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Abstract

Background—Mechanisms underlying clozapine’s better clinical efficacy in schizophrenia
remain poorly understood. The prefrontal cortex (PFC) has been implicated as a primary site for
the therapeutic effects of clozapine; however, evidence for how clozapine influences the activity
of PFC neurons in behaviorally relevant contexts is lacking.

Methods—Ensemble single unit recording in awake rats was used to measure the activity of PFC
neurons in response to clozapine, its main metabolite N-desmethylclozapine (DMCIz), and the
typical antipsychotic drug haloperidol during baseline conditions and after treatment with the N-
methyl-D-aspartate antagonist MK801. Behavioral stereotypy was scored during recording.

Results—Clozapine and DMCIz but not haloperidol had an activity-dependent influence on
spontaneous firing rate of PFC cells: they increased the activity of neurons with low baseline
firing rates and decreased the activity of neurons with higher firing rates. Clozapine and DMCIz
but not haloperidol also reversed the effect of MK801 on PFC neuronal firing. This reversal was
strongly correlated with blockade of MK801-induced behavioral stereotypy.

Conclusions—These findings indicate that clozapine has the capacity to fine-tune spontaneous
and disrupted activity of PFC neurons. This effect might contribute, in part, to the therapeutic
efficacy of clozapine in schizophrenia.
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Despite many decades of research, therapeutic strategies that treat the full spectrum of
schizophrenic symptomatology are lacking (Miyamoto et al 2005). This is especially evident
for negative symptoms and cognitive deficits, which are growingly acknowledged as the
core symptoms of the disease (Carlsson et al 1999; Castner et al 2004; Gold and Weinberger
1995; Meltzer and McGurk 1999; Sharma 1999). Although there is an ongoing discussion
about whether atypical antipsychotic drugs offer a better overall efficacy compared with
typical drugs (Freedman 2005; Lieberman et al 2005), there is evidence to suggest that
clozapine confers advantageous clinical effects, particularly against negative symptoms,
some cognitive deficits, and refractory positive symptoms (Davis 2006; Kane et al 1988;
Keefe et al 1999; Kumari et al 1999; Lee et al 1999; Wahlbeck et al 2000). Clozapine’s
clinical efficacy is also greater in preventing suicidality and improving clinical compliance
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(Conley and Kelly 2001; McEvoy et al 2006; McGurk 1999; Meltzer et al 2003; Spivak et al
2003). A better understanding of mechanisms responsible for clozapine’s advantageous
efficacy might prove helpful in development of novel therapeutic options.

Several studies have suggested that the prefrontal cortex (PFC), a major foci of pathology in
schizophrenia (Lewis et al 2005; Winterer and Weinberger 2004), is an important target for
the actions of clozapine. For instance, clozapine differentially increases the release of
dopamine and glutamate and the expression of ¢c-fos in medial PFC (mPFC) compared with
typical antipsychotic drugs such as haloperidol (Deutch and Duman 1996; Karoum and Egan
1992; Kuroki et al 1999; Moghaddam and Bunney 1990; Robertson and Fibiger 1992;
Youngren et al 1994, 1999). Clozapine also positively modulates N-methyl-D-aspartate
(NMDA) receptor mediated glutamate transmission in PFC (Arvanov and Wang 1999;
Arvanov et al 1997; Chen and Yang 2002; Gemperle et al 2003; Jardemark et al 2003).
Furthermore, functional imaging studies indicate that symptomatic improvement of
cognitive and negative symptoms by clozapine is associated with the structural integrity of
PFC and the reversal of abnormal metabolic activity in this region (Arango et al 2003;
Konicki et al 2001; Lahti et al 2004; Molina et al 2003).

Several leading theories on the pathophysiology of schizophrenia suggest that an inefficient
signal transmission within the PFC might account for some of the symptoms of
schizophrenia (Williams and Goldman-Rakic 1995; Winterer and Weinberger 2004). Given
the reported efficacy profile of clozapine, we predicted that clozapine modulates the
spontaneous and abnormally disrupted activity of PFC neurons in a manner that is different
from typical antipsychotic drugs. We tested this prediction with in vivo ensemble unit
recording in awake rats under two conditions: 1) at rest when the effect of clozapine on
spontaneously active neurons could be measured, and 2) in response to a challenge with the
NMDA antagonist MK801. The NMDA antagonist treatment produces some symptoms of
schizophrenia in healthy individuals and therefore has face validity as a model of
schizophrenia (Javitt and Zukin 1991; Krystal et al 1994). In awake rats, NMDA antagonists
disrupt the spontaneous rate and pattern of mPFC neuronal spiking in high correlation with
their detrimental effects on behavior ( Jackson et al 2004). Notably, clozapine selectively
ameliorates the adverse behavioral effects of NMDA antagonists in humans (Duncan et al
1998; Malhotra et al 1997) and laboratory animals (Bakshi et al 1994; Maurel-Remy et al
1995). In addition to clozapine and haloperidol, we also examined the effect of a main
metabolite of clozapine, N-desmethylclozapine (DMCIz), because this compound shares
clozapine’s ability to potentiate NMDA-receptor activity (Sur et al 2003) and has been
proposed as a novel “clozapine-like” antipsychotic agent (Davies et al 2005). Behavioral
stereotypy, which is a measure of NMDA antagonist-induced behavioral disruptions, was
scored during electrophysiology recording. The results suggest that mPFC neuronal activity
is a substrate for different therapeutic effects of clozapine and haloperidol.

Methods and Materials

Subjects

A total of 23 adult male Sprague-Dawley rats weighing 340-420 g were used. Animals were
individually housed on a 12-hour light/dark cycle (lights on at 7:00 aw), and experiments
were performed during the light phase. All experimental protocols were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee and were conducted
in accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.
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Electrophysiology

Methodological details of the recording and isolation of single units have been published
previously (Homayoun et al 2004). Briefly, microelectrode arrays (NB Labs, Denison,
Texas) consisting of eight 50-um diameter Teflon-insulated, stainless steel wires were
chronically implanted under halothane anesthesia in the medial PFC (mPFC) (target
coordinates for the center of the array at anteroposterior + 3.0, mediolateral .7, and
dorsoventral —3.5) according to the atlas of Paxinos and Watson (1998). Arrays were
arranged in a 2 x 4 pattern measuring approximately .25 x .7 mm. All recordings were
performed in a standard transparent rat housing cage with a modified open top. Animals
were connected to a field effect transistor (FET) head-stage (NB Labs) with lightweight
cabling that passed through a commutator and allowed the animal unrestricted movement
during recording. Extracellular unit activity was recorded with multiple channel amplifiers
with 500x gain and 220-5900 Hz band pass filters (Plexon, Dallas, Texas). The amplified
signal from each electrode was digitized (30 kHz sampling rate) and saved on computer hard
disk for off-line spike sorting. Spike sorting was performed with Off-Line Sorter software
(Plexon) with a combination of automatic and manual sorting techniques previously
described (Homayoun et al 2004). The first three principal components of all waveforms
recorded from each electrode were depicted in three-dimensional space. Automatic
clustering techniques (K-means clustering and valley seeking methods) were used to
produce an initial separation of waveforms into individual units. Each cluster was then
checked manually to ensure that the cluster boundaries were well separated and waveform
shapes were consistent with action potentials. In addition, four different statistical measures
were used to assess the quality of separation between identified clusters and the effects of
incremental increases or decreases in the number of units isolated from a channel. These
included parametric F statistics of multivariate analysis of variance (MANOVA), the J3 and
pseudo F statistics, and the Davies-Bouldin (DB) validity index (Nicolelis et al 2003). The
J3 is a measure of the ratio of between-cluster to within-cluster scatter, and DB is a measure
of the ratio of the sum of within-cluster scatter to between-cluster separation. Although none
of these measures alone provides a clear-cut criterion for separating clusters, using them in
conjunction with other criteria for cell isolation (as previously described) improves the
quality of unit isolation on a case by case basis (Nicolelis et al 2003). The waveforms in
each selected cluster were averaged to produce computer-generated templates that were then
used to match spikes recorded during each single session. Obvious artifacts were removed,
and the stability of clusters throughout the experiment was confirmed by plotting the first
principal component versus the timestamp for each waveform. For each isolated cluster, an
interspike interval histogram was constructed and an absolute refractory period of at least
1.1 msec was used to exclude suspected multiple units. We further attempted to separate
putative pyramidal neurons from interneurons with the previously reported criteria of firing
rate and spike width (McCormick et al 1985; Tierney et al 2004). Most cortical pyramidal
units fire at frequencies < 10 Hz and have a wide spike width, whereas the majority of
interneurons have higher firing frequencies and a narrow spike width. We used the firing
rate as the primary criteria to separate putative subpopulations of neurons into two
categories of regular firing (RF; baseline firing rate < 10 Hz, putative pyramidal neurons,
95.6% of total) and fast firing neurons (FF; baseline >10 Hz, putative interneurons, 4.4% of
total). The latter group was further examined to find units with a narrow spike width (< 400
msec peak to trough). Only the small number of FF units that met both criteria were
designated as putative interneurons. It should be noted that we did not apply the spike width
measure to the population of RF units for two reasons: 1) using blunt electrode tips limits
the applicability of spike width measure, because units are sampled from a larger area
compared with sharp tip electrodes and this increases the variation in spike width
measurement on the basis of the distance of the recorded unit from electrode tip; and 2)
current extracellular recording methods increase the likelihood of picking up the large-
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Treatment

amplitude signals of pyramidal cells versus smaller signals of interneurons, making it likely
that the great majority of RF units are pyramidal units. The latter statement is also consistent
with the low reported proportion of interneurons in previous recording studies (Baeg et al
2001; Bartho et al 2004; McCormick et al 1985). Because the proportion of recorded FF
units was considerably less than RF units, the analysis was focused on the latter group.

After 5-7 days of post-surgical recovery, animals were transferred from home cage to the
recording chamber and were gently handled and then connected to the head-stage 3 hours
daily for 3—4 days to habituate to the recording environment. The animals also received a
couple of sham injections during this period to habituate to systemic injection. Thereafter,
animals were assigned to 1 of the 12 acute treatment regimens each consisting of two IP
injections 20 min apart. Experiment 1 consisted of six groups receiving an injection of either
vehicle A, clozapine (1, 5, or 10 mg/kg), DMClIz (5 mg/kg), or haloperidol (.1 mg/kg)
followed by vehicle B. Experiment 2 consisted of six other groups receiving one of the same
six pre-treatments mentioned previously followed by .1 mg/kg of MK801. Vehicle A was
acidified water, prepared from .1 mol/L acetic or hydrochloric acid, diluted with water and
titrated with .1 mol/L sodium hydroxide to pH 5.5, used as solvent for clozapine, DMClz,
and haloperidol. Vehicle B was .9% saline solution used as solvent for MK801. The single
dose of haloperidol was chosen on the basis of previous studies to be behaviorally effective
against the NMDA antagonist effects, at a level comparable to the higher dose of clozapine
used here (Sams-Dodd 1998; Tiedtke et al 1990; Verma and Moghaddam 1996). In all
groups, the first injection was preceded by 30 min of baseline recording and was followed
by at least 120 min of post-drug recording. Each animal received one to five different acute
treatments on the basis of a pseudorandom order with washout periods between 6 and 10
days. Because analysis of results did not show any effect for the order of received
treatments, all results obtained from a given treatment regimen were analyzed together.
Number of recorded RF units/treatment group was as follows: Vehicle + Vehicle, n = 112;
Clozapine 1 mg/kg + Vehicle, n = 143; Clozapine 5 mg/kg + Vehicle, n = 106; Clozapine 10
mg/kg + Vehicle, n = 135; DMCIz 5 mg/kg + Vehicle, n = 119; Haloperidol .1 mg/kg +
Vehicle, n =118; Vehicle + MK801, n = 111; Clozapine 1 mg/kg + MK801, n = 95;
Clozapine 5 mg/kg + MK801, n = 221; Clozapine 10 mg/kg + MK801, n =120; DMCIz 5
mg/kg + MK801, n = 140; Haloperidol .1 mg/kg + MK801, n =81.

Data Analysis

Electrophysiological data were analyzed with NeuroExplorer (Plexon) and Matlab. Firing
rate statistics were calculated with firing rate histograms with 5-min bins normalized to the
mean baseline firing (30 min) of individual units. Normalization was used to allow
comparison across the population of neurons with various firing rates. To detect the
predominant patterns of responses to treatment, we used a K-means cluster analysis (SPSS,
Chicago, Illinois) with the normalized rate histogram bins of each unit as variables. This
analysis was performed separately for all units in Experiment 1 (vehicle B as second
treatment) and experiment 2 (MK801 as second treatment). The number of clusters used for
K-means analysis was initially set at 2 and was incremented to 10 at steps of 1. The clusters
isolated at each step were visualized by plotting the average firing rates of all neurons
allocated to each cluster and comparing their response patterns. Whenever neurons with
similar response patterns had been clustered separately on the basis of a small difference in
response magnitude, the clusters were merged. The fewest number of clusters that could
explain more than 95% of the variability of response patterns was determined as the number
of main clusters of responses. The final grouping was verified by obtaining a significant
analysis of variance (ANOVA) with time as repeated measure and cluster membership as
factor. The individual rate histograms were visually compared with the average waveform of
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their assigned cluster to confirm correct classification. Cluster analysis focused on the long
duration changes in firing and was used to classify the response types without imposing a
priori assumptions about what defines different response types. The distribution of response
types between groups in each experiment were compared with the Pearson y2 test with p < .
05 as significance threshold. The duration of periods of significant increase or decrease in
firing rate was determined for each spike train by calculating the 99% confidence intervals
of the baseline firing rate and detecting the post-injection bins that exceeded this range. A
minimum of three consecutive exceeding bins was required for initiation of a significant
response, and a minimum of three consecutive non-exceeding bins was required for
terminating it. The duration of firing rate increases (or decreases) in all neurons with at least
one significant increase (or decrease) response was compared between groups with one-way
ANOVA followed by Bonferroni post hoc test. For this and all subsequent post-test analysis,
p < .05 was used as criterion for significance.

The relationship between baseline firing rates and post-injection responses to antipsychotic
treatment was examined by plotting the average normalized firing rate during the period
after first injection against the baseline firing rate for each neuron. Scatter plots were
analyzed with first order linear regression. In Experiment 2 two way ANOVAs with time as
the repeated measure and treatment as factor was used to compare the temporal profile of
firing increases in vehicle and drug pre-treated groups. For the latter analysis, we treated
units recorded during various sessions as independent measures because: (1) our
methodology could not identify neurons recorded from the same electrode weeks apart as
the same neurons and (2) we have observed that old units disappear and new ones become
detectable on the same electrode across different recording sessions.

Behavioral Stereotypy

Histology

Results

As an index of the gross behavioral disturbances induced by MK801, stereotypical behavior
was scored every 5 min during the recording sessions with a scoring scale described
previously (Adams and Moghaddam 1998). In brief, every 5 min animals were observed for
30 continuous sec and received a score of 1 if any of the following behaviors were present
during that 30 sec: ambulation, turning, head wagging, grooming, sniffing up or down,
digging, rearing, and mouth movement or jaw tremor. Scores for different repetitive
behaviors at each 5-min point were summed and temporal profiles of stereotypy behavior
across groups were compared with ANOVA with time as the repeated measure, followed by
Bonferroni post hoc test. To assess the correlation between behavioral and
electrophysiological effects of the drugs, we compared the stereotypy score during each 5-
min bin with the average firing rate during the same 5-min bin for each recording session by
using Pearson correlation coefficient with the Bartlett 42 test for significance. For the latter
analysis we used only the neurons with an increase firing response (Jackson et al 2004).

Animals were anesthetized with chloral hydrate and intracardially perfused with saline
followed by 10% buffered formalin. Coronal brain sections (200 pum) were prepared and
stained with cresyl violet. Tracks of recording electrodes were verified under a light
microscope.

Effects of Clozapine, Haloperidol, and DMCIz on PFC Spontaneous Neuronal Activity

A total of 1501 RF single units with an average baseline firing rate of 3.29 Hz were isolated
during 54 recording sessions. To identify the predominant patterns of mPFC neuronal
responses to antipsychotic treatment, we used a K-means clustering analysis on the rate

Biol Psychiatry. Author manuscript; available in PMC 2010 July 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Homayoun and Moghaddam Page 6

histogram of all RF units in Experiment 1 (see Methods). The great majority of units were
classified as belonging to one of four clusters showing distinct patterns of firing rate
responses to treatment: A) an early transient increase, B) a sustained increase, C) a sustained
decrease, or D) no change in firing rate (Figure 1A, average firing rate of each cluster of
neurons). The distribution of these four response types were significantly different between
treatment groups [Figure 1B, ¥2 = 100.13, p < .001]. In vehicle pre-treated group, the
majority of neurons showed minimal change in activity (76.8% of all units), whereas most
of the remaining units with an increased firing had only a transient response (10.7%). In
contrast, both clozapine (in a dose-related manner) and DMCIz altered the activity of more
than half of PFC neurons, causing sustained firing increases and decreases in two distinct
subsets of neurons. Haloperidol also induced sustained decreases in a subset of neurons, but
its excitatory effects were mostly transient, similar to the vehicle group. This differential
effect of clozapine versus haloperidol was further confirmed by comparing the average
duration of all significant increase and decrease responses (Figure 1C). Clozapine (5 and 10
mg/kg) and DMCIz significantly enhanced the duration of both increase [ANOVA, F(5,184)
=5.44, p <.001] and decrease [F(5,144) = 6.2, p < .001] responses whereas haloperidol only
affected the decrease responses.

Further examination of data revealed that clozapine exerted a state-dependent effect on
firing of individual neurons on the basis of their baseline firing rate: it preferentially
inhibited the neurons with a higher baseline rate while exciting the neurons with a lower
baseline activity (Figure 2B). Regression analysis showed a significant negative correlation
between individual neuronal responses to clozapine and the baseline firing rates [r = .68, p
<.001]. A similar state-dependent modulation of firing activity was observed for DMClz
[Figure 2C, r = .60, p <.001] but not for haloperidol [Figure 2D, r = .16] or vehicle [Figure
2A, r=.03].

Effects of Clozapine, Haloperidol, and DMCIz on NMDA Antagonist Disruption of PFC
Activity and Behavior

An independent cluster analysis of firing responses performed on all RF units in Experiment
2 (six groups receiving MK801 treatment) identified four major firing response patterns as
follows: A) an early transient increase, B) a sustained robust increase, C) a decrease, and D)
no change (Figure 3A, average firing of each cluster of neurons; Figure 3C-F, rate
histograms of individual single units displaying various response types). Notably, the
sustained increase response characteristic of MK801 effect in this group of units was
considerably stronger than the moderate sustained increase observed in experiment 1 (Figure
1A). The distribution of the aforementioned response types was significantly different
between groups [Figure 3B, x2 = 189.67, p < .001]. Whereas a sustained increase was the
predominant type of response in both vehicle (80% of units) and haloperidol (50%) pre-
treated groups, the majority of neurons in clozapine and DMCIz pre-treated groups
displayed either no change in firing (44.8%), a decrease response (18.6%), or only a
transient increase returning to baseline after MK801 (15.4%). In contrast to clozapine,
haloperidol only caused a modest reduction in the proportion of sustained increase responses
without attenuating the magnitude of MK801 effect on individual neurons. This was
confirmed by comparing average firing of all neurons that responded to MK801 by
increasing their firing rate (Figure 4A). Repeated measures ANOVA with time and
treatment as factors revealed that clozapine (dose-dependently) and DMClIz significantly
attenuated the magnitude of MK801 effects in responsive neurons, whereas haloperidol was
devoid of such effect [two-way ANOVA with time as repeated measures, comparison with
vehicle pre-treatment group: Clozapine 1 mg/kg: treatment F(1,132) =5.77, p < .05, time
F(35,4620) = 9.02, p <.001, time x treatment interaction F(35,4620) = 5.26, p < .001;
Clozapine 5 mg/kg: treatment F(1,167) = 3.94, p < .05, time F(35,5845) = 25.56, p < .001,
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time x treatment interaction F(35,5845) = 4.04, p < .001; Clozapine 10 mg/kg: treatment
F(1,137) = 3.84, p < .05, time F(35,4795) = 27.9, p < .001, time x treatment interaction
F(35,4795) = 4.79, p < .001; DMClz: treatment F(1,135) = 5.2, p < .05, time F(35,4725) =
9.24, p <.001, time x treatment interaction F(35,4725) = 6.07, p < .001; Haloperidol:
treatment F(1,136) = 1.07, p > .05, time F(35,4760) = 19.17, p < .001, time x treatment
interaction F(35,4760) = 1.06, p > .05].

All three drugs (clozapine at the two higher doses) significantly attenuated MK801-induced
behavioral stereotypy during recording sessions [Figure 4B, two-way repeated measures
ANOVA, clozapine, treatment, F(3,15) = 23.15, p < .001; time x treatment interaction,
F(105,525) = 2.98, p <.001; DMClz, treatment, F(1,10) = 29.7, p <.001; time x treatment
interaction, F(35,350) = 5.20, p < .001; Haloperidol, treatment, F(1,8) = 19.69, p < .01; time
x treatment interaction, F(35,280) = 4.20, p < .001]. To examine whether changes in PFC
neuronal activity correlate with the gross behavioral effects of MK801, we examined the
correlation between neuronal activity and stereotypy score in individual animals. This
analysis revealed a high correlation between behavior and the average firing of mPFC
neurons with an increase response to MK801 in vehicle pre-treated as well as in clozapine
and DMCIz pre-treated animals (Figure 4C). However, changes in PFC firing and stereotypy
score had a poor correlation in haloperidol pre-treated animals (average correlation
coefficient, .028), indicating a dissociation of two measures in this group.

Putative Interneurons

Of the seven putative interneurons recorded in the vehicle + MK801 group, five units (71%)
decreased their firing after MK801 injection and two units (29%) did not show a significant
response (Figure 5, example units). In contrast, of the seven units pre-treated with clozapine
(5 or 10 mg/kg), four units (57%) increased their firing in response to MK801 whereas three
units (43%) had no response. The distribution of response types was significantly different
between vehicle-pretreated and clozapine-pretreated groups (p < .05). Of the four putative
interneurons recorded in haloperidol pre-treated group, three decreased their firing after
MK801 and one did not change its activity. The paucity of data did not allow analysis of this
type of neuron in other groups.

Discussion

Clozapine is widely regarded as having better clinical efficacy for treatment of
schizophrenia compared with other antipsychotic drugs (Freedman 2005; Meltzer et al
2003). A more thorough understanding of mechanisms that underlie this effect of clozapine
is important for development of more efficacious antipsychotic therapies. The present data
show that tonic activity of mPFC neuronal ensembles is differentially modulated by
clozapine compared with the classic antipsychotic drug haloperidol. Clozapine produced a
state-dependent effect on firing rates, preferentially inhibiting neurons with relatively high
baseline activity and exciting neurons with low baseline activity. In comparison, haloperidol
produced an indiscriminate inhibitory response in a subpopulation of mPFC neurons.
Clozapine also reduced the disruptive effects of NMDA receptor hypofunction on the PFC
neurons in a manner that was positively correlated with the expression of behavioral
stereotypy.

Both clozapine and haloperidol are thought to treat the positive symptoms of schizophrenia
by blocking dopamine D2 receptors (Creese et al 1976; Seeman et al 1976). However, the
contribution of D2 receptors—especially in the PFC—to other dimensions of antipsychotic
efficacy is less clear. Here, the only shared effect of clozapine and haloperidol was a
sustained inhibition of a small subset of PFC neurons, suggesting that this subset of neurons
might be especially sensitive to D2 receptor blockade. In contrast, haloperidol did not share
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clozapine’s state-dependent modulation of firing rates and its sustained excitatory effect on a
subset of neurons. These latter effects, therefore, might be mediated through other receptor
targets of clozapine, such as D1 dopamine, 5HT serotonin, and a-adrenergic and M1
muscarinic receptors. In fact, the unique properties of clozapine have been suggested to arise
from its concomitant effects on several receptors rather than modulation of any single
receptor per se (Meltzer et al 1989; Roth et al 2004). For example, both the ratio of
antagonism at 5HT2 to D2 receptors (Stockmeier et al 1993) and the concomitant activation
of a-adrenergic and D2 receptors (Svensson 2003) have been suggested, among others, as
possible mechanisms for the unique effects of clozapine. Regardless of the special
combination of receptors that mediate clozapine’s effects, it is important to characterize the
functional endophenotype that represents these effects at the cellular level. The present data
suggest that clozapine modulates PFC neuronal firing on the basis of baseline activity level
of different ensembles. This modulatory activity might confer clozapine an ability to fine-
tune the PFC function through gating unwanted disturbances in neuronal signal to noise
ratio. Interestingly, D1 dopamine receptors have been suggested to exert a similar role in
gating the excitability of PFC pyramidal neurons and in establishment of functional neural
ensembles, on the basis of in vitro and anesthetized preparation experiments (O’Donnell
2003; Peters et al 2004; Yang and Seamans 1996) and neural modeling (Dreher and Burnod
2002; Durstewitz and Seamans 2002; Durstewitz et al 2000). It is possible that the present in
vivo effects might also involve stimulation of D1 receptors, because clozapine is known to
selectively enhance the extracellular release of dopamine in the PFC (Moghaddam and
Bunney 1990; Yamamoto et al 1994).

Another possible mechanism for clozapine effects is potentiation of NMDA receptor
transmission. Recent in vitro studies have shown that clozapine but not haloperidol enhances
the excitatory NMDA current in PFC pyramidal neurons (Arvanov and Wang 1999;
Arvanov et al 1997; Chen and Yang 2002). The positive modulation of NMDA currents
might contribute to excitation of a subset of PFC neurons by clozapine and can prove helpful
in conditions associated with NMDA receptor hypofunction. This is consistent with our
findings that clozapine selectively reversed the electrophysiological disturbances caused by
NMDA receptor antagonism through decreasing both the number and magnitude of response
to MK80L. It is likely that a potentiation of NMDA currents contributes to this effect of
clozapine, because NMDA antagonists may cause a state of hyper-excitability through
selective inhibition of y-aminobutyric acid (GABA)ergic interneurons, leading to excessive
non-NMDA glutamatergic activity (Greene 2001; Moghaddam et al 1997). Augmentation of
NMDA transmission by clozapine can attenuate the initial disinhibition of GABAergic
interneurons, thus blocking the overexcitation cascade. This mechanism is in agreement with
our observation of a predominantly inhibitory effect of MK801 on putative interneurons and
the blockade of this effect by clozapine. However, this idea remains to be further verified in
future studies recording from a larger population of interneurons.

The characteristic stereotypical behaviors induced by NMDA antagonists in rodents have
been compared with psychosis-related behaviors that have perseverative and restricted
patterns (Gorelick and Balster 1994). This measure of NMDA antagonist behavioral
disruption is dependent on both cortical and subcortical circuitry (Jentsch et al 1998;
Takahata and Moghaddam 2003). Clozapine blocked the expression of behavioral stereotypy
induced by the NMDA antagonist MK801. This behavioral effect was highly correlated with
its effect on PFC neuronal excitability. This correlation suggests that PFC neuronal activity
plays a critical role in clozapine action against NMDA antagonists. Indeed, NMDA
antagonist stereotypy might arise from an impairment in proper sequencing of behavioral
sets caused by persistent and disorganized overactivation of cortical neural ensembles
(Jackson et al 2004). The fine tuning of these ensembles by clozapine would restore the PFC
capability to choose the appropriate behavioral repertoire. Notably, a dose of haloperidol

Biol Psychiatry. Author manuscript; available in PMC 2010 July 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Homayoun and Moghaddam Page 9

with comparable effect on stereotypy score had limited effect on PFC neural activity and led
to a low correlation between PFC firing and behavior. This discrepancy suggests that the
behavioral effect of haloperidol is most probably mediated at the subcortical level (Delfs and
Kelley 1990).

N-desmethylclozapine is the main circulating metabolite of clozapine that shares many
functional properties with clozapine including the ability to potentiate NMDA receptor-
mediated currents (Sur et al 2003) and the induction of c-fos expression in PFC (Young et al
1998). The present data show that DMClz, similar to clozapine, state-dependently modulates
basal PFC neuronal firing and normalizes NMDA antagonist-induced disruptions of PFC
activity. N-desmethylclozapine also significantly reduces the behavioral effects of MK801,
in close correlation with its effect on PFC firing. These findings predict that DMClz might
offer beneficial effects comparable to clozapine on PFC-related symptomatology. Notably, a
positive correlation between plasma concentration of DMCIz and therapeutic response has
been reported in schizophrenic patients on clozapine regimen (Piscitelli et al 1994; Weiner
et al 2004). At the mechanistic level, DMCIz has a high ratio of 5-HT to D2 affinities,
comparable to clozapine (Kuoppamaki and Hietala 1993). In addition, DMClz is also a
potent M1 muscarinic receptor agonist (Davies et al 2005; Sur et al 2003). Considering the
reported cognitive enhancing properties of muscarinic potentiators (Friedman 2004), the
similarity between DMCIz and clozapine effects supports the possibility that positive
modulation of M1 receptors might contribute to clozapine’s clinical efficacy.

The computational integrity of PFC, which is thought to be impaired in schizophrenia
(Winterer and Weinberger 2004), is critical for executive control over goal-directed
behavior (Bechara et al 2000; Funahashi et al 1993; Izaki et al 2001; Manes et al 2002;
Sawaguchi and Iba 2001). For optimal function, PFC neural networks integrate external
information with internal representations to determine the appropriate sets of actions (Braver
and Barch 2002; Fuster 1985; Miller et al 2001). Both hypoactivity and over-engagement of
neural ensembles would be expected to attenuate the efficiency of information processing
within PFC through disrupting the representative or integrative capacities. Instead, an
optimal modulation of PFC function would require fine-tuning of network activity by
boosting the least active neural ensembles and dampening the more engaged ones, thus
allowing maximal representation without limiting the capacity to shuffle between various
perceptual and behavioral sets. Our findings suggest that clozapine might have the capacity
to influence both hyperactivity and hypoactivity of cortical neurons and thus might produce
its advantageous therapeutic efficacy by improving cortical processing capacity in
schizophrenia.
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The predominant types of responses of prefrontal neurons to antipsychotic treatments. (A)
Firing responses of all units recorded in experiment 1 were clustered into one of four main
response types with a K-means clustering analysis on normalized firing rate histograms with
5-min bins. Each color line shows the average firing rate (+ SEM) of all neurons in one of
the response clusters (early increase, sustained increase, decrease, or no change). Injections
are indicated by arrows. (B) The proportion (% of total) of different response types in each
treatment group. Treatments included: vehicle (Veh), clozapine (Clz; 1, 5, or 10 mg/kg), N-
desmethylclozapine (DC; 5 mg/kg), or haloperidol (Hal; .1 mg/kg) injected at min O
followed by saline at min 20. Color codes are as in section A. (C) The average duration of
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periods of significant increase (left) or decrease (right) in firing rates in all responsive
neurons after second injection. *p < .05 compared with vehicle + vehicle group.

Biol Psychiatry. Author manuscript; available in PMC 2010 July 27.

Page 16



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Homayoun and Moghaddam Page 17

Vehicle Clozapine
A B .

e’

L

Change in Firing Rate

0 4 8 0 4
C Desmethylclozapine D | Haloperidol

L
= 2.0
e o
9_-0 o
E BT ML T
- u%auu o o? o o
= 10 eofEiaagee o °
oy o - Bo E o
(C‘;D do o o °g o °
= _ op® o
= i o® o
@) O a o °
- o
0 4 8 0 4
Baseline Firing Rate Baseline Firing Rate

(Hz) (Hz)

Figure 2.

State-dependent modulation of firing rate by clozapine and N-desmethylclozapine. The
normalized firing rates of individual neurons have been plotted against their baseline firing
rates. (A) Vehicle + saline. (B) Clozapine (10 mg/kg) + saline. (C) N-desmethylclozapine (5
mg/kg) + saline. (D) Haloperidol (.1 mg/kg) + saline. Baseline firing rates were calculated
for the 30-min period before the first injection, and the normalized responses (y axis) were
calculated for the period afterwards. The dashed line indicates normalized value of 1 (no
change), and the solid line is the linear regression line.
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Figure 3.

The predominant response patterns of prefrontal neurons to MK801 after different pre-
treatments. (A) Firing response of all neurons in experiment 2 were clustered into one of
four response types. Each color line depicts the average firing rate (+ SEM) of all neurons
with one of identified response types (early transient increase, late robust increase, decrease,
or no change). Injections are indicated by arrows. (B) The proportion (% of total) of
response types in each treatment group. Treatments included: vehicle (\Veh), clozapine (Clz;
1, 5, or 10 mg/kg), N-desmethylclozapine (DC; 5 mg/kg), or haloperidol (Hal; .1 mg/kg)
injected at min 0 followed by MK801 (.1 mg/kg) at min 20. Color codes are as in section A.
(C-F) Rate histograms of four individual single units displaying different response types in
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experiment 2. All neurons were treated with a pre-treatment (indicated above each

histogram; (C) vehicle; (D) clozapine 10 mg/kg; (E) N-desmethylclozapine; (F) haloperidol)
followed by MK801. Arrows indicate the time of injections, and histograms bins are 5 min.
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Figure 4.

The effects of antipsychotic drugs on the magnitude of MK801-induced excessive firing and
stereotypical behavior. (A) The temporal profile of normalized firing rate (mean £ SEM) of
all neurons with an increase response after MK801. All groups received MK801 (.1 mg/kg)
as second injection, preceded by vehicle (Veh), clozapine (Clz; 1, 5, or 10 mg/kg), N-
desmethylclozapine (DC; 5 mg/kg), or haloperidol (Hal; .1 mg/kg). Arrows indicate
injections and bins are 5 min. For brevity, data for clozapine 5 mg/kg group is not shown.
(B) Average stereotypy score in the same groups. All conventions are as in section A. For
clarity, the error bars are not shown. (C) The coefficients of correlation between stereotypy
score and neuronal firing response are shown for individual sessions in each treatment
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group. There was a high correlation between behavior and electrophysiological activity in all
groups except for the haloperidol pre-treated group.
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Figure 5.

Example rate histograms of putative interneurons. Each histogram depicts the response of an
individual putative interneuron to treatment with vehicle + MK801 (upper row) or clozapine
(10 mg/kg) + MK801 (lower row). Treatments are indicated above each histogram with
arrows showing the injection time.
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