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Abstract: We examined the impact of hypoxia-ischemia on 
high-affinity [3H]glutamate uptake into a synaptosomal 
fraction prepared from immature rat corpus striatum. In 7- 
day-old pups the right carotid artery was ligated, and pups 
were exposed to 8% oxygen for 0, 0.5, 1, or 2.5 h, and al- 
lowed to recover for up to 24 h before they were killed. High- 
affinity glutamate uptakes in striatal synaptosomes derived 
from tissue ipsilateral and contralateral to ligation were 
compared. After 1 h of hypoxia plus ischemia, high-affinity 
glutamate uptake in the striatum was reduced by 54 f 13% 
compared with values from the opposite (nonischemic) side 
of the brain (p < 0.01, t test versus ligates not exposed to 
hypoxia). There were similar declines after 2.5 h of hypoxia- 
ischemia. Activity remained low after a 1 h recovery period 
in room air, but after 24 h of recovery, high-affinity gluta- 
mate uptake was equal bilaterally. Kinetic analysis revealed 

Recent studies in experimental models of ischemic 
brain injury indicate that neurotransmitters may play 
an important role in the pathogenesis of irreversible 
neuronal damage (Meldrum, 1985; Rothman and 01- 
ney, 1986). Increased neuronal excitability induced 
by ischemia and membrane depolarization could 
both stimulate neurotransmitter release. Several lines 
of investigation have suggested that enhanced release 
of excitatory amino acid neurotransmitters such as 
glutamate may contribute to neuronal damage. 

For glutamate and related compounds that are not 
degraded in the synaptic cleft, reuptake by presynap- 
tic nerve terminals and glia is important for terminat- 
ing the excitatory effects of released transmitter (Fon- 
num, 1984). Failure of reuptake could significantly 
augment the impact of released neurotransmitters. 
Specific high-affinity sodium-dependent glutamate 
uptake activity is normally linked to neuronal firing 
rates so that when glutamate release increases, uptake 

that loss of activity could be attributed primarily to a 40% 
reduction in the number of uptake sites. Hypoxia alone had 
no effect on high-affinity glutamate uptake although it re- 
duced synaptosomal uptake of [3H]3,4-dihydroxyphenyl- 
ethylamine. Addition of 1 mg/ml of bovine serum albumin 
to the incubation medium preferentially stimulated high- 
affinity glutamate uptake in hypoxic-ischemic brain com- 
pared with its effects in normal tissue. These studies demon- 
strate that hypoxia-ischemia reversibly inhibits high-affinity 
glutamate uptake and this occurs earlier than the time re- 
quired to produce neuronal damage in the model. Key 
Words: Perinatal- Ischemic - Brain - Injury - Gluta- 
mate-Uptake. Silverstein F. S. et al. Perinatal hypoxia- 
ischemia disrupts striatal high-affinity [3H]glutamate up- 
take into synaptosomes. J. Neurochem. 47, 1614-1619 
(1986). 

increases concurrently (Nieoullon et al., 1983). How- 
ever, ischemia may inhibit specific uptake mecha- 
nisms even though transmitter release rises. 

In experimental animals, and in neuronal and glial 
tissue cultures, ischemia and/or hypoxia inactivates 
sodium-dependent uptake of several neurotransmit- 
ters (Pastuszko et al., 1982). In mature animal stroke 
models, declines in uptake activity have been inter- 
preted to be sequelae of ischemic injury and to reflect 
irreversible damage to nerve terminals (Weinberger 
and Cohen, 1982; Strong et al., 1983). However, de- 
pletion of high-energy phosphates, accumulation of 
toxic metabolites, or the effects of endogenous regula- 
tory factors could produce functional but reversible 
uptake failure. For example, in vitro, accumulation 
of free fatty acids inhibits synaptosomal amino acid 
uptake, and addition of albumin, which binds fatty 
acids, can reverse this effect (Rhoads et al., 1982). 

In this study we examined the impact of hypoxia- 
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ischemia on high-affinity glutamate uptake in the im- 
mature rat brain. In immature animals, mechanisms 
of brain injury may differ in some respects from re- 
sponses to similar insults in mature animals. Differ- 
ences in local metabolic rates, maturity of specific en- 
zyme systems, and complexity of synaptic connec- 
tions could all affect the evolution of neuronal 
damage. We used a well-characterized small-animal 
model for perinatal hypoxic-ischemic encephalopa- 
thy (Rice et al., 1981) to learn more about the role 
of alterations in high-affinity glutamate uptake in the 
pathogenesis of neuronal injury in this setting. 

Unilateral carotid artery ligation and subsequent 
timed exposure to 8% O2 in 7-day-old rat pups leads to 
progressive ischemia in striatum and fronto-parietal 
cortex ipsilateral to ligation (70% reduction in perfu- 
sion after 2 h of hypoxia) and produces a relatively 
predictable pattern of ischemic neuronal injury lim- 
ited to forebrain, unilaterally (Silverstein and Johns- 
ton, 1984; Johnston, 1983). There is a time threshold 
( I  .5 h) for duration of hypoxic exposure that elicits 
permanent morphologic damage (Silverstein and 
Johnston, 1984). 

We studied high-affinity glutamate uptake in the 
striatum, which in adult animals has a dense gluta- 
matergic innervation, because it is a major target area 
for injury in this animal model. We examined the re- 
lationship between duration of hypoxic-ischemic ex- 
posure and severity of disruption of high-affinity glu- 
tamate uptake and we assessed factors that contrib- 
uted to the recovery of uptake activity. 

EXPERIMENTAL PROCEDURES 

Animal preparation 
In 7-day-old Sprague-Dawley rat pups, anesthetized with 

ether, the right common carotid artery was ligated as pre- 
viously described by Johnston (1983). Pups were returned 
to the dam to feed for 1 h and were then placed in plastic 
chambers warmed to 37°C for 2.5 h. Pups were exposed to 
8% 02, 92% N2 environment for 0, 0.5, 1, or 2.5 h. Pups 
exposed to either 0 or 0.5 h of hypoxia were placed in the 
chambers, separate from the dam, for at least 1 h. After hyp- 
oxic exposure animals were allowed to recover for up to 24 
h. Either immediately after hypoxic exposure or 1-24 h 
later, animals were killed by decapitation and striata (cau- 
date, putamen, and globus pallidus) were quickly dissected 
out on ice. Each experiment included 10- 14 ligates and two 
control pups. In a single experiment all ligates were exposed 
to the same duration of hypoxia, and allowed to recover for 
the same time interval before they were killed. Correspond- 
ing striata from two or three pups were pooled for each 
sample. 

High-affinity glutamate uptake assays 
Well-established methods were used to measure sodium- 

dependent high-affinity glutamate uptake (Bennett et al., 
1973). Tissue and reagents were kept on ice. Striatal tissue 
(two or three striata per sample) was homogenized 1:20 in 
0.3 Msucrose. The P2 fraction was isolated by repeated cen- 
trifugation and resuspended in cold sucrose. Three 25-p1 ali- 
quots of the synaptosome pellet (duplicate samples and 

blank) were incubated at 37°C in 950 p1 of Krebs-Ringer 
phosphate buffer, pH 7.4. The buffer for the experimental 
samples contained NaC1. Choline chloride was substituted 
in the buffer for blanks. After a 1 0-min preincubation, 20 pl 
(1 mCi/ml) of [3H]glutamate (39 Ci/mmol, Amersham) was 
added; the final glutamate concentration was 0.5 pM. Four 
minutes later the incubation was terminated by addition of 
excess cold sodium-deficient buffer. The suspension was re- 
centrifuged at 20,000 g at 5°C for 15 min and the pellet was 
washed, dissolved in tissue solubilizer, and accumulated ra- 
dioactivity was counted. To calculate high-affinity gluta- 
mate uptake, counts (dpm) in each blank (no sodium) were 
subtracted from total counts in the experimental sample. 
The protein concentration in an aliquot of the synapto- 
soma1 suspension was assayed (Bradford, 1976). Specific up- 
take per milligram of protein or tissue was calculated. 

In pilot studies, we found no side-to-side differences in 
striatal high-affinity glutamate uptake in untreated 7-day- 
old pups or in pups exposed to 2 h of 8% 0 2  and that gluta- 
mate uptake after hypoxic exposure was no different from 
control values. However, there was significant interassay 
variation in absolute values for glutamate uptake. There- 
fore, in the first set of experiments, to incorporate results 
from multiple assays, high-affinity glutamate uptake in stri- 
atum ipsilateral to ligation was expressed as a fraction of 
uptake activity in the contralateral striatum. 

In the second set of experiments, for kinetic analysis of 
high-affinity glutamate uptake ipsilateral and contralateral 
to ligation after 2.5 h of hypoxia, uptake was compared bi- 
laterally using seven concentrations of glutamate (0.06-6 
pM)  with the same specific activity. 

In the third set of experiments, the effects of addition of 
1 mg/ml of bovine serum albumin (BSA) to the incubation 
medium were assessed in ischemic tissue and in controls. In 
three experiments, synaptosomes prepared from untreated 
7-day-old pups and ligates exposed to 2.5 h of 8% O2 were 
compared. For each sample, high-affinity glutamate uptake 
was assayed in four incubation media: +BSA, +Na; +BSA, 
-Na; -BSA, +Na; -BSA, -Na. Specific BSA-stimulated 
high-affinity glutamate uptake was calculated by subtracting 
counts in sodium-deficient blanks (i.e., [+Na, +BSA] 
- [-Na, +BSA]). For each experimental sample, the effect 
of albumin was calculated by comparison of values for spe- 
cific BSA-stimulated high-affinity glutamate uptake and 
values for sodium-dependent high-affinity glutamate up- 
take in the absence of BSA. 

In the fourth set of experiments, to assess the specificity 
of alterations in high-affinity glutamate uptake activity ob- 
served with hypoxia-ischemia, striatal ['H]3,4-dihydroxy- 
phenylethylamine ( [3H]dopamine) uptake was assayed in 
tissue from 7-day-old rat pups after hypoxia alone, and uni- 
lateral carotid ligation followed by exposure to 8% 02. Sim- 
ilar methods were used to measure [3H]dopamine uptake. 
Each aliquot of synaptosomes was suspended in Krebs 
buffer, pH 7.4, and equilibrated at 37°C; for blanks, 10 pM 
benztropine was included. Then [3H]dopamine ( 1 mCi/ml) 
was added ( I  pCi/assay, final concentration of dopamine 5 
X M )  and after 5 min the reaction was terminated. The 
pellet was isolated by centrifugation and radioactivity per 
milligram of tissue was calculated. 

Statistical analysis 
In the first and fourth set of experiments, for each time 

point, striatal high-affinity glutamate uptake ipsilateral to 
ligation was expressed as a percent f SD of uptake activity 
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in the contralateral striatum. Percent change at each time 
point was compared with values at “time 0” with one-tailed 
t tests. In the second set of experiments Lineweaver-Burk 
plots were constructed using linear regression analysis. The 
maximum number of binding sites, Bma, equaled l/y-inter- 
cept, and the affinity construct, KD,  equaled - l/x-inter- 
cept. In the third group of experiments, albumin’s effects 
on uptake were compared in control and ischemic striatum 
with a one-tailed t test. 

RESULTS 
In a single uptake experiment, there is little intra- 

animal and interanimal variation (results not shown) 
in striatal high-affinity glutamate uptake. However, 
there is often significant interassay variation in abso- 
lute values for high-affinity glutamate uptake. To in- 
corporate results from multiple experiments, striatal 
high-affinity glutamate uptake ipsilateral to ligation 
was expressed as a fraction of the value in the contra- 
lateral striatum (mean & SEM). 

Figure 1 demonstrates the reversible suppression of 
striatal high-affinity glutamate uptake that evolves af- 
ter unilateral carotid artery ligation and timed expo- 
sure to 8% 02. Each bar represents high-affinity gluta- 
mate uptake ipsilateral to ligation expressed as a per- 
cent of uptake in the contralateral striatum (n = 5-8, 
at each point). In unoperated animals, exposure to 2 h 
of 8% O2 does not alter high-affinity glutamate uptake 
(data not shown). Carotid ligation alone had no effect 
on uptake activity nor did exposure to 0.5 h of 8% 02. 
In contrast, after 1 h of hypoxic exposure, there was a 
significant reduction in high-affinity glutamate uptake 
ipsilateral to ligation (-54 f 13%, p < 0.01, t test for 
comparison with values from ligates not exposed to 
hypoxia). High-affinity glutamate uptake activity in 
ischemic striatum remained depressed to a similar de- 
gree after 2.5 h. After a 1-h recovery period in room 
air, high-affinity glutamate uptake was still suppressed 
(-42 & 18%, p < 0.05, t test). However, after a 24-h 
recovery period, high-affinity glutamate uptake activ- 
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ity was restored and was almost equal bilaterally (95 
f 14%). At 24 h, values were in the same range as for 
untreated controls (data not shown). As well, calcula- 
tion of uptake activity per milligram of tissue (rather 
than per milligram of protein) yielded similar results 
(data not shown). 

Figure 2 compares high-affinity glutamate uptake at 
multiple substrate concentrations (Lineweaver-Burk 
plot) in striatal synaptosomes derived from each 
hemisphere after right carotid ligation and 2.5 h of 8% 
02. The points are the observed values and the lines 
were calculated by regression analysis. The results of 
a single experiment are plotted and the number of 
binding sites and the rates of the uptake reactions are 
derived from the x- and y-intercepts. The calculated 
number of uptake sites (V,,) in synaptosomes de- 
rived from ischemic striatum is decreased by 40% 
compared with contralateral striatum. However, the 
calculated affinity constant (K,) for the reaction in 
ischemic tissue is slightly lower than on the opposite 
side (i.e., higher affinity). Thus, loss of uptake sites ap- 
pears to be the major factor contributing to loss of 
high-affinity glutamate uptake in ischemic synapto- 
somes. Similar results were obtained in two other ex- 
periments. 

Table 1 compares the extent of stimulation of high- 
affinity glutamate uptake produced by addition of al- 
bumin to the incubation medium in control and hy- 
poxic-ischemic striatum. In tissue from control, un- 
treated 7-day-old animals, addition of 1 mg/ml of 
BSA to the incubation buffer increased high-affinity 
glutamate uptake by 51 & 12.7% (mean f SEM, n 
= 7). In hypoxic-ischemic synaptosomes used for this 
group of experiments, high-affinity glutamate uptake 
was reduced by 36 f 7.4% (n = 5) compared with val- 
ues from the corresponding contralateral striatum. 
Using aliquots from these synaptosome preparations, 
assays were repeated in the presence of 1 mg/ml of 
BSA. Addition of BSA markedly stimulated high- 
affinity glutamate uptake (+193 f 62.5%, n = 5, p 

8%02 8%02.  
1 hr recovery 24 

1 ICL 5 hr + of 

x 0 2 ,  
recovery 

FIG. 1. Bilateral striatal high-affinity glutamate uptake 
was measured immediately after unilateral carotid liga- 
tion (UCL) and subsequent timed exposure to 0,0.5,1, 
or 2.5 h of 8% 02. Striata from ligates exposed to 2.5 h 
of 8% O2 and allowed to recover in room air, with dam 
for 1 h or 24 h before they were killed, were also as- 
sayed. In these studies striatal glutamate uptake ipsilat- 
era1 to ligation was expressed as a fraction of uptake in 
thecontralateral striatum (mean f SEM, n = 5-8). After 
1 h, glutamate uptake ipsilateral to UCL decreased 
markedly (p < 0.01, t test for comparison with values 
at time 0). and remained depressed to the same degree 
after 2.5 h. There was considerable functional recovery 
24 h later. “‘p < 0.025; *p < 0.05. 

J. Neurochem., Vol. 47, No. 5 ,  1986 



ISCHEMIA INHIBITS GL UTAMA TE UPTAKE 161 7 

CONTRALATERAL 
( r l  s.93) 

FIG. 2. Lineweaver-Burk plot for kinetic analysis of high-affinity 
glutamate uptake. The number of binding sites and the rates of 
the uptake reactions were compared in striatal synaptosomes de- 
rived from each hemisphere after unilateral carotid ligation and 
2.5 h of 8% 02; ”ipsilateral” indicates tissue derived from the side 
of ligation and “contralateral” indicates tissue from the opposite 
side. The calculated number of uptake sites, V,, (=1 /y-intercept) 
in synaptosomes derived from ischemic striatum is decreased by 
40%. The calculated affinity constant for the reaction, K, (= -1/ 
x-intercept) is slightly lower (i.e., higher affinity) in the ischemic 
tissue so that the loss of uptake sites appears to be the major 
factor in loss of high-affinity glutamate uptake. 

= 0.025, t test for comparison of stimulation in isch- 
emic striatum and controls). In tissue derived from 
the striatum contralateral to ligation, BSA stimulated 
high-affinity glutamate uptake to the same degree as 
in controls (+86 f 23%, n = 5). 

Figure 3 compares bilateral striatal [3H]dopamine 
uptake in controls, 7-day-old pups exposed to 2 h of 
hypoxia, and pups with unilateral carotid ligation and 
2 h of hypoxic exposure killed immediately or after a 
24-h recovery period. Since there was little interassay 
variation in absolute values for [3H]dopamine uptake 
per milligram of tissue, values from several experi- 
ments were combined. Exposure to hypoxia alone re- 

TABLE 1. Stimulation of striatal high-a&nity glutamate 
uutake bv addition ofBSA“ 

Comparison 
n Percent percent 

(no. of stimulation stimulation 
Source of tissue samples) (mean f S E M ) ~  versus controls‘ 

Control striatum 7 151 f 12.7 - 
Striatum, 

ipsilateral to 
ligation 5 293 + 62.5 p = 0.025 

contralateral 
to ligation 5 186 f 32.2 NS 

Striatum, 

All tissue was obtained from 7-day-old rat pups. “Controls” re- 
ceived no treatment. In experimental animals, unilateral carotid li- 
gation was followed by exposure to 2.5 h of 8% O2 before the ani- 
mals were killed. Striata were immediately dissected out, and synap- 
tosomes were prepared as described in the text. 
’ BSA, 1 mg/mI, was added to the Krebs solution in which synap- 

tosomes were suspended (see Experimental Procedures for details). 
Calculated as: (Na-dependent high-affinity glutamate uptake 

+ BSA)/(Na-dependent high-affinity glutamate uptake - BSA). 
Student’s t test used. 

FIG. 3. Synaptosomal [3H]dopamine uptake in 7-day-old rat 
pups. Controls received no treatment; ”hypoxia” animals were 
exposed to 2 hours of 8% 02; “ligates” refer to animals subjected 
to unilateral carotid ligation (UCL), allowed to recover, and then 
exposed to 8% O2 for 2 h; “contralateral” indicates that tissue is 
from the side of the brain opposite the UCL, whereas “ipsilateral” 
tissues are those on the same side as UCL. Each bar (mean 
+ SEM; n = 6-9) represents results from at least two experi- 
ments. In each sample tissue from three striata were pooled. ‘p 
< 0.01. 

duced uptake by 40% in comparison with untreated 
controls. Maximal depression of uptake (-76 f 6%) 
occurred ipsilateral to carotid ligation after 2 h of 8% 
02. After a 24-h recovery period, uptake activity was 
normal bilaterally. 

DISCUSSION 
Several lines of evidence implicate the excitatory 

amino acid neurotransmitter glutamate in the patho- 
genesis of ischemic neuronal injury. Brain regions 
with a dense glutamatergic innervation and high con- 
centration of specific glutamate receptors appear to be 
particularly vulnerable to ischemic neuronal injury 
(Jorgensen and Diemer, 1982; Meldrum, 1985; Roth- 
man and Olney, 1986). Direct local injection of the 
glutamate antagonist 2-amino-7-phosphonohepta- 
noic acid prevented acute ischemic neuronal damage 
in hippocampus of experimental animals (Simon et 
al., 1984). Using in vivo microdialysis in hippocam- 
pus, several studies have demonstrated increased lev- 
els of glutamate and aspartate in the extracellular fluid 
during ischemia (Benveniste et al., 1984; Hagberg et 
al., 1985). As well, in tissue culture, release of excit- 
atory neurotransmitters appears to mediate anoxic 
cell death (Rothman, 1984). 

Neuronal and glial reuptake remove released gluta- 
mate from the synaptic cleft (Fonnum, 1984). Inhibi- 
tion of uptake mechanisms could contribute to accu- 
mulation of glutamate at the synapse and amplify the 
effects of released glutamate. The lack of toxicity of 
intracerebroventricular injections of glutamate is at- 
tributed to the efficiency of uptake processes. After le- 
sions of corticostriatal tracts, intrastriatal injections of 
glutamate produce neuronal damage (Kohler and 
Schwarcz, 198 1). Similarly, direct local injection of 
the specific glutamate uptake inhibitor threo-3-hy- 
droxyaspartate into striatum leads to neuronal necro- 
sis (McBean and Roberts, 1985). Normally, neuronal 
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reuptake activity increases with increased neuronal 
firing rates (Nieoullon et al., 1983). In vitro, under 
conditions simulating some of the biochemical fea- 
tures of hypoxia-ischemia, glutamate uptake is inhib- 
ited (Pastuszko et al., 1982; Hauptman et al., 1984) or 
fails to increase with stimulation; these results sug- 
gested that with ischemia specific neuronal defense 
mechanisms may be impaired (Drejer et al., 1985). 
Hagberg et al. (1985) found a marked accumulation 
of both excitatory and inhibitory amino acid neuro- 
transmitters in hippocampus during ischemia. Al- 
though it is possible that these neurotransmitters are 
all released in excess, it is also conceivable that failure 
of uptake systems accounts for this pattern. 

Our data demonstrate reversible inhibition of stria- 
tal high-affinity glutamate uptake in this experimental 
model of perinatal hypoxic-ischemic brain injury. In 
a previous study, we showed that there is a time 
threshold at approximately 1.5 h of hypoxic exposure 
after carotid ligation when morphologic damage oc- 
curs ipsilateral to ligation. This coincided with the 
time necessary to produce an acute increase in striatal 
dopamine metabolism (depletion in endogenous do- 
pamine and concurrent accumulation of homovanil- 
lic acid) (Silverstein and Johnston, 1984). In contrast, 
inhibition of glutamate uptake occurs earlier; uptake 
is reduced by >50% after 1 h of hypoxia. This feature 
of the time course has several implications. 

First, it suggests that failure of uptake does not re- 
flect irreversible neuronal damage. Since each animal 
can be examined only at a single time point, it is im- 
possible to prove that in the animals studied after the 
24-h recovery period uptake activity was inhibited 
earlier during hypoxia-ischemia. However, the prepa- 
ration is quite consistent, each set of results incorpo- 
rated assays from two separate experiments, and the 
results were found for both transmitter uptake sys- 
tems assayed. In adult stroke models, loss of specific 
glutamate, dopamine, and y-aminobutyric acid 
(GABA) uptake activity, of varying seventy, have 
been noted but the patterns differ from those in our 
study (Weinberger and Cohen, 1982; Strong et al., 
1983). For example, in gerbils after unilateral carotid 
ligation, there was an interval of 16 h after the insult 
before onset of uptake inhibition; this time lag was 
interpreted as an indication that loss of uptake re- 
flected destruction of nerve terminals. And no studies 
in mature animals have reported recovery of neuro- 
transmitter uptake activity after a period of inhibi- 
tion. The second implication of the time course data 
is that uptake failure in this setting occurs relatively 
early and could contribute to the evolution of neuro- 
nal injury by augmenting the effects of released gluta- 
mate. 

However, the neurotoxic potential of glutamate in 
immature animals has been questioned. Kainate, a 
rigid analogue of glutamate, does not cause neuronal 
damage when injected into striatum of 7-day-old rat 
pups (Campochiaro and Coyle, 1977); nor does injec- 
tion of the glutamate uptake inhibitor threo-3-hy- 

droxy-aspartate cause damage at this age (McBean 
and Roberts, 1985). These results have been inter- 
preted as reflecting the immaturity of corticostriatal 
glutamatergic innervation at this developmental 
stage. However, high-affinity glutamate uptake can 
consistently be measured in striatum of 7-day-old rat 
pups, and there is a high density of postsynaptic gluta- 
mate receptors in striatum at this age (Greenamyre et 
al., 1984). It is possible that developmental differences 
in receptor pharmacology account for the resistance 
to compounds such as kainate, but pre- and postsyn- 
aptic markers of glutamatergic synapses are well-es- 
tablished in these immature animals. 

The data demonstrated reversibility of glutamate 
uptake inhibition both in vivo and in vitro and the 
kinetic analysis indicated that hypoxia-ischemia re- 
duced the number of functional recognition or bind- 
ing sites for glutamate (and/or sodium). Many 
changes in the synaptic microenvironment develop 
during the evolution of ischemic brain injury. Factors 
that could contribute to loss of functional activity in- 
clude depletion of metabolic substrates required to 
maintain membrane integrity, membrane depolariza- 
tion secondary to K+ and Ca2+ fluxes, accumulation 
of toxic metabolites, structural damage to recognition 
or carrier sites, or destruction of the nerve terminal. 
However, incubation of ischemic tissue in a solution 
with physiologic concentrations of substrates and 
ions, as was done in these experiments, might be ex- 
pected to correct reversible defects related to substrate 
depletion or ionic shifts. 

In contrast, addition of albumin overcame the inhi- 
bition of uptake in ischemic tissue. Rhoads et al. 
(1982) attributed the stimulatory effect of BSA on 
amino acid uptake to binding of free fatty acids. Free 
fatty acids accumulate as the integrity of the cell mem- 
brane is disrupted by ischemia. It is possible that they 
are not washed from the synaptosome membranes 
during routine tissue preparation. Free fatty acids 
may affect glutamate or sodium binding directly, or 
diminish the Na+ gradient that drives the uptake reac- 
tion (Rhoads et al., 1982). The preferential stimula- 
tion by BSA of ischemic tissue suggests that removal 
of such compounds could contribute to the restora- 
tion of normal high-affinity glutamate uptake activity 
in ischemic synaptosomes. As well, if accumulation of 
a toxic metabolite during ischemia was responsible for 
loss of uptake, this would be consistent with the subse- 
quent late recovery of uptake activity. 

There is little information about neurochemical 
regulation of neurotransmitter uptake activity in im- 
mature animals (Coyle, 1977; Johnston, 1984). Stud- 
ies in mature animals have demonstrated that several 
neurotransmitters affect glutamate uptake rates. 
There are dopaminergic receptors on corticostriatal 
glutamatergic nerve terminals, and in mature ani- 
mals, dopamine inhibits high-affinity glutamate up- 
take. Previously, we have shown that striatal dopa- 
mine release increases acutely with hypoxia-ischemia. 
Stimulation of dopamine receptors on presynaptic 

J. Neurochem.. Vol. 47, No. 5, 1986 



ISCHEMIA INHIBITS GLUTAMA TE UPTAKE 1619 

glutamate nerve terminals could also contribute to the 
decrease in glutamate uptake as has been described in 
vitro (Nieoullon et al., 1983). 

The pattern of inhibition of striatal dopamine up- 
take was similar to that observed for glutamate up- 
take. There was a marked decline in dopamine uptake 
ipsilateral to ligation and activity was restored 24 h 
later. In contrast to high-affinity glutamate uptake, 
hypoxia alone also inhibited dopamine reuptake into 
synaptosomes, but to a lesser degree. This differential 
sensitivity of neurotransmitter uptake systems to hyp- 
oxia has also been noted in vitro (Pastuszko et al., 
1982). The basis for such variations in susceptibility 
are unknown but this observation provides additional 
evidence to suggest that specific neurotransmitter up- 
take inhibition does not necessarily reflect global neu- 
ronal membrane damage. The physiologic conse- 
quences of inhibition of dopamine uptake are un- 
known since released dopamine is degraded to 
homovanillic acid (even during hypoxia). 

Clinical experience and experimental data suggest 
that neuronal injury is progressive after an acute isch- 
emic event and that there may be a time period during 
which intervention could prove beneficial. If uptake 
inhibition can be prevented or reversed more quickly, 
the extent of ischemia-induced neuronal damage may 
be decreased. A better understanding of the neurobi- 
ology of these synaptic events could provide a basis 
for important new specific drug therapies. 
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