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S everal lines of evidence implicate the insulin-
and bipolar disorder, the two most common

The molecular modes of action of antipsychotic drugs psychotic illnesses. Genetic risk studies have linked
are poorly understood beyond their effects at the schizophrenia to components of the Akt pathway such
dopamine D2 receptor. Previous studies have placed as phosphatidyl inositol 3-kinase (PI3K), Akt, FOXO
Akt signaling downstream of D2 dopamine receptors, and 14-3-3 proteins (/). Furthermore, drug naive schizo-
and recent data have suggested an association between phrenics have reduced signaling through the insulin-
psychotic illnesses and defective Akt signaling. To signaling pathway, low levels of IGF-1, insulin resis-
characterize the effect of antipsychotic drugs on the tance (2), and a higher incidence of diabetes mellitus (3).
Akt pathway, we used the model organism C. elegans, a Akt and its downstream effectors FOXO and glycogen
simple system where the Akt/forkhead box O tran- synthase kinase-3 regulate neuronal function and beha-
scription factor (FOXO) pathway has been well char- vior in normal and genetically modified mice (4, 5), and
acterized. All major classes of antipsychotic drugs we previously showed that the antipsychotic drug olan-
increased signaling through the insulin/Akt/FOXO zapine stimulates phosphorylation of Akt in mamma-
pathway, whereas four other drugs that are known to lian neuronal cells in culture (6, 7). An AKTI ( protein
affect the central nervous system did not. The anti- kinase B) haplotype is associated with increased risk for
psychotic drugs inhibited dauer formation, dauer schizophrenia, and protein levels of Aktl are reduced in
recovery, and shortened lifespan, three biological pro- post-mortem schizophrenic brains and in lymphocyte-
cesses affected by Akt signaling. Genetic analysis derived cell lines from schizophrenic patients (8). Inter-
showed that AKT-1 and the insulin and insulin-like estingly, an early treatment for schizophrenia involved
growth factor receptor, DAF-2, were required for the anti- repeated injections with high doses of insulin (9), which
psychotic drugs to increase signaling. Serotonin synthesis activates Akt signaling.

was partially involved, whereas the mitogen activated Akt can also be linked to the pathogenesis of schizo-

protein kinase (MAPK), SEK-1 is a MAP kinase kinase phrenia through disrupted in schizophrenia 1 (DISC1),
(MAPKK), and calcineurin were not involved. This is the

first example of a common but specific molecular effect Received Date: February 8, 2010
produced by all presently known antipsychotic drugs in Accepted Date: March 15, 2010
any biological system. Because untreated schizophrenics Published on Web Date: March 25, 2010
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a susceptibility gene for schizophrenia and other major
mental illnesses. DISC1 acts as a scaffolding protein,
and many of its binding partners are codependent or
independent genetic risk factors for schizophrenia (revie-
wed by Chubb et al. (/0)). Critical functions of DISC1 are
mediated by Girdin, which regulates Akt (/7). Kim et al.
(11) demonstrated that physiological interaction of DISC1
with Girdin results in increased phosphorylation of Akt
and its downstream effector S6. They also mimicked
DISC1 suppression phenotypes by expressing constitu-
tively active Akt, suppressing PTEN (a suppressor of
Akt), and overexpressing Girdin. The effects of DISC1
suppression could be compensated for by treatment with
rapamycin, an inhibitor of the Akt effector mTOR.

The molecular mechanism by which antipsychotic
drugs activate Akt is not known, although G proteins
appear to be involved (/2). Akt signaling can be acti-
vated in response to cross-talk between insulin/IGF
receptors and G proteins downstream of G protein
coupled receptors (GPCR) (73, 14). Direct interactions
between insulin/IGF-1 receptors and G proteins have
been reported (/5, 16), which provide a mechanism for
cross-talk involving receptor tyrosine kinases and
GPCRs. Perhaps the antipsychotic drugs stimulate
coactivation of receptor tyrosine kinases via their effects
on G proteins.

Over the past decade, simple model organisms such as
C. elegans have proven to be effective tools for drug
discovery and drug target identification (reviewed by
Artal-Sanz et al. (17)). In addition to powerful genetic
approaches, they are often superior to cells in culture
because they provide preliminary information on bio-
availability and whole animal toxicity. Potential new
targets for many drugs, including nicotine, ethanol, and
volatile anesthetics have been identified in C. elegans
(18—20). In a blind drug screen that used C. elegans,
prednisone was identified as an active molecule against
dystrophin deficiency (27). Prednisone is already used to
treat muscular dystrophy, which highlights the conser-
vation of molecular mechanisms between C. elegans and
humans. C. elegans was used to show that the anti-
depressants fluoxetine and imipramine bind to 5-HT
transporters in vivo and synergistically activate pathways
within the serotonergic network independently of 5-HT
receptors (22, 23). Previous studies of antipsychotic
drugsin C. elegans have revealed potential novel targets
of these drugs, including transient receptor potential
vanilloid (TRPV) proteins, calmodulin dependent
kinase II (24), and ligand-gated chloride channels (25).
Work in this system has also led to the discovery that
antipsychotic drugs adversely affect neuronal develop-
ment (26) and cause an adaptive response in seroto-
nergic neurons (27).

Additional functional properties of the antipsycho-
tic drugs may have heretofore been obscured by the
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complexity of their effects on the human nervous sys-
tem. Therefore, to determine whether earlier studies
may have missed novel targets of the antipsychotics
related to Akt signaling, we chose to investigate the
effects of these drugs in C. elegans, a system in which the
Akt pathway has been well characterized. These studies
reveal that all major classes of antipsychotic drugs
increased signaling through the Akt pathway, which
required the insulin-like growth factor receptor DAF-2
and AKT-1.

Results and Discussion

Antipsychotic Drugs Clozapine, Olanzapine, and
Trifluoperazine Increase Akt Signaling to FOXO

The Akt signaling pathway in C. elegans (Figure 1A)
is both activated and repressed by insulin-like molecules
that bind to the DAF-2 receptor. DAF-2 is homologous
to both the human insulin and IGF-1 receptors (28) and
is the only insulin receptor-like protein in C. elegans.
Signaling through the DAF-2 receptor regulates meta-
bolism, behavior, lifespan, and induction of dauer, an
alternative larval stage adopted during development
under harsh conditions such as starvation (29). Starva-
tion reduces signaling through the insulin/Akt pathway
leading to DAF-16 (FOXO) translocation from the
cytoplasm to the nucleus (30, 37). As in mammals, the
insulin signaling network in C. elegans is regulated by
phosphorylation. The phosphorylation of DAF-16 by
an AKT-1/AKT-2/SGK-1 complex maintains DAF-16
in the cytoplasm (32) and a decrease in the phosphory-
lation of DAF-16 by PP2A allows translocation from
the cytoplasm to the nucleus (33). To study the effects of
the antipsychotic drugs on this pathway, we monitored
redistribution of the fluorescence of a DAF-16::GFP
fusion protein (34) as a function of drug treatment. For
these experiments, well-fed transgenic daf-16:.gfp larvae
(L4 stage) were placed on NGM plates at 20 °C with
food (fed), without food (starved), or without food in
the presence of antipsychotic drugs. The normal re-
sponse to starvation is reduced signaling through the
Akt pathway, which results in accumulation of DAF-
16::GFP in the nuclei and the appearance of discrete
fluorescent foci throughout the animal (FigurelB,
center). In animals exposed to the antipsychotic drug
clozapine, DAF-16::GFP remained in the cytoplasm
(Figure 1B, right). Importantly, this is the opposite of
the effect expected if the drugs induced a stress response.

Figure 1C shows the kinetics of DAF-16::GFP
nuclear accumulation following the removal of animals
from food in the presence and absence of antipsychotic
drugs. In animals starved in the absence of drug, nuclear
accumulation reached a maximum after approximately
12 h. However, in the presence of either the first-
generation (typical) antipsychotic drug trifluoperazine
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Figure 1. Clozapine and trifluoperazine increase insulin signaling
to DAF-16. (A) The C. elegans Akt pathway (adapted with permi-
ssion from ref 59. Copyright 2006 Society for Endocrinology). DAF-2
signals through the PI3K orthologue AGE-1, and the phospho-
inositide-dependent kinase orthologue PDK-1 to a complex of
kinases that includes serum glucocorticoid-inducible kinase
(SGK-1), AKT-1, and AKT-2. These kinases phosphorylate the
FOXO transcription factor DAF-16, which results in its retention in
the cytoplasm (30—32, 60, 61) by association with two 14—3—3
proteins, PAR-5 and FTT-2 (62, 63). Activating mutations in akt-1
and pdk-1 suppress dauer arrest in age-/ null mutants (37), but do
not suppress dauer formation in daf-2(e1370) mutants indicating
that DAF-2 signals to DAF-16 through both the classical Akt
signaling pathway and an unknown pathway (dashed line). (B)
DAF-16::GFP localization in C. elegans that were well fed (left),
starved (center), and starved while exposed to 160 uM clozapine
(right). (C) Time course of DAF-16::GFP nuclear accumulation
during starvation. Serotonin, clozapine, and trifluoperazine sup-
pressed nuclear accumulation. (For panel C, n = 30 for each
condition; each data point represents the mean + SEM.)

V © 2010 American Chemical Society

465

Article

or the second-generation (atypical) antipsychotic drug
clozapine, nuclear accumulation of DAF-16::GFP was
inhibited. This effect was seen uniformly in all the
animals on the plate and in various cell types throughout
the body. Serotonin, which is known to increase signal-
ing through the Akt pathway by acting at or upstream of
DAF-2 (35), served as a positive control.

To further characterize the effect of antipsychotic
drugs on the Akt pathway, we developed a quantitative
assay for DAF-16::GFP nuclear localization as des-
cribed in the Methods. With this assay, we determined
the effective concentration range where the antipsycho-
tic drugs inhibit DAF-16::GFP nuclear localization in
starved animals.

The atypical antipsychotic drugs olanzapine and
clozapine and the typical antipsychotic drug trifluoper-
azine were selected as representative drugs for evalua-
tion in dose—response studies (Figure 2A—C). All three
drugs inhibited nuclear localization of DAF-16::GFP in
starved animals in a dose-dependent manner. The con-
centrations used in these experiments describe the con-
centration of drug on NGM plates. C. elegans cuticle is
an effective barrier against various drugs and exogenous
agents. Consequently, the final concentration of drugin
the animals is likely to be much lower than the concen-
trations present on the NGM plates. Nonetheless, all
three of these drugs inhibited nuclear localization of
DAF-16::GFP at concentrations equivalent to those
required to antagonize dopamine receptors in C. elegans
under identical conditions (36) and similar to those
reached with accumulation in tissues including the hu-
man brain (37, 38). Thus, stimulation of Akt signaling
and antagonism of dopamine receptors occur in the
same concentration range in this species. Additionally,
these drugs had roughly the same effect on neurons,
hypodermal cells, and gut cells (Figures 1B and 2D),
despite the fact that the latter two cell types do not
express dopamine or serotonin receptors.

Four drugs that affect the CNS but lack antipsychotic
properties were tested as controls. The S-adrenergic
receptor antagonist propranolol, the selective serotonin
reuptake inhibitor fluoxetine, the antihistamine chlor-
pheniramine, and the anticonvulsant lamotrigine had
little if any effect on DAF-16::GFP nuclear localization
when tested at a concentration of 160 #«M under condi-
tions identical to those used to test the antipsychotic
drugs (Figure 3A). None of these drugs appreciably inhi-
bited DAF-16::GFP nuclear accumulation. Weinshenker
et al. (39) demonstrated that fluoxetine is taken up by
C. elegans, and all of these control drugs can cross the
blood—brain barrier in mammals.

To be sure that the antipsychotic drugs were not
blocking general transport of proteins into the nucleus,
we tested the effect of clozapine, olanzapine, and trifluo-
perazine on the nuclear localization of three proteins
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Figure 2. Clozapine, olanzapine, and trifluoperazine inhibit DAF-16::GFP nuclear localization within similar concentration ranges. (A—C)
Dose—response for clozapine, olanzapine, and trifluoperazine suppression of DAF-16::GFP nuclear accumulation. In this and later figures,
Nuclear DAF-16::GFP represents the ratio of cytoplasmic to nuclear fluorescence as a percent of the cytoplasmic/nuclear fluorescence of the
no-drug controls as described in Methods (for each condition, n = 20; two tailed Student’s ¢-test, *P < 0.05, **P < 0.01 mean & SEM). (D)
Clozapine (160 uM), olanzapine (160 «uM), and trifluoperazine (80 «M) have roughly the same effect on neurons, hypodermal cells, and gut cells
in vivo. Neurons, hypodermal cells, and gut cells were measured for each condition as described in Methods (n = 200, two tailed Student’s z-test,

*P < 0.05, %P < 0.0l mean + SEM).
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Figure 3. Negative Controls. (A) Four drugs that act on the nervous
system but do not have antipsychotic properties including propano-
lol, fluoxetine, lamotrigine, and chlorpheniramine (chlorphenir)
failed to suppress DAF-16::GFP nuclear localization. (B) Clo-
zapine, olanzapine, and trifluoperazine do not affect general
nuclear transport. Nuclear localization of proteins known to
shuttle in and out of the nucleus was measured in response to
treatment with clozapine, olanzapine, and trifluoperazine. GFP-
tagged proteins tested include the transcription factors MEC-3
and PAG-3 and a fS-tubulin, MEC-7, with an added nuclear
localization sequence.
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known to localize to the nucleus. Nuclear localization of
GFP-tagged transcription factors MEC-3 and PAG-3
and a fB-tubulin (MEC-7) with an added nuclear locali-
zation sequence was not altered by treatment of the
animals with antipsychotic drugs (Figure 3B).

Broad Range of Antipsychotic Drugs Increases
Signaling to DAF-16::GFP

Next, we evaluated a broad range of drugs for their
ability to inhibit the nuclear localization of DAF-16::
GFP in starved animals. The drugs tested include all of
the major categories of typical antipsychotic drugs,
butyrophenones, phenothiazines, and thioxanthenes,
and all of the commonly prescribed atypical antipsy-
chotic drugs (Figure 4). Serotonin again served as a
positive control. All of the antipsychotic drugs sup-
pressed nuclear localization of DAF-16::GFP except
ziprasidone (not shown), which formed an insoluble
film on the plates and was therefore discounted.

Xanomeline, a selective muscarinic receptor agonist,
was recently shown to have antipsychotic efficacy while
having no activity at the D2 dopamine receptor (40).
Xanomeline, therefore, provided a useful drug for test-
ing the hypothesis that all antipsychotic drugs will
increase signaling through the Akt pathway. Like the
other antipsychotic drugs tested, xanomeline signifi-
cantly increased signaling to DAF-16::GFP (Figure 4).
Thus, all antipsychotic drugs tested so far increased
signaling through the Akt pathway.

DOI: 10.1021/cn100010p | ACS Chem. Neurosci. (2010), 1, 463-473
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Figure 4. Broad range of antipsychotic drugs increase signaling to
DAF-16. Inhibition of DAF-16::GFP nuclear accumulation by a
broad range of antipsychotic drugs that include all of the major
classes of typical antipsychotics, all of the commonly prescribed
atypical antipsychotics, and the muscarinic receptor agonist xano-
meline, which represents a new class of antipsychotic drug. The
concentrations chosen were in each case based on previous experi-
ments. (Drugs marked by  were tested at 80 uM, all other drugs
were tested at 160 uM.) Serotonin (5-HT, 2.5 mM) provided a
positive control (for each condition n = 20; two tailed Student’s
t-test, *P < 0.05, ¥**P < 0.01 mean + SEM).

Increased Akt Signaling by the Antipsychotic
Drugs is Biologically Relevant

To assess whether stimulation of Akt signaling by
antipsychotic drugs is sufficient to produce biologically
relevant effects, we examined three processes regulated by
this pathway: dauer formation, dauer recovery, and aging.

High levels of signaling through the Akt pathway
inhibit dauer formation and stimulate dauer recovery
(41). Therefore, the antipsychotic drugs should both
stimulate dauer recovery and inhibit dauer formation.
Seven antipsychotic drugs including aripiprazole, chlor-
prothixene, clozapine, haloperidol, olanzapine, quetia-
pine, and trifluoperazine were tested and found to
stimulate dauer recovery in a daf-2-dependent manner
(Table 1). Clozapine and olanzapine were tested in a
dauer formation assay. Clozapine inhibited dauer for-
mation in starved animals, and olanzapine at 160 uM
completely eliminated dauer formation under these
conditions (Figure 5A).

Low levels of signaling through the Akt pathway
extend lifespan, whereas high levels shorten lifespan
(42). Therefore, chronic exposure to antipsychotic drugs
should shorten lifespan. Data presented below show
that the DAF-2 receptor is required for the drugs to
increase Akt signaling; therefore, their effect on aging
should be daf-2-dependent. We performed a lifespan
study on animals exposed to DMSO (vehicle) alone or
olanzapine in both wild type and daf-2 mutant back-
grounds. Olanzapine significantly decreased lifespan
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Table 1. Antipsychotic Drugs Stimulate Recovery
from Dauer”

concentration («M)

drug 160 80 40 20 10 5 2.5
chlorprothixene — R R R R R R
clozapine R R R R R (1) -
haloperidol R () D D D D -
olanzapine R R R (%) D D -
quetiapine R R (%) D D D -
trifluoperazine - R R R (%) D D
xanomeline - (*® D D D D D
DMSO D D D D D D -

%
1 025 0.0625 0.0156 0.00391 0.0009 —
yeast extract R R R () D D -

“ Antipsychotic drugs stimulate recovery from dauer. Yeast extract
served as a positive control. DMSO was used as the solvent for each of
the drugs; therefore, DMSO alone at the concentrations used in each
well was tested as a negative control. Haloperidol formed crystals at
160 uM so that concentration is not accurate. When this experiment was
repeated with the daf-2(e1370) mutant, no animals recovered from the
dauer state.
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Figure 5. Antipsychotic drugsinhibit dauer formation and decrease
lifespan. (A) Clozapine (80 and 160 uM) and olanzapine (80 and
160 uM) inhibited dauer formation under dauer-inducing condi-
tions. The number of dauer larvae per 1000 L3-adult stage animals is
shown for each condition. (B) Olanzapine decreased the lifespan of
wild type animals, but not in a daf-2 background. The percent of
animals surviving at 25 °C is plotted as a function of time. Drug
concentrations are provided in Methods.

relative to the vehicle control in a manner that was
almost fully daf-2 dependent (Figure 5B). Clozapine and
trifluoperazine also decreased lifespan in a manner that
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Figure 6. Genetic analysis of the effect of antipsychotic drugs on the Akt network. (A) DAF-2 is required for clozapine (CLO), olanzapine
(OLA), and trifluoperazine (TRI) to block the nuclear accumulation of DAF-16::GFP. Serotonin (5-HT) served as a positive control. (B) AKT-1
is required for clozapine, olanzapine, and trifluoperazine to block the nuclear accumulation of DAF-16::GFP. (C) In an sgk-1(0k538) null
background, clozapine did not block nuclear accumulation of DAF-16::GFP; however, olanzapine and trifluoperazine did. (D) In a
tph-1(mg280) null background, antipsychotic drugs are slightly less effective at blocking the nuclear accumulation of DAF-16::GFP. (E) In
a sek-1(km4) null background, clozapine, olanzapine, and trifluoperazine blocked the nuclear accumulation of DAF-16::GFP indicating that
these drugs do not require SEK-1. (F and G) In the tax-6( p675) strong loss of function mutant or cnb-1(jh103) null backgrounds, clozapine,
olanzapine, and trifluoperazine blocked the nuclear accumulation of DAF-16::GFP. rax-6 encodes the calcineurin catalytic domain, and cnb-1
encodes the calcineurin regulatory domain (for each condition, n = 20; two tailed Student’s z-test, *P < 0.05, **P < 0.01 mean + SEM
compared to those of DMSO-treated WT animals; “P < 0.05, P < 0.01 mean - SEM compared to those of DMSO-treated mutants).

was partially but not fully daf-2 dependent suggesting which in a well-characterized pathway allows one to
that these drugs decrease lifespan through daf-2-depen- identify where in the pathway the drugs act. To deter-
dent and daf-2-independent mechanisms. mine where in the insulin-signaling network (Figure 1A)

There is also evidence that the antipsychotic drugs are the drugs act, we tested their effects on DAF-16::GFP
affecting gene expression through DAF-16. Estevez et localization in animals with mutations in various genes
al. (43) showed that DAF-16 regulates the transcription encoding network components. Central components of
of the tryptophan hydroxylase gene, tph-1, and we the insulin-signaling network, DAF-2 and AKT-1, are
previously showed that the same antipsychotic drugs required for the drugs to inhibit nuclear localization
increase the expression of tph-1 (24). of DAF-16::GFP in response to starvation (Figure 6A

and B). This provides evidence that the drugs act at or
. upstream of DAF-2 and stimulate signaling through the
KI%I%AIF'Z Receptor and Signal to DAF-16 through classical Akt pathway. AKT-1 and SGK-1 are both
B downstream of PI3K (AGE-1) and are thought to act in

A strong point for the use of C. elegans in this study is parallel on DAF-16. Interestingly, clozapine, but not
that it provides the powerful tool of epistasis analysis, olanzapine or trifluoperazine, required both AKT-1 and

Clozapine, Olanzapine, and Trifluoperazine Require
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SGK-1 to affect DAF-16::GFP localization (Figure 6B
and C). Clozapine was recently reported to activate
PI3K in C. elegans (44), which is consistent with our
results. We previously showed that antipsychotic drugs
increase serotonin production in C. elegans (24), and
drug-induced cytoplasmic retention of DAF-16::GFP
was modestly reduced in a serotonin-absent #ph-1
mutant (Figure 6D). This suggests a role for serotonin
in the response. The MAPK pathway positively regu-
lates FOXO nuclear localization. However, C. elegans
MAPK kinase SEK-1 did not contribute to this res-
ponse (Figure 6E). We previously showed that antipsy-
chotic drugs inhibit calcineurin activity in C. elegans
(27). Calcineurin regulates FOXO activity through
DAF-2, but neither the C. elegans calcineurin regulatory
subunit CNB-1 nor the catalytic subunit TAX-6
affected localization of DAF-16::GFP in response to
the antipsychotic drugs (Figure 6F and G).

We do not know how the antipsychotic drugs incre-
ase signaling through Akt/FOXO. Because the drugs
increase Akt signaling in both mammalian cells in
culture (6, 7) and C. elegans cells in culture (Weeks
etal., unpublished data), they are likely to either directly
activate the DAF-2 receptor or produce coactivation via
DAF-2 through cell autonomous intermediaries. Candi-
date targets at or upstream of DAF-2 include G proteins
and adaptor molecules such as Grb2 and fS-arrestin.
Consistent with this hypothesis, in preliminary experi-
ments, the trimeric G protein S-subunit GPB-1 was
required for the antipsychotic drugs to stimulate Akt
signaling (Weeks, K., Dwyer, D., and Aamodt, E.,
unpublished observation). The drugs have roughly the
same effect on neurons, hypodermal cells, and gut cells
in vivo (Figures 1B and 2D); therefore, these diverse cell
types must all express the drug target. Therefore, it
seems unlikely that the drugs activate Akt by blocking
their main targets, dopamine or serotonin neurotrans-
mitter receptors, because these receptors are not ex-
pressed in all of the affected cell types. Moreover, the
receptor agonist serotonin, which served as a positive
control in these experiments, also increased Akt signal-
ing through DAF-2 in all of these cells. Thus, the
antipsychotic drugs may affect novel molecular targets
that are broadly expressed and are also affected by high
concentrations (2.5 mM) of serotonin. It is remarkable
and we suspect significant that all of the antipsychotics
share the ability to activate Akt in C. elegans, despite
differences in the molecular details (e.g., clozapine’s
actions require SGK-1, whereas xanomeline works in
a noncell autonomous fashion (Weeks, K., Dwyer, D.,
and Aamodt, E., unpublished observation)).

Previous research has demonstrated that antipsycho-
tic drugs increase Akt activity. Olanzapine has been
shown to increase Akt phosphorylation in mammalian
neuronal cells in culture (6, 7) and haloperidol has been
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shown to increase Akt phosphorylation in the brains
of mice (8). Acute treatment with risperidone, olanza-
pine, clozapine, haloperidol, quetiapine, or ziprasidone
increased phosphorylation of GSK-3beta, a down-
stream effector of Akt, in the murine brain (45, 46).
Clozapine enhances Akt/GSK-3 phosphorylation in
SH-SY5Y human neuroblastoma cells (47).

Whereas the present studies implicate Akt in some of
the actions of antipsychotic drugs, their major thera-
peutic target is generally considered to be the D2
dopamine receptor. The importance of this target is
reflected in the dopamine hypothesis of schizophrenia,
which grew out of the observation that typical antipsy-
chotics have high affinities for D2 dopamine receptors.
According to the hypothesis, schizophrenia arises from
excessive dopamine signaling in the brain. Pharmacolo-
gical support for this idea as well as contrary evidence
has been reviewed by Miyamoto et al. (48) who pointed
out that the kinetics of the clinical response does not
match the kinetics of D2 receptor blockade, and despite
the effective antagonism of D2 receptors, many symp-
toms of schizophrenia persist. In addition to distur-
bances in dopaminergic activity, there are functional
and structural anomalies in the brains of schizophrenic
patients, such as changes in gray matter density in the
frontal and temporal lobes, which provide support for a
neurodevelopmental basis for this disorder (49). Per-
haps in schizophrenia, defects in receptor signaling or
cross-talk during brain development decrease Akt func-
tion, thereby interfering with the normal proliferation
and differentiation of neurons and other brain cells.

Presently, it is unclear whether increased Akt signal-
ing ameliorates psychotic symptoms and/or contributes
to the metabolic side effects of antipsychotic drugs. Akt
activity increases dopamine reuptake transporter acti-
vity, which reduces the concentration of dopamine at the
synapse (50). In addition, FOXO regulates the expres-
sion of both tyrosine hydroxylase (5/) and tryptophan
hydroxylase (43), which are rate-limiting enzymes in the
synthesis of dopamine and serotonin, respectively.
Thus, the effect of the drugs on Akt and downstream
gene expression may offer an alternative mechanism for
restoring the balance between dopamine and serotonin
in schizophrenia. Akt activity also inhibits GSK 3, which
alters the level of N-methyl-p-aspartic acid (NMDA)
receptors and their subunits and reduces the level of
apoptosis (52, 53). Therefore, treatment with drugs that
increase Akt activity may be beneficial in helping to
normalize dopamine and NMDA neurotransmission
and in protecting against gray matter loss (54). How-
ever, by increasing Akt activity, antipsychotic drugs
may eventually induce resistance to insulin, which is a
common side effect of many of the antipsychotic drugs
currently used (reviewed by Chabroux et al. (55)). In any
case, a wide array of antipsychotic drugs increases Akt
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signaling in multiple cell types including neurons in
C. elegans.

Conclusions

A major finding from these studies is that antipsy-
chotic drugs from all major categories increase signaling
through the Akt pathway in C. elegans. By contrast,
four other drugs known to affect the CNS did not affect
Akt signaling. This result confirms findings that olan-
zapine, quetiapine, and clozapine activate Akt in neuro-
nal cells (/2) and complement observations that un-
treated schizophrenics have low levels of Akt signaling
(8). This suggests that increased Akt signaling may have
therapeutic benefits. Thisis the first example of a specific
molecular effect produced by all antipsychotic drugs,
including xanomeline, in any biological system.

A second observation is also highly significant,
namely, that insulin/IGF-1 receptor signaling is requi-
red for the activation of Akt. This finding suggests that
receptor cross-talk may play an unsuspected role in the
actions of the antipsychotic drugs. Furthermore, these
studies have begun to identify key components involved
in the coactivation of DAF-2 receptors. The effect of
antipsychotic drugs on this pathway is evolutionarily
conserved, and we are struck by the fact that so many
components of the Akt network map to genetic risk loci
associated with schizophrenia (7).

Methods

Drugs

Eli Lilly and Co. provided olanzapine and xanomeline;
Bristol-Myers Squibb, AstraZeneca, and Pfizer provided
aripiprazole, quetiapine, and ziprasidone, respectively. We
purchased loxapine and risperidone from Research Biomedi-
cals International and MP Biomedicals Inc., respectively. All
other drugs were from Sigma-Aldrich. Antipsychotic drugs
were prepared as previously described (36). Briefly, drugs were
dissolved in DMSO (clozapine, chlorpromazine, chlor-
prothixene, fluphenazine, haloperidol, loxapine, olanzapine,
perphenazine, quetiapine, risperidone, trifluoperazine, xano-
meline, and ziprasidone), ethanol (aripiprazole), or M9 buffer
(serotonin) to obtain a stock solution. The stock solution was
further diluted in dilute acetic acid (1.7 mM) to a final volume
of 200 uL. Once the drug was added, the plates were equili-
brated overnight.
Strains

We acquired all strains [GR1310 akt-1(0k525), KJ300 cnb-
1(jh103), CB1370 daf-2(e1370ts), KU4 sek-1(km4), VC345
sgk-1(0k538), PR67S5 tax-6(p675), GR1321 tph-1(mg280),
and TJ356 daf-16::gfp(zls356)] from the Caenorhabditis Ge-
netics Center. We generated the daf-16::gfp double mutant
strains by standard crosses between each mutant and the
TJ356 daf-16::gfp(zIs356) strain and screened for the double
mutants in the F2 generation. When the akt-1(0k525) strain is
crossed into the daf-16::gfp(zls356) background, 100% of
the animals arrest as dauer larvae; therefore, we grew akt-1;
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daf-16::gfp animals on daf-16 RNAI plates (56) at 15 °C until
the L4 larval stage to prevent dauer formation. All other
strains were grown on NGM plates under standard conditions
(57). Assays with daf-2(e1370ts) were performed at the res-
trictive temperature of 25 °C. For all other strains, assays were
performed at 20 °C.
DAF-16::GFP Nuclear Localization Assay

We starved L4 larvae expressing DAF-16::GFP for 6 h on
peptone-free nematode growth medium (NGM) plates that
contained the drug being tested or as a control, solvent
(DMSO) alone. All of the results were first observed by eye
while the animals were still on the plates by the use of a
dissecting microscope equipped with fluorescence optics. The
animals were washed off the plates with M9 buffer and
immediately before being photographed were immobilized
with 10 mM sodium azide. Control experiments showed that
exposure to sodium azide did not affect DAF-16::GFP nucle-
ar localization for over 10 min; therefore, all images were
collected within 10 min of exposure to sodium azide. We
photographed animals on a Nikon LE300 microscope at 200 x
magnification with an exposure time of 500 ms. To standard-
ize the focal plane, we focused on the grinder in the pharynx of
each animal. Images were analyzed with Image J software. We
measured DAF-16::GFP nuclear localization on the basis of
the ratio of fluorescence in the nuclei compared to the adjacent
cytoplasm for 4 head neurons, 6 hypodermal cells, and 10 gut
cells. We tried to use the same cells in each animal. We
normalized the data to control animals that had been exposed
to solvent alone.
Lifespan Assay

The lifespan assay was modified from the methods of
Johnson and Wood (58). We placed 20 L4-stage wild type
(N2 var. Bristol) or daf-2(e1370ts) mutant animals on NGM
plates containing DMSO, 160 uM clozapine, 160 uM olanza-
pine, or 80 uM trifluoperazine and counted the number of live
animals each day until all the animals had died. Animals were
determined to be dead if they were motionless and did not
respond when touched by a platinum wire. Animals were
transferred to fresh plates every 2 days to separate original
animals from their offspring and to maintain exposure to fresh
drug.
Dauer Formation Assay

To induce dauers, 20 L4-stage N2 larvae were transferred
to seeded NGM plates containing DMSO alone or clozapine
(80 uM, or 160 uM), olanzapine (80 uM or 160 uM), or
trifluoperazine (40 uM) and were grown at 25 °C. Once the
food supply was depleted, the animals were starved for an
additional 24 h. Animals were then washed off the plates,
treated with 1% SDS for 30 min to kill nondauers, rinsed 3 x
with M9 buffer, transferred to seeded plates, and then in-
cubated at 20 °C overnight. The number of surviving animals
per thousand was determined.
Dauer Recovery Assay

To measure dauer recovery, we followed the methods of
Golden and Riddle (47). M9 buffer, DMSO, or ethanol were
used as negative controls, depending on the solvent used to
dissolve the drugs, and 1% yeast extract served as a positive
control. Weincubated animals at 20 °C for 4 h and then scored
them as recovered/nondauers (R) on the basis of movement,
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appearance of a clear cuticle, and development of a clear area
behind the pharynx; partially recovered (+) by the presence of
some dauers, some recovered animals, and some animals that
presented one or more of the recovered phenotypes; and
dauers (D) if they were not moving, rod-like, and dark
throughout their gut.
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