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Abstract
Prior clinical studies suggest that chronic treatment with atypical antipsychotic medications increase
erythrocyte and postmortem prefrontal cortex (PFC) omega-3 fatty acid composition in patients with
schizophrenia (SZ). However, because human tissue phospholipid omega-3 fatty acid composition
is potentially influenced by multiple extraneous variables, definitive evaluation of this putative
mechanism of action requires an animal model. In the present study, we determined the effects of
chronic treatment with the atypical antipsychotic risperidone (RISP, 3.0 mg/kg/d) on erythrocyte and
PFC omega-3 fatty acid composition in rats maintained on a diet with or without the dietary omega-3
fatty acid precursor, alpha-linolenic acid (ALA, 18:3n-3). Chronic RISP treatment resulted in
therapeutically-relevant plasma RISP and 9-OH-RISP concentrations (18±2.6 ng/ml), and
significantly increased erythrocyte docosahexaenoic acid (DHA, 22:6n-3, +22%, p=0.0003) and
docosapentaenoic acid (22:5n-3, +18%, p=0.01) composition, and increased PFC DHA composition
(+7%, p=0.03) in rats maintained on the ALA+ diet. In contrast, chronic RISP did not alter erythrocyte
or PFC omega-3 fatty acid composition in rats maintained on the ALA− diet. Chronic RISP treatment
did not alter erythrocyte or PFC arachidonic acid (AA, 20:4n-6) composition. These data demonstrate
that chronic RISP treatment significantly augments ALA-DHA biosynthesis, and preferentially
increases peripheral and central membrane omega-3 fatty acid composition. Augmented omega-3
fatty acid biosynthesis and membrane composition represents a novel mechanism of action that may
contribute in part to the efficacy of RISP in the treatment of SZ.
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1. Introduction
Mammalian brain lipids are comprised of a ratio of saturated fatty acids, monounsaturated fatty
acids, and polyunsaturated fatty acids (PUFA). Principal PUFAs in brain phospholipids are
the omega-3 fatty acid docosahexaenoic acid (DHA, 22:6n-3) and the omega-6 fatty acid
arachidonic acid (AA, 20:4n-6). Because mammals are incapable of synthesizing omega-6 and
omega-3 fatty acids de novo, they are entirely dependent on dietary sources to procure and
maintain adequate peripheral and central tissue levels. The dietary omega-3 fatty acid precursor
alpha-linolenic acid (ALA, 18:3n-3) and omega-6 fatty acid precursor linoleic acid (LA,
18:2n-6) are converted into DHA and AA, respectively, following a series of common and
competitive desaturation-elongation reactions, and chronic dietary ALA deficiency is
associated with reciprocal elevations in peripheral and central omega-6 fatty acid composition
(reviewed in Contreras & Rapoport, 2002). In rats, ALA-DHA biosynthesis is predominantly
mediated by the liver, and dietary ALA deficiency up-regulates rat hepatic desaturase and
elongase expression and activity (Igarashi et al., 2007). In contrast, isotope tracer and dietary
studies have found that humans, particularly in males, convert only a small percentage (<1.0%)
of dietary ALA to DHA (Arterburn et al., 2006; Pawlowsky et al., 2001a).

An emerging body of evidence suggests that schizophrenia (SZ) is associated with peripheral
and central PUFA deficits. DHA and/or AA deficits are observed in postmortem brain tissues
of SZ patients (Horrobin et al., 1991; McNamara et al., 2007; Yao et al., 2000), and in
erythrocytes (red blood cells) of antipsychotic-naive first- or early-episode psychotic patients
(Arvindakshan et al., 2003; Evans et al., 2003; Kale et al., 2008; Khan et al., 2002; Reddy et
al., 2004). Consistent with deficits in PUFA biosynthesis from dietary precursors, some studies
(Evans et al., 2003; Kale et al., 2008; Reddy et al., 2004), but not all (Khan et al., 2002), have
observed normal peripheral ALA or LA composition in SZ patients. However, it is not yet
known whether peripheral and central PUFA deficits in SZ are due to dietary insufficiency
(Brown et al., 1999; Henderson et al., 2006; Strassnig et al., 2005), or other factors that reduce
phospholipid PUFA composition, including cigarette smoking (Hibbeln et al., 2003; Leng et
al., 1994), chronic alcohol intake (Pawlosky et al., 2001b), lipid peroxidation (Arvindakshan
et al., 2003; Khan et al., 2002), and/or polymorphisms in the PUFA lipogenic genes (Krause
et al., 2006; Rzehak et al., 2008; Schaeffer et al., 2006; Williard et al., 2001). Elucidating the
mechanisms that confer PUFA deficits in SZ may provide important insight into the underlying
pathophysiology.

A potentially important observation is that the erythrocyte PUFA deficits observed in
antipsychotic-naive first-episode psychotic patients increase significantly following chronic
antipsychotic treatment associated with symptomatic improvement (Arvindakshan et al.,
2003; Evans et al., 2003; Khan et al., 2002). Two of these studies combined patients treated
with typical and atypical antipsychotic medications (Arvindakshan et al., 2003; Khan et al.,
2002), though the majority of patients were treated with atypical antipsychotics, and the third
study employed only patients receiving atypical antipsychotics (risperidone or olanzapine)
(Evans et al., 2003). Moreover, we found that the PUFA deficits observed in the postmortem
PFC of antipsychotic-free SZ patients were greater than those observed in SZ patients treated
with atypical (olanzapine, risperidone, clozapine), but not typical (fluphenazine, thiothixene,
chlorpromazine, thioridazine, haloperidol), antipsychotic medications (McNamara et al.,
2007). Moreover, emerging clinical evidence suggests that atypical antipsychotic drugs
augment lipid biosynthesis by increasing lipogenic gene expression (Kaddurah-Daouk et al.,
2007; Vik-Mo et al., 2008). Although these data suggest that atypical antipsychotic medications
augment PUFA biosynthesis and peripheral and central PUFA composition, multiple
extraneous variables including dietary PUFA intake preclude definitive evaluation of a causal
relationship. In the present study, we determined the effect of chronic treatment with the
atypical antipsychotic risperidone (RISP) on erythrocyte and PFC PUFA composition in rats
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fed diets fortified with the PUFA precursors ALA and LA, but not preformed DHA or AA or
intermediate precursors. As a preliminary evaluation of ALA-DHA biosynthesis, we also
investigated in parallel the effects of chronic RISP treatment on erythrocyte and PFC PUFA
composition of rats maintained on a diet selectively depleted of ALA.

2. Methods
2.1. Animals and dietary treatments

Immediately following weaning (Postnatal day: P21), male Long-Evans hooded rats (Harlan
Farms, Indianapolis, IN) bred in house were randomly assigned to receive a customized
research diet that either contained alpha-linolenic acid (ALA+, TD.04285) (n=26) or did not
contain ALA (ALA−, TD.04286)(n=22) (Harlan-TEKLAD, Madison, WI). A subset of rats
maintained on the ALA+ (n=10) and ALA− (n=10) diets received chronic RISP from P60–
P90 (described below). Both ALA+ and ALA− diets were matched for all non-fat nutrients
(described in McNamara et al., 2008). Determination of diet fatty acid composition by gas
chromatography found that both ALA+ and ALA− diets were matched with the exception of
ALA, which was absent from the ALA− diet and represented 4.6% of total fatty acid
composition in the ALA+ diet (Table 1). Both diets contained an equivalent amount of the
omega-6 fatty acid precursor linoleic acid (18:2n-6), and neither diet contained preformed
DHA or AA or intermediate precursors. Rats were housed 2 per cage with food and water
available ad libitum, and maintained under standard vivarium conditions on a 12:12 h light:dark
cycle. All experimental procedures were approved by the University of Institutional Animal
Care and Use Committee, and adhere to the guidelines set by the National Institutes of Health.

2.2. Chronic risperidone treatment
A subgroup of rats fed ALA+ (n=10) or ALA− (n=10) diets were randomly assigned to receive
chronic RISP from P60 to P90. RISP was administered through the rat’s drinking water in
order to obviate daily injection stress and stress associated with the surgical implantation of
minipumps, to permit maintenance of drug dose in accordance with age-related increases in
body weight, and to mimic oral administration in human patients. For three days prior to drug
delivery, 24 h water consumption was determined for each cage using bottle weights (1 g water
= 1 ml water), and ml water intake/kg body weight calculated. Based on daily ml/kg water
consumption, RISP stock solution (1.0 mg/ml; dissolved in 0.1 M acetic acid, supplied by
Ortho-McNeil Janssen Pharmaceuticals) was added to water at a concentration required to
deliver a daily dose of 3.0 mg/kg/d. Pilot studies found that this dose was sufficient to produce
therapeutically-relevant plasma RISP and 9-OH-RISP concentrations (see below). Red opaque
drinking bottles were used to protect RISP from light degradation. Fresh solutions were
prepared, and RISP concentration adjusted to body weight, every 3 days. Rats were maintained
on RISP until being sacrificed on P90.

2.3. Tissue collection
Rats were sacrificed on P90 by decapitation during the light portion of the cycle, brains
extracted and immediately immersed in ice-cold 0.9% NaCl for 2 min. The brain was then
dissected on ice to isolate the bilateral PFC, and the olfactory tubercle and residual striatal
tissue were removed from the PFC. PFC samples were placed in cryotubes, flash frozen in
liquid nitrogen, and stored at −80°C. At the time of sacrifice, trunk blood was collected into
1.5 ml tubes containing 200 μl of EDTA (100 mM, pH 7.5) and centrifuged for 20 min (5,000×
g, 4°C). Plasma was isolated for determination of RISP and 9-OH-RISP concentrations
(described below). Erythrocytes were isolated and washed 3x with 0.9% NaCl, and stored at
−80°C for subsequent determination of fatty acid composition.
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2.4. Plasma RISP and 9-OH-RISP concentrations
Plasma RISP and 9-OH-RISP concentrations (ng/ml) were determined using liquid
chromatography in tandem with mass spectrometry after solid phase extraction (SPE). 2 ml
phosphate buffer 0.1M pH 6.0 was added to the plasma samples (0.1-ml aliquots). Samples
were spiked with 100 μl of the stable isotope-labeled internal standards (R215640 and R215639
respectively) in methanol and 100 μl methanol (or calibration standards in methanol for the
calibration samples and the independent QC samples, both prepared in same matrix as the study
samples). SPE columns (Bond Elut Certify 130 mg, Varian) were conditioned with 3 ml
methanol, 3 ml MilliQ water and 1 ml phosphate buffer 0.1M pH 6.0. The samples were
transferred to the SPE columns, which were then washed with 3 ml MilliQ water, 1 ml acetic
acid 1M and eluted with 3 ml of a mixture methanol/ammonia (98/2 v/v). The eluant was
evaporated to dryness under nitrogen at 65°C and redissolved in 300 μl of a mixture 0.01 M
ammonium formate (adjusted to pH 4 with formic acid)/acetonitrile 50/50 v/v. A 10 μl aliquot
was injected onto a reversed phase column (10 cm × 4.6 mm ID, packed with 3 μm Polaris
C18-A) for final separation and quantification. The mobile phase was a mixture of 0.01M
ammonium formate (adjusted to pH 4 with formic acid)/acetonitrile and methanol. LC-MS/
MS analysis was carried out on an API-3000 MS/MS (Applied Biosystems) operating in the
positive ion mode, which was coupled to an HPLC-pump (Agilent) and autosampler
(Shimadzu). The quantitation limit, defined as the lowest spiked standard of the calibration
curve prepared in the same matrix as the study samples, was 0.5 ng/ml plasma. Linearity of
the calibration curve ranged from 0.5 to 1250 ng/ml. All samples were processed by a technician
blinded to treatment.

2.5. Gas chromatography
Total (triglyceride, phospholipid, and cholesteryl ester) fatty acid composition was determined
using the saponification and methylation methods originally described by Mecalfe et al (1966).
PFC and erythrocyte samples were placed in a 20 ml glass vial into which 4 ml of 0.5N
methanolic sodium hydroxide was added, and the sample heated at 80°C for 5 min. Following
a 10 min cooling period, 3 ml of boron trifluoride in methanol was added to methylate the
sample. After an additional five minutes of heating in the water bath (80°C), the sample vial
was allowed to cool, and 2 ml of a saturated solution (6.2 M) of sodium chloride and 10 ml of
hexane was added. The samples were then mixed by vortex for one minute. The hexane fraction
was then transferred into a 20 ml vial containing 10 mg of sodium sulfate to dry the sample.
The hexane solution was then removed for GC analysis. Samples were analyzed with a
Shimadzu GC-2014 equipped with an auto-injector (Shimadzu Scientific Instruments Inc.,
Columbia MD). The column was a DB-23 (123-2332): 30m (length), I.D. 0.32 mm wide bore,
film thickness of 0.25 μM (J&W Scientific, Folsom CA). The GC conditions were: column
temperature ramping by holding at 120°C for one minute followed by an increase of 5°C/min
from 120–240°C. The temperature of the injector and flame ionization detector was 250°C. A
split (8:1) injection mode was used. The carrier gas was helium with a column flow rate of 2.5
ml/min. Fatty acid identification was determined using retention times of authenticated fatty
acid methyl ester standards (Matreya LLC Inc., Pleasant Gap PA). Analysis of fatty acid methyl
esters is based on areas calculated with Shimadzu Class VP 4.3 software. Fatty acid
composition data are expressed as weight percent of total fatty acids (mg fatty acid/100 mg
fatty acids, wt % total). We have previously demonstrated that wt % total data are highly
correlated with total mass data (nmol/g)(r=0.995, p≤0.0001)(McNamara et al., 2008). Samples
were processed by a technician blinded to treatment.

2.6. Statistical analyses
To reduce the number of comparisons and the associated risk of Type I errors, we restricted
our primary analysis to the principal omega-3 fatty acids (22:5n-3, 22:6n-3) and omega-6 fatty
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acids (18:2n-6, 20:4n-6). Effects of RISP and diet on erythrocyte and PFC fatty acid
composition were determined with a two-way ANOVA, with Treatment (water, RISP) and
Diet (ALA+, ALA−) as main factors. Pairwise comparisons were made with unpaired t-tests
(two-tail, α=0.05). Plasma RISP and 9-OH-RISP concentrations were analyzed with an
unpaired t-test (two-tail, α=0.05). In the case of zero values, paired t-tests (two-tail) were used.
All statistical analyses were performed with GB-STAT software (Dynamic Microsystems, Inc.,
Silver Springs MD).

3. Results
3.1. Body weight

There was a significant main effect of Treatment on body weight, F(1,44)=27.1, p≤0.0001, and
the main effect of Diet, F(1,44)=0.048, p=0.827, and the Diet × Treatment Interaction, F(1,44)
=0.366, p=0.549, were not significant. Chronic RISP treatment significantly reduced body
weight in RISP-ALA+ (385±28 gm) and RISP-ALA− (377±24 gm) rats relative to untreated
ALA+ (431±34 gm, p≤0.01) and ALA− (435±38 gm, p≤0.01) rats, respectively. The body
weight of RISP-ALA+ and RISP-ALA− rats (p>0.05) and untreated ALA+ and ALA− rats
(p>0.05) did not differ significantly.

3.2. Plasma RISP and 9-OH-RISP concentrations
There were no significant differences in plasma RISP, 9-OH-RISP, or RISP+9-OH-RISP
concentrations between RISP-ALA+ (n=10) and RISP-ALA− (n=10) rats (Table 2). The 9-
OH-RISP:RISP ratio did not differ between diet groups, suggesting that both diet groups
metabolized RISP to 9-OH-RISP at a similar rate. The overall (N=20) mean plasma RISP+9-
OH-RISP concentration (17.7 ± 2.6 ng/ml) was at the lower end of the human therapeutic range
(15–60 ng/ml)(Mauri et al., 2007).

3.3. Erythrocyte PUFA composition
For LA (18:2n-6) composition, the main effects of Diet, F(1,44)=68.7, p≤0.0001, and
Treatment, F(1,44)=10.2, p=0.003, and the Diet × Treatment interaction, F(1,44)=4.28,
p=0.044, were significant. LA composition was significantly lower in RISP-ALA+ (−16%,
p=0.005), untreated ALA(−32%, p≤0.0001), and RISP-ALA− (−36%, p≤0.0001) rats relative
to untreated ALA+ rats (Fig. 1A). For AA (20:4n-6) composition, the main effect of Diet was
significant, F(1,44)=49.4, p≤0.0001, and the main effect of Treatment, F(1,44)=2.25, p=0.141,
and the Diet × Treatment interaction, F(1,44)=0.241, p=0.625, were not significant. AA
composition was significantly greater in untreated ALA− (+8%, p≤0.0001) and RISP-ALA−
(+10%, p≤0.0001) rats relative to untreated ALA+ rats (Fig. 1B). For the AA:LA ratio, the
main effects of Diet, F(1,44)=111.7, p≤0.0001, and Treatment, F(1,44)=9.84, p=0.003, were
significant, and the Diet × Treatment interaction, F(1,44)=0.80, p=0.374, was not significant.
The AA:LA ratio was significantly greater in RISP-ALA+ (+17%, p=0.008), untreated ALA
− (+37%, p≤0.0001), and RISP-ALA− (+41%, p≤0.0001) rats relative to untreated ALA+ rats
(Fig. 1C).

For docosapentaenic acid (DPA, 22:5n-3) composition, the main effects of Diet, F(1,44)=606,
p≤0.0001, and Treatment, F(1,44)=6.10, p=0.018, and the Diet × Treatment interaction, F(1,44)
=6.10, p=0.018, were significant. Relative to untreated ALA+ rats, DPA composition was
significantly greater in RISP-ALA+ rats (+18%, p=0.018), and was depleted in untreated ALA
− (p≤0.0001) and RISP-ALA− (p≤0.0001) rats (Fig. 1D). For docosahexaenoic acid (DHA,
22:6n-3) composition, the main effects of Diet, F(1,44)=1015, p≤0.0001, and Treatment, F
(1,44)=15.7, p=0.003, and the Diet × Treatment interaction, F(1,44)=15.7, p=0.003, were
significant. Relative to untreated ALA+ rats, DHA composition was significantly greater in
RISP-ALA+ rats (+22%, p=0.0003), and was depleted in untreated ALA− (p≤0.0001) and
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RISP-ALA− (p≤0.0001) rats (Fig. 1E). For the DPA:DHA ratio, the main effect of Diet, F
(1,44)=409, p=0.0001, was significant, and the main effect of Treatment, F(1,44)=0.04,
p=0.84, and the Diet × Treatment interaction, F(1,44)=0.04, p=0.84, were not significant (data
not shown). For the AA:DHA ratio, the main effects of Diet, F(1,44)=568, p≤0.0001, and
Treatment, F(1,44)=8.52, p=0.005, and the Diet × Treatment interaction, F(1,44)=8.52,
p=0.005, were significant. Relative to untreated ALA+ rats, the AA:DHA ratio was
significantly lower in RISP-ALA+ rats (−22%, p=0.005)(Fig. 1F) and was not calculated for
untreated ALA− and RISP-ALA− rats due to zero DHA values.

3.4. PFC PUFA composition
For AA composition, the main effect of Diet was significant, F(1,44)=5.59, p=0.024, and the
main effect of Treatment, F(1,44)=1.76, p=0.192, and the Diet × Treatment interaction, F(1,44)
=3.51, p=0.069, were not significant (Fig. 2A). For DHA composition, the main effects of Diet,
F(1,44)=173, p≤0.0001, and the Diet × Treatment interaction, F(1,44)=5.79, p=0.021, were
significant, and the main effect of Treatment was not significant, F(1,44)=0.68, p=0.882.
Relative to untreated ALA+ rats, DHA composition was significantly greater in RISP-ALA+
rats (+7%, p=0.027), and significantly lower in untreated ALA− (−28%, p≤0.0001) and RISP-
ALA− (−32%, p≤0.0001) rats (Fig. 2B). For the AA:DHA ratio, the main effect of Diet was
significant, F(1,44)=86.7, p≤0.0001, and the main effect of Treatment, F(1,44)=0.80, p=0.38,
and the Diet × Treatment interaction, F(1,44)=3.59, p=0.07, were not significant. Relative to
untreated ALA+ rats, the AA:DHA ratio was significantly greater in untreated ALA− (+29%,
p≤0.0001) and RISP-ALA− (+36%, p≤0.0001) rats (Fig. 2C).

4. Discussion
Based on prior clinical observations that treatment with atypical antipsychotic medications
increase erythrocyte and PFC DHA and/or AA composition, it was predicted that chronic RISP
treatment would increase rat erythrocyte and PFC DHA and AA composition under controlled
dietary conditions. In support of this prediction, we found that chronic RISP treatment resulting
in therapeutically-relevant plasma concentrations significantly increased DHA composition in
erythrocytes (+22%) and PFC (+7%) of rats maintained on the ALA+ diet. In contrast, chronic
RISP treatment did not significantly increase erythrocyte or PFC DHA composition in rats
maintained on the ALA− diet. Together, these findings provide evidence that chronic RISP
augments ALA-DHA biosynthesis. Moreover, chronic RISP treatment did not significantly
alter erythrocyte or PFC AA composition, and was associated with a significant reduction in
the AA:DHA ratio. Collectively, these data provide proof-of-concept evidence that chronic
RISP treatment significantly augments ALA-DHA biosynthesis, and preferentially increases
peripheral and central membrane DHA composition.

This study has the following limitations. First, this study was conducted in male rats, and gender
differences in omega-3 fatty acid biosynthesis have been reported (female > male)(Childs et
al., 2008). However, males were selected because prior clinical studies have found that male
SZ patients, but not female SZ patients, exhibit significant PUFA deficits in erythrocytes (Kale
et al., 2008) and postmortem PFC (McNamara et al., 2007). Second, only one dose of RISP
was used, precluding evaluation of dose-response effects. However, this dose was selected to
produce plasma RISP and 9-OH-RISP concentrations that are within the human therapeutic
range (Mauri et al., 2007). Third, only one treatment duration was examined (30 d), and longer
exposure may have led to larger effects on fatty acid composition. Fourth, only one type and
class of antipsychotic was investigated, and other antipsychotic medications may be associated
with different effects. It is noteworthy, however, that treatment with atypical antipsychotic
medications increase erythrocyte (Evans et al., 2003) and PFC (McNamara et al., 2007) DHA
composition, whereas typical antipsychotic medications are less effective. Fifth, only one brain
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region was investigated, and regional brain differences in DHA loss and accrual rates have
been reported (Xiao et al., 2005). However, the rat PFC exhibits a predictable change in DHA
composition in response to dietary omega-3 fatty acid depletion and fortification (Xiao et al.,
2005), and it was in the human PFC that we observed apparent normalizing effects of atypical
antipsychotics on DHA composition (McNamara et al., 2007). Finally, we did not examine
indices of oxidative stress to determine the relationship with fatty acid composition. However,
a prior study found that chronic (45 – 90 d) RISP (2.5 mg/kg) treatment did not significantly
alter indices of oxidative stress in rat brain (Parikh et al., 2003).

In the present study, chronic RISP treatment reduced body weight by approximately 12%
irrespective of dietary ALA composition. The absence of significant weight gain following
chronic RISP treatment is consistent with a previous rat study using a lower daily dose of RISP
(0.5 mg/kg) administered via intraperitoneal injection (Fell et al., 2007). These findings suggest
that rats are less vulnerable to the significant weight gain observed in SZ patients following
chronic RISP treatment (Allison et al., 1999). However, it is important to note that in the present
and prior preclinical studies rats are maintained on standardized and balanced diets fortified
with macronutrients, whereas the diets of SZ patients vary considerably and are commonly
higher in fat and lacking macronutrients (Brown et al., 1999; Henderson et al., 2006; Strassnig
et al., 2005). Nevertheless, the observation that RISP-treated rats maintained on ALA+ diet
exhibited elevated erythrocyte and PFC DHA composition would suggest that RISP treatment
did not significantly reduce ALA intake despite reductions in body weight.

The present preclinical data are consistent with prior clinical studies finding that chronic
atypical antipsychotic treatment increases erythrocyte DHA and DPA (22:5n-3) composition
in antipsychotic-naïve psychotic patients (Evans et al., 2003). The present findings further
reveal that this increase in erythrocyte omega-3 fatty acid composition is dependent on the
presence of ALA in the diet, indicating that chronic RISP increases erythrocyte omega-3 fatty
acid composition by augmenting biosynthesis rather than by decreasing phospholipid turnover.
Although erythrocyte AA composition increased significantly in response to ALA depletion
in untreated rats, chronic RISP treatment did not significantly increase erythrocyte AA
composition in rats maintained on either ALA+ or ALA− diets. This finding suggests that
elevated omega-3 fatty acid composition following chronic RISP treatment limits AA
membrane phospholipid deposition, and suggest that chronic RISP treatment preferentially
increases rat erythrocyte membrane omega-3 fatty acid composition.

Compared to the DHA increase observed in erythrocytes (+22%), chronic RISP treatment
produced a relatively small increase in PFC DHA composition (+7%) in rats on the ALA+ diet.
This difference is consistent with prior studies finding that DHA loss and recuperation occurs
at faster rate in erythrocytes than brain (Connor et al., 1990), and suggests that a longer duration
of RISP treatment would be associated with a larger increase in PFC DHA composition. By
comparison, reintroducing dietary ALA for 30 d (P60–P90) is associated with significant
elevations in PFC DHA composition (+18%, p=0.0003, unpublished observations). Consistent
with previous studies, untreated rats maintained on the ALA− diet from P21–P90 exhibited
significantly lower PFC DHA composition (−28%), and the magnitude of this PFA DHA deficit
was not significantly altered by chronic RISP treatment (−32%). Moreover, chronic RISP
treatment increased PFA DHA composition in rats maintained on the ALA+ diet, but not in
rats maintained on the ALA− diet. Together, these findings suggest that that chronic RISP does
not significantly influence DHA turnover rates in PFC phospholipids, and increases PFC DHA
composition via elevated biosynthesis from dietary ALA. As observed in erythrocytes, chronic
RISP treatment did not significantly increase PFC AA composition under either dietary
condition. This may be due in part to reduced AA turnover mediated by RISP-mediated
blockade of dopamine D2 receptors (Myers et al., 2001; Trzeciak et al., 1995). Nevertheless,

McNamara et al. Page 7

Schizophr Res. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



these data suggest that chronic RISP treatment preferentially increases DHA composition in
PFC phospholipids.

Prior rodent studies have found that semi-chronic (21 d) treatment with haloperidol (1 mg/kg/
d) or clozapine (20 mg/kg/d) (Levant et al., 2006), or chronic (45 or 90 d) treatment with
haloperidol (2 mg/kg/d), RISP (2.5 mg/kg/d), olanzapine (10 mg/kg/d), or clozapine (20 mg/
kg/d) (Parikh et al., 2003) do not alter whole brain DHA composition. The apparent discrepancy
between these and the present findings may be attributable in part to the relatively small
increase in PFC DHA composition (+7%), which may have been masked by regional
differences in DHA accrual (Xiao et al., 2005). Moreover, the Parikh et al (2003) study, which
also investigated chronic RISP treatment, incorporated a 4-day drug withdrawal period prior
to sacrifice, used a different rat strain (Wistar) and diet (Purina Rat Chow), and treated with a
slightly lower dose of RISP (2.5 mg/kd/d). Although the present findings suggest that the rat
PFC is more sensitive than whole brain to elevations in DHA composition in response to
chronic RISP treatment, additional studies will be required to determine whether this effect is
unique to the PFC and/or RISP.

Increasing omega-3 fatty acid biosynthesis and erythrocyte and PFC omega-3 fatty acid
composition following chronic RISP treatment may contribute in part to its clinical efficacy.
This is supported by some clinical trials (Berger et al., 2007; Emsley et al., 2002; Peet et al.,
2001), but not all (Fenton et al., 2001), demonstrating that chronic adjunctive treatment with
omega-3 fatty acids augment the therapeutic efficacy of antipsychotic medications in SZ
patients. For example, Berger et al. (2007) found that first-episode psychotic patients treated
with omega-3 fatty acids required a significantly lower dose of atypical antipsychotic relative
to patients treated with antipsychotic medications alone. Moreover, chronic RISP treatment
(McGorry et al., 2002) and omega-3 fatty acid monotherapy (Amminger et al., 2007) are both
efficacious in preventing or delaying psychosis onset in high-risk subjects. Augmented
omega-3 fatty acid biosynthesis may additionally contribute to the relatively neutral effect of
RISP on serum triglyceride levels (reviewed in Meyer & Koro, 2004). Specifically, chronic
omega-3 fatty acid intake has repeatedly been found to significantly reduce serum triglyceride
levels in healthy adults (reviewed in Harris, 1989), and adjunctive omega-3 fatty acid treatment
significantly reduces elevated serum triglyceride levels in clozapine-treated SZ patients
(Caniato et al., 2006). Similarly, augmented omega-3 fatty acid biosynthesis may also
contribute to the relatively benign effect of RISP on glucose regulation (Henderson et al.,
2005; Nettleton & Katz, 2005).

In summary, we present preclinical evidence that chronic RISP treatment augments ALA-DHA
biosynthesis, and preferentially increases erythrocyte and PFC omega-3 fatty acid composition.
These preclinical findings are consistent with prior clinical observations, and provide novel
evidence that this effect is predominantly mediated by augmented biosynthesis. It may be
relevant, therefore, that the principal human PUFA elongase gene HELO1 is localized to
chromosome 6p21.1-p12.1 (Leonard et al., 2000), a putative susceptibility locus for SZ (Lewis
et al., 2003), and polymorphisms in the PUFA lipogenic genes are associated with membrane
PUFA deficits (Krause et al., 2006; Rzehak et al., 2008; Schaeffer et al., 2006; Williard et al.,
2001). Moreover, ALA-DHA biosynthesis is limited in healthy males relative females due in
part to estrogenic effects (Bakewell et al., 2006; Giltay et al., 2004), and male, but not female,
SZ patients were found to exhibit erythrocyte (Kale et al., 2008) and postmortem PFC
(McNamara et al., 2007) DHA deficits relative to same-gender controls. Finally, emerging
clinical evidence suggests that atypical antipsychotic drugs augment lipid biosynthesis by
increasing lipogenic gene expression (Kaddurah-Daouk et al., 2007; Vik-Mo et al., 2008).
Collectively, these findings suggest that impairments in lipid biosynthesis may contribute in
part to the pathophysiology of SZ, and suggests that increasing omega-3 fatty acid biosynthesis
may represent a novel mechanism of action of atypical antipsychotic medications.
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Fig. 1.
Effects of chronic RISP treatment on erythrocyte linoleic acid (LA, A), arachidonic acid (AA,
B), the AA:LA ratio (C), docosapentaenoic acid (DPA, 22:5n-3, D), DHA (E), and the
AA:DHA ratio (F) in untreated (C, control) and RISP (R)-treated rats maintained on ALA+ or
ALA− diets (n=10–14/group). Note: (1) ND in D and E indicate that fatty acids were not
detectable, and (2) the AA:DHA ratio was not calculated for untreated ALA− and RISP-ALA
− rats due to zero DHA values. Values are group means ± S.E.M. *P≤ 0.05, **P≤0.01,
***P≤0.001 vs. ALA+., not detectable.
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Fig. 2.
Effects of chronic RISP treatment on PFC AA (A) and DHA (B) composition, and the AA:DHA
ratio (C), in untreated (C, control) and RISP (R)-treated rats maintained on ALA+ or ALA−
diets (n=10–14/group). Values are group means ± S.E.M. *P≤0.05, ***P≤0.001 vs. ALA+.
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Table 1
Diet Fatty Acid Composition

Fatty Acid1 ALA+ ALA−

Octanoic acid (8:0) 4.3 ± 0.1 4.6 ± 0.0

Decanoic acid (10:0) 3.7 ± 0.1 3.9 ± 0.0

Lauric acid (12:0) 29.0 ± 0.4 30.5 ± 0.1

Myristic acid (14:0) 11.0 ± 0.1 11.6 ± 0.1

Palmitic acid (16:0) 8.3 ± 0.0 8.5 ± 0.0

Stearic acid (18:0) 9.4 ± 0.1 9.8 ± 0.0

Oleic acid (18:1n-9) 6.7 ± 0.1 5.9 ± 0.1

Linoleic acid (18:2n-6) 22.7 ± 0.3 22.4 ± 0.2

Arachidonic acid (20:4n-6) - -

α-Linolenic acid (18:3n-3) 4.6 ± 0.1 -

Docosahexaenoic acid (22:6n-3) - -

Values are means ± SD (mg/100 mg fatty acids).
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Table 2
Plasma RISP and 9-OH-RISP Concentrations

ALA+ (n=10) ALA− (n=10) p-value2

RISP1 3.77 ± 1.29 5.15 ± 1.74 0.535

9-OH-RISP 14.2 ± 4.33 12.1 ± 2.94 0.699

RISP+9-OH-RISP 18.0 ± 4.47 17.3 ± 2.71 0.891

9-OH-RISP/RISP 5.44 ± 1.27 6.08 ± 2.47 0.815

1
Data are expressed as ng/ml

2
Unpaired t-test (two-tail)
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