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Clozapine markedly elevates pregnenolone in rat hippocampus, cerebral
cortex, and serum: Candidate mechanism for superior efficacy?
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Abstract

Clozapine demonstrates superior efficacy in patients with schizophrenia, but the precise mechanisms contributing to this clinical advantage
are not clear. Clozapine and olanzapine increase the GABAergic neuroactive steroid (NS) allopregnanolone, and it has been hypothesized that
NS induction may contribute to the therapeutic actions of these agents. Pregnenolone administration improves learning and memory in rodent
models, and decreases in this NS have been associated with depressive symptoms in humans. These pregnenolone characteristics may be
relevant to the actions of antipsychotics. We therefore investigated potential pregnenolone alterations in rat hippocampus and cerebral cortex
following clozapine, olanzapine, and other second generation agents as a candidate NS mechanism contributing to antipsychotic efficacy. In
the first set of experiments, intact, adrenalectomized, and sham-operated male rats received vehicle or clozapine (20 mg/kg) IP. In the second
set, male rats received vehicle, olanzapine (5 mg/kg), quetiapine (20 mg/kg), ziprasidone (10 mg/kg) or aripiprazole (5 mg/kg) IP.
Pregnenolone levels were determined by gas chromatography/mass spectrometry. Clozapine markedly elevates pregnenolone in rat
hippocampus, cerebral cortex, and serum; hippocampal levels were strongly correlated with serum levels (#=0.987). Olanzapine also elevates
pregnenolone levels, but to a lesser degree than clozapine. Pregnenolone induction may contribute to the clinical actions of clozapine and
olanzapine.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Multiple investigations have demonstrated the superior
efficacy of the antipsychotic clozapine in patients with
refractory schizophrenia (Breier et al., 1994; Kane et al.,
1988, 2001; Pickar et al., 1992; Conley et al., 1999; Azorin et
al., 2001; Wahlbeck et al., 1999; Chakos et al., 2001; Tuunainen
et al.,, 2002). Most recently, clozapine significantly outper-
formed other second generation agents in both the second phase
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of the multi-site Clinical Antipsychotic Trials of Intervention
Effectiveness (CATIE) project (McEvoy et al., 2006) and the
Cost Utility of the Latest Antipsychotics in Severe Schizophre-
nia (CUtLASS 2) trial (Lewis et al., in press). Despite its clear
clinical advantage, the precise mechanisms contributing to
clozapine’s unique clinical profile remain incompletely under-
stood. One possible mechanism contributing to its superior
efficacy may involve neuroactive steroid (NS) induction. It has
been demonstrated previously that both clozapine (Marx et al.,
2003; Barbaccia et al., 2001) and olanzapine (Marx et al., 2000,
2003) dose-dependently increase the GABAergic NS allopreg-
nanolone in rat cerebral cortex. In contrast, allopregnanolone
was not altered following haloperidol (Marx et al., 2003;
Barbaccia et al.,, 2001) or risperidone (Marx et al., 2003)
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administration. Our recent findings suggest that olanzapine
administration elevates the NS pregnenolone, a precursor to
allopregnanolone and other steroids, in rodent hippocampus
(Marx et al., 2006-this issue). It is not known, however, if
clozapine administration produces similar or more robust
increases in brain pregnenolone levels. We thus investigated
potential pregnenolone changes following clozapine, aripipra-
zole, olanzapine, quetiapine, or ziprasidone in rat hippocampus
and cerebral cortex utilizing doses consistent with clinically
comparable striatal dopamine D, receptor occupancies (Kapur
etal., 1999, 2000, 2003; Natesan et al., 2006; Barth et al., 2006;
Farde et al., 1988, 1992; Mamo et al., 2004; Zipursky et al.,
2005; Yokoi et al., 2002; Tauscher et al., 2004).

Potential alterations in pregnenolone could theoretically be
relevant to the actions of clozapine and certain other second
generation antipsychotics. For example, pregnenolone enhances
learning and memory in rodent models (Flood et al., 1992).
Since second generation antipsychotics may have effects on
cognitive outcome measures in patients with schizophrenia,
pregnenolone elevations following their administration could
theoretically constitute a mechanism contributing to these clinical
actions. In addition, decreased pregnenolone levels have been
associated with depressive symptoms in humans (George et al.,
1994), and a number of second generation antipsychotics may
demonstrate therapeutic actions with regard to depressive symp-
toms (Tollefson et al., 1998; Dollfus et al., 2005; Moller, 2005;
Kasper, 2004; Simon and Nemeroff, 2005; Barbee et al., 2004;
Papakostas et al., 2004) and suicidal behaviors (Meltzer et al.,
2003; Modestin et al., 2005). Pregnenolone elevations following
antipsychotics could thus be relevant to the antidepressant actions
of these agents, and potentially represent a candidate mechanism
contributing to clozapine effects on suicidality.

Additional properties of pregnenolone that may be relevant to
schizophrenia include effects of this NS on the neuronal cyto-
skeleton (Benitez-King et al., 2004). For example, pregnenolone
binds to microtubule-associated protein 2 (MAP2) and enhances
microtubule polymerization in rat brain and PC12 cells (Fontaine-
Lenoir et al., 2006; Murakami et al., 2000), and stabilizes micro-
tubules during embryonic development (Hsu et al., 2006). Preg-
nenolone also enhances neurite outgrowth (Fontaine-Lenoir et al.,
2006). Since patients with schizophrenia demonstrate decreased
neuropil (Glantz and Lewis, 2000), clozapine-induced eleva-
tions in pregnenolone could potentially impact this element of
schizophrenia pathophysiology.

Finally, pregnenolone may be an important molecule
impacting the therapeutic efficacy of clozapine and other
second generation antipsychotic agents because it can be
metabolized to a sulfated derivative (pregnenolone sulfate). In
addition to enhancing learning and memory in animal models
(Flood et al., 1992, 1995; Akwa et al., 2001; Vallee et al., 1997,
2001), this sulfated NS also modulates both cholinergic and
glutamatergic neurotransmitter systems. For example, pregnen-
olone sulfate enhances acetylcholine release (Darnaudery et al.,
1998, 2002; Pallares et al., 1998; Mayo et al., 2003) and
prevents amnesia induced by the anticholinergic scopolamine in
the passive avoidance task (Vallee et al., 2001). Clozapine,
olanzapine, ziprasidone, and quetiapine also increase acetyl-

choline release in rats (Ichikawa et al., 2002a,b; Shirazi-
Southall et al., 2002). The sulfated derivative of pregnenolone is
also a positive modulator of glutamatergic NMDA receptors
(Wu et al., 1991; Irwin et al., 1994; Bowlby, 1993) and
enhances long-term potentiation in rat CA1 hippocampal slices
through NMDA receptor modulation (Sliwinski et al., 2004). In
addition, pregnenolone sulfate administration prevents cogni-
tive deficits induced by NMDA receptor antagonists (Mathis et
al., 1994, 1996). Since it has been hypothesized that NMDA
receptor hypofunction may be relevant to the pathophysiology
of schizophrenia and that ameliorating this proposed deficit may
have therapeutic potential (Javitt, 2004; Millan, 2005, reviews),
pregnenolone sulfate induction following clozapine and other
second generation antipsychotic agents could have significant
clinical ramifications and merits future investigation.

2. Methods
2.1. Animals

Animals were purchased, housed and euthanized in accor-
dance with approved IACUC protocols at the Durham Veterans
Affairs Medical Center and the University of North Carolina at
Chapel Hill. Male rats (200-250 mg/kg, Sprague—Dawley)
were obtained from Harlan (Indianapolis, IN), group housed,
placed on a 12-h light—dark cycle, and permitted free access to
food and water. All rats were handled and habituated to
intraperitoneal (IP) vehicle injection (0.9% saline) for 5 days
prior to the day of the experiment to minimize possible stress-
induced steroid increases. All experiments were performed at
the beginning of the light cycle between 9:00 AM and noon to
minimize diurnal steroid fluctuations.

2.2. Antipsychotic administration and dosing

Clozapine (Sigma, St. Louis, MO) was dissolved in a small
amount of 20% acetic acid (0.5 mL or less) and then diluted with
0.9% saline (final acetic acid concentration 0.2%). Olanzapine
(Eli Lilly and Company, Indianapolis, IN) and quetiapine
(AstraZeneca, Wilmington DE) were prepared in a similar man-
ner. Aripiprazole (Bristol-Meyers Squibb, New York, NY) and
ziprasidone (Pfizer, New York, NY) were dissolved in 45% w/v
2-hydroxypropyl-p-cyclodextrin (Sigma, St. Louis, MO) and
then diluted with distilled water (final 2-hydroxypropyl--cyclo-
dextrin concentration 22.5%). Vehicle consisted of 0.2% acetic
acid in 0.9% saline.

Recognizing the importance of choosing comparable dosing
strategies for each second generation antipsychotic, we
reviewed the existing literature for guidelines addressing acute
administration paradigms. Typical doses producing a clinical
response for a number of antipsychotics have been associated
with striatal dopamine D, receptor occupancies of approxi-
mately 60% or greater, with extrapyramidal side effects
emerging when D, receptor occupancies exceed 80% (Farde
et al., 1988, 1992; Kapur et al., 1999, 2000; Mamo et al., 2004;
Zipursky et al., 2005; Tauscher et al., 2004). Aripiprazole
represents a possible exception to this paradigm, demonstrating
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>90% D, receptor occupancy at commonly utilized clinical
doses with no concomitant increase in extrapyramidal symp-
toms (Yokoi et al., 2002). Antipsychotic doses chosen for these
experiments are thus consistent with rodent striatal D, receptor
occupancies of 60—90% following one-time acute drug admin-
istration (Kapur et al., 2003; Natesan et al., 2006; Barth et al.,
2006), and also consistent with clinically comparable striatal D,
receptor occupancies in patients with schizophrenia (Kapur et al.,
1999, 2000; Mamo et al., 2004; Zipursky et al., 2005; Tauscher et
al., 2004; Yokoi et al., 2002). In addition to utilizing an anti-
psychotic dosing strategy targeting striatal D, receptor occupan-
cies that are closely aligned with clinically comparable ranges of
D, receptor occupancies in humans, dosing decisions were also
informed by literature review of antipsychotic doses producing
significant effects in rodent models of psychosis (Kinkead et al.,
2000; Xu et al., 2002; Wolff and Leander, 2003; Li et al., 2004;
Atkins et al., 1999; Tarazi et al., 2001).

2.3. Experimental design

2.3.1. Clozapine 20 mg/kg vs. vehicle control

On the day of the experiment following 5 days of IP habit-
uation with normal saline, male rats received either 20 mg/kg
clozapine or vehicle IP, n=6-10 animals per treatment condi-
tion. Rats were sacrificed 1 h later by decapitation. Hippocam-
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pus and cerebral cortex were rapidly dissected on ice and trunk
blood was collected for pregnenolone analyses by gas chroma-
tography/mass spectrometry preceded by high performance
liquid chromatography purification.

2.3.2. Clozapine 20 mg/kg vs. vehicle control—adrenalecto-
mized (ADX) vs. sham-operated

Male adrenalectomized and sham-operated rats were pur-
chased from Harlan (Indianapolis, IN). Experiments were
performed 5—-6 days following surgery (and 1-2 days following
arrival to the animal colony). Adrenalectomized animals re-
ceived 0.9% saline instead of water ad libitum. Sham-operated
animals received water ad libitum. All animals had free access
to rat chow. On the day of the experiment, adrenalectomized
animals were injected IP with clozapine 20 mg/kg (prepared as
described previously) or vehicle (0.2% acetic acid in 0.9%
saline) and sham-operated animals were also injected IP with
either clozapine 20 mg/kg or vehicle, n=8 animals per con-
dition. Rats were decapitated 1 h following IP antipsychotic or
vehicle injection, and hippocampus, cerebral cortex, and trunk
blood were collected as described below.

2.3.3. Other second generation antipsychotics vs. vehicle control
On the day of the experiment following 5 days of IP
habituation with normal saline, male rats received IP vehicle,
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Fig. 1. (a) Clozapine 20 mg/kg IP administration increases hippocampal pregnenolone levels 13-fold to 35.50+6.56 ng/g compared to hippocampal pregnenolone levels
following vehicle administration (2.70+0.66 ng/g), unpaired #-test, p<0.0001, 7=4.97, df=18, n=10 per condition. (b) Clozapine 20 mg/kg IP elevates peripheral serum
pregnenolone levels 34-fold to 8.82+1.82 ng/mL compared to serum pregnenolone levels following vehicle administration (0.26+0.04 ng/mL), unpaired #-test,
p=0.0002, t=4.71, df=18, n=10 per condition. (c) Hippocampal pregnenolone levels and serum pregnenolone levels are strongly correlated, Pearson correlation
coefficient ¥=0.987, p<0.0001; n=20 xy pairs. (d) Clozapine 20 mg/kg IP administration increases cerebral cortical pregnenolone levels 26-fold to 77.58+12.80 ng/g
(n=9) compared cerebral cortical pregnenolone levels following vehicle administration (2.91+0.28 ng/g, n=6), unpaired t-test, p=0.0004, 1=4.70, df=13.
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aripiprazole 5 mg/kg, olanzapine 5 mg/kg, quetiapine 20 mg/kg,
or ziprasidone 10 mg/kg, n=9 animals per treatment condition.
Rats were sacrificed 1 h later by decapitation. Hippocampus and
cerebral cortex were rapidly dissected on ice for pregnenolone
analyses by gas chromatography/mass spectrometry preceded
by high performance liquid chromatography purification.

2.4. Tissue procurement

All rats were sacrificed by decapitation 1 h following IP
drug administration. Hippocampus and cerebral cortex was
rapidly dissected on ice and stored at —80 °C. Trunk blood
was collected for serum neuroactive steroid analyses, kept on
ice until centrifugation for serum collection, and stored at
—80 °C.

2.5. Gas chromatography/mass spectrometry (GC/MS) pre-
ceded by high performance liquid chromatography (HPLC)

Determinations of pregnenolone levels in rat hippocampus,
cerebral cortex, and serum were performed as previously de-
scribed (Marx et al., 2006; Uzunova et al., 1998), with modifi-
cations. All glassware was silanized. Brain tissue samples and
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standards were homogenized in distilled water containing a
trace amount of tritiated pregnenolone (New England Nuclear)
to detect the HPLC fraction of interest. Deuterated pregneno-
lone was utilized as the internal standard. Samples were
extracted three times with ethyl acetate prior to HPLC.
Pregnenolone was collected based upon the retention time of
its radioactive analogue. The HPLC fraction containing
pregnenolone was evaporated to dryness and derivatized
utilizing heptafluorobutyric acid anhydride (HFBA) in ethyl
acetate. Derivatized standards and samples were injected onto
an Agilent 5973 GC/MS in the negative ion chemical ionization
(NICI) mode utilizing methane as the reaction gas and helium as
the carrier gas. Samples were injected in duplicate. In addition
to the retention time of each steroid, the structural identification
of each NS assayed was provided by its unique mass
fragmentation pattern. Mass spectrometer single ion monitoring
(SIM) mode was used to focus on the most abundant ion
fragment of the steroid derivative. For NS quantification, the
standard curve was prepared by combining varying known
quantities of the steroid (Steraloids) with a constant amount of
the respective deuterated internal standard. Only peaks with a
signal to noise ratio greater or equal to 5:1 were integrated.
Mean intra-assay coefficients of variation were <3.8% for each
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Fig. 2. (a) Clozapine 20 mg/kg IP administration increases hippocampal pregnenolone levels 13-fold to 42.89+8.33 ng/g in sham-operated rats compared to
pregnenolone levels in sham-operated rats treated with vehicle (3.30+0.81 ng/g), unpaired r-test, p=0.0003, r=4.728, df=14, n=8 per condition. (b) Mean
hippocampal pregnenolone levels in adrenalectomized (ADX) animals treated with clozapine 20 mg/kg IP (1.2140.08 ng/g) do not differ significantly from levels in
ADX animals treated with vehicle (1.33+0.10 ng/g), unpaired #-test, p=0.359, 1=0.948, df=14, n=8 per condition. (c) Clozapine 20 mg/kg [P administration
increases serum pregnenolone levels over 18-fold to 9.73+1.52 ng/mL in sham-operated rats compared to pregnenolone levels in sham-operated rats treated with
vehicle (0.52+0.11 ng/mL), unpaired #test, p<0.0001, t=6.057, df=14, n=8 per condition. (d) Mean serum pregnenolone levels in adrenalectomized (ADX)
animals treated with clozapine 20 mg/kg IP (0.36+0.05 ng/mL) do not differ significantly from levels in ADX animals treated with vehicle (0.48+0.22 ng/mL),

unpaired t-test, p=0.594, t=0.545, df=14, n=8 per condition.



602 C.E. Marx et al. / Pharmacology, Biochemistry and Behavior 84 (2006) 598—-608

experiment. The limit of NS detection with this method was
2 pg.

2.6. Statistics

Analyses of clozapine experiments were conducted utilizing
two-tailed #-tests. Associations between hippocampal pregnen-
olone levels and peripheral serum pregnenolone levels were
evaluated with the Pearson correlation coefficient. Analyses of
experiments utilizing other second generation agents (aripipra-
zole, olanzapine, quetiapine, or ziprasidone) were conducted
by one-way five-group ANOVA with post-hoc Dunnett
tests comparing mean pregnenolone levels following each
antipsychotic with the mean of the vehicle control group. Data
are expressed as the mean +standard error of the mean (S.E.M.).

3. Results

3.1. Clozapine 20 mg/kg vs. vehicle control: clozapine
produces marked increases in hippocampal, serum, and
cerebral cortical pregnenolone levels

Clozapine (20 mg/kg, IP) administration increases hippo-
campal pregnenolone levels 13-fold to 35.50+£6.56 ng/g
compared to hippocampal pregnenolone levels following
vehicle administration (2.70+£0.66 ng/g), unpaired #-test,
p<0.0001, =497, df=18, n=10 per condition, Fig. la.
Clozapine 20 mg/kg IP elevates peripheral serum pregnenolone
levels 34-fold to 8.82+1.82 ng/mL compared to serum
pregnenolone levels following vehicle administration (0.26
+0.04 ng/mL), unpaired t-test, p=0.0002, r=4.71, df=18,
n=10 per condition, Fig. 1b. Hippocampal pregnenolone levels
and serum pregnenolone levels are strongly correlated, Pearson
correlation coefficient »=0.987, p<0.0001; »=20 xy pairs,
Fig. Ic. Peripheral serum pregnenolone levels may thus reflect
pregnenolone levels in brain, potentially providing an accessi-
ble surrogate marker for central levels of this neuroactive
steroid. Clozapine 20 mg/kg IP administration increases
cerebral cortical pregnenolone levels to 26-fold to 77.58
+12.80 ng/g (n=9) compared to cerebral cortical pregnenolone
levels following vehicle administration (2.91+£0.28 ng/g, n=6),
unpaired z-test, p=0.0004, t=4.70, df=13, Fig. 1d.

3.2. Clozapine 20 mg/kg vs. vehicle control—adrenalectomized
(ADX) vs. sham-operated: adrenalectomy prevents clozapine-
induced increases in pregnenolone in hippocampus and serum

Clozapine 20 mg/kg IP administration increases hippocampal
pregnenolone levels 13-fold to 42.89+8.33 ng/g in sham-
operated rats compared to pregnenolone levels in sham-operated
rats treated with vehicle (3.30+£0.81 ng/g), unpaired z-test,
p=0.0003, t=4.728, df=14, n=8 per condition, Fig. 2a. Adre-
nalectomy completely prevents clozapine-induced increases in
hippocampal pregnenolone. Mean hippocampal pregnenolone
levels in adrenalectomized (ADX) animals treated with clozapine
20 mg/kg IP (1.21+0.08 ng/g) do not differ significantly from
levels in ADX animals treated with vehicle (1.33+0.10 ng/g),

unpaired #-test, p=0.359, t=0.948, df=14, n==8 per condition,
Fig. 2b. Clozapine 20 mg/kg IP administration increases serum
pregnenolone levels over 18-fold to 9.73+1.52 ng/mL in sham-
operated rats compared to pregnenolone levels in sham-operated
rats treated with vehicle (0.52+0.11 ng/mL), unpaired #-test,
p<0.0001, t=6.057, df=14, n==8 per condition, Fig. 2c. Adre-
nalectomy completely prevents clozapine-induced increases in
serum pregnenolone. Mean serum pregnenolone levels in adre-
nalectomized (ADX) animals treated with clozapine 20 mg/kg IP
(0.36+0.05 ng/mL) do not differ significantly from levels in
ADX animals treated with vehicle (0.48+0.22 ng/mL), unpaired
t-test, p=0.594, t=0.545, df=14, n=8 per condition, Fig. 2d.

3.3. Other second generation antipsychotics vs. vehicle control:
olanzapine 5 mg/kg increases hippocampal and cerebral cortical
pregnenolone, but to a lesser degree than clozapine 20 mg/kg

Olanzapine 5 mg/kg significantly increases mean hippocam-
pal pregnenolone levels to 13.44+2.60 ng/g compared to mean
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Fig. 3. (a) Olanzapine 5 mg/kg significantly increases mean hippocampal
pregnenolone levels to 13.44+2.60 ng/g compared to mean hippocampal
pregnenolone levels following vehicle administration (6.28+1.46 ng/g), one-
way five-group ANOVA p=0.015, F=3.514, df=4,40; post-hoc Dunnett
p<0.05 for olanzapine 5 mg/kg condition, n=9 per condition. (b) Olanzapine
5 mg/kg significantly increases mean cerebral cortical pregnenolone levels to
23.42+4.76 ng/g compared to mean cerebral cortical pregnenolone levels
following vehicle administration (11.58+2.44 ng/g), one-way five-group
ANOVA p=0.020, F'=3.296, df=4,40; post-hoc Dunnett p <0.05 for olanzapine
5 mg/kg condition, n=9 per condition.
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hippocampal pregnenolone levels following vehicle adminis-
tration (6.28+1.46 ng/g), one-way five-group ANOVA
p=0.015, F=3.514, df=4,40; post-hoc Dunnett p<0.05 for
olanzapine 5 mg/kg condition, n=9 per condition, Fig. 3a. Of
note, this elevation in hippocampal pregnenolone levels
following olanzapine 5 mg/kg replicates our prior findings in
which mean hippocampal pregnenolone levels increased to
12.67+2.03 ng/g following the administration of this olanza-
pine dose (Marx et al., 2006-this issue). Although quetiapine
20 mg/kg and ziprasidone 10 mg/kg increase mean hippocam-
pal pregnenolone levels to 8.20+1.69 ng/g and 10.02+1.49 ng/
g, respectively, these elevations did not achieve statistical
significance (post-hoc Dunnett tests p>0.05 for both quetiapine
and ziprasidone conditions, #=9 per condition). Mean preg-
nenolone levels are unaltered following aripiprazole 5 mg/kg
(5.37+0.85 ng/g), post-hoc Dunnett test p>0.05, n=9.

Olanzapine 5 mg/kg significantly increases mean cerebral
cortical pregnenolone levels to 23.424+4.76 ng/g compared to
mean cerebral cortical pregnenolone levels following vehicle
administration (11.58+2.44 ng/g), one-way five-group
ANOVA p=0.020, F=3.296, df=4,40; post-hoc Dunnett
p<0.05 for olanzapine 5 mg/kg condition, n=9 per condition,
Fig. 3b. Although quetiapine 20 mg/kg and ziprasidone 10 mg/kg
increase mean cerebral cortical pregnenolone levels to 14.75+
3.10 ng/g and 16.48+2.80 ng/g, respectively, these elevations
do not achieve statistical significance (post-hoc Dunnett tests
p>0.05 for both quetiapine and ziprasidone conditions, n=9 per
condition). Mean pregnenolone levels are somewhat lower fol-
lowing aripiprazole 5 mg/kg (8.4141.60 ng/g), but this decrease
did not achieve statistical significance (post-hoc Dunnett test
p>0.05,n=9).

4. Conclusions

Clozapine administration produces the most pronounced
elevations in hippocampal and cerebral cortical pregnenolone
levels among the second generation antipsychotics tested in
these investigations. Antipsychotic agents were studied at doses
producing D, receptor occupancies consistent with clinically
comparable ranges, and also consistent with effective doses
utilized in numerous rodent models of psychosis. Individual
findings and potential clinical ramifications are discussed
below, as well as study limitations and future directions.

4.1. Clozapine markedly increases hippocampal, cerebral
cortical, and serum pregnenolone

Clozapine increases hippocampal, cerebral cortical, and
serum pregnenolone levels 13-fold, 26-fold, and 34-fold,
respectively. Clozapine-induced elevations in hippocampus
and cerebral cortex are considerably more robust compared to
changes in this NS following other second generation agents
tested in this study. Although clearly a very preliminary
hypothesis that will require extensive additional testing in
clinical populations, it is possible that marked pregnenolone
induction following clozapine may contribute to mechanisms
mediating its superior clinical efficacy. For example, clozapine-

induced elevations in pregnenolone in hippocampus, cerebral
cortex, and peripheral serum may be relevant to depressive
symptoms and suicidality in patients with schizophrenia.
Specifically, decreased cerebrospinal fluid pregnenolone levels
have been associated with depressive symptoms (George et al.,
1994), and therefore clozapine-induced increases in this NS
could potentially impact this symptom domain. Furthermore, a
2-year prospective study of 980 patients with schizophrenia or
schizoaffective disorder at high risk for suicide demonstrated
that clozapine reduces suicide attempts (Meltzer et al., 2003).
Clozapine is approved by the Food and Drug Administration in
the United States for the treatment of suicidal behaviors in
patients with schizophrenia or schizoaffective disorder, and a
recent meta-analysis determined that long-term treatment with
clozapine was associated with a three-fold decreased risk for
suicidal behaviors (Hennen and Baldessarini, 2005). Potentially
relevant to the current investigation, we recently determined
that pregnenolone levels in parietal cortex and posterior
cingulate were higher in patients with schizophrenia and bipolar
disorder compared to control subjects utilizing postmortem
brain tissue from the Stanley Foundation (Marx et al., 20006).
Within the schizophrenia group, however, pregnenolone levels
in parietal cortex tissue specimens are decreased in patients with
schizophrenia who died by suicide compared to patients with
schizophrenia who died by other causes (unpublished data).
Caution should be utilized in the interpretation of these initial
findings, however, given the small number of specimens an-
alyzed in this postmortem tissue investigation. Clozapine-
induced elevations in pregnenolone may thus represent a can-
didate mechanism contributing to its clinical actions with regard
to suicidal behaviors and depressive symptoms in patients with
schizophrenia or schizoaffective disorder. This possibility is
clearly very preliminary, however, and extensive additional data
will be required to test this hypothesis.

Marked elevations in hippocampal, cerebral cortical, and
serum pregnenolone levels following clozapine administration
could also impact the neuronal cytoskeleton, since pregneno-
lone stabilizes microtubules (Hsu et al., 2006), stimulates
microtubule polymerization (Fontaine-Lenoir et al., 2006;
Murakami et al., 2000), and enhances neuritic outgrowth
(Fontaine-Lenoir et al., 2006). Furthermore, a recent report
suggests that antipsychotics may upregulate mRNA coding for
microtubule-associated protein 2 (MacDonald et al., 2005). In
addition, it has been proposed that the neuronal cytoskeleton
may represent a potential therapeutic target in schizophrenia
(Benitez-King et al., 2004). Pregnenolone induction may thus
be relevant to this dimension of schizophrenia pathophysiology.

Clozapine-induced elevations in central nervous system
pregnenolone levels could potentially lead to increased
concentrations of its sulfated derivative (pregnenolone sulfate),
a positive modulator of glutamatergic NMDA receptors (Wu et
al., 1991; Irwin et al., 1994; Bowlby, 1993). We did not deter-
mine pregnenolone sulfate levels in the current investigation,
however, and therefore this possibility remains very specula-
tive. Potentially supporting this hypothesis, however, pregnen-
olone administration in humans has been demonstrated to
increase pregnenolone sulfate levels by several-fold in serum
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(Morley etal., 1997). Clozapine could thus theoretically modulate
the glutamatergic neurotransmitter system indirectly via preg-
nenolone induction, potentially leading to elevated pregnenolone
sulfate levels. Although clozapine does not demonstrate direct
agonist activity at NMDA receptors (K;> 10,000 nM, suggesting
very low clozapine affinity, PDSP Ki Database; Schoemaker et
al., 1997), clozapine does appear to demonstrate indirect effects
involving this neurotransmitter system. For example, clozapine
reverses behaviors induced by the NMDA receptor antagonist
phencyclidine (PCP) in monkeys (Linn et al., 2003), prevents
neurotoxicity following the NMDA receptor antagonist MK-801
(Farber et al., 1996), and prevents alterations in brain metabolism
induced by the NMDA receptor antagonist ketamine (Duncan et
al., 1998, 2000). Olanzapine also prevents brain metabolism
alterations following ketamine, but higher doses are required to
produce this effect compared to clozapine (Duncan et al., 2000). It
is therefore possible that clozapine and olanzapine may interact
with the NMDA neurotransmitter system by inducing elevations
in pregnenolone resulting in downstream increases in its sulfated
derivative. Since we did not test pregnenolone sulfate levels
directly in the current investigation, however, this hypothesis
remains to be tested.

In addition to actions at glutamatergic NMDA receptors,
pregnenolone sulfate also appears to modulate the cholinergic
neurotransmitter system. For example, pregnenolone sulfate
administration increases acetylcholine release in rat hippocam-
pus (Vallee et al., 1997; Darnaudery et al., 2002) and frontal
cortex (Darnaudery et al., 1998). Pregnenolone sulfate infused
into the nucleus basalis also increases acetylcholine release in
the frontal cortex and amygdala (Pallares et al., 1998).
Pregnenolone sulfate reverses the retention deficit induced by
the anticholinergic drug scopolamine (Vallee et al., 2001).
Similar to pregnenolone sulfate, clozapine also increases
acetylcholine release in rodent hippocampus, and it has been
hypothesized that this clozapine effect contributes to its positive
actions on cognition in patients with schizophrenia (Shirazi-
Southall et al., 2002). It is currently not known, however, if
clozapine also elevates pregnenolone sulfate in rodent brain,
and future experiments will be required to test this possibility.

Along these lines, it should be noted that the presence of
pregnenolone sulfate in rodent and human brain is the subject of
ongoing inquiry. Data are currently very limited, but it is
possible that elevations in peripheral serum and central nervous
system pregnenolone may produce increases in pregnenolone
sulfate levels in these tissues. In rodents, for example,
intravenous pregnenolone administration appears to increase
pregnenolone sulfate levels in multiple brain regions (Wang et
al., 1997). In humans, a single oral dose of pregnenolone
175 mg results in several-fold increases in serum pregnenolone
sulfate concentrations (Morley et al., 1997). Arguing against
this possibility, however, are recent reports suggesting that prior
assessments of pregnenolone sulfate levels in brain may have
been confounded by methodological challenges (Liere et al.,
2004). Recent investigations did not find pregnenolone sulfate
to be present in adult male rat brain utilizing methods with limits
of detection of 0.3 ng/g tissue (Liu et al., 2003) and 0.05 ng/g
tissue, uncorrected for procedural losses (Ebner et al., 2000).

Another study reported pregnenolone sulfate levels as 0.05—
0.43 ng/g (Higashi et al., 2003). It is possible, however, that
pregnenolone sulfate may be present at considerably higher
concentrations in human brain compared to rat brain. An
investigation in postmortem brain tissue from subjects with
Alzheimer’s disease and control subjects supports this possi-
bility, reporting pregnenolone sulfate levels in the 1-8 ng/g
range utilizing a mass spectrometry-based method (Weill-
Engerer et al., 2002). An earlier radioimmunoassay study in
human postmortem brain also detected pregnenolone sulfate
at similar concentrations (Lanthier and Patwardhan, 1986).
Further research will be required to definitively clarify this
issue.

4.2. Adrenalectomy prevents clozapine-induced elevations in
hippocampal and serum pregnenolone

To determine if clozapine-induced pregnenolone elevations
require intact adrenal function, we also tested sham-operated vs.
adrenalectomized animals following clozapine or vehicle
administration. It has been demonstrated previously that
adrenalectomy prevents clozapine-induced increases in rat
cerebral cortical allopregnanolone levels (Marx et al., 2003;
Barbaccia et al., 2001). In the current investigation, we
demonstrate that adrenalectomy completely prevents cloza-
pine-induced increases in pregnenolone in both hippocampus
and serum. Pronounced elevations in hippocampal and serum
pregnenolone levels thus appear to depend upon intact adrenal
function, and pregnenolone synthesized in the adrenal appar-
ently provides a critical contribution to markedly enhanced
pregnenolone levels in brain following treatment with cloza-
pine. Potential clozapine actions at the adrenal peripheral
benzodiazepine receptor may thus merit further investigation.
Since intravenous pregnenolone administration in rats results in
elevated pregnenolone and pregnenolone sulfate levels in the
brain (Wang et al., 1997), our findings in adrenalectomized
animals may not be inconsistent with prior efforts.

4.3. Hippocampal pregnenolone levels are correlated with
peripheral serum levels

It is currently unknown if brain NS levels are correlated with
serum NS levels in humans, and the compartmentalization of
these molecules has been very challenging to establish (Baulieu
et al, 2001). Rat hippocampal pregnenolone levels were
strongly correlated with peripheral serum pregnenolone levels
in this investigation (»=0.987), and it is possible that this
relationship may also be present in humans. Should this be
determined to be the case, serum pregnenolone levels may
constitute a reliable surrogate marker for brain pregnenolone
concentrations. In addition, hippocampal pregnenolone levels in
male rats were approximately 10-fold higher than peripheral
serum levels in vehicle-treated intact rats in this investigation.
This 10-fold difference between central and peripheral levels
closely resembles our recent findings in control human
postmortem brain tissue, in which pregnenolone levels in both
posterior cingulate and parietal cortex were determined to be
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over 10-fold higher than typical serum pregnenolone levels
observed in males, follicular phase females, or post-menopausal
females (Marx et al., 2006). Future efforts will be required to
determine the precise relationships between central and
peripheral steroids, but is possible that NS levels in clinically
accessible tissues such as serum may be directly related to N'S
brain concentrations in certain circumstances.

4.4. Olanzapine also increases hippocampal and cerebral
cortical pregnenolone

Olanzapine 5 mg/kg also increases hippocampal and cerebral
cortical pregnenolone levels, but to a lesser degree than
clozapine at doses leading to clinically comparable D, receptor
occupancies. Nonetheless, elevations in pregnenolone follow-
ing olanzapine are statistically significant in both hippocampus
and cerebral cortex, and may potentially contribute to the
clinical actions of this antipsychotic. Neuroactive steroid data in
clinical populations receiving olanzapine will be required to test
this hypothesis. Olanzapine-induced elevations in pregnenolone
may also contribute to increases in the GABAergic NS allopreg-
nanolone, a downstream metabolite (Marx et al., 2003, 2000).
Since low pregnenolone levels have been associated with
depressive symptoms (George et al., 1994), it is also possible
that olanzapine-induced elevations in this NS may play a role in
olanzapine’s antidepressant activity.

4.5. Neuroactive steroids in rodent hippocampus and cerebral
cortex following aripiprazole, quetiapine, or ziprasidone
administration

Significant changes in pregnenolone levels in rat hippocam-
pus or cerebral cortex are not observed following aripiprazole,
quetiapine, or ziprasidone administration (although non-signif-
icant decreases in pregnenolone following aripiprazole and non-
significant increases in pregnenolone following quetiapine and
ziprasidone administration appear to be present in both brain
regions). Since these agents may demonstrate efficacy for
depressive symptoms (Kasper, 2004; Simon and Nemeroff,
2005; Barbee et al., 2004; Papakostas et al., 2004), it is possible
that their potential antidepressant effects are mediated via
mechanisms that are unrelated to neuroactive steroid induction.
Alternatively, our study may be underpowered to detect
neuroactive steroid changes of lesser magnitudes.

4.6. Limitations

Limitations of the current investigation include the absence
of a conventional antipsychotic comparator. In two prior rat
studies, however, the conventional antipsychotic haloperidol
did not alter central allopregnanolone levels, and changes in
progesterone levels were modest or non-existent at doses
resulting in clinically comparable D, receptor occupancies
(Marx et al., 2003; Barbaccia et al., 2001). Pregnenolone
alterations following the administration of a conventional
antipsychotic may therefore be unlikely, but this possibility
remains to be examined experimentally. The use of a single dose

for each second generation antipsychotic may also constitute a
potential limitation. Future investigations would also benefit
from the direct assessment of pregnenolone sulfate levels, since
the sulfated pregnenolone derivative demonstrates positive mo-
dulatory actions at NMDA receptors and enhances acetylcho-
line release. Finally, limited statistical power may have
precluded the detection of pregnenolone elevations (or reduc-
tions) following the administration of certain second generation
agents. Specifically, the number of animals utilized in the
majority of these experiments consisted of 8—10 animals per
condition (with the exception of one vehicle condition which
utilized 6 animals). It is therefore possible that these numbers
may be too small to detect subtle differences following the
administration of aripiprazole, quetiapine, or ziprasidone.
Future research will be required to test these possibilities.

4.7. Summary

Clozapine markedly elevates pregnenolone levels in rat
hippocampus, cerebral cortex, and serum. Given the magnitude
of clozapine effects on pregnenolone levels in two brain regions
and peripheral serum in these investigations, it is possible that
induction of this NS may contribute to the therapeutic actions of
this antipsychotic and to its distinct clinical advantage. Sub-
stantial additional data will be required to test this possibility. It
is currently not clear if clozapine or olanzapine increase periph-
eral or central pregnenolone levels in patients with schizophrenia,
or if pregnenolone levels are related to psychiatric symptomatol-
ogy at baseline or following treatment with these agents. Should
changes in pregnenolone following clozapine or olanzapine be
demonstrated in humans, it is possible that peripheral serum
pregnenolone levels could be utilized as a proxy or surrogate
marker for central pregnenolone levels in brain. If pregnenolone
induction proves relevant to the antipsychotic efficacy of
clozapine or other second generation antipsychotics, it may
be reasonable to target pregnenolone directly as an agent for
pharmacological intervention.
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