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Abstract
Orbitofrontal cortex (OFC, Brodmann area 10) gray matter volume reductions and selective
reductions in docosahexaenoic acid (DHA, 22:6n-3) are observed in adult patients with major
depressive disorder (MDD). OFC gray matter volume also decreases with advancing age in healthy
subjects. To examine if OFC gray matter DHA composition decreases during normal aging, we
determined age-related changes in OFC gray matter fatty acid composition by gas chromatography
in subjects aged 29−80 years (n=30). We additionally determined elongase (HELO1), delta-5
desaturase (FASD1), delta-6 desaturase (FASD2), peroxisomal (PEX19), and stearoyl-CoA
desaturase (SCD) mRNA expression in the same tissues. Increasing age was associated with a
progressive decline in polyunsaturated fatty acid (PUFA) composition, including DHA and
arachidonic acid (AA, 20:4n-6), and transient, apparently compensatory, elevations in elongase and
desaturase gene expression. The age-related reduction in PUFA composition was inversely correlated
with SCD expression and activity resulting in elevations in monounsaturated fatty acid composition.
These dynamic age-related changes in OFC gray matter fatty acid composition and biosynthetic gene
expression may contribute to the progressive decline in OFC gray matter volume found with
advancing age. The implications of age-related reductions in OFC PUFA composition for affective
dysregulation in the elderly are discussed.
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1. Introduction
Emerging evidence from lesion and imaging studies suggest that the human orbitofrontal cortex
(OFC, Brodmann area 10) plays a critical role in both cognitive and affective regulation [1].
Among the different prefrontal cortex subregions, the OFC is particularly vulnerable to age-
related reductions in gray matter volume [2-5] and function [6-8] in otherwise healthy subjects.
Moreover, reductions in OFC gray matter volume are observed in both young [9,10] and
geriatric [11,12] patients with major depressive disorder (MDD) relative to age-matched
healthy controls. Although postmortem histological studies suggest that reductions in OFC
gray matter volume during normal aging and in MDD are due to neuronal shrinkage rather than
neuronal loss [13-15], little is known about the environmental and/or genetic factors that
contribute to reductions in OFC gray matter volume and associated affective dysregulation.

Emerging evidence from clinical and preclinical studies suggests that omega-3 polyunsaturated
fatty acids (PUFA) play an important role in cortical maturation and function during perinatal
development [16]. Dietary-induced deficits in the principal brain omega-3 fatty acid,
docosahexaenoic acid (DHA, 22:6n-3), during perinatal development is associated with
neuronal shrinkage in the adult rat brain [17], and aged rodents exhibit significant deficits in
cortical DHA composition [18-20]. A recent imaging study found that dietary omega-3 fatty
acid composition was positively correlated with cortical gray matter volume in healthy adult
subjects [21], and we have recently found that adult patients with MDD exhibit significant and
selective DHA deficits in the postmortem OFC relative to age-matched controls [22].
Collectively, these data support the hypothesis that the neuronal shrinkage and reductions in
gray matter volume observed in the OFC during aging and in MDD may be due in part to
reductions in DHA composition.

In the present study, we determined age-related changes in OFC gray matter fatty acid
composition by gas chromatography in normal subjects aged 29−80 years (n=30). Our specific
prediction was that increasing age would be associated with a progressive decline in DHA
composition. Because aged rodents exhibit abnormalities in cortical fatty acid composition
despite dietary precursor availability [18-20], we also determined the expression of the
principal lipogenic genes that regulate fatty acid biosynthesis in the same tissues by real-time
reverse transcriptase polymerase chain reaction (RT-PCR). Principal lipogenic genes include
delta-5 desaturase (FASD1)[23], delta-6 desaturase (FASD2)[24], elongase (HELO1
[ELOVL5])[25], the peroxisome assembly gene PEX19 [26], and stearoyl-CoA desaturase
(SCD)[27]. It was hypothesized that age-related alterations in fatty acid composition would be
associated with parallel changes in lipogenic gene expression. We report that increasing age
is associated a progressive decline in PUFA composition, including DHA and arachidonic acid
(AA, 20:4n-6), transient, apparently compensatory, elevations in elongase and desaturase gene
expression, and associated elevations in SCD expression and activity.

2. Methods and Materials
2.1. Postmortem brain tissue

Frozen, unfixed, postmortem orbitofrontal cortex (Brodmann area 10) gray matter from human
subjects aged 29−80 years at time of death was used. Comparison of subject and postmortem
tissue variables following stratification into four age subgroups is presented in Table 1. Brain
tissue was obtained from the Stanley Research Foundation Neuropathology Consortium and
the Harvard Brain Tissue Resource Center. Postmortem human brain tissues were de-identified,
and therefore did not require protocol approval by the University of Cincinnati IRB.
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2.2. Gas chromatography
The gas chromatography (GC) procedure has been described in detail previously [22,28].
Frozen cortical gray matter samples were analyzed with a Shimadzu GC-17A GC (Shimadzu
Scientific Instruments Inc., Columbia MD). The column was a DB-23 (123−2332): 30 m
(length), I.D. (mm) 0.32 wide bore, film thickness of 0.25 μM (J&W Scientific, Folsom CA).
The GC conditions were: column temperature ramping by holding at 120°C for one minute
followed by an increase of 5°C/min from 120−240°C. The temperature of the injector and
flame ionization detector was 250°C. A split (8:1) injection mode was used. The carrier gas
was helium with a column flow rate of 2.5 ml/min. Analysis of fatty acid methyl esters was
conducted with Shimadzu Class VP 4.3 software. Fatty acid identification was based on
retention times of authenticated fatty acid methyl ester standards (Matreya LLC Inc., Pleasant
Gap PA). Fatty acid composition data is expressed as weight percent of total fatty acids (mg
fatty acid/100 mg fatty acids). We have previously demonstrated that wt % total data are highly
correlated with total mass data (nmol/g)(r=0.995, p≤0.0001)(McNamara et al., 2008). Fatty
acid class changes were assessed by summing individual compositions of principal saturated
fatty acids (∑14:0, 16:0, 18:0), monounsaturated fatty acids (∑16:1n-7, 18:1n-7, 18:1n-9,
20:1n-9), and polyunsaturated fatty acids (∑18:2n-6, 20:3n-6, 20:4n-6, 22:4n-6, 22:5n-6,
22:6n-3).

2.3. RT-PCR
The real-time reverse transcriptase polymerase chain reaction (RT-PCR) procedure has been
described in detail previously [29]. Primers and fluorogenic probes (Midland Certified Reagent
Company, Midland, TX) were designed using Primer Express v.2.0 software (Applied
Biosystems, Foster City, CA) based on the human mRNA sequence. Primer and probe
sequences are presented in Table 2. Each probe was conjugated to a FAM reporter at the 5’
end and a TAMRA quencher at the 3’ end. The reverse primer for probes spanned an exon-
intron junction to obviate genomic DNA contamination. Each primer pair yielded a single band
on agarose gels for HELO1 (123 bp), FASD1 (80 bp), FASD2 (88 bp), PEX19 (159 bp), and
SCD (150 bp). Reverse transcription was performed using the 9600 GeneAmp thermocycler
(Perkin-Elmer, Norwalk, CT). The relative quantities for mRNA were normalized to GAPDH
mRNA values obtained from the same tissue sample.

2.4. Statistical analysis
Parametric linear regression analyses were used to determine the relationship between age at
death, fatty acid compositions, and mRNA gene expression. Additionally, subjects were
segregated into four age subgroups (29−35 yrs, 41−45 yrs, 52−59 yrs, and 65−80 yrs), and a
one-way ANOVA was used to assess subgroup differences in postmortem tissue variables.
Pairwise comparisons of continuous variables were performed using unpaired t-tests (2-tailed),
and exact p-values reported. All statistical analyses were performed with GB-STAT software
(Dynamic Microsystems, Inc., Silver Springs MD).

3. Results
3.1. Postmortem tissue variables

Age at death was not correlated with brain pH (r = +0.01, p=0.921), and a one-way ANOVA
found that brain pH did not differ among the four age subgroups, F(3,26)=1.12, p=0.357. Age
was inversely correlated with whole brain weight (g) (r = −0.39, p=0.035), and a one-way
ANOVA found that brain weight differed among the four age subgroups, F(3,26)=4.97,
p=0.007. Brain weight in the 65−80 year subgroup was significantly lower than the 41−45 year
(p≤0.05) and 52−59 year (p≤0.01) subgroups. Regression analyses found that brain weight was
not significantly correlated with the composition of any fatty acid class (SFA, MUFA, PUFA),
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individual fatty acid, fatty acid ratio, or mRNA expression level (p≥0.05). Age at death was
inversely correlated with postmortem interval (PMI)(r = −0.45, p=0.012), and a one-way
ANOVA found that PMI differed among the four age subgroups, F(3,26)=3.01, p=0.048. The
29−35 year age subgroup had a longer PMI relative to the 65−80 year age subgroup (p=0.023).
PMI was not significantly correlated with the composition of fatty acid class (SFA, MUFA,
PUFA), individual fatty acid, fatty acid ratio, or mRNA expression level (p≥0.05).

3.2. Gender
Neuroimaging studies have found that male and female OFC volumes decline with age at a
similar rate [3], and we have found that OFC fatty acid composition does not differ in normal
age-matched male and female subjects (McNamara et al., 2007, 2008). Comparison of the fatty
acid composition in male (n=19, mean age: 48.3±12.1 S.D.) and female (n=11, mean age: 54.8
±16.6 S.D., p=0.226) subjects did not find significant gender differences in ∑SFA composition
(p=0.101), ∑MUFA composition (p=0.117), or ∑PUFA composition (p=0.154). Males and
females also exhibited similar age-related changes in ∑SFA composition (male: r = −0.46,
female: r = −0.35), ∑MUFA composition (male: r = +0.49, female: r = +0.43), and ∑PUFA
composition (male: r = −0.46, female: r = −0.38). Similarly, males and females also exhibited
comparable age-related changes in oleic acid (18:1n-9)(male: r = +0.49, female: r = +0.38),
AA (20:4n-6)(male: r = −0.42, female: r = −0.37), and DHA (22:6n-3) (male: r = −0.33, female:
r = −0.41) compositions. There also no gender differences for HELO1 (p=0.678), FASD1
(p=0.308), FASD2 (p=0.854), PEX19 (p=0.298), or SCD (p=0.655) mRNA expression.
Genders were therefore combined for subsequent analyses.

3.3. Fatty acid composition
Age-related changes in SFA, MUFA, and PUFA compositions are illustrated in Figure 1A.
Age was inversely correlated with ∑SFA composition (r = −0.45, p=0.013) and ∑PUFA
composition (r = −0.45, p=0.012), and positively correlated with ∑MUFA composition (r =
+0.49, p=0.005). ∑SFA composition declined by 9% (p=0.002), ∑PUFA composition declined
by 15% (p=0.005), and ∑MUFA composition increased by 21% (p=0.002) in the oldest (65
−80 years) versus the youngest (29−35 years) subgroup. ∑PUFA was positively correlated
with ∑SFA (r = +0.96, p≤0.0001), and inversely correlated with ∑MUFA (r = −0.95,
p≤0.0001), and ∑SFA and ∑MUFA were inversely correlated (r = −0.95, p≤0.0001).
Accordingly, age at death was positively correlated with ∑MUFA:∑SFA (r = +0.47, p=0.009),
∑SFA:∑PUFA (r = +0.39, p=0.031) and ∑MUFA:∑PUFA (r = +0.45, p=0.011) ratios (Fig.
1B). The ∑SFA:∑PUFA ratio (+7%, p=0.02), the ∑MUFA:∑PUFA ratio (+34%, p=0.002),
and the ∑MUFA:∑SFA ratio (+29%, p=0.002) increased in the oldest versus the youngest
subgroup.

Among individual SFAs, age was inversely correlated with stearic acid (18:0) composition
(r = −0.74, p≤0.0001) but not myristic acid (14:0)(r = +0.34, p=0.064) or palmitic acid (16:0)
(r = −0.29, p=0.117) compositions (Fig. 2A). Palmitic acid (19%, p=0.042) and stearic acid
(110%, p=0.001) compositions, but not myristic acid (14:0)(+21%, p=0.129), decreased in the
oldest versus youngest subgroups. Among individual MUFAs, age was positively correlated
with oleic acid (18:1n-9)(r = +0.47, p=0.008), palmitioleic acid (16:1n-7)(r = +0.57, p=0.0009),
cis-vaccenic acid (18:1n-7)(r = +0.52, p=0.003), and eicosenoic acid (20:1n-9)(r = +0.38,
p=0.039)(Fig. 2B). Palmitioleic acid (+18%, p=0.021), eicosenoic acid (+47%, p=0.004), cis-
vaccenic acid (+19%, p=0.004), and oleic acid (+28%, p=0.004) increased in the oldest versus
the youngest subgroup. Age was positively correlated with 18:1/18:0 (r = +0.54, p=0.002) and
16:1/16:0 (r = +0.61, p=0.0003) ratios, and the 18:1/18:0 (+28%, p=0.0007)(Fig. 2C) and
16:1/16:0 (+26%, p=0.004)(Fig. 2E) ratios increased significantly in the oldest versus the
youngest subgroup. Age was not significantly correlated with 20:1n-9/18:1n-9 (r = +0.35,
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p=0.056) or 18:1n-7/16:1n-7 (r = −0.12, p=0.527) ratios, and the 20:1n-9/18:1n-9 ratio
increased by 34% (p=0.004)(Fig. 2E), and the 18:1n-7/16:1n-7 ratio by 2% (p=0.796)(Fig. 2F)

Omega-6 PUFA composition (∑18:2n-6, 20:3n-6, 20:4n-6, 22:4n-6, 22:5n-6) was inversely
correlated with age (r = −0.45, p=0.012), and was significantly decreased in the oldest versus
the youngest subgroup (110%, p=0.001). Age was inversely correlated with arachidonic acid
(AA, 20:4n-6)(r = −0.44, p=0.014) and docosapentaenoic acid (DPA, 22:5n-6)(r = −0.74,
p≤0.0001) compositions, which decreased in the oldest subgroup by 15% (p=0.008) and 37%
(p=0.008), respectively (Fig. 3A). Conversely, age was positively correlated with linolenic
acid (18:2n-6) composition (r = +0.37, p=0.043), which increased by 21% (p=0.129) in oldest
versus the youngest subgroup (Fig. 3A). Age was not significantly correlated with eicosenoic
acid (20:3n-6)(r = +0.06, p=0.743) or adrenic acid (22:4n-6)(r = +0.07, p=0.724) compositions
(Fig. 3A). Age was inversely correlated with 20:4/18:2 (r = −0.48, p=0.007) and 22:5/22:4
(r = −0.48, p=0.009) ratios, but not with 20:3/18:2 (r = −0.30, p=0.111), 20:4/20:3 (r = −0.27,
p=0.151), or 22:4/20:4 (r = +0.35, p=0.059) ratios (Fig. 3B). The 20:4/18:2 (130%, p=0.035)
and 22:5/22:4 (138%, p=0.013) ratios decreased in the oldest versus the youngest subgroup
(Fig. 3B). Age was inversely correlated with the principal omega-3 PUFA docosahexaenoic
acid (DHA, 22:6n-3)(r = −0.40, p=0.027), which decreased by 22% (p=0.024) in the oldest
versus the youngest subgroup (Fig. 3C). Consistent with a previous report (Carver et al., 2001),
the omega-3 fatty acids α-linolenic acid (18:3n-3) and eicosapentaenoic acid (20:5n-3) were
below the limit of detection in our postmortem brain samples. Age was not significantly
correlated with the AA:DHA ratio (r = +0.28, p=0.137)(Fig. 3D).

3.4. Lipogenic gene expression
3.4.1. Elongase (HELO1) mRNA—Among all subjects, HELO1 mRNA expression
exhibited an inverted-U shaped expression pattern with increasing age and did not correlate
significantly with age (r = +0.02, p=0.926). After removal of the 65−80 year age subgroup,
HELO1 was positively correlated with age (r = +0.57, p=0.018). The 52−59 year age subgroup
exhibited significantly greater HELO1 mRNA expression relative to the 29−35 year age
subgroup (+49%, p=0.002)(Fig. 4). Only after the removal of the 65−80 year subgroup,
HELO1 mRNA expression was inversely correlated with ∑PUFA (r = −0.67, p=0.005),
∑omega-6 (r = −0.74, p=0.0006), arachidonic acid (r = −0.67, p=0.003), and DHA (r = −0.75,
p=0.0007) compositions, and was positively correlated with the 22:4/20:4 ratio (r = +0.58,
p=0.014). HELO1 mRNA expression was also positively correlated with gondoic acid
(20:1n-9)(r = +0.78, p=0.0004), oleic acid (18:1n-9)(r = +0.80, p=0.0002), and the 20:1/18:1
ratio (r = +0.60, p=0.002).

3.4.2. Delta-5 desaturase (FASD1) mRNA—Among all subjects, FASD1 mRNA
expression was not significantly correlated with age (r = +0.08, p=0.675). After removal of
the 65−80 year age subgroup, FASD1 was positively correlated with age (r = +0.59, p=0.014).
The 52−59 year age subgroup exhibited significantly greater FASD1 mRNA expression
relative to the 29−35 year age subgroup (+37%, p=0.013)(Fig. 4). ∑PUFA was inversely
correlated with FASD1 mRNA expression (r = −0.47, p=0.017). FASD1 mRNA expression
was inversely correlated with omega-6 PUFA composition before (r = −0.61, p=0.001) and
after (r = −0.76, p=0.0003) removal of the 65−80 year subgroup. Among all subjects,
FASD1 mRNA was inversely correlated with 20:4n-6 (r = −0.51, p=0.009), 20:3n-6 (r = −0.52,
p=0.008), and 22:5n-6 (r = −0.59, p=0.002) compositions, and positively correlated with the
20:4/20:3 ratio (r = +0.49, p=0.025). FASD1 mRNA was inversely correlated with DHA
composition before (r = −0.42, p=0.042) and after (r = −0.52, p=0.026) removal of the 65−80
year subgroup.
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3.4.3. Delta-6 desaturase (FASD2) mRNA—FASD2 mRNA expression was not
significantly correlated with age before (r = −0.05, p=0.809) or after (r = +0.37, p=0.128)
removal of the 65−80 year subgroup. The 52−59 year age subgroup exhibited greater, but not
statistically significant, FASD2 mRNA expression relative to the 29−35 year age subgroup
(+28%, p=0.13)(Fig. 4). FASD2 mRNA expression was inversely correlated with ∑PUFA (r
= −0.60, p=0.011) and ∑omega-6 (r = −0.52, p=0.028) only after removal of the 65−80 year
age subgroup. Among all subjects, FASD2 mRNA was inversely correlated with 18:2n-6
composition (r = −0.54, p=0.006) and positively correlated with the 20:4/18:2 ratio (r = +0.62,
p=0.001). Only after removal of the 65−80 year subgroup was FASD2 mRNA inversely
correlated with DHA composition (r = −0.52, p=0.031).

3.4.4. Peroxisome (PEX19) mRNA—The final synthesis of DHA and docosapentaenoic
acid (DPA, 22:5n-6) require processing with peroxisomes, and PEX19 is a peroxisome
membrane assembly gene required for peroxisome function [26,30,31]. Among all subjects
(r = +0.09, p=0.964) and after removal of the 65−80 year age subgroup (r = +0.34, p=0.184),
PEX19 mRNA expression was not significantly correlated with age. The 52−59 year age
subgroup exhibited a non-significant increase in PEX19 mRNA expression relative to the 29
−35 year age subgroup (+23%, p=0.28)(Fig. 4). DHA composition was not correlated with
PEX19 mRNA expression among all subjects (r = +0.27, p=0.19) or after removal of the 65
−80 year subgroup (r = −0.004, p=0.987). DPA (22:5n-6) composition was not correlated with
PEX19 mRNA expression among all subjects (r = −0.27, p=0.213) or after removal of the 65
−80 year subgroup (r = −0.33, p=0.221). Adrenic acid (22:4n-6), the pre-peroxisome precursor
of DPA, was not correlated with PEX19 mRNA expression among all subjects (r = −0.31,
p=0.121) or after removal of the 65−80 year subgroup (r = −0.19, p=0.445). PEX19 mRNA
expression was not significantly correlated with the 22:5/22:4 ratio among all subjects (r =
−0.11, p=0.587) or after removal of the 65−80 year subgroup (r = −0.27, p=0.281).

3.4.5. Stearoyl-CoA desaturase (SCD) mRNA—SCD mediates the synthesis of oleic
acid (18:1) and palmitioleic acid (16:1) from stearic acid (18:0) and palmitic acid (16:0),
respectively [32]. Among all subjects, SCD mRNA expression was not significantly correlated
with age (r = −0.06, p=0.761). After removal of the 65−80 year age subgroup, SCD mRNA
was positively correlated with age (r = +0.58, p=0.019). The 52−59 year age subgroup exhibited
significantly greater SCD mRNA expression relative to the 29−35 year age subgroup (+47%,
p=0.021)(Fig. 4). Among all subjects, SCD mRNA expression was inversely correlated with
∑SFA composition (r = −0.50, p=0.012), and positively correlated with both ∑MUFA
composition (r = +0.56, p=0.005) and the ∑MUFA:∑SFA ratio (r = +0.55, p=0.004). Among
all subjects, SCD mRNA expression was inversely correlated with palmitic acid (r = −0.57,
p=0.003), but not stearic acid (r = −0.24, p=0.251) or myristic acid (r = +0.12, p=0.590). After
removal of the 65−80 year age subgroup, SCD mRNA expression was inversely correlated
with stearic acid (r = −0.52, p=0.027). SCD mRNA expression was significantly positively
correlated with eicosenoic acid (r = +0.61, p=0.002), cis-vaccenic acid (r = +0.42, p=0.042),
and oleic acid (r = +0.54, p=0.006), but not palmitioleic acid (r = −0.00, p=0.989). Among all
subjects, SCD mRNA expression was positively correlated with the 18:1/18:0 ratio (r = +0.49,
p=0.015) but not the 16:1/16:0 ratio (r = +0.35, p=0.106). After removal of the 65−80 year age
subgroup, SCD mRNA was also positively correlated with the 16:1/16:0 ratio (r = +0.49,
p=0.038).

3.5. PUFA regulation of stearoyl-CoA desaturase activity and expression
Prior studies have found that PUFAs, including linolenic acid (18:2n-6), arachidonic acid, and
DHA, reduce SCD1 mRNA expression in rodent hepatic and adipose tissue [33]. PUFA
(∑18:2n-6, 20:3n-6, 20:4n-6, 22:4n-6, 22:5n-6, 22:6n-3) composition was inversely correlated
with 18:1/18:0 (r = −0.93, p≤0.0001) and 16:1/16:0 (r = −0.72, p≤0.0001) ratios, as well as
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SCD mRNA expression (r = −0.42, p=0.036). Linolenic acid composition was inversely
correlated with 18:1/18:0 (r = −0.63, p=0.0006) and 16:1/16:0 (r = −0.51, p=0.014) ratios, as
well as SCD mRNA expression (r = −0.41, p=0.041). AA (20:4n16) composition was inversely
correlated with 18:1/18:0 (r = −0.92, p≤0.0001) and 16:1/16:0 (r = −0.70, p≤0.0001) ratios
(Fig. 5A,B), as well as SCD mRNA expression (r = −0.47, p=0.016). Similarly, DHA
composition was inversely correlated with 18:1/18:0 (r = −0.91, p≤0.0001) and 16:1/16:0 (r =
−0.73, p≤0.0001) ratios (Fig. 5C,D), and SCD mRNA expression (r = −0.53, p=0.011).

4. Discussion
Based on prior imaging, postmortem, and preclinical studies suggesting that DHA deficits may
be associated with reductions in cortical gray matter volume, we hypothesized that the age-
related decline in OFC gray matter volume would be associated with a progressive decline in
OFC DHA composition. Consistent with this hypothesis, OFC DHA composition exhibited a
progressive decline with increasing age, and decreased by 22% in the oldest versus the youngest
age group. We also found that the principal omega-6 PUFA, arachidonic acid (AA, 20:4n-6),
exhibited a progressive reduction with age and decreased by 15% in the oldest versus the
youngest age group. The age-related decline in both DHA and AA composition was associated
with elevations, rather than reductions, in OFC elongase and desaturase gene expression
suggesting compensatory up-regulation. We additionally found that increasing age was
associated with a progressive decline in saturated fatty acid (SFA) composition, including
stearic acid and palmitic acid, and reciprocal elevations in monounsaturated fatty acid (MUFA)
composition, including oleic acid and palmitoleic acid, findings consistent with increasing
SCD activity [32]. The MUFA:SFA, oleic acid:stearic acid, and palmitoleic acid:palmitic acid
ratios all progressively increased with age, whereas the increase in SCD mRNA expression
was transient. Consistent with the repression of SCD gene expression and activity by PUFAs
[33], elevations in SCD mRNA expression and activity were inversely correlated with PUFA
composition. Collectively, these data indicate that increasing age is associated with dynamic
and interrelated changes in OFC gray matter fatty acid composition and lipogenic gene
expression.

The age-related decline in both DHA and AA, and associated elevation in oleic acid, are also
observed in the aged rat prefrontal cortex despite the availability of dietary omega-3 and
omega-6 PUFA precursors [18-20]. This finding suggests that the age-related decline in cortical
DHA and AA composition is due to reduced biosynthesis from dietary precursors. This is
supported by the finding that aged rodents exhibit reductions in hepatic delta-6 and delta-5
desaturase activity [34,35]. In the present study, increasing age was associated with transient
elevations in delta-5 and delta-6 desaturase and elongase mRNA expression during declining
DHA and AA composition, suggesting a compensatory up-regulation secondary to dietary
deficiency. Although there were no data available regarding the PUFA composition of the diets
of the subjects used in this study, preclinical studies have found that hepatic delta-5 and delta-6
desaturase mRNA expression also increase in response to dietary PUFA insufficiency [23,
24,36,37]. However, a recent study found that selective dietary omega-3 fatty acid deficiency
and associated brain DHA deficits did not alter delta-5 and delta-6 desaturase or elongase
mRNA expression in adult rat brain [37]. The discrepancy between the latter finding and the
elevations in elongase and desaturase expression observed in the present study is not clear, and
may be due to species and/or age-related differences in cortical lipogenic gene regulation.
Consistent with compensatory up-regulation in human brain tissue, we have found that
selective deficits in DHA composition in the OFC of MDD patients is associated with
significant elevations in delta-6 desaturase (FASD2) mRNA expression relative age-matched
controls (+38%, p=0.02) (McNamara, unpublished observations).
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The final synthesis of DHA (22:6n-3) and docosapenaenoic acid (DPA, 22:5n-6) from fatty
acid precursors require metabolism within peroxisomes [38]. Peroxisomal biogenesis disorders
including Zellweger syndrome are also associated with deficits in cortical DHA and DPA
composition [39], and mutations in peroxisome assembly genes including PEX19 [26]. The
aged rodent brain exhibits deficits in peroxisomal-mediated β-oxidation [40] and deficits in
cortical DHA and DPA composition [18]. Consistent with an age-related decline in cortical
peroxisome function, we found that increasing age was associated with a progressive decline
in both DHA and DPA compositions. Although the peroxisomal assembly gene PEX19 has
been found to be essential for peroxisomal formation and function [26,30,31], we found that
PEX19 mRNA expression did not exhibit significant age-related alterations in association with
declining DHA and DPA compositions. Nevertheless, it is possible that polymorphisms within
the PEX19 gene, and/or reductions in the expression of other peroxisomal assembly genes,
may also contribute to impaired peroxisomal function. The present findings suggest that a more
comprehensive analysis of peroxisomal function in the aging OFC is warranted.

The synthesis of oleic acid (18:1) and palmitioleic acid (16:1) from stearic acid (18:0) and
palmitic acid (16:0), respectively, is mediated by stearoyl-CoA desaturase (SCD)[32]. The
human SCD gene has been cloned and is highly expressed in human brain and liver [27]. In
the present study, we found that SCD mRNA was expressed in human OFC gray matter and
to be positively correlated with indices of SCD activity. Furthermore, we found that increasing
age was associated with a progressive increase in SCD activity and a transient increase in
SCD mRNA expression. Consistent with prior preclinical studies finding that SCD gene
expression is negatively regulated by PUFAs, including linolenic acid, AA, and DHA, at the
level of transcription and mRNA stability [33], we found that OFC PUFA composition was
inversely correlated with both SCD mRNA expression and activity. This finding may take on
additional significance in view of evidence implicating SCD in central [41] and peripheral
[42] myelin synthesis and age-related oligodendrocyte pathology [43,44]. Moreover, we have
recently found that SCD mRNA expression and activity is significantly reduced, and PUFA
composition significantly increased, in OFC gray matter of patients with multiple sclerosis
(McNamara et al., manuscript in preparation). Together these findings suggest that cortical
PUFA composition is an important determinant of local SCD expression and activity which
may have potential implications for myelin integrity.

The age-related decline in OFC PUFA composition may have implications for affective
regulation. For example, the decline in OFC DHA composition found between the youngest
and oldest age groups (122%) is the same as the DHA deficit previously found in the OFC of
adult (46.5 ± 9.3 years) MDD patients relative to age-matched controls (122%)[22]. Although
the subjects used in this study were not clinically diagnosed with major depression, the
incidence of clinically-significant subsyndromal or minor depression increases progressively
with advancing age and is frequently not diagnosed or treated [45], and the majority of subjects
died from cardiovascular-related disorders which places them at increased risk for
subsyndromal depression [46]. It is also of interest that the observed agerelated decline in DHA
and AA, and associated elevation in SCD activity, are also observed in the OFC of young adult
(39.6 ± 10 years) patients with bipolar disorder [28]. Within the context of the present findings,
these data would suggest that young adult patients with bipolar disorder or MDD exhibit
premature age-related deficits in OFC PUFA composition. Furthermore, the finding that
increasing age, MDD, and bipolar disorder are all associated with neuronal shrinkage in the
OFC [13], reductions in OFC gray matter volume [2,9,47], and OFC DHA deficits [present
results, 22,28], suggests that these may be interrelated phenomenon. This is supported by the
findings that dietary-induced DHA deficits reduce neuronal size in rat brain [17] and dietary
omega-3 fatty acid composition is positively correlated with cortical gray matter volume in
healthy adult subjects [21]. It will therefore be of interest to determine whether dietary-induced
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elevations in cortical DHA composition can prevent, slow, or reverse age- and illness-related
deficits in OFC gray matter volume and function.
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Figure 1.
Age-related changes in fatty acid class composition (wt % total) in the four age subgroups (29
−35 yrs, 41−45 yrs, 52−59 yrs, and 65−80 yrs): (A) Age-related changes in saturated fatty acid
(SFA) composition (∑14:0, 16:0, 18:0), monounsaturated fatty acid (MUFA) composition
(∑16:1n-7, 18:1n-7, 18:1n-9, 20:1n-9), and polyunsaturated fatty acid (PUFA) composition
(∑18:2n-6, 20:3n-6, 20:4n-6, 22:4n-6, 22:5n-6, 22:6n-3). (B) Age-related changes in the
∑MUFA:∑SFA ratio, the ∑SFA:∑PUFA ratio, and the ∑MUFA:∑PUFA ratio in the four age
subgroups. Data are expressed as mean ± S.E.M. Percent change in the oldest versus the
youngest subgroup and associated p-values (unpaired t-test, two-tailed) are presented.
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Figure 2.
Age-related changes in individual SFA and MUFA compositions (wt % total) in the four age
subgroups (29−35 yrs, 41−45 yrs, 52−59 yrs, and 65−80 yrs): (A) myristic acid (14:0),
heptadecanoic acid (17:0), palmitic acid (16:0) and stearic acid (18:0) compositions, (B)
palmitioleic acid (16:1n-7), eicosenoic acid (20:1n-9), cis-vaccenic acid (18:1n-7), and oleic
acid (18:1n-9) compositions, (C) the 18:1n-9/18:0 ratio, (D) the 20:1n-9/18:1n-9 ratio, (E) the
16:1n-7/16:0 ratio, and (F) the 18:1n-7/16:1n-7 ratio. Data are expressed as mean ± S.E.M.
Percent change in the oldest versus the youngest subgroup and associated p-values (unpaired
t-test, two-tailed) are presented.
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Figure 3.
Age-related changes in individual PUFA compositions (wt % total) in the four age subgroups
(29−35 yrs, 41−45 yrs, 52−59 yrs, and 65−80 yrs): (A) linoleic acid (18:2n-6), homo-γ1 linoleic
acid (20:3n-6), arachidonic acid (AA, 20:4n-6), adrenic acid (22:4n-6), and docosapentaenoic
acid (22:5n-6) compositions, (B) 20:3/18:2, 20:4/20:3, 22:4/20:4, and 22:5/22:4 ratios, (C)
docosahexaenoic acid (DHA, 22:6n-3) composition, and (D) the AA:DHA ratio. Data are
expressed as mean ± S.E.M. Percent change in the oldest versus the youngest subgroup and
associated p-values (unpaired t-test, two-tailed) are presented.
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Figure 4.
Age-related changes in lipogenic mRNA expression in the OFC gray matter of the four age
subgroups (29−35 yrs, 41−45 yrs, 52−59 yrs, and 65−80 yrs): HELO1 (elongase), FASD1
(delta-5 desaturase), FASD2 (delta-6 desaturase), PEX19 (peroxisome), and SCD (delta-9
desaturase) mRNA expression. Data are expressed as mean mRNA/GAPDH mRNA ± S.E.M.
Percent change from the 52−59 yrs subgroup and associated p-values (unpaired t-test, two-
tailed) are presented.
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Figure 5.
Linear regression analyses of the 18:1n-9:18:0 ratio and DHA (22:6n-3) (A) and AA
(20:4n-6) (B) compositions, and the 16:1n-7:16:0 ratio and DHA (C) and AA (D) compositions.
Note that both 18:1n-9/18:0 and 16:1n-7/16:0 ratios, indices of stearoyl-CoA desaturase
activity, are inversely correlated with both DHA and AA composition. Pearson correlation
coefficients and associated p-values (two-tailed) are presented.
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Table 1
Comparison of Subject and Brain Tissue Characteristics

29−35 Yrs (n=8) 41−45 Yrs (n=6) 52−59 Yrs (n=9) 65−80 Yrs (n=7)

Patient Characteristics:
Age at death, mean ± S.D. (range) 34.2 ± 2.1 (29−35) 43.5 ± 1.6 (41−45) 54.8 ± 2.7 (52−59) 70.0 ± 6.2 (65−80)
Gender 5M,3F 5M,1F 7M,2F 2M,5F
    Race1 6C,2UN 3C,1AA,2UN 7C,2UN 4C,3UN
    Cause of death
        Cardiopulmonary 6 6 7 3
        Accident 2 0 1 0
        Other 0 0 1 4
Tissue Characteristics:
    Brain hemisphere 6L/2R 3L/3R 5L/4R 3L/4R
    Brain mass (mean grams ± S.D.) 1433 ± 69 1508 ± 118 1527 ± 66 1226 ± 222
    Postmortem interval (mean hours ±
S.D.)

26.8 ± 9.5 19.3 ± 7.5 23.7 ± 6.2 16.1 ± 5.9

    Tissue pH (mean ± S.D.) 6.3 ± 0.3 6.5 ± 0.3 6.2 ± 0.3 6.4 ± 0.2

1
C = Caucasian, AA = African American, UN = Unknown

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2009 April 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

McNamara et al. Page 18

Table 2
RT-PCR Primer and Probe Sequences

Gene (Accession number) Primer and Probe Sequences1

HELO1 (NM_021814) F 5′-CACACTGCTGTCTCTGTATATGTTCTG-3′
R 5′-AGGACACGGATAATCTTCATATCTGAT-3′
P 5′-TCAGGGCACACGCACCGCAG-3′

FADS1 (NM_013402) F 5′-TCCGCAAAGACCCAGACATC-3′
R 5′-CTGTTTCCCAAGCTCCACAGA-3′
P 5′-TGCATCCCTTCTTCTTTGCCTTGGG-3′

FADS2 (NM_004265) F 5′-TTACAACATCACCAAATGGTCCAT-3′
R 5′-GAAGGCATCCGTTGCATCTT-3′
P 5′-CCAGCGGGTCATCGGGCACTAC-3′

PEX19 (NM_002857) F 5′-GATCACAGAAAAGTATCCAGAATGGTT-3′
R 5′-CGAGCCTTTTGAGTGGTTTCAC-3′
P 5′-CAGTTTGAGGCAGAGACCCCCACAGAC-3′

SCD (NM_005063) F 5′-CATAATTCCCGACGTGGCTTT-3′
R 5′-AGGTTTGTAGTACCTCCTCTGGAACA-3′
P 5′-TTCTTCTCTCACGTGGGTTGGCTGCTT-3′

GAPDH (NM_002046) F 5′-CCACCCATGGCAAATTCC-3′
R 5′-TGGGATTTCCATTGATGACAAG-3′
P 5′-CGTTCTCAGCCTTGACGGTGCCA-3′

1
Forward primer (F), Reverse primer (R), Probe (P)
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