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Summary The two-fold higher prevalence rate of major depression in females may involve
vulnerability to omega-3 fatty acid deficiency secondary to a dysregulation in ovarian hormones.
However, the role of ovarianhormones in the regulationof brain omega-3 fatty acid compositionhas
not been directly evaluated. Here we determined erythrocyte and regional brain docosahexaenoic
acid (DHA, 22:6n-3) composition in intact male and female rats, and in chronically ovariectomized
(OVX) rats with or without cyclic estradiol treatment (2 mg/4 d). All groups were maintained on
diets with or without the DHA precursor alpha-linolenic acid (ALA, 18:3n-3). We report that both
male (�21%) and OVX (�19%) rats on ALA+ diet exhibited significantly lower erythrocyte DHA
composition relative to female controls. Females on ALA+ diet exhibited lower DHA composition in
theprefrontal cortex (PFC) relativemales (�5%).OVX rats onALA+diet exhibited significantly lower
DHA composition in the hippocampus (�6%), but not in the PFC, hypothalamus, or midbrain. Lower
erythrocyte and hippocampus DHA composition in OVX rats was not prevented by estrogen
replacement. All groups maintained on ALA� diet exhibited significantly lower erythrocyte and
regional brain DHA composition relative to groups on ALA+ diet, and these reductions were greater
in males but not in OVX rats. These preclinical data corroborate clinical evidence for gender
differences inperipheralDHAcomposition (female > male), demonstrategenderdifferences inPFC
DHA composition (male > female), and support a link between ovarian hormones and erythrocyte
and region-specific brain DHA composition.
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Table 1 Diet fatty acid composition.

Fatty acid 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
Oleicacid (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) — —
a-Linolenic acid (18:3n-3) 4.6 � 0.1 —
Docosahexaenoic acid (22:6n-3) — —

Values are means � S.D. (mg/100 mg fatty acids).
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1. Introduction

Evidence from cross-national and cross-sectional epidemio-
logical surveys and controlled prospective intervention
trials suggest that omega-3 fatty acid deficiency may repre-
sent a reversible risk factor for major depression (reviewed
in Parker et al., 2006). Importantly, the prevalence rate of
major depression is approximately two-fold greater in
women (Kessler, 2003), and some cross-sectional epidemio-
logical surveys have found that low dietary omega-3 fatty
acid intake is associated with an elevated risk of depression
in females but not in males (Hakkarainen et al., 2004;
Tanskanen et al., 2001; Timonen et al., 2004). Moreover,
erythrocyte or plasma phospholipid omega-3 fatty acid def-
icits have been observed in women experiencing postpartum
depression (De Vriese et al., 2003; Hibbeln, 2002; Otto et al.,
2003). We have recently found that docosahexaenoic acid
(DHA, 22:6n-3), the principal omega-3 fatty acid in brain,
was significantly reduced in the postmortem prefrontal
cortex (PFC) of female, but not male, patients with major
depression (McNamara et al., 2007). Although these findings
indicate gender differences in vulnerability to peripheral
and central tissue DHA deficits in patients with major
depression, the mechanisms mediating this effect remains
poorly understood.

The incidence of major depression in women increases
during periods associated with ovarian hormonal fluctuations
including the perimenopausal period (reviewed in Deecher
et al., 2008), and suicidal behavior may be more common
during phases of the menstrual cycle when estrogen levels
are lowest (Saunders and Hawton, 2006). Emerging clinical
evidence suggests that ovarian hormones positively regulate
the biosynthesis of DHA from the dietary precursor a-lino-
lenic acid (ALA, 18:3n-3). Specifically, isotope tracer studies
have found that DHA biosynthesis from ALA is significantly
greater in healthy adult women compared to men (Burdge
et al., 2002; Burdge and Wootton, 2002; Pawlosky et al.,
2003), and healthy adult women exhibit greater circulating
plasma DHA relative to men under similar or habitual dietary
conditions (Bakewell et al., 2006; Crowe et al., 2008; Giltay
et al., 2004b; Nikkari et al., 1995). Furthermore, chronic
treatment of healthy young adult women with oral contra-
ceptives or postmenopausal women with hormone replace-
ment therapy significantly increases plasma DHA content
(Bakewell et al., 2006; Burdge and Wootton, 2002; Giltay
et al., 2004a,b; Otto et al., 2001; Sumino et al., 2003).
Preclinical studies have also observed a positive association
between ovarian hormones and liver and plasma DHA com-
position (Childs et al., 2008), and an interaction between
reproductive activity, dietary omega-3 fatty acid composi-
tion, and peripheral and central DHA composition (Levant
et al., 2006a,b, 2007a,b). However, the role of ovarian
hormones in the regulation of brain DHA composition has
not been directly evaluated.

Evaluation of a link between ovarian hormones and tissue
DHA composition in human subjects is potentially confounded
by difficult-to-control factors that influence membrane DHA
composition, including dietary omega-3 fatty acid intake,
smoking, and alcohol consumption (Hibbeln et al., 2003; Leng
et al., 1994; Pawlosky et al., 2001). Definitive evaluation of
this relationship therefore requires the use of an animal
model so that these variables can be controlled or obviated,
and central DHA composition determined. To this end, the
present study compared erythrocyte and brain DHA composi-
tion in intact male and female rats, and in chronically
ovariectomized (OVX) rats with or without cyclic estradiol
treatment. All groups were maintained on diets with or
without the DHA precursor ALA. Our principal hypotheses
were that female rats would exhibit greater erythrocyte and
brain DHA composition relative to male rats on the same diet,
and that OVX rats would exhibit lower erythrocyte and brain
DHA composition relative to sham controls.

2. Materials and methods

2.1. Diets

Rats were maintained on either ALA-fortified diet (ALA+,
TD.04285) or ALA-depleted diet (ALA�, TD.04286). Both
diets were prepared by Harlan-TEKLAD, Madison, WI, and
were matched for all non-fat nutrients (casein (vitamin-
free) 200 g/kg, L-cystine 3 g/kg, sucrose 270 g/kg, dextrose
monohydrate 99.5 g/kg, corn starch 200 g/kg, maltodextrin
60 g/kg, cellulose 50 g/kg, mineral mixture AIMN-93G-MX
35 g/kg, vitamin mixture AIN-93-VX 10 g/kg, choline bitar-
trate 2.5 g/kg, TBHQ (antioxidant) 0.02 g/kg). Both ALA+
and ALA� diets contained omega-3 fatty acid-free hydro-
genated coconut (45 g/kg) and safflower (19 g/kg) oils, and
the ALA+ diet additionally contained ALA-containing flax-
seed oil (6 g/kg). Analysis of diet fatty acid composition by
gas chromatography confirmed that the ALA� diet did not
contain ALA, but was similar to the ALA+ diet in saturated
(C8:0, C10:0, C12:0, C14:0, C16:0, C18:0), monounsatu-
rated (18:1n-9, oleic acid), and omega-6 fatty acid
(18:2n-6, linoleic acid) composition (Table 1). ALA repre-
sented 4.6% of total fatty acid composition in the ALA+ diet,
and neither diet contained preformed DHA, or intermediate
omega-3 fatty acid precursors.

2.2. Gender

Male and female offspring bred in house to nulliparous female
Long-Evans hooded rats were used. Rats were randomly
assigned to receive either ALA+ or ALA� diet following
weaning on postnatal day 21 (P21) until they were sacrificed
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on P91 (70 d). Rats were housed two per cage with food and
water available ad libitum, and maintained under standard
vivarium conditions on a 12:12 h light:dark cycle. All experi-
mental procedures were approved by the University of Cin-
cinnati Institutional Animal Care and Use Committee, and
adhere to the guidelines set by the National Institutes of
Health.

2.3. Ovariectomy

Sham (n = 20) and ovariectomy (OVX) (n = 25) surgeries were
performed by Harlan Sprague—Dawley (Indianapolis, IN) in
young adult (P56) female Long-Evans hooded rats. One half of
OVX rats were randomly assigned to receive cyclic estradiol
benzoate (Sigma—Aldrich, E8515) in sesame oil (Sigma—
Aldrich, S3547) at a dose of 2 mg (s.c.) every 4 days from
P60-P130 (70 d), and one half were administered an equal
volume of sesame oil (Asarian and Geary, 2002). Body weights
were recorded every 4 days immediately prior to injections.
Rats from each treatment group were randomly assigned to
receive either ALA+ or ALA� diet from P60-P130 (70 d).

2.4. Tissue collection

Rats were sacrificed 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 PFC, and the olfactory tubercle and residual
striatal tissue were removed the PFC. Midbrain, hypothala-
mus, and hippocampus were also obtained from rats in the
OVX experiments. Tissues were individually placed in cryo-
tubes, flash frozen in liquid nitrogen, and stored at�80 8C. At
the time of sacrifice, vaginal smears were collected onto
glass slides, dried, and stained (Dipp-Kwik Stain kit, American
Master/Tech Scientific Inc., Lodi, CA) to determine position
in the ovarian cycle (metestrus [diestrus D1], diestrus, proes-
trus, estrus) based on cell morphology (Becker et al., 2005).
Additionally, trunk blood was collected into 1.5 ml tubes
containing 200 ml of EDTA (100 mM, pH 7.5) and centrifuged
for 20 min (5000 � g, 4 8C). In the OVX experiments, plasma
was isolated for determination of estradiol concentrations
with a DSL-4800 ultra-sensitive estradiol radioimmunoassay
kit (Diagnostic Systems Laboratories, Inc., Webster, TX).
Erythrocytes were isolated and washed 3� with 0.9% NaCl,
and stored at �80 8C for subsequent determination of DHA
composition.

2.5. Gas chromatography

Total (triglyceride, phospholipid, and cholesteryl ester) fatty
acid composition was determined using the saponification
and methylation methods originally described by Metcalfe
et al. (1966). Brain (100—200 mg) and erythrocyte (�300 mg)
samples were placed in a 20 ml glass vial into which 4 ml of
0.5N methanolic sodium hydroxide was added, and the sam-
ple heated at 80 8C 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 5 min of heating in
the water bath (80 8C), 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 1 min. 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. An injection volume of 1 ml of the
hexane solution was analyzed. Samples were analyzed with a
Shimadzu GC-2014 equipped with an auto-injector (Shimadzu
Scientific Instruments Inc., Columbia, MD). Analysis of fatty
acid methyl esters is based on areas calculated with Shi-
madzu Class VP 4.3 software. The column was a DB-23 (123—
2332): 30 m (length), ID (mm) 0.32 wide bore, film thickness
of 0.25 mM (J&W Scientific, Folsom CA). Fatty acid identifi-
cation was determined using retention times of authenti-
cated fatty acid methyl ester standards (Matreya LLC Inc.,
Pleasant Gap, PA). The GC conditions were: column tem-
perature ramping by holding at 120 8C for 1 min followed by
an increase of 5 8C/min from 120 to 240 8C. The temperature
of the injector and flame ionization detector was 250 8C. A
split (8:1) injection mode was used. The carrier gas was
helium with a column flow rate of 2.5 ml/min. DHA data is
expressed as weight percent of total fatty acids (mg fatty
acid/100 mg fatty acids). Samples were processed by a tech-
nician that was blinded to treatments.

2.6. Statistical analysis

Gender differences were analyzed with a two-way ANOVA,
with diet (ALA+, ALA�) and gender (male, female) as the
main factors. Pairwise comparisons (two-tailed) of simple
effects were performed using the Bonferroni correction with
a group-wise error rate of a = 0.05 to evaluate differences
across four groups (a = 0.05/4 = 0.01). Effect of position in
the ovarian cycle was analyzed with a one-way ANOVA.
Effects of OVX were analyzed with a two-way ANOVA, with
Diet (ALA+, ALA�) and surgical/post-surgical treatment
(Sham, OVX, OVX + E) as the main factors. Pairwise compar-
isons (two-tailed) of simple effects were performed using the
Bonferroni correction to evaluate differences across six
treatment groups (a = 0.05/6 = 0.008). In cases of statistical
significance, effect size was calculated using Cohen’s d, with
small, medium, and large effect sizes being equivalent to d-
values of 0.30, 0.50, and 0.80, respectively. Parametric
linear regression analyses were used to determine the rela-
tionship between erythrocyte DHA composition and regional
brain DHA composition. All statistical analyses were per-
formed with GB-STAT software (Dynamic Microsystems,
Inc., Silver Springs, MD).

3. Results

3.1. Gender differences

For erythrocyte DHA composition, there was a significant
main effect of gender, F (1, 61) = 14.8, p = 0.0003, and diet,
F (1, 61) = 525, p � 0.0001, and the diet � treatment inter-
action was not significant, F (1, 61) = 3.1, p = 0.08. Males on
ALA+ diet (n = 17) exhibited significantly lower erythrocyte
DHA composition relative to females on ALA+ diet (n = 22)
(�21%, p = 0.0005, d = 1.2) (Fig. 1A). Males on ALA� diet
(n = 13) exhibited numerically lower erythrocyte DHA com-
position relative to females on ALA� diet (n = 10) (paired t-
test: p = 0.04, d = 1.6). Males and females on ALA� diet



Figure 1 Mean DHA composition in erythrocytes (A) and PFC
(B) of male and female rats on ALA+ or ALA� diets (n = 10—22 per
group). Note that male rats on ALA+ diet exhibit lower erythro-
cyte DHA composition relative to female rats, and (2) male rats
on ALA� diet exhibit greater reductions in erythrocyte and PFC
DHA composition relative to females. Values are group mean
� S.E.M. **P � 0.01, ***P � 0.001 vs. females on the same diet,
###P � 0.0001 vs. same gender on ALA+ diet.

Ovarian hormones and brain DHA composition 535
exhibited significantly lower erythrocyte DHA composition
relative to males (�100%, p � 0.0001, d = 7.9) and females
(�99%, p � 0.0001, d = 6.2) on ALA+ diet, respectively. For
PFC DHA composition, themain effect of diet, F (1, 41) = 260,
p � 0.0001, and the diet � treatment interaction, F (1,
41) = 3.7, p = 0.04, were significant, and the main effect
of gender was not significant, F (1, 41) = 1.5, p = 0.23. Males
(n = 12) on ALA+ diet exhibited significantly greater PFC DHA
composition relative to females (n = 14) on ALA+ diet (+5%,
p = 0.004, d = 1.4) (Fig. 1B). PFC DHA composition did not
differ between males (n = 12) and females (n = 10) on ALA�
diet ( p = 0.72). Both males and females on ALA� diet exhib-
ited significantly lower PFC DHA composition relative to
males (�29%, p � 0.0001, d = 4.5) and females (�23%,
p � 0.0001, d = 5.4) on ALA+ diet, respectively. Relative to
same-gender controls on ALA+ diet, males on ALA� diet
exhibited a significantly greater decrease in PFC DHA com-
position (�29.3% � 2.6%) than did females on ALA� diet
(�22.7% � 1.8%) ( p = 0.04, d = 1.1).

3.2. Position in ovarian cycle

Female rats maintained on ALA+ diet (n = 22) were segre-
gated according to their position in the ovarian cycle (metes-
trus [diestrus D1], diestrus, proestrus, estrus) based on
vaginal cell morphology (Becker et al., 2005). The majority
of female rats were in metestrus (n = 14), and the remainder
were in either diestrus (n = 4) or estrus (n = 4). For erythro-
cyte DHA composition, the main effect of ovarian phase was
not significant, F (2, 21) = 0.1, p = 0.89 (Fig. 2A). Similarly,
for PFC DHA composition, the main effect of ovarian phase
was not significant, F (2, 21) = 0.78, p = 0.48 (Fig. 2B).

3.3. Ovariectomy

3.3.1. Plasma estradiol levels and body weight
Depending on the position in the ovarian cycle, plasma
estradiol concentrations in sham controls ranged from 19
to 41 pg/ml, values consistent with the physiological range
found during the normal rat ovarian cycle (Butcher et al.,
1974). Plasma estradiol concentrations in vehicle-treated
OVX rats were all below the limit of detection (<5 pg/ml).
Regardless of diet, the mean plasma estradiol concentration
in estradiol-treated OVX (OVX + E) rats 1 h after the final
injection of estradiol benzoate (2 mg) was 13.9 � 1.2 pg/ml.
A prior study found that plasma estradiol levels do not peak
until 6 h following estradiol benzoate (2 mg) administration in
OVX rats (Asarian and Geary, 2002), suggesting the lower
plasma estradiol concentration observed in our OVX rats 1 h
post-injection is on the rising edge of the curve. Consistent
with a prior report (Asarian and Geary, 2002), OVX rats
exhibited significantly greater body weight gain relative to
sham controls, and cyclic estradiol treatment normalized
body weight gain. For baseline body weight (P60), the main
effect of diet, F (1, 31) = 3.01, p = 0.10, and treatment, F (1,
31) = 0.325, p = 0.73, and the diet � treatment interaction,
F (1, 31) = 1.29, p = 0.289, were not significant. For post-
treatment body weight (P130), the main effect of treatment
was significant, F (1, 31) = 25.7, p � 0.0001, and the main
effect of diet, F (1, 31) = 1.90, p = 0.177, and the diet � -
treatment interaction, F (1, 31) = 0.594, p = 0.558, were not
significant. ALA+ OVX rats and ALA� OVX rats had signifi-
cantly greater body weights relative to ALA+ shams
( p � 0.0001) and ALA� shams ( p � 0.0001), respectively.
ALA + OVX + E rats ( p � 0.0001) and ALA� OVX + E rats
( p � 0.0001) had significantly lower body weights relative
to ALA+ untreated OVX and ALA� untreated OVX rats, respec-
tively. Together, these data support the integrity of the OVX
surgeries and the physiological efficacy of cyclic estradiol
treatment (Asarian and Geary, 2002).

3.3.2. Erythrocytes
For erythrocyte DHA composition, there was a significant
main effect of diet, F (1, 45) = 435, p � 0.0001, and treat-
ment, F (2, 45) = 6.97, p = 0.002, and the diet � treatment
interaction was not significant, F (2, 45) = 2.47, p = 0.097.
OVX rats maintained on ALA+ diet exhibited significantly
lower erythrocyte DHA composition relative to shams on
ALA+ diet (�19%, p = 0.003, d = 1.6) (Fig. 3). OVX + E rats
on ALA+ diet did not differ significantly from shams (�13%,
p = 0.012) or OVX rats (+5%, p = 0.43) on ALA+ diet. Shams on
ALA� diet exhibited significantly lower erythrocyte DHA
composition relative to shams on ALA+ diet (�64%,
p � 0.0001, d = 6.3). OVX rats on ALA� diet exhibited a
non-significant trend toward lower erythrocyte DHA compo-
sition relative to shams on ALA� diet (�20%, p = 0.04,



Figure 2 Mean DHA composition in erythrocytes (A) and PFC (B) of female rats (n = 22) on ALA+ diet segregated according to their
position in the ovarian cycle (M, metestrus [D1]; D, diestrus; E, estrus). Note that erythrocyte and PFC DHA composition do not differ
significantly between ovarian phases. Values are group mean � S.E.M.
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d = 1.4) (Fig. 3). OVX + E rats on ALA� diet exhibited a trend
toward greater erythrocyte DHA composition relative OVX
rats (+22%, p = 0.01, d = 1.9), and did not differ from sham
controls (+3%, p = 0.604) on ALA� diet (Fig. 3).

3.3.3. Regional brain
For PFC DHA composition, there was a significant main effect
of diet, F (1, 31) = 128, p � 0.0001, and the main effect of
treatment, F (2, 31) = 0.227, p = 0.798, and the diet � treat-
treatment interaction, F (2, 31) = 0.302, p = 0.741, were
not significant (Fig. 4A). For hippocampus DHA composition,
there was a significant main effect of diet, F (1, 31) = 56.9,
p � 0.0001, and themain effect of treatment,F (2, 31) = 3.65,
p = 0.053, and the diet � treatment interaction, F (2,
31) = 1.91, p = 0.165, were not significant. OVX rats on ALA+
Figure 3 Mean DHA composition in erythrocytes of sham con-
trols, OVX, and OVX + E rats on ALA+ or ALA� diets (n = 6—14 per
group). Note that OVX rats on ALA+ or ALA� diet exhibit a
significant reduction in erythrocyte DHA composition relative
shams on the same diet, and cyclic estradiol treatment partially
normalizes erythrocyte DHA composition in OVX rats on ALA� but
not ALA+ diet. Values are group mean � S.E.M. **P = 0.003 vs.
shams on the same diet, ###P � 0.0001 vs. same group on ALA+
diet.
diet (�6%, p = 0.006, d = 2.1) but not ALA� diet (p = 0.868)
exhibited a significantly lower hippocampus DHA composition
relative to shams on the same diet (Fig. 4B). For hypothalamus
DHA composition, therewas a significantmain effect of diet, F
(1, 31) = 104, p � 0.0001, and treatment, F (2, 31) = 7.64,
p = 0.002, and the diet � treatment interaction, F (2,
31) = 0.08, p = 0.917, was not significant (Fig. 4C). None of
the post hoc comparisons reached statistical significance after
correction formultiple comparisons (p � 0.008). Formidbrain
DHA composition, therewas a significantmain effect of diet, F
(1, 31) = 42.4, p � 0.0001, and treatment, F (2, 31) = 3.92,
p = 0.030, and the diet � treatment interaction, F (2,
31) = 1.52, p = 0.233, was not significant (Fig. 4D). OVX
(+5%, p = 0.026, d = 1.6) and OVX + E (+7%, p = 0.023,
d = 1.7) rats on ALA+ diet exhibited non-significant trends
for greater midbrain DHA composition relative to shams on
the same diet.

3.3.4. Correlations between erythrocyte and regional
brain DHA composition
Among all rats on ALA+ diet (n = 18), erythrocyte DHA com-
position was positively correlated with hippocampus DHA
composition (r = +0.48, p = 0.043), inversely correlated with
midbrain DHA composition (r = �0.56, p = 0.016), and not
significantly correlated with PFC (r = �0.13, p = 0.59) or
hypothalamus (r = �0.08, p = 0.73) DHA composition. Among
all rats on ALA� diet (n = 19), erythrocyte DHA composition
was not significantly correlated with PFC (r = +0.14,
p = 0.55), hippocampus (r = +0.009, p = 0.97), hypothalamus
(r = +0.33, p = 0.16), or midbrain (r = +0.27, p = 0.26) DHA
composition.

4. Discussion

Based on prior clinical and preclinical evidence, we hypothe-
sized that female rats would exhibit greater erythrocyte and
brain DHA composition relative to male rats maintained on
the same diet. This hypothesis was supported in part by the



Figure 4 Mean DHA composition in the PFC (A), hippocampus (B), hypothalamus (C), and midbrain (D) of sham controls, OVX, and
OVX + E rats on ALA+ or ALA� diets (n = 6—7 per group). Note that OVX rats on ALA + , but not ALA� diet, exhibit significantly lower
hippocampus DHA composition relative to shams on the same diet. Values are group mean � S.E.M. **P = 0.006 vs. shams on ALA+ diet,
###P � 0.0001 vs. same group on ALA+ diet.
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finding that female rats on ALA+ diet exhibited significantly
greater erythrocyte DHA composition relative to male rats on
ALA+ diet (+21%). However, females on ALA+ diet exhibited
significantly lower PFC DHA composition relative to males
(�5%) on ALA+ diet. Moreover, we also demonstrate that
males exhibit greater erythrocyte and PFC DHA loss in
response to chronic ALA� diet. Among female rats on ALA+
diet, position in the ovarian cycle did not significantly influ-
ence erythrocyte or PFC DHA composition. We also hypothe-
sized that OVX rats would exhibit lower erythrocyte and brain
DHA composition relative to sham controls, and that this
difference would be attenuated by cyclic estrogen treat-
ment. This hypothesis was supported in part by the finding
that OVX rats on ALA+ diet exhibited significantly lower
erythrocyte and hippocampus DHA composition relative to
shams on ALA+ diet, though no differences were observed in
the PFC, hypothalamus, or midbrain. Cyclic estradiol treat-
ment did not significantly attenuate reductions in erythro-
cyte or hippocampus DHA composition in OVX rats on ALA+
diet. Together, these preclinical data provide evidence for
gender differences in rat erythrocyte and brain DHA compo-
sition, and that ovarian hormones positively regulate ery-
throcyte and region-specific DHA composition.

Based on prior evidence that low dietary ALA composition
interacts with reproductive activity to reduce regional brain
DHA composition (Levant et al., 2006a,b, 2007b), we addi-
tionally investigated the combined effects of OVX and
chronic dietary ALA depletion. It was predicted that OVX
rats on ALA� diet would exhibit greater DHA deficits than
OVX rats on ALA+ diet. Contrary to this prediction, the
decrease in erythrocyte DHA composition observed in OVX
rats maintained on ALA� diet (�20%) was similar to the
reduction observed in OVX rats maintained on ALA+ diet
(�19%) relative to shams on the same diet. Additionally,
we did not observe a significant interaction between OVX
and dietary ALAwith respect to DHA composition in any brain
region including the PFC, a region previously found to exhibit
significant DHA loss in response to low dietary ALA composi-
tion and reproductive activity (Levant et al., 2007b). These
data suggest that reductions in maternal erythrocyte and
regional brain DHA composition in response to reproductive
activity and low dietary ALA intake cannot be wholly attrib-
uted to reductions in maternal ovarian hormones during
pregnancy, and may be predominantly due to fetal DHA
accrual from maternal stores.

Comparison of total brain DHA composition used in this
study and a prior study using isolated brain phospholipids
(Levant et al., 2007b) suggest that triglycerides and choles-
teryl esters comprise a relatively small percentage of total
brain DHA composition. Furthermore, differential DHA com-
position observed across brain regions in this study is con-
sistent with previous reports (Carrié et al., 2000; Levant
et al., 2007b; Xiao et al., 2005), as is the greater reductions
in DHA composition in forebrain structures relative to the
midbrain (Carrié et al., 2000; Xiao et al., 2005). The finding
that DHA composition was significantly reduced in all brain
regions of adult sham female rats following chronic (70 d)
dietary ALA depletion contrasts with prior studies finding that
chronic feeding of low-ALA diets does not alter brain DHA
composition in adult virgin female rats (91 d, Levant et al.,
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2006b) or adult male rats (217 d, Bourre et al., 1992). How-
ever, other studies have found that a longer duration of
feeding a low ALA diet (189 d) can reduce brain DHA compo-
sition by 15% in adult virgin females (Levant et al., 2006b),
and that chronic (65 d) feeding of an ALA� diet decreased
brain DHA in adult male mice (McNamara et al., 2008).
Nevertheless, the magnitude of the PFC DHA deficit observed
in female rats placed on ALA� diet at P21 (�23%) was greater
than that observed when ALA� diet is introduced young
adulthood (P60) (�10%), a finding consistent with an age-
related reduction in the loss half-life of DHA in response to
dietary ALA insufficiency.

Because the ALA+ diet used in this study contained only
the omega-3 fatty acid precursor ALA, the significantly
lower erythrocyte and hippocampus DHA composition
observed in OVX rats maintained on this diet is consistent
with ovarian hormones having a positive effect on ALA—DHA
biosynthesis. This is also supported by the finding that
females on ALA+ diet exhibited greater erythrocyte DHA
composition relative to males on ALA+ diet. However,
removal of dietary ALA resulted in lower DHA composition
in all brain regions, whereas OVX rats on ALA+ diet did
not exhibit uniform brain DHA deficits. Although these
data would suggest that ovarian hormones do not regulate
ALA—DHA biosynthesis, definitive evaluation of this mec-
hanism will require isotope tracer studies. Furthermore, it
is not known whether erythrocyte DHA stores are mobilized
to compensate for potentially greater reductions in brain
DHA composition in OVX rats. In the present study, midbrain
DHA composition was inversely correlated with erythrocyte
DHA composition, whereas hippocampus DHA composition
was positively correlated with erythrocyte DHA composi-
tion, in rats on ALA+ diet, suggesting regional differences in
DHA accrual from erythrocyte stores. Furthermore, we
found that female rats had lower PFC DHA composition
relative to male rats despite having greater erythrocyte
DHA composition. Although these data suggest that ovarian
hormones negatively regulate erythrocyte DHA mobiliza-
tion and brain accrual, additional studies will be required to
evaluate this mechanism.

We previously reported that postmortem PFC DHA com-
position is significantly lower in female (�32%), but not in
male (�16%), patients with major depression relative to
same-gender controls (McNamara et al., 2007). In the latter
study we also found that postmortem PFC DHA composition
was numerically lower in female controls than in male con-
trols (�8%), but this difference did not reach statistical
significance. In view of clinical evidence for a positive rela-
tionship between ovarian hormones and peripheral DHA
composition (e.g., Giltay et al., 2004b), we speculated that
gender differences in PFC DHA composition in patients with
major depression due in part to ovarian hormones. Although
we demonstrate in the present study that female rats exhib-
ited lower PFC DHA composition relative males (�5%),
chronic depletion of ovarian hormones did not significantly
alter PFC DHA composition in OVX rats. Furthermore, the
reduction in PFC DHA composition in male rats maintained on
ALA� diet (�29%) was significantly greater than the reduc-
tion observed in female rats (�23%), suggesting that males
are at greater risk for dietary-induced reductions in PFC DHA
composition. These data therefore suggest that the greater
DHA deficit observed in the postmortem PFC of female
patients with major depression is unlikely to be due to
chronic deficits in ovarian hormones.

In summary, we provide preclinical evidence for signifi-
cant gender differences in erythrocyte DHA composition
(female > male), as well as evidence that ovarian hormones
other than estrogen positively regulate erythrocyte DHA
composition. These findings may take on additional signifi-
cance in view of clinical findings that erythrocyte DHA def-
icits (Harris, 2007) and the postmenopausal period (Lewis,
2007) are both associated with increased risk for cardiovas-
cular disease. We also provide evidence for significant gender
differences in PFC DHA composition (male > female) and in
PFC DHA loss following chronic ALA depletion (mal-
e > female). However, PFC DHA composition and loss in
response to chronic ALA depletion was not altered in OVX
rats. Finally, we show that ovarian hormones regulate brain
DHA composition in a regional-specific manner, and that the
hippocampus is more vulnerable to DHA loss in response to
OVX. Although additional studies will be required to eluci-
date mechanisms, these preclinical data corroborate pre-
vious clinical studies implicating ovarian hormones in the
positive regulation of peripheral DHA composition, and
further indicate that regional brain DHA is also regulated
in part by gonadal hormones.
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