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Abstract

Clozapine has superior and unique effects as an antipsychotic agent, but the mediators of these
effects are not known. We studied behavioral and developmental effects of clozapine in
Caenorhabditis elegans, as a model system to identify previously undiscovered mechanisms of
drug action. Clozapine induced early larval arrest, a phenotype that was also seen with the
clozapine metabolite N-desmethyl clozapine but not with any other typical or atypical
antipsychotic drug tested. Mutations in the insulin receptor/daf-2 and the phosphatidyl inositol 3-
kinase (PI3K)/age-1 suppressed clozapine-induced larval arrest, suggesting that clozapine may
activate the insulin signaling pathway. Consistent with this notion, clozapine also increased
expression of an age-1::GFP reporter. Activation of the insulin signaling pathway leads to
cytoplasmic localization of the fork head transcription factor FOXO/daf-16. Clozapine produced
cytoplasmic localization of DAF-16::GFP in arrested L1 larvae, in contrast to stressors such as
starvation or high temperature which produce nuclear localization of DAF-16::GFP in arrested L1
larvae. Clozapine also inhibited pharyngeal pumping in C. elegans, an effect that may contribute
to but did not explain clozapine-induced larval arrest. Our findings demonstrate a drug-specific
interaction between clozapine and the PI3K/insulin signaling pathway in C. elegans. As this
pathway is conserved across species, the results may have implications for understanding the
unique effects of clozapine in humans.
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Introduction

The treatment of patients with schizophrenia has been hindered by both the limited efficacy
of currently available antipsychotic medications and the frequent and disabling side effects
produced by these drugs (Freedman, 2005; Lieberman et al, 2005). Development of
improved treatments has been slowed by a poor understanding both of the pathophysiology
of psychosis and the mechanisms of action of current medications (Carpenter and Koenig,
2008). While antagonism of monoamine receptors is a shared property of antipsychotic
agents, the drugs vary greatly in relative potency at these receptors, and it is not known how
actions at these common targets mediate each drug’s specific clinical effects (Arnt and
Skarsfeldt, 1998; Gardner et al, 2005).

Clozapine stands out among the antipsychotic medications for its superior efficacy in
treatment-refractory schizophrenia and its production of minimal extrapyramidal symptoms
(Kane et al, 1988; Kumra et al, 2008). More than other antipsychotics, clozapine has been
shown to reduce negative symptoms and to ameliorate cognitive deficits in patients with
schizophrenia (Meltzer and McGurk,1999; Lindenmayer et al, 1998; Brar et al, 1997). The
use of clozapine is limited by its occasional production of agranulocytosis, a complication
that requires frequent monitoring of white blood cells (Krupp and Barnes, 1992). In
addition, there is a significant drug-related incidence of new-onset diabetes mellitus, as well
as dyslipidemia and weight gain (Lamberti et al, 2006). The molecular basis both of
clozapine’s unique superior efficacy and its side effects are unknown, although various
mechanisms have been proposed (Brunello et al, 1995).

C. elegans provides a versatile system that can be used to identify targets and pathways
affected by psychoactive drugs (Weinshenker et al, 1996; Bettinger et al, 2004). There are
many genetic pathways originally characterized in C. elegans that have generalized to
mammalian biology, such as the control of vulval development by the ras pathway (Horvitz
and Sternberg, 1991), control of apoptosis by the programmed cell death pathway
(Hengartner and Horvitz, 1994), RNA interference (Fire et al, 1998), and the control of
development by micro RNAs (Ruvkun, 2001). Many gene systems of interest in the study of
psychiatric neurobiology are conserved between C. elegans and mammals, such as
neurotransmitter receptors, including G-protein coupled receptors and ligand-gated
channels, second-messenger systems, many ion channels, synaptic proteins and enzymes
involved in neurotransmitter biosynthesis and metabolism (Bargmann, 1998). Large-scale
genetic screens in invertebrates allow identification of genetic targets without prior
knowledge of the role of such targets, an approach not possible in mouse models (Riddle et
al, 1997; Sieburth et al, 2005). Human homologs of C. elegans genes may point to
biological mechanisms that provide insight into clinically relevant mechanisms in humans.
For example, studies of development and programmed cell death in C. elegans have led to
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the identification of genes that are conserved in mammals, and that, when mutated, cause
neurodegenerative disease and cancer in humans (Horvitz, 1999).

We undertook a study in C. elegans to identify novel mechanisms underlying the effects of
clozapine. Similar studies in C. elegans have led to the identification of novel targets of
psychoactive agents such as the antidepressant fluoxetine (Choy and Thomas, 1999; Choy et
al, 2006) as well as the identification of the calcium-activated large conductance BK
potassium channel as a target of ethanol (Davies et al, 2003). We observed a clozapine-
specific developmental phenotype resulting in early larval arrest. We report that age-1
mutants suppress clozapine-induced larval arrest, indicating interactions between clozapine
and the PI-3 kinase (PI3K)/insulin signaling pathway. This pathway mediates a diverse array
of biological processes in C. elegans, such as metabolism, growth, and longevity. The
pathway, which is well-conserved between C. elegans and humans, includes homologs of
the insulin receptor/daf-2, the PI3K/age-1, the serine-threonine kinases Akt/akt-1 and akt-2
and PDK1/pdk-1, and the fork head transcription factor FOXO/daf-16. DAF-16 is a major
target of the pathway and is antagonized by activation of DAF-2 (Paradis and Ruvkun, 1998;
Pierce et al, 2001).

Methods and Materials

C. elegans strains were obtained from the Caenorhabditis Genetics Center (CGC) in
Minneapolis, MN. Experiments were conducted with the C. elegans Bristol strain N2 as the
wild-type parent of our mutant strains. Nematodes were grown under standard culture
conditions at 20°C. The following strains were used: CB1112 cat-2(e1112), MT7988
bas-1(ad446), MT9455 tph-1(n3722), GR1321 tph-1(mg280), CB1141 cat--4 (e1141),
JT603 gpl-2 (sa603), JT734 goa-1 (sa734), MT2605 unc-43 (n498n1186), TJ1052
age-1(hx546), TJ412 age-1(hx542); fer-15(h26), CB1370 daf-2(e1370), DR1564
daf-2(m41), DR1567 daf-2(m577), DR1568 daf-2(e1371), GR1318 pdk-1(mg142), JT709
pdk-1(sa709), JT9609 pdk-1(sa680), DR26 daf-16(m26), CZ1197 Punc-25::GFP(juls73),
TJ356 zIs356[DAF-16::GFP], BC10837 [dpy-5(e907); sEx10837 (age-1::GFP)] (McKay et
al, 2003), FK229 egl-4(ks61), DA695 egl-19(ad695), PR678 tax-4(p678), PR694
tax-2(p694), DR2281 daf-9(m540), DR47 daf-11(m47), DR62 daf-7(m63), DR63
daf-4(m63). The sEx10837 (age-1::GFP) array was integrated in the following manner: 100
animals were irradiated with X-ray on 20 medium plates, allowed to starve and transferred
to fresh plates. After 24 hours, 300 transgenic animals were picked to fresh plates and scored
for presence of fluorescence in the progeny. The tbh-1 mutant allele n3722 and tph-1 mutant
allele mg280 were gifts from Dr. Mark Alkema (University of Massachusetts, Worcester,
MA). We obtained clozapine, perphenazine and haloperidol from Sigma-Aldrich, N-
desmethyl clozapine from Tocris, and olanzapine from Waterstone Technology. Nematodes
were grown and studied under standard culture conditions at 20°C unless otherwise noted.

Larval Arrest

Drug plates were prepared by pipetting 100 pl of stock solution in 100% ethanol onto the
agar surrounding the bacterial lawn. 10 gravid adults were placed in two seeded NGM plates
each with 1% ethanol and either 200 pg/ml clozapine, 50 pg/ml haloperidol, or 100 pg/ml
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olanzapine. Gravid adults were removed after 24 hours. Numbers of nematodes in different
stages were counted every day. The smallest larvae on the plates were counted as L1 while
larger larvae that lacked a pre-vulva space were scored as L2. L3 larvae were scored using
the following identifying factors: they are larger than L2, they have a pre-vulval space, and
they exhibit much greater locomotion than L1 or L2 larvae. Dead worms and unhatched
eggs were not counted. To examine the effects of clozapine on different larval stages,
freshly laid eggs from gravid adults were incubated at 20°C. Larvae of different stages (L1,
L2, L3 and L4) were picked at specific time intervals corresponding to the developmental
stage at 20°C and placed on fresh plates containing 200 pg/ml clozapine. Plates were
incubated at 20°C and the worms of different larval stages counted for the next 12 days or
until all worms had reached adulthood.

Measurement of Tissue Clozapine Level

Eggs from bleached worms were washed and placed on 20 medium NGM plates containing
200 pg/ml of clozapine. After 48 hours at 20°C, arrested larvae were collected. They were
washed and resuspended in 1 ml of M9 buffer and subjected to four freeze-thaws. This
solution was vortex-mixed and an aliquot immediately sampled for analysis. The
homogenate was extracted by liquid/liquid extraction then back extraction of the organic
phase into phosphate buffer and an aliquot of this aqueous extract directly injected into the
HPLC system. Clozapine and N-desmethyl clozapine levels were determined via HPLC with
UV detection.

Dose Response

Experiments were set up with two plates per condition and 10 adults per plate on day 0.
Concentrations of drugs used were in the following range: 50 pg/ml to 200 pg/ml for
clozapine and N-desmethyl clozapine, 10 pg/ml to 50 pug/ml for haloperidol, and 10 pug/ml to
100 pg/ml for olanzapine. Plates were scored on days 3, 6, 9, and 12. Any plate that had
grown beyond one generation was no longer scored.

DAF-16 Localization

Adult TJ356 worms containing the integrated daf-16::gfp marker zI1s356 were placed on
plates with clozapine or 1% ethanol and removed after 24 hours. After another 48 hours at
20°C, the arrested larvae were put on slides using tricaine and tetramisol to anesthetize them
and worms were scored in terms of nuclear localization of the GFP. To obtain starved
larvae, eggs from bleached worms were placed on plates without food. The hatched starved
larvae were collected after 48 hours and put on slides using tricaine and tetramisol to
anesthetize them. For all three conditions, worms were scored within 5 minutes of being put
on the slide, since paralysis induced DAF-16 nuclear localization after 20 minutes in control
worms. Photographs were taken with an Axio Image Al microscope and an AxioCAM
MRM camera.

Pharyngeal Pumping

Adult worms were placed overnight on plates with 1% ethanol or 200 pg/ml clozapine and
removed the following morning. Pharyngeal pumping of the hatched larvae was scored. Five
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larvae at a time were transferred from each plate onto fresh plates with abundant food
lacking any drugs or alcohol. The worms were allowed to settle for 5 minutes and the
number of pumps was counted during 30 second duration. Only worms on the bacterial lawn
were scored.

Induction Studies

Results

For the age-1::GFP worms, the heterozygotes are wild type and the worms missing the
array are dumpy so only the wild-type adults were chosen. Ten adult worms were placed on
three plates each of 1% ethanol and 200 pg/ml clozapine and removed after 18 hours. After
six hours, hatched worms were put on slides using tricaine and tetramisol to anesthetize
them and the GFP expression was scored. The number of GFP-positive cells in the intestine
was then scored. GFP expression was noted for each section as being none, dull, moderate,
or bright.

Clozapine Induces Early Larval Arrest in C. elegans

We allowed adult worms to lay eggs on plates containing clozapine, the typical
antipsychotics haloperidol and perphenazine, or an atypical antipsychotic olanzapine, which
is structurally related to clozapine. We then studied the development of hatched larvae over
time. The presence of the vehicle, 1% ethanol alone, slowed the development of control
animals slightly, as expected (Figure 1H) (Lee and Mclntire, 2006; Lee et al, 2006). Wild-
type worms in the presence of 1% ethanol took 4 days to reach adulthood from the time the
eggs were laid. Worms exposed to haloperidol, perphenazine and olanzapine progressed
through development to adulthood with a very slight delay, taking 4-5 days to reach
adulthood (Figure 1A, D, E, F and H). Besides this delay, no other changes were observed in
the growth cycle. However, newly hatched larvae exposed to clozapine did not develop
beyond the early larval stages even after two weeks (Figure 1B and H). Worms arrested in
the presence of clozapine were primarily in the L1 stage with only 18% of arrested worms
reaching the L2 stage and no worms of later stages present.

We quantified the effects of clozapine on the development of C. elegans by performing
dose-response and time-course studies. Larval arrest with exposure to clozapine was dose-
dependent. By day 12, N2 larvae exposed to 125 pg/ml clozapine had developed on to
adulthood. N2 larvae exposed to 150 pg/ml clozapine had intermediate results with some
worms reaching the L3 larval stage, but no larvae developed into adults (Figure 2). There
was complete L1-L2 larval arrest with exposure to clozapine concentrations of 175 ug/ml or
greater (Figure 2). We also tested the effect of the clozapine metabolite N-desmethy!l
clozapine on larval development, since this metabolite has been hypothesized to play a
major role in the therapeutic effects of clozapine. (Sur et al, 2003; Weiner et al, 2004). We
observed larval arrest with N-desmethyl clozapine at 200 pg/ml (Figure 1C). Exposure to the
highest soluble level we could achieve with haloperidol in 1% ethanol (50 pug/ml) did not
result in larval arrest Figure 1D and H). Clinically, haloperidol is used at doses more than an
order of magnitude lower than clozapine. Nonetheless, to achieve concentrations similar to
that of clozapine, we also conducted studies with 200 ug/ml haloperidol, although this
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necessitated a fourfold higher final concentration of ethanol for solubility. No larval arrest
was seen with haloperidol in this condition. We conducted similar studies with the atypical
antipsychotic drug olanzapine, which, among the available antipsychotic drugs, is
structurally most similar to clozapine, and with the typical antipsychotic drug perphenazine
at similar concentrations. We did not observe larval arrest with either of those widely used
antipsychotics (Figure 1E, F, and H).

These larval arrest studies were performed with clozapine exposure initiated in the
embryonic state. To study the nature of the larval arrest further, we examined whether
clozapine-induced larval arrest resulted only from exposure prior to the L1 stage or whether
developmental arrest could be induced in later larval stages as well. Larvae were staged
based on known growth rates at 20°C and physical characteristics. We exposed separate
populations of L1, L2, L3, and L4 larvae to clozapine (Supplementary Figure 1). Exposing
L1 larvae to clozapine resulted in complete larval arrest. Most L1 larvae exposed to
clozapine arrested development at the L1 stage, although a few progressed to the L2 stage
and then either arrested development or died. We observed a significantly higher mortality
rate in L2 larvae exposed to clozapine than those exposed as eggs or as L1 larvae. L3 larvae
exposed to clozapine did not undergo developmental arrest, although their growth was
delayed and many of these worms died as young adults. The worms that did manage to reach
gravid adulthood became bags of worms. L4 larvae exposed to clozapine developed to
gravid adulthood and successfully laid eggs. In summary, clozapine-induced arrest occurs
primarily at the L1 stage. Once a worm enters the L3 larval stage, clozapine exposure slows
the rate of development and increases mortality but does not cause complete arrest.

We determined the tissue levels of clozapine and its active metabolite N-desmethyl
clozapine using HPLC to compare the drug levels in the worms with tissue levels observed
in patients. We found that worms exposed to 200 pg/ml of clozapine had total clozapine and
N-desmethyl clozapine concentrations of 18.02 pg/ml (17.2 pg/ml clozapine and 0.82 pg/ml
of N-desmethyl clozapine). Average serum levels of clozapine and N-desmethyl clozapine
in patients taking clozapine have been reported to be 460 * 245 ng/ml, with average
clozapine levels of 265 *+ 143 ng/ml and N-desmethyl clozapine levels of 194 + 117 ng/ml
(Centorrino et al, 1996). It should be noted that these are serum levels, and the brain levels
of clozapine and N-desmethyl clozapine are expected to be higher, given the lipophilic
properties of clozapine. Measurements of serum and brain levels of clozapine in rats have
shown that the brain and serum levels are closely correlated, but there is a 24-fold higher
concentration of clozapine in the brain (Baldessarini et al, 1993). Hence, the levels that one
would expect in human brains based on these studies (~11 pug/ml) is very close to the levels
that we found in the worm tissue (18.02 pg/ml).

age-1 Mutants Suppress Clozapine-induced Larval Arrest

Given the putative roles of dopaminergic and serotonergic systems in the pathogenesis of
schizophrenia and known interactions between clozapine and these neurotransmitter
systems, we initially studied worms deficient in dopamine and/or serotonin to see if such
mutants suppressed clozapine-induced larval arrest (Gardner et al, 2005). We tested the
mutants cat-2(e1112), which has a mutation in the dopamine biosynthetic enzyme tyrosine
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hydroxylase, tph-1(mg280), which has a mutation in the serotonin biosynthetic enzyme
tryptophan hydroxylase, bas-1(ad446), which has a mutation in the serotonin and dopamine
biosynthetic enzyme aromatic amino acid decarboxylase, and cat-4 (e1141), which has a
mutation in the serotonin and dopamine biosynthetic enzyme GTP cyclohydrolase 1. 100%
of these mutant worms were arrested in the L1-L2 stage in the presence of clozapine. We
then examined worms with mutations in various other neurotransmitter and signal
transduction systems to find mutants that suppressed clozapine-induced larval arrest.

We observed that age-1 mutants suppressed clozapine-induced larval arrest. In the absence
of the antipsychotics, these mutants grow to adulthood along the same time course as N2
worms (Supplementary Figure 2). age-1(hx546) worms, which contain a mutation in
phosphatidyl inositol 3-kinase (PI3K), suppressed clozapine-induced larval arrest (Figure
1G and 2). A delay in growth was observed, but these mutants developed through all larval
stages into adulthood and laid eggs (Figure 1G and 2). This effect seen with age-1 was dose-
dependent (Figure 2). For example, on exposure to a lower concentration of clozapine (100
ug/ml), about 60% of N2 worms were L1 or L2 on day 12, while all animals had reached
adulthood on the age-1 plates. To confirm the involvement of these genes in suppression of
clozapine-induced larval arrest, we studied another available age-1 allele hx542 and found
similar suppression of larval arrest (Supplementary Figure 3). We also found that
daf-2(e1370) animals, which contain a mutation in the insulin/IGF-1 receptor, partially
suppressed clozapine-induced larval arrest, growing beyond the early larval stages but not to
adulthood at 200 pg/ml clozapine (Figure 2). Similar results were seen with three other daf-2
alleles (e1370, m41, m577) (Supplementary Figure 3).

C. elegans larvae can enter an alternative dauer developmental stage during unfavorable
environmental conditions (Riddle et al, 1997). We considered the possibility that clozapine
could be forcing the worms to enter the dauer stage. Dauer worms can survive harsh
conditions and live for extended periods of time. Dauer larvae can be recovered by
resistance to treatment with 1% SDS (sodium dodecyl sulfate). We treated the clozapine-
arrested worms with 1% SDS and found that none of the worms had entered dauer stage.
Dauer arrest is affected by multiple pathways, including the insulin signaling pathway, the
TGF-B pathway, a guanylate cyclase pathway, and a steroid hormone pathway. We tested
mutations in the TGF-f ligand daf-27 and the TGF- receptor daf-4 but saw no suppression
of clozapine-induced larval arrest. We also tested the guanylate cyclase pathway mutants
daf-11, tax-2, and tax-4 and the steroid hormone pathway mutant daf-9 (Supplementary
Figure 4). None of these mutants suppressed clozapine-induced larval arrest. These studies
suggest that clozapine acts through a limited number of specific pathways to effect larval
arrest.

Clozapine Inhibits Pharyngeal Pumping

We tested whether clozapine produced larval arrest by inhibiting pharyngeal pumping in the
larvae, thereby causing starvation. We found that exposure to clozapine resulted in a
significant inhibition of pharyngeal pumping in N2 L1 larvae, much more pronounced than
seen with haloperidol or olanzapine (Figure 3A). It should be noted that we had studied
haloperidol at 50 pg/ml and olanzapine at 100 ug/ml, their respective highest solubilities in
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ethanol, but we had used 200 pg/ml clozapine. In order to ensure that effects on pharyngeal
pumping were not missed with haloperidol and olanzapine due to the lower dosage, we
studied haloperidol and olanzapine at 200 pg/ml by dissolving them in DMSO. Even at the
higher concentrations, the degree of inhibition of pharyngeal pumping was several fold less
than seen with clozapine. We then tested pharyngeal pumping in mutants to see if the same
mutants that escaped larval arrest could also suppress clozapine-induced inhibition of
pharyngeal pumping. We found that age-1 mutations partially rescued clozapine-induced
inhibition of pharyngeal pumping in L1 larvae (Figure 3B). It is possible that decreased
pharyngeal pumping contributes to the arrest seen with clozapine and that reversal of this
defect may contribute to suppression of arrest by age-1 mutants. However, daf-2 mutants,
which rescue clozapine-induced larval arrest, do not rescue clozapine-induced inhibition of
pharyngeal pumping in L1 larvae (Figure 3B). Hence, inhibition of pharyngeal pumping is
not likely to be the sole reason for clozapine-induced larval arrest. We also sought to
examine if eat mutants, which have reduced pharyngeal pumping at baseline, have increased
sensitivity to clozapine. We performed dose-response experiments on two eat mutants, eat-7
(also known as egl-4) and eat-12 (also known as egl-19). Both of these strains display
increased sensitivity to clozapine at an intermediate dose of 100 pug/ml, consistent with the
notion that clozapine-induced inhibition of pharyngeal pumping contributes to larval arrest
(Supplementary Figure 5).

Clozapine’s Effects on the Insulin Signaling Pathway

One downstream effect of PI3K/AGE-1 in C. elegans is phosphorylation and inhibition of
the FOXO transcription factor DAF-16 (Ogg et al, 1997; Mukhopadhyay et al, 2006). When
C. elegans larvae are starved, the PI3BK/AGE-1 pathway is inactivated, resulting in the
nuclear translocation and activation of DAF-16. Such starvation leads to L1 arrest of the
larvae (Baugh and Sternberg, 2006). By comparison, activation of the insulin signaling
pathway results in cytoplasmic localization of DAF-16. We undertook studies to see how
clozapine affected the nuclear/cytoplasmic localization of DAF-16, using worms containing
an integrated daf-16::GFP marker. Compared to starvation, exposure to clozapine elicited
very different results. While DAF-16 was localized in the nucleus in larvae arrested due to
starvation, it was localized in the cytoplasm in larvae arrested due to clozapine exposure
(Figure 4). Heat-shocked worms showed results identical to those observed with the starved
larvae (data not shown). Our findings of cytoplasmic localization of DAF-16::GFP in
clozapine-arrested larvae indicates that clozapine is not inducing larval arrest by inhibiting
the insulin signaling pathway.

Cytoplasmic localization of DAF-16::GFP in clozapine-arrested larvae is consistent with the
possibility that clozapine could be activating the insulin signaling pathway. We tested
whether exposure to clozapine induced expression of AGE-1 by studying transgenic worms
expressing AGE-1::GFP in the presence of clozapine. Clozapine exposure did not cause a
change in AGE-1::GFP expression in the amphids and head neurons, but increased
AGE-1::GFP signal in intestinal cells (Figure 5). This finding suggests that clozapine may
induce expression of AGE-1 in certain cellular contexts.
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A recent study involving age-1 mutant suppressors revealed that there is more than one
pathway for phospholipid-dependent kinases and that there are different separable larval and
adult outputs of AGE-1 (Gami et al, 2006). We tested whether clozapine may influence a
PI3K pathway distinct from the canonical PI3K-AKT-DAF-16 pathway. Consistent with this
hypothesis, mutations in pdk-1 and daf-16 did not affect clozapine-induced larval arrest.
Similarly, neither an akt-1 mutant nor an akt-2 mutant rescued clozapine-induced larval
arrest in our studies. We could not test an akt-1; akt-2 double mutant since akt-1; akt-2
double mutants result in dauer arrest, as is also seen in worms with concurrent RNAI
inhibition of both akt-1 and akt-2 (Paradis and Ruvkun, 1998; Hertweck et al, 2004; Oh et
al, 2005).

In summary, we report a developmental phenotype of early L1-L2 larval arrest that is
specific for clozapine vis-a-vis other antipsychotics. Our studies suggest that clozapine-
induced larval arrest is mediated by activation of the insulin signaling pathway in C.
elegans, since 1) mutations in age-1 and daf-2 suppress clozapine-induced larval arrest; 2)
clozapine produces cytoplasmic localization of DAF-16::GFP in arrested L1 larvae; 3)
clozapine induces increased expression of AGE-1::GFP.

Discussion

Clozapine Induces Larval Arrest in C. elegans

Worms develop through four postembryonic larval stages before reaching adulthood (Riddle
et al, 1997). Clozapine, but not other representative antipsychotic drugs including
haloperidol, perphenazine and olanzapine, arrests worms in the early larval stages. In the
presence of clozapine, wild-type embryos hatch but do not grow beyond L1-L2. Our results
suggest that clozapine-induced larval arrest is not due to nonspecific toxicity but is a specific
effect on development that is exclusive to the L1 and L2 larval stages. Thus, the
developmental effect of clozapine reported here is a fundamentally different phenomenon
than the general slowing of growth reported with lower doses of antipsychotic drugs
(Donohoe et al, 2006). The effect of 200 pg/ml clozapine is stage-specific and results in
frank arrest, not just a delay in development.

C. elegans larvae arrest development as dauers when they encounter unfavorable conditions
(Riddle et al, 1997). We tested the possibility that clozapine was activating the dauer
pathway using recovery of dauer worms through selection with 1% SDS. Our results show
that clozapine-induced larval arrest does not involve entry into the dauer stage. Additionally,
we tested animals with mutations in pathways that regulate entry into the dauer stage. Only
mutants within the insulin signaling pathway suppressed clozapine-induced larval arrest.

Clozapine-Induced Larval Arrest is Suppressed by age-1 Mutants

PI13K is well conserved between mammals and C. elegans. DAF-2, the C. elegans homolog
of insulin/IGF-1 receptors in humans, activates AGE-1, a PI3K that transduces signals
downstream to regulate growth and metabolism. In our study, mutant age-1 worms grew to
adulthood in the presence of clozapine, while daf-2 mutations partially suppressed
clozapine-induced larval arrest (Figure 2 and Supplementary Figure 3). As daf-2 mutants
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partially suppress clozapine-induced larval arrest but do not suppress clozapine-induced
inhibition of pharyngeal pumping, suppression of clozapine-induced inhibition of
pharyngeal pumping is not necessary for suppression of larval arrest. The finding that
suppression of the pharyngeal pumping effect is not necessary for escape from clozapine-
induced larval arrest does not exclude the possibility that decreased pharyngeal pumping
may still contribute to clozapine-induced larval arrest. Inhibition of pharyngeal pumping and
the resulting starvation are known to cause larval arrest. For example, mutants deficient in
synaptic vesicle release, such as the synaptotagmin mutant snt-1, cause larval arrest via
inhibition of pharyngeal pumping (Raizen et al, 1995). We find that clozapine causes an
even more dramatic reduction of fluorescent bead uptake into the gut than snt-1 mutations
(data not shown), though our DAF-16 localization results argue against starvation being the
sole reason for clozapine-induced larval arrest. Clozapine may produce larval arrest through
combined effects on parallel pathways, of which reduced pharyngeal pumping could be one.

The insulin signaling pathway regulates dauer formation and aging in C. elegans.
(Mukhopadhyay et al, 2006) Consistent with these findings, it has been shown that the
insulin signaling pathway specifically regulates L1 arrest induced by stressors such as
starvation or high temperature (Baugh and Sternberg, 2006). It was shown that L1 larval
arrest due to starvation is mediated by inhibition of the insulin signaling pathway, resulting
in activation and nuclear localization of the FOXO transcription factor DAF-16 (Baugh and
Sternberg, 2006). However, in worms that undergo larval arrest during exposure to
clozapine, DAF-16 is localized in the cytoplasm (Figure 4C). Activation of the insulin
signaling pathway drives DAF-16 into the cytoplasm, while starvation drives DAF-16 into
the nucleus. Therefore, at least two of clozapine’s biological effects compete with regard to
DAF-16 localization. Activation of the insulin signaling pathway may produce multiple
effects, including inhibition of pharyngeal pumping. Alternatively, clozapine-induced
activation of the insulin signaling pathway and inhibition of pharyngeal pumping may occur
in parallel. Importantly, we find that clozapine does not induce L1 arrest by simply acting as
a stressor, since clozapine activates the insulin signaling pathway, while stressors such as
starvation or high temperature inactivate the pathway. The larval arrest reported here occurs
in a biological context unique to the pharmacological effects of clozapine, a context that
appears to involve parallel pathways.

Implications for the Effects of Clozapine on Humans

Given the conservation of the PI3K signaling pathways between C. elegans and humans, our
results raise the possibility of an interaction between clozapine and PI3K pathways,
including the insulin signaling pathway, in mediating the effect(s) of clozapine in patients
(Kalkman, 2006). Clozapine has uniquely superior therapeutic effects, even compared to the
structurally similar antipsychotic olanzapine (Kumra et al, 2008). The molecular basis of
clozapine’s superior efficacy is not known. While there has been much research focused on
clozapine’s effects on various neurotransmitter systems, there have been no definitive
findings that explain clozapine’s unique therapeutic and side effect profiles (Brunello et al,
1995). From a therapeutic standpoint, the potential for clozapine to modulate cerebral and
peripheral glucose metabolism through the PI3K pathway would be of great clinical interest.
Recent studies have pointed to a possible role of brain glucoregulatory processes in the
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pathophysiology of schizophrenia (Cohen et al, 1997; Chen et al, 2000; Clark et al, 2001,
Fan et al, 2006; Holmes et al, 2006; Zhao et al, 2006; Venkatasubramanian et al, 2007).
These studies had also suggested a unique effect of clozapine on cellular energy metabolism
(Cohen et al, 1997). Our finding that clozapine alone among antipsychotic drugs tested
induces larval arrest through the PI3K pathway may be mechanistically relevant in this
regard.

A major side effect of clozapine is the induction of metabolic abnormalities and diabetes
mellitus (Jin et al, 2002). The mechanism underlying the onset of diabetes is not clear
(Wirshing et al, 1999). Interaction of clozapine with the PI3K pathway points to a possible
mechanism for clozapine-induced metabolic effects. Indeed, the therapeutic effects and the
metabolic side effects of clozapine may be related (Girgis et al, 2008). While activation of
the PI3K pathway in the brain may be therapeutic for psychiatric disorders, activation of the
same pathway in other tissues may contribute to adverse metabolic effects. C. elegans has
only one insulin receptor isoform but humans have two isoforms, HIR-A and HIR-B. The
expression of these two isoforms varies by tissue —neurons express only HIR-A, liver
expresses predominantly HIR-B, while adipose tissue and skeletal muscle express both
isoforms (Sesti et al, 2001). By targeting HIR-A vis-a-vis HIR-B, it may be possible to
develop therapeutic approaches that capitalize on the role of the insulin signaling pathway in
neurons while minimizing effects on other tissues that could be contributing to metabolic
side effects. Alternatively, targeting the P13K pathway downstream of the insulin receptor
may have therapeutic value. In addition, discovery of clozapine’s effect on developmental
pathways may have implications for understanding clozapine’s unique and problematic side
effect of agranulocytosis. It has been shown that the clozapine metabolite N-desmethyl
clozapine suppresses the development of hematopoietic precursors of myeloid and erythroid
lineages (Gerson et al, 1994). Examination of clozapine’s modulation of the PI3K pathway
in the context of hematopoietic development would be worthwhile.

An interaction between clozapine and PI3K/AGE-1 is also interesting in the context of
recent human genetic studies pointing to an association between AKT-1 and schizophrenia
(Emamian et al, 2004; Arguello and Gogos, 2008). That study reported an association of
schizophrenia with an AKT-1 haplotype that led to lower AKT-1 protein levels (Emamian et
al, 2004). 1t has been observed that there is a decrease in AKT-1 levels in peripheral
lymphocytes and brain of patients with schizophrenia (Emamian et al, 2004). Another study
found that an AKT1 variant was associated with increased risk for schizophrenia and
showed that AKT1 played a role in prefrontal-striatal structure and function in humans (Tan
et al, 2008). These observations are also interesting in the context of reports of a decreased
incidence of cancer in patients with schizophrenia as well as in their first-degree relatives
(Lichtermann et al, 2001). Reports of a decrease in lung cancer incidence are especially
remarkable in light of the high prevalence of cigarette smoking in patients with
schizophrenia (Dervaux and Laqueille, 2008). The PI3K-AKT signaling pathway is one of
the most commonly mutated systems in human cancers (Engleman et al, 2008). It is possible
that patients with schizophrenia have decreased basal activity of the PI3K-AKT signaling
activity that makes them less susceptible to carcinogenesis but more susceptible to deficits in
the nervous system.
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There are limitations to the experiments described here and to the generalization of results
obtained in C. elegans to humans or other mammals. Identity of binding sites, either for
drugs or neurotransmitters, has not been characterized in detail across species. Dosing of
drugs by application in the media does not allow for tight control of drug levels in tissue and
does not assure that these levels are similar to those attained in other organisms or model
systems. The concentrations of drugs used in our studies were higher than those
administered to humans, because high concentrations are required for penetration of the C.
elegans cuticle. However, measurements of clozapine and N-desmethyl clozapine in our
study showed that the tissue levels are close to those expected in human brains. With these
caveats, we report the finding of a clozapine-specific developmental arrest that is suppressed
by mutations in PI3K and that may have implications for understanding the unique effects of
clozapine and for the development of novel therapeutic approaches to psychosis.

As a result of these findings, we have initiated a genome-wide RNA interference screen to
identify and characterize other genes and pathways that are involved in clozapine’s
developmental effects in C. elegans. In addition, studies in rodent and other mammalian
systems would be logical next steps. The ability to correlate PI3K effects of clozapine to
behaviors or side effects will be complicated by the lack of validated rodent or other
mammalian models for antipsychotic efficacy or side effects. An example of a possible
follow-up study would be to determine if neuron-specific insulin receptor knockout mice
show alterations in clozapine-induced behaviors such as facilitation of prepulse inhibition.
Additionally, one might study the effects of clozapine in surrogate tissues (i.e. lymphocytes
or fibroblasts) in patients with schizophrenia treated with clozapine. By studying PI3K
activity in such tissues before and after clozapine treatment, one might be able to observe
direct effects of clozapine on the PI13K pathway and could obtain data on how effects on
PI3K activity correlate with the therapeutic or side effects of clozapine in patients. Such
studies are beyond the scope of our experiments in C. elegans, but do illustrate how our
findings in a nematode model system might lead to the identification of potentially
important drug targets in other species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Clozapine induces larval arrest in C. elegans. Representative photographs of larval

development, at 30X magnification (A-G). (A) N2 worms exposed to 1% ethanol for 4 days.
Adult worms and their eggs are seen. (B) N2 worms exposed to 200 pg/ml clozapine for 10
days. All worms are arrested at L1-L 2 stages. (C) N2 worms exposed to 200 pg/ml N-
desmethyl clozapine for 10 days. All worms are arrested at L1-L2 stages. (D) N2 worms
exposed to 50 pug/ml haloperidol for 5 days. Adult worms and eggs are seen. (E) N2 worms
exposed to 200 pg/ml olanzapine for 5 days. Adult worms and eggs are seen. (F) N2 worms
exposed to 200 pg/ml perphenazine for 5 days. Adult worms are seen. (G) age-1(hx546)
worms exposed to 200 pg/ml clozapine for 7 days. Worms are no longer arrested in the
larval stages, and adult worms are seen. (H) Time course of development for N2 worms with
exposure to 1% ethanol, haloperidol, perphenazine, olanzapine or clozapine. Abbreviations:
YA =young adult; GA = gravid adult.
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Larval arrest induced by clozapine is dose-dependent. The percentages of worms at different
developmental stages are shown for the wild-type N2 worms and the mutants age-1(hx546)
and daf-2(e1370) after 12 days of exposure at different dosages of clozapine. For age-1
mutants, data for 100 pg/ml of clozapine are not shown because all animals had reached

adulthood.
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daf-2

Effect of clozapine on pharyngeal pumping. (A) Pharyngeal pumping of wild-type L1 larvae
after exposure to 1% ethanol (n=40), 200 ug/ml clozapine (n=40), 50 pug/ml haloperidol
(n=20) and 100 pg/ml olanzapine (n=20) for 24 hours. (B) Pharyngeal pumping of L1 larvae
in N2 (n=90), age-1(hx546) (n=40), and daf-2(e1370) (n=20) worms after exposure to 1%
ethanol and in N2 (n=70), age-1(hx546) (n=40) and daf-2(e1370) (n=20) worms after
exposure to 200 pug/ml of clozapine for 24 hours. Error bars represent standard error of the

mean.
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Localization of DAF-16::GFP in L1 larvae

% Nuclear
L1 Larvae Condition DAF-16::GFP (n) % Arrested Larvae
Well-fed 5 (64) 0
Starvation 48 (40) 100
Clozapine 5 (76) 100
Clozapine

Figure4.
Clozapine and starvation have different effects on DAF-16 localization. Nuclear vs.

cytoplasmic localization of the fork head transcription factor DAF-16 in

21s356[ DAF-16::GFP] worms, at 200X magnification. (A) Well-fed L1 larvae show
cytoplasmic localization of DAF-16::GFP. (B) Starvation-arrested L1 larvae show nuclear
accumulation of DAF-16::GFP. (C) Clozapine-arrested L1 larvae show cytoplasmic
localization of DAF-16::GFP. (D) Quantification of nuclear DAF-16::GFP levels.
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Figureb5.
Clozapine induces AGE-1 in intestinal cells. AGE-1::GFP expression in SEx10837

(age-1::GFP)] worms under different conditions, at 200X magnification. (A) AGE-1::GFP
expression in L1 larvae exposed to 1% ethanol for 24 hours. (B) AGE-1::GFP expression in
L1 larvae exposed to 200 pg/ml of clozapine for 24 hours. (C) Quantification of
AGE-1::GFP positive cells.
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