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Immunocytochemically Identified Astrocytes 

Abstract. Primary cultures of astrocytes from neonatal rat brain were incubated 
with tritiated serotonin. Afrerjixation they were stained by immunofluorescence for 
the astrocyte-specific marker glial jibrillary acidic protein and processed for 
autoradiography. Silver grain density was increased over cells positive for glial 
jibrillary acidic protein and was reduced to background levels when sodium was 
omitted from the medium or the specific inhibitors of serotonin uptakefluoxetine and 
chlorimipramine were present. The results indicate that mammalian astrocytes can 
take up serotonin by a sodium-dependent, high-afinity system previously thought to 
be the exclusive property of serotonergic nerve endings. 

The action of most neurotransmitters serve as sites of uptake. Indeed, astro- 
released in the central nervous system is cytes have active systems for taking up 
thought to be terminated mainly through amino acid transmitters. Many of the 
reuptake by nerve endings (1). However, studies showing this were done with cul- 
many synapses are surrounded by astro- tured glial cells (3), but uptake of exoge- 
cytic processes (2), which could also nous labeled amino acids by astrocytes 

Fig. 1. Glial fibrillary 
acidic protein immu- 
nofluorescence (A, C, 
and E) and bright- 
field autoradiography 
of ['H]serotonin up- 
take (B, D, and P) in 
the presence of Na+ 
(A to D) and in medi- 
um in which Na+ was 
replaced by choline 
(E and F). The cells in 
(A) and (B) lack pro- 
cesses and those in 
(C) and (D) are proc- 
ess-bearing. Primary 
astrocyte cultures (5 
weeks in culture) 
were prepared from 
the cerebral cortices 
of newborn rat pups 
after removal of the 
meninges (19). The 
cells were grown on 
pairs of glass cover 
slips in 60-mm plastic 
dishes (Corning) in 
Eagle's basal medium 

with 10 percent fetal calf serum, supplemental vitamins and amino acids, and penicillin and 
streptomycin (19) and were used within 6 weeks. For combined autoradiography and immuno- 
cytochemistry the growth medium was removed and the cells were washed three times in 
buffered medium containing the following (in millimoles per liter): Na+ (143, K+ ( 4 3 ,  Mg2+ 
(0.4), Ca2+ (1.3), CI- (127), SO$- (0.4); HCO; (23, and glucose (10) (pH 7.4). The cells were 
first incubated for 20 minutes in the same medium with 10-4M pargyline and IO-'M ascorbate 
with additions or changes as indicated in a 5 percent C02 and 95 percent air atmosphere at 37'C. 
The cells were then incubated in 2 ml of the medium containing 0.3 pM [%]serotonin (specific 
activity, 9 to 23 Cilmmol; Amersham) for a further 30 minutes. To stop uptake the cells were 
rapidly washed seven times with 2 ml of ice-cold phosphate-buffered saline (PBS). The cells 
were then fixed in 4 percent paraformaldehyde and 0.25 percent glutaraldehyde in 0.1M 
cacodylate buffer for 15 minutes at O°C. The cover slips in the dish were then rinsed five times 
with 2 ml of ice-cold PBS to remove the fixative, put into acetone at -lO°C for 3 minutes to 
render their plasma membranes permeable to antibodies, and rinsed twice in PBS. They were 
then incubated for 30 minutes with a 1 : 200 dilution of monoclonal mouse antibody (immuno- 
globulin G) to human GFAP (Amersham), rinsed three times in PBS, incubated for 30 minutes 
with a 1:20 dilution of a rhodamine-labeled rabbit antibody to mouse immunoglobulin G, and 
rinsed three times in PBS. The cover slips were mounted with Fluoromount on microscope 
slides (cells facing up) and air-dried at 4OC overnight. The slides were dipped in Kodak NTB2 at 
41°C, air-dried for 1 hour, and left at 4°C for I I days. Then the slides were developed in Dektol 
(1: 2 dilution) for 2 minutes, placed in I percent acetic acid for 30 seconds, fixed in Kodak fixer 
for 4 minutes, and finally rinsed in three water baths for 5 minutes each. The cells were viewed 
with a Nikon Labophot microscope with a X5O oil-immersion lens, a xenon 75-W light source, 
and appropriate filters for rhodamine epifluorescence. Controls in which antibody to GFAP was 
absorbed with purified bovine GFAP showed no detectable fluorescence. 
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in situ has been shown by autoradiogra- 
phy (4) or by glial cell fractions from 
adult brain tissue (5). Uptake of mono- 
amine transmitters by mammalian astro- 
cytes in situ has not been detected (6), 
except for one mention of uptake of 
serotonin into astrocytic processes in the 
cat medulla (7). Uptake of serotonin into 
glia was also reported in the predomi- 
nantly glial filum terminale of the frog 
(8). Uptake of both catecholamines and 
serotonin has been observed, however, 
in a number of glial cell cultures by 
measuring uptake of radiolabeled trans- 
mitters (9), but such studies represent 
uptake into transformed cell lines or av- 
erage uptake into primary cultures, 
which may contain various proportions 
of other cell types. In the study reported 
here we demonstrated, by combined use 
of autoradiography and immunocy- 
tochemistry, uptake of [3H]serotonin by 
cells in primary cultures from neonatal 
rat brain which also showed immunoflu- 
orescence for the astrocyte-specific 
marker glial fibrillary acidic protein 
(GFAP) (10). In addition, [3H]serotonin 
labeling was sensitive to the specific 
serotonin uptake inhibitor fluoxetine and 
the tricyclic antidepressant chlorimipra- 
mine and to omission of Na+ from the 

Fig. 2. Effects of 
fluoxetine and chlori- 
mipramine on [3H]- 
serotonin; as shown 
by autoradiography . 
GFAP immunofluo- 
rescence (A, C, E, 
and G) and ["]sero- 
tonin autoradiogra- 

medium, clearly identifying the uptake 
mechanism as a high-affinity type (1). 

1mmunofluorescence photomicro- 
graphs of cultures incubated with [ 3 ~ ] -  
serotonin under control conditions and 
fixed and stained for GFAP are shown in 
Fig. 1, A and C. Pargyline was present to 
inhibit the monoamine oxidase present in 
primary astrocyte cultures (11). The 
same cultures were also processed for 
autoradiography, and bright-field photo- 
micrographs of the same fields as in Fig. 
1, A and C, are shown in Fig. 1, B and D, 
respectively. Figure 1, E and F, shows 
immunofluorescence and bright-field 
views, respectively, after uptake of 
[3~]serotonin from medium in which 
Na+ had been omitted. Figure 1, A to D, 
shows localization of grains over GFAP- 
positive cells. Uptake was seen in both 
GFAP-positive "flat" cells (Fig. 1, A 
and B) and process-bearing cells (Fig. 1, 
C and D). Uptake into GFAP-positive 
cells was not uniform, however, and in 
Fig. 1, A and B, intensely labeled cells 
that partially mask the GFAP immuno- 
fluorescence can be distinguished from 
neighboring GFAP-positive cells that 
show lower silver grain densities. These 
differences may reflect specialization of 
serotonin uptake in different astrocytes 

phy for the same 
fields (B, D, F, and 
H). The micrographs 
show uptake of 3 x 
10-7M [3H]serotonin 
for 30 minutes in 
HCOFbuffered medi- 
um (see legend to Fig. 
1) alone (A and B), in 
medium with 10-7M 
fluoxetine (C and D), 
in medium with 
10-7M chlorimipra- 
mine (E and F), and in 
Na+-free medium (G 
and H). The method- 
ology was as de- 
scribed in the legend 
to Fig. 1 ,  except cells 
(6 weeks of age) were 
fixed with 4 per- 
cent paraformalde- 
hyde without glutar- 
aldehyde for 30 min- 
utes at room tem- 
perature and were de- 
veloped after 26 days 
at 4°C. The grain den- 
sity in (D), (F), and (H) over both the fluorescent cells and the fluorescent-free areas 
corresponds to the background level, since the black areas contained no cells (as determined by 
phase microscopy). 

in vivo. Such variation in uptake was 
also recently reported in autoradiograph- 
ic studies of DL-['4C]&-aminoadipic acid 
uptake into astrocytes in culture (12), 
and we have found that astrocyte cul- 
tures prepared from different brain re- 
gions show different capacities for Na+- 
dependent uptake of [3H]ser~tonin (13). 
Alternatively, since we had to use less 
than optimum fixation conditions to pre- 
serve antigenicity (12) [4 percent para- 
formaldehyde and 0.25 percent glutar- 
aldehyde rather than 4 percent glutar- 
aldehyde], we observed less than opti- 
mum uptake and variation in grain 
density may have been due to differential 
loss of label during fixation. The cells in 
the cultures were 90 to 95 percent 
GFAP-positive, and about 50 percent of 
these cells showed grain density that was 
above the background level. Reduction 
in grain density over the cells to back- 
ground levels because of omission of 
Na+ from the medium strongly suggests 
that the uptake mechanism is of the high- 
affinity type (1). This conclusion is also 
supported by the low concentration of 
[3~lserotonin used (3 x 10-'M) and a 
recent kinetic study of [3~]serotonin up- 
take in astrocyte cultures showing Na+ 
and C1- dependence, a Michaelis con- 
stant for [3H]serotonin of around 0.4 
pM, and the expected rank order of 
inhibition by a variety of clinically effec- 
tive antidepressants (14). 

The effects of fluoxetine and chlorimi- 
pramine, specific inhibitors of r3~]sero- 
tonin uptake (I), on the autoradiographic 
localization of [3H]serotonin are shown 
in Fig. 2. Figure 2, A and B, shows 
control GFAP immunofluorescence and 
grain density in this experiment. The 
effects of fluoxetine and chlorimipramine 
are illustrated in Fig. 2, C to F, and the 
effect of omission of Na+ is shown in 
Fig. 2, G and H. Uptake under control 
conditions and in the absence of Na+ 
were included because in the experiment 
represented in Fig. 2 we used 4 percent 
paraformaldehyde without glutaralde- 
hyde to fix the tissues, while in the 
experiment represented in Fig. 1 we used 
paraformaldehyde plus 0.25 percent glu- 
taraldehyde. It is clear that the presence 
of the inhibitors and the omission 
of Na+ reduced grain density over the 
cells to the background level, as seen in 
the dark areas where no ceRs were 
present. 

While these findings indicate that 
[3~lserotonin is taken up by mammalian 
astrocytes in culture, several autoradio- 
graphic studies of [3~]serotonin uptake 
in the brain have not detected a glial 
component (6). Surgical lesions of the 
midbrain raphe nuclei or chemical le- 
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sions by injection of 5,6- or 5,7-dihy- 
droxytryptamine [which appear to selec- 
tively destroy serotonergic neurons (IS)] 
also selectively inhibited high-affinity 
uptake of serotonin (16). Although such 
studies certainly suggest a more intense 
uptake or storage in nerve endings, they 
cannot rule out a contribution of high- 
affinity glial uptake associated mainly 
with subsequent metabolic degradation 
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serum there was only a 10 percent reduction in 
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tonin (1 7). 

In conclusion, our results show high- 
affinity uptake of [3H]serotonin by im- 
munocytochemically identified astro- 
cytes in primary culture. If our results 
with normal astrocytes in culture apply 
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to astrocytes in situ, then uptake by such 
cells is likely to be a significant route for 
the termination of action of serotonin 
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and thus a possible site of action for 
drugs such as the antidepressants. Up- 
take into astroglia presumably occurs in Retinal S Antigen Identified as the 48K Protein 
addition to reuptake by nerve endings. 
The relative contributions of neurons 
and astroglia to uptake could be assessed 
if selective inhibitors of astroglial and 
neuronal uptake were found, and screen- 
ing for such compounds could conve- 
niently be done in astroglial and neuronal 
cultures and highly purified synaptosom- 
a1 preparations. It is also possible that 
astrocytic uptake plays a role in the 
etiology of psychiatric diseases involving 
serotonin (18). 
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Regulating Light-Dependent Phosphodiesterase in Rods 

Abstract. Retinal S antigen chromatographically purzjied from whole retina, 
induces experimental autoimmune uveoretinitis in laboratory animals. The 48K 
protein, a soluble protein found in rod outer segments, is purged through its specijic 
binding to photoexcited rhodopsin and is involved in the quenching of light-induced 
guanosine 3'3'-monophosphate-phosphodiesterase activity. Biochemical, immuno- 
logical, functional, and pathological tests showed that retinal S antigen and the 48K 
protein are identical. 

Certain inflammatory diseases of the 
retina and uvea are thought to involve 
autoimmune mechanisms, either as pri- 
mary mechanisms or secondary to a lo- 
cal injury (I). Retinal S antigen, a soluble 
protein of about 50 kilodaltons (kD) 
found in abundance in the photoreceptor 
cells of the retina, has a role in the 
autoimmune response (1,2). This protein 
has been isolated and purified from the 
retinas of different mammals (2, 3). Im- 
munization of laboratory animals with a 
few micrograms of purified S antigen in 
adjuvants induces experimental autoim- 
mune uveoretinitis, an ocular inflamma- 
tory disease (2, 4, 5). 

We report that the S antigen is identi- 
cal with the so-called 48K protein char- 
acterized in rod outer segments (ROS) 
by its light-dependent binding to the disk 
membrane (6). The 48K protein binds 

specifically to photoexcited and phos- 
phorylated rhodopsin (R*-P) (7) and 
quenches the activity of the light-depen- 
dent guanosine 3',5'-monophosphate 
(cyclic GMPtphosphodiesterase (8). 
This suggests that the 48K protein has a 
regulatory role in the light-induced am- 
plifying cascade that controls cyclic 
GMP hydrolysis in ROS-a major step in 
the phototransduction process (9). This 
protein is highly soluble in dark-adapted 
ROS and represents 2 to 7 percent of the 
total protein content of ROS (10). 

We applied biochemical, functional, 
immunological, and pathological tests to 
compare S antigen, prepared from total 
retina by a standard procedure (3), with 
the 48K protein, purified from ROS by a 
procedure based on its binding to illumi- 
nated disk membranes (1 1). 

Both proteins migrate in sodium dode- 
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