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Abstract DHA, the main n-3 PUFA in the brain, is synthesized
from n-3 PUFA precursors by astrocytes. To assess the poten-
tial of this process to supply DHA for the brain, we investigated
whether the synthesis in astrocytes is dependent on DHA avail-
ability. Rat brain astrocytes differentiated with dibutyryl cAMP
and incubated in media containing 10% fetal bovine serum
synthesized DHA from 

 

�

 

-linolenic acid ([1-

 

14

 

C]18:3n-3), docosa-
pentaenoic acid ([3-

 

14

 

C]22:5n-3), tetracosapentaenoic acid
([3-

 

14

 

C]24:5n-3), and tetracosahexaenoic acid ([3-

 

14

 

C]24:6n-3).
When DHA was added to media containing a 5 

 

�

 

M concentration
of these 

 

14

 

C-labeled n-3 PUFA, radiolabeled DHA synthesis was
reduced but not completely suppressed even when the DHA
concentration was increased to 15 

 

�

 

M. Radiolabeled DHA syn-
thesis also was reduced but not completely suppressed when
the astrocytes were treated with 30 

 

�

 

M DHA for 24 h before
incubation with 5 

 

�

 

M [1-

 

14

 

C]18:3n-3.  These findings indicate
that although the DHA synthesis in astrocytes is dependent on
DHA availability, some synthesis continues even when the cells
have access to substantial amounts of DHA. This suggests that
DHA synthesis from n-3 PUFA precursors is a constitutive pro-
cess in the brain and, therefore, is likely to have an essential
function.

 

—Williard, D. E., S. D. Harmon, T. L. Kaduce, M.
Preuss, S. A. Moore, M. E. C. Robbins, and A. A. Spector.

 

Docosahexaenoic acid synthesis from n-3 polyunsaturated fatty
acids in differentiated rat brain astrocytes. 

 

J. Lipid Res. 

 

2001.

 

42: 

 

1368–1376.

 

Supplementary key words

 

�

 

-linolenic acid 

 

•

 

 docosapentaenoic acid 

 

•

 

tetracosapentaenoic acid 

 

•

 

 tetracosahexaenoic acid 

 

•

 

 cAMP 

 

•

 

 elonga-
tion 

 

•

 

 desaturation 

 

•

 

 retroconversion

 

DHA (22:6n-3), the most abundant n-3 PUFA in the
brain, is required by the central nervous system for nor-
mal development and function (1–4). DHA is a major
component of neural membrane phospholipids and pro-
vides an optimum lipid microenvironment for interaction
with membrane proteins involved in signal transduction
(5–7). Furthermore, DHA is an endogenous ligand for
the retinoid X receptor and thereby may have a key role
in regulating gene expression in the brain (8). Thus, it is
important to understand how the brain obtains DHA and
the factors that regulate this process.

Because DHA is an essential fatty acid, it must be either
provided to the brain preformed or synthesized in the

 

brain from other n-3 PUFA. Small amounts of DHA and
several of its n-3 PUFA precursors normally are present in
the plasma (9, 10), and there is evidence that the brain
can utilize all of these substrates. A number of studies of
experimental animals have shown that plasma DHA,
either obtained directly from the diet or synthesized in
the liver from n-3 PUFA precursors, is the main source of
DHA for the brain (11–16). This is consistent with the ob-
servation that fatty acid 

 

�

 

6

 

-desaturase, the rate-limiting en-
zyme in the conversion of n-3 PUFA precursors to DHA
(17), decreases in the brain soon after birth (18). How-
ever, other studies show that the brain can synthesize
DHA from 

 

�

 

-linolenic (18:3n-3) and docosapentaenoic
acid (22:5n-3) (19–21). The conversion of 18:3n-3 to DHA
is increased during essential fatty acid deficiency (22),
suggesting that the amount of DHA synthesis from n-3
PUFA precursors in the brain may be regulated by the
availability of DHA or other PUFA in the brain tissue or
cerebral circulation.

Data obtained with cultured brain cells indicate that
DHA synthesis from n-3 PUFA precursors takes place pri-
marily in astrocytes and that these cells supply some of the
newly formed DHA to the neurons and blood-brain barrier
endothelium (23–26). The purpose of the present study
was to gain a more complete understanding of the meta-
bolic conditions that may affect the ability of astrocytes to
produce DHA for the brain. Our findings indicate that rat
brain astrocytes differentiated in culture with dibutyryl
cAMP (27, 28), synthesize DHA from 18-, 22-, and 24-carbon
n-3 PUFA. Although synthesis from these substrates de-
creased when DHA was available in the medium, it was
not completely suppressed even when the cells were previ-

 

Abbreviations: 16:0, palmitic acid; 18:0, stearic acid; 18:3n-3, 

 

�

 

-lino-
lenic acid; 20:5n-3, eicosapentaenoic acid; 22:5n-3, docosapentaenoic
acid; 22:6n-3 or DHA, docosahexaenoic acid; 24:5n-3, tetracosapen-
taenoic acid; 24:6n-3, tetracosahexaenoic acid; GFAP, glial fibrillary
acidic protein; GLC, gas-liquid chromatography.
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ously loaded with DHA or when they had access to rela-
tively large amounts of DHA during the incubation with
these n-3 PUFA. This suggests that DHA synthesis from n-3
PUFA precursors is a constitutive process in differentiated
astrocytes and that these glial cells provide at least some
DHA for the brain under most metabolic conditions.

MATERIALS AND METHODS

 

Materials

 

Streptomycin, penicillin, Eagle’s MEM, and 

 

l

 

-glutamine were
obtained from Life Technologies (Grand Island, NY). Dextrose
was obtained from Fisher Scientific (Fair Lawn, NJ), and FBS was
obtained from HyClone (Logan, UT). Monoclonal anti-glial
fibrillary acidic protein (GFAP) clone G-A-5, DNase, trypsin,
trypsin inhibitor, dibutyryl cAMP, and fatty acid-free bovine
serum albumin were purchased from Sigma (St. Louis, MO).
Hoechst 33,342 was obtained from Molecular Probes (Eugene,
OR), and DiI-Ac-LDL (acetylated LDL labeled with 1,1

 

�

 

-diocta-
decyl-3,3,3

 

�

 

,3

 

�

 

-tetramethyl-indocarbocyanine perchlorate) was
purchased from Biomedical Technologies (Stoughton, MA). 

 

�

 

-
[1-

 

14

 

C]linolenic acid ([1-

 

14

 

C]18:3n-3) (55 mCi/mmol) was sup-
plied by American Radiolabeled Chemicals (St. Louis, MO), and
nonradiolabeled 18:3n-3 was obtained from Cayman (Ann Arbor,
MI). [3-

 

14

 

C]docosapentaenoic acid ([3-

 

14

 

C]22:5n-3), [3-

 

14

 

C]tetra-
cosapentaenoic acid ([3-

 

14

 

C]24:5n-3), and [3-

 

14

 

C]tetracosa-
hexaenoic acid ([3-

 

14

 

C]24:6n-3) (50 mCi/mmol), and the analo-
gous fatty acids, were generously provided by H. Sprecher
(Department of Medical Biochemistry, Ohio State University,
Columbus, OH).

 

Cell culture

 

Primary cultures of normal cerebral astrocytes were isolated
from 2-day-old Sprague-Dawley rat pups obtained from Harlan
(Indianapolis, IN) according to a protocol approved by the Uni-
versity of Iowa (Iowa City, IA) Animal Care and Use Committee.
The leptomeninges were dissected from the forebrain gray matter,
and the finely divided tissue was disaggregated with trypsin so-
lution (2,725 units/ml) followed by triturating in a DNase solu-
tion (109 units/ml) (29, 30). Intact cells were separated from
cell debris by centrifugation at 1,000 rpm for 7 min in a 6 mM
albumin solution. Astrocytes were seeded in either 10-cm

 

2

 

wells or 75-cm

 

2

 

 vented flasks at 1.0 

 

�

 

 10

 

4

 

 cells/cm

 

2

 

 and grown
in an atmosphere containing 5% CO

 

2

 

 at 37

 

�

 

C with Eagle’s MEM
containing 10% FBS, 33 mM dextrose, 2 mM glutamine, penicil-
lin (100 units/ml), and streptomycin (100 

 

�

 

g/ml) (23). Any
microglial cells were removed by agitating the cell cultures
before feeding and experimentation. At least three separate
preparations were assayed for GFAP immunofluorescence and
Hoechst 33,342 nuclear counterstain. Contaminating microglial
cells were detected by the uptake of DiI-Ac-LDL (200 

 

�

 

g/ml)
during incubation in growth medium. These assays indicated
that the cultures routinely contained at least 95% astrocytes. The
protein content of the cultures was measured by the Bradford
method (Bio-Rad, Hercules, CA) according to the manufacturer
instructions.

When 95% confluent, the cultures were incubated for 48 h in
growth medium containing 1 mM dibutyryl cAMP. This changed
the astrocytes from a flat, polygonal morphology to a stellate ap-
pearance with extensive process formation (27, 28). As seen in

 

Fig. 1

 

, the differentiated cells stained strongly positive for GFAP.
The differentiated morphology was maintained throughout the
subsequent period of incubation with fatty acids.

 

Incubation and analysis

 

After the medium containing dibutyryl cAMP was removed,
the cultures were washed with warm Eagle’s MEM, and the incu-
bations were continued for an additional 48 h in Eagle’s MEM
containing 10% FBS and a mixture of a radiolabeled and corre-
sponding unlabeled fatty acid (60 dpm/pmol). Control incuba-
tions in a cell-free medium demonstrated that there was no
breakdown of the radiolabeled fatty acid substrate during the 48-h
incubation period.

After incubation, the medium was removed and centrifuged
at 3,000 rpm for 10 min to sediment any cell debris. The super-
natant solution was acidified to pH 4 with formic acid and ex-
tracted three times with 4 volumes of water-saturated ethyl ace-
tate. The combined ethyl acetate extracts were dried under N

 

2

 

and the lipids were resuspended in acetonitrile (31). The cell
monolayer was washed with warm Dulbecco’s phosphate-buffered
saline solution containing 0.1 

 

�

 

M albumin, followed by the ice-
cold buffer solution alone. The washed cells were scraped into
2 ml of ice-cold methanol containing 1% acetic acid. To extract
the cell lipids, 4 ml of chloroform and 1.5 ml of acidified buffer
solution were added, and the chloroform phase was isolated.
The lipids remaining in the upper phase were extracted a sec-
ond time with a mixture of chloroform, methanol, and acidified
buffer solution (86:14:1, v/v/v), and the combined extracted lipids
were dried under a stream of N

 

2

 

 (31). The lipid residue was re-
suspended in a 2:1 mixture of chloroform and methanol.

Aliquots of the cell and medium lipid extracts were dissolved
in scintillation solution and assayed for radioactivity in a liquid
scintillation spectrometer (32). Quenching was monitored with
a 

 

226

 

Ra external standard. Additional aliquots of the lipid ex-
tracts were dried under N

 

2

 

 and transesterified at 95

 

�

 

C in acetoni-
trile with 12% BF

 

3

 

 in methanol (33). The fatty acid methyl esters
were extracted into 

 

n

 

-heptane and dried under a stream of N

 

2

 

.

Fig. 1. GFAP immunofluorescence of morphologically differenti-
ated astrocytes. Primary rat brain astrocyte cultures that were 95%
confluent were incubated for 48 h in Eagle’s MEM containing 10%
FBS and 1 mM dibutyryl cAMP. GFAP expression was assessed by
immunofluorescence after a 30-min incubation with monoclonal
anti-GFAP-Cy3 conjugate (Sigma, St. Louis, MO). The circumfer-
ence of the cell body and the processes stain intensely for GFAP. A
representative culture is shown, but similar morphology, process
formation, and GFAP staining were observed repeatedly in the dif-
ferentiated cultures and were maintained throughout the subse-
quent incubation with fatty acids.
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Chromatography

 

Separation of the radioactive fatty acid methyl esters was
achieved by reversed-phase HPLC with an Alltech (Deerfield,
IL) 3 

 

�

 

m Adsorbosphere 4.6 

 

�

 

 150 mm reversed-phase C

 

18

 

 col-
umn and a Gilson (Middleton, WI) dual pump gradient HPLC
system equipped with an automatic sample injector (34, 35).
The solvent system consisted of acetonitrile and water adjusted
to pH 3.4 with phosphoric acid (35). For the samples derived
from the [1-

 

14

 

C]18:3n-3 incubations, the gradient began at 76%
acetonitrile and was maintained for 45 min, was increased to
100% acetonitrile over 1 min, and then was maintained at 100%
acetonitrile for 19 min (gradient I). For all of the other radioiso-
topes, the gradient was modified to increase stepwise from 76%
to 86% acetonitrile over 10 min, was maintained at 86% acetoni-
trile for 25 min, and then was increased to 100% acetonitrile
over 2 min and maintained for 18 min (gradient II). The radio-
activity was measured by mixing the effluent with liquid scintilla-
tion solution and passing the mixture through an in-line flow
scintillation detector. Radiolabeled fatty acid methyl ester stan-
dards [palmitic acid (16:0), stearic acid (18:0), 18:3n-3, eicosap-
entaenoic acid (20:5n-3), 22:5n-3, DHA (22:6n-3), 24:5n-3, and
24:6n-3] were included with each set of chromatograms.

Gas-liquid chromatography (GLC) was used to determine the
fatty acid composition of the astrocyte lipids (36). Margaric acid
was added to each sample as an internal standard. After extrac-
tion and transesterification of the lipids, the fatty acid methyl es-
ters were separated with a Hewlett-Packard (Palo Alto, CA)
model 5890-II gas chromatograph with a 1.9 m 

 

�

 

 2 mm glass col-
umn containing 10% SP2330 on 100–120 mesh Chromsorb WAW
(Supelco, Bellefonte, PA). The carrier gas was N

 

2

 

 at a flow rate of
25 ml/min. The injector temperature was 250

 

�

 

C. The oven tem-
perature gradient began at 165

 

�

 

C and was maintained for 5 min,
increased 4

 

�

 

C/min to 217

 

�

 

C, and then ramped to a final tempera-
ture of 240

 

�

 

C at 20

 

�

 

C/min. Fatty acid methyl esters were detected
by flame ionization at 250

 

�

 

C, and they were identified by compari-
son of retention times with fatty acid methyl ester standards.

 

RESULTS

 

Conversion of 18:3n-3 to DHA

 

The differentiated rat brain astrocytes converted radio-
labeled 18:3n-3, the most abundant unesterified n-3
PUFA ordinarily present in the plasma (10), to DHA.
Preliminary studies indicated that the products formed
were similar whether or not dibutyryl cAMP remained in
the medium during the incubation with fatty acid.
Therefore, to simplify the incubation conditions, the
dibutyryl cAMP was routinely removed before incubation
of the cultures with the medium containing the radiolabeled
fatty acid.

HPLC analysis indicated that the differentiated astro-
cytes converted [1-

 

14

 

C]18:3n-3 to 22:6n-3 and that the
22:6n-3 was incorporated into the cell lipids and released
into the medium as free fatty acid (

 

Fig. 2

 

). However, the
most abundant radiolabeled product contained in the hy-
drolyzed cell lipid extract after a 48-h incubation was
22:5n-3 (Fig. 2, top). Radiolabeled 20:5n-3, 16:0, and 18:0
also were present in the cell lipids. All of these radio-
labeled fatty acids were released from the cells, but the most
abundant product in the medium was 22:6n-3 rather than
22:5n-3 (Fig. 2, bottom).

 

Effect of DHA availability on the uptake of 18:3n-3

 

We investigated whether the availability of DHA in the
medium during the incubation with radiolabeled fatty
acids would affect the ability of the differentiated astrocyte
cultures to take up and convert 18:3n-3 to radiolabeled
22:6n-3. In these studies DHA concentrations between 2.5
and 15 

 

�

 

M were added to media containing 10% FBS. 

 

Fig-
ure 3

 

 illustrates the amount of DHA incorporated by the
astrocytes in a 48-h incubation and the extent to which
these concentrations of DHA reduced the uptake of 18:3n-3
in a corresponding 48-h incubation. A 3-fold increase in
DHA uptake occurred when the DHA concentration was
raised from 2.5 to 15 

 

�

 

M (Fig. 3, top). HPLC analysis indi-
cated that essentially all of the [1-

 

14

 

C]22:6n-3 radioactivity
incorporated into the cell lipids remained as 22:6n-3. Cor-
responding cultures of the differentiated astrocyte were
incubated in media containing 5 

 

�

 

M [1-

 

14

 

C]18:3n-3 and
either 10% FBS alone, or 10% FBS supplemented with 2.5
to 15 

 

�

 

M unlabeled DHA. Although the total radiolabeled
fatty acid uptake decreased when DHA was present, the

Fig. 2. HPLC analysis of the radiolabeled fatty acids produced by
astrocytes from [1-14C]18:3n-3. Primary cultures of rat brain astro-
cytes were morphologically differentiated as described in Fig. 1.
The medium containing dibutyryl cAMP was removed, and the cul-
tures were washed and then incubated for an additional 48 h in a
medium containing 10% FBS and 5 �M [1-14C]18:3n-3. The lipids
were extracted from the cells and medium, transmethylated, and
separated by HPLC using gradient I as described in Materials and
Methods. HPLC tracings of the cell lipid extract (top) and culture
medium (bottom) are shown. Chromatograms from a single cul-
ture are shown, but similar data were obtained from the cell lipids
and medium of two additional cultures in each case.
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reduction was only 40% even when the medium contained
15 

 

�

 

M unlabeled DHA (Fig. 3, bottom).

 

Effect of DHA availability on the 
conversion of 18:3n-3 to DHA

 

The radiolabeled fatty acid products contained in the
cell lipids and medium of the astrocytes after the 48-h in-
cubation with [1-

 

14

 

C]18:3n-3 were determined by HPLC,
and the results for 22:5n-3 and 22:6n-3 are shown in 

 

Fig. 4

 

.
The data points at the DHA concentration of zero are the
values obtained when no supplemental DHA was added to
the medium. On the basis of the cell lipid analysis, conver-
sion of [1-

 

14

 

C]18:3n-3 to 22:6n-3 appeared to be almost
entirely suppressed when the unlabeled DHA concentra-
tion in the medium exceeded 5 

 

�

 

M (Fig. 4, top). How-
ever, analysis of the medium indicated that a small amount
of radiolabeled 22:6n-3 was formed and released from the
cells even when 15 

 

�

 

M DHA was present (Fig. 4, bottom).
The amount of radiolabeled 22:5n-3 in the cell lipids was
reduced but not completely suppressed when unlabeled
DHA was present in the medium, and the amount of radio-
labeled 22:5n-3 in the medium was unchanged.

The effect of loading the astrocytes with DHA before
incubation with [1-

 

14

 

C]18:3n-3 also was tested. After incu-
bation with dibutyryl cAMP, the astrocyte cultures were

incubated for 24 h in a medium containing either 10%
FBS supplemented with 30 

 

�

 

M unlabeled DHA, or 10% FBS
alone (control cultures). Previous studies have shown that
supplementation of cultured cells with DHA under these
conditions, substantially increases the intracellular DHA
content (36–38). Consistent with these findings, analysis
of the astrocyte fatty acid composition by GLC indicated
that the DHA content increased from 2.8% (3.9 

 

�

 

g) of the
total fatty acids in the control cultures to 21.6% (42.9 

 

�

 

g)
in the cultures supplemented with DHA (average values
from three cultures).

After these media containing DHA were removed and
the cultures were washed, the cells were incubated for 48 h
with 5 

 

�

 

M [1-

 

14

 

C]18:3n-3 to determine whether the in-
crease in intracellular DHA content would affect the pro-
duction of radiolabeled 22:6n-3. The astrocytes enriched
with DHA incorporated 32% less radiolabeled fatty acid
than the control cells. 

 

Figure 5

 

 illustrates the radiolabeled
fatty acids synthesized from the [1-

 

14

 

C]18:3n-3 that were
present in the cell lipids and medium at the end of the 48-h
incubation. HPLC analysis indicated that 22:6n-3 accounted
for 30% of the radioactivity present in the cell lipids of the
control cultures (Fig. 5, top left). By contrast, only 15% of
the radioactivity was present as 22:6n-3 in the cultures en-
riched with DHA, and a larger percentage of the incorpo-

Fig. 3. Effect of DHA concentration on fatty acid uptake by astro-
cytes. Top: Differentiated astrocyte cultures were incubated for 48 h
in a medium containing 10% FBS and 2.5 to 15 �M [1-14C]22:6n-3.
After the medium was removed and the cultures were washed, the
total radioactivity contained in the cell lipid extract was determined
by liquid scintillation counting. Bottom: Astrocyte cultures were in-
cubated for 48 h in a medium containing 10% FBS, either no DHA
supplement (DHA � 0) or 2.5 to 15 �M unlabeled DHA, and 5 �M
[1-14C]18:3n-3. The total radioactivity incorporated into the cell lip-
ids was determined as described above, and the amounts (pmol)
were calculated on the basis of the specific activity of the [1-14C]-
22:6n-3 and [1-14C]18:3n-3, respectively, added to the cultures.
Each point represents the mean of values obtained from three sep-
arate cultures, and standard error bars are shown where they are
larger than the data point.

Fig. 4. Effect of unlabeled DHA concentration on the conversion
of [1-14C]18:3n-3 to 22:5n-3 and 22:6n-3. Differentiated astrocyte
cultures were incubated for 48 h in a medium containing 10% FBS,
5 �M [1-14C]18:3n-3, and either no DHA supplement (DHA � 0)
or 2.5 to 15 �M unlabeled DHA as described in Fig. 3. The radiola-
beled fatty acids contained in the cell lipids and medium were de-
termined by HPLC as described in Fig. 2. Top: Radiolabeled 22:5n-3
and 22:6n-3 content of the cell lipid extract. Bottom: Amounts of
these radiolabeled fatty acids in the culture medium. The amounts
(pmol) are calculated on the basis of the specific activity of the
[1-14C]18:3n-3 added to the cultures. Each point represents the mean
of values obtained from three separate cultures, and standard error
bars are shown only where they are larger than the data point.
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rated radioactivity was present as 16:0, 18:0, and 20:5 (Fig.
5, bottom left). Much more radiolabeled 22:6n-3 also was
released into the medium by the control cultures (Fig. 5,
top right) than the cultures enriched with DHA (Fig. 5, bot-
tom right). As noted for the cell lipids, the major radio-
labeled fatty acid in the medium of the cultures enriched
with DHA was 16:0.

Taken together, these results indicate that the differen-
tiated astrocytes continued to convert some 18:3n-3 to
DHA and secrete some of the newly formed DHA even
when their intracellular DHA content was almost eight
times greater than under ordinary culture conditions.

Effect of DHA availability on the
conversion of 22:5n-3 to DHA

Additional studies were done to determine whether the
availability of DHA would reduce the formation of DHA

from 22:5n-3, another n-3 PUFA precursor of DHA that is
normally available in the plasma (9, 10). As shown in Fig. 6,
the differentiated astrocytes readily converted 22:5n-3 to
DHA during a 48-h incubation. HPLC analysis indicated
that 40% of the [3-14C]22:5n-3 radioactivity incorporated
into the cell lipids had been converted to 22:6n-3 (Fig. 6,
top). In addition, the cell lipids contained radiolabeled
16:0, 18:0, 20:5n-3, 24:5n-3, and 24:6n-3. HPLC analysis of
the medium indicated that, as in the cells, the most abun-
dant radiolabeled product was 22:6n-3 (Fig. 6, bottom). A
substantial amount of radiolabeled 20:5n-3 and 16:0 also
was present in the medium.

The availability of unlabeled DHA in the medium also
reduced but did not completely suppress the conversion
of 5 �M [3-14C]22:5n-3 to DHA. Only 30% less radio-
labeled fatty acid was taken up by astrocytes incubated for
48 h in media containing 15 �M DHA as compared with
cells incubated in media without supplemental DHA. Fig-
ure 7 shows the radiolabeled 22:6n-3 and 20:5n-3 content
of the cells and medium at the end of the 48-h incubation.
The quantity of 22:6n-3 incorporated into the cell lipids
decreased by 70% when 15 �M DHA was present (Fig. 7,
top), but the amount released into the medium decreased
by only 40% (Fig. 7, bottom). Although the conversion to
22:6n-3 was reduced, there was no appreciable change in

Fig. 5. Effect of intracellular DHA content on radiolabeled fatty
acids produced from [1-14C]18:3n-3. After differentiation, the as-
trocyte cultures were incubated in a medium containing either
10% FBS (control cultures) or 10% FBS supplemented with 30 �M
unlabeled DHA. After 24 h, these media were removed and the
fatty acid composition of the cells from three control and three
DHA-enriched cultures was determined by GLC. The three remain-
ing control and DHA-enriched cultures were incubated for 48 h
with 5 �M [1-14C]18:3n-3 in a medium containing 10% FBS. The ra-
diolabeled fatty acids contained in the cell lipids and medium were
determined by HPLC using gradient I as described in Fig. 2. The
HPLC tracings obtained from the cells are shown on the left, and
those from the culture medium are shown on the right. The top
panels show the tracings obtained with the cultures not supple-
mented with DHA (Control), and those initially loaded with DHA
are shown in the bottom panels (DHA).

Fig. 6. HPLC analysis of radiolabeled fatty acids produced from
[3-14C]22:5n-3. After differentiation, the astrocyte cultures were in-
cubated for 48 h in a 10% FBS medium containing 5 �M [3-14C]-
22:5n-3, and the cells and medium lipids were analyzed by HPLC as
described in Fig. 2, except that gradient II was used. The HPLC
tracings shown are from the cell lipid extract (top) and culture me-
dium (bottom).
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the amount of radiolabeled 20:5n-3 contained in the cell
lipids or released into the medium.

Effect of DHA availability on the conversion
of 24-carbon n-3 PUFA to DHA

We also determined whether the availability of DHA
would suppress the synthesis of DHA from its 24-carbon
n-3 PUFA precursors (17, 35, 39). HPLC analysis of the cell
lipids and medium indicated that the differentiated astro-
cyte cultures produced large quantities of DHA from both
of these substrates (Fig. 8). When the cultures were incu-
bated for 48 h with 5 �M [3-14C]24:5n-3, the main radio-
labeled compound contained in the cell lipids was 22:6n-3
(Fig. 8, top left). In addition, a small amount of the radio-
labeled 24:6n-3 intermediate was detected, together with
16:0, 18:0, and 22:5n-3. HPLC analysis of the medium in-
dicated that 65% of the radioactivity was present as 22:6n-3
and 25% as 16:0 (Fig. 8, bottom left). When the astrocytes
were incubated for 48 h with 5 �M [3-14C]24:6n-3, the
only radiolabeled product present in appreciable amounts
in the cell lipids (Fig. 8, top right) and medium (Fig. 8,
bottom right) was 22:6n-3.

The availability of DHA in the medium reduced the con-
version of both 24-carbon n-3 PUFA to DHA. When 15 �M
unlabeled DHA was present, the amounts of [3-14C]24:5n-3
and [3-14C]24:6n-3 incorporated by the astrocytes were re-
duced by 24% and 40%, respectively. Figure 9 illustrates
the effect of DHA availability on the amounts of radio-

labeled 22:6n-3 present in the cell lipids and medium as
determined by HPLC analysis. In a 48-h incubation with
[3-14C]24:5n-3 (Fig. 9, top), the amount of radiolabeled
22:6 present in the cell lipids decreased progressively as
the concentration of unlabeled DHA was raised. However,
there was no reduction in the amount of radiolabeled
22:6n-3 released into the medium. A similar result was ob-
served when the astrocytes were incubated under these
conditions with 5 �M [3-14C]24:6n-3 (Fig. 9, bottom). The
radiolabeled 22:6n-3 content of the cell lipids was 50%
lower when 15 �M unlabeled DHA was added, but the
amount released into the medium was not reduced.

DISCUSSION

These results demonstrate that rat brain astrocytes re-
tain the ability to synthesize DHA from n-3 PUFA precur-
sors after they have undergone morphological differentia-
tion in culture. However, the amount of DHA formed was
reduced considerably when the astrocytes had access to an
extracellular supply of DHA or the intracellular DHA con-

Fig. 7. Effect of unlabeled DHA concentration on the conversion
of [3-14C]22:5n-3 to radiolabeled 20:5n-3 and 22:6n-3 by astrocytes.
The experimental conditions and HPLC analysis were the same as
described in Fig. 6. The graphs show the radiolabeled 20:5n-3 and
22:6n-3 content of the cell lipid extract (top) and culture medium
(bottom). The amounts (pmol) are calculated on the basis of the
specific activity of the [3-14C]22:5n-3 added to the cultures. Each
point is the mean of values obtained from three separate cultures,
and standard error bars are shown where they are larger than the
data point.

Fig. 8. HPLC analysis of radiolabeled fatty acids produced from
24-carbon n-3 PUFA. After differentiation, the astrocyte cultures
were incubated for 48 h in a 10% FBS medium containing 5 �M
[3-14C]24:5n-3 or [3-14C]24:6n-3. The cells and medium lipids were
analyzed by HPLC as described in Fig. 6. HPLC tracings from cul-
tures incubated with [3-14C]24:5n-3 are shown on the left, and
those from cultures incubated with [3-14C]24:6n-3 are shown on the
right. The top panels are tracings from the cell lipid extract, and
the bottom panels are tracings obtained from the culture medium.
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tent was increased. Therefore, the amount of DHA de-
rived from n-3 PUFA precursors appears to be regulated
by the availability of preformed DHA. Yet, the astrocytes
continued to synthesize a small amount of DHA even
when the concentration of DHA in the extracellular fluid
was three times higher than the n-3 PUFA substrate. Some
conversion of 18:3n-3 to DHA also persisted when the
intracellular DHA content was raised to 21.6%, a value 7.7
times greater than in control astrocytes. These findings
suggest that DHA synthesis in astrocytes may be a constitu-
tive process that is required to fulfill an essential function
in the brain.

Several mechanisms probably contribute to the de-
crease in DHA production from n-3 PUFA precursors
when a supply of DHA is available. Although some de-
crease in uptake of the radiolabeled n-3 PUFA occurred
when DHA was added to the medium (Fig. 3, bottom),
this cannot be the only factor because a reduction also oc-
curred when the cells were loaded with DHA before expo-
sure to the radiolabeled fatty acid (Fig. 5). Less conver-
sion of [3-14C]24:6n-3 to DHA occurred when the
medium contained DHA (Fig. 9, bottom), indicating that
a decrease in peroxisomal retroconversion may be an-
other contributing factor. However, one or more of the
chain elongation or desaturation reactions apparently are
reduced, too, because less [1-14C]18:3n-3 was converted to
22:5n-3 when an excess of DHA was available (Fig. 4). Al-
ternatively, the decrease in DHA production may be due
to increased degradation of the n-3 PUFA substrate or
products rather than a direct effect on DHA synthesis.

The radiolabeled 16:0 that was formed was derived from
the 	-oxidation of the n-3 PUFA substrate or its products,
followed by recycling of the acetyl-CoA into the lipogenic
pathway (11). More radiolabeled 16:0 was formed from
[1-14C]18:3n-3 when the cells were loaded with DHA (Fig.
5), suggesting that increased degradation may have con-
tributed to the lesser production of DHA from the n-3
PUFA substrates.

Because 10% FBS was present in all of the incubation
media, it is possible that, like DHA, other fatty acids con-
tained in the serum may have affected the conversion of
n-3 PUFA precursors to DHA. Detailed studies to deter-
mine the effects of these fatty acids have not been done.
However, we have obtained some preliminary data with
18:2n-6, the most abundant n-6 PUFA normally present in
the plasma free fatty acid fraction (10). In an experiment
with media containing 10% FBS, the astrocytes converted
575 
 20 pmol of [1-14C]18:3n-3 to DHA in 48 h (mean 

SEM, n � 3). Addition of 15 �M unlabeled 18:2n-6 reduced
the amount formed by 18%, to 471 
 73 pmol (D. E. Wil-
liard, S. D. Harmon, T. L. Kaduce, M. Preuss, S. A. Moore,
M. E. C. Robbins, and A. A. Spector, unpublished observa-
tions). Thus, it appears that 18:2n-6 also may reduce DHA
production, but to a much lesser extent than DHA.

Previous results indicated that between 75% and 85%
of the DHA synthesized by primary cultures of undifferen-
tiated astrocytes is released into the extracellular fluid
(23). Additional results demonstrated that neurons cul-
tured under similar conditions do not synthesize apprecia-
ble amounts of DHA, but they readily take up DHA when
it is available in the medium (23). On the basis of these
findings, we formulated a hypothesis that the function of
DHA synthesis in astrocytes is to supply DHA to the neu-
rons (24, 25). Subsequent findings indicated that astro-
cytes also supply DHA to the endothelial cells of the
blood-brain barrier (26). Although the present data show
that astrocytes retain the ability to release some newly syn-
thesized DHA after they undergo differentiation, the
amount is smaller than previously observed in undifferen-
tiated astrocytes. The percentage of radiolabeled DHA re-
covered in the extracellular fluid in 48-h incubations
ranged from only 19% with [1-14C]18:3n-3 to 37% with
[3-14C]22:5n-3. In addition to the morphological changes,
astrocytes incubated with dibutyryl cAMP express many
other characteristics of differentiation (27, 28, 40, 41). It
is possible that their membrane lipids, like brain phospho-
lipids (4, 42), may require a higher percentage of DHA
than those in undifferentiated astrocytes. Alternatively,
the larger DHA incorporation may simply reflect an in-
crease in membrane phospholipid content due to the ex-
tensive process formation that occurs when the cells dif-
ferentiate. Even though a higher percentage was retained,
some newly formed DHA still was released by the differen-
tiated astrocytes under all of the conditions tested. There-
fore, the paradigm that a major function of DHA synthesis
in astrocytes is to supply DHA to the neurons may also
apply to the brain after development occurs.

It is generally thought that the final steps in DHA syn-
thesis are elongation of 22:5n-3 to 24:5n-3, �6 desatura-

Fig. 9. Effect of unlabeled DHA concentration on the radio-
labeled 22:6n-3 produced by astrocytes from [3-14C]24:5n-3 or
[3-14C]24:6n-3. The experimental conditions and HPLC analysis
were the same as described in Figs. 7 and 8. The graphs show the
amounts of radiolabeled 22:6n-3 in the cell lipid extract and
medium of the cultures incubated with 5 �M [3-14C]24:5n-3 (top)
or 5 �M [3-14C]24:6n-3 (bottom). The amounts (pmol) are calcu-
lated on the basis of the specific activity of the [3-14C]24:5n-3 and
[3-14C]-24:6n-3, respectively, added to the cultures.
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tion of the 24:5n-3, and retroconversion of the resulting
24:6n-3 to DHA in the peroxisomes (17, 35, 39, 43, 44).
This has been challenged, and an alternative mechanism
in which 24:6n-3 is an elongation product rather than a
precursor of DHA has been proposed (45). Radiolabeled
24:5n-3 and 24:6n-3 were formed when [3-14C]22:5n-3 was
converted to DHA (Fig. 6, top), and radiolabeled 24:6n-3
was formed when [3-14C]24:5n-3 was converted to DHA
(Fig. 8, top left). These results are consistent with either
mechanism. However, no radiolabeled 22:5n-3 was de-
tected when [3-14C]24:6n-3 was converted to DHA (Fig. 8,
top right). If 24:6n-3 was an elongation product rather
than a precursor of DHA, it would have to be converted to
22:5n-3 in order to form DHA. Therefore, our findings do
not support the elongation hypothesis. They are entirely
consistent with the mechanism proposed by Sprecher and
colleagues (17, 44), in which the 24-carbon n-3 PUFAs are
intermediates in the conversion of 22:5n-3 to DHA.

Studies of neonatal and lactating animals indicate that
dietary 18:3n-3 is utilized for the synthesis of saturated fatty
acids (11, 46, 47). This process, which also occurs in the de-
veloping rat brain (48), involves 	-oxidation and recycling
of the acetyl-CoA into the lipogenic pathway. Production
of radiolabeled saturated fatty acids from [1-14C]18:3n-3
was observed previously in undifferentiated astrocytes
(23), and the present results indicate that this process
continues to occur after the astrocytes undergo differenti-
ation The main product, 16:0, was incorporated into the
cell lipids and released into the medium. We estimated
the amounts of PUFA products formed during these incu-
bations by assuming that the specific activity of the radio-
labeled substrate does not change during the metabolic
process. This is a reasonable assumption because the reac-
tions involved are chain elongation, desaturation, or a single
	-oxidation cycle. However, a similar assumption cannot
be made regarding the utilization of these substrates for
saturated fatty acid synthesis, and there is no convenient
way to use the radioactivity measurements to calculate the
specific activity of the 16:0 or 18:0 that is produced.
Therefore, it is not possible to compare the amounts of
saturated fatty acid and DHA produced from the n-3
PUFA substrates.

The comparative results indicate that DHA contained
in the extracellular fluid is a more effective source of
DHA for the astrocytes than an equivalent concentration
of an n-3 PUFA precursor. For example, when astrocytes
were incubated in media containing either 5 �M DHA or
18:3n-3, 8.8 times more DHA was recovered in the cells in-
cubated for 48 h with DHA than in those incubated with
18:3n-3. Even if the DHA released into the medium by the
cells incubated with 18:3n-3 is included in the calculation,
the total amount of DHA obtained when preformed DHA
was available was seven times greater. These results are
consistent with data indicating that plasma DHA is eight
times more effective than 18:3n-3 in producing DHA ac-
cretion in the fetal baboon brain (49). There is consider-
able evidence that increases in dietary DHA intake, such
as through fish oil supplements, will increase the supply of
DHA to the brain (1, 4, 50). The present findings support

this conclusion because they suggest that the amount of
DHA supplied by such supplements would far exceed any
reduction in DHA synthesis from n-3 precursors.

In summary, DHA production from n-3 PUFA precur-
sors in astrocytes appears to be a minor process in quanti-
tative terms as compared with the amount that can be ob-
tained from preformed DHA. This is consistent with in
vivo data indicating that although the brain can convert n-3
PUFA precursors to DHA (19–22), most of the DHA in
the brain is supplied preformed from the plasma (11–16,
49). However, the fact that some DHA synthesis persists in
the astrocytes even when excess DHA is available suggests
that endogenously produced DHA may have a vital role in
either astrocyte function or interactions between astro-
cytes and other brain cells.
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