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1. Introduction

Schizophrenia is broadly characterized by the presence of positive symptoms (e.g. delusions
and hallucinations) negative symptoms (e.g. social withdrawal, and poor volition) and
cognitive deficits (e.g. memory, attention, and reasoning and problem solving deficits)
(Crow 1980;Nuechterlein et al. 2004). Research on the pathophysiology of schizophrenia
has implicated decreases in glutamate signaling and NMDA receptor hypofunctionality as a
causative factor in this disease (Laruelle et al. 2003). A number of studies have
demonstrated that treatment with phencyclidine (PCP), ketamine, or dizocilpine (MK-801)
can produce symptoms similar to the positive, negative and cognitive symptoms of
schizophrenia when given to healthy control subjects, and can exacerbate these symptoms in
patients with schizophrenia (Siegel 1978;Snyder 1973). Unlike amphetamine, a dopamine
(DA) agonist that is able to mimic the positive symptoms of schizophrenia, only PCP and
MK-801 can induce key negative symptoms such as social withdrawal (Guy and Gardner
1985;Lisman et al. 2008;Rung et al. 2005;Sams-Dodd 1996). MK-801, an analogue of PCP,
is one of the most potent non-competitive antagonists of the NMDA receptor, binding to a
site located with the NMDA receptor ion channel and blocking Ca2* flow, thus disturbing
glutamatergic neurotransmission (Rung et al, 2005). Treatment with MK-801 has been
shown to induce a variety of symptoms reflective of schizophrenia, including disrupted
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sensorimotor gating (prepulse inhibition), increased locomotor activity and disrupted
cognitive function, including deficits in rule acquisition and attentional set-shifting (Bast et
al. 2000;BELL 1965;Malhotra et al. 1997;Manahan-Vaughan et al. 2008;Rung et al.
2005;Sams-Dodd 1996;Sams-Dodd 1998;Snyder 1973;Stefani and Moghaddam 2005).
Furthermore, MK801 induces social withdrawal (Rung et al, 2005, Sams-Dodd et al, 2004,
Snigdha et al, 2008), serving as a strong model of the negative symptoms of schizophrenia.

Previous research from our lab has demonstrated that the endogenous brain tripeptide PLG
and its analog PAOPA (Figure 1) modify dopaminergic neurotransmission by acting as
allosteric modulators of the DA D, receptor (Johnson et al. 1986;Mishra 1983;Mishra et al.
1983;Mishra et al. 1997;Verma et al. 2005;Chiu et al. 1981;Chiu et al. 1983;Raghavan et al.
2009;Srivastava et al. 1988;Verma et al. 2005). These compounds have been shown to
increase agonist binding to DA D, receptors without affecting antagonist binding, and
prevent conversion of high-affinity state DA receptors (D,Hi9) to their low-affinity state
(D, (Mishra et al. 1990;Srivastava et al. 1988;Verma et al. 2005). Furthermore, PLG
and PAOPA have been shown to potentiate rotational behaviour in the 6-hydroxy dopamine
lesion rat (Mishra et al. 1997;0tt et al. 1996;Smith and Morgan 1982), and inhibit
neuroleptic drug-induced vacuous chewing in rat models of human tardive dyskinesia
(Castellano et al. 2007;Sharma et al. 2003). Given the interaction between PAOPA and the
DA D, receptor, and the effects of PAOPA in preclinical animal models, the objective of
this study was to investigate whether this potent analog of PLG has an effect on MK-801-
induced social withdrawal in the rat.

2. Methods

2.1 Animals

Age-matched male Sprague Dawley rats (225 — 272 g), Charles River Canada, St. Constant,
QC, Canada) were tested in accordance with the Canadian Council for Animal Care
guidelines. Animals were housed individually in standard cages on a 12 hr light cycle in a
room maintained at 22°C with 50% humidity with access to food and water ad libitum.

2.2 Drugs and Administration Schedule

(+)-MK-801 ((+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate
salt) was purchased from Sigma-Aldrich (Oakville, ON, Canada). PAOPA was custom
synthesized at the University of Minnesota as previously described (Yu et al. 1988). All
drugs were dissolved in 0.9% saline. MK-801 was injected at 0.5 mg/kg, and PAOPA was
injected at 1 mg/kg. Four groups of rats were utilized and received daily injections
intraperitoneally (1.P.) for 7 days as follows: Group A (n=10) served as a control and was
injected with saline; Group B (n=10) received MK-801; Group C (n=10) received PAOPA,;
and Group D (n=10) received PAOPA followed 30 minutes later by MK-801.

2.3 Social Interaction

The following method was adopted from File (File 1980) and Sams-Dodd (Sams-Dodd
1998). Animals were tested 24 hrs after the last drug injection during the light cycle. Social
behavior was recorded in a black Plexiglass arena with dimensions 100 cm x 100 cm x 40
cm for a 5 min period via a ceiling mounted video camera. One rat was randomly marked
with non-toxic black marker for identification during analysis. Total time spent in
interaction was recorded (ms) for each rat and subdivided into active interaction (sniffing,
following, crawling under or over, grooming, and aggressive behaviour) or passive
interaction (close proximity). Members of each pair were not familiar with one another, with
each pair used only once per test. Recordings were analyzed by a blinded observer.
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2.4 Statistical Analysis

The amount of time spent in total interaction, in active or passive interaction, and the
number of active and passive interaction episodes, was recorded and analyzed by means of
one way analyses of variance (ANOVAs) with Tukey's post-hoc test.

3. Results

3.1 Sub-chronic treatment with MK-801 decreases social interaction in rats

Sub-chronic (7 day) treatment with MK-801 significantly decreased social behavior, as
reflected by decreases in total time spent in interaction (F(3,26) = 21.92, ***p < 0.0001,;
post-hoc, ***p < 0.001), time spent in passive interaction (F(3,25) = 8.464, ***p < 0.004;
post-hoc, ***p < 0.001), and the number of passive interaction episodes (F(3,26) = 7.648,
***p = 0.009; post-hoc, *p < 0.05) (FIGURE 2A-E). Interestingly, no significant reductions
in the amount of time spent in active interaction (F(3,27) = 10.29, ***p 0.0001; post-hoc, p
> 0.05) or the number of active interaction episodes were observed (F(3,28) = 8.621, ***p =
0.0003; post-hoc, p > 0.05) (FIGURE 2B, D). This evidence further validates that sub-
chronic treatment with MK-801 reliably models negative symptoms of schizophrenia as
demonstrated through social withdrawal.

3.2 Administration of PAOPA attenuates the effects of MK-801 on social behaviour

When administered 30 minutes before MK-801 challenge, PAOPA attenuated the deficits in
social interaction induced by the NMDA receptor antagonist (FIGURE 2A-E). More
specifically, animals spent significantly more time in total interaction (***p < 0.001), active
interaction (***p < 0.001), and passive interaction (*p < 0.05), and had significantly higher
numbers of active (**p < 0.01) and passive (**p < 0.01) interaction episodes relative to rats
challenged with MK801. Furthermore, PAOPA alone significantly increased the number of
active interaction episodes (*p < 0.05) when compared to saline-challenged animals
(FIGURE 2D).

4. Discussion

Sub-chronic (7 day) treatment with the non-competitive NMDA receptor antagonist
MK-801 induced deficits in social interaction, including decreased total time spent in
interaction, decreased time spent in active and passive interaction, and decreased number of
active and passive interaction episodes. Pre-treatment with PAOPA 30 minutes before
MK-801 challenge attenuated these effects, such that animals displayed normal social
behaviour. Furthermore, treatment with PAOPA alone increased the number of passive
interaction episodes when compared to control animals challenged with saline. These results
are consistent with previous reports on the ability of sub-chronic MK-801 challenge to
interrupt normal social behaviour (Rung et al. 2005;Sams-Dodd 2004), and suggest that
PAOPA may serve as a novel compound to treat the negative symptoms associated with
schizophrenia.

The ability of non-competitive NMDA receptor antagonists, such as MK-801, to induce
schizophrenic-like behavior provides evidence for dysregulated glutamatergic
neurotransmission in schizophrenia, which involves hypofunctionality of NMDA receptors
(Lahti et al, 2001) (Farber 2003;Laruelle et al. 2003). Pertinent to NMDA receptor activity,
a high degree of interaction exists between glutamate and DA neurotransmission. Striatal D,
receptor stimulation results in NMDA deficiency and decreased glutamate transmission,
whereas striatal D; receptor stimulation increases glutamate transmission (Laruelle et al.
2003). In addition, a significant reduction in DA transmission has been observed in rat
prefrontal cortex following sub-chronic administration of MK-801 (Jentsch et al, 1998).
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Ketamine and PCP have also been shown to possess similar levels of affinity for NMDA
receptors and DA D, receptors (Kapur and Seeman 2002).

Current treatment of schizophrenia with antipsychotic drugs (APDs), the majority of which
exert their action via dopamine D, receptor antagonism, is largely targeted toward treating
positive symptoms but has limited ability to treat the negative symptoms of this disorder
(Blin 1999). Interestingly, treatment with dopamine agonists have been shown to be
effective in treating negative symptoms (Benkert et al. 1995;Olbrich and Schanz
1988;Wetzel et al. 1994). PAOPA allosterically binds the DA D, receptor and has been
shown to increase the proportion of D,Hi9" states by preventing conversion to the D,LoW
state (Mishra et al. 1990;Verma et al. 2005). Our results demonstrate that treatment with
PAOPA prevents deficits in social interaction induced by MK-801 and increases social
behavior when administered alone. While the exact mechanism by which these behavioural
changes occur remains unknown, PAOPA's interaction with the D, receptor may induce
increased stimulation of this receptor by endogenous DA. Upon increased agonist
stimulation, most receptors are translocated from the cellular membrane to the cytosol by
endocytosis as a compensatory mechanism to prevent receptor overstimulation (Namkung et
al. 2009). This has been demonstrated for D, ligands such as quinpirole (Guo et al. 2010)
and 2-methoxy-N-propylnorapomorphine (Skinbjerg et al. 2009). Thus, PAOPA's
mechanistic action may involve internalization of D, receptors due to increased agonist
stimulation, thereby compensating for excess endogenous DA in the MK-801-induced
schizophrenic-like state.

In conclusion, PAOPA caused significant increases in social interaction and attenuated
MK-801-induced social deficits. These results suggest that peptidomimetics such as PAOPA
may improve the negative symptoms in schizophrenia.
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Figure 1.
Schematic structure diagram of PLG and its analogue, PAOPA.
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Graphs depicting social behaviour (mean + SEM) in saline-, MK-801-, MK-801+PAOPA
(#47)-, and PAOPA (#47)-injected animals after 7 days of drug challenge. (A) Total time
spent in interaction: F(3,26) = 21.92, ***p < 0.0001; (B) time spent in active interaction:
F(3,27) = 10.29, ***p 0.0001; (C) time spent in passive interaction: F(3,25) = 8.464, ***p <
0.004; (D) number of active interaction episodes: F(3,28) = 8.621, ***p = 0.0003; and (E)
number of passive interaction episodes: F(3,26) = 7.648, *** p = 0.009. Post-hoc: *p < 0.05,

**p < 0.01, ***p < 0.001. N=10/group.
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