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Research Note 

Histochemical demonstration of sodium-dependent glutamate uptake 
in brain tissues by glutamate dehydrogenase reaction 
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Summary. Using a special te t razol ium salt technique,  
a striking correlat ion was observed between Na + 
concentra t ion of  the incubat ion medium and the 
format ion of  formazan  catalyzed by glutamate  
dehydrogenase  ( G D H )  in glutamatcrgic  neuropil  
areas of  the h ippocampal  format ion ,  cerebel lum, and 
other  brain regions. Na + concentra t ions  of  130-150 
mmol/I caused maximal formazan  product ion.  The 
G D H  catalyzed sod ium-dependen t  increase in for- 
mazan product ion is suggested to be a consequence  
of  the sodium dependence  of  glutamate uptake in 
glutamatergic brain structures supplying the enzyme 
with substrate.  
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Introduction 

Within the last few years there  have been eno rmous  
strides forward in the character izat ion of  g lutamate  
(Glu) as a neurot ransmi t te r  in ver tebrate  CNS (Di 
Chiara and Gessa 1.981; Rober t s  et al. 1981 ; Fonnum 
1984). High-affinity uptake  studies of  Glu have 
proved to be of  part icular significance in the localiza- 
tion of  Glu-ergic structures (Ot tersen and Storm- 
Mathisen 1984). Both  high and low affinity uptake 
are dependent  on sodium ions (Bennet t  et al. 1973) 
and can be demons t ra ted  autoradiographical ly  as 
well as biochemically (Ot tersen  and Storm-Mathisen  
1984; Taxt and Storm-Mathisen  1984). In the course 
of  experiments  to test several buffer  consti tuents for 
the histochemical identification of  g lutamate  dehy- 
droenase ( G D H )  activity in brain tissues, it almost  
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impossible to demons t ra te  the enzyme in neuropil  
areas if the molari ty of  sodium ions in the incubat ion 
medium was low. Since Glu is used as substrate in 
these experiments ,  this observat ion p rompted  us to 
determine to what  extent  there might be a depen-  
dence of  the histochemical  demons t ra t ion  of  G D H  
(L-glutamate:  N A D  (P)+ oxido reductase,  E. C. 
1.4.1.3.) activity on a sodium-requir ing Glu uptake  
process. 

Material and methods 

Adult malc Wistar rats (derived from Velaz, Prague) werc used, 
maintained under standard conditions (pellet diet and water ad 
libitum, constant temperature, 12:12 h light: dark ratio). After 
decapitation the brains were quickly removed and, for histochemi- 
cal procedures, frozen on a metal block cooled with liquid 
nitrogcn. Sagittal cryostat sections, 20 l~tm thick, wcre mounted on 
cooled slides (-30 ~ C), prefixed in 100% aceton (-30 ~ C) for 
5-7 min and dried under a cold air stream. The standard incuba- 
tion medium (freshly prepared) was based on 50.0 mmol/l 
imidazole buffer (Serva, Heidelberg), pll 7.2, of 50.0 mmol/l 
sodium cacodylate buffer (Fluka, Buehs), pH 7.2. Buffers con- 
tained 50.0 mmol/I sodium L-glutamate (Reanal, Hungary), 
10 mmol/l sodium azide, 0.5 mmol/l magnesium sulfate, 0.5 mmol/l 
NAD, disodium salt (VEB Arzneimittelwerk Dresden, G.D.R.), 
10-"mmol/l zinc acetate, 1.2 mmol/l 2,3-di-(p-nitrophenyl)-5- 
phenyl-2H-tetrazoliumbromide (p-DNTT, synthesized by E. Seid- 
let, Berlin, see Sch(inzel and Seidlcr 1984), and 3.10-2mmol/l l- 
methoxy-5-methyl-phenazinium mcthylsulfate (mPMS). Controls 
were performed by omitting of substrate (glutamate) or coenzyme 
(NAD). The incubation was carried out at 40 C for 20 h. 
Experiments with ionically altered media wcre performed with an 
addition of sodium chloride up to 200 mmol/l (final concentration) 
in comparison with sodium acetate, sodium glutamate, sodium 
cacodylate, sodium sulfate, sodium nitrate and EDTA of the same 
range of Na + molarity. Further details including histophotomct~ 
and calibration studies are described elsewhere (Schfinzel ct al. in 
press). 

For biochemical determination, GDH activity was assayed 
spectrophotometrically in homogenatcs of the rat hippocampal 
formation (for details see Rothc et al. 1983) using substances from 
the FERMOGNOST kit (VEB Ar-zneimittelwcrk Dresden) and 
buffer solutions as described for histochemical procedures. Glu 
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served as substrate, NAD as co-enzyme. The increase in A~ by 
reduction of NAD was measured. Furthermore, employing the 
histochemical incubation solutions, GDH activity was determined 
photometrically in hippocampal homogenates by measurement 
(~ = 506 nm) of the production of formazan resolved in a mixture 
of ether and acetone (1:1; vol/vol). 

Results 

Important preconditions for reproducible histochem- 
ical distribution patterns of G D H  turned out to be 
the careful cryotechnical preparation of tissue, incu- 
bation in buffers free of phosphate (for preservation 
of mitochondria) and the use of a rapidly penetrating 
mono-tetrazolium salt. Otherwise, the histochemical 
reaction becomes capricious and lacked quantifiabil- 
ity. Under standard conditions the histochemical 
demonstration of G D H  activity in neuropil areas of 
the brain was found to be strictly dependent  on the 
Na § concentration in the incubation medium. 
Whereas neuronal perikarya exhibited a dark blue 
staining in each case, the neuropil showed merely a 
weak bluish colour, if the concentration of sodium 
ions was reduced to 60 mmol/l. Rising sodium con- 
centrations resulted in a striking increase in reaction 
product within the neuropil which was particularly 
evident in the hippocampal formation and the cere- 
bellar cortex (Fig. 1) due to their clear stratification. 
The optium range of sodium concentration was found 
to be 130-150 mmol/1. Higher levels reducted staining 
intensity both in the neuropil and in cell body layers 
(Figs. 1 and 2). Other  constituents of the medium as 
well as the type of buffer anions used (Fig. 2) did not 
result in significant changes in enzyme activity. 
Control sections (incubation medium without Glu or 
NAD) showed a very faint staining and werc poor  in 
contrast. Contrary to the histochemical findings, it 
was shown by biochemical determinations that the 
enzyme activity is not substantially affected by varia- 
tions of the molarity of sodium ions of the incubation 
solution, even if the solutions for the histochemical 
procedures were used. 

Discussion 

Besides numerous functions in common amino acid 
and ammonia metabolism (Nicklas 1984), G D H  
plays probably an important role in the synthesis (or 
catabolism) of Glu and/or aspartate used as CNS 
transmitters as has been indicated by synaptosomal 
(Subbalakshmi and Murthy 1985), devclopmental 
(Schiinzel and Wolf 1982; Rothe et al. 1983; Schiinzel 
et al. in press) and lcsion studies (Wolf et al. 1984). 
As to the histochemical demonstration of G D H  (cf. 
Schtinzel et al. in press), the most likely explanation 

Fig. la--c. Histochcmical demonstration of the activity of gluta- 
mate dehydrogenase in the cercbellar cortex of the rat. An 
incubation medium (imidazole buffer) with different Na + concen- 
trations was used (a 150 mmol/l; b 60 mmol/l; c 250 mmol/1), mol - 
stratum moleculare; gran - stratum granulosum. Scale bars 
represent 100 ttm 

for our findings on the ionic conditions is the sodium 
dependency of Glu uptake. In neuropil areas, 
decrease in Na § levels reduces significantly the 
availability of Glu which is indispensable as substrate 
for the enzyme reaction. However,  difficulties in the 
interpretation of the present results remain regarding 
the unterlying uptake mechanisms. The necessarily 
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Fig. 2. Histophotometric evaluation of 
formazan production in the hippocampal 
fascia dentata catalyzed by glutamate 
dehydrogenase in dependence on Na + 
concentration. Bars represent S.E.M. 

high concentration of Glu may prevent a substantial 
contribution of the high affinity uptake. The strict 
dependence on the sodium concentration argues, on 
the other hand, against an exclusive role of low 
affinity uptake (see Bennett et al. 1973). There is, 
probably, a complicated interaction of both types of 
uptake mechanisms and special requirements for the 
histochemical enzyme reaction. Concerning cell 
bodies, a specific uptake process for Glu probably is 
not necessary, since most of them are cut, so that the 
enzyme being located within mitochondria can be 
supplied with medium Glu in a direct way. 
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