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Neuroleptics ameliorate phencyclidine-induced impairments of

short-term memory
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1 Phencyclidine (PCP), a non-competitive NMDA-receptor antagonist, is able to induce
schizophrenia-like symptoms in animals and in humans. It is known that schizophrenic patients
have deficits in memory processes.

2 Therefore, it was investigated whether subchronic pulsatile or continuous application of
5.0 mg kg=' PCP over 5 days induce short-term memory deficits in holeboard learning and the
action of two different neuroleptics on this behavioural test.

3 First, an impairment in the holeboard task was described when the animals were tested 24 h after
the last application but not after 15 min or 1 h after the last injection. Secondly, the influence of
haloperidol and risperidone on the PCP-induced short-term memory changes was tested.

4 The combined application of PCP and risperidone led to a complete antagonism of the short-
term deficits, but the combined treatment with haloperidol was accompanied by a partial
abolishment of the PCP-induced deficits.

5 PCP led to an upregulation of the glutamate binding sites in striatum and nucleus accumbens
whereas the D, binding sites were reduced in striatum. The D, binding sites seem to be unchanged.
The receptor protein expression of glutamate receptors mGluR1, GluR2, GluR5/7 and NMDARI1
were not modified in response to PCP treatment.

6 The determination of a subpopulation of GABAergic interneurons shows a decrease of the cells
within the CA3 of the hippocampal formation.

7 These findings indicate that PCP induced impairments in short term memory can be detected by
holeboard learning and may provide an interesting tool for the search of new neuroleptics.
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Introduction

In addition to a disturbed dopaminergic system, schizophrenia
is characterized by alterations in the glutamatergic system as
well, as indicated by studies with phencyclidine (PCP).
Phencyclidine, a non-competitive N-methyl-D-aspartate
(NMDA) receptor antagonist, has psychotomimetic effects
and in healthy humans a single PCP injection produces clinical
symptoms similar to schizophrenia. Repeated applications can
evoke long-lasting symptoms such as neuropsychological
deficits, social withdrawal, hallucinations, paranoia, and
delusions (Jentsch et al., 1997a) persisting for a period far in
excess of the half-life of PCP (Pearlson, 1981). Cognitive
deficits in schizophrenic patients are stable and prominent and
include attention deficits, deficits in memory functions,
particularly episodic memory (i.e. difficulty in retrieving
episodes of experience of distinct spatio-temporal contexts)
(Goldberg & Gold, 1995). Most chronic PCP-abusers develop
reduced and disturbed cognitive functions whereas the other
symptoms may differ (Fauman & Fauman, 1980). It has been
proposed that cognitive deficits result from frontal lobe
dysfunction because frontal lobe lesions in humans and
monkeys are associated with comparable cognitive dysfunc-
tions i.e. working memory deficits (Goldman-Rakic, 1991).
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Furthermore, PCP induces neuronal degeneration and
alters glucose utilization in limbic structures including
hippocampus and various cortical regions (Ellison, 1995;
Tamminga et al., 1987). There is morphological and functional
evidence that alterations in the same limbic regions are present
in schizophrenics (Bogerts, 1997; Ellison, 1995; Tamminga et
al., 1991). In addition, postmortem analysis of schizophrenics
revealed a hypofunction of GABAergic interneurons in the
brain as revealed by loss of GABAergic neurons, decreased
GADy; activity (the enzyme responsible for GABA synthesis)
and mRNA, and upregulation of GABA , receptors (Akbarian
et al., 1995; Benes et al., 1991). It is thought that PCP can alter
the activity of GABAergic neurons through NMDA receptors
on GABAergic interneurons in cortical and limbic structures
(Coyle, 1996; Benes et al., 1991; Olney & Farber, 1997; Olney
et al., 1989) with subsequent alterations of glutamatergic
efferents from these regions. Furthermore, it was shown in
human postmortem and rodent studies that NMDA receptor
hypofunction as well as NMDA antagonism could result in a
dopaminergic hyperactivity (Olney & Farber, 1995; Tsai et al.,
1995), showing that glutamatergic neurons may act on
dopaminergic neurons and GABAergic interneurons and thus
be involved in the pathogenesis of psychosis.

Therefore, PCP has been used to induce schizophrenia-like
symptoms similar to those induced by dopamine related drugs.
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PCP evokes a complex syndrome of behaviours with both
negative and positive symptoms. The administration of PCP to
rats disturbs learning performance in various hippocampus-
dependent tasks. All of these behaviours appear to depend
upon hippocampal as well as amygdalar function (Jones et al.,
1990; Kesner & Dakis, 1993; Murray & Ridley, 1997).

In contrast to acute PCP injections, subchronic PCP
treatment produces behavioural symptoms which are more
stable and persist longer, rendering them similar to the
chronic schizophrenia-like symptoms (Krystal et al., 1994).
Recently, we have found that rats treated by pulsatile PCP
injections were impaired in their ability in active two-way
avoidance learning and did not develop deficits in latent
inhibition, whereas rats given PCP continuously via
implanted polymers were unimpaired in two-way avoidance
acquisition, but they were impaired in latent inhibition
which simulates a cognitive dysfunction characteristic for
attentional deficits described for certain forms of schizo-
phrenia (Schroeder et al., 1998).

Because there is little information about subchronic
PCP effects on short-term cognitive processes and
associated neurochemical and morphological alterations,
the purpose of the present study was to describe the
effects of PCP and the combined application of PCP plus
risperidone, an atypical antipsychotic with low affinity to
dopamine (D,) receptors, or PCP plus haloperidol, a high
affinity dopamine receptor antagonist, on the short term
memory of rats. To this end, we have used the holeboard
learning paradigm as a test for schizophrenia-like cognitive
function (File & Pellow, 1985; Fletcher & Starr, 1985;
Galey & Jaffard, 1992; Lister, 1987). The use of a classical
and an atypical antipsychotic is related to the findings that
haloperidol fails to restore sensomotoric deficits in rats
(Swerdlow et al., 1996), whereas atypical antipsychotics,
such as clozapine, prevent such deficits (Bakshi et al.,
1994). As in our previous studies, we compared the
pulsatile subchronic PCP treatment with the effects of
continuously applied PCP (Schroeder et al, 1998).
Additionally, using the parvalbumin technique we quanti-
fied morphologically a subpopulation of GABAergic
interneurons in the hippocampal formation. In order to
find out whether transmitter binding sites as a marker of
synaptic activity may be altered by PCP treatment binding
assay and Western blot of glutamate and dopamine
receptors were carried out.

Methods

All procedures were approved by the animal experimentation
committee, according to the requirements of the National Act
on the Use of Experimental Animals (Germany).

Animals

Experiments were carried out with male Lister rats (Harlan
Winkelmann GmbH, Borchen, Germany) which were 7 weeks
old at the beginning of the experiments. The animals were kept
under controlled laboratory conditions (12 h light:dark cycle;
light on: at 07:00 h; temperature 20 +2°C; air humidity 55—
60%), with water available ad libitum. The animals were food
deprived to 80% of their body weight (i.e. 17 g food Altromin
1326 per animal per day) from the beginning of the PCP
treatment until the day of exposure to the holeboard.
Therefore, the animals were food deprived for 6 days. The
animals were tested during the ‘light-on’ phase.

PCP and neuroleptic treatment

Animals were anaesthetized with etomidat (20 mg kg~') and a
PCP (Sigma, Germany) containing or an unloaded ethylene-
vinyl acetate copolymer (2 mm in diameter and about 10 mm
in length) was implanted subcutaneously through a small
incision between the fore- and hindlimbs of the rats. The
implant is known to release PCP continuously (Haik-Creguer
et al., 1998). PCP was applied in a dose of 5.0 mg kg~' body
weight per day (for details see Schroeder ez al., 1998). All
animals also received daily injections as well as implantation of
polymers. For the neuroleptic treatment 0.1 mg kg~' risper-
idone (RBI, U.S.A.) or 0.5 mg kg~' haloperidol (Jansen-Cilag
GmbH, Germany) were used as a daily injection over 5 days in
parallel to the PCP treatment. The following experimental
design was used:

Risperidone study:
daily NaCl/NaCl injection+ unloaded control polymer
implantation (n=2S8)
daily NaCl/risperidone injection +unloaded control poly-
mer implantation (n=7)
daily PCP/NaCl injection+unloaded control polymer
implantation (n=7)
daily PCP/risperidone injection + unloaded control polymer
implantation (n=2S8)
daily NaCl/NaCl injection + PCP loaded polymer implanta-
tion (n="7)
daily NaCl/risperidone injection+PCP loaded polymer
implantation (n=7)

Haloperidol study:
daily NaCl/NaCl injection+unloaded control polymer
implantation (n=7)
daily NaCl/haloperidol injection +unloaded control poly-
mer implantation (n=10)
daily PCP/NaCl injection+unloaded control polymer
implantation (n=29)
daily PCP/haloperidol injection +unloaded control poly-
mer implantation (n=29)
daily NaCl/NaCl injection + PCP loaded polymer implanta-
tion (n=9)
daily NaCl/haloperidol injection+PCP loaded polymer
implantation (n=10)

The animals were anaesthetized on day 5 of the PCP treatment
with etomidat (20 mg kg=') and the polymers were then
removed. Twenty-four hours later the holeboard learning was
tested. Due to the short half-time of etomidat the animals were
completely recovered. In the case of the 15 min and 1 h test the
polymers were not removed.

Holeboard learning

Three days before testing the animals were allowed to
habituate to the holeboard every day for 5 min and 24 h after
the last PCP application the animals were tested in the
holeboard according to the method used by Galey & Jaffard
(1992): The holeboard (46 x 46 cm) contains four holes and the
animals were placed in the middle of the holeboard. During the
two acquisition phases small, purified casein based pellets
(Bilaney Consultants/Germany) were located in one of the four
holes. The acquisition phases lasted for 2 min and there was a
break between both acquisition phases of 3 min. Five minutes
thereafter, the retention was evaluated by recording the
number of ‘visited holes’ which had contained food during
the acquisition.
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Binding assay

Four animals per group were decapitated; hippocampi, striata,
nucleus accumbens and frontal cortices were dissected out and
crude synaptic membrane fractions were prepared.

[PH]-L-glutamate (50 nM, specific activity: 1.43 Tbq
mmol~!, NEN-Dupont) binding was assayed in membrane
fractions prepared from brain regions of saline and PCP-
treated rats as described by Schroeder er al. (1998). For the
binding assay the membranes were incubated in 30 mM Tris-
HCI buffer (pH 7.4) containing 2.5 mM CacCl, for 40 min at
37°C. The non-specific binding was determined by addition of
100 uM unlabelled L-glutamate to parallel probes.

The *H-L-SCH 23390 and *H-spiroperidol binding was
measured using an assay described by Kohler er al. (1994).
A crude synaptic membrane suspension was incubated with
30 mM Tris-HCI buffer (pH 8.0, containing (mMm): NaCl 120,
KCl 5, CaCl, 2, MgCl, 1 and *H-SCH 23390 (specific
activity: 1.43 Tbq mmol~!, NEN-Dupont, U.S.A.) or *H-
spiroperidol  (specific activity: 800 GBq mmol~'!, NEN-
Dupont, U.S.A.) for 40 and 30 min at 37°C, respectively.
All assays were performed at least in duplicates. Specific
binding was calculated by subtracting non-specific binding—
defined as that seen in the presence of 0.5 nM *H-SCH 23390
or 1 nM *H-spiroperidol plus 1 uM unlabelled cis-flupenthix-
ol or 2 um d-butaclamol (Serva, Heidelberg, Germany)—
from total binding obtained with *H-SCH 23390 or *H-
spiroperidol alone.

The reaction was terminated by rapid filtration under
reduced pressure through GF 10 glass-fibre filters using an
Inotech harvester (Berthold, Germany). Filters were washed
with buffer and taken for liquid scintillation counting. The
data were calculated as fmol bound radioligand per mg
protein. Protein content was estimated in aliquots of
membrane fraction using the technique by Lowry et al.
(1951).

Under these conditions, binding of *H-L-glutamate to
hippocampal and *H-SCH 23390 or *H-spiroperidol to crude
synaptic membranes from control rats appeared to be specific
and kinetic studies suggested the existence of a single affinity
state (Schroeder et al., 1998; Kohler et al., 1994).

Western blot

The dissected brain regions of saline and PCP treated rats were
homogenized in 10 mM Tris-HCI buffer (pH 7.4, 0.5 NaCl,
protease inhibitor cocktail) and centrifuged for 60 min at
100,000 x g. The resulting pellet was resuspended and solubi-
lized in Tris-HCl buffer (pH 8.0, 0.25 M Tris, 20% glycerol, 4%
SDS, 3 mM EGTA). Aliquots (10 ug protein amount) were
subjected to 5-20% gradient SDS—PAGE and blotted on
nitrocellulose membranes which were then incubated with the
following antibodies of the glutamate receptor subtypes; anti-
NMDARI (1:500), anti-GluR2 (1:200), anti-mGluR1 (1 : 250)
and anti-GluRS5-7 (1:200) antibodies from Pharmingen,
Germany. The blots were developed using enhanced chemilu-
minescence kits (Amersham Buchler, Germany).

Parvalbumin staining

Four animals from each group were used for histological
studies. Animals were deeply anaesthetized 24 h after the last
PCP application with pentobarbital (40 mg kg~') and
transcardially perfused with 0.9% NaCl for 3 min, followed
by 0.2 M phosphate buffer solution containing 30% saturated
picrinic acid and 4% paraformaldehyde. The brains were

postfixed overnight in a buffered 20% sucrose solution and
then cut in 40 um horizontal sections using a cryostat. Sections
were labelled using a monoclonal antibody against the
calcium-binding protein parvalbumin as described by Kiss et
al. (1996). Briefly, after washing the sections with 0.1 M Tris-
buffer they were incubated with the first antibody parvalbumin
(Swant, Switzerland) for 3 days at 4°C. Thereafter, the slides
were washed and incubated with the second antibody for
90 min at room temperature followed by an avidin-biotin
complex (Vectastain, ABC-Kit; Linaris/Germany). The sec-
tions were stained with DAB (diamino benzidin, Sigma/
Germany) and then embedded in Entellan (Merck, Germany).

For counting, five sections per animal were sampled for
parvalbumin staining. The parvalbumin positive cells were
counted within the CA3 of the ventral hippocampus formation
and within the dentate gyrus.

Data analysis and statistics

The calculations were carried out by STATISTICA software.
Data were analysed for significance by the one-way ANOVA
followed by post hoc LSD test (significance level P <0.05).

Results
Holeboard learning

Irrespective of how PCP was given (pulsatile vs continu-
ously) subchronic PCP led to an impairment in holeboard
learning compared to the controls. Holeboard learning was
tested 24 h after discounting the last PCP injection or the
removal of the polymers, respectively (Figure 1). Because
learning deficits became apparent only 24 h after PCP
withdrawal 15 min or 1 h after the last PCP injection the
animals were tested for short term memory deficits. Fifteen
minutes after PCP withdrawal, animals were unable to learn
the task which may be due to the acute PCP effect on
dopaminergic transmitter system and reflected by direct
ataxic effects. The correct responses (means) for the 1h
were: 63.6% for controls; 55.8% for PCP-implanted animals

Holeboard learning
after 5.0 mg kg1 PCP and 0.1 mg kg1 risperidone over 5 days
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Figure 1 Holeboard learning after combined application of
50mgkg~' PCP and 0.1 mg kg™ ' risperidone over 5 days (last

application 24 h before testing) (means +s.e.mean; *P <0.05 vs control,
#P <0.05 vs PCP respectively). Control n=38; risperidone n="7; pul.
PCP n=7 (pulsatile PCP); pul. PCP/risper. n=28 (pulsatile PCP/
risperidone); cont. PCP n=7 (continuous PCP); cont. PCP/risper. n="7
(continuous PCP/risperidone).
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and 46.3% for PCP-injected animals indicating no modifica-
tion (F22,=0.9590; n.s.) in short term memory when PCP-
treated animals and controls were compared.

The combined application of 5.0 mgkg=' PCP and
0.1 mg kg™' risperidone over 5 days significantly reduced
F(528=2.942; P<0.02 the PCP induced deficit in short term
memory (Figure 1). Also the classical neuroleptic, haloperidol,
showed a tendency to antagonize the PCP-induced deficits
(Figure 2).

Holeboard learning
after 5.0 mg kg1 PCP and 0.5 mg kg1 haloperidol over 5 days
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Figure 2 Holeboard learning after combined application of

5.0 mg kg~' PCP and 0.5 mg kg~' haloperidol over 5 days (last
application 24 h before testing) (means+s.e.mean; *P<0.05 vs
control). Control n=7; haloperidol n=10; pul. PCP n=9 (pulsatile
PCP); pul. PCP/halo. n=9 (pulsatile PCP/haloperidol); cont. PCP n=9
(continuous PCP); cont. PCP/halo. n=10 (continuous PCP/haloper-
idol).

Binding assay

Using ligand concentration of 0.5 nM, the specific *H-SCH
23390 binding for the D; receptor was not changed in
frontal cortex, striatum, hippocampus and nucleus accum-
bens (Figure 3). Concerning the D, receptor binding sites we
demonstrated a downregulation of these binding sites in
striatum F,5=28.286; P<0.05 and in nucleus accumbens
Fos=5.2847; P<0.05 after pulsatile as well as after
continuously applied PCP. In contrast we could detect a
15% upregulation of the D, binding sites after continuously
applied PCP in hippocampus Fq =4.454; P<0.05 (Figure
4). The overall *H-glutamate binding sites increased after
both PCP treatment in striatum F;=5.847; P<0.05 and
also after continuously applied PCP in nucleus accumbens
Fo.7=22.057; P<0.05 (Figure 5).

The determination of the expression of glutamate receptor
proteins (NMDARI1, mGluR1, GluR2, GluR5/7) after PCP
did not show any modification in the blots (data not shown).
This suggests that the altered binding of D, and glutamate
receptors is realized by changes of the existing receptors (e.g.
masked or unmasked receptors).

Parvalbumin staining

Rats having received 5.0 mg kg~' PCP injection or implanta-
tion of PCP loaded polymers releasing the same dose over 5
days revealed a significant F, 5;)=21.2542; P<0.01 decrease in
the number of parvalbumin immunoreactive cells within the
CA3 of the hippocampus. There were no significant differences
of the number of parvalbumin positive cells within the dentate
gyrus (Figure 6).
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Figure 3 Specific *H-SCH 23390 binding in frontal cortex (fr. cx), nucleus accumbens (acc.), striatum (str) and hippocampus (hp)
after 5.0 mg kg~' PCP over 5 days (24 h after the last PCP application; means +s.e.mean; in fmol mg ' protein). sal = daily saline

injection +control polymer (n=4); PCPi=daily 5.0 mg kg™'

injection + PCP-loaded polymer (n=4).

PCP injection +control polymer (n=4); PCPp=daily saline
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Figure 4 Specific *H-spiroperidol binding in frontal cortex (fr. cx), nucleus accumbens (acc.), striatum (str) and hippocampus (hp)
after 5.0 mg kg~' PCP over 5 days (24 h after the last PCP application; means+s.e.mean; in fmol mg~"' protein) *P<0.05 vs
control animals. sal=daily saline injection+control polymer (n=4); PCPi=daily 5.0 mg kg~' PCP injection + control polymer
(n=4); PCPp=daily saline injection +PCP-loaded polymer (n=4).
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Figure 5 Specific *H-L-glutamate binding in frontal cortex (fr. cx), nucleus accumbens (acc.), striatum (str) and hippocampus (hp)
after 5.0 mg kg~' PCP over 5 days (24 h after the last PCP application; means+s.c.mean; in fmol mg~' protein) *P<0.05 vs
control animals. sal=daily saline injection+control polymer (n=4); PCPi=daily 5.0 mg kg~' PCP injection + control polymer
(n=4); PCPp=daily saline injection +PCP-loaded polymer (n=4).
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GABAergic interneurons
after 5.0 mg kg1 PCP over 5 days
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Figure 6 Number of parvalbumin positive cells in CA3 and dentate gyrus after 5.0 mg kg~ ' PCP over 5 days (means-s.e.mean;

*P<0.05 vs NaCl).

Discussion

The postulated dysfunction of the glutamatergic transmission
system in schizophrenia suggested by NMDA receptor
hypofunction or glutamate deficiency theories (Grace, 1991;
Olney & Farber, 1995) has been discussed in connection with
the traditional dopamine hyperfunction theory on the basis of
glutamate-dopamine interaction (Carlsson & Carlsson, 1990;
Starr, 1995). The glutamate hypothesis of schizophrenia was
derived from studies of PCP-induced psychosis in healthy
subjects which displayed negative and positive schizophrenia-
like symptoms.

The main findings of the present study can be
summarized as follows first: independent of the mode of
application (daily pulsatile injection vs continuously released
PCP from subcutaneously implanted polymers), subchronic
PCP produces short-term memory deficits in the holeboard
learning task. Second: this impairment can be restored
completely by the atypical neuroleptic risperidone but only
partially by haloperidol when given simultaneously. Hole-
board learning can be taken into consideration to
investigate the action of neuroleptics and supports the
relevance of the subchronic PCP model of schizophrenia-
like behaviour in rats. Furthermore, the impaired short term
memory capacity induced by PCP simulates cognitive
dysfunctions. The determination of spatial learning after
PCP injection in dentate gyrus led to a disruption of long-
term memory but not to short-term memory loss (Kesner &
Dakis, 1995). When PCP is applied at higher doses, the

dopaminergic, serotonergic and cholinergic transmitter
systems are altered as well (Hyde, 1992). From our
behavioural data we can not decide which specific

transmitter system was modified by PCP treatment. The
effect of haloperidol, however, indicates that the dopami-
nergic system may have been altered. In contrast, the
complete reversal of memory deficits by risperidone which

affects dopaminergic as well as serotonergic and cholinergic
neurons, indicates complex changes of transmission systems
after PCP treatment. Systemic PCP application is known to
increase extracellular 5-HT levels and has low micromolar
affinity for the 5-HT reuptake site (Martin et al., 1998). Our
results are supported by findings of Sams-Dodd (1995; 1996;
1997; 1998a,b,c) who described a reduction of the level of
PCP-induced stereotyped behaviour and an improvement of
PCP-induced social isolation by novel antipsychotic drugs
such as risperidone or olanzepine.

Previously, we found a downregulation of PCP binding sites
in the hippocampus and the striatum after the same regime of
PCP treatment (Schroeder et al., 1998). In contrast, in the
present study the total, un-differentiated glutamate binding to
striatal and nucleus accumbens crude membranes was
upregulated in response to PCP treatment. An increased
glutamatergic transmission via non-NMDA glutamate recep-
tors after PCP has been described by Adams & Moghaddam
(1998). Therefore, it can be postulated that after a subchronic
NMDA receptor blockade the PCP binding sites were
downregulated whereas the other glutamate receptor subtypes
(i.e. AMPA, mGluR) were upregulated as a compensatory
response to NMDA receptor inhibition by PCP. Furthermore,
regional differences in the effect of PCP may exist which were
not determined here.

Interestingly, we found a decreased D,-mediated dopami-
nergic activity in the striatum and nucleus accumbens as
measured by binding assay. Jentsch et al. (1997b) described a
dopaminergic hyperactivity in frontal cortical regions and
nucleus accumbens of rats and monkeys after acute PCP
treatment, whereas repeated PCP applications were followed
by a decreased dopaminergic activity supporting our data.
Thus, it seems that cognitive dysfunction is associated with
reduced dopaminergic activity after subchronic PCP treatment
(Jentsch & Roth, 1999). It has to be noted, that these authors
as well as others (Grace, 1991; Roberts et al., 1994) postulated
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a cortical dopaminergic hypoactivity in response to a
subcortical dopaminergic hyperactivity. We did not find any
changes in the dopaminergic activity at the receptor level in the
frontal cortex of subchronically PCP-treated rats which is at
variance with this proposal.

Our previous data indicate that rats treated subchronically
by pulsatile PCP injections did not show deficits in latent
inhibition, whereas rats given PCP continuously using
implanted polymers were impaired in latent inhibition. We
postulated that this simulates a cognitive dysfunction
characteristic for attentional deficits described for certain
forms of schizophrenia (Schroeder et al., 1998). In contrast, for
the impaired short-term memory the mode of PCP application
did not play a role which suggests that plasma fluctuation of
PCP has no influence on holeboard learning.

In morphological studies the loss of parvalbumin-positive
cells in the hippocampal CA3 subregion was detectable after
both pulsatile and continuous PCP administration. Altered
activity of GABAergic interneurons receiving excitatory
innervation from glutamatergic neurons can modulate
mechanisms of long-term plasticity such as LTP (long-term
potentiation), LTD (long-term depression) and learning and
memory (McBain et al., 1999). Therefore, the described loss of
GABAergic interneurons after PCP treatment seems to be an
indicator for the deficits in short-term memory measured by
holeboard learning. Neurodegenerative damage with cell death
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