levels and an impaired facilitatory effect of BDNF on LTP in the mPFC. By contrast, in the
hippocampus, the ability of BDNF to facilitate LTP and TrkB-FL receptor expression are unaltered.
This shows that prolonged NMDA-R hypofunction, induced by PCP-treatment, does not cause a
global and unspecific loss of BDNF signalling in the brain, but that it selectively affects the PFC.
PCP-treated mice also show impaired performance in PFC-dependent behavioural tests (YMT
and NORT), but not in a hippocampus-dependent long-term spatial memory test (MWMT). This
suggests that disturbed PFC BDNF signalling may contribute to PFC-dependent cognitive deficits
induced by subchronic PCP administration (Cochran et al., 2003; Dawson et al., 2012). The data
also suggest that therapies augmenting TrkB-FL receptor signalling may be useful in reversing
the PFC-dependent cognitive deficits seen in the model (Dawson et al., 2012), and potentially in
treating patients with schizophrenia. Future work directly accessing this hypothesis is required.

Sustained NMDA-R hypofunction induces deficits in PFC synaptic plasticity that may contribute
to the cognitive deficits seen in the subchronic PCP model
LTP, the cellular substrate of learning and memory (Bliss and Collingridge, 1993), was
used to evaluate the impact of subchronic PCP and BDNF on synaptic plasticity. In the
hippocampus, BDNF increases LTP magnitude through TrkB-FL activation (Korte et al., 1995;
Figurov et al., 1996; Minichiello et al., 2002), and we confirmed its facilitatory effect upon LTP
(Figure 3(d)). While there are no published data regarding the ability of BDNF to facilitate LTP in
the PFC, our data clearly show this effect (Figure 2(d)). We also found that subchronic PCP
administration attenuated LTP induction in the mPFC. These findings align with the deficits in
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PFC-dependent behavioural tests, including deficits in the YMT and NORT (Antunes and Biala,
2012; Lalonde, 2002)(Figure 4), cognitive flexibility (Dawson et al., 2012) and working memory
(Marquis et al., 2007), and PFC metabolism (“hypofrontality”) (Cochran et al., 2003; Dawson et
al., 2012), that result from subchronic PCP administration. In addition, decreased GluN2B
protein levels were found in the PFC of PCP-treated mice, which may contribute to the impact
of PCP treatment on PFC LTP, given the crucial role of this NMDA-R subunit in LTP in this brain
area (Zhao et al., 2005). Contrasting with previous data (Nomura et al., 2016), we did not find
impaired LTP in the hippocampus of PCP-treated animals in our work. Furthermore, GluN1 levels
were found increased and GluN2A/GluN2B levels unchanged in the hippocampus of PCP-treated
animals (Supplementary Figure 2). Others have found altered GluN1, GluN2A and GluN2B
subunits levels in the PFC and hippocampus after subchronic PCP administration, however there
are inconsistencies in the data (Anastasio and Johnson, 2008; Lindahl and Keifer, 2004).
Effective performance in the NORT is thought to involve both the hippocampus and PFC
(Barker et al., 2007; DeVito and Eichenbaum, 2010; Barker and Warburton, 2011; Cohen and
Stackman Jr., 2015), whereas performance in the MWMT is thought to predominantly involve
the hippocampus (Morris et al., 1982) but not the mPFC (de Bruin et al., 1994). Our data show
that PCP-treated mice have deficits in the NORT, corroborating previous work (Hashimoto et al.,
2005; Horiguchi and Meltzer, 2013; Redrobe et al., 2010), but not in the MWMT, suggesting that
the PFC rather than hippocampal dysfunction may be contributing to the NORT deficit seen in
PCP-treated mice.
Interestingly, we found that BDNF enhanced LTP in the hippocampus of PCP-treated
animals (Figure 3), suggesting that BDNF signalling is not disrupted in this brain area. This is also
consistent with our observation that BDNF, TrkB-FL and TrkB-TC levels were not altered in the
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hippocampus of PCP-treated animals. In the hippocampus, the effect of BDNF upon LTP is most
well characterised under a θ-burst protocol (Diógenes et al., 2011; Fontinha et al., 2008)
However, the effects of BDNF upon synaptic plasticity in the mPFC have not been previously
reported. Therefore, we used a published stimulation protocols validated for inducing LTP in the
mPFC (Gemperle et al., 2003; Kerkhofs et al., 2018). Having tested several LTP protocols in
preliminary experiments (not shown), we opted for the protocol that most reliably induced LTP
in the mPFC and, importantly, that induced LTP of a similar magnitude to that induced in the
hippocampus with the canonical θ protocol. To our knowledge, the effects of subchronic PCP
administration upon mPFC synaptic plasticity have not previously been reported. However,
previous work has shown impaired hippocampal LTP induced by subchronic PCP treatment
(Nomura et al., 2016). In the PFC, the induction of LTP is more variable than in the hippocampus
and requires activation of the NMDA-R and metabotropic glutamate receptors (Vickery et al.,
1997), whereas in the hippocampal CA1 LTP is mostly NMDA-R dependent (Nicoll and Malenka,
1999). It was previously reported that the induction protocol used in this present work can
induce LTP in approximately one third of attempts (Meunier et al., 2017). We also experienced
this variability (Figure 2). Remarkably, in the presence of BDNF LTP in the mPFC did occur in most
of the attempts, indicating that BDNF increases the probability of LTP induction in the mPFC.
While behavioural measurement was carried out ~20 hours after the previous PCP
administration for some of the measurements taken, and these are unlikely to be influenced by
the acute effects of PCP, the drug was given shortly after training in some tests. This was the
case for the habituation phase of NORT and after the initial training on days 1 and 2 of the
MWMT acquisition phase. Given that NMDAR antagonists can disrupt memory consolidation in
test such as the MWMT (Liang et al., 1994; Bye and McDonald, 2019) we might have expected
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to see a deficit in performance across days in the acquisition phase of the test in PCP-treated
mice. However, while we did see a deficit on day 1 of the MWMT acquisition, we found that
PCP-treated mice performed similar to control mice on days 2-4 (Figure 4(e)), suggesting that
the consolidation of long-term spatial memory had not been disrupted by PCP treatment
following training on day 1. It is also important to note that any potential disruption of
consolidation during the initial stages of the MWMT training phase is unlikely to influence the
primary outcome measures of the probe trial when performance is similar in the later stages of
the acquisition training, as seen in this study (Figure 4(e)). Furthermore, we find no evidence of
a performance deficit in PCP-treated mice in our key primary outcome measure; performance
during the MWMT probe trial (Figure 4(f)). Therefore, even if PCP-induced consolidation deficits
were present during the initial phases of MWMT training, which does not seem to be the case,
they would apparently not be sufficient to induce deficits in long-term spatial memory, as
evidenced by a deficit in performance at the probe trial. One limitation to our study is that we
did not perform a visible platform during day 1 of acquisition of the MWMT, and so we can not
rule out that deficits in visual acuity may contribute to the performance deficit seen at this time
in PCP-treated mice.

Sustained NMDA-R hypofunction may contribute to decreased BDNF signalling in the PFC and
PFC-dependent cognitive deficits in schizophrenia
Our data show that the subchronic PCP model reproduces the reduced PFC TrkB-FL
expression seen in patients with schizophrenia (Takahashi et al., 2000; Weickert et al., 2005),
supporting a potential role for NMDA-R hypofunction in this impairment. This also highlights the
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translational relevance of the subchronic PCP model for this deficit, which will be useful in
testing the potential therapeutic value of targeting BDNF signalling to enhance PFC-dependent
executive dysfunction in patients (Lesh et al., 2011; Peng et al., 2018). Furthermore, our data
also suggest that prolonged NMDA-R hypofunction may contribute to the deficit in TrkB-FL
expression seen in the PFC of patients (Takahashi et al., 2000; Weickert et al., 2005), although
more work is needed to firmly establish this. Recent findings have also shown that an increased
TrkB-FL/TrkB-TC ratio, in peripheral blood mononuclear cells, is predictive of better global
cognition and working memory in patients during their first episode of psychosis
(Cengotitabengoa et al., 2019), further highlighting the potential role of TrkB-FL signalling in
modulating the cognitive deficits seen in patients.
There are important limitations to consider. For example, PCP targets additional receptors
to the NMDA-R (Kapur and Seeman, 2002; Seeman et al., 2005) and other mechanisms are likely
to be involved in the dysfunctional BDNF signalling seen in patients (McLean et al., 2017; Santini
et al., 2013). Moreover, we found that subchronic PCP does not completely reproduce the
alterations in BDNF signalling reported in the PFC of patients, such as reduced BDNF (Weickert
et al., 2005) and increased TrkB-TC (Wong et al., 2013) levels, potentially limiting translational
relevance. However, our molecular observations do align with previous work (Snigdha et al.,
2011) showing that subchronic PCP did not alter BDNF levels in the PFC or hippocampus of male
rats. Nevertheless, the authors did show that PCP decreased levels of BDNF in female animals.
Indeed, previous work has been reported sex differences in schizophrenia rodent models
regarding cognitive impairments (Sutcliffe et al., 2007; Li et al., 2016) and in the effects of
PCP/NMDA-R antagonists on cognition and BDNF (Snigdha et al., 2010; Leger and Neill, 2016).
As females were not included in our study, we cannot conclude how generalisable our
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observations might be to female mice. Thus, future work undertaking a systematic
characterising of our observations in female animals would be of interest.
Discrepancies between our observations and others in terms of the impact of subchronic
PCP treatment on BDNF may be due to differences in the species or strains used, the
developmental time at which PCP is administered, the treatment regimen used, and the
washout period employed.
Indeed, published works that have commonly reported the application of lower doses of
PCP (2-5 mg/kg) are those conducted in rats (Bruins Slot et al., 2005; Lee et al., 2005; Egerton et
al., 2008; Snigdha and Neill, 2008; Dawson et al., 2012), whereas in mice higher doses, typically
around 10 mg/kg once per day, as applied here, have most commonly been used (Fujita et al.,
2007; Hashimoto et al., 2007; 2008; Tanibuchi et al., 2009; Santini et al., 2013). There are also a
limited number of subchronic PCP studies that have utilised a 10 mg/kg dosing regimen in adult
rats (Martinez et al., 1999; Audet et al., 2009) and this dose has been applied in developmental
rat models employing early postnatal administration (Andrews et al., 2018; Shan et al., 2018),
albeit with less frequency. Our own experience with using PCP in both species indicates that
mice are somewhat less sensitive to the acute effects of PCP than rats, although the field is
currently lacking a systematic comparison between the two species, which would be of great
benefit. However, the behavioural and neurobiological consequences of the different doses are
generally reported to be similar between the two species when using these different doses
(Jones et al., 2011; Pratt et al., 2012) and a 10 mg/kg dose has been shown to be optimal in
inducing spatial learning and memory deficits in mice, whereas the doses need to induce this
deficit in rats is lower (Zain et al., 2018).
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The PCP dosing regimen used in our study is the same as that used in a number of previous
studies (Hashimoto et al., 2007; Fujita et al., 2008; Hashimoto et al., 2008; Tanibuchi et al., 2009;
Santini et al., 2013). All of these studies were conducted in mice, focusing on behavioural and
neurochemical changes present during the 24h-72h after the final PCP treatment. As this is one
of the most widely reported PCP mouse models, which also appears to show important
reproducibility between labs, we chose to focus on this well-defined time point after subchronic
PCP administration. There are studies that have looked at longer time points following on from
PCP administration. However, these have usually been conducted in rats and can often involve
the use of maintenance schedules of intermittent PCP administration in order to maintain the
deficits.
Importantly, the persistence of PCP-induced effects is one question that would benefit
from more detailed systematic characterisation in terms of the observations we have made in
the present work. This is particularly the case for mice, where the deficits are somewhat less
well-defined in comparison to those seen in rats (Neill et al., 2016; Asif-Malik et al., 2017;
Grayson et al., 2007; McLean et al., 2017; Doostdar et al., 2019; Mitsadali et al., 2020). Thus, it
would also be interesting to characterise the persistence of PCP-induced deficits on BDNF
signalling in mice with longer PCP timeframes. Similarly, determining whether the reported
changes are reproduced in the neonatal PCP model, a model with a more neurodevelopmental
focus (Amani et al., 2013; Gaskin et al., 2014; Nakatani-Pawlak et al., 2009), would also be
particularly relevant.
If indeed the primary change in BDNF signalling occurs in the frontal cortex as our data
suggest, then changes reported in hippocampus by other authors (Semba et al., 2006; Harte et
al., 2007; Snigdha et al., 2011; Mouri et al., 2012), whose measurements have been taken
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following a longer ‘washout’ period, could be a downstream adaptive change in the
hippocampus in response to the primary change in frontal cortex. This is an interesting
suggestion that certainly warrants further systematic characterisation.
There are also reports showing decreased BDNF levels in the hippocampus of patients
with schizophrenia (Durany et al., 2001; Iritani et al., 2003) contrary to our observations in PCPtreated animals, again suggesting that there are translational limits of the model in relation to
the altered BDNF signalling seen in the disorder, and that mechanisms other than prolonged
NMDA-R hypofunction may be important in patients. Alternatively, the observations in patients
may relate to the impact of antipsychotic medication, with these drugs shown to influence brain
BDNF expression levels, although these effects seem to be facilitatory in most rodent models
(de Bartolomeis et al., 2017; Park et al., 2011; Yu et al., 2019). More work is needed to more
fully characterise the relationship between antipsychotics and BDNF signalling.
While our study identified BDNF dysfunction as a key mechanism that contributes to the
impact of subchronic PCP administration on PFC function, other mechanisms are also involved.
This includes, for example, dysfunction of the dopaminergic (Jentsch, 1997; Balla et al., 2003;
McLean et al., 2017), GABAergic (Gong et al., 2009; Amitai et al., 2012; Dawson et al., 2014) and
serotonergic (Hori et al., 2000; Santini et al., 2013; Yamazaki et al., 2018) systems. Interestingly,
there is also some evidence that these neurotransmitter systems regulate BDNF function
(Fumagalli et al., 2006; Porcher et al., 2018), therefore future characterisation of the interrelated nature of these mechanisms in the PCP mouse model would be of interest.

Conclusion
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In conclusion, our data suggest that reduced BDNF signalling in the PFC is a key
mechanism contributing to the PFC dysfunction and the corresponding cognitive deficits in the
PCP model, and suggest that NMDA-R hypofunction may be an important mechanism
contribution to PFC BDNF dysfunction in schizophrenia. While these deficits have some
translational relevance to the disturbed BDNF signalling reported in schizophrenia, the model
does not fully recapitulate the BDNF signalling deficits seen in the disorder. Nevertheless, the
subchronic PCP model offers an established range of biomarkers and phenotypes that can be
used in future studies to further validate the potential of drugs targeting BDNF signalling in the
PFC as a novel therapeutic strategy for the treatment of the executive cognitive deficits seen in
schizophrenia.

Acknowledgments
We thank Diogo M. Rombo for assistance with PFC electrophysiology, LLopes Lab for the
antibody of NMDA-R GluN2A and Regeneron for BDNF.

Funding
This work was supported by LISBOA‐01‐0145‐FEDER‐007391, project co‐funded by FEDER
through POR Lisboa 2020 (Programa Operacional Regional de Lisboa) from PORTUGAL 2020 and
Fundação para a Ciência e Tecnologia (FCT), by a Twinning action (SynaNet) from the EU H2020
Programme (project number: 692340) and GAPIC (20180014). SRT was in receipt of
SFRH/BD/128091/2016 FCT fellowship.
Declaration of conflicting of interests
The Authors declare that there is no conflict of interest.

30

References
Ahmed AO, Mantini AM, Fridberg DJ, et al. (2015) Brain-derived neurotrophic factor (BDNF)
and neurocognitive deficits in people with schizophrenia: a meta-analysis. Psychiatry
Research 226(1): 1–13. DOI: 10.1016/j.psychres.2014.12.069.
Albensi BC, Oliver DR, Toupin J, et al. (2007) Electrical stimulation protocols for hippocampal
synaptic plasticity and neuronal hyper-excitability: are they effective or relevant?
Experimental Neurology 204(1): 1–13. DOI: 10.1016/j.expneurol.2006.12.009.
Amani M, Samadi H, Doosti M-H, et al. (2013) Neonatal NMDA receptor blockade alters
anxiety- and depression-related behaviors in a sex-dependent manner in mice.
Neuropharmacology 73: 87–97. DOI: 10.1016/j.neuropharm.2013.04.056.
Amitai N, Kuczenski R, Behrens MM, et al. (2012) Repeated phencyclidine administration alters
glutamate release and decreases GABA markers in the prefrontal cortex of rats.
Neuropharmacology 62(3): 1422–1431. DOI: 10.1016/j.neuropharm.2011.01.008.
Anastasio NC and Johnson KM (2008) Differential regulation of the NMDA receptor by acute
and sub-chronic phencyclidine administration in the developing rat. Journal of
Neurochemistry 104(5): 1210–1218. DOI: 10.1111/j.1471-4159.2007.05047.x.
Anderson WW and Collingridge GL (2007) Capabilities of the WinLTP data acquisition program
extending beyond basic LTP experimental functions. Journal of Neuroscience Methods
162(1–2): 346–356. DOI: 10.1016/j.jneumeth.2006.12.018.
Andrews JL, Newell KA, Matosin N, et al. (2018) Perinatal administration of phencyclidine
alters expression of Lingo-1 signaling pathway proteins in the prefrontal cortex of
juvenile and adult rats. Neuronal Signaling 2(3): NS20180059. DOI:
10.1042/NS20180059.
Antunes M and Biala G (2012) The novel object recognition memory: neurobiology, test
procedure, and its modifications. Cognitive Processing 13(2): 93–110. DOI:
10.1007/s10339-011-0430-z.
Asif-Malik A, Dautan D, Young AMJ, et al. (2017) Altered cortico-striatal crosstalk underlies
object recognition memory deficits in the sub-chronic phencyclidine model of
schizophrenia. Brain Structure and Function 222(7): 3179–3190. DOI: 10.1007/s00429017-1393-3.
Audet M-C, Goulet S and Doré FY (2009) Impaired social motivation and increased aggression
in rats subchronically exposed to phencyclidine. Physiology & Behavior 96(3): 394–398.
DOI: 10.1016/j.physbeh.2008.11.002.

31

Balla A, Sershen H, Serra M, et al. (2003) Subchronic Continuous Phencyclidine Administration
Potentiates Amphetamine-Induced Frontal Cortex Dopamine Release.
Neuropsychopharmacology 28(1): 34–44. DOI: 10.1038/sj.npp.1300019.
Barker GRI and Warburton EC (2011) When Is the Hippocampus Involved in Recognition
Memory? Journal of Neuroscience 31(29): 10721–10731. DOI:
10.1523/JNEUROSCI.6413-10.2011.
Barker GRI, Bird F, Alexander V, et al. (2007) Recognition memory for objects, place, and
temporal order: a disconnection analysis of the role of the medial prefrontal cortex
and perirhinal cortex. The Journal of Neuroscience: The Official Journal of the Society
for Neuroscience 27(11): 2948–2957. DOI: 10.1523/JNEUROSCI.5289-06.2007.
Batalha VL, Pego JM, Fontinha BM, et al. (2013) Adenosine A(2A) receptor blockade reverts
hippocampal stress-induced deficits and restores corticosterone circadian oscillation.
Molecular Psychiatry 18(3): 320–331. DOI: 10.1038/mp.2012.8.
Bliss TV and Collingridge GL (1993) A synaptic model of memory: long-term potentiation in the
hippocampus. Nature 361(6407): 31–39. DOI: 10.1038/361031a0.
Bruins Slot LA, Kleven MS and Newman-Tancredi A (2005) Effects of novel antipsychotics with
mixed D2 antagonist/5-HT1A agonist properties on PCP-induced social interaction
deficits in the rat. Neuropharmacology 49(7): 996–1006. DOI:
10.1016/j.neuropharm.2005.05.013.
Bye CM and McDonald RJ (2019) A Specific Role of Hippocampal NMDA Receptors and Arc
Protein in Rapid Encoding of Novel Environmental Representations and a More
General Long-Term Consolidation Function. Frontiers in Behavioral Neuroscience 13: 8.
DOI: 10.3389/fnbeh.2019.00008.
Cengotitabengoa MM, Alberich S, Parellada M, et al. (2019) Evolution of BDNF FullLength/Truncated Receptor Ratio and Cognitive/General Functioning After a First
Episode of Psychosis. Neuropsychiatry 09(01). DOI: 10.4172/Neuropsychiatry.1000561.
Chao MV (2003) Neurotrophins and their receptors: A convergence point for many signalling
pathways. Nature Reviews Neuroscience 4(4): 299–309. DOI: 10.1038/nrn1078.
Clarke JR, Rossato JI, Monteiro S, et al. (2008) Posttraining activation of CB1 cannabinoid
receptors in the CA1 region of the dorsal hippocampus impairs object recognition longterm memory. Neurobiology of Learning and Memory 90(2): 374–381. DOI:
10.1016/j.nlm.2008.04.009.
Cochran SM, Kennedy M, McKerchar CE, et al. (2003) Induction of metabolic hypofunction and
neurochemical deficits after chronic intermittent exposure to phencyclidine:
differential modulation by antipsychotic drugs. Neuropsychopharmacology: Official

32

Publication of the American College of Neuropsychopharmacology 28(2): 265–275.
DOI: 10.1038/sj.npp.1300031.
Cohen SJ and Stackman Jr. RW (2015) Assessing rodent hippocampal involvement in the novel
object recognition task. A review. Behavioural Brain Research 285: 105–117. DOI:
10.1016/j.bbr.2014.08.002.
Dauvermann MR, Lee G and Dawson N (2017) Glutamatergic regulation of cognition and
functional brain connectivity: insights from pharmacological, genetic and translational
schizophrenia research. British Journal of Pharmacology 174(19): 3136–3160. DOI:
10.1111/bph.13919.
Dawson N, Thompson RJ, McVie A, et al. (2012) Modafinil Reverses Phencyclidine-Induced
Deficits in Cognitive Flexibility, Cerebral Metabolism, and Functional Brain
Connectivity. Schizophrenia Bulletin 38(3): 457–474. DOI: 10.1093/schbul/sbq090.
Dawson N, Xiao X, McDonald M, et al. (2014) Sustained NMDA Receptor Hypofunction Induces
Compromised Neural Systems Integration and Schizophrenia-Like Alterations in
Functional Brain Networks. Cerebral Cortex 24(2): 452–464. DOI:
10.1093/cercor/bhs322.
de Bartolomeis A, Buonaguro EF, Latte G, et al. (2017) Immediate-Early Genes Modulation by
Antipsychotics: Translational Implications for a Putative Gateway to Drug-Induced
Long-Term Brain Changes. Frontiers in Behavioral Neuroscience 11: 240. DOI:
10.3389/fnbeh.2017.00240.
de Bruin JPC, Sa`nchez-Santed F, Heinsbroek RPW, et al. (1994) A behavioural analysis of rats
with damage to the medial prefrontal cortex using the morris water maze: evidence
for behavioural flexibility, but not for impaired spatial navigation. Brain Research
652(2): 323–333. DOI: 10.1016/0006-8993(94)90243-7.
DeVito LM and Eichenbaum H (2010) Distinct contributions of the hippocampus and medial
prefrontal cortex to the ‘what-where-when’ components of episodic-like memory in
mice. Behavioural Brain Research 215(2): 318–325. DOI: 10.1016/j.bbr.2009.09.014.
Diógenes MJ, Costenla AR, Lopes LV, et al. (2011) Enhancement of LTP in aged rats is
dependent on endogenous BDNF. Neuropsychopharmacology: Official Publication of
the American College of Neuropsychopharmacology 36(9): 1823–1836. DOI:
10.1038/npp.2011.64.
Doostdar N, Kim E, Grayson B, et al. (2019) Global brain volume reductions in a sub-chronic
phencyclidine animal model for schizophrenia and their relationship to recognition
memory. Journal of Psychopharmacology 33(10): 1274–1287. DOI:
10.1177/0269881119844196.

33

Dorsey SG, Renn CL, Carim-Todd L, et al. (2006) In vivo restoration of physiological levels of
truncated TrkB.T1 receptor rescues neuronal cell death in a trisomic mouse model.
Neuron 51(1): 21–28. DOI: 10.1016/j.neuron.2006.06.009.
Durany N, Michel T, Zöchling R, et al. (2001) Brain-derived neurotrophic factor and
neurotrophin 3 in schizophrenic psychoses. Schizophrenia Research 52(1–2): 79–86.
DOI: 10.1016/s0920-9964(00)00084-0.
Egan MF, Kojima M, Callicott JH, et al. (2003) The BDNF val66met polymorphism affects
activity-dependent secretion of BDNF and human memory and hippocampal function.
Cell 112(2): 257–269. DOI: 10.1016/s0092-8674(03)00035-7.
Egerton A, Reid L, McGregor S, et al. (2008) Subchronic and chronic PCP treatment produces
temporally distinct deficits in attentional set shifting and prepulse inhibition in rats.
Psychopharmacology 198(1): 37–49. DOI: 10.1007/s00213-008-1071-5.
Eide FF, Vining ER, Eide BL, et al. (1996) Naturally occurring truncated trkB receptors have
dominant inhibitory effects on brain-derived neurotrophic factor signaling. The Journal
of Neuroscience: The Official Journal of the Society for Neuroscience 16(10): 3123–
3129.
Faatehi M, Basiri M, Nezhadi A, et al. (2019) Early enriched environment prevents cognitive
impairment in an animal model of schizophrenia induced by MK-801: Role of
hippocampal BDNF. Brain Research 1711: 115–119. DOI:
10.1016/j.brainres.2019.01.023.
Fénelon K, Mukai J, Xu B, et al. (2011) Deficiency of Dgcr8, a gene disrupted by the 22q11.2
microdeletion, results in altered short-term plasticity in the prefrontal cortex.
Proceedings of the National Academy of Sciences of the United States of America
108(11): 4447–4452. DOI: 10.1073/pnas.1101219108.
Figurov A, Pozzo-Miller LD, Olafsson P, et al. (1996) Regulation of synaptic responses to highfrequency stimulation and LTP by neurotrophins in the hippocampus. Nature
381(6584): 706–709. DOI: 10.1038/381706a0.
Fiore M, Grace AA, Korf J, et al. (2004) Impaired brain development in the rat following
prenatal exposure to methylazoxymethanol acetate at gestational day 17 and
neurotrophin distribution. Neuroreport 15(11): 1791–1795. DOI:
10.1097/01.wnr.0000135934.03635.6a.
Fontinha BM, Diógenes MJ, Ribeiro JA, et al. (2008) Enhancement of long-term potentiation by
brain-derived neurotrophic factor requires adenosine A2A receptor activation by
endogenous adenosine. Neuropharmacology 54(6): 924–933. DOI:
10.1016/j.neuropharm.2008.01.011.

34

Fujita Y, Ishima T, Kunitachi S, et al. (2008) Phencyclidine-induced cognitive deficits in mice are
improved by subsequent subchronic administration of the antibiotic drug minocycline.
Progress in Neuro-Psychopharmacology and Biological Psychiatry 32(2): 336–339. DOI:
10.1016/j.pnpbp.2007.08.031.
Fumagalli F, Racagni G and Riva MA (2006) Shedding light into the role of BDNF in the
pharmacotherapy of Parkinson’s disease. The Pharmacogenomics Journal 6(2): 95–104.
DOI: 10.1038/sj.tpj.6500360.
Fusar-Poli P, Papanastasiou E, Stahl D, et al. (2015) Treatments of Negative Symptoms in
Schizophrenia: Meta-Analysis of 168 Randomized Placebo-Controlled Trials.
Schizophrenia Bulletin 41(4): 892–899. DOI: 10.1093/schbul/sbu170.
Gaskin PL, Alexander SP and Fone KC (2014) Neonatal phencyclidine administration and postweaning social isolation as a dual-hit model of ‘schizophrenia-like’ behaviour in the rat.
Psychopharmacology 231(12): 2533–2545. DOI: 10.1007/s00213-013-3424-y.
Gemperle AY, Enz A, Pozza MF, et al. (2003) Effects of clozapine, haloperidol and iloperidone
on neurotransmission and synaptic plasticity in prefrontal cortex and their
accumulation in brain tissue: an in vitro study. Neuroscience 117(3): 681–695. DOI:
10.1016/s0306-4522(02)00769-8.
Gong N, Li Y, Cai G-Q, et al. (2009) GABA transporter-1 activity modulates hippocampal theta
oscillation and theta burst stimulation-induced long-term potentiation. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience 29(50): 15836–
15845. DOI: 10.1523/JNEUROSCI.4643-09.2009.
Grayson B, Idris N and Neill J (2007) Atypical antipsychotics attenuate a sub-chronic PCPinduced cognitive deficit in the novel object recognition task in the rat. Behavioural
Brain Research 184(1): 31–38. DOI: 10.1016/j.bbr.2007.06.012.
Harte MK, Cahir M, Reynolds GP, et al. (2007) Sub-chronic phencyclidine administration
increases brain-derived neurotrophic factor in the RAT hippocampus. Schizophrenia
Research 94(1–3): 371–372. DOI: 10.1016/j.schres.2007.04.032.
Hashimoto K, Fujita Y, Shimizu E, et al. (2005) Phencyclidine-induced cognitive deficits in mice
are improved by subsequent subchronic administration of clozapine, but not
haloperidol. European Journal of Pharmacology 519(1–2): 114–117. DOI:
10.1016/j.ejphar.2005.07.002.
Hashimoto K, Fujita Y and Iyo M (2007) Phencyclidine-Induced Cognitive Deficits in Mice are
Improved by Subsequent Subchronic Administration of Fluvoxamine: Role of Sigma-1
Receptors. Neuropsychopharmacology 32(3): 514–521. DOI: 10.1038/sj.npp.1301047.
Hashimoto K, Ishima T, Fujita Y, et al. (2008) Phencyclidine-Induced Cognitive Deficits in Mice
Are Improved by Subsequent Subchronic Administration of the Novel Selective α7

35

Nicotinic Receptor Agonist SSR180711. Biological Psychiatry 63(1): 92–97. DOI:
10.1016/j.biopsych.2007.04.034.
Hempel CM, Hartman KH, Wang XJ, et al. (2000) Multiple forms of short-term plasticity at
excitatory synapses in rat medial prefrontal cortex. Journal of Neurophysiology 83(5):
3031–3041. DOI: 10.1152/jn.2000.83.5.3031.
Hori T, Abe S, Baba A, et al. (2000) Effects of repeated phencyclidine treatment on serotonin
transporter in rat brain. Neuroscience Letters 280(1): 53–56. DOI: 10.1016/s03043940(99)00991-x.
Horiguchi M and Meltzer HY (2013) Blonanserin reverses the phencyclidine (PCP)-induced
impairment in novel object recognition (NOR) in rats: role of indirect 5-HT(1A) partial
agonism. Behavioural Brain Research 247: 158–164. DOI: 10.1016/j.bbr.2013.03.027.
Hughes RN (2004) The value of spontaneous alternation behavior (SAB) as a test of retention in
pharmacological investigations of memory. Neuroscience and Biobehavioral Reviews
28(5): 497–505. DOI: 10.1016/j.neubiorev.2004.06.006.
Huhn M, Nikolakopoulou A, Schneider-Thoma J, et al. (2019) Comparative efficacy and
tolerability of 32 oral antipsychotics for the acute treatment of adults with multiepisode schizophrenia: a systematic review and network meta-analysis. Lancet
(London, England) 394(10202): 939–951. DOI: 10.1016/S0140-6736(19)31135-3.
Iritani S, Niizato K, Nawa H, et al. (2003) Immunohistochemical study of brain-derived
neurotrophic factor and its receptor, TrkB, in the hippocampal formation of
schizophrenic brains. Progress in Neuro-Psychopharmacology & Biological Psychiatry
27(5): 801–807. DOI: 10.1016/S0278-5846(03)00112-X.
Jentsch J (1997) Subchronic Phencyclidine Administration Reduces Mesoprefrontal Dopamine
Utilization and Impairs Prefrontal Cortical-Dependent Cognition in the Rat.
Neuropsychopharmacology 17(2): 92–99. DOI: 10.1016/S0893-133X(97)00034-1.
Kapur S and Seeman P (2002) NMDA receptor antagonists ketamine and PCP have direct
effects on the dopamine D(2) and serotonin 5-HT(2)receptors-implications for models
of schizophrenia. Molecular Psychiatry 7(8): 837–844. DOI: 10.1038/sj.mp.4001093.
Kerkhofs A, Canas PM, Timmerman AJ, et al. (2018) Adenosine A2A Receptors Control
Glutamatergic Synaptic Plasticity in Fast Spiking Interneurons of the Prefrontal Cortex.
Frontiers in Pharmacology 9: 133. DOI: 10.3389/fphar.2018.00133.
Korte M, Carroll P, Wolf E, et al. (1995) Hippocampal long-term potentiation is impaired in
mice lacking brain-derived neurotrophic factor. Proceedings of the National Academy
of Sciences of the United States of America 92(19): 8856–8860. DOI:
10.1073/pnas.92.19.8856.

36

Kraeuter A-K, Guest PC and Sarnyai Z (2019) The Y-Maze for Assessment of Spatial Working
and Reference Memory in Mice. Methods in Molecular Biology (Clifton, N.J.) 1916:
105–111. DOI: 10.1007/978-1-4939-8994-2_10.
Krause M, Zhu Y, Huhn M, et al. (2018) Antipsychotic drugs for patients with schizophrenia and
predominant or prominent negative symptoms: a systematic review and metaanalysis. European Archives of Psychiatry and Clinical Neuroscience 268(7): 625–639.
DOI: 10.1007/s00406-018-0869-3.
Lalonde R (2002) The neurobiological basis of spontaneous alternation. Neuroscience and
Biobehavioral Reviews 26(1): 91–104. DOI: 10.1016/s0149-7634(01)00041-0.
Lee FS, Kim AH, Khursigara G, et al. (2001) The uniqueness of being a neurotrophin receptor.
Current Opinion in Neurobiology 11(3): 281–286. DOI: 10.1016/s0959-4388(00)002099.
Lee G and Zhou Y (2019) NMDAR Hypofunction Animal Models of Schizophrenia. Frontiers in
Molecular Neuroscience 12: 185. DOI: 10.3389/fnmol.2019.00185.
Lee PR, Brady DL, Shapiro RA, et al. (2005) Social Interaction Deficits Caused by Chronic
Phencyclidine Administration are Reversed by Oxytocin. Neuropsychopharmacology
30(10). DOI: 10.1038/sj.npp.1300722.
Leger M and Neill JC (2016) A systematic review comparing sex differences in cognitive
function in schizophrenia and in rodent models for schizophrenia, implications for
improved therapeutic strategies. Neuroscience and Biobehavioral Reviews 68: 979–
1000. DOI: 10.1016/j.neubiorev.2016.06.029.
Lesh TA, Niendam TA, Minzenberg MJ, et al. (2011) Cognitive control deficits in schizophrenia:
mechanisms and meaning. Neuropsychopharmacology: Official Publication of the
American College of Neuropsychopharmacology 36(1): 316–338. DOI:
10.1038/npp.2010.156.
Li R, Ma X, Wang G, et al. (2016) Why sex differences in schizophrenia? Journal of Translational
Neuroscience 1(1): 37–42.
Liang KC, Hon W, Tyan YM, et al. (1994) Involvement of hippocampal NMDA and AMPA
receptors in acquisition, formation and retrieval of spatial memory in the Morris water
maze. The Chinese Journal of Physiology 37(4): 201–212.
Lindahl JS and Keifer J (2004) Glutamate receptor subunits are altered in forebrain and
cerebellum in rats chronically exposed to the NMDA receptor antagonist
phencyclidine. Neuropsychopharmacology: Official Publication of the American College
of Neuropsychopharmacology 29(11): 2065–2073. DOI: 10.1038/sj.npp.1300485.

37

Marder SR and Cannon TD (2019) Schizophrenia. New England Journal of Medicine Ropper AH
(ed.) 381(18): 1753–1761. DOI: 10.1056/NEJMra1808803.
Marquis J-P, Audet M-C, Doré FY, et al. (2007) Delayed alternation performance following
subchronic phencyclidine administration in rats depends on task parameters. Progress
in Neuro-Psychopharmacology & Biological Psychiatry 31(5): 1108–1112. DOI:
10.1016/j.pnpbp.2007.03.017.
Martinez ZA, Ellison GD, Geyer MA, et al. (1999) Effects of sustained phencyclidine exposure
on sensorimotor gating of startle in rats. Neuropsychopharmacology: Official
Publication of the American College of Neuropsychopharmacology 21(1): 28–39. DOI:
10.1016/S0893-133X(98)00137-7.
McLean SL, Harte MK, Neill JC, et al. (2017) Dopamine dysregulation in the prefrontal cortex
relates to cognitive deficits in the sub-chronic PCP-model for schizophrenia: A
preliminary investigation. Journal of Psychopharmacology (Oxford, England) 31(6):
660–666. DOI: 10.1177/0269881117704988.
Meunier CNJ, Chameau P and Fossier PM (2017) Modulation of Synaptic Plasticity in the Cortex
Needs to Understand All the Players. Frontiers in Synaptic Neuroscience 9: 2. DOI:
10.3389/fnsyn.2017.00002.
Minichiello L, Calella AM, Medina DL, et al. (2002) Mechanism of TrkB-mediated hippocampal
long-term potentiation. Neuron 36(1): 121–137. DOI: 10.1016/s0896-6273(02)00942-x.
Mitsadali I, Grayson B, Idris NF, et al. (2020) Aerobic exercise improves memory and prevents
cognitive deficits of relevance to schizophrenia in an animal model. Journal of
Psychopharmacology 34(7): 695–708. DOI: 10.1177/0269881120922963.
Morris RGM, Garrud P, Rawlins JNP, et al. (1982) Place navigation impaired in rats with
hippocampal lesions. Nature 297(5868): 681–683. DOI: 10.1038/297681a0.
Mouri A, Koseki T, Narusawa S, et al. (2012) Mouse strain differences in phencyclidine-induced
behavioural changes. The International Journal of Neuropsychopharmacology 15(6):
767–779. DOI: 10.1017/S146114571100085X.
Mouro FM, Ribeiro JA, Sebastião AM, et al. (2018) Chronic, intermittent treatment with a
cannabinoid receptor agonist impairs recognition memory and brain network
functional connectivity. Journal of Neurochemistry 147(1): 71–83. DOI:
10.1111/jnc.14549.
Nabeshima T, Fukaya H, Yamaguchi K, et al. (1987) Development of tolerance and
supersensitivity to phencyclidine in rats after repeated administration of
phencyclidine. European Journal of Pharmacology 135(1): 23–33. DOI: 10.1016/00142999(87)90753-9.

38

Nakatani-Pawlak A, Yamaguchi K, Tatsumi Y, et al. (2009) Neonatal Phencyclidine Treatment in
Mice Induces Behavioral, Histological and Neurochemical Abnormalities in Adulthood.
Biological & Pharmaceutical Bulletin 32(9): 1576–1583. DOI: 10.1248/bpb.32.1576.
Neill JC, Harte MK, Haddad PM, et al. (2014) Acute and chronic effects of NMDA receptor
antagonists in rodents, relevance to negative symptoms of schizophrenia: a
translational link to humans. European Neuropsychopharmacology: The Journal of the
European College of Neuropsychopharmacology 24(5): 822–835. DOI:
10.1016/j.euroneuro.2013.09.011.
Neill JC, Grayson B, Kiss B, et al. (2016) Effects of cariprazine, a novel antipsychotic, on
cognitive deficit and negative symptoms in a rodent model of schizophrenia
symptomatology. European Neuropsychopharmacology 26(1): 3–14. DOI:
10.1016/j.euroneuro.2015.11.016.
Nicoll RA and Malenka RC (1999) Expression mechanisms underlying NMDA receptordependent long-term potentiation. Annals of the New York Academy of Sciences 868:
515–525. DOI: 10.1111/j.1749-6632.1999.tb11320.x.
Nieto R, Kukuljan M and Silva H (2013) BDNF and schizophrenia: from neurodevelopment to
neuronal plasticity, learning, and memory. Frontiers in Psychiatry 4: 45. DOI:
10.3389/fpsyt.2013.00045.
Nomura T, Oyamada Y, Fernandes HB, et al. (2016) Subchronic phencyclidine treatment in
adult mice increases GABAergic transmission and LTP threshold in the hippocampus.
Neuropharmacology 100: 90–97. DOI: 10.1016/j.neuropharm.2015.04.012.
Palomino A, Vallejo-Illarramendi A, González-Pinto A, et al. (2006) Decreased levels of plasma
BDNF in first-episode schizophrenia and bipolar disorder patients. Schizophrenia
Research 86(1–3): 321–322. DOI: 10.1016/j.schres.2006.05.028.
Park SW, Phuong VT, Lee CH, et al. (2011) Effects of antipsychotic drugs on BDNF, GSK-3β, and
β-catenin expression in rats subjected to immobilization stress. Neuroscience Research
71(4): 335–340. DOI: 10.1016/j.neures.2011.08.010.
Peng S, Li W, Lv L, et al. (2018) BDNF as a biomarker in diagnosis and evaluation of treatment
for schizophrenia and depression. Discovery Medicine 26(143): 127–136.
Pillai A and Mahadik SP (2008) Increased truncated TrkB receptor expression and decreased
BDNF/TrkB signaling in the frontal cortex of reeler mouse model of schizophrenia.
Schizophrenia Research 100(1–3): 325–333. DOI: 10.1016/j.schres.2007.11.030.
Porcher C, Medina I and Gaiarsa J-L (2018) Mechanism of BDNF Modulation in GABAergic
Synaptic Transmission in Healthy and Disease Brains. Frontiers in Cellular Neuroscience
12: 273. DOI: 10.3389/fncel.2018.00273.

39

Redrobe JP, Bull S and Plath N (2010) Translational Aspects of the Novel Object Recognition
Task in Rats Abstinent Following Sub-Chronic Treatment with Phencyclidine (PCP):
Effects of Modafinil and Relevance to Cognitive Deficits in Schizophrenia. Frontiers in
Psychiatry 1: 146. DOI: 10.3389/fpsyt.2010.00146.
Santini MA, Ratner C, Aznar S, et al. (2013) Enhanced prefrontal serotonin 2A receptor
signaling in the subchronic phencyclidine mouse model of schizophrenia. Journal of
Neuroscience Research 91(5): 634–641. DOI: 10.1002/jnr.23198.
Seeman P, Ko F and Tallerico T (2005) Dopamine receptor contribution to the action of PCP,
LSD and ketamine psychotomimetics. Molecular Psychiatry 10(9): 877–883. DOI:
10.1038/sj.mp.4001682.
Semba J, Wakuta M and Suhara T (2006) Different effects of chronic phencyclidine on brainderived neurotrophic factor in neonatal and adult rat brains. Addiction Biology 11(2):
126–130. DOI: 10.1111/j.1369-1600.2006.00023.x.
Shan L, Liu T, Zhang Z, et al. (2018) Schizophrenia-like olfactory dysfunction induced by acute
and postnatal phencyclidine exposure in rats. Schizophrenia Research 199: 274–280.
DOI: 10.1016/j.schres.2018.02.045.
Sigurdsson T and Duvarci S (2015) Hippocampal-Prefrontal Interactions in Cognition, Behavior
and Psychiatric Disease. Frontiers in Systems Neuroscience 9: 190. DOI:
10.3389/fnsys.2015.00190.
Snigdha S and Neill JC (2008) Efficacy of antipsychotics to reverse phencyclidine-induced social
interaction deficits in female rats--a preliminary investigation. Behavioural Brain
Research 187(2): 489–494. DOI: 10.1016/j.bbr.2007.10.012.
Snigdha S, Horiguchi M, Huang M, et al. (2010) Attenuation of phencyclidine-induced object
recognition deficits by the combination of atypical antipsychotic drugs and
pimavanserin (ACP 103), a 5-hydroxytryptamine(2A) receptor inverse agonist. The
Journal of Pharmacology and Experimental Therapeutics 332(2): 622–631. DOI:
10.1124/jpet.109.156349.
Snigdha S, Neill JC, McLean SL, et al. (2011) Phencyclidine (PCP)-induced disruption in cognitive
performance is gender-specific and associated with a reduction in brain-derived
neurotrophic factor (BDNF) in specific regions of the female rat brain. Journal of
molecular neuroscience: MN 43(3): 337–345. DOI: 10.1007/s12031-010-9447-5.
Sutcliffe JS, Marshall KM and Neill JC (2007) Influence of gender on working and spatial
memory in the novel object recognition task in the rat. Behavioural Brain Research
177(1): 117–125. DOI: 10.1016/j.bbr.2006.10.029.

40

Takahashi M, Shirakawa O, Toyooka K, et al. (2000) Abnormal expression of brain-derived
neurotrophic factor and its receptor in the corticolimbic system of schizophrenic
patients. Molecular Psychiatry 5(3): 293–300. DOI: 10.1038/sj.mp.4000718.
Tanibuchi Y, Fujita Y, Kohno M, et al. (2009) Effects of quetiapine on phencyclidine-induced
cognitive deficits in mice: A possible role of α1-adrenoceptors. European
Neuropsychopharmacology 19(12): 861–867. DOI: 10.1016/j.euroneuro.2009.07.005.
Tanqueiro SR, Ramalho RM, Rodrigues TM, et al. (2018) Inhibition of NMDA Receptors
Prevents the Loss of BDNF Function Induced by Amyloid β. Frontiers in Pharmacology
9: 237. DOI: 10.3389/fphar.2018.00237.
Thompson Ray M (2011) Decreased BDNF, trkB-TK+ and GAD67 mRNA expression in the
hippocampus of individuals with schizophrenia and mood disorders. Journal of
Psychiatry & Neuroscience 36(3): 195–203. DOI: 10.1503/jpn.100048.
Vickery RM, Morris SH and Bindman LJ (1997) Metabotropic Glutamate Receptors Are Involved
in Long-Term Potentiation in Isolated Slices of Rat Medial Frontal Cortex. Journal of
Neurophysiology 78(6): 3039–3046. DOI: 10.1152/jn.1997.78.6.3039.
Weickert CS, Ligons DL, Romanczyk T, et al. (2005) Reductions in neurotrophin receptor mRNAs
in the prefrontal cortex of patients with schizophrenia. Molecular Psychiatry 10(7):
637–650. DOI: 10.1038/sj.mp.4001678.
Wong J, Rothmond DA, Webster MJ, et al. (2013) Increases in Two Truncated TrkB Isoforms in
the Prefrontal Cortex of People With Schizophrenia. Schizophrenia Bulletin 39(1): 130–
140. DOI: 10.1093/schbul/sbr070.
Yamazaki M, Yamamoto N, Yarimizu J, et al. (2018) Functional mechanism of ASP5736, a
selective serotonin 5-HT5A receptor antagonist with potential utility for the treatment
of cognitive dysfunction in schizophrenia. European Neuropsychopharmacology: The
Journal of the European College of Neuropsychopharmacology 28(5): 620–629. DOI:
10.1016/j.euroneuro.2018.03.003.
Yu W, Zhu M, Fang H, et al. (2019) Risperidone Reverses the Downregulation of BDNF in
Hippocampal Neurons and MK801-Induced Cognitive Impairment in Rats. Frontiers in
Behavioral Neuroscience 13: 163. DOI: 10.3389/fnbeh.2019.00163.
Zain MA, Rouhollahi E, Pandy V, et al. (2018) Phencyclidine dose optimisation for induction of
spatial learning and memory deficits related to schizophrenia in C57BL/6 mice.
Experimental Animals 67(4): 421–429. DOI: 10.1538/expanim.18-0006.
Zhao M-G, Toyoda H, Lee Y-S, et al. (2005) Roles of NMDA NR2B subtype receptor in prefrontal
long-term potentiation and contextual fear memory. Neuron 47(6): 859–872. DOI:
10.1016/j.neuron.2005.08.014.

41

Figures
Figure 1.

Figure 2.

42

Figure 3.

43

Figure 4.

44

