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High Levels of Extracellular Glutamate Are Present 
in Retina During Neonatal Development* 
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The three major classes of neurons which comprise the primary visual pathway in retina are 
glutamatergic. These cells are generated in two separate developmental stages, with one subclass 
of photoreceptors (cones) and ganglion cells generated before birth; and the other subclass of 
photoreceptors (rods) and bipolar cells generated during the first week after birth. Gas chromatog- 
raphy/mass spectroscopy analysis coupled with a new method for collecting small samples of 
extracellular fluids from retina were used to determine the levels of endogenous glutamate present 
during differentiation and synaptogenesis of these different cell types. As expected the total retinal 
content of glutamate increased during the postnatal period in synchrony with the generation and 
maturation of glutamatergic cells. However, a significant proportion of the endogenous pool was 
found extracellularly at birth. Intracellular glutamate is localized within cell bodies and growing 
processes of cones and ganglion cells at this time but few glutamatergic synapses are present. The 
extracellular concentration of glutamate actually declined during the most active period of syn- 
aptogenesis, reaching very low levels in the adult. The high concentrations of extracellular gluta- 
mate in neonatal retina could play an important role in a variety of developmental events such as 
dendritic pruning, programmed cell death and neurite sprouting. 

KEY WORDS: Glutamate; retinal development; glutamate release; retina. 

I N T R O D U C T I O N  

The amino acid neurotransmitter, glutamate, func- 
tions as a major excitatory synaptic signal in the retina 
(1). The retina is a highly useful model for characteriz- 
ing neurotransmitter systems in the CNS because of its 
simple organization, its well-characterized circuitry, and 
its suitability for experimental manipulation. In the ret- 
ina, glutamate mediates synaptic transmission from pho- 
toreceptors to bipolar cells and from bipolars to ganglion 
cells as part of  the primary visual pathway. The action 
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of  glutamate is mediated via one of several subtypes of  
postsynaptic receptor (for review, see 2). 

In addition to conventional synaptic transmission, a 
spectrum of  activity has been demonstrated for gluta- 
mate depending on the concentration of  transmitter and 
the maturational stage of the tissue. High concentrations 
of  glutamate produced in response to ischemia, activate 
the NMDA subclass of  glutamate receptors and mediate 
glutamate neurotoxicity in both the adult retina and brain 
(3,4,5). The NMDA receptor may also participate in spe- 
cific developmental processes in brain ranging from den- 
dritic pruning to neurite extension (6). By using receptor 
antagonists, the NMDA receptor has been shown to 
modulate the organization of the retinotectal map (7,8) 
and the refinement of  the synaptic connections in the 
striate cortex (9). 

0364-3190/96/0200-0285509.50/0 �9 1996 Plenum Publishing Corporation 



286 Habereeht and Redburn 

In ear ly  postnatal  deve lopmen t  o f  the retina, var ious  

concent ra t ions  o f  g lu tamate  agonis ts  appear  to media te  

a range o f  activit ies.  Both  N M D A  and n o n - N M D A  re- 

ceptor  ac t ivat ion alters e lectr ical  act ivi ty  and intracellu- 

lar ca lc ium levels  o f  gang l ion  cells  (10). Messe r smi th  

and R e d b u m  (11) demons t ra ted  that at h igh  concentra-  

t ions the n o n - N M D A  agonist ,  kainic  acid, ablated rabbit  

retinal hor izontal  cells  early in deve lopment .  In the rat 

h ippocampus  (12) and retina (13) low concentra t ions  o f  

kainic acid act as a t r o p h i c  agent  and in retina, it induces  

neuri te sprout ing o f  hor izonta l  cells. 

The presence  o f  g lu tamate  immunoreac t iv i ty  has 

been  demonst ra ted  in the deve lop ing  rabbit  ret ina by  
/ ' 1  ~ R e d b u m  et al. ~ 4 ) .  Labe l ing  was  obse rced  m the cel l  

bodies  and pedic les  o f  cone  photoreceptors ,  the cel l  bod-  

ies and processes  o f  hor izonta l  cel ls  and in gang l ion  cel ls  

which  together  const i tute  the first cohort  o f  neurons  gen-  

erated embryonica l ly .  M a n y  o f  the cell  types p roduced  

postnatal ly  in the second w a v e  o f  neurogenes is  (i.e. all 

rod  photoreceptors  and bipolar  cel ls  as we l l  as m a n y  

amacr ine  cel ls)  are also immunoreac t ive  for g lu tamate  

wi th in  the early postnatal  period.  In hor izonta l  cel ls  and 

some amacr ine  cells,  g lu tamate  m a y  serve  as a precursor  

for the product ion  o f  G A B A  rather  than act ing direct ly  

as a neurot ransmit ter  (15). 

In the present  study, the pr imary  objec t ive  was  to 

measure  the size o f  the total poo l  o f  endogenous  gluta-  

mate  and the fract ion o f  that poo l  found extracel lu lar ly  

during deve lopmen t  in the rabbit  retina. In order  to assay 

extracel lular  glutamate,  we  adapted a technique  first de- 

ve loped  for brain slices (16). W e  report  that the extra- 

cel lular  pools  are re la t ive ly  large during early post  natal 

deve lopmen t  and decrease  in size as the neuronal  and 

glial  archi tecture matures .  Fur thermore ,  the d iminish ing  

pools  o f  extracel lu lar  g lu tamate  consti tute on ly  a por t ion  

o f  the total g lu tamate  content  wh ich  in fact increases  

during deve lopment .  The  re la t ive ly  h igh  concent ra t ion  

o f  g lu tamate  found extracel lu lar ly  dur ing d e v e l o p m e n t  

further supports a role  for g lu tamate  in ret inal  and C N S  

maturat ion.  

E X P E R I M E N T A L  P R O C E D U R E  

Superfusion of Isolated Retina. New Zealand white rabbits of var- 
ying ages were obtained from a local vendor and handled in accor- 
dance with the guidelines set by the Association for Research in Vision 
and Ophthalmology. Animals were anesthetized with CO2, decapitated, 
and immediately pithed by mechanical disruption of brain stem struc- 
tures with a blunt probe inserted through the foramen magnum. The 
eyes were removed and hemisected posterior to the ora serrata. The 
anterior portion of the eye and vitreous were discarded. The posterior 
eye cup was flattened by making four radial cuts. Four-ply gauze was 

placed over the vitreal surface. The sclera was then carefully peeled 
back with a pair of forceps leaving the retina positioned photoreceptor 
side up on the gauze. The gauze and retina were placed over a clear 
plastic dome leaving the outer surface of the retina exposed to moist 
air inside an incubation chamber maintained at 37~ (Fig. 1). The level 
of the buffer in the chamber was controlled by inlet and outlet valves, 
so that it reached only the edge of the gauze. The wicking action of 
the gauze served to keep the retina supplied with oxygenated buffer 
(95%, O2, 5% CO2). In all experiments, the buffer used was Krebs 
bicarbonate (pH 7.4), which contained 4.7 mM KC1, 1.17 mM 
KH2PO4, 118 mM NaC1, 11.1 mM glucose, 1.2 mM MgSO4, and 2.5 
mM CaC1 v A micropipette was positioned along the outer retinal sur- 
face and 10 ~tl samples of surface fluid were collected manually. The 
same pipette arrangement was used to introduce buffer containing 
stimulating agents. 

[~H]ACh Release from Isolated Retina. Based on a modification 
of experiments described by Masland and Livingstone (17), uptake of 
[3H]choline was used to label endogenously synthesized pools of 
[3H]acetylcholine (ACh). Eye cups from adult rabbits (2.5-3 kg) were 
incubated in buffer containing 50 I.tCi of [3H]choline for 20 min at 
37~ under flashing light. The tissues were rinsed and retinas isolated 
as described above. Retinas were post-incubated for 45 min in control 
buffer without CaCI 2 before the release assay. Retinal effluents (10 ~tl) 
were collected every 2 min for a period of 40 min before and 20 min 
after the application of a 20 ~tl volume of 50 I.tM kainic acid. Radi- 
oactivity contained in the samples was determined by liquid scintil- 
lation spectroscopy. Based on results from previous studies (18), 
greater than 90% of the light-evoked release of radioactivity collected 
in a similar manner is associated with [3H]ACh. At the end of the 
assay, the retinas were transferred from the gauze to filter paper by 
placing the dry filter on top of the wet gauze and then carefully peeling 
back the gauze. The filters were placed overnight in 1 ml of 1% so- 
dium dodecyl sulfate (SDS) plus 1 mM EDTA before counting. The 
release rate was calculated as the percent of total radioactivity in the 
sample released per minute. Comparison were made using the stu- 
dent's t-test. 

Extracellular Levels of Endogenous Glutamate. Isolated retinas, 
collected from adult animals or from pups on postnatal days 1 (P1), 
3 (P3), and 5 (P5), were prepared as described previously and placed 
in the buffer chamber (Fig. 1). Samples of retinal effluent were ob- 
tained by extracting 10 I.tl of surface fluid every 2 min for a total of 
10 min before and 20 min after addition of 20 ]xl buffer containing 
500 mM KC1. The bath before stimulation contained 5 mM sucrose; 
during exposure to KC1, the bath contained 2.5 mM CaC12. The first 
five samples were pooled to obtain a 50 Ftl pre-stimulus collection. 
Extracellular levels of endogenous glutamate were also collected be- 
fore and after exposure to 100 IxM D-aspartate at postnatal days 1, 5 
and adult. 

Endogenous Glutamate Content. Retinas were quickly isolated 
from adult animals and pups on P1, P3 and P5 and frozen immediately 
on dry ice. Each retina was lysed with 1 ml of cold 50% ethanol. 
Samples were then homogenized by hand and centrifuged for 30 min. 
The pellet was discarded and the supernatant was stored at -80~ for 
analysis by gas chromatography/mass spectroscopy. The samples were 
lyophilized and derivatized following the addition of 100 ng of deu- 
terated glutamate as an internal standard. Using thionyl chloride, 
methyl alcohol, and heptafluorobutyric anhydride in the derivatization 
process, the methyl ester derivative was analyzed on the Finnigan In- 
cos 50. Compounds were separated using gas chromatography (cap- 
illary column from J&W; DB5, 30m, film thickness of }.tm). The 
amount of glutamate was calculated using the ratio of peak intensities 
of the internal standard to that of sample. 
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Fig. 1. Superfusion apparatus. Isolated, whole retina (a) is placed on 
gauze (b) on top of  plastic dome (e) in the chamber. Gauze is used 
to wick buffer to the retina. The level of  the buffer reaches the gauze 
without submersing the retina. The buffer level (d) is maintained by 
inlet and outlet valves (e). Ten H1 samples are collected manually from 
the surface of  the retina using a microcapillary pipette (f). 

RESULTS 

Release of [3H]Acetylcholine. A preparation de- 
signed to measure extracellular levels ofneurotransmitters 
in brain slices under basal or stimulated conditions (16) 
was adapted for use with isolated, whole retina. [3H]ACh 
was used as a test compound in order to establish the 
physiological parameters of the new preparation. The ex- 
tracellular levels of endogenously synthesisized [3H]ACh 
has been well-characterized using in situ eye cup prepa- 
rations (18). These investigations demonstrated the en- 
dogenous synthesis of [3H]ACh from [3H]choline and its 
subsequent basal and stimulated release in adult rabbit 
retina. Using a modification of the protocol reported by 
Massey and Redburn (18), isolated retinal eye cups were 
incubated under flashing light in [3HI-choline for 20 
minutes in order to allow uptake of the isotope and con- 
version to [3H]ACh. After post incubation, retinas were 
removed and placed on gauze in an incubation chamber. 
Ten ~tl samples of surface fluid were collected from the 
exposed outer surface of the retina at 2 minute intervals 
(Fig. 2A). 

Under basal conditions 2.8% ( _  0.52 SEM) of the 
total radioactivity present in the retina was recovered in 
each 10 min sample (Fig. 2B). The addition of 20 btl of 
50 l.tM kainic acid caused a doubling of this amount to 
6.8% per 10 min. The stimulation was first detected 6 
minutes after addition of kainic acid with peak rates oc- 
curring 16 minutes later (Fig. 2A). In all cases the 
amount of radioactivity remaining in the retina at the 
end of the collection period was greater than 50% of the 
amount present at the beginning of the superfusion. 
These results compare favorably to those obtained with 
in situ eye cup and thus offer validation of the new prep- 
aration employed. 

Extracellular Levels of Endogenous Glutamate. The 
amount of endogenous glutamate released from neonatal 
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Fig. 2. Release of [3H]acetylcholine. A) Level of  [3H]ACh in individ- 
ual superfusion samples from a representative experiment. Collections 
were made at 2 min intervals for 40 min in control buffer followed 
by an additional 20 min collection period in the presence 50 J.tM kainic 
acid. B) Average level of  [3H]-ACh in superfusion samples exposed 
to control buffer or buffer containing kainic acid, measured as an av- 
erage of  20 responses over 40 min. Values represent the DPM in the 
collection sample/total DPM present in the tissue. Mean _+ SEM; n 
= 5 rabbits. 

neurons under basal and stimulated conditions was ex- 
amined by measuring quantities present in the retinal 
surface fluid collected from the superfusion apparatus 
described above. The extracellular levels of glutamate in 
control superfusates were higher at P1 (260 ng/50 p.1) 
than at the other developmental ages examined (Fig. 3; 
white bars). At P3 and P5, levels were approximately 
fourfold lower; in the adult they were one third lower 
than in the neonate. The amount of glutamate present in 
control samples collected sequentially remained fairly 
constant over a period of 20 min. 

To determine if extraceUular glutamate concentra- 
tions could be increased by depolarization-stimulated re- 
lease, we exposed superfused retinas to a 20 H1 volume 
of 500 mM KC1. The amount of glutamate in samples 
collected under stimulated conditions (Fig. 3; black bars) 
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Fig. 3. Extracellular levels of glutamate in developing retina. White 
bars represent basal levels collected in five 10 ~tl samples over 10 min. 
Black bars represent levels of  extracellular glutamate samples col- 
lected in the 10 min period immediately after application of  20 ~tl of  
500 mM KC1. Gray bars show the levels of  glutamate in samples 
collected during the 10 to 20 min interval after KC1 stimulation. Means 
___ SEM, n = 3 rabbits for each age. 
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Fig. 4. Extracellular levels of  endogenous glutamate after exposure to 
100 pM D-aspartate. White bars reflect basal efflux of glutamate in 
five 10 111 samples collected over 10 min. Hatched bars represent the 
basal efflux of  glutamate after addition of  100 ktM D-aspartate. Means 
___ SEM, n = 5 rabbits for each age. 

at P1 was roughly twice that seen before stimulation 
(532 ng/50 ktl). The releasable pool was approximately 
9 times larger than that seen at P3 and P5; it was 3.3 
times larger than that seen in the adult. The only increase 
in extracellular levels in adult tissue was a small and 
somewhat delayed response observed in the collections 
begun 10 minutes after stimulation (Fig. 3, gray bars). 

Extracellular Levels of Endogenous Glutamate in 
the Presence of D-Aspartate. The intent of these exper- 
iments was to test whether the higher levels of  extra- 
cellular glutamate observed under basal and stimulated 
conditions in the neonate were due in part to a lack of 
glial (Miiller) cell uptake and metabolism at early ages. 
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Fig. 5. Total content of  endogenous glutamate in developing retina. 
Values represent total glutamate per retina (ng) and amount of  gluta- 
mate per g weight (pmoles/g tissue). Means + SEM, n = 4-6 rabbits 
at postnatal days (1, 3, 5 and adult). 

D-aspartate is a competitive inhibitor of neuronal and 
glial uptake sites for glutamate. Any increases in levels 
of  extracellular glutamate after addition of o-aspartate 
can be attributed to a block in the re-uptake of  previ- 
ously released glutamate. A direct relationship should 
exist between the size of  the D-aspartate response and 
the level of uptake activity. 

The effect of  D-aspartate on extracellular glutamate 
levels in retina was as predicted. The basal level of  ex- 
tracellular glutamate increased in the presence of  D-as- 
partate at all ages (Fig. 4). However, the increase was 
largest in the adult, moderate at P5, and modest at P1. 
The level in the adult retina after D-aspartate (446 ng/10 
min) was approximately 2.9 fold higher than in control 
buffer 056  ng/10 min). The amount of glutamate in P5 
samples collected in the presence of D-aspartate (318 
ng/10 rain) was significantly larger than at P1 (194 ng/10 
min). These data suggests that glutamate uptake activity 
is lower in neonates and thus is a contributing factor to 
the high extracellular levels observed. 

Total Endogenous Glutamate Content. Total endog- 
enous stores of glutamate were measured by GC/MS 
over the course of  post natal development. Results were 
calculated as ~moles glutamate/g wet weight of  tissue 
and as ktg of  glutamate/retina. Small but measurable 
pools of endogenous glutamate were extracted at birth 
(1.46 ktmole/g tissue, Fig. 5). The largest increase in the 
size of the endogenous pool occurred between days 3 
and 5 which is consistent with the peak period of syn- 
aptogenesis. The retina contained as much as 89.3 ~tg 
glutamate at P5. Although a significant increase in the 
total content of  glutamate occurred between P5 and the 
adult (12.7 vs. 14.9 ~tmol per g tissue), the rate of  in- 
crease was less than the differential between P3 and P5. 
The concentration as well as total amount of  glutamate 
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per retina exhibited similar patterns of increase during 
development. 

DISCUSSION 

Characterization of the Release Assay. In the pres- 
ent study, a technique designed to monitor release of  
neurotransmitters from brain slices (16) has been 
adapted for use in the retina. This preparation provides 
a direct measure of the amount of endogenous neuro- 
transmitter found in the extracellular fluid of the isolated, 
whole retina (19). After removal from the eye cup, the 
retina is placed on a gauze-covered pedestal. The retina 
is kept moist by the wicking action of the gauze which 
absorbs buffer from the incubation chamber, and retinal 
effluent is collected from the exposed photoreceptor sur- 
face with a microcapillary pipette. With this arrange- 
ment, samples of effluent can be collected from the 
retinal surface with minimal dilution from buffer thus 
providing an advantage for sensitive measurements of 
endogenous transmitters. 

In contrast to previously used procedures which 
collected samples from the vitreal surface, collections in 
the current system are made from the outer retinal sur- 
face which has been mechanically separated from the 
RPE to create an open subretinal space. In addition to 
allowing access into the subretinal space, this procedure 
also disrupts the outer limiting membrane which may 
decrease MiJller cell uptake of glutamate at the scleral 
surface of the retina. Furthermore, the uptake and me- 
tabolism of glutamate may be associated with the ex- 
pansive Mtiller cell footpads in the inner retina. For 
these reasons, it is likely that the effluent in this system 
preferentially contains more of the substances released 
from the outer retina. 

One potential disadvantage of this system is that 
the actual area of the retina which contributes to the 
measured release is unknown allowing only relative cal- 
culations of  the amount released/mg retina. In addition, 
the introduction of stimulants through a micropipette ex- 
poses the retina to concentrations gradients as opposed 
to the uniform concentrations achieved in a submersed 
preparation. The area nearest to the pipette receives the 
highest exposure to the exogenously applied substances 
while areas further away receive a lesser exposure. The 
sampling area may express a range of  responses to dif- 
ferent concentrations of  the stimulus. While these theo- 
retical concerns should be kept in mind, they do not 
appear to have a major effect on actual results, based on 
the comparative tests described below. 

~H]Acetylcholine Release. To test the new prepa- 
ration, measurements of [3H]ACh release were compared 
with those obtained with an in vivo eye cup preparation 
first described by Massey and Neal (20). In both prep- 
arations, [3H]choline is taken up by the retina, converted 
to [3H]ACh in the presence of flashing light, and re- 
leased upon stimulation (17,18). 

Similarly, the response to kainic acid stimulation 
was roughly equivalent in the two different preparations. 
This peak response measured in the in vivo eye cup was 
greater than that seen in the isolated retina, but this dif- 
ference can reasonably be attributed to the shorter col- 
lection periods attainable in the eye cup. When results 
are averaged over a 20 min collection period, both prep- 
arations showed an approximate doubling of the basal 
release rated after a pulse of kainic acid. A 2.5 fold 
increase was observed in the eye cup [recalculated from 
Linnet  al., (21)] compared to a 2.1 fold increase in the 
isolated retina. It should be kept in mind that the simi- 
larity in results is observed in spite of  the major differ- 
ences in characteristics of  the two assay systems. In the 
eye cup, the measurements reflect the average response 
from virtually all of  the retina since the buffer which 
bathes most of  the vitreal surface is used to introduce 
the chemical stimulant (kainic acid) and to provide sam- 
ples for monitoring released [3H]ACh. In the isolated 
retina preparation, a micropipette is used for introducing 
and removing surface fluid along the outer retinal bor- 
der. In this preparation, only a fraction of  the retina will 
actually receive stimulating concentrations of  kainic acid 
and in turn contribute to the released [3H]ACh. Since the 
general properties of  release as well as the actual stim- 
ulation rates were similar in the two assay systems, we 
assume that the release from this fraction of isolated ret- 
ina is reflective of  averaged responses from whole retina 
and is therefore a valid measure of neurotransmitter re- 
leased into the extracellular space. 

Extracellular Levels of Endogenous Glutamate in 
Developing Retina. One of the most significant and un- 
expected findings of this study was the relatively high 
levels of extracellular glutamate measured in neonatal 
retina. Under all three conditions examined (unstimu- 
lated, immediately after potassium stimulation, and 10 
min after stimulation), the amount of  glutamate present 
in retinal superfusates at birth was greater than at any 
other age. The concentration in superfusion samples 
ranged from 30-70 ~tM, levels which have been shown 
to be toxic in adult retina (22,23). Even so, these values 
represent a minimal range for the true concentration 
which must exist within the extracellular space of neo- 
nates because the collection sample is diluted by buffer 
during collection. Because the absolute amount of  dilu- 
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tion is not known, the precise glutamate concentration 
cannot be calculated. 

Based on studies of glutamate immunoreactivity 
(14) the source of extracellular glutamate appears to be 
from cell bodies and processes of maturing glutama- 
tergic neurons. Heaviest staining was observed in the 
ganglion cell layer and in the inner plexiform layer at 
birth. Occasional amacrine cells were also labeled at the 
distal border of the 1NL. In the outer retina staining was 
observed in the position of cell bodies of developing 
cone photoreceptors and horizontal cells and their proc- 
esses within the OPL. Labeling of cones increased during 
development, coincident with the period of synaptoge- 
nesis between Pi and P5 (24). in contrast, horizontal cells 
lost their immunoreactivity to glutamate by P5, along 
with various other markers for the GABAergic pheno- 
type, suggesting that the glutamate pool in horizontal cells 
may be used for GABA synthesis. Nevertheless, we as- 
sume that all of the glutamate immnnoreactive cell classes 
are the potential sources for extracellular glutamate in the 
neonate. Glutamate appears to be released spontaneously 
and in a depolarization-stimulated manner, since addi- 
tion of potassium caused a significant increase in extra- 
cellular levels. Few synapses of any kind are present in 
the retina at birth, thus it is likely that glutamate is re- 
leased from non-synaptic regions, including cell bodies, 
neurites and growth cones. Basal and potassium stimu- 
lated release of neurotransmitters from growth cones has 
been previously demonstrated in other parts of brain 
(25,26). 

The decrease in extracellular glutamate cannot be 
due to a decrease in overall glutamate concentrations. 
The total endogenous content of glutamate increases dra- 
matically after postnatal day 3 approaching adult levels 
by P5. The increase in glutamatergic pools between day 
3 and 5 occurs in synchrony with the reported generation 
and synaptogenesis of rod photoreceptors and bipolar 
cells which constitute two of the largest classes of neu- 
rons in the rabbit retina (24). 

Similar patterns of increase were noted in both the 
total amount of glutamate per retina (ng/retina) and in 
the concentration of glutamate (Ixmoles/g tissue). We 
conclude that not only are glutamatergic cells being 
generated during this period but that the concentration 
of glutamate within individual cells is increasing as 
well. 

The Role of  Uptake Systems in Developmental Reg- 
ulation of Extraeellular Glutamate Levels. It seems un- 
likely that the decrease in the extracellular glutamatergic 
milieu during development reflects an actual decrease in 
glutamate release. A more plausible explanation is that 
the maturation of glutamate uptake systems may be 

somewhat delayed compared to the functional expres- 
sion of non-synaptic release. 

At least two uptake systems are known to exist in 
retina, each with distinctive developmental characteristics. 
First, adult Miiller cells exhibit avid uptake and metabo- 
lism of glutamate (27,28). However at P1, autoradi- 
ographic analysis of [3H]glutamate uptake shows that 
Miiller cells are immature and uptake rates are limited 
(29). In addition, Redburn et al. (14) have analyzed 
[3H]--metabolites using TLC and demonstrated that the 
metabolic conversion of [3H]glutamate to [3H]glutamine 
occurs at a very slow rate at P1. Thus the inactivity of 
Mfiller cells at birth may be the major permissive factor 
in allowing accumulation of high levels of glutamate in 
the extracellular compartment at birth. The observed de- 
crease in extracellular glutamate pools by P3 may reflect 
the onset of Miiller cell uptake activity. 

A second uptake system for glutamate is present in 
retinal neurons. Although arguably less significant than 
Miiller cell activity, the uptake and metabolism of glu- 
tamate by the large number of bipolar cells and rod pho- 
toreceptors generated by P5 may further decrease the 
levels of extracellular glutamate between P3 and P5. 

The observed effects of D-aspartate further support 
the proposed role of uptake as a major determinant of 
extracellular glutamate levels. In the retina, D-aspartate 
serves as a competitive inhibitor for the uptake of glu- 
tamate into both neuronal and glial cells where it is bro- 
ken down to glutamine (30,31). In the presence of a 
blocker of the glutamate uptake site, such as D-aspartate, 
glutamate is released from the affected cells but cannot 
be taken back up thus creating an accumulation of the 
neurotransmitter in the extracellular compartment. If ad- 
dition of o-aspartate causes an increase in extracellular 
glutamate, then it can be assumed that uptake systems 
are normally active under control conditions. 

Our results show that the basal level of extracellular 
glutamate in the presence of D-aspartate is higher at all 
ages: P1, P5, and adult. However, the increase is modest 
in the neonatal retina, larger at P5, and greatest in the 
adult. Since o-aspartate has significantly less effect at 
birth, we conclude that overall uptake activity at this age 
is limited and thus is a likely contributory factor to the 
high extracellular levels of glutamate. 

In conclusion, these results raise interesting ques- 
tions regarding the role glutamate may play in neuronal 
development. Putative roles suggested by other investi- 
gators' include programmed cell death, dendritic prun- 
ing, axon elongation and neurite sprouting (6,32,33). 
The selective survival of developing cell populations in 
the presence of high glutamate levels may rely on the 
regulation of glutamate receptor subtypes and associated 
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s e c o n d  m e s s e n g e r  sys tems .  O ur  da ta  sugges t s  tha t  the  

m a t u r a t i o n a l  s tate  o f  re t ina l  g l ia  is l ike ly  to b e  a key  

fac tor  in  r e g u l a t i o n  o f  w h a t e v e r  d e v e l o p m e n t a l  s igna l  

m a y  b e  t r a n s m i t t e d  b y  g lu tamate .  
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