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Summary. Although there is good evidence favoring L-glu- 
tamate as a major excitatory amino acid transmitter, rela- 
tively little is known about the distribution of nerve termi- 
nals using this substance. A method visualizing glutamate- 
like immunoreactivity at the light microscopic level by 
means of a monoclonal antibody, mAb 2D7, is described. 
- The antigen used for immunization was a glutaraldehyde- 
linked glutamate-BSA conjugate, and hybridomas were dif- 
ferentially screened by ELISA for production of antibodies 
recognizing glutamate- but not aspartate-BSA. The cross- 
reactivity of 'ant i -g lu tamate '  mAb 2D7 as estimated in ab- 
sorption tests was low even with conjugates closely related 
to glutamate-BSA, - Semithin sections from rapidly perfu- 
sion-fixed, plastic-embedded rat brain tissues were etched 
and stained by a combination of the peroxidase-antiperoxi- 
dase method and silver enhancement of the diaminobenzi- 
dine reaction product. Only this amongst several other im- 
munohistochemical methods tried produced labeling pat- 
terns which showed terminal-like elements in brain regions 
such as olfactory bulb, hippocampus and cerebellum, and 
which were mostly consistent with already available infor- 
mation on systems using glutamate as neurotransmitter. 
Particularly striking was the staining of elements reminis- 
cent of mossy fiber terminals in hippocampus and cerebel- 
lum as well as of cerebellar parallel fiber terminals. 

Introduction 

Since the pioneering immunohistochemical work of Stein- 
busch and colleagues (1978) on serotonin and of Storm- 
Mathisen and collaborators (1983) on GABA and gluta- 
mate, immunoreactivities for a variety of  low molecular 
weight compounds including several established or putative 
neurotransmitters were localized successfully in neural and 
other tissues (for review: Geffard et al. 1985; Ottersen and 
Storm-Mathisen 1984, 1987; Steinbusch et al. 1986; Storm- 
Mathisen and Ottersen 1986). The goal to describe the dis- 
tribution of glutamate-like immunoreactivity (Olu-LI) in 
the central nervous system was of particular importance 
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because L-glutamate had become a candidate to play a ma- 
jor role in excitatory neurotransmission (for review: Wat- 
kins and Evans 1981; Fonnum 1984; Cotman et al. 1981; 
Fagg and Foster 1983; Ottersen and Storm-Mathisen 1984, 
1986). Despite the methodological limitation that the local- 
ized material could only be defined as 'glutamate-like im- 
munoreactivity', antibodies with a high preference for glu- 
tamate over aspartate and other neuroactive amino acids 
in combination with a suitable immunohistochemical meth- 
od seemed to be the most appropriate tools to investigate 
the localization of glutamate at a high degree of specificity 
and at a high level of resolution. On the other hand, meth- 
ods relying on uptake (for review: Ottersen and Storm- 
Mathisen 1984, 1986) or on transmitter-related retrograde 
labeling (for review: Cu6nod and Streit 1983) with tritiated 
D-aspartate as tracer substance identified but did not distin- 
guish between neuronal elements which seemed to use gluta- 
mate or aspartate as transmitter. Glutaminase had been 
suggested to play an important role and glutaminase-like 
immunoreactivity had, indeed, been demonstrated in struc- 
tural elements which seemed to be mossy fiber terminals 
in cerebellum and hippocampus (Wenthold et al. 1986; 
Wenthold and Altschuler 1986). Nevertheless, key enzymes 
specifically responsible for the synthesis of the transmitter 
pool such as glutamic acid decarboxylase in the case of 
GABA had not been identified in the case of glutamate. 
The immunohistochemical localization of enzymes involved 
in the metabolism of excitatory amino acids (for review: 
Wenthold and Altschuler 1986), thus, had to be interpreted 
cautiously with respect to the transmitter specificity of la- 
beled tissue components such as neuronal perikarya. How- 
ever, heavy Glu-LI in neuronal cell bodies rather than in 
terminal-like elements had also been the staining pattern 
usually described at the light microscopic level in perfusion- 
fixed tissue with antisera to fixative-linked (Ottersen and 
Storm-Mathisen 1984; Hepler et al. 1986, 1988; Yoshida 
et al. 1987) or colloidal gold adsorbed (Shiosaka et al. 1986) 
glutamate as well as with a monoclonal antibody to gluta- 
mate containing compounds (Madl et al. 1986). Only inves- 
tigations by means of a light microscopic method on rinsed 
and immersion-fixed brain slices (Storm-Mathisen et al. 
1983, 1986; Ottersen and Storm-Mathisen 1985) or by 
means of the electron microscopic postembedding immuno- 
gold method on perfusion-fixed material (Somogyi et al. 
1986; Ottersen 1987) had revealed glutamate immunoreac- 
tive (Glu-ir) terminals. On the other hand, a mapping of 
Glu-ir terminals seemed to be important since this type 
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of immunoreactivity would have been expected to represent 
most  closely the transmitter pool of glutamate. 

The following points initiated the work described in the 
present paper:  To perform mapping studies it would be 
advantageous to use light rather than electron microscopy. 
To be closer to the ' i n  vivo '  situation it would be better 
to use rapidly perfusion-fixed tissue than rinsed and immer- 
sion-fixed material. The former kind of material might also 
be used for combined light and electron microscopic stu- 
dies. Monoclonal  antibodies to fixative-linked GABA had 
proved to be useful tools in a previous investigation (Ma- 
tute and Streit 1986). We, therefore, tried to find monoclon-  
al antibodies specific for fixative-linked glutamate by means 
of a differential screening procedure. These defined reagents 
were then used in combinat ion with a highly sensitive post- 
embedding staining procedure to describe mostly at a light 
microscopic level the pattern of immunoreactivi ty com- 
posed of perikarya and terminal-like elements in olfactory 
bulb, hippocampal formation and cerebellar cortex of the 
rat. Some of the findings have been published in abstract 
form (Matute et al. 1987). 

Materials and methods 

Preparation of conjugates. Bovine serum albumin (BSA) was used 
as carrier protein for glutaraldehyde(GA)-linked conjugates, with 
the following amino acids and peptides: L-glutamate (Glu), L-as- 
partate (Asp), L-homocysteic acid (HCA), L-cysteic acid (CA), L- 
cysteinsulfinic acid (CSA), L-glutamine (Gln), 7-L-glutamylgluta- 
mate (?-GG), glutathione (GSH), fl-L-aspartylglycine (BLAG), y- 
aminobutyric acid (GABA), fl-alanine ~-Ala), glycine (Gly), and 
taurine (Tau). The coupling procedure described by Campistron 
and collaborators 0986a) yielded better results in terms of effi- 
ciency for the last four compounds in this series. In contrast, the 
procedure of Storm-Mathisen and collaborators (1983) allowed 
more reliably to produce conjugate preparations containing no pre- 
cipitates with the rest of the substances. The reaction mixtures 
were dialyzed against large volumes of phosphate buffer (PB) or 
phosphate buffered saline (PBS) over a period of 2-3 days. Ali- 
quots of the dialyzed solutions were stored frozen at - 2 0  ~ C. In 
order to monitor the efficiency of the conjugation procedure at 
least for Glu, Asp, GABA, fl-Ala, Gly and Tau, these amino acids 
in a radiolabeled form (1 gCi; The Radiochemical Centre, Amer- 
sham, UK) were included in the reaction, and the radioactivity 
was determined in small samples before and after dialysis of the 
reaction mixture. The radioactivity measured after dialysis reached 
about 5% of the amount added in the case of Glu and Asp and 
approximately 10% for GABA, fl-.Ala, Gly and Tau. The molar 
ratio of amino acid conjugated to BSA, therefore, amounted to 
about 10:1 in the former and 20:1 in the latter group of com- 
pounds. The series of conjugates mentioned above as well as GA 
treated BSA were used to test the range of specificity of mAb. 
These antibodies were further assayed for reactivity on GA-linked 
conjugates with rat brain material as previously described (Matute 
and Streit 1986). 

Immunizations. Glu-BSA conjugate (0.6 mg protein in 0.1 ml PBS) 
was emulsified with an equal volume of Freund's adjuvant (FA) 
and injected into 6-week-old female mice. The different schedules 
and procedures of immunization followed were: (i') Immunization 
of brown mice (Ft hybrids of a cross BALB/c x C57BL/6): the 
animals received an intraperitoneal injection of Glu-BSA conjugate 
in complete FA. Two weeks later, the intraperitoneal injection was 
repeated using incomplete FA. Another 2 weeks later and three 
days before harvesting the spleen cells for fusion with myeloma 
cells, conjugate (0.3 mg protein, 0.1 ml) was injected intravenously. 
(ii) 'Short' immunization: BALB/c mice were subcutaneously in- 
jected with Glu-BSA conjugate emulsified in complete (day 0) and 

incomplete FA (day 7), and the cell fusion was performed on 
day 11. (iii) 'Partial immunosuppression' (modified from Matthew 
and Patterson 1983): Two days after injecting BSA (0.6mg in 
0.1 ml subcutaneously) emulsified I : 1 in complete FA, the cytostat- 
ic drug cyclophosphamide (Endoxan, Asta; 1 g/kg body weight) 
was administered intraperitoneally to suppress the immune re- 
sponse to the carrier protein. Two weeks later, the procedure was 
repeated (BSA in water; 2 days later, cyclophosphamide at 1 g/kg 
body weight). After 2 more weeks the BALB/c mice were immu- 
nized with Glu-BSA conjugate, boosted 1 week later, and their 
spleen cells were used for the fusion procedure after 4 days. 

Cell fusion and cloning. The procedures were performed as pre- 
viously described (Matute and Streit 1986). 

Selection of hybridoma cell lines. Hybridomas which secreted anti- 
bodies recognizing Glu- but not Asp-BSA conjugates were detected 
by the differential screening test previously described (Mature and 
Streit 1986). For these tests, however, ELISA plates were incubated 
with conjugate at 0.6 gg per well. Only hybridomas yielding strong 
immunoreactivity on Glu-BSA were selected for cloning and fur- 
ther testing. 

Characterization of antibodies, mAb secreted by the selected cell 
lines were partially purified from ascitic fluids by ammonium sul- 
phate precipitation. The precipitates were dissolved in PBS, dia- 
lyzed, and the volume was adjusted to that of the original ascitic 
fluid. This solution, called 'purified ascitic fluid' in subsequent 
sections, was used for further characterization. - Antibody dilution 
experiments: Purified ascitic fluid (3.2 mg protein per ml) was ser- 
ially diluted and tested by an ELISA on BSA, GA-treated BSA 
and a series of amino-acid- or peptide-BSA conjugates (Glu-, 
HCA-, Asp-, CA-, CSA-, Gln-, GABA-, fl-Ala-, Tau-, Gly-, GSH-, 
?-GG-, BLAG). These conjugates were used to coat ELISA plates 
over a concentration range between 0.1 and 0.6 gg per 50 [xl and 
well. The absorbance values of the enzymatic reaction product 
obtained under standard conditions were determined and plotted 
versus antibody dilution factors. An estimate of the cross-reactivity 
of an antibody with antigen other than a Glu-BSA conjugate was 
obtained from normalized plots of three experiments: The dilution 
factors corresponding to 50% of the maximal absorbance reached 
in the test were determined for Glu as well as for a given other 
antigen. The ratio of these dilution factors was calculated and 
was taken as a measure of cross-reactivity. A cross-reactivity of 
an 'anti-Glu' antibody with HCA-BSA of less than 1:1000 would, 
thus, indicate that a half-maximal immunoreactivity obtained on 
HCA-BSA would be reached on Glu-BSA even at a more than 
thousand fold lower concentration of the antibody. - Absorption 
experiments: The inhibition of mAb reactivity for Glu-BSA by 
peptide- and amino-acid-BSA conjugates was quantified by an EL- 
ISA procedure similar to that described by Matute and Streit (1986) 
but with Glu-BSA at 0.6 gg per well. Various amounts (4 ng to 
4 mg protein per ml) of peptide- and amino-acid-BSA conjugates 
were added to a 1:15000 dilution of purified ascitic fluid in 10% 
(v/v) bovine serum(BS)/PBS. These solutions were allowed to mix 
for 3 h at room temperature (RT) before being applied to ELISA 
plates. The absorbance values measured in three independent ab- 
sorption experiments for each conjugate were normalized and aver- 
aged. The conjugate concentrations resulting in a 50% reduction 
of immunoreactivity were determined and provided the basis for 
another estimate of the levels of cross-reactivity. Thus, a cross- 
reactivity of an 'anti-Glu' antibody for HCA of less than 1:300 
would mean that in comparison to Glu-BSA and at a certain anti- 
body dilution a more than 300 times higher concentration of HCA- 
BSA was needed for a 50% reduction of immunoreactivity. - 
Monoclonal antibodies in purified ascitic fluids were also charac- 
terized with respect to their isotype and subisotype using a mouse 
antibody typing kit (Bio-Rad) according to a standard protocol. 

Immunohistochemicalprocedures. Adult male albino rats (Sprague- 
Dawley, SIVZ; 220-250 g) were sedated with ketamine hydrochlo- 
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ride (25 mg/kg i.m.; Ketalar, Parke Davis), deeply anesthetized 
with pentobarbital (60 mg/kg body weight, i.p.) and perfused 
through the heart with a rinse solution followed by a fixative. 
The rinse solution was a HEPES (N-2-hydroxyethylpiperazine-N'- 
2-ethanesulfonic acid)-buffered saline (HBS) containing 10 m M  
HEPES, 140 raM-sodium chloride, I m M  cobalt chloride and 
6 m M  D-glucose (pH 7.4). The aldehyde fixatives were either a 5% 
phosphate buffered (0.1 M, pH 7.4) GA solution or a mixture of 
2.5% GA and 1% formaldehyde (freshly generated from parafor- 
maldehyde; Robertson et al. 1963) in sodium phosphate buffer 
(0.1 M, pH 7.4). In most experiments, the first part of the HBS 
rinse solution was at 37 ~ C, the rest was at room temperature and 
was followed by 300 ml of ice cold aldehyde mixture at a fast 
flow rate (about 100-150 ml/min) and another 500-600 ml of the 
same fixative at a relatively slow rate (approximately 5-15 ml/min). 
In some cases, the rinse solution and the fixative were both perfused 
at RT. Efforts were made to fix the brain as quickly as possible. 
Tissue was only processed if the neck of  the animal was stiffened 
within less than 2 rain after opening the thorax, and if the brain 
was judged to be hard enough after removal from the skull. The 
brains were cut into 3 to 5-ram-thick slabs and postfixed in the 
same fixative at RT for 1 2 days. The slabs were thoroughly rinsed 
in PBS, enclosed in gelatine and sectioned at 350 gm on a Vibra- 
tome (Oxford Laboratories, San Mateo, California) in PBS. The 
slices were postfixed in 1% phosphate buffered (0.1 M, pH 7.4) 
osmium tetroxide for 2 h at RT, rinsed three times in 50% ethanol, 
btockstained in acidified ethanolic uranyl acetate at RT (Locke 
and Krishnan 1971), dehydrated and embedded flat (Holl/inder 
1970) in Epon 812. Postembedding staining was performed at the 
light microscopic level on semithin sections (1 gin; glass knives) 
or at the electron microscopic level on ultrathin sections (golden 
interference colour; ultramicrotome Ultracut E, Reichert-Jung, 
equipped with diamond knives). 

Semithin sections were mounted on gelatinized slides, etched 
for 6-7 min in a mixture of potassium hydroxide (40 g, pellets), 
methanol (200 ml) and propylene oxide (100 ml) as described by 
Maxwell (1978) and washed (5 rain each) in methanol, methanol/ 
PBS (1:1) and PBS. Osmium was removed by treatment for 5 
to 7 min with 1% sodium metaperiodate freshly dissolved in water. 
After two 5-rain washes in PBS, the slides were preincubated in 
0.5% ovalbumin (Sigma) in PBS for 20 rain. In the case of sections 
processed for GABA immunohistochemistry, the incubation in so- 
dium meta-periodate solution lasted only 1-4 min. They were sub- 
jected, however, to a l-rain treatment with 0.1 M sodium boro- 
hydride dissolved in PBS immediately before use, two rinses and 
two 5-min washes in PBS. 

The following immunoperoxidase staining 
procedures were used 

(0 unlabeled antibody method ( 'PAP method ' ;  Sternberger et al. 
1970; Sternberger 1979). The sections were incubated: overnight 
at 4 ~ C with monoclonal anti-Glu antibody at 1 : 1000 to 1 : 120000 
dilution of purified ascitic fluid or in monoclonal anti-GABA anti- 
body (Mature and Streit 1986) at 1:500 to 1:4000 dilution (approx- 
imately 50-100 gl per section); 1-3 h at RT in affinity purified 
goat anti-mouse IgG (H + L; Kirkegaard and Perry, Gaithersburg, 
Maryland) diluted 1:20 to 1:50; 1-2 h at RT in a monoelonal 
mouse peroxidase-antiperoxidase (PAP) complex produced in our 
laboratory according to Semenenko and collaborators (1985). 
Three 10-rain washes in PBS were done after incubation with anti- 
bodies. A 20-rain preincubation in 10% BS/PBS preceded the appli- 
cation of  secondary and tertiary antibodies. All antibody solutions 
were prepared in 10% BS/PBS. The peroxidase reaction was run 
for 2-10 min in 0.05% 3,3'-diaminobenzidine (Sigma) and 0.01% 
H2Oz in 0.05 M Tris buffer (pH 7.4). The sections were dehydrated 
and coverslipped. 

(ii) Silver enhanced PAP staining (' PAP-S procedure'). Solutions 
and incubation steps were the same as above but the peroxidase 
reaction lasted only 2-5 rain until a light brown reaction product 

could be detected. Subsequently, the sections were rinsed in Tris 
buffer, thoroughly washed in PBS and kept overnight in 0.2 M 
phosphate buffer at 4 ~ C. The procedure for silver intensification 
was essentially that described for Vibratome sections by Liposits 
and collaborators (1984) and more in detail by van den Pol and 
Gorcs (1986). Following a treatment in 10% aqueous thioglycolic 
acid (Sigma) for 4-6 h and two 10-rain washes in a 2% aqueous 
sodium acetate solution (pH 8.5), the peroxidase reaction product 
was intensified in developer solution (Gallyas et al. 1982) for 
2-6 rain at RT. This developer was freshly prepared from equal 
amounts of stock solutions A (anhydrous sodium carbonate dis- 
solved in water at 5%) and B (2 g ammonium nitrate, 2 g silver 
nitrate, 10 g tungstosilicic acid, Merck, and 3.5 5 ml 35% formal- 
dehyde dissolved in i000 ml water in this order). In checking the 
intensity of silver deposition by microscopic examination, care was 
taken to avoid long illumination which had been found to promote 
an excessive reaction. The slides were transferred into a stop bath 
(1% aqueous acetic acid) for 1-5 rain and washed twice for 10 min 
in 2% acetate solution. After gold toning (0.05% HAuC14"4HzO, 
Merck, in water) at 4~  for 10rain and a l-rain rinse in 2% 
sodium acetate, the sections were immersed for 5 rain at RT in 
3% aqueous thiosulfate, washed again in 2% acetate solution, de- 
hydrated and coverslipped. Only water from a Milli Q system (Mil- 
lipore) was used to prepare the aqueous solutions for the silver 
intensification and gold toning procedures. 

For comparison of the results obtained with the two immunoperoxi- 
dase procedures described above, silver enhanced immunogold 
staining ( 'IG-S method')  at the level of light microscopy (LM) 
was performed by a modification of the procedure described by 
Somogyi and Soltesz (1986) for electron microscopy (EM). The 
LM immunogold method involved the following steps: After 
etching and osmium removal, 5-rain washes twice in water and 
twice in Tris(lO mM)-phosphate(10 mM)-buffered isotonic saline 
(TPBS; pH 7.4) preceded a 20-rain incubation in 5% (v/v) BS/ 
TPBS at RT and a rinse (1-2 min) in 1% BS/TPBS. Monoclonal 
anti-Glu antibodies were mostly used at 1 : 1000 to 1:2000 dilutions 
of purified ascitic fluid (in 1% BS/TPBS) overnight at 4 ~ C. Three 
15-min washes in 1% BS/TPBS and an incubation in 0.5% Tris- 
buffered (50 raM) polyethyleneglycol (tool wt 20000, Merck) solu- 
tion were followed by the incubation for 2 h a~t RT with goat 
antbmouse IgG coated colloidal gold (5 nm, LM grade, Janssen 
Life Sci. Prod.) diluted 1:10 in the polyethylenCglycol solution. 
Three l-min rinses and a 10-min wash in water were done before 
silver enhancement with IntenSE (Janssen) according to a standard 
protocol provided by the supplier. 

Experiments were run on rat brain tissue to test for the specific- 
ity of the immunostaining. (1) Ascitic fluid from mice injected 
with P3U1 myeloma cells or BS/PBS were substituted for the 
monoclonal anti-Glu antibodies, or the secondary antibody was 
omitted. (2) Absorption experiments: The primary antibody at the 
same levels of dilution used also for normal immunohistochemical 
staining was incubated with the different amino-acid- and peptide- 
conjugates mentioned previously at concentration~ between 0.4 ~tg 
and 4 mg protein per ml as well as with free gtutamic acid for 
3 h at RT before being applied to sections. The re~t of the staining 
procedure was carried out in parallel with normal immunohisto- 
chemical experiments. (3) Brain material was fixed by transcardial 
perfusion with 5% formaldehyde freshly generate d from parafor- 
maldehyde. Tissue processing and immunohistochemical staining 
were as described in the preceding paragraphs. Tt~e results of this 
control experiment were used to decide whether the primary anti- 
bodies reacted with antigenic sites on molecules fixed by formalde- 
hyde. 

EM immunogold method. The procedure described by Somogyi and 
Soltesz (1986) was adopted with the following modifications: After 
osmium removal and three washes, the sections were treated on 
droplets of 1% aqueous sodium borohydride for 10 rain. Bovine 
serum at 7.5% (v/v) was substituted for normal goat serum in 
the blocking step and at 1% in the subsequent two short incuba- 
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Fig. 1 A and B. Immunoreactivity of monoclonal 'anti-Glu'  antibody 2D7 with BSA conjugates in ELISA plates. A Serial dilutions 
of 'purified ascitic fluid' containing mAb 2D7. Antigens applied to ELISA plates at concentration of 0.1 pg BSA per well. Protein 
concentration of 'purified ascitic fluid': 3.2 mg/ml. D: factor of antibody dilution. B Immunoreactivity of mAb 2D7 ('purified ascitic 
fluid' diluted at l : t  5000) with glutamate-BSA conjugate (0.6 Ixg BSA/well) following preincubation with BSA-conjugates listed. Estimates 
of cross-reactivity calculated from values at 50% level appear in text. - Each point in A and B represents an average derived from 
three independent experiments each performed in triplicate 

tions as well as in the treatment with the primary antibody. The 
monoclonal anti-Glu antibody was used as a 1:200 to 1 : 1000 dilu- 
tion of purified ascitic fluid at 4 ~ C overnight. The goat anti-mouse 
IgG coated colloidal gold (15 nm; Janssen) diluted usually to 1:10 
was incubated for 2 h. - After uranyl and lead contrasting, the 
sections were examined in a Philips EM 201 electron microscope. 

R e s u l t s  

Characterization of  antibodies 

The differential  screening procedure  used in the present  
s tudy al lowed to select four  cell lines since the pr imary  
hybr idomas ,  the pr imary  and the secondary clones secreted 
ant ibodies  which showed a s trong immunoreact iv i ty  on 
Glu-BSA coated E L I S A  plates but  only background  values 
on Asp-BSA.  One of  them, 2D7, had been obtained follow- 
ing the immuniza t ion  procedure  described for brown mice, 
another  one, 2G4, by that  involving ' pa r t i a l  immunosup-  
press ion '  and the rest, 6C9 and 2C9, by the so-called ' s ho r t  
immuniza t ion '  procedure.  Monoc lona l  an t ibody  2D7 was 
found to be an IgG1, while the other  three hybr idomas  
produced  IgM antibodies.  The immunoreact iv i ty  for GIu- 
BSA was most  intense with m A b  2D7 in E L I S A  tests. This 
ant ibody,  therefore, was chosen to be characterized further 
and appl ied for immunohis tochemical  experiments.  

In ant ibody di lut ion experiments,  more  than a thousand  
times and more  than several thousand times higher concen- 
t ra t ions of  m A b  2D7 had to be used on Tau-BSA and 
on the other amino-acid-  and pept ide-BSA conjugates,  re- 
spectively, in order  to reach similar levels of  immunoreac-  
tivity as on Glu -BSA (Fig. 1 A). At  the di lut ion of  purified 
ascitic fluid which yielded the highest level on Glu-BSA,  
i.e. at 1 : 10, the reactivity for the other conjugates was still 
less than half  of  this maximum.  More  accurate values than 
those given above, therefore, could not  be obtained in this 
type of  cross-reactivity test per formed as ELISA.  Similar 

results were obta ined on GA- l inked  conjugates of  amino 
acids and peptides with rat  bra in  mater ia l  but  a somewhat  
higher level of  cross-reactivity was found (data  not  shown). 
Estimates derived from absorpt ion  experiments showed 
that  the maximal  immunoreact iv i ty  on Glu-BSA coated 
E L I S A  plates could be reduced to 50% by preincubat ion 
of  m A b  2D7 (1:15000 dilut ion of  purified ascitic fluid) 
with Glu-BSA at about  0.8 gg protein  per ml, but  with 
other conjugates only at concentrat ions increased by the 
following factors:  > 300 for HCA-BSA,  >650  for 7-GG- 
BSA, >1400 for Gln-BSA, >1750 for GSH-BSA,  >2100 
for CA-BSA,  > 2800 for Tau-BSA, > 3500 for G A B A - B S A  
and > 4400 for Asp-  and B L A G - B S A  (Fig. 1 B). Wi th  the 
other conjugates tested, CSA, fl-Ala- and Gly-BSA, a reduc- 
t ion of  50% could not  even be reached at  a concentrat ion 

Fig. 2A-F. Immunostaining in rat cerebellar cortex produced by 
'anti-Glu' mAb 2D7 (A, C, C', E and F) or by 'anti-GABA' mAb 
3A12 (B and D). A, B (overview) and C, D (details) are from 
a pair of consecutive semithin sections. C and C' are enlargements 
of areas indicated in A and C, respectively. A and B Note drastic 
difference in labeling patterns obtained with the two antibodies. 
C: frame indicating part of area shown enlarged in C. gr: granule 
cell layer. P.  Purkinje cell layer, mol: molecular layer. C and D 
Complementary labeling in stellate cells (asterisks), Golgi cell (ar- 
rows), pinceau formed by basket cell terminals (double arrowheads). 
Mossy fiber terminal-like structures in C (arrowhead) fit into glo- 
merular arrangements outlined by dots in D (arrowhead). C' Dense- 
ly packed pucta probably represent parallel fiber terminals in mo- 
lecular layer. E Numerous strongly stained patches (arrowheads) 
and some fibers (arrow) are reminiscent of mossy fiber terminals. 
Granule cells with unlabeled nuclei appear less immunoreactive 
than those in C. F Large mossy fiber terminal (m/t) with several 
synaptic contacts (arrows) shows higher surface density of gold 
granules (EM immunogold procedure) than another terminal 
nearby (asterisk) or granule cell body (gre). Bars: 100 lain in B, 
D and E; 1 ~tm in F 
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of 4 mg protein per ml. A 90% reduction was obtained 
with Glu-BSA at approximately 40 lag protein per ml, but 
even a 10 m M  concentration of free Glu seemed to be inef- 
fective. 

Immunohistochemical application 

Rat cerebellar cortex, olfactory bulb and hippocampal for- 
mation were chosen to study the patterns of immunoreac- 
tivity obtained with mAb 2D7, i.e. the patterns of so-called 
'glutamate-like immunoreactivity' (Glu-LI). Differential 
distributions of Glu-LI showing various degrees of staining 
intensity in neuronal perikarya and, in addition, terminal- 
like puncta were most readily and regularly observed in 
brain tissue following perfusion fixation with rapid onset 
and long duration, particularly if the tissue had been pro- 
cessed for postembedding staining on semithin sections by 
means of the silver enhanced PAP (PAP-S) procedure. In 
such preparations, the patterns of immunoreactivity ob- 
tained with mAb 2D7 were examined and compared to 
those revealed by a monoclonal ' an t i -GABA'  antibody, 
mAb 3A12 (Matute and Streit 1986). In experiments with 
mAb 2D7, it proved to be essential to determine the anti- 
body concentration appropriate for each individual rat and 
each part  of the brain in order to avoid the prominent 
staining of neuronal nuclei and to stain terminal-like ele- 
ments. Thus, the optimal antibody dilution was found to 
be at 1 : 2000 in the hippocampal formation of one rat, but 
at 1 : 120000 in the same region of another one. 

Cerebellar cortex 

In the cerebellar cortex, the pattern of GABA-like immuno- 
reactivity (GABA-LI) was the same as that described pre- 
viously in material processed by the PAP method (Matute 
and Streit 1986). Thus, stellate cells, basked cells and termi- 
nals, Golgi cells, terminal-like dots in glomerular arrange- 
ments and some fibers in the white matter were intensely 
stained (Fig. 2 B and D). The cell bodies and proximal den- 
drites of Purkinje cells, on the other hand, were not or 
only slightly darker than the unstained perikarya of the 
granule cells. GABA-immunoreactive (GABA-ir) elements 
identified in semithin sections were virtually free of Glu-LI 
as examined in consecutive sections stained with mAb 2D7 
(Fig. 2A and C). Glu-LI was most prominent in the molecu- 
lar layer with its dense accumulations of dots (Fig. 2A, 
C, and C') which seemed to correspond to labeled parallel 
fibers and their terminals. Purkinje cell bodies and large 
proximal dendrites were mostly unstained but exhibited 
some Glu-LI in certain cases. Glutamate immunoreactive 
(Glu-ir) puncta, i.e. dots showing Glu-LI, were only rarely 
seen in the vicinity of  Purkinje cell perikarya. The overall 
intensity of Glu-LI in the granule cell layer was variable 
as compared between individual rats and in many cases 
also between different parts of a section. This variability 
was related to different shades of  staining over granule cell 
perikarya and different proportions of stained and un- 
stained granule cells. In certain cases, the staining appeared 
particularly intense because of numerous immunoreactive 
granule cell nuclei. In tissue from other animals, however, 
an only moderate reactivity resulted from a staining pattern 
characterized by unlabeled nuclei and distinctly immunore- 
active but narrow areas of perikaryal cytoplasm. Elongated 
profiles corresponding to fibers in the granule cell layer 
as well as large terminal-like patches were heavily immuno- 

reactive and could be observed in all cases and regions 
examined. These terminal-like elements were in many in- 
stances reminiscent of mossy fiber terminals (Fig. 2C and 
E). Indeed, the comparison of consecutive semithin sections 
stained alternatingly with mAb 3A12 (Fig. 2D) or mAb 
2D7 (Fig. 2C) showed that many of the large Glu-ir patches 
seemed to be part of glomeruli since they fitted well into 
the arrangements outlined by GABA-ir terminal-like dots. 
Furthermore, in thin sections incubated with mAb 2D7 and 
processed by means of the EM immunogold method, accu- 
mulations of  gold granules were found over mossy fiber 
terminals (Fig. 2 F) identifiable as such by their structural 
characteristics (Palay and Chan-Palay 1974). Labeled fibers 
in the white matter were much more numerous than in 
parallel semithin sections stained for GABA-LI. 

In a typical example taken from an absorption experi- 
ment (Fig. 7A-C), the pattern of Glu-LI in the cerebellar 
cortex was not changed by preincubation of mAb 2D7 (di- 
lution of purified ascitic fluid at 1:30000) with HCA-BSA 
conjugate (Fig. 7 B) but was totally abolished by absorption 
of the antibodies at a ten times lower concentration (4 lag 
protein per ml) of Glu-BSA (Fig. 7 C). In fact, HCA-BSA 
conjugate had to be used at an approximately 1000 times 
higher concentration than Glu-BSA to achieve the same 
level of  reduction in staining intensity. The application of  
mAb 2D7 in conjunction with the ordinary PAP method 
yielded similar staining patterns as those described above, 
but the labeled elements were drastically less contrasted 
(not shown). In material processed by the silver enhanced 
immunogold (IG-S) method, terminal-like elements in the 
molecular layer and fibers in the depth were almost as well 
defined as in PAP-S treated material while most of the 
other constituents of the tissue including the mossy fiber 
terminals were virtually unstained in this material. The only 
exceptions were many nuclei and large dendrites of Purkinje 
cells (not shown). 

Olfactory bulb 

In the olfactory bulb (Fig. 3 A, C, and E), Glu-LI showed 
less variability in different cases and in different regions 

Fig. 3A-F. Patterns of immunoreactivity stained by 'anti-Glu' 
mAb 2D7 (A, C and E) or by 'anti-GABA' mAb 3A12 (B, D 
and F) in rat olfactory bulb. A, B and C, D are from pairs of 
concecutive sections; E and F are details indicated by frames in 
C and D, respectively. Bundles of olfactory nerve fibers (on; A, 
C), mitral (double arrowheads; C, D, E, F) and tufted (filled arrow- 
head; C, D) cells, some large dendritic profiles (open arrowheads; 
C, D) as well as certain cell bodies in the priglomerular region 
(arrows; A, B) are strongly Glu-ir but unlabeled in corresponding 
sections stained for GABA-LI (B, D and F). The inverse type of 
complementary staining is observed in some cell bodies in the perig- 
lomerular area (filled arrowheads," A, B), most cells in the granule 
layer (asterisks; C, D) and neurons (arrows; E, F) closely associated 
with mitral cells. Certain cells in the periglomerular region show 
both Glu- and GABA-LI (open arrowheads'; A, B). Glu-ir puncta 
are numerous in glomeruli (gl; B, D) and particularly abundant 
in inner plexiform layer (C, E) and in granule (C) layer. Weaker 
Glu-LI in densely arranged elements characterize the labeling 
throughout the outer plexiform layer (C, E). Note, on the other 
hand, the meshwork of moderate GABA-LI with a fine granularity 
in the external plexiform layer (D, F). 1 : glomerular layer. 2: exter- 
nal plexiform layer. 3: mitral cell body layer. 4: internal plexiform 
layer. 5: granule layer. Bars: 100 gm 
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of the same section than that noted in the cerebellar cortex 
and particularly in the hippocampus. However, the staining 
in bundles of olfactory nerve fibers and what seemed to 
be their terminal ramifications within the glomeruli was 
variable in our material (Fig. 3A and C). On the other 
hand, there were many small, moderately immunoreactive 
profiles in all glomeruli (Fig. 3 C). Some distinctly labeled 
cell bodies in the periglomerular areas and strongly Glu-ir 
terminal-like elements in these regions were regularly ob- 
served (Fig. 3 A and C). In the external plexiform layer with 
its considerable reactivity composed of densely arranged 
elements, a fine granularity could be observed in the outer 
half while in the inner part  some large dendritic profiles 
were found (Fig. 3 C). This labeling pattern seemed to corre- 
spond to staining in certain mitral cell dendrites. Immuno- 
reactive perikarya of tufted cells were to be detected in 
various locations of this layer (Fig. 3 C). Glu-LI in the mi- 
tral cell layer was composed of large well-stained perikarya 
and strongly labeled dots in the spaces between them 
(Fig. 3E). The population of closely associated small cell 
bodies showed no immunoreactivity. Glu-ir dots (Fig. 3 E) 
and fibrous profiles were seen in the internal plexiform 
layer. Labeled dots were abundant in the granule layer, 
whereas only few perikarya were stained (Fig. 3 C). The 
pattern of GABA-LI (Fig. 3 B, D, and F) contrasted drasti- 
cally from that described for Glu-LI. However, some excep- 
tions were to be noted since certain GABA-ir cell bodies 
in the periglomerular region were also stained by mAb 2D7 
(Fig. 3A and B). While olfactory nerve fibers were un- 
stained, GABA-LI was observed as terminal-like dots in 
the glomeruli and as many small perikarya closely asso- 
ciated with these structures (Fig. 3 B and D). A moderately 
immunoreactive meshwork with an interspersed fine granu- 
larity and a few stained small cell bodies characterized the 
labeling pattern in the external plexiform layer (Fig. 3D 
and F). The most prominent GABA-ir elements in the inter- 
nal plexiform layer were radial processes (Fig. 3 F) which 
often could be followed into the granule layer. There, perik- 
aryal staining was mostly moderate, but many strongly im- 
munoreactive cell bodies and puncta could be found too 
(Fig. 3 D). Perikarya showing little reaction product were 
rare. 

Hippocampal formation 

Several aspects of  the pattern of Glu-LI in the hippocampal 
formation was strinkingly variable in the different cases 
examined. Thus, there were differences in terms of staining 
intensity, location and proportion of labeled perikarya of 
pyramidal neurons in the CA3 region of the hippocampus 
proper (Figs. 4A-D,  5A, B, and 7D). In addition, large 
immunoreactive dots in this area were more prominent in 
some (Figs 4H, and 5A, B) as compared to other cases 
(Fig. 4F). These dots probably represented labeled mossy 
fiber terminals since such structures with a suprapyramidal 
location could be shown to contain Glu-LI by means of 
the EM immunogold procedure (Fig. 5 C). Another struc- 
ture exhibiting a variable staining pattern was the area den- 
tata (Figs. 4A-D,  6A, B, D, and 7D). The staining intensity 
and the proportion of labeled perikarya were variable in 
the granule cell layer, but at its inner margin there were 
unlabeled cells in all cases. Variability between different 
rats was also noticed with respect to the density and labeling 
intensity of small Glu-ir puncta which were arranged rough- 

ly in three bands within the molecular layer and which 
possibly represented labeled terminals of associational and 
entorhinal afferents. In the hippocampal CA1 region, on 
the other hand, the abundant granular immunoreactivity 
in the stratum radiatum, which seemed to be distributed 
over the termination fields of associational and/or com- 
missural pathways, and the less numerous but distinct dots 
in the stratum lacunosum moleculare made up a comparati- 
vely constant pattern of Glu-LI in our material (Figs. 4 A -  
D, 6A, B, and 7D). Glu-ir puncta were also relatively fre- 
quent in the stratum oriens of the CA1 region (Fig. 6B 
and C). Perikarya and large dendritic profiles of CA1 pyra- 
midal cells mostly showed little or no staining (Figs. 4A D, 
5A-C, and 7D). The overall pattern of Glu-L! was not 
changed by preincubation of mAb 2D7 (at a 1:16000 dilu- 
tion of purified ascitic fluid) with HCA-BSA conjugate 
(Fig. 7 E), but was completely abolished by absorption of 
the antibodies with a 10 times lower concentration of Glu- 
BSA (4 gg protein/ml; Fig. 7 F). As in the experiment on 
material from the cerebellar cortex, absorption tests on tis- 
sue from the hippocampal formation showed that HCA- 
BSA conjugate had to be used at an approximately 
1000 times higher concentration than Glu-BSA to reach a 
similar level of reduction in staining intensity. The compari- 
son of the labeling patterns obtained with the 'ant i -Glu '  
mAb 2D7 (Fig. 4 D, F, and H) and the ' an t i -GABA'  mAb 
3A12 (Fig. 4E, G, and I) demonstrated that the labeling 
of perikarya and terminal-like dots, in general, was drasti- 
cally different. However, the level of resolution reached in 
semithin (1 gm) sections did not allow to exclude complete- 
ly that both immunoreactivities were present in certain 
mossy fiber terminals. In several cases, furthermore, a rela- 
tively high level of GABA-LI was observed in fiber bundles 
within the stratum lucidum but it was not possible to decide 
whether they corresponded to bundles of mossy fibers. 
GABA-ir terminal-like elements, on the other hand, were 
relatively rare in the stratum lucidum but highly concen- 
trated around the perikarya of CA3 pyramidal cells 
(Fig. 4 G and I). Other areas with high densities of labeled 
dots in the surroundings of cell bodies were the CA1 pyra- 
midal cell layer and the granule cell layer of the fascia den- 
tata (Fig. 4 E). Terminal-like puncta containing GABA-LI 
were less frequent but still prominent in the molecular layer 
of the fascia dentata as well as the stratum lacunosum mole- 
culare. Immunoreactive perikarya were most dense in the 
innermost layer of the granule cells, while a relatively large 
population was intermingled with the perikarya of pyrami- 
dal neurons in the hippocampal CA1 and CA3 regions. 

Fig. 4A-I. Distribution ofimmunoreactivity observed in rat hippo- 
campal formation with 'anti-Glu' mAb 2D7 (A-D, F and H) or 
with 'anti-GABA' mAb 3A12 (E, G and I). Note different staining 
patterns in different rats (A-D, 7D) particularly in molecular (m) 
and granule cell (g) layers of area dentata as well as in pyramidal 
cell layer (between white dashes) of hippocampal CA3 region r: 
stratum radiatum of CAt. Drastic differences of labeling patterns 
in D and E (asterisks on blood vessels as landmarks) as well as 
in F, G and H, I from pairs of consecutive sections. Large Glu-ir 
dots (circles in F and H) mostly in suprapyramidal area of CA3 
region and more numerous but smaller GABA-ir puncta (filled 
arrowheads; F-I) especially around pyramidal cell perikarya. La- 
beled cell bodies in G are unstained in F and G (open arrowheads). 
Same magnifications in A-D and in F-I. Bars: 100 gm in C; 25 gm 
in I 
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GABA-ir perikarya could readily be found also in the hilar 
region, in the stratum lucidum and in the stratum radiatum 
of CAl. Not all labeled cell bodies showed the same staining 
intensity, and these variations were observed in all areas 
of the hippocampal formation examined. 

In formaldehyde fixed material as well as in experiments 
in which the primary or secondary antibodies had been 
omitted or in which the primary antibody had been replaced 
by ascitic fluid from mice injected with myeloma cells, the 
levels of immunoreactivity were as low (not shown) as in 
cases in which mAb 2D7 had been preabsorbed with Glu- 
BSA. 

Discussion 

In the course of the present study, a monoclonal antibody, 
mAb 2D7, which was selected by a differential screening 
procedure, was found to exhibit a preference for fixative- 
linked glutamate and, in combination with a sensitive stain- 
ing method, was used in three regions of the rat brain to 
describe the various levels of immunoreactivity in tissue 
components such as neuronal perikarya and terminal-like 
elements. The two main issues to be discussed were those 
regarding the specificity of the antibody for glutamate and 
the transmitter specificity of the staining patterns observed. 
In addition, certain technical points and the variability of 
staining patterns were to be addressed. 

A treatment of neural tissue with fixatives containing 
glutaraldehyde was known to result in the retention not 
only of glutamate but also of several established or putative 
amino acid neurotransmitters as well as of other chemically 
similar compounds. Transmitter related substances were ex- 
pected to be present at particularly high concentrations in 
certain locations such as synaptic terminals. It was, thus, 
essential to develop antibodies with a high specificity for 
fixative-linked glutamate. Since aspartate and glutamate 
were both known to occur in brain tissue in millimolar 
concentrations it was especially important to find anti- 
bodies which would distinguish well between these structur- 
ally similar acidic amino acids. This feature, therefore, was 
used as the main criterion in the screening procedure for 
the primary hybridomas. The antibodies, furthermore, had 
to show a strong difference between their reactivity for Glu- 
and for homocysteate-BSA, since L-HCA had recently be- 
come a neurotransmitter candidate (Do et al. 1986a, b) and 
since this sulphur-containing acidic amino acid was closely 
related to glutamate in its chemical structure. Only few anti- 
bodies satisfied these combined selection criteria. Amongst 
these, mAb 2D7 seemed to be the most potent one because 
it showed a strong immunoreactivity for Glu-BSA even at 
a high dilution of the ' purified ascitic fluid'. 

Was the cross-reactivity of mAb 2D7 with the amino 
acid- and dipeptide-BSA conjugates used in our tests low 
enough to assure the specificity of the antibody for fixative- 

Fig. 5A-C. Distribution of Glu-LI in hippocampal CA3 region. 
A and B Different staining intensity of pyramidal neurons from 
two different rats but strong labeling of large dots probably repre- 
senting mossy fiber terminals mostly in stratum lucidum (lu). Mod- 
erate immunoreactivity in bundles of mossy fibers (arrowheads; 
A). C Glu-ir (EM immunogold method) mossy fiber terminals (raft) 
with several synaptic contacts (arrows). Same magnification in A, 
B. Bars: 100 gm in B, t gm in C 

linked Glu in immunohistochemical investigations? Since 
no real differences between mAb 2D7's reactivity with the 
conjugates other than Glu-BSA could be detected, and since 
levels of cross-reactivity could only be derived from extra- 
polated values, the results obtained in antibody dilution 
tests did not seem to be reliable. With respect to the prob- 
lem of cross-reactivity, the following information had pre- 
viously been obtained in a study on monoclonal 'anti- 
GABA'  antibodies (Mature and Streit 1986). Already in 
that case, absorption experiments performed as ELISA tests 
had turned out to be more critical, i.e. the levels of cross~ 
reactivity obtained in absorption experiments were much 
higher than those determined in antibody dilution experi- 
ments. Calculations according to the presently used proce- 
dure set the levels of cross-reactivity of the monoclonal 
'ant i -GABA' antibody 3A12 at <1:100 for fl-Ala, at 
< 1:275 for Glu and at < 1:700 for Gly. As the patterns 
of immunoreactivity observed in the present study with the 
monoclonal ' anti-GABA' antibody or with mAb 2D7 were 
clearly diflbrent and in several cases even complementary, 
it seemed that the cross-reactivity of mAb 3A12 with Glu 
of < 1:275 was low enough to avoid a generally mixed 
staining pattern. If a level of cross-reactivity at this order 
of magnitude was sufficiently low, and if conclusions about 
tolerable levels could be generalized to other antibodies and 
to other conjugates, it could be argued that the levels of 
cross-reactivity with HCA (< 1:300) as well as with the 
other amino acids and the dipeptides tested should have 
been low enough. It was interesting to note that in absorp- 
tion experiments performed on sections the level of cross- 
reactivity of mAb 2D7 for HCA was estimated to be even 
lower, namely at approximately 1 : 1000. More accurate and 
definitive values for the level of cross-reactivity with HCA, 
however, could not be obtained since this compound was 
not available in a radioactively labeled form and, thus, the 
molar ratio in the conjugates could not be determined. The 
second highest level of cross-reactivity of mAb 2D7 had 
been measured with gamma-glutamylglutamate (7-GG; 
< 1 : 650). The distribution of a potential synthesizing en- 
zyme for this dipeptide, gamma-glutamyl transpeptidase, 
had been described to be contained more in non-neuronal 
elements (Albert et al. 1966; Shine and Haber 1981) and, 
thus, was clearly different from the distribution of immuno- 
reactivity observed in our material. Since in investigations 
with a monoclonal antibody to y-GG (Madl et al. 1986) 
different histochemical methods had been used, more direct 
information on the distribution of the dipeptide was not 
available to decide about a potential contribution by cross- 
reactivity to the present patterns of immunoreactivity. It 
was unlikely, on the other hand, that a factor of < 1 : 2800 
for taurine was too high, since Purkinje cell perikarya and 
dendrites had been shown to stain strongly with antisera 
to taurine (Madsen et al. 1985; Campistron et al. 1986b) 
while they were mostly unstained with mAb 2D7 in our 
material. A value of < 1:3500 for GABA was judged to 
be sufficiently low since, as stated above, the patterns of 
immunoreactivity observed with mAb 2D7 o r '  anti-GABA' 
antibody 3A12 were complementary in most locations ex- 
amined. From a comparison of the present labeling patterns 
with those described in investigations on the distribution 
of aspartate-like immunoreactivity (Ottersen and Storm- 
Mathisen 1985 ; Campistron et al. 1986 a; Saito et al. 1986; 
Madl et al. 1987; Yoshida et al. 1987; Aoki et al. 1987) 
one could have been tempted to conclude that at a level 
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Fig. 7A-F.  Comparison of GIu-LI in consecutive sections (blood vessels with asterisks as landmarks) of cerebellar cortex (A-C) and 
hippocampal formation (D-F) using mAb 2D7 alone (A and D), this antibody preincubated with homocysteate-BSA conjugate (B 
and E), or with a ten times lower concentration of Glu-BSA conjugate (C and E). Note similar patterns of immunoreactivity in A 
and B or in D and E but compiete abolition of staining in C and F. Dilution of 'purified ascitic fluid' at 1:30000 in A-C  and 1:16000 
in D-F. Same magnification in A-F. Bar in F: 100 pm 

Fig. 6A-E.  Patters of Glu-LI in parts of hippocampal CA1 region and/or area dentata. A and B Montages of photomicrographs from 
area including parts of CAI and fascia dentata from two different cases with little labeling in CA1 pyramidal cells (p) and relatively 
weakly stained perikarya in granule cell layer (g). A few CA1 pyramidal neurons (C) and numerous granule cells (D) are strongly 
labeled in another animal. Fine terminal-like dots are densely packed in stratum oriens (o; C) and stratum radiatum (r; A, B and 
C) of CA1, numerous also in dentate molecular layer (m; A and B) and less impressive in stratum lacunosum moleculare (lm; A 
and B). E Large dots in area of CA3 pyramidal cells and smaller ones in infragranular region (between white dashes) probably represent 
Glu-LI in different types of mossy fiber terminals. Same magnification in A-E. Bar in E: 100 gm 
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of cross-reactivity of < 1 : 4400 for aspartate this substance 
was not detected in our immunohistochemical preparations. 
However, more definitive answers to the question of tolera- 
ble levels of cross-reactivity for the various compounds used 
in the present tests would have to be derived from studies 
involving consecutive semithin sections and a whole series 
of antibodies with different specificities. As in all other im- 
munohistochemical investigations, on the other hand, the 
interpretation with respect to the chemical nature of the 
material recognized in the tissue by the antibody was mostly 
limited by the possibility that the antibody cross-reacted 
with an unknown substance or with a substance which had 
not been included in the tests. The dipeptide N-acetylaspar- 
tylglutamate (NAAG) had been found in relatively high 
concentrations in the central nervous system (Curatolo 
et al. 1965; Reichelt and Fonnum 1969; Miyake et al. 1981 ; 
Zaczek et al. 1983; Koller et al. 1984). This compound al- 
though not used in our tests should, however, not have 
contributed to the patterns of immunoreactivity in the pres- 
ent work since the N-acetylated neurotransmitter candidate 
should not have been retained in the tissue by the fixatives 
applied. In fact, we had been unable to couple tritiated 
NAAG to BSA with glutaraldehyde as linker. Furthermore, 
the multitude of unknown compounds which should have 
been retained by formaldehyde fixation were not recognized 
either by mAb 2D7 as demonstrated by the total absence 
of staining in such material with the immunohistochemical 
protocol used. The fact that free Glu even at a concentra- 
tion of 10 m M  had not been effective in absorption experi- 
ments seemed to indicate that the epitope recognized by 
mAb 2D7 did not only consist of Glu residues but possibly 
of  the glutaraldehyde-glutamate complex as such. Although 
a high degree of specificity for glutaraldebyde-linked Glu 
was determined in absorption experiments and was sup- 
ported by the arguments presented above, the material de- 
tected by mAb 2D7 could only be defined a s '  glutamate-like 
immunoreactivity' (Glu-LI). It, nevertheless, seemed to be 
justified to call mAb 2D7 an 'ant i -Glu '  antibody. 

How do the patterns of immunoreactivity observed in 
cerebellar cortex, olfactory bulb and hippocampal forma- 
tion correspond to the transmitter specificity of the immun- 
ostained tissue components? 

In the cerebellar cortex, the staining patterns obtained 
with the ' an t i -GABA'  mAb 3A12 and the silver enhanced 
PAP method were the same as those described in previous 
studies (Ottersen and Storm-Mathisen 1984; Seguela et al. 
1984; Somogyi et al. 1985; Matute and Streit 1986) for the 
inhibitory elements in the cerebellum which had also been 
reported to be immunoreactive for the GABA-synthesizing 
enzyme glutamic acid decarboxylase (for review: Mugnaini 
and Oertel 1985). The cerebellar constituents showing the 
most impressive Glu-LI were the densely packed dots inter- 
preted as stained parallel fiber terminals and the large 
patches probably representing labeled mossy fiber termi- 
nals, while granule cell perikarya were only moderately im- 
munoreactive, cell bodies and dendrites of Purkinje cells 
were almost unlabeled, and the strongly GABA-ir cell types 
as well as glial cells were practically unstained. This order 
of staining intensity seemed to agree well with that deter- 
mined by Somogyi and collaborators (Somogyi et al. 1986) 
in a quantitative study at the electron microscopic level 
on components of the cerebellar cortex in the cat. From 
the analysis of consecutive ultrathin sections stained alter- 
natingly with ' an t i -GABA'  or ' ant i -Glu '  antisera it had 

become clear that GABA-ir terminals contained outstand- 
ingly low levels of  Glu-LI and, thus, a low metabolic gluta- 
mate pool. The high level of Glu-LI in parallel and mossy 
fiber terminals, furthermore, was consistent with results 
previously obtained in biochemical investigations (Young 
etal. 1974; Valcana etal. 1972; Hudson etal. 1976; 
McBride et al. 1976; Sandoval and Cotman 1978; Rohde 
et al. 1979; Roffler-Tarlov and Turey 1982) and with a sug- 
gested role of glutamate as neurotransmitter at parallel 
(Chujo et al. 1975; Crepel etal.  1982; Gallo etal .  1982; 
Levi et al. 1982; Sandoval and Cotman 1978; Stone 1979) 
and mossy (Garthwaite 1986; Holm and Logan 1986) fiber 
synapses. Whether some of the immunoreactivity in the mo- 
lecular layer was related to labeling of climbing fibers could 
not be decided at the level of resolution in the present inves- 
tigation. On the other hand, most available evidence 
pointed to a transmitter role of aspartate at least in part 
of these cerebellar afferents while the situation in the case 
of glutamate appeared less clear (for review: Cu6nod et al. 
1988). 

As noted also by Ottersen and Storm-Mathisen (1984), 
the patterns of Glu- and GABA-LI in the olfactory bulb 
were to a large extent complementary. Indeed, mitral and 
tufted cells as well as a certain subpopulation of perikarya 
in the periglomerular region were Glu- but not GABA-ir, 
while another portion of cells in the periglomerular area 
and the granule cells showed the opposite reactivity. We 
were unable to distinguish between periglomerular neurons 
and superficial tufted cells in our material consisting of 
semithin sections. It was interesting to notice, on the other 
hand, that a third population of perikarya in the periglo- 
merular region showed staining with both antibodies in con- 
secutive semithin sections since GABA-ir cell types had usu- 
ally been found to exhibit very low levels of Glu-LI (see 
discussion in Ottersen and Storm-Mathisen 1984). Strong 
Glu-LI in GABA-ir perikarya, however, could not easily 
be interpreted in terms of a marker for transmitter specifici- 
ty. In fact, concern had previously been expressed about 
the use of high perikaryal Glu-LI as marker for glutama- 
tergic neurons, since cholinergic and dopaminergic neurons 
in the brain stem stained rather strongly with 'ant i -Glu '  
antisera (Ottersen and Storm-Mathisen 1984, 1985; Storm- 
Mathisen and Ottersen 1986). Furthermore, in recent stain- 
ing experiments with mAb 2D7, rat spinal motoneurons 
showed relatively high Glu-LI (unpublished observation) 
although these neurons were known to use acetylcholine 
rather than Glu as transmitter. Several indications had, nev- 
ertheless, been obtained for the use of aspartate or gluta- 
mate as transmitter(s) by mitral cells (Harvey et al. 1975; 
Bradford and Richards 1976; Yamamoto and Matsui 1976; 
Scholfield etal. 1983; for review: Halasz and Shepherd 
1983; Macrides and Davis 1983). While the results of cer- 
tain neurochemical (Collins 1979a, b; Collins and Probett 
1981) and immunohistochemical (Saito et al. 1986) investi- 
gations seemed to stress a transmitter role for aspartate 
rather than for glutamate at least in some of the fibers 
originating from mitral cells and running in the lateral ol- 
factory tract, such a role had been questioned for both 
acidic amino acids by data acquired in pharmacological 
studies (Hori et al. 1981, 1982). Recently, N A A G  became 
a transmitter candidate of the lateral olfactory tract 
(ffrench-Mullen et al. 1985) and mitral cells were shown 
to contain NAAG-LI  (Anderson et al. 1986; Blakely et al. 
1987). However, a potentially existing cross-reactivity of  
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mAb 2D7 should not have induced false positive staining 
in our material since, as pointed out in a previous section, 
this N-acetylated neuroactive dipeptide should not have 
been retained in the tissue by the fixatives used. 

The dipeptide carnosine (fl-alanyl-L-histidine) seemed to 
be associated with the peripheral afferents to the olfactory 
bulb (Margolis 1974; for review: Macrides and Davis 1983). 
A potential cross-reactivity of an 'anti-GABA' antiserum 
with carnosine had been suggested to be responsible for 
immunoreactivity observed in the olfactory nerve layer (Ot- 
tersen and Storm-Mathisen 1984). No GABA-LI was dis- 
covered within this region with the 'anti-GABA' mAb 
3A12 in the present investigation. There was no ready ex- 
planation for the fact that only an interindividually variable 
fraction of olfactory nerve bundles and their terminal ar- 
borizations in glomeruli contained heavy Glu-LI. This type 
of immunoreactivity in olfactory nerve fibers was interest- 
ing to find since Ottersen and Storm-Mathisen (1984) had 
shown heavy autoradiographic labeling for glomeruli in up- 
take experiments 'in vitro' with tritiated D-aspartate. 
Equally strong labeling had also been observed over ele- 
ments in the spaces between patches of granule cells (Otter- 
sen and Storm-Mathisen 1984) and, thus, in regions where 
abundant, strongly Glu-ir but unidentified puncta were lo- 
cated in the present material. Watanabe and Kawana (1984) 
had described selective retrograde labeling with tritiated D- 
aspartate from the olfactory bulb to the anterior olfactory 
nucleus, pyriform cortex and nucleus of the lateral olfactory 
tract. As a selective retrograde tracer, this compound had 
proved to be a rather reliable marker for pathways using 
an excitatory amino acid as transmitter (for review: Cu6nod 
and Streit 1983). On the other hand, the labeling patterns 
obtained in anterograde tracing experiments had shown 
that the granule layer was an important termination site 
for the three pathways mentioned above (for review: Mac- 
rides and Davis 1983). It, thus, seemed likely that at least 
a certain fraction of the Glu-ir dots in the granule layer 
represented terminals of such centrifugal afferents and that, 
in turn, the distinct Glu-LI in such terminals corresponded 
to a high glutamate pool involved in neurotransmission. 

The findings in pharmacological and electrophysiologi- 
cal (for review: Halasz and Shepherd 1983) as well as in 
histochemical (Halasz et al. 1981; Ribak et al. 1977; Otter- 
sen and Storm-Mathisen 1984; Mugnaini and Oertel 1985) 
studies left little doubt that the granule cells used GABA 
as neurotransmitter at their inhibitory synapses with the 
mitral cells. Immunohistochemical data, furthermore, 
seemed to indicate the GABAergic nature of certain cells 
in the periglomerular region (Mugnaini and Oertel 1985; 
Ottersen and Storm-Mathisen 1984; Kosaka et al. 1985, 
1987; Gall et al. 1987). The observations in the present in- 
vestigation on GABA-ir perikarya in the periglomerular 
area and on GABA-LI in granule cells and, in addition, 
in a dense meshwork within the outer plexiform layer 
seemed to be in agreement with these previous results. 

The GABA-LI described in the present material for the 
hippocampalformation did not vary much from animal to 
animal and was mostly consistent with available knowledge 
on the GABAergic systems in this part of the brain (for 
review: Mugnaini and Oertel 1985; Ottersen and Storm- 
Mathisen 1984). On the other hand, an even more striking 
interindividual variability than that described in olfactory 
nerve bundles and their glomerular terminations was no- 
ticed for the distribution of Glu-LI in certain parts of the 

hippocampal formation. The factors causing this variability 
could not be determined but might have to be attributed 
to interindividual or local differences in the efficacy of per- 
fusion-fixation or, more interestingly, to differences in pre- 
mortal neural activity, which seemed to involve relatively 
large groups of neurons or certain pathways. The perikarya 
of hippocampal CA3 pyramidal neurons and of granule 
cells in the area dentata were such particularly conspicuous 
groups. However, as discussed in a previous section, the 
perikaryal level of Glu-LI could not easily be interpreted 
with respect to transmitter specificity. A relationship be- 
tween variable Glu-LI and certain pathways was suggested 
by the staining patterns in the molecular layer of the fascia 
dentata. The variable staining intensity was determined by 
the different densities of Glu-ir terminal-like dots which 
were located in the inner, intervening and outer zones. The 
inner zone appeared to correspond to the termination area 
of associational and commissural inputs (Fricke and Cowan 
1978; Hjorth-Simonsen 1973; Hjort-Simonsen and Laur- 
berg 1977; Laurberg 1979; Laurberg and Sorensen 1981; 
Swanson and Cowan 1977; Swanson et al. 1978; Zimmer 
1971) while the intervening and the outer zones seemed 
to represent projection areas of the medial and the lateral 
perforant paths (Hjorth-Simonsen 1972; Hjorth-Simonsen 
and Jeune 1972; Steward 1976). 

Particularly the results obtained in combined lesion and 
release experiments indicated that transmission by terminals 
at least of comrnissural fibers in the inner zone of the molec- 
ular layer was mediated by aspartate rather than by gluta- 
mate (Nadler et al. 1976, 1978). However, i twas not possi- 
ble to decide at present about the nature of the numerous 
Glu-ir dots in this region. The entorhinal perforant path 
axons, on the other hand, were probably the best document- 
ed example in the mammalian brain of a pathway using 
glutamate as neurotransmitter (for review: Cotman et al. 
1981; Storm-Mathisen 1977a; Walaas 1983; Ottersen and 
Storm-Mathisen 1984, 1986). This conclusion had been de- 
rived mostly from observations in autoradiographic 
(Storm-Mathisen 1977b, 1981; Taxt and Storm-Mathisen 
1984) and biochemical (Nadler et al. 1976, 1978; Storm- 
Mathisen 1977b, 1981) uptake, release (Nadler et al. 1976, 
1978; Hamberger et al. 1978, 1979; Dolphin et al. 1982) 
and transmitter related retrograde labeling(Fischer et al. 
1986) studies as well as in measurements of amino acid 
content in crude synaptosomal preparations following axo- 
tomy (Nadler and Smith 1981). In autoradiographic uptake 
experiments with tritiated L-aspartate, the labeling had been 
described to decrease from the inner to the intervening and 
to the outer zone of the dentate molecular layer (Taxt and 
Storm-Mathisen 1984). Glu-LI in slices of the hippocampal 
formation, which had been briefly soaked in Krebs' solution 
and immersion-fixed, appeared to be almost as intense in 
the outer as in the inner zone, whereas the intervening one 
was more weakly labeled (Storm-Mathisen et al. 1983, 
1986; Ottersen and Storm-Mathisen 1985). The same pat- 
tern had been noticed in tissue from rats perfusion-fixed 
following a prolonged rinsing period (Yoshida et al. 1987). 
However, this pattern could also be observed in the present 
study in some but not all animals which had been flushed 
briefly and rapidly perfusion-fixed. It was difficult to know 
whether different labeling intensities observed in the termi- 
nation fields of medial and lateral perforant paths were 
related to physiological (McNaughton 1980) and pharma- 
cological (Harris et al. 1981 ; Lanthorn and Cotman 1981) 
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differences between the two perforant paths. As mentioned 
before, on the other hand, the pattern of Glu-LI in the 
dentate molecular layer was variable, and this variability 
might have reflected different functional states. 

As in the case of puncta in the outer and intervening 
zones of the molecular layer in the dentate area, the relation 
between Glu-ir dots in the stratum radiatum of the hippo- 
campal CA1 region and CA3-derived associational and 
commissural axons would have to be determined by appro- 
priate lesion experiments. However, the labeling pattern in 
combination with an extensive literature on a role of gluta- 
mate as neurotransmitter in terminals of CA3 pyramidal 
neurons (for review: Walaas 1983; Ottersen and Storm- 
Mathisen 1984, 1986; Storm-Mathisen 1981; Cotman et al. 
1981) suggested that e.g. at least part of the small but abun- 
dant Glu-ir dots in the CA1 stratum radiatum represented 
the transmitter pool of glutamate in terminals of Schaffer 
collaterals and of commissural CA3 axons. Strong Glu-LI 
in the stratum radiatum of CA1 had also been described 
by others in tissue subjected to certain rinsing procedures 
before fixation (Storm-Mathisen et al. 1983, 1986; Ottersen 
and Storm-Mathisen 1985; Yoshida et al. 1987). 

Although the case for glutamate mediated neurotrans- 
mission at synapses of mossy fibers did not seem to be 
as strong as in the systems discussed above (for references 
see: Walaas 1983; Storm-Mathisen 1981; Cotman etal.  
1981 ; Ottersen and Storm-Mathisen 1984, 1986), no label- 
ing of mossy fiber terminals with an 'ant i -Asp'  antiserum 
(Ottersen and Storm-Mathisen 1985; Storm-Mathisen et al. 
1986) but heavy labeling with an 'ant i -Glu '  antiserum had 
been described in rinsed and immersion-fixed slices (Storm- 
Mathisen et al. 1983, 1986; Ottersen and Storm-Mathisen 
1985). While the staining obtained in our perfusion-fixed 
material was consistent with these previous findings, the 
stratum lucidum had been shown to be free of  Glu-LI by 
others in tissue following a prolonged rinsing period and 
perfusion-fixation (Yoshida et al. 1987). This fixation pro- 
cedure was, thus, much slower than the one used in the 
present investigation which, in turn, should have retained 
the glutamate content of brain tissue at levels more closely 
resembling those of the ' in vivo'  situation. However, even 
with the present procedure, fixation may have varied in 
different regions of the brain and in different individuals. 
As mentioned above, this variability of fixation may have 
been another reason besides differences of premortal activi- 
ty for the regional and interindividual variability of staining 
patterns. 

Whether and at which proportion Glu-LI in mossy fiber 
terminals corresponded to a transmitter pool of glutamate 
could not easily be determined in the present study. How- 
ever, since the 'ant i -Glu '  mAb 2D7 stained mossy fiber 
terminals while the ' an t i -GABA'  mAb 3A12 labeled what 
seemed to be a different set of terminal-like elements it 
became clear that at least not all terminals contained Glu-LI 
despite the fact that Glu-ir dots were numerous or abundant 
in most regions of the hippocampal formation. As men- 
tioned in the discussion on the findings in the cerebellar 
cortex, on the other hand, GABA-ir terminals had been 
shown to exhibit a very low Glu-LI (Somogyi et al. 1986) 
and, thus, to have a very low metabolic pool of glutamate. 
Only future comparative investigations with antibodies to 
various compounds might help to find out about the levels 
of Glu-LI representing the metabolic pool in nerve termi- 
nals which did not release glutamate but rather another 

neuroactive substance. In view of the fact that Glu-ir termi- 
nal-like elements were numerous in termination fields of 
pathways allegedly using glutamate as transmitter, and that 
the transmitter pool of glutamate was expected to be high 
in glutamatergic nerve terminals, it was particularly inter- 
esting to note that such terminal-like dots, indeed, could 
be stained in perfusion-fixed tissue by mAb 2D7. The meth- 
od applied in the present study, therefore, might allow in 
the future and in combination with lesion experiments to 
map at the level of light microscopy pathways with gluta- 
mate-mediated neurotransmission. 

The successful staining of terminal-like puncta seemed 
mostly to depend on the use of postembedding immunohis- 
tochemistry since, for unknown reasons, only labeling of 
perikarya and dendrites but not of terminal-like dots was 
observed with mAb 2D7 in immunostained Vibratome 
slices (unpublished data). Careful titration of the 'ant i -Glu '  
antibody appeared to be another important point. Thus, 
the optimal antibody concentration varied amongst the dif- 
ferent cases possibly as a result of differences in the efficacy 
of perfusion-fixation. Furthermore, at inadequately high 
antibody concentrations, the labeling of certain perikarya 
and especially of terminal-like dots was suppressed possibly 
as a consequence of the so-called 'Bigbee effect' (Bigbee 
et al. 1977) which had been determined as one of the dis- 
turbing factors in the staining of ~ antigen-rich" tissue com- 
ponents by the peroxidase anti-peroxidase technique. Silver 
enhancement of the histochemical peroxidase reaction 
product obtained after a relatively short reaction time, fur- 
thermore, yielded a better contrast perhaps because staining 
was more directly proportional to the content of immunore- 
active material in different tissue elements. 

In conclusion, the results obtained in the present study 
showed that the newly developed 'ant i -Glu '  mAb 2D7 in 
combination with a peroxidase anti-peroxidase procedure 
and silver enhancement revealed terminal-like elements at 
the light microscopic level in appropriately fixed rat brain 
material. In addition, the patterns of Glu-LI were mostly 
compatible with available data on systems using glutamate 
as neurotransmitter in the three brain regions examined. 
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