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Summary

Decreased tissue levels of docosahexaenoic acid (DHA; 22:6n-3) are implicated in the etiologies of
non-puerperal and postpartum depression. With the aim of determining neurobiological sequelae of
decreased brain DHA content, this study examined the effects of a loss of brain DHA content and
concurrent reproductive status in adult female Long-Evans rats. An a-linolenic acid-deficient diet
and breeding protocols were used to produce virgin and parous female rats with cortical phospholipid
DHA levels 23-26% lower than virgin and parous rats fed a control diet containing adequate a-
linolenic acid. Parous dams were tested/euthanized at weaning (postnatal day 20) of the second litter;
virgin females, during diestrus. Decreased brain DHA was associated with decreased hippocampal
BDNF gene expression and increased relative corticosterone response to an intense stressor,
regardless of reproductive status. In virgin females with decreased brain DHA, serotonin content and
turnover in frontal cortex were decreased compared to virgin females with normal brain DHA. In
parous dams with decreased brain DHA, the density of 5-HT 4 receptors in the hippocampus was
increased, corticosterone response to an intense stressor was increased, and the latency to immobility
in the forced swim test was decreased compared to parous dams with normal DHA. These findings
demonstrate neurobiological alterations attributable to decreased brain DHA or an interaction of
parous status and brain DHA level. Furthermore, the data are consistent with findings in depressed
humans, and thus support a role for DHA as a factor in the etiologies of depressive illnesses,
particularly postpartum depression.
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Introduction

Depression, which occurs more commonly in women than men (Merikangas and Herrell,
2004), has a complex etiology that likely involves the interaction of genetic and environmental
factors (Charney and Manji, 2004). Stressful life events have emerged as an important
environmental factor associated with the disorder (Mazure and Maciejewski, 2003a, b, Heim
et al., 2004). In addition, a highly consistent literature suggests that altered polyunsaturated
fatty acid (PUFA) status, particularly low docosahexaenoic acid (DHA, 22:6n-3), may also
represent a non-genetic factor in both non-puerperal and postpartum depression. Of note,
postmortem DHA content of the orbitofrontal cortex was 22% lower in depressed patients than
in controls, and was the only fatty acid found to be altered (McNamara et al., 2007a). Likewise,
erythrocyte and adipose DHA levels were 33-36% lower in depressives than controls (Edwards
etal., 1998, Peet et al., 1998, Frasure-Smith et al., 2004, Mamalakis et al., 2006) and were
correlated with the severity of symptoms or attempted suicide (Adams et al., 1996, Edwards
et al., 1998, Maes et al., 1999, Mamalakis et al., 2002, Huan et al., 2004, Sublette et al.,
2006). Prevalence of depression was inversely related to fish consumption, a major dietary
source of n-3 long chain PUFAs (Hibbeln, 1998, Tanskanen et al., 2001a, b, Timonen et al.,
2004). Furthermore, treatment with n-3 PUFAs improved depressive symptoms in a majority
of controlled clinical trials (Freeman et al., 2006b). Similar to non-puerperal depression,
postpartum depression has been associated with decreased DHA levels, or decreased ratio of
DHA to the n-6 long chain PUFA docosapentaenoic acid (DPA, 22:5n-6), in plasma or breast
milk (Hibbeln, 2002, De Vriese et al., 2003, Otto et al., 2003, Miyake et al., 2006). Treatment
with n-3 long chain PUFA supplements also reduced depressive symptoms in women with
postpartum depression in a pilot study (Freeman et al., 2006a).

DHA, a long chain PUFA derived from the essential fatty acid a-linolenic acid (18:3n-3), is a
component of membrane phospholipids. It is the most abundant PUFA in the brain,
representing roughly 15% of total brain fatty acids (Sinclair, 1975). It accumulates in the brain
primarily during pre-and neonatal development, and is supplied by the mother to the developing
fetus in utero, and to the neonate via breast milk. (Clandinin et al., 1980a, b). DHA content
influences the physicochemical properties of neuronal membranes, and thus modulates the
function of membrane bound proteins, such as receptors and ion channels. DHA, and other
long chain PUFAs such as arachidonic acid (20:4n-6), also serve as precursors for a variety of
signaling molecules (e.g., prostaglandins) and activate transcription factors (Salem et al.,
2001, Horrocks and Farooqui, 2004). Low availability of DHA results in compensatory
substitution of DPA, a product derived from the n-6 essential fatty acid linoleic acid (18:2n-6),
into the membrane phospholipids (Galli et al., 1971). We have shown that the content of brain
phospholipids in virgin female rats can be reduced if the animals are fed an n-3 PUFA-deficient
diet for an adequate period of time (Levant et al., 2006a). The loss of DHA from the brain is
accelerated in reproducing females, presumably due to the physiological demands of pregnancy
and lactation such that maternal brain DHA content can be decreased about 20% after gestation
and nursing of one litter (Levant et al., 2006a), similar to the decrease observed in humans with
major depression (McNamara et al., 2007a). Maximal changes in overall brain PUFA
composition occur after two litters (Levant et al., 2006c).

Although much is known about the role of DHA in brain development (McNamara and Carlson,
2006), it is not known how neurobiology is altered when the normal adult brain experiences a
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loss of DHA or how the neurobiological sequelae of a reduction of brain DHA interact with
the hormonal and other changes occurring during the postpartum period. To further assess the
potential role of decreased brain DHA levels in non-puerperal and/or postpartum depression,
this study used a rat model to examine the effects of a clinically-relevant decrease in brain
phospholipid DHA content and its interactions with reproductive status (virgin or parous) on
several neurobiological end points most consistently found to be altered in depression:
hippocampal brain-derived neurotrophic factor (BDNF), the monoamine neurotransmitter
systems, and the hypothalamic-pituitary-adrenal (HPA) axis (Garlow et al., 2004). The effects
of brain DHA levels on behavior in the forced swim test, a rodent model for assessment of
antidepressant efficacy, were also determined.

Experiments were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the University of Kansas Medical Center
Institutional Animal Care and Use Committee.

Adult, male and female Long-Evans rats (Harlan, Indianapolis, IN) were housed in a
temperature-and humidity-controlled animal facility with a 12-h dark-light cycle (on at
06:00h), and given food and water ad libitum. Rats were obtained at least five days prior to
any treatments and were handled regularly.

Experimental Design

A between-groups design was used to assess the effects of reproductive status (virgin or parous)
and brain DHA content (normal or decreased). Brain DHA content was manipulated by feeding
diets varying in n-3 PUFA content (see below).

Parous dams underwent two sequential reproductive cycles (gestation and nursing), with the
initial mating occurring on postnatal day (P) 75-80. Dams were placed on the experimental
diets at the time of the first mating. Litters were weighed and culled to eight pups on P1 (with
preference for males, which were used in other experiments), and weaned on P20. The second
mating occurred eight-10 days after weaning of the first litter. Parous dams were tested and/
or euthanized on P20 after the second litter. This treatment produces maximal alterations in
brain PUFA composition in dams fed the deficient diet (Levant et al., 2006a). Dams producing
litters of fewer than eight pups in either litter were not used for the determination of
neurobiological end points.

Virgin females with normal DHA were fed the control diet for 13 weeks, corresponding to the
time required for two reproductive cycles, beginning at P75-80, based on our prior finding that
brain PUFA composition does not vary in virgin females fed the control diet for periods of six
weeks to six months (Levant et al., 2006a). Virgin females with decreased DHA were produced
by feeding the deficient diet for six months, the time required to produce a decrease in brain
DHA comparable to that observed in parous dams fed the deficient diet (Levant et al.,
2006a), starting at P56-60, thus bracketing the treatment period for the other groups.

At the completion of the diet and breeding treatments (i.e., on P20 after the second litter) and
between 1000 and 1100h, rats were weighed, and either euthanized by decapitation or subjected
to the forced swim test and then euthanized. Accordingly, the maternal brain and behavior were
examined at the end of the period of greatest offspring demand for DHA (i.e., weaning in the
rat), which is similar in this respect to the postpartum period (one - three months after birth)
in humans (Makrides et al., 1994, Green and Yavin, 1996), and thus parallels the clinical onset
of postpartum depression (Miller, 2002). Virgin females were tested/euthanized during
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diestrus, determined by vaginal lavage performed at the same time each day (0900 — 1000h).
Virgins were considered to be in diestrus on the day following estrus, and were not subjected
to vaginal lavage on the day of testing/euthanasia. Trunk blood was collected, and brains were
rapidly removed and frozen on dry ice. Brain regions of interest were isolated by freehand

dissection on ice. All samples were stored at —70° C. Four separate cohorts of rats were used.

Experimental diets

The control diet was prepared from a purified basal mix (TD00235; Teklad, Indianapolis, IN)
with pure unhydrogenated soybean oil (70 g/kg), and was identical in composition to Teklad
AIN-93G, which meets all current nutrient standards for rat pregnancy and growth (Reeves et
al., 1993). Accordingly, the control diet contained 4.20 g/kg a-linolenic acid (18:3n-3) and
33.81 g/kg linoleic acid (18:2n-6). The deficient diet was the same as the control diet, except
it was prepared with safflower oil (66.5 g/kg) and soybean oil (3.5 g/kg), and thus contained
0.38 g/kg a-linolenic acid (18:3n-3) and 45.96 g/kg linoleic acid (18:2n-6).

Brain total phospholipid fatty acid compaosition

As previously described (Levant et al., 2006b), phospholipids were extracted from occipital
cortex, a brain region not required for the determination of neurochemical end points, and
isolated by thin layer chromatography. The band containing total phospholipids was removed
and transmethylated with boron trifluoride methanol (Sigma, St. Louis, MO) to yield fatty acid
methyl esters. Individual fatty acid methyl esters were separated on a Varian 3400 gas
chromatograph with an SP-2330 capillary column (30 m, Supelco, Inc., Belfonte, PA), with
helium used as the carrier gas. The resulting peaks were identified by comparison to authentic
standards (PUFA 1 and 2; Supelco, Inc. and 22:5n-6, Nu-Chek Prep, Elysian, MN) and
expressed as percent of total fatty acids on the basis of peak area.

Solution hybridization - nuclease protection assays for BDNF mRNAs

Total cellular RNAs were extracted from hippocampal tissue samples using a rapid
guanidinium isothiocyanate phenol/chloroform method. The resultant total RNAs were
analyzed for BDNF and B-actin mRNA levels by solution hybridization — nuclease protection
assays using 32P-labeled antisense cRNA probes as previously described (McCarson and
Krause, 1994, Duric and McCarson, 2005). Specific mMRNA amounts were determined by
comparison to cRNA quantitation standards. Data are reported as pg BDNF mRNA/ng p-actin
MRNA.

BDNF peptide ELISA

BDNF peptide levels were determined using a Sandwich ELISA kit (Chemicon International/
Millipore, Billerica, MA). Data are reported as ng BDNF/g tissue (original wet weight).

Receptor binding assays

The affinity and density of 5-HT 14 receptors were assessed by Scatchard analysis using 4
concentrations of [propyl-2,3-ring-1,2,3-3H]8-OH-DPAT (Perkin Elmer Life Sciences;
Boston, MA; 125 Ci/mmol; 0.2 — 5 nM) in an equilibrium, filtration assay according to a
modification of the methods of Alper and Nelson (Alper and Nelson, 2000). The assay buffer
was 50 mM Tris, pH 7.4 at 23° C. Nonspecific binding was defined in the presence of 10 uM
5-HT. Membrane protein concentrations were determined by the BCA method (Pierce,
Rockford, IL) and were ~50 pg/tube. Specific binding is expressed as fmol/mg protein and
analyzed for Kp and By Using SigmaPlot (v. 8.0.2).

The affinity and density of 5-HT 4 receptors were assessed using [ethylene-3H]ketanserin
(Perkin Elmer Life Sciences; Boston, MA; 67 Ci/mmol; 0.06- 2.4 nM) according to a
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modification of the methods of Leysen et al. (Leysen et al., 1982). Assays were performed as
described above, except the assay buffer was 50 mM Tris, 120 mM NaCl, 5 mM KCI, pH 7.4
at 23° C; and nonspecific binding was defined in the presence of 1 uM spiperone.

Measurement of monoamine neurotransmitters and metabolites

Levels of serotonin, 5-HIAA, norepinephrine, and dopamine were quantified using an isocratic
HPLC-EC system (ESA Coulochem 111, Chelmsford, MA) coupled to a Coulochem 111 dual-
channel electrochemical array detector (ESA Inc., Chelmsford, MA; Model 5100A, E; - 150
mV and E, +275 mV using a 5011 dual analytical cell) according to a modification of published
methods (Enna et al., 2006). Tissues were extracted in perchloric acid, diluted with mobile
phase, and analytes separated using a C18 reverse phase column (ESA Inc., Chelmsford, MA,
HR-80I, 4.6 mm x 80 mm, 3 um particles) with a pH 4.1 citrate-acetate mobile phase containing
6.0% methanol and 0.35 mM 1-octane-sulfonic acid. The flow rate was 1.8 ml/min. The internal
standard was 3,4-dihydroxybenzylamine. Protein concentration of the extracted tissue was
determined by the BCA method (Pierce, Rockford, IL). Monoamine concentrations are
expressed as ng/mg protein. Neurotransmitter turnover was calculated as the ratio of the
metabolite to the neurotransmitter.

Forced swim test

The modified forced swim test was performed as previously described (Cryan et al., 2005).
Rats were placed in a cylindrical water tank (45 cm tall x 19 ¢cm) filled with 25°C tap water to
a depth of 32 cm. Between 1000-1100h rats were placed in the tank for 15 min. Twenty-four
h later, rats were subjected to a five-min test session. Cylinder water was changed after each
rat. Video tapes of the test session were scored by an independent blind observer for time spent
swimming (moving through the water), climbing (struggling at the sides of the tank), floating
immobile (including small movements required to maintain floating), and latency to
immobility. Immediately following the test session, rats were euthanized by decapitation and
trunk blood collected for determination of corticosterone levels.

Corticosterone Assays

Serum corticosterone levels were determined in trunk blood collected from rats subjected to
minimal stress, defined as normal husbandry and handling, or after the forced swim test using
a rat corticosterone radioimmunoassay kit (Siemens/Diagnostic Products Corp., Los Angeles,
CA).

Data analysis

Results

Reproductive status and brain phospholipid DHA content are used as the descriptors for the
independent variables to emphasize the focus of this study on the physiological condition,
rather than the treatments used to produce those conditions. Data are expressed as the mean +
SEM. Data were analyzed for statistically significant effects by two- or three-way ANOVA
with factors of brain DHA content, reproductive status, and where appropriate, stressor
intensity (Systat, v.10.2). Outliers identified by Systat were excluded. Significant effects were
further analyzed post-hoc using one-way ANOVA with all groups, followed by the Tukey-
Kramer multiple comparisons test. Differences between groups were considered significant at
P<0.05.

Brain phospholipid fatty acid composition

In agreement with previous studies of whole brain (Levant et al., 2006a), treatment of virgin
or parous rats with the deficient diet for 6 months or two sequential reproductive cycles,
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respectively, produced decreases in cortical DHA content of similar magnitude (23-26%),
depending on treatment cohort, compared to virgin females fed the control diet in each of the
four cohorts of rats used in these studies (P<0.01). The percentage of DHA in the cortex of
parous dams fed the control diet was not different than virgin females fed the control diet.
Representative data from one of the four cohorts of rats used in these experiments are shown
in Table 1. The compensatory incorporation of DPA was 33% greater in parous dams with
decreased DHA than in virgin females with decreased DHA. The percentage of arachidonic
acid in cortical phospholipids was not altered by these treatments.

Body weight and reproductive success

Two-way ANOVA indicated a significant main effect of reproductive status on body weight
at the end of the diet and breeding treatments (F(1,55) = 6.48, P<0.05), with parous dams
exhibiting 6% higher body weight than virgin females, but no main effect diet (Table 2). The
number of pups per litter produced by the reproducing dams was not different between diet
groups. All pups were healthy. There were no effects of diet on pup weight on P1 or at weaning
on P20 (Figure 1).

Hippocampal BDNF expression

Two-way ANOVA indicated a significant main effect of brain DHA content (F(1,37) = 16.36,
P<0.0001) on levels of hippocampal BDNF mRNA. A trend towards an effect of reproductive
status (F(1,37) = 4.10, P = 0.050) was also detected. Post hoc analysis indicated that
hippocampal BDNF mRNA levels were decreased 27% in virgin females with decreased DHA,
and 32% in parous rats with decreased DHA compared to virgin rats with normal DHA (P<0.01)
(Figure 2). A trend towards a decrease in BDNF mRNA level was also observed in the parous
dams with normal DHA (P = 0.163).

Two-way ANOVA indicated significant main effects of brain DHA content (F(1,32) = 4.219,
P < 0.05) and reproductive status (F(1,32) = 4.251, P<0.05) on BDNF peptide content. Post
hoc analysis indicated that hippocampal BDNF was decreased 21% in parous dams with
decreased DHA compared to virgin females with normal DHA (P<0.05). A trend towards a
decrease in BDNF was also observed in virgin females with decreased DHA (P = 0.183) and
in parous dams with normal DHA (P = 0.226).

Regional serotonin receptor binding

For hippocampal 5-HTq receptors (Table 3), two-way ANOVA for binding density (Bmax)
indicated a significant main effect of brain DHA content (F(1,33) = 4.91, P<0.05), and an
interaction of brain DHA content and reproductive status (F(1,33) = 12.77, P<0.001). A
significant main effect of brain DHA content was also detected for receptor affinity (Kp) (F
(1,33) = 4.85, P<0.05). Post hoc analysis indicated that the density of 5-HT receptors in
hippocampus was 45% and 35% higher in parous dams with decreased DHA than in parous
dams with normal DHA or virgin females with decreased DHA, respectively (P<0.05). The
density of 5-HT 4 receptors was also 22% higher in parous dams with decreased DHA than
in virgin females with normal DHA, but this difference was not quite significant (P = 0.087).
The affinity of 5-HT 4 sites was not different between groups.

For hippocampal 5-HT2a receptor binding, two-way ANOVA for binding density (Bmax)
indicated an interaction of brain DHA content and reproductive status (F(1,29) = 4.57, P<0.05);
however, post hoc analysis indicated no significant differences between groups.

In frontal cortex, no significant effects of brain DHA content or reproductive status on the
density or affinity of 5-HTqa or 5-HT,a receptors were observed.
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Regional serotonin and norepinephrine content

In frontal cortex, two-way ANOVA indicated a significant interaction of brain DHA content
and reproductive status for serotonin content (F(1,38) = 31.36, P<0.001), serotonin turnover
(F(1,38) = 11.81, P<0.001), and norepinephrine content (F(1,37) =9.72, P<0.01); and a
significant main effect of reproductive status for serotonin turnover (F(1,38) = 4.72, P<0.05)
(Table 4). Post hoc analysis indicated that the serotonin content of frontal cortex was decreased
12% in virgin females with decreased DHA compared to virgin females with normal DHA
(P<0.05). In contrast, the serotonin content of frontal cortex was 30% higher in parous dams
with decreased DHA compared to parous dams with normal DHA (P<0.05), and serotonin
turnover was decreased 25% (P<0.05). Norepinephrine content of frontal cortex was 17%
lower, and serotonin turnover 45% higher, in parous dams with normal DHA compared to
virgin females with normal DHA (P<0.05).

In hypothalamus, two-way ANOVA indicated a significant main effect of reproductive status
on norepinephrine content (F(1,36) = 30.80, P < 0.0001), with parous dams with normal and
decreased DHA having hypothalamic norepinephrine levels 17% and 29% than the respective
virgin groups (P < 0.05).

No effects of brain DHA content or reproductive status were detected for monoamine
neurotransmitters in the hippocampus, temporal lobe (amygdala and piriform cortex), or brain
stem.

Forced swim test

Two-way ANOVA indicated a significant main effect of reproductive status for time spent
climbing (F(1,43) = 6.40, P<0.05) and time spent immobile (F(1,43) = 10.67, P<0.01), with
parous dams exhibiting more climbing and less immobility than virgin females (Figure 3). A
significant main effect of reproductive status (F(1,43) = 10.75, P<0.01), and an interaction of
brain DHA content and reproductive status (F(1,43) = 6.99, P<0.05) were also detected for
latency to immobility. Post hoc analysis indicated that latency to immaobility was 51% shorter
in parous dams with decreased DHA than in parous dams with normal DHA (P<0.05).

Corticosterone response to stress

Three-way ANOVA indicated significant main effects of stressor intensity (F(1,84) = 576,
P<0.0001), reproductive status (F(1,84) = 23.1, P<0.0001), and an interaction of brain DHA
content and stressor intensity (F(1,84) = 11.63, P<0.001) (Figure 4). Post hoc analysis indicated
that serum corticosterone levels after minimal stress were 56% lower in parous dams with
decreased DHA compared to virgin females with normal DHA (P<0.05). Corticosterone levels
were also different between groups after the intense stress associated with the forced swim test,
with parous dams with normal DHA having lower corticosterone levels than virgin females
with normal or decreased DHA (P<0.01). In addition, corticosterone levels of parous dams
with decreased DHA were 22% higher in dams with decreased DHA than in parous dams with
normal DHA after the forced swim test. The relative increase in corticosterone response
between the minimal stress and forced swim stress conditions was greater in both virgin females
and parous dams with decreased DHA compared to virgins and parous dams with normal DHA,
respectively (P<0.01). In agreement with the significant main effect of reproductive status, the
relative increase in corticosterone response was also greater in parous dams with normal DHA
than in virgin females with normal DHA. (P<0.05).

Discussion

The diet and breeding treatments used in this study produced virgin and parous female rats
with decreases in brain DHA content of a magnitude similar to that observed in depressed
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humans (McNamara et al., 2007a). The present findings demonstrate several neurobiological
alterations associated with reduced brain phospholipid DHA content, or the interaction of brain
DHA content and reproductive status, in these animals. A number of the observed effects, such
as decreased hippocampal BDNF gene expression, altered serotonin content and receptors in
specific brain regions, and augmented HPA axis response to stress, are generally consistent
with findings in depression (e.g., (Garlow et al., 2004, Duman and Monteggia, 2006). Other
neurobiological findings in depression, such as increased cortical 5-HT1 and 5-HTp
receptors and decreased serotonin content in the brain stem (Stockmeier, 2003), were not found
in either virgin or parous dams with decreased brain DHA, suggesting that other factors must
underlie those neurobiological alterations. In fact, a variety of neurochemical parameters were
not altered in rats with decreased brain DHA content, regardless of reproductive status,
demonstrating that a loss of DHA from the brain of an adult animal does not result in gross
brain dysfunction. Furthermore, there was no main effect of diet on body weight, indicating
that the diet treatment had no gross effects on health or feeding of the animals. Likewise, there
were similar number of pups per litter, and pup weight at birth and at weaning, indicating no
detectable effect of the diets on maternal offspring burden.

Effects on hippocampal BDNF levels

Depression-associated decreased expression of BDNF in the hippocampus, a component of the
limbic system that is integral in memory, affect, and regulation of the HPA axis (Sapolsky,
2000), is reversed by antidepressant treatment (Chen et al., 2001), and is believed to contribute
to the hippocampal atrophy observed in the disease (Sheline et al., 1996, 1999, Karege et al.,
2005). Similar results have been observed in animal studies with various models of depression,
stress paradigms, and antidepressant drug treatments (Nibuya et al., 1995, 1995, Smith et al.,
1995). In addition, exercise, which is clinically efficacious in reversing depressive symptoms
(Brosse et al., 2002), also increased hippocampal BDNF levels (Johnson et al., 2003).

Areduction in brain DHA content, regardless of reproductive status, decreased levels of BDNF
mRNA in hippocampus consistent with neurobiological findings in depression (Duman and
Monteggia, 2006). The magnitude of this decrease in mMRNA level was similar to that observed
in male rats after acute restraint stress (Duric and McCarson, 2006). Consistent with this
observation, BDNF peptide levels were also decreased in parous dams with decreased DHA
and a trend towards a decrease was noted in virgin females with decreased DHA. This
difference in the effects of manipulation of brain DHA content and reproductive status on
BDNF mRNA and peptide suggests that transcription of this neurotrophic factor gene is more
sensitive to manipulation via DHA-dependent mechanisms than are steady-state BDNF protein
levels. Total BDNF peptide levels are likely also regulated by mechanisms other than de-novo
synthesis in this system.

The observation of a decrease in hippocampal expression of BDNF is consistent with a role
for decreased brain DHA content in the multifactorial pathogenesis of depression, and suggests
that decreased expression of BDNF in hippocampus may be a contributing factor in both the
non-puerperal and postpartum disorders. The trend toward a decrease in hippocampal BDNF
MRNA and peptide levels in parous dams with normal brain DHA levels suggests that
reproductive activity may also affect BDNF gene expression, though to a lesser extent than a
loss of brain DHA. Concordant with this possibility, serum BDNF levels were decreased in
women before and after childbirth (Lommatzsch et al., 2006). Assuming the central role for
hippocampal BDNF in the pathogenesis of depression, these observations suggest that reduced
expression of BDNF in this brain region may contribute to the increased vulnerability of
postpartum women to depression (Cooper et al., 1988), particularly if brain DHA content is
reduced. Also consistent with the present findings, decreased levels of BDNF in the frontal
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cortex have been reported in rats with decreases in brain DHA content induced prior to maturity
(Rao et al., 2007).

Effects on corticosterone response to stress

Dysregulation of the HPA axis in depression is suggested by increased basal circulating levels
of cortisol, urinary free cortisol concentrations, and the concentration of corticotrophin
releasing factor (CRF) in cerebral spinal fluid (CSF) of depressed patients (Carpenter and
Bunney, 1971, Carroll et al., 1976, Nemeroff et al., 1984). Activity of the HPA axis is also
affected by reproductive status, with increased levels of cortisol-binding globulin, CRF, and
adrenocorticotrophic hormone during pregnancy and the first few weeks after childbirth (Smith
et al., 1987, Smith and Thomson, 1991, Bloch et al., 2003). In rats, elevated corticosterone
levels are reported throughout lactation (Meaney et al., 1989), although stress-induced
corticosterone secretion may be attenuated (Walker et al., 1995). Consistent with previous
studies (Walker et al., 1995), the corticosterone response after the forced swim test was lower
in parous dams with normal brain DHA than in virgin females, although corticosterone
secretion after minimal stress was similar or lower in parous dams compared to virgin females
in this study.

In addition to the effects of reproductive status on the HPA axis, the present data indicate a
greater relative response to an intense stressor, compared to a minimal stressor, in rats with
decreased brain DHA regardless of reproductive status. Furthermore, the corticosterone
response to the intense stressor was greater in parous dams with decreased DHA compared to
parous dams with normal DHA indicating an interaction of brain DHA level and reproductive
status, in addition to the main effect of brain DHA level on relative stress response. These
observations indicate that a loss of brain DHA contributes to an exaggerated HPA axis response
to stress, and is concordant with a role for reduced brain DHA in the etiologies of depressive
illnesses, particularly postpartum depression. Consistent with this observation, low plasma
DHA levels were correlated with increased CRF concentrations in CSF in humans (Hibbeln et
al., 2004). This observation also concurs with reports that rats fed an n-3 PUFA-enriched diet
exhibited lower levels of the anxiety-and stress-like behavioral effects of interleukin-1, which
increases corticosterone levels, in the elevated plus maze and the open field test (Song et al.,
2004).

Effects on monoaminergic function

Alterations in the monoaminergic systems in postmortem brains of depressives or suicide
victims are reported, including decreased neurotransmitter content and increased density of
several receptors, most notably 5-HTqa, 5-HTa, and B, in prefrontal cortex. These receptors
down-regulate after treatment with antidepressants, which increase the synaptic availability of
serotonin, and in some instances norepinephrine (Baldessarini, 2001, Stockmeier, 2003,
Duman, 2004, Garlow et al., 2004).

Several monoaminergic parameters were altered by a decrease in brain DHA content; however,
effects were different in virgin and parous females. The density of hippocampal serotonin 5-
HT 14 receptors in parous dams with decreased brain DHA was increased compared to both
virgin females with decreased brain DHA and parous dams with normal brain DHA levels.
Although increased density of 5-HTq 4 in prefrontal cortex is a consistent finding in depression
(Mann and Arango, 1999), most postmortem studies report no alteration in hippocampal 5-
HT14 binding (Dillon et al., 1991, Lowther et al., 1997, Stockmeier et al., 1997) or a decrease
in 5-HT1A gene expression (Lopez-Figueroa et al., 2004). Thus, the increase in hippocampal
5-HT 1A receptor density observed in parous dams with decreased brain DHA may contribute
uniquely to the yet-to-be determined etiology of postpartum depression.
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Serotonin concentrations in frontal cortex were also decreased in virgin females with decreased
brain DHA content compared to virgins females with normal brain DHA, in agreement with
findings in depressed humans (Garlow et al., 2004). Consistent with this observation, variation
in DHA levels have been associated with altered serotonin function in humans. Of note,
decreased plasma DHA levels resulting from alcoholism were correlated with increased
cerebrospinal fluid concentrations of the serotonin metabolite 5-HIAA (Hibbeln et al., 1998).
Likewise, plasma DHA levels were correlated with the density of platelet serotonin transporter
binding (De Vriese et al., 2004).

A difference in serotonin content in frontal cortex was also observed between parous dams
with normal and decreased DHA; however, brain DHA and reproductive status interacted such
that serotonin levels were higher in those with decreased DHA compared to those with normal
DHA, where serotonin levels were also decreased compared to virgin females with normal
DHA. While an increase in serotonin appears counter to current theories of depression, this
DHA-related effect may reflect differences in the etiologies of the non-puerperal and
postpartum disorders—an issue that must be resolved in future studies.

Interestingly, alterations in serotonin levels and turnover, but no alterations in 5-HTq or 5-
HT,a receptors, were observed in frontal cortex; whereas altered 5-HTq 4 receptor binding,
but no alteration in serotonin levels or turnover, were observed in hippocampus. While
numerous receptor alterations are known to result from changes in receptor stimulation as a
result of agonist or antagonist treatment or dennervation, the resulting effect on any given
receptor by a particular manipulation cannot be presumed [e.g., (Leysen et al., 1987, 1988)].
Likewise, it cannot be presumed that the receptor and neurotransmitter alterations observed in
this study are directly causally related to each other. The loss of brain DHA produced by the
treatments used in this study occur throughout the brain and affect a variety of systems by
multiple mechanisms (see Introduction). The net result of these effects are the neurochemical
changes reported here.

Altered brain DHA status in various animal models has also been associated with changes in
serotonergic function. Of note, diets that increased cortical DHA content increased cortical
serotonin content in piglets (de la Presa Owens and Innis, 1999). Rats raised from conception
with diet and breeding protocols that resulted in a 75% decrease in brain DHA exhibited altered
serotonergic neurotransmission and increased density of frontal cortical 5-HT,a receptors
(Delion et al., 1994, 1997); however it must be noted that the effects in these animals reflect a
much larger decrease in brain DHA content than that occurring in this study, as well as its
interactions with brain development.

Effects in the forced swim test

The forced swim test is an extensively validated predictor of antidepressant efficacy, in which
drugs with antidepressant efficacy decrease the time spent immobile, and has also been used
as a putative model of depressive behavior in rodents (Cryan et al., 2005). In this study using
female Long-Evans rats, reproductive status produced a pronounced effect on behavior in the
test, with parous dams exhibiting more time climbing and less time floating immobile (or
making other small movements necessary to maintain floating), than virgin females. Previous
studies have reported differences between the behavior of virgin females and nursing dams of
various rat strains at various time points during lactation in the forced swim test (Walker et al.,
1995, Galea et al., 2001); however, virgins and parous dams at weaning have not been directly
compared. Behavior in the forced swim test varies depending on a number of factors including
the rat strain, sex, dimensions of the apparatus, room lighting, hormonal status, and possibly
estrous cycle (Alonso et al., 1991, Pare and Redei, 1993, Walker et al., 1995, Porsolt et al.,
2000, Galea et al., 2001). These factors likely underlie the differences in the specific behaviors
observed in this and previous studies.
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In addition to the main effect of reproductive status, an interaction of reproductive status and
brain DHA content was observed. Whereas a decrease in brain DHA produced no alterations
in behavior in the forced swim test in virgin females, parous dams with decreased brain DHA
had significantly shorter latencies to immobility compared to those with normal brain DHA
levels. This behavioral difference could reflect the increase in hippocampal 5-HTq A receptors
or the increased corticosterone response detected in that group. Similar to this observation,
previous studies with male rats with manipulations in DHA status induced at various points in
development reported increased immobility in the forced swim test in those with lower brain
DHA contents (DeMar et al., 2006, Huang et al., 2006).

Implications of the present findings

The neurobiological effects observed in both virgin and parous rats with decreased brain DHA
(i.e., decreased hippocampal BDNF gene expression and increased relative corticosterone
response to an intense stressor) are attributable to changes in brain phospholipid fatty acid
composition involving a loss of DHA. In the instances where decreased brain DHA content
and reproductive status interacted to result in additional effects of decreased brain DHA in the
parous dams (e.g., increased hippocampal 5-HT4 4 binding, decreased latency to immobility
in the forced swim test, and increased corticosterone response to an intense stressor), the
hormonal and physiological changes related to the postpartum state likely play a role. However,
differences in the changes in overall brain phospholipid fatty acid composition between virgin
and parous rats with decreased brain DHA, specifically the greater compensatory incorporation
of DPA in parous dams compared to virgin females, could result in greater alteration in the
physicochemical properties of the neuronal membranes, and thus contribute to the effects
observed only in the parous dams with decreased DHA in addition to, or in concert with
postpartum status.

The similarity between the effects of reduced brain DHA observed in this study and the
neurobiological findings observed in humans with depression is concordant with the hypothesis
that a loss of brain phospholipid DHA content represents a contributing factor in the etiology
of depressive disorders in females. Neurobiological changes similar to those reported here may
also occur in males that experience a loss of brain DHA; however, this remains to be
determined. Previous studies with similar diet treatments in male rats failed to produce a
decrease in brain DHA content (Bourre et al., 1992). This suggests that females may be more
vulnerable to a loss of DHA than males, which could be one factor contributing to the higher
incidence of depression in women. An a-linolenic-deficient diet has been shown to decrease
brain DHA in adult male mice (McNamara et al., 2007b), suggesting that strain or species
differences may also exist. Although diet was used to manipulate brain DHA status in this
study, reduced levels of DHA in postpartum women may result from conditions other than a
dietary deficiency (e.g., a preexisting metabolic disorder, hypothetical pregnancy-associated
changes in fatty acid metabolism or transport, etc.). Even so, the present findings are likely
relevant to conditions involving decreased brain DHA regardless of its underlying cause. The
present data also suggest that the apparent therapeutic effects of treatment with long chain
PUFA supplements in depressive disorders (Freeman et al., 2006b) result from reversal of the
neurobiological effects of reduced brain DHA observed in this study. However, the ability to
restore the brain DHA content of an adult animal has yet to be demonstrated experimentally.
In addition, while it is interesting to speculate that a decrease in brain DHA occurring at any
point in the life-span may contribute to the development of depressive illness, it must be noted
that the DHA levels of specific brain regions are differentially affected when the adult brain
experiences a loss of DHA compared to a developing brain that had inadequate initial
accumulation of DHA (Levant et al., 2006b, 2007). Thus, it is likely that the neurobiological
consequences of low brain DHA content may differ in these models. It is also likely that the
interaction of low brain DHA with developmental processes in the immature animal contributes
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to distinct neurobiological changes than those occurring in an adult animal that experiences a
loss of brain DHA. Finally, the present data are consistent with a role for a decrease in brain
DHA as a factor in the etiology of depressive disorders; however, they do not establish the
requirement for altered DHA status in these diseases.

The present findings demonstrate specific alterations in neurobiology attributable to a decrease
in phospholipid brain DHA content of a similar magnitude to that reported in depressed humans
(McNamara et al., 2007a), parous status, or their interaction. These results are generally
consistent with neurobiological findings in depression and suggest that a loss of brain DHA
may represent one of the factors contributing to the etiologies of depressive illnesses. In view
of the low levels of n-3 PUFAs in Western diets, particularly relative to n-6 PUFAs, which
compete for metabolism into long chain PUFASs (Simopoulos, 2002), a loss of brain DHA
represents a viable causative factor in these disorders. Furthermore, a decrease in brain DHA
content interacts with other physiological changes occurring during the postpartum period. The
greater number of neurobiological and behavioral alterations observed in parous dams with
decreased brain DHA, combined with our previous observation of the increased vulnerability
for reproducing females to experience a loss of brain DHA (Levant et al., 2006a), suggests that
decreased brain DHA may be particularly relevant to the pathogenesis of postpartum
depression.
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Figure 1. Effects of diet in reproducing females on number of pups per litter (A), average pup

weight on postnatal day 1 (B), and male pup weight at weaning on postnatal day 20 (C)

Data are presented as the mean = SEM (n = 15 per group). Male weanling pups were each from
a different litter. No significant effects of diet or litter number were detected by ANOVA.
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Figure 2. Effects of brain DHA status and reproductive status on BDNF mRNA and peptide levels
in hippocampus

Data are presented as the mean + SEM (n = 10-11 per group for mRNA, 8-10 for peptide).
*Different from Virgin — Normal DHA (P<0.05).
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Figure 3. Effects of brain DHA status and reproductive status on behavioral response in the forced
swim test

Data are presented as the mean £ SEM (n = 12-14 per group). *Different from Virgin — Normal
DHA (P < 0.05). TDifferent from Virgin — Decreased DHA (P < 0.05). *Different from Parous
— Normal DHA (P < 0.05).
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Figure 4. Effects of brain DHA status and reproductive status on corticosterone secretion after
minimal or intense stressors

Minimal stress was defined normal handling. The five-min test session of the forced swim test
was used at the intense stressor. Data are presented as the mean £ SEM (n = 10-13 per group).
*Different from Virgin — Normal DHA (P < 0.05). TDifferent from Virgin — Decreased DHA
(P < 0.05). *Different from Parous — Normal DHA (P < 0.05).
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Table 1
Effects of diet and breeding treatments on the percentage of docosahexaenoic acid (DHA, 22:6n-3), docosapentaenoic
acid (DPA, 22:5n-6), and arachidonic acid (AA; 20:4n-6) in cortical phospholipids of female rats.

Group DHA DPA AA
(Percent of Total Fatty Acids)

Virgin — Normal DHA 14.3£0.67, 0.34+0.023 11.3+0.27

Virgin — Decreased DHA 10.8 + 0.54 1.8+0.11 10.8+0.34

Parous — Normal DHA 14.6 + 0_55T 0.45 + 0_044T 11.7 £0.52

Parous — Decreased DHA 107+064 T 24+018 T+ 11.6 £0.25

Data are presented as the mean + SEM (n = 8-9 per group) and are representative of those obtained from each of the four cohorts of rats used in these
studies.

*
Different from Virgin — Normal DHA (P<0.01).
7LDifferent from Virgin-Decreased DHA (P<0.01).

iDifferent from Parous-Normal DHA (P<0.01).

Parous dams underwent two sequential reproductive cycles (gestation and nursing), beginning at P75-80. Virgin females with normal DHA were fed the
control diet for 13 weeks, corresponding to two reproductive cycles, beginning at P75-80. Virgin females with decreased DHA were produced by feeding
the deficient diet for 6 months, starting at P56—60, thus bracketing the treatment period for the other groups.
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Table 2
Effects of diet and breeding treatments on body weight in female rats.

Group Weight (g)
Virgin — Normal DHA 3007
Virgin — Decreased DHA 318+6
Parous — Normal DHA 323 6*
Parous — Decreased DHA 334+11

Data are presented as the mean + SEM (n = 15 per group). Body weight was determined at the completion of the diet and breeding treatments immediately
prior to euthanasia, and is representative of those obtained from each of the four cohorts of rats used in these studies.

*
Different from Virgin — Normal DHA (P<0.05).
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Table 3
Effects of brain DHA content and reproductive status on the affinity and density of serotonin receptors in frontal cortex
and hippocampus.

Reproductive status/brain DHA content Bnax (fmol/mg protein) Kp (nM)

Frontal Cortex
5-HT, 5 receptor

Virgin — Normal DHA 93+6.2 1.4+0.23
Virgin — Decreased DHA 98+6.3 1.1+0.16
Parous — Normal DHA 97 +85 1.2+0.13
Parous — Decreased DHA 95+6.7 1.2+0.17
5-HT,, receptor
Virgin — Normal DHA 385+ 48 23+0.22
Virgin — Decreased DHA 403 +31 1.9+0.23
Parous — Normal DHA 413+ 23 23+0.24
Parous — Decreased DHA 393+21 20+£0.24

Hippocampus
5-HT 5 receptor

Virgin — Normal DHA 153+ 8.6 1.2+0.10
Virgin — Decreased DHA 139+ 15 1.3+0.21
Parous — Normal DHA 129+6.9 0.9+0.11
Parous — Decreased DHA 187 +5.41F 1.5+0.18
5-HT,, receptor
Virgin — Normal DHA 50+ 3.8 1.0+0.14
Virgin — Decreased DHA 61+3.3 1.4+£0.11
Parous — Normal DHA 57+3.7 1.3+0.09
Parous — Decreased DHA 51+4.2 1.2+£0.05

Data are presented as the mean + SEM (n = 8-10 per group).
7LDifferen'( from Virgin - Decreased DHA (P<0.01).

iDifferent from Parous - Normal DHA (P<0.01).
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