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Summary. M o u s e m o n o c l o n a l antibodies (mAb) to G A B A
were developed following immunization with G A B A coupled to bovine serum albumin ( G A B A - B S A ) . The selection
o f h y b r i d o m a cell lines producing antibodies which reacted
with G A B A - B S A but not with glutamate-BSA conjugates
as well as the characterization of chosen m A b was performed by enzyme linked i m m u n o s o r b e n t assays (ELISA).
The five m A b selected were all o f the I g G class and displayed different patterns of crossreactiviities with the amino
acid- and dipeptide-BSA conjugates tested. M A b 3A12
reacted a p p r o x i m a t e l y 4,000 times better with G A B A - B S A
than with fl-alanine-BSA conjugates according to serial dilution experiments o f the a n t i b o d y in E L I S A . I m m u n o r e a c tivity was even lower for other conjugates tested including
glycine-, taurine-, glutamate-, and glutamine-BSA. Immunohistochemical results in rat and chicken brain indicated
that the patterns of G A B A - l i k e immunoreactivity observed
with these m A b were consistent with the available information on the distribution o f G A B A - c o n t a i n i n g neurons.

Introduction
Until a few years ago, neurons using ~-aminobutyric acid
as transmitter have mostly been localized and m o r p h o l o g i cally defined b y means of immunohistochemical methods
showing the presence o f the synthesizing enzyme glutamic
acid decarboxylase ( G A D ; for review see Mugnaini and
Oertel 1985). A more direct a p p r o a c h involving the immunohistochemical d e m o n s t r a t i o n o f the neurotransmitter itself became feasible when Steinbusch and colleagues (1978)
devised a m e t h o d to raise antibodies to serotonin coupled
to bovine serum albumin (BSA). A series o f polyclonal
(pAb) as well as m o n o c l o n a l antibodies (mAb) to small
transmitter molecules have since been obtained (see e.g. :
Cuello et al. 1979; Consolazione et al. 1981; Geffard et al.
1985a, b; Ottersen et al. 1985), and several methods to produce antisera recognizing G A B A - l i k e immunoreactivity
( G A B A - L I ) have been described (Storm-Mathisen et al.
1983; Seguela et al. 1984; H o d g s o n et al. 1985). Specific
a n t i - G A B A antisera were obtained e.g. by combining relatively long immunization schedules with elaborate purification protocols (Storm-Mathisen et al. 1983) or, alternatively, by immunizations with a sequence of several different
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G A B A - c o n j u g a t e s (Seguela et al. 1984). However, there are
some general problems and limitations inherent to the use
of p A b such as low or variable titers, lack of reproducibility
when a new animal is used, limited supply as well as antib o d y heterogeneity. M o n o c l o n a l antibodies, on the other
hand, are defined reagents for which the specificity should
be ensured by selecting a p p r o p r i a t e cell lines by means of
differential screening tests.
In the present paper, attempts to produce m A b demonstrating G A B A - L I are described. The characteristics of the
resulting m A b in enzyme-linked i m m u n o s o r b e n t assays as
well as in immunohistochemical tests on rat and avian brain
tissue are presented. Some of these d a t a have been published in abstract form (Mature and Streit 1985 a, b).

Materials and methods

Preparation of conjugates: BSA was chosen as carrier protein for
the GABA-conjugate used as immunogen. The coupling procedure
for the preparation of conjugates was that described by StormMathisen and collaborators (1983). Briefly, GABA (100 gmol;
Sigma) was mixed with BSA (12 mg, fraction V, Miles Scientific
Naperville, Illinois) in phosphate buffer (PB; 2 ml, 0.1 M, pH 7.4).
After the addition of glutaratdehyde (GA; 100 gmol; Fluka, Switzerland) as linking reagent, the reaction mixture was stirred for
approximately 15 rain at room temperature and thereafter dialyzed
in the cold against large volumes of PB over a period of two
to three days. Aliquots of the dialyzed solution were stored frozen
at --20 ~ C. An analogous procedure was used to couple GABA
to poly-L-lysine (PL; 50,000 MW; Bachem, Switzerland). In addition to GABA, the following substances were conjugated to BSA:
fl-alanine (fl-Ala), glycine (Gly), taurine (Tau), L-glutamate (Glu),
L-aspartate (Asp), glutamine (Gln), delta-L-aminovaleric acid, carnosine, homocarnosine, ~- and fl-L-aspartylglycine, y-L-glutamylglycine as well as glutaraldehyde alone. In order to monitor the
efficiency of the conjugation procedure at least in the case of
GABA and Glu, tritiated amino acid (1 gCi; spec. activity: GABA
5(~70 Ci/mmol, Glu 20M0 Ci/mmol; The Radiochemical Centre
Amersham, UK) was included in the reaction, and the radioactivity
was determined in small samples before and after dialysis of the
reaction mixture. Approximately 5% of the radioactivity added
was typically measured following dialysis. The molar ratio of amino acid conjugated to BSA, therefore, amounted to about 25:1.
The series of conjugates mentioned above were used to test the
range of specificity of mAb. These antibodies were further assayed
for binding to GA-linked conjugates of a series of amino acids
(fl-Ala, Gly, Tau, Glu, Asp) with rat brain material as well as
to GA-treated material alone. This material was prepared according to Ottersen and Storm-Mathisen (1984), but was cleared by
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centrifugation (1,500 x g, 30 rain) prior to the onset of the coupling
reaction.

Immunizations. GABA-BSA conjugate (0.3-0.9 mg protein in
0.05-0.15 ml) was emulsified with an equal volume of Freund's
adjuvant (FA) and injected in female F1 hybrids of a cross BALB/
c x C57BL/6. The different schedules and procedures of immunizations followed are described below.
(i) 'Long' immunization ." Mice received three intraperitoneal injections of GABA-BSA conjugate in complete (day 0) and incomplete
FA (days 21 and 35). Their spleen cells were used for hybridization
with myeloma cells on day 38. (ii) 'Short' immunization. Mice
were subcutaneously injected with GABA-BSA conjugate emulsified in complete (day 0) and incomplete F A (day 7), and the cell
fusion was performed on day 11. (iii) "Partial immunosuppression ':
Two days after injecting BSA (0.6 nag in 0.1 ml) emulsified 1 : 1
in complete FA, the cytostatic drug cyclophosphamide (Endoxan,
Asta; 40 mg/kg body weight) was administered to suppress the
immunoresponse to the carrier protein. Two weeks later the procedure was repeated (BSA in water; two days later cyclophosphamide
at 80 mg/kg body weight), and after two more weeks the mice
were immunized with GABA-BSA conjugate, boosted a week later
and their spleen cells fused with myeloma cells after four days.
Another series of mice was treated in a similar way but a/%AlaBSA conjugate instead of BSA preceded the cyclophosphamide
treatment. (iv) Combined 'in vivo' and 'in vitro" immunization:
Mice were subcutaneously injected with GABA-BSA (day 0) and
ten days later sacrificed by cervical dislocation. Their spleen cells
were challenged 'in vitro' according to the technique described
by Boss (1984) with GABA-PL (1 rag) for four days before the
fusion. N-acetylmuramyl-L-alanyl-D-isoglutamine (20 gg/ml culture medium; Calbiochem, California) was used as adjuvant.
Cell fusion and cloning: Spleen cells resulting from immunizations
described above were fused with P3U1 myeloma cells essentially
according to the method of Kennett (Kennett 1980) and with the
help of polyethyleneglycol (Galfr+ et al. 1977). The ceils were kept
in Iscove's modification of Dulbecco's medium (catalogue number
3-813-40 Imperial Laboratories, Salisbury, UK) supplemented with
6% heat-inactivated human serum, 2 m M glutamine, penicillin
(100 units/ml) and streptomycin (100 pg/ml), and 50 pM 2-mercaptoethanol overnight. The following day, the cells were plated in
96-well culture plates (approximately 70 p-l/well at 1-2 x 10 7 cells/
ml) in the above kind of basic medium to which 100 p-M hypoxanthine, 0.4 p-M aminopterin and 16 p-M thymidine had been added
(HAT medium). At day 6 after the fusion the cells were fed with
HT medium (HAT medium without aminopterin). Later, they were
refed, and the supernatants were tested for immunoreactivity by
means of the ELISA (enzyme immunosorbent assay) technique
described below within 10-14 days after fusion. The hybridomas
selected were cloned and recloned by the limiting dilution method
using a layer of mouse embryo fibroblasts as feeder cells (7 x 103
cells/well). Clonal hybridoma cell lines were expanded, frozen for
storage in liquid nitrogen as well as used for production of large
quantities of mAb in ascitic fluids.
Selection of hybridoma cell lines." Hybridomas which secreted antibodies recognizing GABA- but not GIu-BSA conjugates were detected by a differential screening test. ELISA plates (Inotech-ELISA, Inotech, Wohlen, Switzerland) were incubated with conjugate
at 5 gg/well in phosphate-buffered saline (PBS ; 50 p.1/well) for 4 h
at room temperature and, after flicking, for 1 h with 5% BSA
in PBS (200 gl/well). After washing with PBS (three times), plates
were incubated with hybridoma supernatants overnight at 4 ~ C.
Another washing step was followed by an incubation with a goatanti mouse IgG antibody conjugated with horseradish peroxidase
(Miles Scientific; 50 p.l/well, dilution 1:1,000 in PBS containing
0.1% BSA and 0.1% Nonidet P40). The presence of bound secondary antibody was revealed after a further washing step by the addition of the chromogenic peroxidase substrate, ortho-phenylenedia-

mine (100 p-l/well, 1 mg/ml in 0.1 M citric acid pH 4.5 and 0.12%
H202)- The absorbance of the colored reaction product was measured at 450 nm with an automated ELISA reader (MR600 Microplate Reader, Dynatech, California). Only hybridomas yielding
strong immunoreactivity on GABA-BSA and background values
on Glu-BSA conjugate tested in parallel were selected for cloning
and further testing.

Characterization of antibodies: Ascitic fluids containing mAb secreted by selected cell lines were partially purified by ammoniumsulphate precipitation and serially diluted for further characterization
by ELISA on BSA, GA-treated BSA and a series of amino-acidor dipeptide-BSA conjugates (GABA-, fl-Ala-, Gly-, delta-aminovaleric acid-, Tau-, Gln-, Glu-, Asp-, c~-,fi-L-aspartylglycine, 7-Lglutamylglycine carnosine- and homocarnosine-BSA) which were
used over a concentration range of between 0.05 and 0.5 ~tg per
50 gl and well. The absorbance values of the enzymatic reaction
product obtained under standardized conditions were determined
and plotted versus antibody dilution factors. An estimate of the
crossreactivity of an antibody with antigens other than a GABABSA conjugate was obtained from normalized plots of three experiments: The dilution factors extrapolated to yield 50% of the maximal absorbance were determined for GABA-BSA as well as for
a given other antigen. The ratio of these dilution factors was calculated and was taken as a measure of crossreactivity. A crossreactivity of an anti-GABA antibody with/%Ala-BSA of 1 : 1,000 would,
thus, indicate that a half-maximal immunoreactivity obtained on
/?-Ala-BSA would be reached on GABA-BSA even at a thousandfold lower concentration of the antibody. The immunoreactivity
of mAb with GA-treated brain material (5 p-g/well protein; prepared as described above) was determined by ELISA too. After
blocking with BSA the plates were incubated overnight with ascitic
fluids diluted l : 100, and the ELISA procedure was continued as
described above. In addition, mAb were characterized with respect
to their subisotype according to a standard protocol for a mouse
sub-isotyping kit (Bio-Rad, California).
Absorption experiments." ELISA tests were also performed with
antibody containing ascitic fluids diluted 1:20,000 in PBS and preincubated for 2 h at room temperature with GABA-,/~-Ala-, Glyor Glu-BSA conjugates at 6 mg/ml and at a 4-, 16-, 64-, 256- and
1024-fold dilution of this protein concentration. These mixtures
(50 p-l) were then applied overnight to ELISA plates previously
incubated with GABA-BSA (0.1 p-g/well) and blocked with BSA.
The rest of the ELISA procedure was as described in a preceding
section.
lmmunohistochemical procedures." Adult male albino rats were
deeply anesthetized with pentobarbital (60 mg/kg body weight, i.p.)
and perfused through the heart first briefly with 6% Macrodex
(Pharmacia, Uppsala, Sweden) then with 5% GA (500 ml in 0.1 M
PB, pH 7.4). Chicks anesthetized by inhalation of Ethrane (2chloro-l,l,2-trifluoroethyldifluoro-methyl ether, Abbot Laboratories, Switzerland) were perfusion-fixed the same way. - For preembedding immunostaining, the fixed brains were enclosed in gelatine
and sectioned at 50-100 p-m on a Vibratome (Oxford Laboratories,
San Mateo, California) in PBS. For postembedding immunohistochemistry, on the other hand, small blocks of perfusion-fixed tissue
were dehydrated, embedded in Epon 812 and sectioned at 1 p-m
with glass knives.
Floating Vibratome sections were incubated at room temperature unless otherwise stated as follows: overnight at 4 ~ in
1 : 16,000 to 1:50,000 diluted antibody-containing ascitic fluid partially purified by ammoniumsulphate precipitation (protein concentration approximately 4mg/ml); I h in goat anti-mouse IgG
( H + L ; Kirkegaard and Perry, Gaithersburg, Maryland) diluted
1:50, 1 h in mouse mono peroxidase-antiperoxidase (PAP) complex (Sternberger-Meyer, Jarrettsville, Maryland) diluted l:100.
Three 10 min washes in PBS were done after incubation in antibodies. In certain cases, 0.1-0.5% Triton X-100 was included in
the primary antibody solution. Before applying primary secondary
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and tertiary antibodies, sections were treated with 10% bovine
serum (BS)/PBS for 20 min. All antibody solutions were prepared
with 10% BS/PBS. The peroxidase reaction was run for 2-10 rain
in 0.05% diaminobenzidine (Sigma) and 0.01% H2Oz in 0.05 M
Tris buffer (pH 7.6). The sections were washed in PBS, rinsed in
water, mounted on gelatinized microscope slides, dehydrated and
coverslipped.
The semithin sections mounted on glass slides were etched as
described by Maxwell (1978). Slides were washed in PBS and incubated in 0.5% ovalbumin (Sigma) for 15 min. The subsequent steps

Fig. 1A-D. Immunoreactivity of monoclonal anti-GABA antibodies with BSA-conjugates in ELISA plates. A and B: Serial dilution of ascites fluids containing mAb 18G10 (A) and 3A12 (B),
Amount of antigen (CAg); protein concentration of ascites fluids
(CAs); dilution (D). C: Star diagram representing immunoreactivity
of mAb's. Note relative low reactivity of mAb 3A12 with #alanine-, glutamate- and aspartate-BSA conjugates as compared
to mAb 3B4. D: Immunoreactivity ofmAb 3A12 (diluted 1:20,000)
with GABA-BSA conjugate aRer incubation with BSA-conjugates
listed

of the immunohistochemical staining procedure were essentially
as described above, except that 1:1,000 to 1:2,000 dilutions of
the primary antibodies and 1 : 20 to 1 : 50 dilutions of the secondary
antibody were used. Care was taken to avoid drying of the sections
from the etching step to the peroxidase reaction. - For comparison,
a rabbit anti-GABA antiserum (dilution 1:2,000 to 1:10,000; Immunonuclear Corporation, Stillwater, Minnesota; antibody R10A,
lot nr. 8402014) in combination with a goat anti-rabbit-IgG antiserum (dilution 1 : 20; Kirkegaard and Perry) and a rabbit PAP (dilution 1 : 200; Sternberger-Meyer) was used on semithin sections too.
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Experiments were run on rat brain tissue to test for the specificity of the reaction. 1) Sections were incubated with BS/PBS instead
of primary antibody and then processed further as described above.
2) Tissue was fixed by perfusion with 4% formaldehyde freshly
generated from paraformaldehyde (Robertson et al. 1963) instead
of glutaraldehyde. The immunohistochemical procedure was as described in the preceding paragraphs. This was to test whether the
primary antibodies reacted with antigenic sites on molecules fixed
by formaldehyde. 3) Staining tests were run following incubation
of the primary antibodies with of GABA-, fl-Ala-, Gly- or Glu-BSA
conjugates at between 6 gg/ml to 6 mg/ml (protein concentration)
for 2 h at room temperature. Incubations with the secondary and
tertiary antibodies and further processing of the material were according to the standard protocol described.
Results

Characterization of antibodies
Following tests of spent culture supernatants of primary
hybridomas, primary and secondary clones, six cell lines
were selected since they secreted antibodies intensely reacting with G A B A - B S A but hardly at all with fl-Ala- and
Glu-BSA conjugates. Three of these cell lines (18G10, 3D5,
12E5) had been obtained in the " l o n g " immunization procedure, two (7G3, 3B4) after " s h o r t " immunizations, and
one (3A12) following injection of BSA alone, treatment
with cyclophosphamide and subsequent immunization with

G A B A - B S A conjugate. On the other hand, a combined
'in vivo'/'in vitro' immunization procedure did not yield
any hybridomas secreting antibodies of even a moderate
specificity. The antibodies produced by five of these six
hybridoma cell lines were found to be of the IgG1 subisotype, whereas antibody 12E5 was an IgG2b.
The results obtained by means of an E L I S A in serial
dilution experiments helped to determine more in detail
the immunoreactivities of antibodies produced by these six
cell lines with a series of different amino-acid- or dipeptideBSA conjugates. The plotted data shown for the cases of
antibodies 18G10 and 3A12 (Fig. 1A and B) demonstrated
that in these examples the immunoreactivity was the same
for G A B A - and delta-aminovaleric-acid-BSA, but weaker
for all the other conjugates tested. However, the details
of the two patterns and the relative immunoreactivities with
various conjugates appeared to be quite different for these
two antibodies.
Such individual differences in the patterns of immunoreactivity became apparent from semi-quantitative estimates
represented as 'star diagrams' (Fig. 1 C) for all six antibodies. If applied to G A B A - B S A conjugate, antibodies secreted by cell line 3A12 had to be diluted approximately
4,000 times more to give the same half-maximal level of
immunoreactivity with G A B A - B S A as that obtained with
fl-Ala-BSA, whereas this factor ranged between about 10

Fig. 2 A and B. Distribution of GABA-like immunoreactivity in horizontal Vibratome sections of the rat cerebral cortex and hippocampus.
A: Labeling in cerebral cortex is present in non-pyramidal neurons distributed throughout all cortical layers. Note that terminal-like
staining is very abundant. B: GABA-like positive neurons in hippocampus (CA1) are localized in stratum oriens (O), pyramidal (P)
and radiatum (R). Note staining of the dense innervation of the pyramidal cell bodies. Bar 100 gm
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Fig. 3A-E. Pattern of GABA-Iike immunoreactivity in semithin sections of the cerebral cortex. A and B: Consecutive sections showing
reproducibility of staining pattern. C and D: Higher magnification of areas framed at the top and the middle of the section in A,
respectively. Note different intensities of staining (thick and open arrows) together with dense puncta surrounding pyramidal cells (open
arrowhead). E: Microphotograph from another cortical field presenting similar features: heavily (thick arrow) and more weakly (open
arrow) labeled cell bodies, and densely stained terminal-like elements surrounding pyramidal neurons (open arrowhead). White matter
(WM). Bar in A and B 100 gm, bar in C, D and E 50 gm
and 150 times for the other antibodies. In most cases, the
immunoreactivity for Gly-BSA was roaghly 10 times lower
than that for ]?-Ala-BSA. Antibody 3B4 showed a much
stronger reactivity for Glu- and Asp-BSA as compared to
the other five antibodies. When used in immunohistochemical tests, 3B4 produced a pattern of GABA-LI and high
background staining.
ELISA tests run on GA-Iinked conjugates of amino
acids with rat brain material yielded similar patterns, however, less drastic differences for the values of relative immunoreactivity between GABA- and other amino acid conju-

gates were found. Thus, in the case of antibody 3A12, the
immunoreactivity with/~-Ala in these conjugates was only
120 times less than that with GABA whereas the factor
amounted to 4,000 for this pair of amino acids in BSA
conjugates. Absorption experiments demonstrated that the
immunoreactivity on ELISA plates coated with GABABSA (0~1 lag/well) could be blocked by preincubation of
antibody 3A12 (ascitic fluid diluted 1:20,000) with GABABSA (6 gg/ml), with a 70 times higher concentration of
fi-Ala-BSA, or with a 150 times higher concentration of
Glu- or Gly-BSA (Fig. 1 D). No reactivity of mAb (dilu-

Fig. 4A-D. Localization of GABA-like immunoreactivity in semithin sagittal sections of rat (A, B) and chick (C, D) cerebellum. A:
Low magnification of cell bodies and neuronal processes reacting with monoclonal anti-GABA antibodies. B: Higher magnification
of an area partially included in the frame in A. Note strong immunoreactivity in stellate cell bodies (open arrow), in Golgi neurons
(thick arrow), in the basket terminals surrounding Purkinje cell bodies, in puncta at glomeruli (dotted line), and in axons in the white
matter. Immunoreactivity in Purkinje cells is weak. C and D: Two typical patterns of GABA-Iike immunoreactivity observed in Vibratome
slices of the chick cerebellum. C: Intensely (thick arrow) and weakly (open arrow) immunoreactive Purkinje cells together with the
staining in their dendritic arborization (thick arrowhead). D. Basket terminals around two weakly stained Purkinje cells (open arrowheads).
Molecular layer (MO); Purkinje cell layer (P); granular cell layer (GL); white matter (WM). Bar in A 100 ~tm, bar in B, C and D
25 gm
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Fig. 5A-C. Comparison of GABA-like irnmunoreactivity in 1 gm thick consecutive sections of the cerebral cortex using mAb 3A12
(A), this antibody preincubated with 60 t~g/ml of fl-alanine-BSA conjugate (B), or with the same amount of GABA-BSA conjugate
(C). Note similar pattern of hnmunoreactivity in A and B (see e.g. arrow) and inhibition of staining in C. Bar 100 lam

tion 1:100) was observed in ELISA on underivatized rat
brain material treated with GA (data not shown). This fixative in the absence of the proper amino acid to be linked
to brain material, thus, should not lead to false positive
staining.

Immunohistochemical application
When the six antibodies were tested at similar ranges of
dilution on consecutive semithin sections of GA-fixed rat
brain tissue, a certain gradation in the level of general background staining was observed. As mentioned above, antibody 3B4 produced inacceptibly high levels of background
staining, whereas 3A12, indeed, displayed the lowest levels,

and the other four antibodies proved to be useful too to
study GABA-LI in nervous tissue. No patterns of immunoreactivity could be detected in formaldehyde-fixed tissue
(data not shown). No immunostaining was obtained either
in experiments in which GA-fixed material was incubated
with BS/PBS or with three different mouse immunoglobulins (IgG and IgM) instead of one of our mAb developed
in the course of the present study (data not shown).
The following representative examples were selected to
describe results obtained in immunohistochemical experiments with antibody 3A12: - In the rat hippocampus
(Fig. 2B), densely arranged dot-like elements around unstained pyramidal cell perikarya showed intense GABA-LI.
Basket cells, some neurons within the stratum radiatum
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Fig. 6A and B. Neurons reacting with mAb 3A12 in chick optic
tectum (60 gm Vibratome slice). A: Low magnification demonstrating GABA-like immunoreactive neurons in most layers of the
optic tectum. Note dense neuropil staining in more superficial
layers, and bipolar shape of positive, radially oriented neurons
in layer II i/10. B: Higher magnification of framed area in A showing an immunoreactive neuron in layer IId/5 with horizontally
arranged processes (arrow) and other horizontally oriented elements (arrowhead). Bar in A 100 gm, bar in B 25 gm

and the stratum oriens were stained as well. - GABA-like
immunoreactive neurons in the cerebral cortex were found
throughout all layers (Figs. 2A, 3A, B). Reproducibility
of immunostaining was demonstrated by the fact that the
intensity of GABA-LI was alike for cells identified in consecutive semithin sections (Fig. 3 A, B). On the other hand,
the intensity of staining varied if compared between different cortical neurons. When diluting the antibodies more
than 1 :•,000 to 1:2,000, the intensity of staining in labeled
neurons seemed to decrease more or less linearly with dilution. Lower antibody dilutions than 1:1,000 yielded the
same pattern but faint background staining became visible.
In most labeled neurons, the nucleus was as intensely
stained as the cytoplasm, whereas the nucleolus showed
no immunoreactivity. Cortical pyramidal cells were free of
labeling themselves but were surrounded by accumulations
of dot-like elements reminiscent of synaptic terminals
(Fig. 3B, C, D). - In the rat cerebellar cortex (Fig. 4A,
B), staining was present in basket processes around Purkinje
cell bodies, as well as in Golgi, basket and stellate neurons.
Groups of dot-like structures in the granule cell layer probably represented immunoreactive terminals in glomeruli
(Fig. 4 B). Purkinje cell bodies were rather weakly stained.
No evidence for staining in glial or other types of cells
was obtained in any of the brain tissues examined.

Immunostaining was blocked by an incubation of the
antibodies with 30 gg/ml of GABA-BSA before application
to semithin sections of cerebral cortex. With fl-Ala-BSA
1.5-2 mg/ml were needed and more than 6 mg/ml had to
be used in the case of Gly- and Glu-BSA conjugates. In
nearly consecutive semithin sections (Fig. 5), the patterns
of immunoreactivity normally observed with antibody
3A12 (Fig. 5A) was hardly changed by a preincubation of
the antibody with fl-Ala-BSA at 60 gg/ml (Fig. 5 B), whereas the same concentrations of GABA-BSA completely
blocked the immunostaining (Fig. 5 C).
In chicken cerebellar cortex, immunoreactivity involved
the same type of neurons as in the rat (Fig. 4 C, D). Baskets
around Purkinje cell perikarya and certain glomerular components were stained as well (Fig. 4 C, D). In general, Purkinje cells were more strongly labeled than in the rat, and
the staining often extended into their dendritic arborization
(Fig. 4 C). In the optic rectum, most layers contained immunoreactive neurons (Fig. 6A) which were, however, more
abundant in layers I I a (2), I I c (4), I I g (8) and IIi (10);
(nomenclature according to Cowan et al. 1961, and in parenthesis Ramon y Cajal 1891). Some stained neurons in
layer I I d (5) had horizontal processes (Fig. 6B) whereas
those in layer IIi (10) were radially arranged (Fig. 6A).
Labeling of such horizontal and radial processes was more
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pronounced in Vibratome slices which had not been exposed to detergent. In layers deeper than IIj (11), labeled
cell bodies were rare. Neuropil labeling was most intense
in superficial layers and was especially prominent in layer
I I d (5) with numerous horizontally arranged immunoreactive processes.

Discus~on

The six monoclonal antibodies selected by means of a differential screening procedure showed individually characteristic levels of relative immunoreactivity for various aminoacid-BSA conjugates as determined in an ELISA. Since the
goal of the present study was to develop mAb capable to
detect GABA-LI with a high degree of specificity in immunohistochemical investigations on neural tissue, it was important to estimate the levels of relative immunoreactivity
particularly for other established or putative amino acid
neurotransmitters and for chemically related low molecular
weight compounds likely to be present in neural tissue fixed
by glutaraldehyde. The levels of immunoreactivity with 7hydroxybutyric acid, on the other hand, were not established because this chemically related neurotransmitter candidate (Maitre and Mandel 1984) lacking an amino group
should not be fixed by glutaraldehyde and, thus, should
be lost from tissue prepared for immunohistochemistry. Significant immunoreactivity with low molecular weight compounds not crosslinked to tissue components appeared to
be unlikely for two reasons. First, fixation of the tissue
by means of formaldehyde, an agent with comparatively
low crosslinking capabilities, led to a virtually total loss
of immunoreactivity. Second, the results of binding experiments performed according to the principle of the method
described by Stephenson et at. (1982) demonstrated that
our mAb were not able to bind free GABA (data not
shown). The results obtained by means of an ELISA in
serial dilution experiments showed that the levels of relative
immunoreactivity were similar for delta-aminovaleric-acidand GABA-BSA conjugates. However, this crossreactivity
was not considered to be relevant either for immunohistochemical applications of the antibodies, since delta-aminovaleric acid had, to our knowledge, not been reported to
be present in the nervous system and could not be detected
in rat brain extract analyzed by high performance liquid
chromatography (K.Q. Do, personal communication).
From the six hybridomas, 3A12 stood out because its
antibodies exhibited the lowest relative immunoreactivity
in ELISA with conjugates other than GABA- (and deltaaminovaleric-acid-) BSA and because they produced the
strongest staining patterns combined with the weakest
background labeling in immunohisto~zhemical tests. Interestingly, cell line 3A12 had resulted from the procedure
involving an injection of BSA, followed by cyclophosphamide treatment and an immunization with GABA-BSA
conjugate. This procedure had yielded only one cell line
producing antibodies which satisfied our selection criteria.
However, subsequent tests showed tlhat these antibodies
3A12 were not rivaled by the antibodies selected following
more ordinary immunization protocols with only antibodies
3D5 displaying a comparable degree of specificity. The procedure involving partial immunosuppression, on the other
hand, was not successful if an injection of fl-Ala-BSA had
preceded the cyclophosphamide treatment. This failure

might have been due to the fact that a sequence of closely
similar conjugates had been used.
A good agreement between results obtained in ELISA
tests and immunohistochemical experiments was to be noticed in blocking assays since similar amounts of aminoacid-BSA conjugate had to be preincubated with the antibodies to suppress the immunoreactivity. It was intriguing,
however, that antibodies exhibiting large differences in the
patterns of relative immunoreactivity as determined by
ELISA yielded virtually indistinguishable staining patterns
in consecutive semithin sections. Thus, only the general
background labeling seemed to vary, whereas the same cell
bodies were stained, and the relative staining intensity was
the same for these perikarya identified in serial sections.
This finding could be interpreted to indicate that even the
best values in terms of crossreactivity might not be good
enough and that, therefore, staining of ceils not containing
GABA but rather a chemically related substance such as
e.g. fi-Ala could not be avoided. This derogatory interpretation, on the other hand, was in contradiction to the fact
that the staining patterns found in our rat material corresponded well to the patterns of GAD-like immunoreactivity
described in the literature (see e.g. Mugnaini and Oertel
1985). The discrepancy between differential results in
ELISA and the striking similarity of staining patterns obtained with our mAb could, nevertheless, indicate that the
individual characteristics of the antibodies as assessed by
ELISA on amino-acid-BSA conjugates might not be directly relevant for the outcome of immunohistochemical experiments. This incongruity did not seem to be due to the fact
that BSA had been chosen for the amino-acid-protein conjugates since the patterns of relative immunoreactivities
were similar when GA-linked conjugates of amino acids
with brain material were used for ELISA experiments.
These individually characteristic patterns, on the other
hand,' were interesting as such since they seemed to suggest
that the various mAb interacted in individually different
ways with a given GA-linked amino-acid-protein conjugate.
At least three levels of staining intensity were observed
with the mAb in neurons of the cerebral cortex, a finding
not restricted to semithin plastic embedded sections but
confirmed also in semithin frozen sections (Celio 1986).
These different levels could not easily be explained but they
may have reflected different concentrations of GABA in
the fixed neurons. If the staining patterns were compared
between the mAb and a commercially available polyclonal
antibody to GABA on consecutive sections cut from both
types of histological material these different levels were not
as readily seen with the latter. Moreover, mAb 3A12 had
proven to be a more selective reagent than the pAb in consecutive semithin sections obtained from the optic lobes
of the fly brain since the commercial antiserum labeled almost the total compliment of large diameter neurons whereas only a specific subset of them were stained with the
mAb (Meyer et al. 1986). Whether these differences, indeed,
indicated a stronger crossreactivity of the pAb with tissue
components other than crosslinked GABA could only tentatively be concluded.
Purkinje cell perikarya were only weakly stained in the
rat cerebellar cortex in confirmation of results obtained
with antisera to GABA (Seguela et al. 1984; Somogyi et al.
1985). As, however, massive terminal-like labeling was observed in the deep cerebellar nuclei the conclusion, that
these long projection neurons might contain most of their
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G A B A p o o l in the terminals, seemed to be justified. G A B A ,
though, might not be the only transmitter o f Purkinje cells
as suggested e.g. by the strong labeling o f such cells with
an antiserum to taurine (Madsen et al. 1985; C a m p i s t r o n
et al. ]986). It might be interesting to remember, however,
that different levels o f immunostaining and weak staining
of Purkinje cells in particular h a d also been reported for
antibodies to G A D (Oertel et al. 1981) but that improved
conditions of fixation had brought a b o u t a heavy staining
of Purkinje cell perikarya and dendrites (Mugnaini and Oertel 1985). It was intriguing to notice that Purkinje cells
in the chicken cerebellum frequently were more heavily
stained than in the rat. In analogy to the case of G A D
immunohistochemistry mentioned above one might suggest
that variations of fixation in different neuronal cell types
as well as variable and sub-optimal fixation of G A B A in
Purkinje cells in particular could contribute to the staining
patterns obtained in the cerebellar cortex.
The pattern o f immunoreactivity observed in the
chicken optic tectum was largely consistent with results previously obtained in the pigeon by means o f other techniques. Thus, a u t o r a d i o g r a p h i c studies and a comparison
of the labeling patterns with staining patterns in material
impregnated according to the Golgi m e t h o d had allowed
to identify three neuronal systems selectively taking up tritiated G A B A (Hunt and Kuenzte 1976). These systems consisted o f radially oriented neurons in layers I I c (4) and
I I i (10) as well as of horizontally arranged neurons in layer
I I d (5). A l t h o u g h G A B A - L I was found in p e r i k a r y a o f
most tectal layers it was most a b u n d a n t in neurons o f the
type and position just mentioned. Even in Vibratome material not treated with detergent Golgi-like labeling o f neurons could not be obtained. However, in the neuropil o f
layer I I d (5) some horizontally oriented proximal processes
and numerous other horizontally arranged processes were
reminiscent of a neuronal cell type in this layer characterized by presynaptic dendrites with a specificity for tritiated
G A B A (Streit et al. 1978).
It should be emphasized at this p o i n t that despite the
questions discussed in the previous sections the patterns
of immunostaining obtained with our m A b in rat hippocampus, cerebral and cerebellar cortices were very similar
to those described by others using polyclonal antibodies
to G A B A (Storm-Mathisen e t a l . 1983; Ottersen and
Storm-Mathisen 1984; Somogyi et al. 1985; Seguela e t a l .
1984) or antisera to G A D (Oertel et al. 1981; Mugnaini
and Oertel 1985). F u r t h e r m o r e , the information available
on neurons with a specificity for G A B A seemed to be consistent with the patterns o f immunoreactivity seen in the
chicken optic tectum. Within the framework of present
knowledge the monoclonal antibodies developed in the
course o f this study and m A b 3A12 in particular proved
to be defined reagents which could be used to localize and
describe neural elements containing the inhibitory neurotransmitter G A B A in a wide variety o f species. In addition, the m o n o c l o n a l a n t i b o d y a p p r o a c h might be useful
to obtain the tools for an immunohistochemical localization
of other transmitter amino acids in neural tissue.
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