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Abstract
Purpose—Repeated, intermittent administration of the psychotropic NMDA antagonist
phencyclidine (PCP) to laboratory animals causes impairment in cognitive and executive
functions, modeling important sequelae of schizophrenia; these effects are thought to be due to a
dysregulation of neurotransmission within the prefrontal cortex. Atypical antipsychotic drugs have
been reported to have measurable, if incomplete, effects on cognitive dysfunction in this model,
and these effects may be due to their ability to normalize a subset of the physiological deficits
occurring within the prefrontal cortex. Asenapine is an atypical antipsychotic approved in the US
for the treatment of schizophrenia and for the treatment, as monotherapy or adjunctive therapy to
lithium or valproate, of acute manic or mixed episodes associated bipolar I disorder. To
understand its cognitive and neurochemical actions more fully, we explored the effects of short-
and long-term dosing with asenapine on measures of cognitive and motor function in normal
monkeys and in those previously exposed for 2 weeks to PCP; we further studied the impact of
treatment with asenapine on dopamine and serotonin turnover in discrete brain regions from the
same cohort.

Methods—Monkeys were trained to perform reversal learning and object retrieval procedures
before twice-daily administration of PCP (0.3 mg/kg intramuscular) or saline for 14 days. Tests
confirmed cognitive deficits in PCP-exposed animals before beginning twice-daily administration
of saline (control) or asenapine (50, 100, or 150 μg/kg, intramuscular). Dopamine and serotonin
turnover were assessed in 15 specific brain regions by high-pressure liquid chromatography
measures of the ratio of parent amine to its major metabolite.

Results—On average, PCP-treated monkeys made twice as many errors in the reversal task as
did control monkeys. Asenapine facilitated reversal learning performance in PCP-exposed
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monkeys, with improvements at trend level after 1 week of administration and reaching
significance after 2–4 weeks of dosing. In week 4, the improvement with asenapine 150 μg/kg
(p=0.01) rendered the performance of PCP-exposed monkeys indistinguishable from that of
normal monkeys without compromising fine motor function. Asenapine administration (150 μg/kg
twice daily) produced an increase in dopamine and serotonin turnover in most brain regions of
control monkeys and asenapine (50–150 μg/kg) increased dopamine and serotonin turnover in
several brain regions of subchronic PCP-treated monkeys. No significant changes in the steady-
state levels of dopamine or serotonin were observed in any brain region except for the central
amygdala, in which a significant depletion of dopamine was observed in PCP-treated control
monkeys; asenapine treatment reversed this dopamine depletion. A significant decrease in
serotonin utilization was observed in the orbitofrontal cortex and nucleus accumbens in PCP
monkeys, which may underlie poor reversal learning. In the same brain regions, dopamine
utilization was not affected. Asenapine ameliorated this serotonin deficit in a dose-related manner
that matched its efficacy for reversing the cognitive deficit.

Conclusions—In this model of cognitive dysfunction, asenapine produced substantial gains in
executive functions that were maintained with long-term administration. The cognition-enhancing
effects of asenapine and the neurochemical changes in serotonin and dopamine turnover seen in
this study are hypothesized to be primarily related to its potent serotonergic and noradrenergic
receptor binding properties, and support the potential for asenapine to reduce cognitive
dysfunction in patients with schizophrenia and bipolar disorder.
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1. Introduction
The cognitive symptoms of schizophrenia remain a target of intensive research, both to
uncover the relevant pathophysiological determinants and to highlight potential
pharmacotherapeutic strategies. The problems of poor memory and attention, impaired
executive and verbal functions and deficits of psychomotor and sensory capabilities combine
to dramatically impair psychosocial function in schizophrenia (Kalkstein et al., 2010);
however, little is known about how to achieve more than extremely modest gains in these
domains. This lack of knowledge is due, in part, to poor insight into the disease processes
that ultimately lead to these cognitive problems.

The success of efforts to enhance cognition in schizophrenia depends, to some extent, on the
availability of pre-clinical models that sufficiently represent the relevant disease features to
permit invasive and/or exploratory research not possible in humans (Castner et al., 2004;
Floresco et al., 2005; Green and Braff, 2001; Hagan and Jones, 2005; Jentsch, 2003;
Robbins, 2005). Non-human primate models are of particular interest, inasmuch as they can
be assessed for cognitive functioning using tasks with both face and construct validity.

An influential model for the pathophysiologic mechanisms in schizophrenia posits that low
activity of the N-methyl-D-aspartate/glutamate (NMDA) receptor is a critical component of
the disease process. This model is based, in part, upon the fact that in otherwise normal
humans, acute administration of NMDA receptor antagonists (such as phencyclidine [PCP]
and ketamine) provoke profound cognitive impairments similar to those observed in
schizophrenia (Krystal et al., 1994; Malhotra et al., 1997; Malhotra et al., 1996; Newcomer
et al., 1999; Umbricht et al., 2000). Importantly, the administration of these agents to
monkeys performing complex cognitive tasks results in very similar impairments (Taffe et
al., 2002).
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Our own work has identified the emergence of deficits of prefrontal cortical cognitive
functions after long-term administration of PCP to monkeys. There is relevant evidence that
chronic PCP ingestion in humans produces persistent psychotomimetic effects that outlast
the direct effects of the drug, and continue to be present after prolonged discontinuation of
drug use (Allen and Young, 1978; Rainey and Crowder, 1975). Previous behavioral studies
have suggested that following long-term exposure to PCP there are impairments on frontal
lobe-dependent task in rats and monkeys, and that these deficits are specific in that basic
sensory motivational and motoric processes are unaffected by the drug (Jentsch et al., 1998a;
Jentsch et al., 1997b; Jentsch et al., 2000). These impairments appear to depend upon a
decline in dopaminergic transmission which is secondary to the low NMDA receptor
function (Jentsch et al., 1997b; Jentsch and Roth, 1999; Jentsch et al., 2000; Tsukada et al.,
2005). This model has also been pursued using rodents as subjects, with mixed results
(Abdul-Monim et al., 2006; Andersen and Pouzet, 2004; Deschenes et al., 2006; Fletcher et
al., 2005; Hashimoto et al., 2007; Hashimoto et al., 2005; Jentsch and Taylor, 2001; Laurent
and Podhorna, 2004; Marquis et al., 2003; Rodefer et al., 2005; Schwabe et al., 2006;
Stefani and Moghaddam, 2002). However, the effects of PCP may depend on testing
subjects in procedures that maximize demands upon flexible responding (e.g., reversal
learning, continuous alternation tasks). If this hypothesis is correct, the PCP model may
represent a powerful approach for dissecting the mechanisms underlying perseverative
responding in schizophrenia.

Atypical antipsychotic drugs produce small gains in reversal learning and object retrieval in
chronic PCP-exposed monkeys (Jentsch, 2003). Asenapine is an atypical antipsychotic
approved in the United States for the treatment of schizophrenia and the acute treatment, as
monotherapy or adjunctive therapy to lithium or valproate, of manic or mixed episodes
associated with bipolar I disorder (Merck, 2010). In the European Union, asenapine is
indicated for the treatment of moderate to severe manic episodes associated with bipolar I
disorder in adults (European Medicines Agency, 2010). It has been reported that asenapine
improves positive and negative symptoms in patients with schizophrenia at least as
effectively as risperidone (Potkin et al., 2007). Asenapine is derived from a chemical
template different from that of currently available antipsychotics and has a human receptor
signature and functional activity profile different from those of available antipsychotic
agents (Figure 1). Asenapine is a multi-target agent with relatively higher affinity for
serotonin (5-hydroxytryptamine, 5HT) and noradrenergic receptor subtypes compared to
dopamine (DA) and histamine and in particular muscarinic cholinergic receptors, with its
most potent interactions at 5HT2A and 5HT2C receptors. In vitro assessments have shown
that asenapine acts as an antagonist at monoamine and histamine receptors (Shahid et al.,
2009). Although the receptor profile of asenapine is similar in many respects to clozapine,
asenapine differs most strikingly from clozapine in its diminished affinity for muscarinic
receptors relative to its D2 potency (Shahid et al., 2009).

In this study, we explored the effects of short- and long-term asenapine dosing, producing
therapeutically relevant plasma concentrations, on reversal learning and object retrieval in
normal and chronic PCP-exposed monkeys. By assessing the behavioral and neurochemical
impact of asenapine in our PCP primate model, we evaluated the potential mechanisms that
might be attributed to the beneficial effects of asenapine in schizophrenia.

To examine this point, we measured the effects of 2 weeks of dosing with PCP (or saline) on
performance of a test of discrimination learning and reversal in monkeys. This test contains,
within a single session, measures of simple stimulus-reward learning and response
flexibility; importantly, patients with schizophrenia exhibit selective deficits when tested on
similar reversal learning tasks (Waltz and Gold, 2007). We also assessed performance of a
test of simple response inhibition, the object retrieval/detour task, in the same subjects based
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upon our earlier finding that this task is impacted by subchronic PCP administration (Jentsch
et al., 2000). After completion of the behavioral assessment, the impact of this treatment on
DA and 5HT turnover in discrete brain regions was measured ex vivo 28 days after initiation
of asenapine or saline treatment and 2 hours following the last treatment.

This study used adolescent monkeys for two reasons. First, adolescence appears to be the
period when the final neuronal changes that will ultimately underlie schizophrenia occur
(Lewis and Levitt, 2002). Additionally, several reports now indicate that developmental
exposure to PCP produces more persistent and dramatic behavioral and molecular changes
(Schwabe et al., 2006; Stefani and Moghaddam, 2005; Thomsen et al., 2010).

2. Materials and Methods
2.1. Animals

Male and female adolescent vervet monkeys (Chlorocebus aethiops sabeus) at the St. Kitts
Biomedical Research Foundation were used in these studies. The monkeys were individually
housed in stainless steel primate cages in an open-air, but covered, facility. Individual
housing was required because of the need to test animals in their home cages without
disruptions from other subjects. Therefore, they experienced a natural day/night cycle. All
subjects were maintained with ad libitum water and a diet of monkey chow. The monkeys
were fed only after behavioral testing, which allowed a maximal interval until the following
day of study. In addition, highly palatable reward items (banana slices and apple bits) were
used to motivate performance. Therefore, caloric restriction was not required. Testing was
always conducted during the day (between 8:30 am and 4:30 pm) and artificial lights were
never turned on after dark. Studies were approved by our Institutional Animal Care and Use
Committee. No distressful effects of PCP were observed at the dosage used in this study.
The number of animals used was the minimum required to obtain scientifically valid data.

2.2. Habituation and Pre-Training
After a period of approximately 6 weeks of individual housing, the initial training began.
Initially, the subjects were shaped to reach out of their cages to retrieve palatable food items
(banana slices or apple bits) from the hands of the experimenters.

Once the animals were habituated to the experimenters, a portable Wisconsin General Test
apparatus (WGTA) was fitted to the animals’ cage for treat delivery. The WGTA fit flush
against the front of the cage and was equipped with an opaque screen that could be lowered
and raised by the experimenter. The WGTA was positioned on the cage such that the screen
was immediately in front of the cage door, which was opened during testing. The WGTA
was also equipped with a tray with 3 equally spaced food wells that were positioned
opposite the monkey; therefore, when the screen was open, the animal could reach out and
manipulate items placed upon the tray or within its food wells.

The subjects were next trained to reach out and obtain food items placed within the food
wells and subsequently to displace novel objects that were partially or completely
concealing a food item hidden within the food well. This initial training took between 2 and
4 days of exposure.

2.3. Visual Discrimination Acquisition and Reversal
Subsequently, training on the visual discrimination task (Jentsch et al., 2002) began. In three
consecutive daily sessions, the monkeys were tested for the acquisition of a novel
discrimination. On the first trial, the screen was raised and the animal was presented with
three distinctive objects they had never seen before, each of which concealed a food well.
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The objects were chosen to be roughly the same size but of different colors, patterns and
shapes.

The food well was baited and the objects were arranged only when the opaque screen was
lowered. For each animal, 1 of the objects concealed a hidden food reward (termed stimulus
A+). The other 2 objects never concealed a food reward (termed B− and C−). On all the trials
within a daily session, the monkey was allowed to reach out and displace 1 single object. If
it selected A+, it was allowed to retrieve it before the screen was lowered. If the animal
selected B− or C−, it was allowed to view the empty well and the screen was quickly
lowered. A total of about 10 seconds separated each trial, during which time the
experimenter recorded data from the previous trial, the position of the objects was re-
arranged and the appropriate well was baited. The relative spatial placements of the three
objects were pseudo-randomly varied across all trials to ensure that spatial position could
never be used to solve the discrimination task.

Each of these initial test sessions consisted of both a search phase and an acquisition phase.
The search phase consisted of all the trials up to and including the first selection of A+. The
acquisition phase consisted of all the subsequent trials. The acquisition phase was complete
when 1) the monkey successfully chose A+ on at least 7 out of 10 consecutive trials or 2) a
total of 40 trials were delivered. The animals were trained on 3 different discriminations in
the first three days of training.

Next, the animals were trained on the first within-session acquisition and reversal session. In
this condition, the animals were first exposed to 3 novel objects and allowed to first select
A+ across consecutive trials (acquisition search phase) and then continue performing under
that contingency until they achieved 7 correct responses of that stimulus within 10
consecutive trials (acquisition phase). At this point, the reversal component of the task
began; the reward was now placed under 1 of the initially negative stimuli, and stimulus A
was now unreinforced (e.g., A−, B+, C−). The subjects were allowed to choose a single
object per trial until they first selected the now reinforced stimulus (reversal search phase).
After that, the animals were tested with the reversal contingency until 1) they achieved at
least 7 correct choices on 10 consecutive trials or 2) 20 trials elapsed. For both the
acquisition and reversal search phases, the maximum number of trials was set to 10; if the
subject failed to select the reinforced object within 10 trials, it was, on the 10th trial, allowed
to displace as many objects as necessary until it found the reward.

Dependent measures collected in each of these sessions included: 1) the number of errors
made before first selecting the correct object in the acquisition search phase, 2) the number
of trials required to achieve acquisition criterion after the first correct choice, 3) the number
of errors made before first selecting the correct object in the reversal search phase, and 4)
the number of trials required to achieve reversal criteria after the first correct choice.

After the initial exposure period, the within-session acquisition and reversal design was
repeated daily with a novel set of objects until the subjects were regularly achieving both the
acquisition and reversal criteria on a daily basis. This required 3 to 9 days of subsequent
training.

2.4. Object Retrieval/Detour Task
Next, the animals were exposed to the basic contingencies of the object retrieval/detour task
(Jentsch et al., 1997b; Jentsch et al., 2000; Taylor et al., 1990). In this task, a transparent
Plexiglas cube with one open face is fitted to the tray. Rewards are inserted into the cube
through the open face, which can be directed towards or to the right or left of the monkey. In
addition, the position of the cube on the tray (left, right or middle) can be varied. The key to
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this task is that, when the open face is directed towards the monkey, it simply follows its line
of sight in order to retrieve the reward (sensory-guided responding). However, if the open
face is directed to the left or right and the reward is placed deep into the cube, the animal
sees the reward directly in front of it but must reach around the transparent barrier to retrieve
it. Therefore, there is a conflict between its sensory input and its acquired knowledge of the
task. Without any training, all monkeys reach directly at the transparent face, rather than
negotiating the barrier. However, over time, control monkeys acquire the ability to quickly
(in one reach) negotiate the barrier to retrieve their reward, while chronic PCP-treated
monkeys have difficulty in acquiring this ability (Jentsch et al., 2000).

In a single baseline session, the animals were exposed to a total of 10 object retrieval/detour
trials. Of these 10 trials, 4 involved direct reaches in which the open face of the box was
directed towards the animal, 4 involved trials in which the box was directed to the left or
right but the reward was placed such that it emerged from the box somewhat and 2 involved
trials in which the open face was directed to the left or the right and the reward was placed
within the cube. This session was introduced to expose the animals to the basic task
contingencies and to the cube.

Three dependent measures were collected: the numbers of successful trials, completed trials
and omissions. Because animals were allowed to make as many reaches as necessary to
retrieve the reward, all trials were either completed or an omission was scored when no
response was made within 2 min. The sum of the number of correct trials and omissions was
therefore the number of total available trials per day. Success was scored only when a trial
was completed with one single reach (no errors) and therefore reflected the ability to inhibit
the pre-potent response (direct reach) and the accurate deployment of the detour reaching
strategy.

2.6 Group Assignments
Group assignments were then made. Data for reversal performance on the final 2 days of the
baseline testing period were combined, and these results were used to construct the drug
treatment groups, which were balanced with respect to pre-drug performance. The
dependent measures used to construct balanced groups were reversal search errors and trial
to criteria in reversal.

2.7. Chronic PCP Exposure Period
After all pre-training was completed, the monkeys entered the subchronic PCP treatment
period (Jentsch et al., 1997b). Of the monkeys reported here, 16 received twice-daily
intramuscular injections with sterile, isotonic saline (0.1 ml/kg). The remaining monkeys
were injected twice-daily with phencyclidine hydrochloride (Sigma, St Louis MO; 0.3 mg/
kg); the drug was dissolved in sterile saline and delivered intra-muscularly. The injections
were delivered for 14 consecutive days at ~7:30 am and ~4:30 pm. As expected, no
distressful effects of PCP treatment were observed at this dose.

2.8. Asenapine Treatment
All the subjects described here received twice-daily intramuscular injections of saline or
asenapine (50, 100, or 150 μg/kg) for the 4 weeks following the PCP treatment period. No
adverse effects of asenapine treatment were observed and the final dose of saline or
asenapine was administered 1 hour before tissue collection.

2.9. Post-PCP Testing
Animals were tested 5 days per week for up to 26 days after the last PCP treatment. On
Mondays and Thursdays, they were assessed for the acquisition and reversal of a novel
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discrimination. On Tuesdays and Fridays, they were tested on the object retrieval/detour task
(data not shown).

2.10. Tissue Collection and Analyses
Euthanasia was carried out after injection of an overdose of pentobarbital. Brains were
perfused with cold saline, and the following regions dissected, then frozen, from 4 mm
sections: dorsolateral prefrontal cortex (DLPFC; area 46), medial prefrontal cortex (area 9),
orbital frontal cortex (area 12), prelimbic cortex (area 32), supplementary motor area (area
6M), infralimbic cortex (area 25), premotor cortex (area 6V), frontal eye (area 8A), primary
motor cortex (area 4), entorhinal cortex (olfactory), caudate nucleus, putamen, nucleus
accumbens, amygdala, hippocampus. Tissue samples were sonicated and extracted on an
alumina column prior to high performance liquid chromatography (HPLC) electrochemical
detection analysis for DA. A portion of the supernatant was used for direct injection (no
alumina separation) on HPLC column for separation of 5HT, 5-hydroxyindoleacetic acid
(5HIAA) and homovanillic acid (HVA) (Elsworth et al., 1996; Elsworth et al., 1989).

2.11. Statistical Analyses
Group differences between animals treated with either saline-only or PCP-only were
examined with independent samples t-tests (Statview, SAS Institute Inc.); unless otherwise
noted, these were two-tailed tests. Analysis of the effects of asenapine on group means of
behavioral data were performed with 1-factor or 2-factor ANOVA, as appropriate, followed
by post-hoc tests, using p< 0.05 as significant.

The statistical approach for analysis of the neurochemical effects of asenapine was based on
planned comparisons between mean values in specific groups. The comparisons were based
on the behavioral data. Firstly, as a relevant neurochemical change that contributed to the
PCP-induced cognitive deficit would be reflected in a difference (increase or decrease)
between the group treated with only saline (SAL-SAL) and the group treated only with PCP
(PCP-SAL), mean values from these 2 groups were initially compared. Secondly, as a
neurochemical change that was involved in restoration of cognitive performance would be
shown by a reversal of the change induced by PCP (PCP-SAL) by the group treated with
150 μg/kg asenapine (PCP-ASE150), mean values from these 2 groups were compared.
PCP-treated animals given lower doses of asenapine (50 or 100 μg/kg) did not exhibit
significant behavioral improvement, so PCP-ASE150 was the only group that displayed
significant behavioral improvement. Thus, planned comparisons of these 2 pairs of group
means (df =1) were performed by contrast analysis following an overall ANOVA, using a
general linear modeling program (“SuperAnova”, Abacus Concepts, Berkeley, CA).

3. Results
3.1. Behavioral deficits in the PCP model

3.1.1. Reversal Learning—We first examined whether PCP administration successfully
produced cognitive deficits, as expected, by comparing performance of control and PCP-
exposed monkeys (n=8/group) on the discrimination acquisition and reversal task across the
7 post-PCP assessments. Repeated measures ANOVA (between subjects factor: treatment
group; within subjects factor: time) demonstrated main effects of treatment group and a
treatment group x time interaction for reversal search errors (treatment group: F(1,14)=105.8,
p<0.0001; group x time: F(6,14)=3.0, p=0.01) and trials to criteria in reversal (treatment
group: F(1,14)=6.3, p=0.03; group x time: F(6,14)=3.4, p=0.005). Neither acquisition search
errors, nor trials to criteria in acquisition, demonstrated similar effects or interactions (all
Fs<1.8, p>0.05). Based upon these results, we further examined reversal learning
performance during each of the post-PCP administration weeks of testing.
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One week after the last dose of PCP or saline, PCP-exposed monkeys made more errors
before first selecting the newly-reinforced object in reversal (Figure 2; reversal search
errors; t14=−2.91, p=0.01) and required more trials overall to reach criteria in reversal (t14=
−2.8, p=0.040. The same was true at 2 weeks post-PCP, the drug-treated subjects again
made some reversal search errors (Figure 2; t14=−7.78, p<0.001) and needed more trials to
reach criteria in reversal (t14=−3.27, p=0.006) than the saline subjects. By 3 weeks after the
last dose of PCP, impairments were still measurable; PCP-treated monkeys made more
reversal search errors (Figure 2; t14=−4.23, p<0.001), though they no longer required more
trials, overall, to reach criteria after selection of the positive object. In the fourth week, PCP-
exposed monkeys still made more reversal search errors than did saline controls (Figure 2;
t=−3.07, p=0.008); trials to criteria in reversal were not affected by chronic dosing with PCP
at this time point (t14=1.59, p=0.15).

3.1.2 Object Retrieval/Detour (data not illustrated)—Object retrieval/detour is an
acquisition task which tests the ability to learn a cognitively, as opposed to visually-guided,
reach strategy. Consistent with this, damage to the frontal cortex or chronic PCP exposure
produced transient acquisition deficits in the object retrieval/detour task (Jentsch et al.,
2000; Wallis et al., 2001). In this study, the main effect of treatment group on the measure of
success narrowly missed statistical significance (F(1,14)=3.9, p=0.06) and there was no
treatment x time interaction (F(6,14)=0.9, p=0.47). In the first week after the last dose of
PCP, the PCP-treated subjects completed fewer trials in 1 reach than their saline-treated
counterpart (t14=2.6, p=0.02). There were no group differences at later time points of
assessment. Numbers of omissions were not modulated by chronic treatment at any time
point, suggesting that both groups were equally motivated to perform the task.

3.2. Effects of asenapine on behavior in the PCP model
A number of animals that received daily dosing with asenapine did not complete 1 or more
reversal learning session (6 of 8 animals dosed with asenapine 150 μg/kg after chronic
saline; 1 of 8 animals dosed with asenapine 50 μg/kg after chronic PCP; 3 of 8 animals
dosed with asenapine 100 μg/kg after chronic PCP; and 3 of 8 animals dosed with asenapine
150 μg/kg after chronic PCP); a full within subject analysis was impossible because of the
missing cells. Because most animals completed at least one reversal learning assessment
each week, we averaged the dependent variables for the two test sessions in each week for
each subject. Using this strategy, we still had a few animals with empty cells. For this
reason, ANOVA results relate to the remaining subjects for which there were data available
in each week.

Because reversal search errors and trials to criteria in reversal were the measures modulated
by chronic PCP treatment, the primary analyses focused on these measures. For reversal
search errors, ANOVA with treatment group as the between subjects factor and week as the
within subjects factor showed a main effect of group (F(5,39)=8.3, p<0.0001) and a
significant group x week interaction (F(15,117)=1.9, p=0.03). Post hoc Tukey HSD tests
revealed that the chronic PCP group not treated with asenapine differed from all other
groups (mean differences of 2.4–3.2, all ps<0.002); none of the remaining groups (the
saline-only controls, the saline controls treated with asenapine 150 μg/kg or any of the PCP-
exposed monkeys subsequently treated with any dose of asenapine) differed from one
another (all mean differences < 1, all ps>0.05) for reversal search errors. For total trials to
criteria in reversal, once again, ANOVA revealed a main effect of treatment group
(F(5,36)=3.0, p=0.02) and a significant group x week interaction (F(15,108)=2.3, p=0.007).
Tukey HSD did not identify reliable group differences for this dependent variable.
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Our exploratory analyses focused on potential group differences in performance at the end
of treatment, in week 4. As shown in Figure 3, PCP-exposed monkeys that were not treated
with asenapine made more reversal search errors than did saline-only controls (t14=−3.1,
p=0.01). Treatment with asenapine 150 μg/kg after chronic PCP fully reversed this deficit
(t14=4.0, p=0.001). The lower doses produced intermediate effects, consistent with dose
responsivity of the modulation of reversal learning.

For completeness, we also examined acquisition search errors and trials to criterion in
acquisition across this period. Neither measure exhibited a main effect of group, nor a group
x week interaction (all Fs<2.2, all ps>0.05).

The effect of asenapine on the ORD task was not evaluated, as the PCP-induced impairment
on this task was only evident for 1 week following PCP treatment.

3.3. Effects on asenapine on neurochemistry in controls
In animals not treated with PCP, chronic twice-daily treatment with asenapine (150 μg/kg)
significantly elevated DA and 5HT turnover in a number of cortical and subcortical brain
regions (Table 1); no significant changes were found in other examined brain regions (not
shown).

3.4. Neurochemical effects in the PCP model
Our prior studies have demonstrated a selective deficit in DA turnover in DLPFC and
prelimbic cortex at 1–2 weeks after PCP treatment in our non-human primate PCP model
(Jentsch et al., 1997b; Jentsch et al., 1999). Even after 28 days, a lower but significant
deficit in DA utilization was still present in the DLPFC (t14=1.98, p<0.05), yet in the
prelimbic cortex the decrease was no longer evident (Figure 4). In the orbital frontal cortex
and nucleus accumbens DA utilization was not affected (Figure 4). No significant changes
were observed in other examined cortical or subcortical regions at either time after PCP
treatment.

Surprisingly, we found a significant lowering of 5HT utilization in PCP-treated monkeys in
the orbitofrontal cortex (t14=2.2, p<0.05) and nucleus accumbens (t14=2.8, p<0.05) (Figure
5), and an increase in the amygdala (t14=2.8, p<0.05). In our published studies in adult
monkeys, no significant changes in 5HT turnover were noted in any brain region examined
(Jentsch et al., 1997a; Jentsch et al., 1999). Serotonin turnover was not affected by PCP in
other examined cortical or subcortical brains regions.

No significant PCP-induced changes in the steady-state levels of DA or 5HT were observed
in any brain region, except for the central amygdala in which DA level was reduced (see
below).

3.5. Effects of asenapine on neurochemistry in the PCP model
Asenapine elicited an increase in DA turnover in many brain regions of subchronic PCP-
treated monkeys (not shown), but data are shown only for the region (DLPFC) in which
there was a significant reversal by asenapine of a PCP-induced decrease in DA turnover.
Figure 6 illustrates the impact of asenapine on DA turnover in the DLPFC of control and
PCP-treated monkeys. While no difference in DA turnover was revealed by contrast analysis
between mean values for the PCP-SAL and SAL-SAL groups, an unpaired t-test between
these group means, to test whether the PCP-induced decrease found at 1-week was
maintained at 4-weeks after PCP, was significant [t(14)=1.9, p<0.05]. Contrast analysis
showed that the mean of the PCP-ASE150 group was higher than for PCP-SAL [F=3.2,
p<0.05], illustrating that a behaviorally relevant dose of asenapine increased DA turnover in
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DLPFC. In central amygdala, contrast analysis showed that the DA level (not turnover) was
reduced in the PCP-SAL group compared with the SAL-SAL group [F=6.7, p<0.05], and
DA level was increased above the mean value for the PCP-SAL group by PCP-ASE150
[F=5.5, p<0.05] (Figure 7).

Asenapine elicited a change in 5HT turnover in many brain regions of subchronic PCP-
treated monkeys (not shown), but data are shown only for the regions (orbital frontal
cortex], nucleus accumbens, and amygdala) in which there was a significant reversal by
asenapine of a PCP-induced change in 5HT turnover. In lateral orbital cortex [Figure 8]
contrast analysis revealed that 5HT turnover was reduced in the PCP-SAL group compared
with the SAL-SAL group [F=4.3, p<0.05], and 5HT turnover was increased above the mean
value for the PCP-SAL group by PCP-ASE150 [F=5.2, p<0.05]. In addition, contrast
analysis demonstrated that in nucleus accumbens [Figure 9] 5HT turnover was reduced in
the PCP-SAL group compared with the SAL-SAL group [F=4.0, p=0.05], and that 5HT
turnover was increased above the mean PCP-SAL value by PCP-ASE150 [F=7.4, p<0.05]. It
is noteworthy that in the amygdala [Figure 10], 5HT turnover was increased in the PCP-SAL
group compared with the SAL-SAL group [F=17.0, p<0.0005], and 5HT turnover was
reduced below the mean PCP-SAL value by PCP-ASE150 [F=7.1, p<0.05].

4. Discussion
This study found that following 2 weeks of PCP treatment, significant deficits in reversal
learning occurred and were sustained for up to 4 weeks in monkeys. These deficits in
executive function were reversed by asenapine treatment initiated after PCP exposure. The
reversal of PCP-induced cognitive dysfunction by asenapine was paralleled by changes in
serotonin and dopamine turnover in lateral orbital cortex, dorsolateral prefrontal cortex,
nucleus accumbens and amygdala.

4.1 PCP-induced behavioral deficits
Two weeks of dosing with the psychotomimetic drug PCP produces a fairly persistent defect
in the ability to respond flexibly in a reversal learning task in monkeys. The impairments in
reversal learning were indicated by the increase in the number of reversal search errors;
these are the errors the animal makes immediately after the switch. Generally, the total
number of reversal search errors is a function of the number of perseverative responses the
animal makes to the initially reinforced stimulus. All the errors described in the analysis are
“choice errors”, meaning that a response was made. Therefore, a change in motivation level
could not have accounted for the differences in reversal search errors. Throughout the first 2
weeks of testing post-PCP, drug-exposed animals also required more trials to reach criteria
after the first correct choice; this effect was likely due to a re-emergence of perseverative
responses even after making a selection of the now-reinforced object. Collectively, these
data suggest that repeated exposure to PCP produces a deficit in the ability to change or
update behavior in this task similar to that reported in patients with schizophrenia (Waltz
and Gold, 2007).

These impairments are consistent with observations indicating reversal learning deficits in
rodents after subchronic exposure to PCP (Abdul-Monim et al., 2006; Jentsch and Taylor,
2001; Laurent and Podhorna, 2004); see also (Fletcher et al., 2005; Rodefer et al., 2005).
Taken with the learning deficits in the object retrieval/detour task, with no obvious motor or
motivational impairments, these data indicate that, under a certain set of dosing conditions,
long-term exposure to PCP erodes the ability of subjects to adaptively alter their behavioral
strategies in order to obtain reward; rather, they are more likely to perseveratively emit
innate or well-learned, conditioned responses despite the fact that those responses no longer
gain them desired outcomes (e.g., reward). These impairments are qualitatively similar to
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those exhibited by patients with schizophrenia (Crider, 1997; Klingner et al., 1972; Kopp
and Rist, 1994; Oades, 1997) and patients with inferior frontal or orbitofrontal damage
(Berlin et al., 2004; Fellows and Farah, 2003; Frank and Claus, 2006; Rolls, 2004).

4.2. Behavioral Basis of Poor Reversal Learning
Several different forms of behavioral dysfunction could theoretically contribute to the poor
reversal learning in PCP-exposed monkeys. First, PCP could affect the ability of the subjects
to adequately process the complex visual features of the cues (a perceptual deficit); this is
not, however, an adequate explanation of our results since such an effect would be predicted
to lead to generally poor discrimination learning and performance, affecting acquisition and
reversal equally, and this outcome was not found. Second, a decline in motivational function
could lead to reversal learning deficits, but none of the measures of index motivation (trials
completed/omissions committed in the discrimination and object retrieval tasks, total
number of rewards retrieved in the fine motor task) differentiated PCP and control subjects,
eliminating this as a possibility. Third, PCP-exposed animals could exhibit a general defect
in their ability to learn about the associative relationships between the discriminanda and
reward; however, this is also not a parsimonious explanation of our results because there
were no group differences in the ability to learn a novel visual discrimination (i.e., no
impairments in acquisition), even though this phase of the task equally relies upon a
subject’s ability to acquire Pavlovian relationships.

Finally, the deficits in reversal learning could be attributed to an inability to inhibit the
previously learned response when the rules change in the task. This possibility is supported
by a significant amount of data. Generally, the increased errors in reversal in PCP-exposed
monkeys were limited to the reversal search phase, when the interference from the
previously learned rule is strongest. Additionally, the deficit was specific to reversal, as
opposed to acquisition, and the need to inhibit a previously learned response is one of the
few factors that differentiate these two conditions. Finally, the learning defect in the object
retrieval/detour task, where subjects need to inhibit the innate tendency to reach directly for
the reward in order to learn the detour reaching strategy, also supports a failure of response
inhibition in these subjects. Taken together, we propose that subchronic PCP exposure
specifically impairs tasks that require response inhibition and may therefore have greater
effects on any task that requires response alternation or switching. This proposal clearly
requires additional study in rodent and non-human primate models.

4.3. Neuroanatomical and Neurochemical Considerations
Observational studies in humans and experimental studies in non-human primates have
implicated the inferior frontal/orbitofrontal cortex as a critical substrate underlying reversal
learning (Dias et al., 1996; Fellows and Farah, 2003; Rolls, 2004; Schoenbaum et al., 2002)
or other tasks involving response inhibition (Aron et al., 2004; Iversen and Mishkin, 1970;
Wallis et al., 2001). The inferior frontal cortical regions involved in reversal learning and
response inhibition may exert their actions through corticostriatal projections (Rogers et al.,
2000; Schwartzbaum and Donovick, 1968) or through the so-called hyper-direct pathway
(Aron and Poldrack, 2006; Winstanley et al., 2005); the latter circuit has been identified
through studies that emphasize rapidly stopping responses. Recent work suggests that the
hyper-direct pathway is functionally associated with goal-directed interruption of global
behavioral output, rather than selective inhibition of particular responses (Majid et al.,
2011). In the case of reversal learning, the task requires the selective withholding of only
one response, with other behaviors still being required to gain access to the desired outcome,
possibly relying to a greater degree on cortical innervation of the striatum.
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Although the exact role of DA within frontal cortex on reversal learning is unclear,
behavioral pharmacological data do clearly implicate DA D2-like receptor mediated
signaling in reversal learning (Lee et al., 2007). Of course, these effects need not be
mediated through DA mechanisms within the frontal cortex. Long-term exposure to PCP
dysregulates both cortical and subcortical DA transmission (Balla et al., 2001; Jentsch et al.,
1997b; Jentsch et al., 1999; Jentsch et al., 1997c; Noda et al., 2000). In that sense, there are
multiple potential mechanisms by which reversal learning impairments may arise in PCP-
exposed monkeys (Jentsch and Roth, 1999).

Recent experiments have demonstrated that serotonergic, rather than dopaminergic,
denervation of monkey frontal cortex impairs the ability to respond flexibly in a reversal
learning task (Clarke et al., 2004; Clarke et al., 2005; Clarke et al., 2007) or in an object
retrieval/detour task (Walker et al., 2006). Serotonin is strongly implicated in the ability to
shift behavior in response to changing stimulus-reward contingencies. Converging evidence
from a number of studies has implicated 5HT innervation of the orbitofrontal cortex in the
behavioral flexibility necessary for the reversal learning task (Boulougouris et al., 2007;
Chudasama and Robbins, 2003; Rolls, 2004). Remarkably, in the current study we found a
significant lowering of 5HT utilization in the orbitofrontal cortex in PCP monkeys, which
may be a mechanism underlying poor reversal learning (Clarke et al., 2005; Robbins and
Roberts, 2007). In the same brain region, DA utilization was not affected.

4.4 Asenapine reversal of PCP-induced behavioral and neurochemical deficits
Daily treatment with asenapine (150 μg/kg) for 4 weeks following PCP administration fully
reversed the search errors in the reversal learning task. The lower doses of asenapine (50 and
100 μg/kg) produced intermediate effects that are consistent with dose responsivity in the
modulation of reversal learning.

Asenapine ameliorated the PCP-induced 5HT deficit in orbitofrontal cortex in a dose-related
manner that paralleled the reversal of the behavioral impairment. A deficit in 5HT turnover
was also found in the nucleus accumbens, which was attenuated by chronic asenapine
treatment. As the nucleus accumbens appears to play a role in reversal learning (Cardinal et
al., 2001; Masaki et al., 2006; Stern and Passingham, 1995), restoration of the 5HT deficit in
this brain region could also be important in for the behavioral effects of asenapine.

Although the mechanism by which asenapine reverses the 5HT turnover deficit in the
orbitofrontal cortex is unclear, recent data support the view that 5HT2C receptors play a role
in cognitive flexibility and response inhibition (Boulougouris et al., 2008). The improved
performance in reversal learning following 5HT2C antagonism suggests the possibility that
these receptors may be involved in the ability of asenapine to ameliorate the reversal
learning deficits observed in this study. However, the relatively high occupancy of 5-HT2A
compared with the D2 receptor may be critically important for some atypical antipsychotic
drug actions, such as low extrapyramidal symptoms and efficacy in treatment-resistant
cognitive deficits of schizophrenia (Boulougouris et al., 2008; Meltzer, 1989; Meltzer and
Huang, 2008; Meltzer et al., 2003). This selective action on 5HT subtypes may in part
explain the attenuation of the reversal learning deficit and restoration of 5HT turnover in the
orbital frontal cortex and nucleus accumbens in the monkey PCP model. 5-HT2A receptor
blockade has, for example, been reported to be a key mechanism for alleviating, in part,
negative symptoms in schizophrenia (Lane et al., 2005; Marquis et al., 2003), while other
evidence also lends support to a role for the 5-HT2C receptor in this regard (Reynolds et al.,
2005). The combined potent 5-HT2A- and 5-HT2C-receptor blockade of asenapine may
therefore provide a concerted and efficient means of addressing negative symptoms
compared with antagonism at either receptor alone (Meltzer et al., 2003). The subnanomolar
affinity of asenapine for these two receptors, combined with a higher selectivity relative to
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D2 receptors, offers an opportunity to achieve high occupancy of 5-HT2A and 5-HT2C
receptors while maintaining adequate blockade of D2 receptors.

Clinical studies have indicated that α2 adrenergic antagonists may be beneficial not only in
the pharmacological treatment of depression (Grossman et al., 1999) and dementia (Coull et
al., 1996; Sahakian et al., 1994) but also in schizophrenia (Litman et al., 1996). It has been
hypothesized that α2 adrenergic antagonist actions of certain antipsychotic drugs, such as
clozapine, may contribute to their actions on DA systems. It has been appreciated for some
time that α2 adrenergic receptors can modulate the function of the mesoprefrontal cortical
DA system (Gresch et al., 1995; Jentsch et al., 2008; Jentsch et al., 1998b). The potent α2
adrenergic receptor antagonist, idazoxan, as well as clozapine, preferentially increase DA
output in the prefrontal cortex by acting at the nerve terminal level (Devoto et al., 2003;
Hertel et al., 1999a; Hertel et al., 1999b). Similar to clozapine, asenapine has high affinity
for α2 adrenergic receptors, and increases DA and noradrenaline release from prefrontal
cortex (Franberg et al., 2009; Marcus et al., 2010). This interaction of asenapine with both 5-
HT2A/2C and α2 adrenergic receptors may be important with regard to its ability to attenuate
PCP-induced cognitive dysfunction and alter DA turnover in DLPFC and 5HT turnover in
lateral orbital cortex and nucleus accumbens in this monkey model. This action may also
have bearing on its clinical efficacy in the treatment of schizophrenia and bipolar disorder.

4.5. Conclusions
In this model of cognitive dysfunction, asenapine produced substantial gains in executive
functions that were maintained with long-term dosing. The reversal of both PCP-induced
cognitive impairment and neurochemical changes in 5HT and DA turnover by asenapine
seen in this study may be related to the unique receptor signature of asenapine, and support
the potential for asenapine to reduce cognitive impairment in patients with schizophrenia.
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Research Highlights

• In a nonhuman primate PCP model, cognitive dysfunction persists for 1 month.

• Asenapine reversed cognitive dysfunction in this PCP model.

• The cognitive effects of asenapine were maintained with long-term
administration.

• The cognitive effects of asenapine were linked with normalized monoamine
turnover.
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Figure 1.
Chemical structure and receptor binding affinity of asenapine. A higher pKi indicates greater
binding affinity. The dashed line represents the pKi of asenapine at the D2L receptor.
Reprinted with permission from Journal of Psychopharmacology. © Sage Publications.
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Figure 2.
Prolonged deficit in reversal learning induced by PCP. Withdrawal from subchronic PCP
treatment led to an increased number of search errors in the reversal learning paradigm,
which persisted for 4 weeks. Saline-Saline group was treated with saline twice daily for 6
weeks. PCP-Saline group was treated with PCP twice daily for 2 weeks, followed by saline
twice daily for 1, 2, 3, or 4 weeks. *Significant increase compared with respective saline
controls (n=8 per group).
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Figure 3.
One month of asenapine (ASE) treatment reverses PCP deficit in reversal learning paradigm.
The number following ASE is the dose (micrograms/kg). *Significant increase in search
errors compared with saline controls (n=8 per group).
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Figure 4.
Alteration in regional brain DA turnover after withdrawal from PCP treatment. * denotes
significant decrease compared with saline controls in a one-tailed t-test (n=8 per group).
Treatments conditions for Saline-saline and PCP-saline groups, as in Figure 2.
Abbreviations: DA=dopamine; dlpfc, dorsolateral prefrontal cortex; HVA=homovanillic
acid; plimb, prelimbic cortex; lorb, lateral orbital cortex; nac, nucleus accumbens.
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Figure 5.
Alteration in regional brain 5HT turnover after PCP treatment. *Significant decrease
compared with saline controls (n=8 per group). Treatment codes, as in Figure 2. 5-HIAA=5-
hydroxyindoleacetic acid; amyg=amygdala; other abbreviations, as in Figure 4.
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Figure 6.
One month of asenapine treatment attenuates PCP-induced decrease in DA turnover in
DLPFC. DA=dopamine; HVA= homovanillic acid; other abbreviations and treatment codes,
as in Figure 3. # Significant decrease compared with Sal-Sal (see text), † significant increase
compared with PCP-Sal (n=8 per group).
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Figure 7.
PCP-induced decrease in DA level in the amygdala is reversed by asenapine. Eight animals
were in each group. DA=dopamine; other abbreviations and treatment codes, as in Figure 3.
*Significant decrease compared with Sal-Sal, † significant increase compared with PCP-Sal
(n=8 per group).
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Figure 8.
One month of asenapine treatment attenuates PCP-induced decrease in 5HT turnover in
orbital frontal cortex. Abbreviations and treatment codes, as in Figure 3. *Significant
decrease compared with Sal-Sal, † significant increase compared with PCP-Sal (n=8 per
group).
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Figure 9.
One month of asenapine treatment attenuates PCP-induced decrease in 5HT turnover in
nucleus accumbens. Abbreviations and treatment codes, as in Figure 3. *Significant
decrease compared with Sal-Sal, † significant increase compared with PCP-Sal (n=8 per
group).
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Figure 10.
PCP increased 5HT turnover in central amygdala; this effect was partially reversed by
asenapine. Animals were treated for 2 weeks twice daily with saline (Sal) or PCP, followed
by 4 weeks of twice daily treatment with saline or asenapine (ASE). The number following
ASE is the dose (micrograms/kg). 5-HIAA=5-hydroxyindoleacetic acid. *Significant
increase compared with Sal-Sal, † significant decrease compared with PCP-Sal (n=8 per
group).
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Table 1

Effect of asenapine on dopamine and serotonin turnover in brain

DOPAMINE TURNOVER

REGION SALINE-SALINE SALINE-ASENAPINE 150

caudate nucleus 0.87 ± 0.04 1.33 ± 0.08*

putamen 1.15 ± 0.12 1.72 ± 0.04*

prelimbic cortex 2.79 ± 0.17 4.97 ± 0.33*

premotor cortex 2.93 ± 0.18 4.23 ± 0.38*

frontal eye field 7.00 ± 0.43 10.9 ± 1.47*

SEROTONIN TURNOVER

REGION SALINE-SALINE SALINE-ASENAPINE 150

caudate nucleus 1.50 ± 0.10 2.37 ± 0.19*

putamen 2.28 ± 0.24 3.28 ± 0.44*

prelimbic cortex 0.43 ± 0.03 0.69 ± 0.08*

premotor cortex 0.37 ± 0.02 0.56 ± 0.05*

frontal eye field 0.46 ± 0.07 0.70 ± 0.06*

medial prefrontal cortex 0.37 ± 0.03 0.59 ± 0.06*

supplementary motor cortex 0.34 ± 0.02 0.84 ± 0.21*

primary motor cortex 0.49 ± 0.05 0.73 ± 0.07*

amygdala 0.66 ± 0.06 1.00 ± 0.08*

hippocampus 0.89 ± 0.13 2.37 ± 0.18*

Saline-Saline group was treated with saline twice daily for 6 weeks.

Saline-asenapine group was treated with saline twice daily for 2 weeks, followed by asenapine twice daily (150 μg/kg) for 4 weeks.

*
significantly different from saline-saline group (2-way unpaired t-test, p<0.05) 8 monkeys in each group
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