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ABSTRACT

Selected ganglia of Aplysia dactylomela were found to possess a sodium depend-

ent gamma-aminobutyric acid (GABA) uptake system. Tissue to medium ratios as high
as 20:1 were calculated in the buccal ganglion after a 45-minute incubation in 6 uM GABA.
The metabolism of accumulated GABA was low with 90 percent of the radioactivity re-
maining as GABA after a 45-minute incubation and 20-minute washout period. The buc-
cal ganglion displayed a sodium dependent, high affinity uptake system with a Km =

52 pM. No net sodium dependent accumulation was found in the pedal ganglion. In the
buccal ganglion, light microscope autoradiography indicated that the sites of GABA ac-

cumulation were predominantly extraneuronal.
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I. INTRODUCTION
The Aplysia nervous system contains a number of identifiable nerve cells which
have been used for neurochemical and electrophysiological investigations. Certain in-~

0,14, 2 .
dividual neurons have been shown to have cholinergic, 10,14, 29 serotonerglclo’ 41 0

r
adrenergic1 properties (for review see Gerschenfeldlz). Recently Brownstein et al. >
observed that some of the identifiable Aplysia neurons contain more than one putative
neurotransmitter. Zeman and Carpenter43 found gamma-aminobutyric acid (GABA)
present in greater than millimolar concentrations in several Aplysia neurons. More-
over, Gerschenfeld and Tauc13 have found specific receptors in Aplysia ganglia which
mediate hyperpolarizing or depolarizing responses to externally applied GABA.
Bennett et al. 2 suggested that the existence of a Na.+ dependent high affinity up-
take system may be used as a criterion for putative neurotransmitters. Such a system
could be significant in the inactivation of synaptically released GABA by effecting its
removal from synaptic areas. Several investigators have shown that glial membranes

1 1
may be the predominant sites of GABA uptake in invertebrates, 3 vertebrates3’ 7,42

and cultured cells. 1552

In other preparations, however, uptake of GABA into certain
neurons has provided evidence consistent with its possible role as an inhibitory neuro-
. . 20 . 30
transmitter (for review see Iversen ). Moreover, Morin and Atwood~ reported that
the amount of GABA taken up by a series of crustacean nerve-muscle preparations was
. e . . . 38
dependent upon the degree of inhibitory innervation of each. Sisken and Roberts

found that GABA uptake in a crayfish stretch receptor was localized in regions inner-

vated by inhibitory axons.



We present here the results of our studies on GABA uptake and metabolism in
Aplysia ganglia, including the characterization of a Na+ dependent, temperature sen-
sitive, high affinity uptake system and the autoradiographic localization of the sites of
uptake on the light microscope level. The results are interpreted with special empha-
sis as to the functional role of glia in GABA uptake.

II. MATERIALS AND METHODS

Aplysia dactylomela (200-400 g) were obtained from Marine Specimens Unlimited

(Marathon, Florida) and kept in tanks of artificial seawater (17OC) for up to 2 weeks
before use. Animals were pinned to dissecting trays and the ganglia with associated
nerve trunks and connective tissue were removed. Individual ganglia were pinned to a
paraffin block immersed in artificial seawater where nerve trunks and connective tis-
sue were removed. The ganglion sac was then carefully lifted and slit, exposing the
ganglion directly to the bathing medium. The ganglia were then transferred to sepa-
rate flasks for incubations as described below. At the end of the incubations the gan-
glia were again pinned to a paraffin block so as to expose the opening in the sac. After
blotting, the intact ganglion was removed from the sac and any adhering connective
tissue.

In most experiments, one to four ganglia were immersed in 2 ml artificial sea-
water medium and were incubated in a shaking water bath at ZOOC for 45 min. At the
end of this time the medium was removed and the preparation was washed an addition-
al 20 min in two changes of artificial seawater. The ganglia were then excised as de-
scribed above and were homogenized in 0.05-0.6 ml of 0.1 N NaOH or 80 percent (v/v)

ethanol.



The ganglia homogenized in ethanol were centrifuged at 5000 x g for 30 min at
00—500 to precipitate proteins. The pellets were washed twice with additional aliquots
of 80 percent ethanol and were resuspended in 0.1 N NaOH for protein determination. 25
The combined supernatant fractions were collected in liquid scintillation vials contain-
ing Aquasol (New England Nuclear Corporation, Boston, Massachusetts) and were
counted in a Nuclear-Chicago Mark II liquid scintillation spectrometer. Counting effi-
ciencies were determined by the external standard ratio method. Portions of the NaOH
homogenates were neutralized with HCl and were counted in the same manner.

The dependence of GABA uptake on Na* was determined by incubating ganglia in
media containing reduced amounts of Nat. Temperature sensitivity was examined by
incubating at 10°C. To measure pH effects, incubation media were adjusted to
pH = 3.5 prior to incubation. The effects of the pharmaceuticals chlorpromazine
(10—4 M), bicuculline (10'4 M), and picrotoxin (10_4 M) on GABA uptake were surveyed

146_GABA. For

by incubating the ganglia in the presence of these drugs and 6 yM
all of these studies ganglia were preincubated for 10 min in media identical with the
experimental media but lacking GABA.

Thin-layer chromatography of the ethanol extracts was done on 20 x 20 cm pre-
coated glass plates (0.1 mm cellulose MN 300, Brinkmann Inst. Inc., Westbury, N. Y.).
The solvent system most frequently employed was isopropanol-90 percent formic acid-
H20 (20:1:5). Radiochromatograms were cut into 1- to 5-mm strips which were re-

moved from the glass plate with a razor blade and dispersed in Aquasol for scintil-

lation counting.




For autoradiographic localization of the sites of GABA uptake, ganglia were in-
cubated in artificial seawater containing 5 uCi/ml 2, 3—3H—GABA (10 Ci/mmole,
5x 10 7 M) as described above. After the 20-min wash in two changes of artificial
seawater containing no GABA, ganglia were fixed in a mixture of 1 percent glutaralde-

hyde and 4 percent paraformaldehyde31 and postfixed in 2 percent OsO This fixation

4°
procedure bound only about 30 percent of the 3H—GABA accumulated by the ganglia.
However, Orkand and Kravi’cz31 found reasonable agreement in grain distribution be-
tween lobster tissues fixed in this fashion and similar freeze-dried tissues. Addition-
ally, glutaraldehyde fixation has been successfully used by other investigators to dem-
onstrate both neuronal24 and glialB4 uptake of 3H—GABA. After fixation ganglia were
dehydrated in a graded ethanol series, vacuum embedded in Epon and sectioned at 1 ym.
Sections were coated with Kodak NTB-2 Nuclear Emulsion by a roller method, exposed
at 5°C for 3-4 weeks, developed in Dektol (Kodak) and stained with toluidine blue. 40
Autoradiograms were photographed using a Zeiss Photomicroscope equipped with phase
optics.

Artificial seawater was prepared from reagent grade salts in distilled water at
the following final concentrations (meq/1): NaCl, 425; KCl, 10.1; CaClz, 20.5;

MgCl,_,, 44.1; NaHCO3, 2.8; and MgSO4, 52.4. Na' free seawater was prepared by

9?
replacing the NaCl with equimolar quantities of Tris-Cl or LiCl or with half equimolar
MgClz. (When MgCl2 was used the medium osmolarity was maintained by adding su-
crose.) The osmolarity of all media was 980-1000 mosmols and pH 7. 8. U—14C—GABA

and 3H—inulin were obtained from Amersham Searle Corporation (Arlington Heights,

Illinois), 2, 3—3H—GABA was obtained from New England Nuclear Corporation




(Boston, Massachusetts) and 4—14C—GABA from Mallinckrodt (St. Louis, Missouri).
Radioisotopes were relyophilized before use but were not further purified provided the
radiochemical purity remained above 97 percent as determined by thin-layer chroma-
tography. Incubation media were prepared by suspending the relyophilized labelled
GABA in artificial seawater containing, in some cases, unlabelled GABA or 3H—inulin.
Extracellular space determinations were made using ganglia which were incu-
bated in media containing S3H-inulin or both SH-inulin and 14C—GABA. Because over 60
percent of the total ganglion volumes were attributable to the extracellular space, data
are expressed on a unit protein basis to provide a measure of the cellular material
present. Measurements of the protein contents and volumes of identified Aplysia neu-
rons 8 indicate that these cells are approximately 10 percent (w/v) protein, i.e.,
0.1 g protein/ml cellular volume. Therefore when the amount of radioactivity retained
in the extracellular space has been subtracted, experimental data expressed as
(dpm/0.1 g protein)/(dpm/ml medium) are approximately equal to the tissue:medium

ratio (dpm/ml cellular volume)/(dpm/ml medium).

Io. RESULTS

Survey of Aplysia ganglia. An initial survey of Aplysia ganglia was conducted to
determine which were capable of accumulating 14C—GABA from the external medium.
The results of this survey (Table I) showed that each of the ganglia studied accumulated
a greater amount of GABA in control media than in Nat-free (Tris) media. The GABA
accumulated in the absence of Nat could possibly arise from (1) retention in the extra-
cellular space, (2) passive intracellular diffusion, (3) incomplete removal of Na® ions

from the ganglia, or (4) a combination of these. The difference between the control




Table I. Accumulation of 14C—GABA by Aplysia Ganglia*

Control Na+—free Net
Ganglia
(dpm/0.1 g protein)/(dpm/ml medium)

Buccal 22.5%1.9| 2.5%0.6 | 20.0
Pleural 15.3Y1.7 | 1.3%0.2 | 14.0
Abdominal 9.3t 0.6 | 0.8t0.1 8.5
Cerebral 8.5%1.5] 1.4%0.2 7.1
Pedal 3.3%7 0.4 1.6%0.3 1.7

* Ganglia were incubated as described in Methods in
artificial seawater containing 6 uM 4-14c-GABA
(2.01 mCi/mmole). Time course experiments show-
ed uptake was linear at this concentration for the 45-
min incubation period. In the Nat-free medium equi-
molar amounts of Tris-Cl were substituted for NaCl.
The accumulation measured in left and right members
of symmetrically paired ganglia was similar. Each
value is the mean £ S. E.M. for three to seven ganglia.
Net accumulation is the difference between the accu-
mulation in control and Na*-free media and, on the
basis of 10 percent (w/v) protein content, is equal to
the tissue:medium ratio.

and Nat-free data of Table Iis taken as a measure of the net intracellular Nat de-
pendent accumulation by each ganglion. This value was used to interpret the net Nat
dependent accumulation data as ganglion tissue:medium ratios for the 45-min incuba-
tions in 6 yM GABA. Values ranged from 1. 7:'1 in the pedal ganglion to 20:1 in the

buccal ganglion. Since these two ganglia had the highest and lowest net accumulation

they were chosen for further study.

Metabolism of accumulated GABA. After ethanol extraction 99 percent of the

radioactivity appeared in the combined supernatant fractions, and less than 1 percent

in the protein pellet. Thin-layer chromatography of supernatant samples indicated



low catabolic rates for accumulated GABA. Ninety percent of the accumulated radio-

activity had an R, matching GABA standards. Based on these data the amounts of

f
GABA accumulated in subsequent experiments were determined by measuring the total

radioactivity in the ganglia.

Time course of GABA accumulation. The accumulation of GABA in the buccal

and pedal ganglia was examined at various times for both low (5 M) and high (1 mM)

medium GABA concentrations (Figure 1). The results of these experiments showed
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Figure1l. Time course of GABA accumulation. Incubations were con-
ducted for various times in media containing either (A) 5 yM
140_GABA (228 mCi/mmole), or (B) 2,3-SH-GABA (10 Ci/
mmole, 0.1 ;Ci/ml) with 1 mM unlabelled GABA added. After
each incubation ganglia were washed for 20 min in two changes
of artificial seawater. The total amounts of GABA accumulated
were determined from the specific activities of the media.
Each point is the mean T S. E, M. for three or four ganglia.

(-e- buccal ganglion, -o- pedal ganglion).




that accumulation was linear throughout the 1st hour of incubation. At the low GABA
concentration the initial rate of accumulation (0-15 min) appeared to be slower than at
later times. This was probably due to progressive diffusion of the labelled GABA
through the ganglia. Because uptake was linear at 45 minutes, this time was chosen
for subsequent experiments.

Na't requirement of GABA accumulation. To ensure that the reduced accumula-

tion of GABA observed in the Na*-free medium was not due to some specific effect of
the Tris, incubations were also conducted in media in which Na* was replaced by
either Li* or Mgt™" and sucrose (see Methods). The results of these incubations showed
that GABA accumulation was no greater than in the media in which Na* had been re-
placed by Tris. Therefore it appears that the mechanisms responsible for GABA ac-
cumulation in Aplysia ganglia have an absolute Na* requirement.

In Figure 2 the dependence of GABA accumulation in the buccal ganglion on the
medium Nat concentration is shown. Inthe Na™-free media the amount of GABA ac-
cumulated was not significantly different from that expected to be retained in the extra-
cellular space. At 1/6 Nat (71 mM) accumulation was about 60 percent control, and
above 1/3 Nat (142 mM) no significant difference in accumulation from control media
was observed. This nonlinear Na' dependence is similar to that observed by Iversen
and Kravi’cz21 for GABA uptake in a lobster nerve-muscle preparation and by Bennett
et al. 2 for the uptake of other amino acids in rat brain synaptosomes. Detailed kinetic
analyses performed by other investigators%’ 21 have shown an a;)parent allosteric

involvement of Na* in the transport of GABA by rat brain synaptosomes.
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Figure 2.
Dependence of GABA accumulation on Na* con-
centration. Buccal ganglia were incubated as
described in Methods in artificial seawater con-
taining 5 yM 14C-GABA (228 mCi/mmole) and
varying concentrations of Nat. The osmolarity
of media deficient in Na© was maintained with
Tris. Each point is the mean ¥ S.E. M. of three
or four ganglia. The amount of GABA expected
to be retained in the extracellular space is rep-
resented by the dashed line. This value was de-
termined from the mean of six determinations of
the amount of SH-inulin retained after similar
incubations.

Effect of temperature, pH, and drugs. From Table II it can be seen that GABA

uptake was decreased by temperature and low pH. The buccal ganglion was more sen-

sitive to these effects than was the pedal ganglion. Chlorpromazine clearly decreased

Table II. Effect of Temperature, Low pH, and Drugs
on GABA Uptake*

Percent inhibition

Buccal Pedal
10°¢C 32 21
pH 3.5 88 48
Chlorpromazine (10_4 M) 24 16
Picrotoxin (10’4 M) <10 <10
Bicuculline (10‘4 M) - <10

* Ganglia were incubated at the lowered temperature,
pH or in the presence of chlorpromazine, picrotoxin,
or bicuculline, and the effect of these conditions on
uptake of 14C-GABA (6 uM) was measured. Results
are the averages of two ganglia and are expressed as
percent inhibition relative to control.




uptake, however, the results from incubating with picrotoxin and bicuculline were either
unclear or showed no significant effect.

The extracellular space. For the pedal ganglion the amount of 3H-inulin present

after a 45-min incubation (before washing) was 3.15 (dpm/0.1 g protein)/(dpm/ml
medium) (Table III). On the basis of 10 percent (w/v) protein content (0.1 g protein/
ml cellular volume, see Methods), this indicates that for every 1.0 ml of cellular
volume there are 3.15 ml of extracellular space. The percentage of extracellular

space in the pedal ganglion is then:

extracellular volume % 100
extracellular + cellular volume

= _3.16 x 100 = 76 percent.

3.15+ 1.0

percent extracellular space

A similar calculation shows that the extracellular space accounts for 84 percent of the
total volume of the buccal ganglion.

More GABA was accumulated in each ganglion than. could be accounted for by the
extracellular space alone (GABA/inulin > 1) both before and after the 20-min wash, in-
dicating that the GABA was taken up intracellularly. In the buccal ganglion the 20-min
wash removed 61 percent of the accumulated inulin but only 27 percent of the GABA,
demonstrating that the GABA taken up was bound more tightly than was the inulin.

The fact that washing removed a smaller percentage of the inulin from the extra-
cellular space of the pedal than of the buccal ganglion probably reflects the larger size
of the former. However, the constant GABA-inulin ratio in the pedal ganglion before
and after washing shows that even if the GABA was taken up intracellularly it was not

tightly bound. Therefore it appears that passive diffusion may account for much of

10



the GABA taken up intracellularly in the pedal ganglion while an active uptake mecha-

nism may be operating in the buccal ganglion.

Table HI. Simultaneous Accumulation of 14C—GABA and
SH-TInulin*

Pedal Buccal

End of 45-min incubation

Inulin 3.15 5.14
GABA 5.42 19.7
GABA/Inulin 1.7 3.8

After 20-min wash

Inulin 2.12 2.03
GABA 3.96 14. 4
GABA/Inulin 1.9 7.1

Percent washout
Inulin 33 61
GABA 27 27

* Ganglia were incubated as described in Methods
in artificial seawater containing 5 yM 4-14c-GABA
(2.01 mCi/mmole) and 0. 05 4 Ci/ml 3H-inulin
(300 mCi/mmole). For each compound the data are
expressed as (dpm/0.1 g protein)/(dpm/ml medium).
Percent washout is the percent decrease in activity
after the 20 min wash in artificial seawater con-
taining no GABA or inulin. Each datum is the mean
of two determinations which differed by an average
of 8 percent from the mean.

Kinetics of the Na* dependent uptake. To determine the dependence of GABA

accumulation on media GABA concentration, ganglia were incubated in media contain-

3
ing "H-GABA and from 5 yM to 1 mM unlabelled GABA. Figure 3 shows that from

11




Figure 3.
GABA accumulation in the pedal ganglion. Gan-
glia were incubated as described in Methods in
control (-e-) or Nat-free (Tris) media (-o-) con-
taining SH-GABA (0.2 Ci/ml, 10 Ci/mmole) and
unlabelled GABA (5-100 uM). The total amounts
of GABA accumulated were calculated from the
net specific activities of the media. Each point is
the mean £ S. E. M. for three to five ganglia.

pmole/pg PROTEIN

0 25 50 75 100
[GABA] (M)

5-100 uM GABA there was no significant net Na* dependent accumulation of GABA in
the pedal ganglion. In the buccal ganglion (Figure 4) more GABA was accumulated at
each concentration in control media than in the Na*-free media.

The linearity of GABA accumulation at low concentrations in the Nat-free media
indicates that this accumulation was due to either retention in the extracellular space
or passive intracellular diffusion. In previous experiments we found that the amount
of GABA zccumulated in Nat-free media could be accounted for completely by retention
in the extracellular space, both at low concentrations (6 uM, see Figure 2) and high
concentrazions (1 mM, data not shown). The extracellular space measurements also
indicated ~hat some shrinkage of the ganglion occurs in media containing 1 mM GABA.
This phend>menon may explain the nonlinearity of the Na*-free accumulation at higher

concentrazions. Additionally, in sxperiments conducted using control media containing

12
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z GABA accumulation in the buccal ganglion.
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2 mM GABA, the total accumulation of GABA was significantly less than at 1 mM.

This may in part have been due to saturation of an active uptake mechanism. However,
the possibility of either shrinkage or deterioration of the ganglion precludes accurate
interpretation of the data at these high GABA concentrations.

A Lineweaver-Burke plot of the net Na* dependent (control minus Na+—free) com-
ponent of GABA accumulation in the buccal ganglion is shown in Figure 5. The data
appear to lie in two linear regions, over the concentration ranges 5-66.7 yM and
100 yM-1 mM. Linear regression analysis of the data in each concentration range
gives apparent Km values of 52 yM and 0.73 mM. As indicated above, little signifi-
cance can be attributed to the higher Km value. However, the lower value is taken to
represent the apparent affinity constant of a high affinity Na® dependent saturable up-
take system. A similar Km was found by Orkand and Kravitz31 for GABA uptake in a

lobster nerve-muscle preparation.
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Figure 5. Lineweaver-Burke plot of the Na™ dependent component of
GABA uptake in the buccal ganglion. Each point is the dif-
ference between mean GABA accumulation in control and
Nat-free media for the data presented in Figure 4. Na‘t-free
data were not obtained at 10 or 20 yM so the predicted values
from least squares analysis of the other data were used (see
Figure 4). The two straight lines were obtained by least
squares analysis of the data in the concentration ranges
5-66.7 uM (five points) and 0.1-1 mM (three points).

Localization of the sites of GABA uptake. Figures 6-9 are light microscope

autoradiograms of sections of Aplysia buccal and abdominal ganglia. Glutaraldehyde-
paraformaldehyde fixed ganglia were prepared as described in Methods after a 45-min
incubation in 0.5 uM 2, 3-3H-GABA. Bar length equals 20 um in all micrographs.
These figures show that the sites of GABA uptake were almost exclusively extraneu-
ronal. Labelling was concentrated around the periphery of nerve cell bodies and in
the neuropil. Neuronal nuclei appeared devoid of silver grains. Some areas of neu-

ronal cytoplasm contained grains, but these were usually associated with regions

14




Figurzs 6. Longitudinal section oZ a nerve trunk emanating from the
| buccal ganglion. Few silver grains occur within individ-
ual nerve fibers (Nf). Most grains are associated with
the more heavily stained extraneuronal structures and
structures arouand the oeriphery of nerve fibers (starred
arrows). Som= grains are also found in the connective
sac (S). X 766.

invaginated by glial cells (Coggeshall6 g-ves a complete description of the pronounced
glial investment associated with Aplysia neuronal somaj. Although nerve trunks
emanating frem the ganglia were heavily “abelled, we were unable to identify any
individual nerve fibers with high grain density. Projections of connective tissue into
the ganglia were only sparsely labelled, s were the outer portions of the connective

sac. Labelling did occur in inner regions of the connective sac immediately adjacent

15




Figure 7. Two large duccal garglioa zeuronal cell bodies. Silver
grains are located przdominantly over extraneuronal
structures. however, few grainz appear within glial cell
nucle: (GHu). The neurosnal nucleus (Nu) is deveid of
grains as is the axon hillocx (A) region of the large neu-
ron. The aucleus and cytoplasm contain many pigment
granules which could be confusza2d with grains bu: are of
a larger size and in a Jifferent plane of focus. Several
grains apoear in the netroral ¢y-oplasm, and arpear to
be associated with a glial fold ‘F). X 1032.

to the ganglia, These reg:-ons contained what eppeared to be glial cells. The possi-
bility of error in localization due to redistribuzica of label during fixation and em-
bedding is unlikely, based upon very low grain density over extracsllular space.

Almost all the grains were associatec. w.ta strucfure. As seen in the figures, pigment

ot
T
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Several small neuronal cell kodies within the buccal gan-
glion. Few grains are associated with the small neuronal
cell bodies (N) found by Zemszn and Carpenter43 to contain
GABA in concentrations higher than several other identi-
fied Aplysia neurons. The nuclei of neurons contain many
pigment granules as noted in Figure 7. Silver grains lie
predominantly over extraneuronal, presumably glial (G),
structures. X 825.

granules are presen: ia the nuclei and cytoplasm of many neurons. These were dis-
tinguished frcm autoradiographic grains because of their size, color (pigment gran-

ules stained intensely blue) and also because they were in a different plane of focus

than the silver grains.
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Figure 9. Portion of the Aplysia abdominal ganglion. The cytoplasms
of the glial cell (R2) and other identified and unidentified neu-
ronal cell bodies (N) of tae abdominal ganglion were only
sparsely labelled as compared to extracellular structures.
The nuclei and cytoplasm of neurons contain pigment granules
not to be confused with autoradiographic grains. The connec-
tive tissue of the ganglion sac (S) contained some silver grains
but was more heavily lakelled in regions adjacent to the gan-
glion containing glial cells (G). X 1230

IV. DISCUSSION

The finding that a high affinity sodium dependent uptake system for GABA exists

in the buccal, but not in the pedal ganglion, demonstrates anatomical specificity for
this amino acid in the Aplysia nervous system. Autoradiographic results further in-
dicate that GABA uptake is most likely associated with glia in the buccal ganglion.

This observation, along with data suggesting low activities of glutamate decarboxylase

18



for GABA synthesis, 12 raises the question as to whether GABA functions as a neuro-
transmitter in this system. Neuronal uptake of GABA has been demonstrated in
vertebrate nervous tissues, supporting the view that GABA uptake is associated

with rapid transport systems in those neurons which release GABA at their
synapses. 9,19,18,23,24, 39 If neurotransmitter uptake is strictly associated with
the neurons that release the neurotransmitter, then the results presented here could
argue against a transmitter role for GABA in Aplysia. However, the possibility
exists that the high affinity GABA uptake system studied here is glial and functions
to remove synaptically released GABA in order to terminate synaptic activity. Henn
et al. 16 have suggested such a role for glutamate uptake by glia. In contrast to this,
Young et al. 42 have suggested that glial uptake of GABA may serve only to protect
neuronal membranes from excessive extracellular GABA. We feel that the evidence
presented in this study, along with several other lines of evidence, argues for a

unique role of glial uptake. Low turnover rates for GABA, an apparent glial speci-

ficity for GABA uptake, the intimate anatomical association of glial and nervous tis-

sue, and the possibility of transport of GABA taken up by glia to neurons, strongly
suggest that glia may play a critical role in neurotransmitter function and maintenance
of GABA levels in the neuron.
The results of this study show that accumulated GABA has a low turnover rate.
N 32 . 4,33 )

Others have indicated equally low  or nonexistent rates of formation of GABA
from its precursor, L-glutamic acid, via L-glutamic acid decarboxylase in molluscs.
If the neurons are not synthesizing GABA very rapidly, then it would seem reasonable

that some other means should exist for replenishing released GABA if the neurons that
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release it do not have a mechanism for reuptake. One possibility that has remained
unexplored in molluscs is the enzymatic formation of GABA from putrescine. Although
Cottrell7 was unable to detect putrescine in Aplysia, Dolezalova et al. 8 found that

this four carbon diamine exists in measurable quantities in molluscan nervous tissue.
Incorporation of radioactivity into GABA from labelled putrescine has been shown to
occur in the brains of fish36 and rats.37 This pathway may be of some significance

in maintaining endogenous GABA levels in nervous systems with little glutamic acid
decarboxylase activity.

From the data presented here, it is clear that there exists some degree of glial
specificity with regard to GABA uptake. However, the autoradiographic results in
this study do not definitely rule out the possibility of some GABA uptake in neurons.
Glia present in the pedal ganglia fail to show a sodium dependent, high affinity uptake
mechanism. Alternatively, Schon and Kelly34 have suggested that all glial cells have
the capacity to accumulate exogenous GABA and that this function may only play a
physiological role in regions where GABA is a neurotransmitter. Thus our data seem
to indicate that there may be unique populations of glia capable of accumulating exog-
enous GABA. The range of tissue:medium ratios found in Aplysia ganglia (Table I)
may represent different proportions of glia present in each ganglion which either pos-
sess or lack the ability to accumulate GABA. This hypothesis would be consistent

35

with the suggestions of Schrier and Thompson,”” Henn and Hamberger17 and Hutchison

19

et al that glia exert functional control over extracellular GABA concentrations in

addition to inactivating synaptically released GABA. A similar function was suggested

31

by Orkand and Kravitz“" in the lobster.
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The possibility of transport of accumulated GABA by glia to neurons is inferred
from the neurochemical and anatomical data obtained in this study. The extensive glial
association with neuronal perikarya, especially in the region of the axon hillock, has
been generally assumed to be related in some way to the nutritive needs of the neu-
rons. 6 Our observations that catabolic rates for accumulated GABA were low and that
silver grains appeared in regions of neuronal cytoplasm containing glial indentations
are consistent with this hypothesis. TLasek et al. 22 have recently demonstrated trans-
port of Schwann cell proteins into squid giant axon, suggesting that mechanisms for
transport of material from glia to neurons do exist,

In addition to the more physiological, high affinity, uptake system for GABA,
there exists a separate low affinity GABA accumulation at high exogenous GABA con-

centrations. Using high GABA concentrations, Schrier and Thornpson35

and Hutchison
et al, 19 found that GABA was accumulated by glia by what appeared to be diffusion.
Because of the apparent shrinkage or deterioration we observed in Aplysia ganglia at
these nonphysiologic exogenous GABA concentrations (>0.3 mM), our data in this range
must be interpreted with caution. The observation that at high concentrations GABA
accumulation was mediated by a low affinity uptake mechanism (Krn =0.73 mM) is in
agreement however with the finding of Evans11 that glutamate uptake in crab peripheral
nerve is mediated by a sodium dependent mechanism with the Krn = 0.28 mM. If intra-
cellular diffusion of GABA does occur in Aplysia ganglia it would seem also to be a

sodium dependent process since the amounts of GABA accumulated in the absence of

exogenous sodium could be accounted for by retention in the extracellular space.
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Early reports of the low GABA content of molluscan nervous tissue relative to
other species, plus the apparent lack of measurable glutamic acid decarboxylase activ-
ity, have for some time discouraged the acceptance of a possible neurotransmitter role
for this amino acid in molluscs. 12 The existence of specific receptors for GABA in
Aplysia ganglia (Yarowsky and Carpenter, unpublished observation) and the recent
demonstration of high (>1 mM) GABA concentrations in individual Aplysia neuronal
cell bodies43 have necessitated reevaluation of this position. The presence of a high
affinity sodium dependent uptake mechanism for GABA, albeit glial, in at least one
but not another ganglion demonstrates a marked degree of anatomical specificity for
this amino acid in the Aplysia nervous system. In addition, we feel there is a definite
possibility that GABA taken up into glial tissue is reutilized by transport to neurons
which in turn release the GABA at the synapse. It is clear that further investigations
as to the role of glia and glial specificity in relation to the neurotransmitter GABA are
needed. The synthesis, release, sites of action, ultimate degradation, and transport
of GABA require further study to evaluate the neurotransmitter role of GABA in
Aplysia.

V. SUMMARY

Selected Aplysia ganglia accumulated exogenous GABA to a greater extent in the
presence than in the absence of sodium. In the buccal ganglion a tissue to medium ra-
tio of 20:1 was obtained for sodium dependent accumulation after a 45-min incubation
in 6 yM 14:C—GABA. In the absence of external sodium the amount of GABA accumu-

lated could be accounted for by retention in the extracellular space. In the pedal
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ganglion no significant sodium dependent accumulation occurred for exogenous GABA
concentrations from 5 to 100 M.

The sodium dependent accumulation of GABA in the buccal ganglion was mediated
by a high affinity component (Km =52 yM) and by either a low affinity component
(Km = 0.73 mM) or diffusion. Light microscope autoradiography showed that the sites
of GABA accumulation in the buccal ganglion were predominantly extraneuronal.
These results demonstrate anatomical specificity for GABA in the Aplysia nervous
system, and indicate specificity among glial cells as to the capacity to accumulate ex-
ogenous GABA. This mechanism may be significant in controlling extracellular GABA
concentrations, in inactivating synaptically released GABA, or in maintaining GABA

available to the neurons.
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