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Abstract: The effects of arachidonic acid on glutamate and
v-aminobutyric acid (GABA) uptake were studied in pri-
mary cultures of astrocytes and neurons prepared from rat
cerebral cortex. The uptake rates of glutamate and GABA
in astrocytic cultures were 10.4 nmol/mg protein/min and
0.125 nmol/mg protein/min, respectively. The uptake rates
of glutamate and GABA in neuronal cultures were 3.37
nmol/mg protein/min and 1.53 nmol/mg protein/min. Ar-
achidonic acid inhibited glutamate uptake in both astro-
cytes and neurons. The inhibitory effect was observed
within 10 min of incubation with arachidonic acid and
reached approximately 80% within 120 min in both types
of culture. The arachidonic acid effect was not only time-
dependent, but also dose-related. Arachidonic acid, at con-
centrations of 0.015 and 0.03 umol/mg protein, signifi-
cantly inhibited glutamate uptake in neurons, whereas 20
times higher concentrations were required for astrocytes.
The effects of arachidonic acid were not as deleterious on
GABA uptake as on glutamate uptake in both astrocytes

and neurons. In astrocytes, GABA uptake was not affected
by any of the doses of arachidonic acid studied (0.015-0.6
umol/mg protein). In neuronal cultures, GABA uptake was
inhibited, but not to the same degree observed with gluta-
mate uptake. Lower doses of arachidonic acid (0.03 and
0.015 umol/mg protein) did not affect neuronal GABA up-
take. Other polyunsaturated fatty acids, such as docosahex-
aenoic acid, affected amino acid uptake in a manner similar
to arachidonic acid in both astrocytes and neurons. How-
ever, saturated fatty acids, such as palmitic acid, exerted no
such effect. The significance of the arachidonic acid-induced
inhibition of neurotransmitter uptake in cultured brain cells
in various pathological states is discussed. Key Words: Ara-
chidonic acid—Glutamate—y-Aminobutyric acid—Neu-
rons and astrocytes in cell cultures. Yu A. C. H. et al. Effects
of arachidonic acid on glutamate and y-aminobutyric acid
uptake in primary cultures of rat cerebral cortical astrocytes
and neurons. J. Neurochem. 47, 1181-1189 (1986).

Polyunsaturated fatty acids (PUFAs), especially
arachidonic acid (20:4) and docosahexaenoic acid
(22:6), are rapidly released following ischemia, elec-
troconvulsive seizures, and various pathological in-
sults (Bazan and Tureo, 1980; Gardiner et al., 1981;
Rehncrona et al., 1982; Tang and Sun, 1982; Yoshida
et al., 1982). These fatty acids in vitro also are active
in the induction of cellular (cytotoxic) brain edema
(Chan and Fishman, 1978, 1985; Chan et al., 1983,
1985); in vivo they cause both cellular and vasogenic
edema. In brain slices, 20:4 and other PUFAs caused
swelling associated with increased Na* and decreased
K* content (Chan et al., 1979). Such effects may well

be attributed to alterations in cell membrane integrity
and failure of Na*,K*-ATPase activity which would
induce the functional changes associated with cellular
edema accompanying cerebral ischemia and other
pathological insults. The special vulnerability of neu-
rons and glia in the cellular edemas also requires eluci-
dation.

Glutamate and y-aminobutyric acid (GABA) are
known to be the major amino acid neurotransmitters
in the brain (for review, see Di Chiara and Gessa,
1981). Increased release of glutamate due to enhanced
neural activity is associated with a broad range of
brain insults that contribute to the formation of brain
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edema (see Benveniste et al., 1984; Hansen, 1985; Ki-
melberg and Ransom, 1986). Bacthman et al. (1980)
have shown that the perfusion of high concentrations
of glutamate into the ventricular system of cats leads
to cerebral edema. Using brain cortical slices, it has
been demonstrated that glutamate greatly increases
intracellular brain swelling (e.g., Pappius and Elliott,
1956; Banay-Schwartz et al., 1974; Chan et al., 1979),
a process that may mainly involve astrocytes (Moller
et al., 1974), but equimolar GABA had no effect
(Chan et al., 1979). Glutamate also induced swelling
in C¢ glioma cells (Kempski et al., 1982), retinal Miil-
ler cells (Casper et al., 1982), astrocytes from various
brain regions (Van Harreveld and Fifkova, 1971), and
astrocytes in primary culture (Kimelberg and Ran-
som, 1986). These observations indicated that the ac-
cumulation of extracellular glutamate has cytotoxic
effects on brain cells (Olney, 1983). Malfunction of
the normal uptake and/or deactivation mechanisms
of glutamate would result in intrasynaptic accumula-
tion and thereby induce cellular injury. Therefore, it is
important to understand the uptake mechanisms for
these amino acid neurotransmitters.

The transport and metabolism of glutamate and
GABA at the cellular level in brain have recently at-
tracted considerable interest. Several investigators
have demonstrated that glutamate and GABA, after
neuronal release, are removed by accumulation into
the adjacent astrocytes and reuptake into neurons
(McLennan, 1976; Hosli and Hosli, 1978; Hertz,
1979; Yu and Hertz, 1982; Schousboe and Hertz,
1983). A high-affinity uptake mechanism for gluta-
mate and GABA has been demonstrated in various in
vitro preparations of cortical tissue (for reviews, see
Hertz, 1979; Schousboe and Hertz, 1983). Using
brain slice and synaptosomal preparations, Chan et al.
(1983b) demonstrated that 20:4 (0.5 mA/) caused a
significant reduction in the high-affinity uptake of
GABA and glutamate. However, uptake of e-amino-
isobutyric acid (AIBA), the nonmetabolized amino
acid, was not affected. These data have suggested that
20:4 and glutamate may have a synergistic effect on
inducing cellular edema. However, the specificity of
the effect of 20:4 on the deactivation mechanism, i.e.,
uptake into astrocytes and reuptake into neurons, of
glutamate and GABA is not clear and requires further
elucidation. We now use primary cultures, composed
of a highly purified cell population (Hertz, 1979; Ki-
melberg, 1983; Schousboe and Hertz, 1983), to study
directly the effects of PUFAs on neurotransmitter up-
take in astrocytes and neurons.

MATERIALS AND METHODS

Astrocyte cultures

Primary cultures of cerebral cortical astrocytes were pre-
pared as described by Booher and Sensenbrenner (1972),
Yuetal. (1982), and Hertz et al. (1985). Newborn Sprague-
Dawley rats (Simonsen, Gilroy, CA, U.S.A.) were used in-
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stead of mice. Cerebral hemispheres were removed asepti-
cally from the skulls and freed of the meninges. Subse-
quently, the two hemispheres were split and the olfactory
bulbs, basal ganglia, and hippocampal formation were re-
moved. This left the neopallium, i.e., the portion of cortex
dorsal and lateral to the lateral ventricle. The cleaned neo-
pallia were cut into small cubes (~1 mm?) in a modified
Eagle’s minimum essential tissue culture medium (MEM)
(Hertz et al., 1985) with 20% horse serum (K. C. Biological,
Lenexa, KS, U.S.A.) or fetal calf serum (FCS) (from Sterile
System, Logan, UT, U.S.A.). The tissue was disrupted by
vortex-mixing for | min as described by Bullaro and Brook-
man (1976) and the suspension was passed through two ster-
ile nylon Nitex sieves (from L. and S. H. Thompson, Mon-
treal, P.Q., Canada) with pore sizes of 80 um (first sieving)
and 10 pm (second sieving). A volume of cell suspension
equivalent to one-tenth of brain was placed in a 60-mm Fal-
con tissue dish (Becton Dickinson, Oxnard, CA, U.S.A.).
Fresh MEM supplemented with 10% FCS was added to the
dish to a final volume of 3 ml. All cultures were incubated
at 37°C in a 95%:5% (vol/vol) mixture of atmospheric air
and carbon dioxide with 95% humidity. The culture me-
dium was changed after 3 days of seeding and subsequently
two times per week. After 2 weeks, the cultures reached con-
fluency and were grown in the additional presence of 0.25
mM dibutyryl cyclic AMP (dBcAMP) (Sigma, St. Louis,
MO, U.S.A.). The cultures were used for the study of free
fatty acid effects on amino acid uptake after they were over
4 weeks old.

Neuronal cultures

Primary cultures of cerebral cortical neurons were pre-
pared in principle as described in Yavin and Yavin (1974),
Dichter (1978), Yu and Hertz (1982), Yu et al. (1984), and
Hertz et al. (1985). Brain hemispheres of 16- to 17-day-old
Sprague-Dawley rat embryos were used. The neopallium,
freed of meninges, was carefully dissected and cut into small
cubes (~1 mm?) and trypsinized for 2-3 min using 0.2%
trypsin 1:250 (Gibco) in Puck’s saline at room temperature.
After the addition of 10% horse serum to inhibit the trypsin,
the tissue was triturated with a 10-ml pipette. The resulting
cell suspension was centrifuged for 5-6 min at 900 g. The
pellet was suspended in serum-free MEM with a glucose
concentration of 30 mA/ instead of 7.5 mM and the suspen-
sion was filtered through a Nitex mesh with a pore size of
80 um. An amount of cell suspension corresponding to one
brain per three dishes was seeded in 60-mm Falcon tissues
dishes, which had been coated with p-polylysine by over-
night exposure to 12.5 ug/ml of D-polylysine in water (Yu
et al., 1984). After 15-20 min of incubation at 37°C, unat-
tached cells (mostly nonneuronal cells) were removed to-
gether with the medium, which was replaced with glucose-
enriched MEM plus 5% horse serum (K. C. Biologicals, Len-
exa, KS, U.S.A.). The cultures were incubated at 37°C in
95%:5% (vol/vol) mixture of atmospheric air and carbon di-
oxide (95% humidity). After 4-5 days of culturing, 40 uM
cytosine arabinoside was added to the cultures to curtail as-
trocytic growth (Dichter, 1978). Twenty-four hours later,
the cultures were refed with fresh medium without the cyto-
toxic agent and used for biochemical studies between the
ages of 12 and 14 days.

Uptake studies
Uptakes of glutamate and GABA were determined as pre-
viously described (Yu and Hertz, 1982; Yu et al., 1984). For
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FlG. 1. Fhase-contrast micrographs of primary cultures. Az Astrocytes oblancd from newbom rats and grown for 32 days in culture, B:
Carebral cortical nedrons obtainad fram cerabral hemispheres of 17-day-old rat embryos and grown for 14 days in culture with cytosine

arabinosida treatment betweaen days 4 and 5. Arrows indicata contaminating astrocyles. The magnilication is the same for the tweo figures
and bar equals 40 .
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measurement of the effects of various fatty acids on the up-
take of these neurotransmitters, cultures were washed two
times with 37°C serum-free modified MEM, then preincu-
bated in a similar MEM containing the desired amount of
fatty acid, i.e., 3 ml of the desired millimolar of the fatty
acid per culture which contained 400-500 ug protein in the
case of astrocytes and 800-1,000 pg protein in the case of
neurons. The time of preincubation varied from 10 to 120
min. Corresponding control cultures were incubated for the
same time period without exposure to the fatty acid. Since
glutamine in MEM may partly hydrolyze to glutamate dur-
ing medium storage, glutamine was added immediately be-
fore the use of the medium. At the end of the preincubation
period, either [U-"*C]glutamate or [U-'*C]JGABA (Amers-
ham, Arlington Heights, IL, U.S.A.) was added directly to
the culture. The final concentration of the amino acid was
50 uM with a radioactivity of 0.1 uCi/ml. The uptake incu-
bation lasted for exactly 5 min, a time short enough to en-
sure that the uptakes occurred at close to their initial rates
(Hertz et al., 1978; Yu and Hertz, 1982). Another advantage
of the short uptake incubation period is that it minimizes
the loss of accumulated amino acid as carbon dioxide, a
metabolic process that may be quite pronounced in the case
of glutamate (Yu et al., 1982; Hertz et al., 1983; Yu and
Hertz, 1983). After the preincubation period, the cultures
were rapidly washed twice with ice-cold MEM. One millili-
ter of 1 M sodium hydroxide was added and radioactivity
and protein were determined in the dissolved cultures, the
former using a Beckman LS7000 scintillation counter and
the latter by aid of the conventional technique of Lowry et
al. (1951). Uptake rates at 5 min were calculated from the
radioactivity per milligram of protein and the specific activ-
ity in the incubation media (Yu and Hertz, 1982; Yu et al.,
1984).

RESULTS

Culture morphology

Figure 1A shows the rat cerebral cortical astrocytes
in culture for 32 days. These cultured cells show a de-
velopment similar to that reported by Kimelberg
(1983) and Hertz et al. (1985). The cells responded to
dBcAMP by losing their epithelial-like structure and
developing processes stretching in multiple directions
(Fig. 1A). The staining of glial fibrillary acidic protein
(GFAP) with anti-GFAP serum demonstrated that
>90% of the cultured cells were GFAP-positive (Yu,
Chan, and Fishman, unpublished data). The cultures

were viable in vitro for at least 6 months, and had a
stable protein content of 400-500 ng/60-mm culture
dish, after 3 weeks of culturing.

Figure 1B shows the rat cerebral cortical neurons at
14 days in culture. The cells grown in the culture were
those that had attached to the polylysine-coated sur-
face before the first change of medium (refer to Mate-
rials and Methods). The developmental differentia-
tion of the cells in the culture is very similar to that
reported with mouse cells (Yu et al., 1984). The cul-
ture consisted mainly of neuronal-like cells linked to-
gether by a dense network of processes. At an early
age, most cells appeared as single cells, but some ag-
gregation occurred, with the cells forming small clus-
ters as the culture aged (Fig. 1B). High glutamate de-
carboxylase (GAD) level and high potassium-induced
release of GABA were observed in these rat cultures
(Yu, Chan, and Fishman, unpublished data). These
are two of the many markers used to demonstrate the
GABAergic characteristics of the neurons (review,
Hertz et al., 1985). These cultures could be main-
tained in vitro between 17 and 21 days. The protein
content was 800-1,000 ug/60-mm culture dish. Some
glial cells were found in some cultures even after cyto-
sine arabinoside treatment (arrows in Fig. 1B), but
their presence did not affect the interpretation of the
data because GFAP staining demonstrated that fewer
than 2% of the cells in the culture were GFAP-posi-
tive, i.e., mature astrocytes.

Effect of arachidonic acid on glutamate and GABA
uptake in astrocytes

Uptake of glutamate and GABA was measured in
primary cultures of rat astrocytes. The concentration
of glutamate or GABA in the incubation medium was
50 uM, i.e., a concentration well above the Michaelis-
Menten constant (K,,) in both astrocytes and neurons
(Hertz et al., 1978; Yu and Hertz, 1982), and also
higher than the extracellular concentrations of those
amino acids in the brain (Hamberger et al., 1983). Un-
der this condition, the uptake rate of glutamate in as-
trocytes was 10.4 + 2.4 (SEM; n = 65) nmol/mg pro-
tein/min, a rate that is comparable to that reported
in mouse astrocytes (Hertz et al., 1978). The rate for
GABA uptake was found to be 0.125 + 0.006 (SEM;
n = 20) nmol/mg protein/min.

TABLE 1. Changes in the uptake rate of glutamate in primary culture of rat cerebral cortical astrocytes
after 30 and 90 min exposure to various concentrations of 20:4

Time of Concentrations of 20:4 (mAM)
exposure Control
(min) (0 mAf 20:4) 0.005 0.025 0.05 0.1
30 100 £ 5.1 113 +£6.8 102+£3.8 89 +8.3 79+7.14 51+£2.7°
90 100£2.2 98 + 8.5 85+5.4 88 +1.3% 55+ 4.6° 24 +4.6°

Data are expressed in percentage of the uptake rate in control cultures + SEM. Results are averages of four to six experiments
independent from the data shown in Figure 2. Rate of glutamate uptake (5 min) in control cultures = 10.4 nmol/mg protein/

min,

p < 0.025; ’p < 0.005; p < 0.0005, compared to control, using Student’s ¢ test for statistical analysis.
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FIG. 2. Rates of uptake of [U-**C]glutamate, expressed as per-
centages of control values, in primary cultures of astrocytes as a
function of exposure time to 0.05 mM (A) and 0.1 mM (A)
20:4. The uptakes were measured at 5 min. The concentration of
glutamate was 50 uM. Results are means of 7-14 experiments
and SEM values are shown by vertical bars.

Table 1 shows the changes in the 5-min uptake rate
of glutamate in astrocytes after 30 and 90 min expo-
sure to various concentrations of 20:4. Data were ex-
pressed as a percentage of the uptake rate in the corre-
sponding control cultures. At concentrations of 0.05
and 0.1 mM, 20:4 (i.e., equivalent to 0.3 and 0.6
wmol/mg protein) significantly inhibited the uptake of
glutamate (p < 0.005) at 90 min. Doses below 0.025
mAM (i.e., equivalent to 0.15 umol/mg protein) did not
exert a significant effect. At 30 min exposure, the
effect on glutamate uptake caused by 0.1 maA/ 20:4
was significantly stronger than that caused by 0.05
mM, p < 0.005. At 90 min exposure, the uptake of
glutamate in astrocytes inhibited by 0.1, 0.05, and
0.025 mA was 76%, 45%, and 18%, respectively, indi-
cating the inhibition caused by 20:4 was dose-related.

Figure 2 shows a time-course study of the changes
in glutamate uptake in astrocytes as a function of time
of exposure to 0.05 and 0.1 mAf 20:4. At 0.05 mAf,

20:4 caused a 25% inhibition of glutamate uptake
within the first 10 min of exposure and reached a max-
imum of 50% after 90 min. At 0.1 mAZ, 20:4 inhibited
the uptake by 50% within 10 min of exposure and
reached almost 85% at 120 min.

Similar experiments were done with GABA uptake
in the cultures. Results (data not shown) indicated
that GABA uptake in astrocytes was not inhibited by
doses of 20:4 up to 0.1 mA/ even after 2 h of incuba-
tion.

Effects of 20:4 on uptake of glutamate
and GABA in neurons

The uptake of glutamate and GABA was measured
in rat cerebral cortical neurons in culture. The rates
were 3.37 £ 0.427 (n = 24) nmol/mg protein/min and
1.53 £ 0.049 (n = 20) nmol/mg protein/min, respec-
tively. These rates were averaged from the control cul-
tures which were compared with cultures preincu-
bated with fatty acid.

Table 2 shows that the uptake of glutamate was in-
hibited by all the doses of 20:4 studied after exposure
for both 30 and 90 min. The degree of inhibition was
clearly dose-related. At both time periods, the inhibi-
tion of glutamate uptake increased as the concentra-
tions increased and each increment was statistically
significant from the previous concentration, with p
< 0.0005. 20:4 also inhibited GABA uptake, but to a
lesser extent than glutamate uptake. Lower doses of
20:4 (0.01, 0.05 mA; i.e., equivalent to a 0.03, 0.15
umol/mg protein; note: neuronal culture protein con-
tent is two times higher than that of astrocyte culture)
did not affect GABA uptake at either 30 or 90 min.
Only with 0.1 mM (i.e., equivalent to 0.3 umol/mg
protein) was the GABA uptake significantly reduced.

Figure 3 shows the effects of 0.1 mA/ 20:4 on gluta-
mate and GABA uptake in neurons as a function of
time. This time-course study was done to obtain a
clear comparison between the sensitivity of the gluta-
mate and GABA uptakes at a similar concentration

TABLE 2. Changes in the uptake rate of [U-"*Cjglutamate and [U-"*C]JGABA in 14-day-old
primary cultures of rat cerebral cortical neurons after 30 and 90 min exposure
to various concentrations of 20:4

Time of Concentrations of 20:4 (mM)
exposure Control
(min) (0 mAM 20:4) 0.005 0.01 0.05 0.1
Glutamate
30 100+ 1.8 89 +2.2° 83 +3.8¢ 52+3.7¢ 37+2.0°
90 100+ 1.8 76 +1.9¢ 88 +3.9¢ 45 +2.9° 23+2.1¢
GABA
30 100 £ 6.4 97 +£1.9¢ 91+54 92 +3.2¢ 88 + 3.6°
90 100+£7.8 86+7.0° 95+4.7¢ 77+ 1.7¢ 50 £ 3.5¢

Values are in percentage of the control uptake rate £ SEM. Results are averages of 6-15 experiments. Rate of
glutamate uptake (5 min) in control cultures = 3.4 nmol/mg protein/min. Rate of GABA uptake (5 min) in

control cultures = 1.5 nmol/mg protein/min.

“ Not significant; ®p < 0.05; °p < 0.01; “p < 0.005; °p < 0.0005, compared to control group, using Student’s

t test for paired statistical analysis.
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FIG. 3. Rates of uptake of [U-'*C]glutamate (A) and [U-'*C]GABA
(®) as percentages of control values, in primary cultures of cere-
bral cortical neurons as a function of time of exposure to 20:4 (0.1
mM). The concentrations of both amino acids were 50 uM. The
uptakes were measured at 5 min. Results are means of 6-15 ex-
periments; vertical bars indicate SEM.

of 20:4. Although Table 2 shows that lower doses of
20:4 inhibit glutamate uptake, 0.1 mAf was chosen be-
cause lower doses did not demonstrate a distinct inhi-
bition of GABA uptake (Table 2). Results indicated,
as in astrocytes, that glutamate uptake was very sensi-
tive to 20:4 and was inhibited by almost 50% after 10
min of exposure. The inhibitory effect also increased
with time of incubation and reached over 70% at 90
min. GABA uptake did not respond as did glutamate
uptake to 0.1 mAM of 20:4. No inhibition of GABA
uptake was seen in the first 10 min of exposure. How-
ever, a slight inhibition was shown at 30 min and
thereafter, until it reached a maximum inhibition of
50% at 90 min.

Effects of other fatty acids on glutamate
uptake in astrocytes

As 20:4 exerted no inhibition of GABA uptake in
astrocytes, only the effects of fatty acids on glutamate
uptake were studied. Results in Table 3 showed that
0.05 mM (i.e., equivalent to 0.3 umol/mg protein)
palmitic acid (16:0), at both 30 and 90 min exposure,
did not affect the uptake of glutamate. Oleic acid
(18:1) caused a slight but significant (p < 0.05) inhibi-
tion at both incubation periods. This effect was less

than that of 20:4 and was not increased with time, as
the inhibition at 30 min was not significantly different
from that at 90 min. At a concentration of 0.05 mM,
22:6 (i.e., equivalent to 0.3 umol/mg protein) signifi-
cantly inhibited the glutamate uptake at both 30 and
90 min of exposure. The effect on the glutamate up-
take seemed to be stronger than that of 20:4 at similar
concentration. Time-course studies of 22:6 (results
not shown) also demonstrated a rapid inhibitory effect
of this fatty acid on the glutamate uptake. None of
the fatty acids studied had an observable effect on the
GABA uptake in astrocytes.

Effects of fatty acids on glutamate
and GABA uptake in neurons

The effects of 0.1 mA/ (i.e., equivalent to 0.3 pmol/
mg protein) of 16:0, 18:1, and 22:6 on glutamate and
GABA uptake in cerebral cortical neurons were mea-
sured (Table 4). A concentration of 0.1 mA/ fatty acid
was chosen for this study because it caused a major
inhibition of GABA uptake (refer to Table 2). Only
data from the 90-min exposure of the neurons to the
fatty acids were shown because this period was long
enough to observe the inhibitory effect.

16:0 inhibited neither GABA nor glutamate uptake
in neurons, as had been seen in astrocytic cultures.
18:1 affected glutamate uptake to the same degree as
20:4. The effect of 22:6 was greater than that of 20:4.
18:1 had a weaker effect on GABA uptake in neurons
than did 20:4 or 22:6. However, the effect was signifi-
cant, p < 0.05. Again, 22:6 exerted a greater inhibi-
tion on GABA uptake than a similar concentration
of 20:4.

DISCUSSION

The morphology and biochemistry of cells in cul-
ture from rat cerebral cortex were very similar to those
prepared from mouse (Schousboe and Hertz, 1983;
Yu et al., 1984; Hertz et al., 1985) and rat (e.g., Ki-
melberg, 1983). As shown in astrocytic cultures, over
90% of the cells were GFAP-positive. As in neuronal
cultures, there was high GAD activity and K*-in-
duced Ca**-dependent release of GABA. Astrocytes
and neurons accumulate glutamate very rapidly,
thereby indicating the importance of this mechanism

TABLE 3. Effects of fatty acids on the uptake of [U-"*Clglutamate
in primary cultures of rat astrocytes

Time of Fatty acids (0.05 mM)
exposure
(min) Control 16:0 18:1 20:4 22:6
30 100+5.3 99 + 15.9¢ 73+0.43° 63 +4.5° 59 +1.24
90 100+ 3.5 122 +4.3% 74 +0.48° 53+6.2¢ 33+5.2¢

Controls were cultures without exposure to any fatty acids. Values are in percentage of the uptake rate of the
control = SEM. Data for 20:4 are from experiments independent from those shown on Table 1 and Fig. 2. For
rate of uptake of glutamate, refer to Table 1. Results are averages of three to seven experiments.

4 Not significant; °p < 0.05; “p < 0.25; %p < 0.0005, using Student’s ¢ test for statistical analysis.

J. Neurochem., Vol. 47, No. 4, 1986
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TABLE 4. Effects of fatty acids (90 min exposure) on the uptake of [U-**Clglutamate
and [U-"*CJGABA in primary cultures of rat cerebral cortical neurons

Fatty acids (0.1 mM)

Control 16:0 18:1 20:4 22:6
Glutamate 100 £ 2.0 93 £17.3° 26 £6.6° 29 +0.7¢ 6 +0.5°
GABA 100 + 5.7 112 £ 3.3¢ 81+49° 47 £ 1.4¢ 24 +3.5¢

Controls were cultures without exposure to any fatty acids. Values are in percentage of the uptake rate of the
control cultures + SEM. Concentrations of glutamate and GABA were 50 pM. Results are from three to six
experiments independent from data shown in Fig. 2 and Table 2.

“ Not significant; *p < 0.05; °p < 0.0005, using Student’s 7 test for statistical analysis.

in removing extracellular glutamate which is known
to cause neural damage at high concentrations (Hertz,
1979). Astrocytes take up glutamate at a rate that is
approximately a hundred times higher than GABA
uptake; this supports the hypothesis that astrocytes
are more involved in deactivating glutamate than
GABA (Hertz, 1979). On the other hand, neurons
take up more GABA than astrocytes which agrees
with the observation described by Schousboe and
Hertz (1983).

In brain slices, 20:4 and other PUFAs induced cell
membrane perturbation and caused a reduction in the
uptake of neurotransmitter glutamate and GABA as
well as a reduction of Na*, K*-ATPase activity (Chan
et al., 19835b). These events lead to a shift in cations
and water and ultimately development of cellular
edema. Similarly, the inhibition of glutamate uptake
observed now in primary cultures of astrocytes and
neurons by PUFAs supports the observations made in
brain slices. It also demonstrated that the 20:4 effect
on the inhibition of glutamate uptake involved neu-
rons and astrocytes. The lack of an effect of 20:4 on
GABA uptake in astrocytes but not in neurons indi-
cates that the inhibition of GABA uptake observed in
brain slices might be a neuronal phenomenon. These
findings are in agreement with the observation in syn-
aptosomal preparations that the Na*-dependent syn-
aptosomal amino acid uptake system is specifically in-
hibited by low concentrations of unsaturated but not
saturated fatty acid (Rhoads et al., 1982, 1983; Chan
et al., 1983b). Our data further indicate that neurons
are more sensitive to the deleterious effects of 20:4
than astrocytes. Concentrations of 0.005 mM 20:4
caused no inhibition of glutamate uptake in astrocytic
cultures, but significantly inhibited glutamate uptake
in neurons (Tables 1 and 2). This observation may, in
part, be due to the difference in the membrane proper-
ties of neurons and astrocytes, thus probably account-
ing for the vulnerability of neurons to various kinds
of insults, such as convulsive seizures, spreading de-
pression, and hypoxia, where PUFAs are released and
excessive amounts of the glutamate are accumulated
(e.g., Benveniste et al., 1984). The lack of inhibition
of GABA uptake in astrocytes exposed to a high con-
centration of 0.1 mA/ 20:4 may also be explained by

a lack of sensitivity of the cells to 20:4. It is possible
that the effect of 20:4 on functional integrity of cell
membranes is very specific. This hypothesis is further
supported by the lack of inhibition of AIBA uptake in
cultures of astrocytes (data not shown). Moreover, the
inhibition of neuronal GABA uptake may be an
unique property of GABAergic neurons. Further
studies with higher concentrations of 20:4 on astro-
cytic cultures were not pursued because GABA, un-
like glutamate, does not cause cell swelling (Chan et
al., 1979; Bourke et al., 1983).

Uptake of glutamate and GABA was affected only
by PUFAs, especially 20:4 and 22:6, but not by satu-
rated fatty acids such as 16:0. The effect of 22:6, at a
similar concentration, was always greater than that of
20:4. This finding agrees with those observed in brain
slices (Chan et al., 19834,b) and also reconfirms that
PUFAs play a role in the neurotransmitter uptake in
brain cells. Furthermore, it implies that the degree of
unsaturation of fatty acids may be important for the
inhibition.

The effect of PUFAs on neurotransmitter upake
was very rapid and also dose-dependent. It has been
shown in vivo that during ischemia the level of 20:4
in brain increased and reached a level of 5 nmol/mg
protein (Yoshida et al., 1982; Rehncrona et al., 1982).
This concentration of 20:4 was estimated without
consideration of the possibility of compartmentation
of 20:4 which exists in situ. During pathological in-
sults, the concentration of 20:4 together with that of
other PUFAs in the extracellular space or in certain
subcellular structures (e.g., synaptosomes) would be
much higher than this reported value. Concentrations
of 20:4 used in this study (0.015-0.6 umol/mg pro-
tein) were 3-120 times higher than the concentrations
observed in the in vivo pathological conditions. How-
ever, the concentration is underestimated since other
PUFAs are also involved.

As 20:4 affects Na*,K*-ATPase (Chan et al.,
1983b), the inhibition of amino acid uptake may be a
secondary effect related to the failure of energy metab-
olism and/or ion transport (Erecifiska et al., 1984).
The inhibition may also involve the intermediate me-
tabolites of 20:4 and free radicals. It has been shown
that PUFAs caused a transient formation of superox-
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ide radicals and lipid peroxides in brain slices (Chan
and Fishman, 1985). Similar observations were made
in cultured cells (Chan et al., 1986). Furthermore, it
has also been shown in cultured astrocytes using hy-
perbaric oxygen as a source of oxygen free radicals
that glutamate uptake was significantly inhibited (Yu
etal., 1985).

PUFA inhibited glutamate uptake would lead to
extracellular accumulation of this excitotoxic com-
pound. The increase in extracellular glutamate under
anoxia observed by Benveniste et al. (1984) may be
partly due to the deficiency in the uptake system. It
has been shown that a high concentration of extracel-
lular glutamate can induce depolarization of astro-
cytes (Bowman and Kimelberg, 1984). This mecha-
nism would also open up ion channels which leads to
an uptake of water and astrocytic swelling (Kimelberg
and Ransom, 1986). Recent studies by Simon et al.
(1984) and Rothman (1985) have shown that excit-
atory amino acid plays an important role in neuronal
cell death of hippocampus. The toxic effects caused by
failure of the glutamate uptake system may also be
metabolically related. Astrocytes accumulate a major
part of extracellular glutamate (Hertz, 1979; Hertz et
al., 1983) and convert it to a-ketoglutarate and subse-
quently to carbon dioxide and succinyl CoA as meta-
bolic substrate (Yu et al., 1982; Hertz et al., 1983; Yu
and Hertz, 1983). Neurons take up extracellular gluta-
mate as one way to replenish the loss of this com-
pound during neurotransmission (Yu, 1980). There-
fore, the inhibition of glutamate uptake induced by
PUFAs in astrocytes and neurons would cause a defi-
ciency in the supply of metabolic fuel to astrocytes in
the form of glutamate, and would also be detrimental
to the replenishing mechanisms in neurons.

In summary, PUFAs affect glutamate uptake in
both astrocytes and neurons. Neurons in cultures
were more sensitive to PUFAs than astrocytes in
terms of amino acid uptake. The inhibitory effect of
PUFAs on the amino acid uptake was quite specific,
as only glutamate uptake was severely inhibited. This
observation suggests the inhibition was not due to a
general alteration in membrane integrity caused by
20:4. Its relationship to the effect of 20:4 on free radi-
cal formation and calcium uptake alteration needs to
be clarified.
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