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Abstract

In rats, FDA-approved mood stabilizers used for treating bipolar disorder (BD) selectively
downregulate brain markers of the arachidonic acid (AA) cascade, which are upregulated in
postmortem BD brain. Phase I11 clinical trials show that gabapentin (GBP) is ineffective in
treating BD. We hypothesized that GBP would not alter the rat brain AA cascade. Chronic GBP
(10 mg/kg body weight, injected i.p. for 30 days) compared to saline vehicle did not significantly
alter brain expression or activity of AA-selective cytosolic phospholipase A, (CPLA,) IVA or
secretory (s) PLA 1A, activity of cyclooxygenase-2, or prostaglandin or thromboxane
concentrations. Plasma AA concentration was unaffected. These results, taken with evidence of an
upregulated AA cascade in the BD brain and that approved mood stabilizers downregulate rat
brain AA cascade, support the hypothesis that effective anti-BD drugs act by targeting the AA
cascade, and suggest that the rat model might be used for drug screening
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1. Introduction

Bipolar disorder (BD) is characterized by alternating phases of depression and mania. It
affects 1% to 5% of the adult population in the United States [1, 2]. BD is treated with the
FDA-approved mood stabilizers lithium, carbamazepine, sodium valproate and lamotrigine
[3-5]. The atypical antipsychotic olanzapine also is clinically effective and FDA-approved
[6]. Multiple signaling pathways have been suggested as targets of these drugs, but the
pathophysiology of BD and mechanisms by which these drugs provide therapeutic benefit
are not fully understood.

Since BD symptoms often are refractory to monotherapy, off-label drugs often are
prescribed as adjunctive therapy. One such drug, the anticonvulsant gabapentin (GBP), was
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reported to reduce bipolar symptoms in open-label clinical trials. However, in subsequent
randomized trials, GBP was shown to be ineffective as a treatment for BD patients with
manic, hypomanic, or mixed states, even when taken with lithium or valproate [7, 8].

Mood stabilizers approved for treating BD, as well as the atypical antipsychotic olanzapine,
downregulate brain arachidonic acid (AA) metabolic cascade markers when given
chronically to rats so as to produce therapeutically relevant plasma concentrations [9-12]. In
contrast, topiramate, which was suggested by initial Phase Il trials to be effective [13, 14],
but later shown in controlled Phase 111 trials to be ineffective [15], did not change the rat
brain AA cascade markers that were downregulated by the mood stabilizers and olanzapine
[16, 17]. Together, the data suggest that drugs effective and FDA-approved for BD target the
rat brain AA cascade. This conclusion is supported by reports that markers of the AA
cascade, as well as markers of neuroinflammation and apoptosis, are elevated in frontal
cortex of postmortem BD compared to control brain [10, 18]. Molecular brain AA cascade
markers include mRNA and protein levels of AA-selective calcium dependent cytosolic
phospholipase A, (cCPLAy) IVA, secretory sSPLA, I1A, cyclooxygenase (COX)-2, and
COX-1, and these can be measured in frozen rat or human brain. Markers that are valid only
in high-energy microwaved brain, thus brain tissue obtained in rodent studies, are
concentrations of unesterified AA, and of its eicosanoid metabolites, prostaglandin E,
(PGE,) and thromboxane B, (TXB,). Plasma concentrations of unesterified and esterified
AA, and of other long chain fatty acids can be measured in both rodents and humans [19].

The brain has limited capacity to synthesize AA from its precursor linoleic acid [20], but
derives it from the plasma unesterified pool [21]. This pool is maintained by adipose
lipolysis or the secretion of esterified AA (i.e. AA bound to phospholipids, triglycerides or
cholesteryl esters) by the liver, and is regulated by diet [22, 23].

As reported, the mood stabilizers when given to rats selectively downregulate brain markers
of the AA cascade, sparing turnover of palmitic acid and docosahexaenoic acid (DHA), and
expression of calcium independent iPLA, VIA, which is considered to be comparatively
selective for DHA metabolism and is unaffected by the mood stabilizers [24—26]. Based on
recent phase Il studies indicating that GBP is ineffective as adjunctive or primary therapy in
BD, despite reported positive open label trials, we hypothesized that GBP when
administered chronically to rats to produce a therapeutically relevant plasma concentration
would not target brain AA cascade markers. To the extent that this hypothesis is correct,
when combined with evidence that topiramate also does not target rat brain AA cascade
markers [16], would support the findings that drugs clinically effective in BD generally
target brain AA metabolism, whereas ineffective drugs do not.

To test our hypothesis, in the present study we administered GBP chronically for 30-days
i.p., to achieve a therapeutically relevant plasma concentration, and measured brain AA
cascade markers and plasma fatty acid concentrations. Rats were maintained on the same
low-AA and high-DHA NIH-31 diet (composition reported below) used in our past studies
involving the mood stabilizers and topiramate, to allow comparisons with our previous work
[27, 24, 28, 16, 17]. It is critical to maintain the same dietary conditions between studies,
because plasma and brain fatty acid concentrations and metabolism are dependent on their
synthesis-secretion by the liver and availability through the diet [29]. An abstract of part of
this work has been published [30].
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2. Methods

2.1. Animals and diets

The study was approved by the Animal Care and Use Committee of the Eunice Kennedy
Shriver National Institute of Child Health and Human Development and was conducted
following the National Institutes of Health Guidelines for the Care and Use of Laboratory
Animals (Publication no. 86-23). Male Fischer CDF 344 rats were obtained from Charles
River Laboratories (Wilmington, MA, USA) at 2 months of age. Sixteen rats (8 control and
8 GBP treated) were used for brain mRNA, protein and activity and for plasma fatty acid
measurements, and 16 rats were used for brain PGE, and TXB, measurements. The rats
were acclimated for 1 week in an animal facility with regulated temperature, humidity and
light cycle, and had free access to food and water. The diet (Rodent NIH-31 auto 18-4 diet,
Zeigler Bros, Gardners, PA, USA) contained (as % of total fatty acid) 20.1% saturated,
22.5% monounsaturated, 47.9% linoleic, 5.1% a-linolenic, 0.02% AA, 2.0%
eicosapentaenoic, and 2.3% DHA [31], thus was low in AA and high in DHA content.

GBP (RTI International, Research Triangle Park, NC, USA) was dissolved in 0.9% saline
(Hospira, Lake Forest, IL, USA) and injected i.p. at a dose of 10 mg/kg, once daily for 30
days. A control group received the same volume of saline (vehicle) under identical
conditions. The daily GBP dose was based on an accepted anticonvulsive therapeutic plasma
concentration of 2—-20 pg/ml in humans and was derived from a published linear relation
between dose and plasma concentration in rats [32, 33]. There is no established therapeutic
dose or plasma concentration range for BD. The selected dose in rats corresponds to a
plasma concentration of 5 pg/ml 2.5 hrs after administration of a single gavage dose, which
is within the therapeutic plasma concentration range in humans [32, 33]. On the 30t day,
one set of rats (n=16) was injected with saline or GBP, and two hours later, they were
euthanized by overdose of CO5 inhalation and decapitated. The brain was excised and blood
was collected into EDTA-containing tubes. Plasma was separated by centrifugation (13,000
rpm, 1 min). Another set of animals (n = 18) subjected to the same treatment conditions
were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and subjected to head-focused
microwave fixation (5.5 kW, 3.4 s, 90% power output (Cober Electronics, Norwalk, CT,
USA), to stop brain lipid metabolism [34]. Brain and plasma samples were stored at —80°C
until analyzed.

2.2. Total RNA isolation and real time PCR

The brain was dissected sagittally into three parts that were used for Western blotting (WB),
RT-PCR and activity measurements. Total RNA was isolated from the frontal cortex using
an RNeasy mini kit (Qiagen, Valencia, CA, USA). Complementary DNA was prepared from
total RNA using a high-capacity complementary DNA Archive kit (Applied Biosystems,
Foster City, CA, USA). mRNA levels of cPLA; IVA, sPLA; IIA, iPLA; VIA, COX-1 and
COX-2 were measured by quantitative RT-PCR, using an ABI PRISM 7000 sequence
detection system (Applied Biosystems). Specific primers and probes were purchased from
TagManP gene expression assays (Applied Biosystems), and consisted of a 20 X mix of
unlabeled PCR primers and Tagman minor groove binder probe (FAM dye-labeled). The
fold-change in gene expression was determined by the AAC; method [35]. Data are
expressed as fold-change of the target gene (CPLA, IVA, sSPLA; 1A, iPLA; VIA, COX-1
and COX-2) normalized to the level of endogenous control (B-2 microglobulin) and relative
to the standard (calibrator).

2.3. Western blot analysis

Proteins (50 pg) from the brain cytoplasmic and membrane extracts were separated on 4—
20% SDS-polyacrylamide gels (Bio-Rad, Hercules, CA, USA). Following electrophoresis,
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the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad) for
immobilization. Protein blots were incubated overnight in Tris-buffered-saline, containing
5% nonfat dried milk and 0.1% Tween-20, with specific primary antibodies (1:200 dilution)
for the group IVA cPLAy, group 1A sPLAy, group VIA iPLA,, COX-1 (1:1000), COX-2
(1:500) (Santa Cruz Biotech, Santa Cruz, CA, USA). Protein membranes were incubated
with appropriate horseradish peroxidase-conjugated secondary antibodies (Bio-Rad),
washed, treated with chemiluminiscent substrate and exposed to photographic film to detect
luminescence (Kodak, Rochester, NY, USA). Optical densities of immunoblot bands were
measured using Alpha Innotech Software (Alpha Innotech, San Leandro, CA, USA) and
were normalized to B-actin (Sigma-Aldrich, St Louis, MO, USA) to correct for unequal
loading. All experiments were carried out with 8 control and 8 GBP treated animals.

2.4. Plasma Fatty Acid concentrations

Total lipids were extracted from frozen plasma samples (150 1) by the Folch method [36],
after adding unesterified heptadecanoic acid as an internal standard. The extracts were
separated, alongside authentic standards, by thin layer chromatography on silica gel plates
(Whatman, Clifton, NJ, USA) using heptane :diethylether : glacial acetic acid (60:40:2 by
volume) as a solvent. The esterified (phospholipid, triglyceride and cholesteryl ester) and
unesterified fatty acid bands were scraped and an internal standard (di-17:0
phosphatidylcholine) was added to the esterified lipids. Esterified and unesterified lipids
were methylated with 1% methanolic H,SO4 and analyzed using a gas chromatograph
(Model 6890N detector; Agilent Technologies, Palo Alto, CA, USA) as described [37].

2.5. PLA, and COX activities

Brain tissue was homogenized in detergent-free buffer (3 vol, 10 mM HEPES, pH 7.5, with
1 mM EDTA, 0.34 M sucrose, and protease inhibitor cocktail (Roche, Indianapolis, IN,
USA) in a glass apparatus and centrifuged at 100,000 g (1 hr, 4°C). The supernatant was
separated and used for determining protein content and for cPLA, IVA, sSPLA; I1A, iPLA,
VIA, COX-1 and COX-2 activity measurements. Protein content was determined by the
Bradford assay (Bio-Rad). cPLA, and iPLA; activities were measured using a radioisotopic
method described elsewhere [38] and sPLA,, COX-1 and COX-2 activities were measured
with a commercial kit (Cayman, Ann Arbor, MI, USA) according to the manufacturer’s
instructions.

2.6. Brain PGE, and TXB, concentrations

In a separate experiment and 2 hours after the last of 30-day GBP or vehicle injections, the
rats were anesthetized with Nembutal (45 mg/kg, i.p.), and immediately subjected to head-
focused microwave irradiation (5.5 kW, 3.8 s (Cober Electronics, Stamford, CT, USA) to
stop postmortem brain lipid metabolism [39, 40, 16]. A half-brain was weighed,
homogenized with 18 volumes of hexane : isopropanol (3 : 2, by volume) and the
homogenates were centrifuged (800 g, 5 min). Tissue residues were rinsed with 3 x 2
volumes of the same solvent and the lipid extracts were pooled and concentrated to dryness
under N,. Concentrations of the PGE, and TXB, were measured using immunoassay kits
(Oxford Biochemical Research, Oxford, MI, USA) with polyclonal antibodies specific to
PGE, and TXB, according to the manufacturer’s instructions.

2.7. Statistical analysis

Data are presented as means + SEM. Data were analyzed using Student’s unpaired t-test
employing statistics software (Prism version 4.0b, GraphPad Software, San Diego, CA,
USA and Excel, Microsoft, Redmond, WA, USA). Statistical significance was taken at p <
0.05. P values for all measured markers are shown in the
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3. Results

3.1. mRNA, protein and activity of cPLA,, sPLA, and iPLA

There was no significant change in the cPLA, IVA, sPLA; I1A and iPLA; VIA protein or
activity levels in GBP treated rats compared to controls (Fig. 14, ¢, € £, A, /). There was a
significant 20% decrease in cPLA, IVA mRNA (Fig. 14) but no significant difference from
control in the mRNA level for sSPLA, 1A or iPLA, VIA in the GBP treated animals (Fig.
1d, g).

MRNA, protein and activity of COX-1 and COX-2—There was no change in the
MRNA, protein, or activity level of COX-1 in GBP treated rats (Fig. 2 a—¢). COX-2 protein
was reduced significantly, whereas mMRNA and activity levels were not altered significantly
(Fig. 2d-9.

Concentrations of PGE5 and TXB,—There was no significant change in brain PGE; or
TXB, concentration in GBP treated rats compared to controls (Fig. 3).

3.2. Plasma fatty acid concentrations

Of plasma unesterified fatty acids, the concentrations in nmol/ml for palmitate (16:0),
stearate (18:0) and a-linolenate (18:3 n-3) were significantly increased in GBP treated
compared with control rats (Table 1). Of esterified fatty acids within triglycerides,
phospholipids and cholesteryl esters, only stearate (18:0), y-linolenate (18:3 n-3) and
behenate (22:0) concentrations were increased significantly in cholesteryl esters of GBP-
treated rats (Table 1). Plasma unesterified and esterified concentrations of AA (20:4 n-6), as
well as eicosapentaenoic acid (EPA) (20:5 n-3) and docosahexaenoic acid (DHA) (22:6 n-3),
did not differ significantly between the two groups.

4. Discussion

GBP, an anticonvulsant that was reported in Phase 111 trials to lack clinical efficacy in BD
mania [7, 8], although suggested by open label trials to be effective, did not significantly
change most brain AA cascade markers (with the exception of reduced COX-2 protein and
cPLA; IVA mRNA levels), or plasma AA concentration, when given chronically to rats to
produce a therapeutically relevant plasma concentration. Our results lend indirect support to
the hypothesis that clinically effective drugs in BD target the brain AA cascade, whereas
clinically ineffective drugs such as GBP do not.

In contrast to these minimal effects of GBP in the rat, drugs that have shown efficacy in BD,
and have been approved by the FDA for its treatment (e.g. the mood stabilizers lithium,
carbamazepine, sodium valproate, and lamotrigine, and the atypical antipsychotic
olanzapine), downregulate or inhibit multiple markers of the brain AA cascade when given
chronically to adult rats (MRNA, protein and activity of cPLA, IVA by lithium and
carbamazepine, inhibition of acyl-CoA synthetase-4 activity by valproate, and reduced
COX-2 activity or protein and the PGE, concentration by each of the four mood stabilizers
and olanzapine), AA turnover in brain phospholipids (lithium, carbamazepine, valproate,
olanzapine), and plasma unesterified fatty acid including AA concentrations (olanzapine))
[41, 9, 42, 43]. None of the effective drugs or GBP altered expression of DHA-selective
iPLA; or, when tested, DHA turnover in rat brain phospholipids [24, 28]. Finally,
topiramate, another drug that had been reported based on Phase Il trials to be effective in BD
[13, 14] but later shown ineffective in controlled Phase 11 clinical trials [44], like GBP, did
not alter brain AA cascade markers or plasma AA concentration when given chronically to
rats at a relevant anticonvulsant dose [16, 17].
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Taken together, the present study and the published literature indicate that drugs that have
been proven clinically effective against BD downregulate multiple aspects of the rat brain
AA cascade, whereas two drugs suggested initially to work but later shown in Phase 1l
trials to be ineffective (GBP and topiramate) do not. Since the five effective drugs that target
rat brain AA metabolism have very different chemical structures, these results suggest that
drugs are effective against BD because they commonly downregulate important aspects of
the brain AA cascade, and that our rat model for assessing drug efficacy may be useful for
screening potential new anti-BD drugs [45].

Supporting the idea that targeting the cascade by the FDA-approved drugs contributes to
their clinical efficacy are data showing that markers of the cascade are upregulated in the
postmortem BD compared with control brain. These markers include mRNA and protein
levels of cPLA, IVA, COX-2, sPLA; IIA, and membrane prostaglandin E synthase
(mPGES). In contrast, MRNA and protein levels of iPLA, VIA, 5-, 12-, and 15-
lipoxygenase, thromboxane synthase and cytochrome p450 epoxygenase were not
significantly different, and levels of COX-1 and cytosolic PGES (cPGES) were reduced
[10]. The changes in the postmortem BD brain are accompanied by molecular evidence of
neuroinflammation, synaptic loss and apoptosis [46]. These findings support the AA
hypothesis of BD and extend it to GBP by further demonstrating that drugs ineffective in the
treatment of BD have no effect on the AA cascade enzymes.

The statistically significant reduction in COX-2 protein was not accompanied by a
significant change in COX-2 mRNA or activity, and the decline in cPLA, IVA mRNA did
not correlate with a change in its protein or activity. This is consistent with the lack of
change in brain PGE, and TXB>. Thus, unlike the mood-stabilizers, GBP did not reduce
PGE; concentration or COX activity [47, 48, 42], which correlates with its lack of clinical
efficacy in BD [7, 8]. Since we did not quantify GBP concentration in plasma, the fact that
cPLA,; mRNA and COX-2 protein were reduced, suggests that the drug was properly
delivered and that it entered the brain.

It is possible that other pathways that are targets of anti-BD drugs are also not regulated by
GBP. One suggested effect of the mood stabilizers in addition to the AA cascade is their
ability to cause neuronal cone growth spreading [49]. GBP or topiramate have not been
tested with regard to this growth cone effect, as far as we know, but it would be of interest to
do so.

Evidence indicates that the effective mood stabilizers, lithium, valproate, carbamazepine and
lamotrigine, when given chronically to rats, exert their effects on the brain AA cascade
directly, by mechanisms including blocking of glutamatergic N-methyl-D-aspartate and
dopaminergic D2-like receptors coupled to the activation of cPLA, [50-54]. On the other
hand, olanzapine’s effect seems to occur by its reducing the unesterified plasma AA
concentration by a peripheral mechanism, thereby limiting plasma AA availability to the
brain [9]. The present study indicates that GBP did not affect brain AA metabolism by either
a direct or indirect (via reducing unesterified plasma availability to brain) effect. The
measured concentrations of plasma esterified and unesterified fatty acids in this study are
similar to concentrations reported in other publications for unanesthetized rats maintained on
similar diets [25, 17].

In conclusion, GBP, when given chronically to rats, did not generally change the plasma
unesterified AA concentration or brain AA cascade metabolizing enzyme or activity levels.
Our negative findings are consistent evidence that GBP and topiramate, another
anticonvulsant, were no more effective than placebo in treating bipolar mania in double-
blind, randomized, placebo-controlled trials [7, 8, 44]. These results support the hypothesis
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that effective anti-BD drugs downregulate brain AA metabolism and that measuring AA
metabolic markers in rats could be useful to screen prospective anti-BD drugs.
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Fig. 1.

¢ @ ca
1PLA2 5o xos TN
B-Actin 42 kDe RN

PLA, mRNA, protein and activity levels in brains of gabapentin treated and control rats.
Mean mRNA for cPLA;, (p=0.02) (&); SPLA, (p=0.98) (d); and iPLA, (p=0.33) (g) in
control (open bars) and gabapentin (filled bars) treated rat brain (n = 6 in control and
gabapentin groups), measured using RT-PCR. mRNA levels in brain are normalized to the
endogenous control (B2 microglobulin) and relative to control level (calibrator), using the
AACt method. Mean brain protein levels with representative immunoblots for cPLA, IVA
(n =8 per group; p=0.88) (4); SPLA, I1A (n =8 per group; p=0.60) (¢); and iPLA, VIA
(A) (n =7 per group, gabapentin due to one outlier in each group that was removed; p =

0.15) from control and gabapentin treated rats. Data are ratios of optical densities of cPLA,,
SPLA,, or iPLA, expressed as percentage of control. Mean activity of cPLA; (n = 8, control
and n = 7, gabapentin, one sample omitted due to activity level below blank; p=0.38) (¢);
SPLA, (n = 8 per group; p=0.49) (5; and iPLA, (n = 8 per group; p=0.14) (/) in control
and gabapentin treated rat brain. Values are mean £ SEM, *p< 0.05
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Fig. 2.

Mean COX mRNA, protein and activity in brain of gabapentin treated and control rats.
Mean mRNA levels for COX-1 (p=0.90) (&) and COX-2 (p= 0.46) (a) in control (open
bars) and gabapentin (filled bars) treated rat brain (n = 6 per group), measured using RT-
PCR. Data are mRNA level normalized to the endogenous control (2 microglobulin) and
relative to control level (calibrator), using the AACt method. Mean protein levels with
representative immunoblots for COX-1(p= 0.83) (4) and COX-2 (p= 0.049) (¢) in control
and gabapentin treated rat brain (n = 8 per group). Data are ratios of optical densities of
COX-1 or COX-2 expressed as percentage of control. Mean activity of COX-1 (n=6, control
(one sample omitted due to activity below level of blank and one outlier removed) and n=8,
gabapentin; p=0.41) (C) and COX-2 (n=7, control (one sample omitted due to activity
below level of blank) and n=8, gabapentin; p=0.91) (4 in control and gabapentin treated rat
brain. Values are mean £ SEM, *p< 0.05
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PGE, and TXB, concentrations in brain of gabapentin treated and control rats. Mean
concentrations (ng/ml) of PGE; (n = 8, control and n = 9 gabapentin (one control sample
omitted because its concentration was 6-fold greater than the mean, suggesting inadequate
microwave fixation; p = 0.85)(&) and TXB, (4) in control (open bars) and gabapentin (filled
bars) treated rat brain (n = 9 per group; p= 0.85), determined by an ELISA assay. Values
are mean + SEM.
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