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Objective: Clozapine's potent antagonism of muscarinic M
receptors is thought to worsen working memory deficits
associated with schizophrenia. In contrast, its major metab-
olite, N-desmethylclozapine (NDMC), is thought to enhance
working memory via its M4 receptor agonist activity. The au-
thors hypothesized that the ratio of serum clozapine and NDMC
concentrations would be inversely associated with working
memory performance in schizophrenia.

Method: Thirty patients with schizophrenia or schizoaffective
disorder who were receiving clozapine monotherapy at bedtime
completed the MATRICS Consensus Cognitive Battery (MCCB)
on the day their blood was collected to assess concentrations of
clozapine and NDMC as well as serum anticholinergic activity.

Results: The clozapine/NDMC ratio was significantly and
negatively associated with working memory performance after
controlling for age, gender, education, and symptom severity.
No significant associations were found between individual

Deficits in working memory are a core feature in patients with
schizophrenia (1). They are a strong predictor of functional
outcomes (2), and they are not improved by currently available
pharmacologic agents. Abnormal cholinergic neurotransmis-
sion has been hypothesized to be a mechanism underlying
working memory dysfunction in patients with schizophrenia
(3, 4). Notwithstanding the role of the dopaminergic system
(especially through D; receptors) and the nicotinic system,
muscarinic neurotransmission supports working memory through
several mechanisms: enhanced discrimination of signal from
noise, enhancement of dopaminergic neurotransmission, and
dilation of cerebral blood vessels (see reference 5 for a recent
review). However, to date, studies aimed at improving cholinergic
neurotransmission have failed to improve cognition in patients
with schizophrenia (6, 7). The large variability in the cholinergic
status of participants in these studies may have been problematic.

clozapine and NDMC concentrations and working memory
performance. Serum anticholinergic activity was signifi-
cantly associated with clozapine concentration, but not with
working memory performance or NDMC concentration. No
significant associations were found between any pharmaco-
logical measure and performance on other MCCB cognitive
domains.

Conclusions: This hypothesis-driven study confirms that
clozapine/NDMC ratio is a strong predictor of working memory
performance in patients with schizophrenia. This finding sug-
gests that manipulating the clozapine/NDMC ratio could en-
hance cognition in patients with schizophrenia treated with
clozapine. It also supports the study of procholinergic agents,
such as M receptor-positive allosteric modulators, to enhance
cognition in schizophrenia.
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Anticholinergic burden has been shown to be associated with
cognitive impairment (8), including working memory deficits
(9), in patients with schizophrenia. It has also been shown to
prevent these patients from benefiting from procognitive
interventions (8).

This variability in cholinergic status could explain the
mixed findings in the literature on the effects of clozapine on
cognition or working memory performance in patients with
schizophrenia. Studies assessing clozapine’s impact on cogni-
tion have shown mixed results, ranging from deleterious
(10-12) to neutral (13, 14) to beneficial effects (15, 16). The
differing actions of clozapine and its major active metabolite,
N-desmethylclozapine (NDMC), on the cholinergic system
have been proposed as the explanation for these varying effects
on cognition. Clozapine is an antagonist at muscarinic M,
M3, and M5 receptors (17, 18); thus, it is expected to have a
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TABLE 1. Receptor Binding Affinities of Clozapine and
N-Desmethylclozapine (NDMC)?

Biding Affinity (nM)

Receptor Clozapine NDMC
5-HTia 123.7 13.9
5-HTg 519.0 406.8
5-HT1p 130.0 476.2
5-HToa 8.6 10.9
5-HT.p 59 2.8
5-HToc 16.5 11.9°
5-HT3 241.0 272.2
5-HT transporter 1,624.0 316.6
D 266.3 14.3
D> 164.0 101.4
D3z 316.2 153
Dy 24.06 63.94
Ds 255.3 283.6
Dopamine transporter >10,000 >10,000
Hy 143 34
My 17.8 67.6
Mo 148.2 414.5
M3 62.1 95.7
Mgy 19.6 169.9
Ms 26.1 354
Norepinephrine transporter 3,168.0 493.9
QA 16 104.8

@ Data are based on cloned human receptors except as otherwise indicated.
Binding affinities (K;) are categorized as follows: Ki<1 nM: very high affinity;
Ki=1-10 nM: high affinity; Ki=11-100 nM: moderate affinity; Kj=101-1000 nM:
low affinity; Ki>1,000 nM: negligible. (Data are from Roth BL, Driscol J: PDSP Ki
Database, Psychoactive Drug Screening Program (PDSP), University of North
Carolina at Chapel Hill and NIMH, http://pdsp.med.unc.edu/pdsp.php).

b Based on cloned rat receptor.

detrimental effect on cognition, especially frontal working
memory. In contrast, NDMC is a potent partial agonist at these
sites and is expected to enhance working memory performance
19, 20) (see Table 1 for clozapine and NDMC affinities to
various receptors). Notably, plasma concentrations of NDMC
can vary from 20% to 150% of clozapine concentrations (21).
Thus, the cholinergic tone of individual patients and conse-
quently their cognitive function should be more affected by the
ratio of clozapine to NDMC than by either concentration alone.

Two published retrospective secondary data analyses
support this hypothesis. One analysis (22) assessed the re-
lationship between executive function and exposure to clo-
zapine and NDMC in patients with schizophrenia who had
participated in two clinical trials. The investigators found that
a low clozapine/NDMC ratio was associated with improve-
ment in attention and working memory performance, and to
a lesser degree executive function, while each concentration
alone was not. In the other analysis (23), the clozapine/NDMC
ratio was more strongly associated with cognitive impairment,
as assessed by a clinical measure of global cognition, than was
either concentration alone. Thus, based on these results and on
the role of muscarinic neurotransmission in working memory,
we conducted a hypothesis-driven study designed to assess
whether clozapine/NDMC ratio is a stronger determinant of
cognition than clozapine and NDMC concentrations alone.
We hypothesized that clozapine/NDMC ratio would predict
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working memory performance after controlling for age, gen-
der, education, and symptom severity. We then tested the
hypothesis of whether clozapine or NDMC concentration
alone predicts working memory performance.

To assess the relationships between clozapine, NDMC,
and the cholinergic burden, we explored the relationships
between serum anticholinergic activity (SAA), clozapine con-
centration, NDMC concentration, and cognition.

METHOD

Participants

This cross-sectional study was conducted between February
2010 and December 2013 at the Centre for Addiction and Mental
Health, a large academic psychiatric hospital that provides care
to an urban catchment area and serves as a referral center for
a large suburban and rural population in the Greater Toronto
Area. Participants met DSM-IV-TR criteria for schizophrenia or
schizoaffective disorder, were at least 18 years of age, and were
clinically stable on clozapine monotherapy, taken once a day at
bedtime. Clinical stability was operationalized as both not
having been hospitalized within the past 3 months and having
had no change in clozapine dosage within the past 4 weeks. The
study was approved by the Centre for Addiction and Mental
Health Research Ethics Board, and all participants provided
written informed consent.

Assessments

On the morning that participants underwent their routine
blood draw for white blood cell and absolute neutrophil count,
their clinical and cognitive states were assessed and we collected
a blood sample to measure clozapine and NDMC concentration
and SAA.

Clinical and Cognitive Assessments

The Mini International Neuropsychiatric Interview (24) was
used to confirm diagnosis. Clinical symptoms were assessed
with the Positive and Negative Syndrome Scale (PANSS) (25).
Cognition was assessed on the day the blood was drawn with the
Measurement and Treatment Research to Improve Cognition in
Schizophrenia (MATRICS) Consensus Cognitive Battery
(MCCB) (26). The MCCB includes 10 tests that assess seven
cognitive domains: 1) processing speed (the symbol coding task
from the Brief Assessment of Cognition in Schizophrenia, the
category fluency test [animal naming], and the Trail Making
Test, part A); 2) attention/vigilance (the Continuous Perfor-
mance Test, Identical Pairs version); 3) working memory (the
letter-number span test and the spatial span subtest of the
WMS-III); 4) verbal learning (the Hopkins Verbal Learning
Test-Revised); 5) visual learning (the Brief Visuospatial
Memory Test-Revised); 6) reasoning and problem solving
(the mazes test from the Neuropsychological Assessment
Battery); and 7) social cognition (the managing emotions test
from the Mayer-Salovey-Caruso Emotional Intelligence
Test). Each domain T-score was used individually as an
outcome measure.
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Clozapine and NDMC Concentrations

Concentrations of clozapine and NDMC were determined from
heparinized plasma by high-performance liquid chromatography
with isocratic elution and ultraviolet detection at 245 nm
(Waters instrumentation) using a procedure developed in-
house as an adaptation from established methods (27). The
limit of quantitation was 100 nmol/L for both clozapine and
NDMC, with a coefficient of variation for both of 8%-10%.

Serum Anticholinergic Activity (SAA)

SAA was determined using established procedures (28). The
limit of detection for SAA in this study was 0.25 pmol/mL with
a standard linear curve (r=0.99) from 0.50 to 25.00 pmol/mL
and a coefficient of variation <12%.

Statistical Analysis

Our primary analyses assessed the relationship between working
memory performance and demographic, clinical, and pharma-
cological variables. We first computed a series of Spearman
correlations between working memory performance (T-scores)
on the one hand, and age, gender, education, PANSS score,
clozapine concentration, NDMC concentration, and clozapine/
NDMC ratio on the other. We then conducted an initial standard
multiple regression analysis in which working memory per-
formance was the dependent variable and age, gender, educa-
tion, PANSS score, and clozapine/NDMC ratio were entered
simultaneously as the independent variables. Finally, we con-
ducted two further multiple regression analyses, replacing
clozapine/NDMC ratio with clozapine concentration in one
and NDMC concentration in the other.

Our first set of secondary analyses assesses whether the
relationship between clozapine/NDMC ratio and working
memory performance was driven by only one of the two working
memory tests (letter-number span test and spatial span test) that
contribute to the working memory domain in MCCB. Thus, we
performed a series of analyses similar to those described above,
except that working memory was replaced by each of the two
tests separately.

Our second set of secondary analyses assessed the re-
lationship between performance on the other six cognitive
domains and demographic, clinical, and pharmacological vari-
ables. In these analyses, multivariate general linear models were
applied. The dependent variables were speed of processing,
attention/vigilance, verbal learning, visual learning, reasoning
and problem solving, and social cognition. The covariates were
age, gender, education, PANSS score, and clozapine concentra-
tion, NDMC concentration, or clozapine/NDMC ratio.

Our third set of secondary analyses explored whether the
effects of clozapine and NDMC concentrations on cognition
were related to cholinergic burden. First, we computed Spearman
correlations between SAA on the one hand and clozapine and
NDMC concentrations on the other, and between clozapine and
NDMC concentrations. Second, we conducted a standard mul-
tiple regression analysis in which SAA was the dependent
variable and age, gender, clozapine concentration, and NDMC
concentration were entered simultaneously as the independent
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variables. Third, we conducted regression analyses similar to
those with working memory performance and clozapine/NDMC
ratio but replacing clozapine/NDMC ratio with SAA.

We used SPSS, version 15.0 for Windows (SPSS, Inc., Chicago),
for all analyses.

RESULTS

The demographic, clinical, cognitive, and pharmacological char-
acteristics of the 30 participants who completed the study are
summarized in Table 2.

Working memory performance was negatively correlated
with clozapine/NDMC ratio (Figure 1) but was not correlated
with age, gender, education, PANSS score, clozapine concen-
tration, or NDMC concentration (Table 3).

As shown in Table 4, the results of the first multiple re-
gression showed that working memory performance was as-
sociated with clozapine/NDMC ratio but not with age, gender,
education, or PANSS score. In contrast, the results of the two
multiple regressions with clozapine or NDMC concentration
showed that working memory performance was not associated
with either alone.

The multiple regressions with each of the working memory
tests showed that there could be a trend toward significant
associations between clozapine/NDMC ratio and verbal working
memory performance (as assessed by the letter-number span
test) or visual working memory performance (as assessed by
the spatial span test), separately (letter-number span test:
B=—4.68, SE B=2.49, f=—0.37, p=0.072; spatial span test:
B=—4.12,SE B=2.20, 3=—0.35, p=0.074). Also, they were not
associated with clozapine concentration.

The multivariate general regression models assessing the
relationships with the other six cognitive domains revealed
no significant effects of clozapine concentration, NDMC con-
centration, clozapine/NDMC ratio, or SAA on performance in
any of these six cognitive domains.

As expected, SAA was highly correlated with clozapine
concentration (Spearman’s rho [rg]=0.83, p<<0.001) and NDMC
concentration (rg=0.66, p<<0.001). Clozapine and NDMC con-
centrations were also highly correlated (r;=0.73, p<<0.001). The
multiple regression revealed an association of SAA with clozapine
concentration (B=0.006, SE B=0.001, 3=0.71, p<0.001) but not
with NDMC concentration. The results of the multiple regression
that included working memory performance as the dependent
variable and SAA as independent variable revealed that SAA was
not significantly associated with working memory performance.

DISCUSSION

This study confirmed the hypothesis that clozapine/NDMC
ratio is strongly and negatively associated with working memory
performance in patients with schizophrenia. This association was
independent of age, gender, and symptom severity. We also did not
find such a relationship with any other cognitive domain. Finally,
we found a strong association between clozapine concentration
and SAA but not between working memory performance and SAA.
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TABLE 2. Demographic, Clinical, and Cognitive Characteristics of Participants in
a Study of Clozapine-to-N-Desmethylclozapine (NDMC) Plasma Ratio and Working

Memory Performance in Schizophrenia

CYP3A4 (29, 30). It has M; receptor agonist
activity (19) and potentiates hippocampal
NMDA receptor currents through M, receptor

Measure

activation (20). NDMC could affect cognition

Demographic and clinical characteristics

through these interactions with NMDA receptor-

dependent neuroplasticity. It could also improve

N %
cognition by increasing dopaminergic and cho-
Male 18 60 . . .. . .
Diagnosis linergic neurotransmission in the medial pre-
Schizophrenia 25 83 frontal cortex and hippocampus, both of which
Schizoaffective disorder 5 17 are blocked by an M, receptor antagonist (31).
Mean D — Finally, N]?Mp c'01'11d have cognltlve effeFts
5 by decreasing inhibitory synaptic transmission
Age (years) 386 154 1-70 mediated by postsynaptic GABA 5 receptors (32).
Education (years) 12.2 2.6 6-19 .
Clozapine dosage (mg/day) 3527 1051 150-550  Lhese effects could be further complicated by
Clozapine concentration (nmol/L) 2,317.8 14322 498-5864 baseline dopaminergic tone in the frontal cortex
NDMC concentration (nmol/L) 1,608.0 1,026.6 221-4765 as determined by each person’s unique charac-
Clozapine/NDMC concentration ratio 1.64 0.70 0.50-3.07 teristics, such as being affected by schizophrenia,
Serum anticholinergic activity 211 12.0 2.9-47.8 having been exposed to antipsychotic medication
Positive and Negative Syndrome Scale K

Total score 537 98 35-73 for several years, and genetic makeup, such as

Positive score 13.8 45 7-28 having catechol-O-methyltransferase (COMT)

Negative score 13.8 5.0 7-28 Vall58Met polymorphism.

General score 26.2 56 17-41 The effects of clozapine and NDMC on
MATRICS Consensus Cognitive Battery (T-scores) cognition via mechanisms mediated by the
Processing speed _ 364 136 12-68 M, receptor have been demonstrated in animal

Symbol coding task (Brief Assessment of 39.3 12.0 19-62 dies. I dent study (33). cl .

Cognition in Schizophrenia) studies. noneroden study (33),c¢ ozapine was

Category fluency (animal naming) 40.6 11.9 21-71 found to impair performance on a working

Trail Making Test, part A 377 14.5 6-71 memory task while NDMC enhanced it. In the
Attention/vigilance 352 11.9 17-60 same study, the procognitive effects of NDMC

Continuous Performance Test, Identical 352 11.9 17-60 were found to be reversed by an M, receptor

Pairs version antagonist. In a study in phospholipase C-B1

Working memory 37.3 85 19-49 knockout mice known to have M; muscarinic

'éettfr[numbter :F(’\?Vr;v‘t:slt”) Zi Zg g_gz receptor dysfunction (34), behavioral deficits
atial span tes - . . - J .

v E N p. 354 o3 >3 63 were reversed after administration of NDMC.
erbal learning . ) - . .. )
Hopkins Verbal Learning Test-Revised 354 o3 2363  Otherstudies have demonstrated positive be
, , havioral effects of NDMC via muscarinic re-

Visual learning 33.3 12.0 16-55 t t .. tivation (35)

Brief Visuospatial Memory Test—Revised 333 12.0 16-55 ceptor neuro rans(inlssmdn activa 1;)1n ; oran
Reasoning and problem solving 375 6.9 28-55 NMD,A receptor-dependent mechanism (36).

Mazes test (Neuropsychological Assessment 37.5 6.9 28-55 Still, in another rodent study, NDMC had no

Battery) effects on the novel object recognition deficits
Social cognition 385 12.8 19-65 induced by a hypoglutamatergic state, while
Managing emotions test (Mayer-Salovey-Caruso 385 12.8 19-65 clozapine caused further impairment (37). Taken
Emotional Intelligence Test) together, these studies and the present findings
Overall 27.9 11.8 9-57 suggest that NDMC could have a procognitive

Our findings are consistent with the results of two previous

retrospective studies assessing the relationship between clo-
zapine and NDMC concentrations and cognition. Our study
confirms these preliminary findings in a well-characterized
sample of adult patients with schizophrenia receiving clozapine
monotherapy and recruited in a study designed to assess this
relationship. Our study also shows that the association between
clozapine/NDMC ratio and cognition is specific to working
memory, as predicted by the role of cholinergic neurotrans-
mission in cognitive function.

NDMC is a major metabolite of clozapine and is produced
via N-desmethylation of clozapine by CYP1A2, CYP2C19, and
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effect, or it could merely offset the deleterious
effect of clozapine. Furthermore, the opposing effects of cloza-
pine and NDMC on cognition are probably the reason why
clozapine and NDMC, separately, are not associated with
cognition in patients with schizophrenia. In contrast,
clozapine/NDMC ratio is a stronger predictor of cognition
because it accounts for these opposing effects.

We did not find any significant relationship between
clozapine/NDMC ratio and any cognitive domain other than
working memory. We believe this is because the cholinergic
system is robustly and selectively critical in performing tasks
that depend heavily on complex attentional processes (38). The
MCCB working memory tests are highly dependent on
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complex attentional processes and therefore on cholinergic
neurotransmission. The MCCB tests of other cognitive domains
(e.g., episodic memory and reasoning and problem solving) are
likely to depend on attentional processes, encoding of in-
formation, and short-term retrieval in episodic memory and
planning and inhibitory mechanisms in problem solving, which
are as dependent on other neurochemical systems as on the
cholinergic system, and possibly more so.

Asexpected, SAA was strongly correlated with clozapine and
NDMC concentrations. However, the association with NDMC
concentration did not remain significant after we controlled for
the association with clozapine concentration, which suggests
that SAA is more reflective of clozapine curtailing the binding of
NDMC. The absence of association between NDMC concen-
tration and SAA after controlling for clozapine concentration
could also be due to collinearity between clozapine and NDMC
concentrations. Also as expected, we found that SAA was not
associated with working memory performance. This is most likely
due to the fact that there is no association between clozapine
concentration alone and working memory performance and
that SAA does not account for NDMC and its procognitive
effects.

These findings seem to contradict those
of arecent study in patients with schizophrenia
in which SAA was inversely associated with

RAJJI ET AL.

FIGURE 1. Relationship Between Working Memory Performance
and Clozapine-to-N-Desmethylclozapine (NDMC) Plasma Ratio
in Schizophrenia?

50

20

Working memory performance (T-score)

10

0.50 1.00 150 2.00 2.50
CLZ/NDMC ratio

@Spearman'’s rho=—0.40, p=0.03.

3.00 3.50

TABLE 3. Correlation Matrix With Working Memory and Working Memory Tests in
a Study of Clozapine-to-N-Desmethylclozapine (NDMC) Plasma Ratio and Working
Memory Performance in Schizophrenia

both working memory performance and frontal

gray matter density (9). However, in that study,  yeasure \:\dermkgg; Letstg:nN-llfgtb er s;ff: t_;_aelst
patients were receiving various conventional
and atypical antipsychotic medications and ¢ P t P t P
some anticholinergic medications; only seven ~ Gender 026 080 on 091 0.32 075
of the 47 patients were being treated with re p e p e p
clozapine. Thus, in that study, cognition was Age 2034 006  -009 065 2039 004
most likely affected mainly by the anti- Eqycation -009 065 -005 080 -005 079
muscarinic burden of medications and not Positive and Negative -0.01 095 -0.16 0.40 015 044
likely by NDMC, and consequently SAA, Syndrome Scale score
reflecting this antimuscarinic burden, would Clozapine concen?ration -0.28 0.13 -0.15 0.43 -0.26 0.16
be expected to be associated with cognition. NDMC.concentratlor? -0.02 0.90 0.04 0.86 0.00 1.00
Clozapine/NDMC ratio -0.40 0.03 -0.26 0.17 -0.41 0.02
This is consistent with a study in which SAA serym anticholinergic -006 076 -007 071 0.00 099

was not related to cognition in patients re- activity

ceiving only clozapine (39) and with a follow-
up study that included subjects receiving either
clozapine or olanzapine (40) in which SAA was negatively
associated with frontal executive control. It is also consistent
with the fact that the majority of subjects who demonstrated
a lack of cognitive improvement associated with high SAA
during cognitive training were receiving olanzapine rather
than clozapine (8). Taken together, these findings suggest that
these other antipsychotics do not produce metabolites that could
offset their anticholinergic burden and its negative impact on
cognition.

Our study has some limitations. Because our design was
cross-sectional, we did not assess the impact of changing
clozapine/NDMC ratio on working memory. Such an in-
tervention would be a logical follow-up to our study. While the
MCCB was designed to assess the effects of interventions on
cognition, it is possible that it is not sensitive enough to detect
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effects of clozapine and NDMC concentrations on cognitive
domains other than working memory. Similarly, given the small
size of our sample, we may have missed small effects. This
limitation is partly offset by the homogeneity of our sample,
which consisted exclusively of patients treated with clozapine
monotherapy and a bedtime regimen. Still, replication in a
larger sample is warranted.

Notwithstanding these limitations, our results have sev-
eral potential implications both for future research and clinical
practice. First, they highlight the importance of assessing the
state of a target neurochemical system when attempting to
intervene with agents that alter this system to enhance cog-
nition. Our study specifically illustrates the need to take into
account the effects of both a parent compound and its active
metabolites when assessing a potential procognitive agent.
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TABLE 4. Multiple Linear Regressions With Working Memory in
a Study of Clozapine-to-N-Desmethylclozapine (NDMC) Plasma
Ratio and Working Memory Performance in Schizophrenia?

Model and Variable B SEB B p
Clozapine/NDMC ratio (R®=0.32, p=0.040)
Age -0.16 0.10 -030 o011
Gender 0.52 2.97 0.03 0.86
Education -0.23 0.59 -0.07 0.70
PANSS score -0.06 0.15 -0.07 071
Clozapine/NDMC ratio -5.49 2.18 -0.45 0.019

Clozapine concentration (R®=0.27, p=0.16)

Age -0.24 0.10 -042 0.027
Gender 118 3.12 0.07 072
Education 0.18 0.59 0.06 076
PANSS -0.04 0.16 -0.04 081
Clozapine concentration -0.002 0.001 -0.37 0.06
NDMC concentration (R®=0.15, p=0.55)
Age -0.21 0.11 -0.38 0.07
Gender -0.83 3.32 -0.05 0.80
Education 0.14 0.66 0.04 0.89
PANSS score -0.02 0.17 -0.03 0.89
NDMC <0.001 0.002 0.01 096

@B=parameter estimate; SE B=standard error of B; B=standardized B;
PANSS=Positive and Negative Syndrome Scale.

Second, our study supports recent efforts to target M; receptor
neurotransmission to enhance cognition: such agents could
serve as adjunctive cognitive enhancers in the treatment of
patients of schizophrenia. Finally, our study demonstrates the
cognitive cost of a high clozapine/NDMC ratio. In fact, given
the high anticholinergic burden associated with clozapine (18),
one would expect patients to be almost delirious. Our results
suggest that NDMC offsets such high cognitive costs. This is
an important consideration, given the recent interest in in-
creasing the clozapine/NDMC ratio to increase the efficacy
and tolerability of clozapine (41). Conversely, it suggests that
cognitive benefits could be obtained by reducing a high dosage
of clozapine, given that the clozapine concentration is likely to
decline before the NDMC concentration if N-desmethylation
is saturated (42). Alternatively, an agent that inhibits the me-
tabolism of NDMC but not that clozapine (or does so to a lesser
extent) could possibly improve cognition without worsening
psychotic symptoms.

Taken together, our findings suggest that the clozapine/
NDMLC ratio should be monitored routinely. This is particularly
true for patients undergoing pharmacological or other clinical
changes that affect clozapine metabolism or those in whom
cognitive change is noticed. A cognitive decline that is associated
with an increase in the clozapine/NDMC ratio should warrant
an evaluation of what could have caused the increase and an
adjustment of the cause or of the clozapine dosage.

AUTHOR AND ARTICLE INFORMATION

From the Geriatric Psychiatry Division, the Campbell Family Mental Health
Research Institute, and the Schizophrenia Division, Centre for Addiction
and Mental Health, Toronto; and the Department of Psychiatry, University
of Toronto, Toronto.

584 gajp.psychiatryonline.org

Address correspondence to Dr. Rajji (tarek.rajji@camh.ca).

Dr. Rajji has received research support from Brain Canada, the Brain and
Behavior Research Foundation, the Canadian Foundation for Innovation,
the Canadian Institutes of Health Research (CIHR), the Ontario Ministry of
Health and Long-Term Care, the Ontario Ministry of Research and In-
novation, NIH, and the W. Garfield Weston Foundation. Dr. Mulsant has
received research support from CIHR, Bristol-Myers Squibb (medications
for an NIH-funded clinical trial), Eli Lilly (medications for an NIH-funded
clinical trial), Janssen, NIH, and Pfizer (medications for an NIH-funded
clinical trial) and travel support from Roche; he owns stock in General
Electric. Dr. Pollock has received support from Brain Canada, CIHR, NIH,
and the Foundation of the Centre for Addiction and Mental Health.
Dr. Remington has received research support from Medicure and Neurocrine
Biosciences, consulting fees from Laboratorios Farmacéuticos Rovi, Medicure,
Neurocrine Biosciences, Novartis, and Synchroneuron, and speaking fees from
Novartis. The other authors report no financial relationships with commercial
interests.

Received May 28, 2014; revisions received Aug. 9 and Dec. 8, 2014, and
Jan. 14, 2015; accepted Jan. 26, 2015; published online April 10, 2015.

REFERENCES
1. Heinrichs RW, Zakzanis KK: Neurocognitive deficit in schizo-
phrenia: a quantitative review of the evidence. Neuropsychology
1998; 12:426-445
2. Green MF, Kern RS, Heaton RK: Longitudinal studies of cognition
and functional outcome in schizophrenia: implications for MATRICS.
Schizophr Res 2004; 72:41-51
3. Sarter M, Lustig C, Taylor SF: Cholinergic contributions to the
cognitive symptoms of schizophrenia and the viability of cholinergic
treatments. Neuropharmacology 2012; 62:1544-1553
4. Rajji TK, Chow TW, Voineskos AN, et al: Cholinergic pathways and
cognition in patients with schizophrenia: a pilot study. Schizophr
Res 2012; 139:46-52
5. Demeter E, Sarter M: Leveraging the cortical cholinergic system to
enhance attention. Neuropharmacology 2013; 64:294-304
6. Buchanan RW, Conley RR, Dickinson D, et al: Galantamine for the
treatment of cognitive impairments in people with schizophrenia.
Am J Psychiatry 2008; 165:82-89
7. Keefe RSE, Malhotra AK, Meltzer HY, et al: Efficacy and safety of donepezil
in patients with schizophrenia or schizoaffective disorder: significant
placebo/practice effects in a 12-week, randomized, double-blind, placebo-
controlled trial. Neuropsychopharmacology 2008; 33:1217-1228
8. Vinogradov S, Fisher M, Warm H, et al: The cognitive cost of an-
ticholinergic burden: decreased response to cognitive training in
schizophrenia. Am J Psychiatry 2009; 166:1055-1062
9. Wojtalik JA, Eack SM, Pollock BG, et al: Prefrontal gray matter mor-
phology mediates the association between serum anticholinergicity
and cognitive functioning in early course schizophrenia. Psychiatry Res
2012; 204:61-67
10. Chakos M, Lieberman J, Hoffman E, et al: Effectiveness of second-
generation antipsychotics in patients with treatment-resistant
schizophrenia: a review and meta-analysis of randomized trials.
Am J Psychiatry 2001; 158:518-526
11. Goldberg TE, Greenberg RD, Griffin SJ, et al: The effect of clozapine
on cognition and psychiatric symptoms in patients with schizo-
phrenia. Br J Psychiatry 1993; 162:43-48
12. Hoff AL, Faustman WO, Wieneke M, et al: The effects of clozapine on
symptom reduction, neurocognitive function, and clinical manage-
ment in treatment-refractory state hospital schizophrenic inpatients.
Neuropsychopharmacology 1996; 15:361-369
13. Zahn TP, Pickar D, Haier RJ: Effects of clozapine, fluphenazine, and
placebo on reaction time measures of attention and sensory domi-
nance in schizophrenia. Schizophr Res 1994; 13:133-144
14. Lindenmayer JP, Iskander A, Park M, et al: Clinical and neurocognitive
effects of clozapine and risperidone in treatment-refractory schizo-
phrenic patients: a prospective study. J Clin Psychiatry 1998; 59:521-527

Am J Psychiatry 172:6, June 2015


mailto:tarek.rajji@camh.ca
http://ajp.psychiatryonline.org

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

Buchanan RW, Holstein C, Breier A: The comparative efficacy and
long-term effect of clozapine treatment on neuropsychological test
performance. Biol Psychiatry 1994; 36:717-725

Meyer-Lindenberg A, Gruppe H, Bauer U, et al: Improvement of
cognitive function in schizophrenic patients receiving clozapine or
zotepine: results from a double-blind study. Pharmacopsychiatry
1997; 30:35-42

Snyder S, Greenberg D, Yamamura HI: Antischizophrenic drugs and
brain cholinergic receptors: affinity for muscarinic sites predicts
extrapyramidal effects. Arch Gen Psychiatry 1974; 31:58-61

Chew ML, Mulsant BH, Pollock BG, et al: Anticholinergic activity of
107 medications commonly used by older adults. J Am Geriatr Soc
2008; 56:1333-1341

Davies MA, Compton-Toth BA, Hufeisen SJ, et al: The highly effi-
cacious actions of N-desmethylclozapine at muscarinic receptors are
unique and not a common property of either typical or atypical
antipsychotic drugs: is M1 agonism a pre-requisite for mimicking
clozapine’s actions? Psychopharmacology (Berl) 2005; 178:451-460
Sur C, Mallorga PJ, Wittmann M, et al: N-desmethylclozapine, an
allosteric agonist at muscarinic 1 receptor, potentiates N-methyl-D-
aspartate receptor activity. Proc Natl Acad Sci USA 2003; 100:
13674-13679

Bondesson U, Lindstrém LH: Determination of clozapine and its N-
demethylated metabolite in plasma by use of gas chromatography-
mass spectrometry with single ion detection. Psychopharmacology
(Berl) 1988; 95:472-475

Weiner DM, Meltzer HY, Veinbergs I, et al: The role of M1 muscarinic
receptor agonism of N-desmethylclozapine in the unique clinical effects
of clozapine. Psychopharmacology (Berl) 2004; 177:207-216

Rajji TK, Uchida H, Ismail Z, et al: Clozapine and global cognition in
schizophrenia. J Clin Psychopharmacol 2010; 30:431-436

Sheehan DV, Lecrubier Y, Sheehan KH, et al: The Mini-International
Neuropsychiatric Interview (MINI): the development and validation
of a structured diagnostic psychiatric interview for DSM-IV and
ICD-10. J Clin Psychiatry 1998; 59:(suppl 20):22-33

Kay SR, Opler LA, Lindenmayer JP: Reliability and validity of the
Positive and Negative Syndrome Scale for schizophrenics. Psychi-
atry Res 1988; 23:99-110

Nuechterlein KH, Green MF, Kern RS, et al: The MATRICS Con-
sensus Cognitive Battery, part 1: test selection, reliability, and validity.
Am J Psychiatry 2008; 165:203-213

Freeman DJ, Li MC, Oyewumi K: Solid-phase extraction and high-
performance liquid chromatographic analysis of clozapine and nor-
clozapine in human plasma. Ther Drug Monit 1996; 18:688-692
Mulsant BH, Pollock BG, Kirshner M, et al: Serum anticholinergic
activity in acommunity-based sample of older adults: relationship with
cognitive performance. Arch Gen Psychiatry 2003; 60:198-203

Am J Psychiatry 172:6, June 2015

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

RAJJI ET AL.

Eiermann B, Engel G, Johansson I, et al: The involvement of CYP1A2
and CYP3A4 in the metabolism of clozapine. Br J Clin Pharmacol
1997; 44:439-446

Pirmohamed M, Williams D, Madden S, et al: Metabolism and
bioactivation of clozapine by human liver in vitro. J Pharmacol Exp
Ther 1995; 272:984-990

Li Z, Huang M, Ichikawa J, et al: N-desmethylclozapine, a major
metabolite of clozapine, increases cortical acetylcholine and dopa-
mine release in vivo via stimulation of M1 muscarinic receptors.
Neuropsychopharmacology 2005; 30:1986-1995

Ohno-Shosaku T, Sugawara Y, Muranishi C, et al: Effects of clozapine
and N-desmethylclozapine on synaptic transmission at hippocampal
inhibitory and excitatory synapses. Brain Res 2011; 1421:66-77
McFarland K, Johnson RW, Son T: N-Desmethlyclozapine dem-
onstrated pro-cognitive actions in experimental models. Paper
presented at the 11th International Congress on Schizophrenia
Research. Colorado Springs, Colo, 2007

Gray L, McOmish C, Scarr E, et al: Role of muscarinic receptors in
the activity of N-desmethylclozapine: reversal of hyperactivity in
the phospholipase C knockout mouse. Behav Pharmacol 2008; 19:
543-547

Maehara S, Hikichi H, Ohta H: Behavioral effects of N-desmethylclozapine
on locomotor activity and sensorimotor gating function in mice:
possible involvement of muscarinic receptors. Brain Res 2011; 1418:
111-119

Maehara S, Okuda S, Ohta H: Ameliorative effect of N-desmethylclozapine
in animal models of social deficits and cognitive functions. Brain
Res Bull 2011; 86:146-151

Ertugrul A,Ozdemir H, Vural A, et al: The influence of N-desmethylclozapine
and clozapine on recognition memory and BDNF expression in
hippocampus. Brain Res Bull 2011; 84:144-150

Hasselmo ME, Sarter M: Modes and models of forebrain cholinergic
neuromodulation of cognition. Neuropsychopharmacology 2011;
36:52-73

Tracy JI, Monaco CA, Abraham G, et al: Relation of serum anti-
cholinergicity to cognitive status in schizophrenia patients taking
clozapine or risperidone. J Clin Psychiatry 1998; 59:184-188

Tracy JI, Monaco C, Giovannetti T, et al: Anticholinergicity and cog-
nitive processing in chronic schizophrenia. Biol Psychol 2001; 56:1-22
Légaré N, Grégoire CA, De Benedictis L, et al: Increasing the clo-
zapine:morclozapine ratio with co-administration of fluvoxamine to
enhance efficacy and minimize side effects of clozapine therapy. Med
Hypotheses 2013; 80:689-691

Couchman L, Morgan PE, Spencer EP, et al: Plasma clozapine,
norclozapine, and the clozapine:norclozapine ratio in relation to
prescribed dose and other factors: data from a therapeutic drug
monitoring service, 1993-2007. Ther Drug Monit 2010; 32:438-447

ajp.psychiatryonline.org 585


http://ajp.psychiatryonline.org

