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Antisera to the amino acid y-aminobutyric acid (GABA) 
have been developed with the aim of immunohistochem
ical visualization of neurons that use it as a neurotrans
mitter. GABA bound to bovine serum albumin was the 
immunogen. The reactivities of the sera to GABA and a 
variety of structurally related compounds were tested by 
coupling these compounds to nitrocellulose paper acti
vated with polylysine and glutaraldehyde and incubating 
the paper with the unlabeled antibody enzyme method, 
thus simulating immunohistochemistry of tissue sections. 
The antisera did not react with L-glutamate, L-aspartate, 
D-aspartate, glycine, taurine, L-glutamine, L-Iysine, L-thre
onine, L-alanine, a-aminobutyrate, p-aminobutyrate, pu
trescine, or o-aminolevulinate. There was cross-reaction 
with y-amino-p-hydroxybutyrate, 1-10% , and the ho
mologues of GABA: p-alanine, 1-10% , o-aminovalerate, 

Introduction 
The amino acid gamma-aminobutyric acid (GABA) is a major 
neurotransmitter in the central nervous system where its in
hibitory action is mediated through a GABA receptOr asso
ciated with a chloride ionophore in the membrane of the pOSt
synaptic cell (13). GABA-releasing and GABA-sensitive neurons 
have been found in all areas of the mammalian nervous system 
(6,13). A full understanding of these pathways requires the 
idenrifi cation of GABAergic ne urons and their place in the 
neuronal circuitry. Until recently there have been two major 
methods for the cytOchemical identification of GABAergic 
neurons : one method is based on the capacity of GABAergic 
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- 10% , and €-amino-caproate, - 10% . The antisera re
acted slightly with the dipeptide y-aminobutyrylleucine, 
but not carnosine or homocarnosine. Immunostaining of 
GABA was completely abolished by adsorption of the sera 
to GABA coupled to polyacrylamide beads by glutaral
dehyde. The immunohistochemical model is simple, amino 
acids and peptides are bound in the same way as in alde
hyde-fixed tissue and, in contrast to radioimmunoassay, it 
uses an immunohistochemical detection system. This method 
has enabled us to define the high specificity of anti-GAB A 
sera and to use them in some novel ways . The model should 
prove useful in assessing the specificity of other antisera. 

KEY WORDS: GABA; Antisera; Immunocytochemical model; 
Specificity; Amino acids; Dipeptides ; Immunohistochemistry; 
Glutaraldehyde fi xa tion; Nitrocellulose. 

neurons in many areas to take up GABA by a hig h affinity 
system, which is exploited by applying exogenous ( ' H]GABA , 
followed by autoradiog raphic localizatio n of labeled GABA 
within the neurons (5,11). The other method is based on the 
immunocytOchemical localization of L- l-glutamate decarbox
ylase (GAD; EC 4. 1.1.15 ), the GABA synthesizing enzyme 
that is present in GABAergic neurons and their terminals in 
high concentrations (19,40,41). The latter method has re
ceived wider acceptance because it is based on localization of 
an endogenous molecule . There have been difficulties, how
ever, in the application of the method and interpretation of 
the results of GAD immunocytochemistry . It should be noted, 
for example, [hat it is the enzyme rather than the neuroactive 
molecule itself that is localized and the ratio of their concen
trations m ay differ in different cellular compartments. It is also 
possible that GAD activity and cysteine sulfinic acid decar
boxylase II activity (EC 4.1.1.29) (the activity capable of syn
thesizing the putative neurotransmitters taurine and hypo
taurine) may be properties of one common protein molecule 
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((3,37) see also ref. 39). Another problem is that GAD is 

sensitive to fixation and processing conditions (19); for ex

ample, some anti-GAD sera reveal GAD-conraining cell bod

ies only after axoplasmic transport is blocked by injecting the 

animal with the cytOtOxin colchicine. 

We have used both of the above techniques to idenrify 

different types of GABAergic neurons in complex structures 

(9,29). The limitations of these techniques compromise results 

when they are used in combination with other procedures; for 

example, we have been unable to demonstrate GAD immuno

reactivity in tissue postfixed with osmium. We have worked 

on developing anrisera to G ABA as another method for the 

localization of GABAergic neurons in order to increase the 

versatility of immunocytOchemical methods. The use of anti

GABA sera seemed a promising strategy for structures where 

only a combination of procedures could be used to identify 

the different types of GABAergic neurons (9). Recently, oth

ers have reported the direct immunohistOchemical demon

stration of GABA in tissue sections using antisera directed 

against GABA (26,33). 

In the present article the development of antisera to GABA 

will be described together with its immunocytOchemical char

acterization using a nitrocellulose model system to simulate 

tissue sections. In the following article (30) the localization of 

GABA as revealed by these sera will be compared with the 

localization of GAD in the cerebellar and cerebral cortex, two 

areas where GABAergic neurons and neurorransmission have 

been extensively studied previously. Finally, in the third article 

(28) we will describe two novel immunocytOchemical appli

cations of the anti-GABA sera in the cortex, a brain area where 

GABAergic circuits have probably reached their greatest com

plexity. A preliminary report of some of these results has been 

published (l0). 

Materials and Methods 
Chemical compounds and immunohistochemical reagents. 

The suppliers of the reagents used in this study were as follows: 
Glutaraldehyde, EM grade, from T AAB (Reading, England ); po ly
acrylamide beads Bio Gel P200, 100-200 mesh, and N-hydroxysuc
cinimide-activated agarose, Affigel 10, from BioRad Lab. (Richmond, 
CA); nitrocellulose paper, 0 .22 p.m pore, from Sartorius (G6(tingen, 
F.R.G. ); bovine serum albumin (BSA), Cat. No. A4378, poIY-L-lysine 
hydrobromide (mol wt 150,000-300,000), L-Iysine, j3-alanine, E-amino
ll-caproic acid, o-amino-n-valeric acid, D-aspartic acid, putrescine, L
a-amino-n-bmyric acid and DL-j3-amino-l7-butyric acid from Sigma 
Chemical Co. (St. Louis, MO); L-glutamic acid, L-asparric acid, L-glu
tamine, taurine, DL-y-amino-j3-hydroxybutyric acid, glycine, o-ami
nolevulinic acid, L-threonine, L-alanine, L-carnosine, y-aminobutyryl
L-histidine sulfate, and y-aminobutyryl-L-Ieucine hydrobromide from 
United States Biochemical Corporation (Cleveland, OH); y-amino-n
butyric acid and 3,3' -diaminobenzicline tetrahydrochloride (DAB) from 
Serva (Heidelberg, F.R.G.); [iH 2 1]GABA, 3.7 TBq/mmo l, from 
Amersham I nternational (England); rabbit peroxidase-anti peroxidase 
(PAP) from Dakopatts (Denmark); immunoglobulin (IgG) fraction of 
sheep anti-rabbit IgG from Silenus (Dandenong, Australia); where 
possible all o ther reagents were of analytical grade. 

Synthesis of immunizing conjugates. Amino acids were cou
pled to BSA by using glutaraldehyde: BSA (60 mg, 0.87 p.mol), GABA 
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(lOO mg, 971 p.mol containing .).7 KBq ['H}GABA) and glutaral
dehyde (50 mg, 500 p.mol) were dissolved in 4.0 ml of phosphate 
buffer, 0.15 M, pH 8.0, and incubated in the dark at room temperature 
for 20 hr. Glutamate was coupled to BSA in an identical way. After 
reaction the yellow colored conjugate was extensively dialyzed against 
phosphate buffered isotOnic saline. 

Immunization of animals. Rabbits were immunized by initially 
injecting them with 0.5 to 1 mg of conjugate, either GABA or glu
tamate, emulsified in complete Freund's adjuvant and subsequently 
injecting antigen in incomplete adjuvant into multiple intradermal 
sites every 2 weeks. After 5 months the animals were bled. Anti
glutamate sera were used in this study merely as a control fo r the 
specificity of the immunohistochemical model. 

Testing for specificity. All antisera reacted with BSA in 
immunodiffusion and were tested in an enzyme-linked assay (ELlSA) 
(8,32) with bo th BSA-GABA conjugates and thyroglobulin-GABA 
conjugates using peroxidase-conjugated antibodies. To assess the 
specificity of the sera using an ELlSA would require the synthesis of 
as many different conjugates as compounds tested. We therefore de
signed a more st raightforward test system whereby any desired com

pound could be spotted ontO a scrip of activated paper. This new tes t 
system involved the same reagents and same manipulations as applied 
to histological sections and thus provided a versatile model for im
munochemical reactions. The procedure consisted of first activating 
strips of nitrocellulose paper with polylysine and glutaraldehyde, then 
spotting on test compounds, and finally incubating the strips with 
antisera on a schedule based on the unlabeled antibody enzyme tech
nique (.31). 

Activation of paper. Nitrocellulose paper was activated by in
cubation in the following series of solutions: pOIY-L-Iysine lOO p.g/ml 
in water overnight at room temperature; water for three 10 min washes; 
glutaraldehyde 10% in sodium hydroxide/potassium chloride buffer 
0.2 M, pH 10.0, for 60 min ; the same buffer for a minimum of three 
10 min washes and then water for a similar period. Test compounds 
were then spotted on to dry paper as described below. Excess aldehyde 
groups were blocked by incubating th e paper in 1.0 M lysine in 0.1 
M sodium bicarbo nate buffer, pH 8.3-8.5; the paper was washed in 
phosphate buffered isotOnic saline containing Tris ( 10 mM ) and po
tassium chloride (5.4 mM) (TPBS), pH 7.2 - 7.4., six tim es for 5 min, 
and protein binding sites blocked by incubation in gelatine ()% w/v) 
before incubation in the primary antisera. All results reported here 
were obtained with freshly prepared paper. Papers activated with glu
taraldehyde could be stOred dry at room temperature for several days 
or at - 20°C under nitroge n for several weeks and we re still useful 
for testing immunochemical specificity. These srorage parameters were 
chosen arbitrarily. 

Immunohistochemical staining. Primary antisera were diluted 
in TPBS that also contained normal sheep serum (2 0% v/v) and thi
merosal (0.05% w/v) as a preservative. Strips of paper to which test 
compounds (0 5 p.l ) had been applied were incubated in the following 
sequence of solutions: Primary antiserum diluted 1/1000 (unless stated 
otherwise) overnight at room temperature; TPBS for six 5 min washes; 
sheep anti-rabbit IgG 1130 for J 20 min; TPBS for six 5 min washes; 
PAP complex diluted 1150 for 120 min; six 5 min washes in TPBS; 
DAB (005%) in Tris buffer (SO mM, pH 74) for 5 min prior to 

addition of hydrogen peroxide (final concentration of 0.0 I %). 

Synthesis of solid phase adsorbents. Polyacrylamide beads were 
activated with glutaraldehyde using a modification of an established 
method (34). Beads were incubated overnight at 56°C with glutaral
dehyde (10% w/v) in sodium phosphate buffer, 0 . 1 M, pH 6.9 Com
pounds (2 00 mM) were coupled to the gel at pH 77- 79 overnight 
at room temperature. Excess aldehyde sites were blocked with etha-
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nolamine, 1 M, in sodium phosphate buffer, 0.1 M, pH 8.3. Adsorp
[ions were performed by incubating overnight at 4°( a slurry of beads 
with an equal volume of serum diluted (normally l/1000 final) in 10% 
normal sheep serum. 

GABA, glutamate, {3-alanine, and GABOB were coupled (0 Affigel 
10 by using a twofold excess of amino acid (30 p.mollml of gel) dis
solved in organic solvent as described by the manufacturer. Adsorp
tions of sera were performed exactly as described for polyacrylamide 
beads. 

Absorptions of antisera with free GAB A in solution (10- 5 
(0 

1O- 1M adjusted to pH 7. 4) were carried out by incubation overnight 
at 4°( with dilutions of antibody. 

Biochemical analyses. Amino acid analysis was performed on a 
Beckman 121 M amino-acid analyser. Amino and amide groups of 
compounds spotted OntO the paper were detected by the chlorine 
method described by Offord (20). Protein was determined using a 
dye binding method with BSA as the standard (4). 

Results 

Description 0/ Antisera 

Conjugates were produced that contained 20 mol of GABA 
or 65 mol of glutamate per mol of BSA. The sera of all nine 
animals that were immunized with GAB A conjugate reacted 
in ELISA with GABA conjugated to thyroglobulin as well as 
to BSA-GABA, the immunizing conjugate. This showed that 
at least some of the antibodies were directed against the hapten 
and not the carrier. The antisera also reacted with BSA in gel 
diffusion, indicating that some of the antibodies were recog
nizing the carrier protein. Each antiserum was coded with a 
number corresponding to the rabbit immunized; serum GABA-
3 was not tested extensively. 

The antisera were characterized using the model system 
based on activated nitrocellulose paper. When the paper had 
been coated with polylysine, activated with glutaraldehyde, 
and spotted with GABA, the immunohistochemical reaction 
produced a brown spot, corresponding to the point of ap
plication of the GABA, on a pale background (Figure lA). If 
the activation step was omitted, no immunoreacrion was ob
served (Figure 2A). If nonimmune rabbit serum was substi
tuted for anti-GABA serum or the PAP complex omitted from 
the schedule, no spots of reaction end-product were produced. 

When GABA had been diluted so that decreasing amounts 
of the amino acid were applied to the paper, the intensity of 
the brown spot decreased in proponion (Figure lA). The limit 
of detectability of GABA was 50 nmo!. Applying more than 
50 ,umol of GABA produced no further increase in intensity 
of staining but caused smearing of the staining beyond the 
spotted area. 

The intensity of staining of all spots decreased if the antisera 
were diluted. A dilution of 111000 was found to give optimal 
staining. With serum GABA-7, the limit of detection at a 
dilution of 111000 was 50 nmol, and this dilution revealed 
differences between another serum, GABA-8, for which the 
detection limit at 111 000 was 5 ,umo!. Dilution of the serum 
GABA-7 to 1/4000 produced weaker but clearly discernible 
staining (detection limit 500 nmol). To compare the specificity 

and titer of the other sera, a dilution of 1/1000 was chosen. 

The intensity of staining of GAB A varied between the sera. 
GABA-9 and GABA-7 showed the strongest staining and 
GABA-l and GABA-8 the weakest (Figure lA). In general, 
the background increased in proportion to the specific staining. 

Different compounds were spotted onto the paper at a high 
concentration (50 ,umol), a low concentration (500 nmol), and 
at 5 ,umol if strong cross-reactivity was detected. The intensity 
of staining of spots of the variously diluted compounds was 
used to rank the cross-reactivity of the compounds. For ex
ample, f3-alanine at 50 }.Lmol (Figure lB) produced aspot lower 
in intensity than 5 }.Lmol of GABA (Figure lA) and 500 nmol 
of f3-alanine (Figure 1B) produced a spot much lower in in
tensity than 500 nmol of GAB A (Figure lA). This was assessed 
as showing that the cross-reactivity of GABA-7 antibody with 
f3-alanine was less than 10% of that with GABA. Similar com
parisons for all compounds tested are compiled in Table 1, 
which shows how the compounds are structurally related to 
GABA. All antisera cross-reacted with f3-alanine and with '}'
amino-f3-hydroxybutyrate (Figure 1B). The intensity of stain
ing of both compounds correlated with the intensity of staining 
of GABA. Thus strongly reacting sera (GABA-7 and GABA-
9) gave moderately intense spots with 5 ,umol of GABA, 50 
}.Lmol of f3-alanine, and 50 ,umol of GABOB, whereas weak 
sera (GABA-1 and GABA-8) showed weak reaction with GABA 
and f3-alanine. Some sera also reacted with the dipeptide '}'
aminobutyryl-L-Ieucine (GABA-Leu, Figure 1C) and the 
strongest reacting sera (GABA-7 and GABA-9) reacted weakly 
with o-aminolevulinic acid. Subsequent amino acid analysis 
showed that the GABA-Leu contained significant amounts of 
the free amino acids GAB A and leucine (Figure 3). In general 
the antisera showed parallel reactivities with all the compounds 
tested with one exception, GABA-6 reacted weakly with car
nosine but not homocarnosine. No other sera reacted with 
either compound . Since the paper was blocked with lysine and 
showed little or no staining outside the spots, lysine can be 
included as a compound that did not react with the antiserum. 

On the basis of these results GABA-7 was chosen for more 
extensive analysis. GABA-9 was also studied but to a lesser 
degree, since it showed greater reactivity with f3-alanine than 
did GABA-7 (Figure 1B). 

Among the extra compounds tested with GABA-7, two 
showed strong cross-reactivity . These two, 8-aminovaleric acid 
(5-aminopentanoic acid), and E-aminocaproic acid (6-aminoh
exanoic acid), are homologous with GABA (as is f3-alanine) 
but have longer carbon skeletons (Table 1). Their reactivity 
at 50 }.Lmol was almost as strong as that with GABA at 5 ,umol 
(Figure lE, Table 1) . 

Adsorption experiments 

Adsorption experiments were performed to confirm the spec
ificity of the sera in both the model system and in immuno
cytochemistry (28,30). 

When GABA coupled to polyacrylamide beads by glutar
aldehyde was used as the solid phase (Figure 2A, GABA-Ads 
ii) adsorption of antisera resulted in the abolition of staining. 
However, adsorption of the sera to a solid phase adsorbent 
made by coupling GABA to agarose beads activated with n-

t · l·S made to the Results and to the text on figs. 1 and 2 on pages The following correc lon 
t f compounds ll·sted should be multiplied by 10- 3

; i.e. ~mol should 231-236. The amoun s 0 

be replaced by pmol. 
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A B - -GABA 50}Jmol 

-GABA 5}Jmol 

') C -GABA 500nmol 

-Glu 50}Jmol 

-Gin 50}Jmol 

-Gin 500nmol 

_Thr 50}Jmol 

-Thr 500nmol 

-Put 50}Jmol 

-Put 500nmol 

-L 

2 4 5 6 7 8 9 

C 
e -GABA 50}Jmol 

-Glu 50jJmol 

-Carn 50jJmol 

-Carn 500nmol 

-h-Carn 50}Jmol 

-h-Carn 500nmol 

-DALA 50jJmol 

-DALA 500nmol 

-GABA-Leu 50jJmol 

-GABA-Leu 500nmol 

-L 
~ 

2 4 5 6 7 8 9 

Figure 1. Reactivity of anti-GABA sera as detecred by their immu
noreac tivity in the unlabeled antibody enzyme method C) I). Strips of 
nitrocellulose, activated with polylysine and glutaraldehyde were spot
ted with 0.5 p.l of solution containing the following compounds in the 
amounts shown: y-aminobutyric acid, GABA; glutamate, Glu; gluta
mine, Gin; threonine , Thr; putrescine, Put; y-amino-{3-hydroxybutyric 
acid, GABOB; {3-alanine, {3-Ala; taurine, Tau; carnosine, Carn ; homo
carnosine, h-Carn; 8-aminolevulinic acid, DALA; y-aminobutyryl-L
leucine, GABA-Leu; a-aminoburyric acid, AABA; {3-aminobutyric acid, 
BABA; glycine, Gly; alanine, Ala; E-aminocaproic acid, EACA; 8-
aminovaleric acid; DA V A; L indicates the label used to identify the 
strips. The strips were incubated in eight differe nt antisera raised in 
response (0 GABA conjugated to BSA. The numbers under each strip 
indicate which serum was used. A, B, and ( were reacted with all 
sera. 0 and E show the reaCtion of serum GABA-7 only. Original 
magnification 1.4 x . 
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-GABA 50}Jmol 

-Glu 50}Jmol 

-GABOB 50}Jmol 

-GABOB 500nmol 

-B-Ala 50}Jmol 

-8-Ala 500nmol 

-Tau 50}Jmol 

-Tau 500nmol 

-Glu 50}Jmol 

-Glu 500nmol 

-L 

2 4 5 6 7 8 9 

0 E 
-GABA 5}Jmol • -GABA 5}Jmol 

-GABA 500nmol -GABA500nmol 

-GABA 50nmol -GABA 50 nmol 
-Glu 50Jjmol 

-Glu 50jJmol -Gly 500nmol 

-GABOB 5}Jmol -Gly 5}Jmol 
-Gly 50}Jmol 

. -GABOB 500nmol -Ala 500nmol 
-Ala 5jJmol 

-AABA 50jJmol -Ala 50Jjmol 

-AABA 500nmol -EACA 500nmol 
I -EACA 5jJmol 

-BABA 50jJmol -EACA 50Jjmol 
-DAVA 500nmol 

-BABA 500nmol -DAVA 5jJmol 
-L _ -DAVA 50}Jmol 

7 7 

hydroxysuccinimide ester (Affigel 10) only weakened the 
staining (Figure 2B, GAB A-Ads i), despite the fact that in
corporation of eH]GABA intO the gel indicated that all of 
the reactive sites in the gel were saturated with GABA (22 
p.mollml) . 

Preincubation of the antiserum with BSA, glutamate, d
aspartate, taurine, and glycine coupled to polyacrylamide beads 
with glutaraldehyde had no effect on specific staining (Figure 

2B). Adsorption with f3-alanine or GABOB diminished stain

ing of GABA and abolished staining of f3-alanin e (Figure 2B) 

or GABOB. However this effect was no different from the 

effect of diluting the serum or of partial adsorption to solid 
phase GABA (Figure 2B, GAB A-Ad s i, ef. f3-Ala-Ads). 
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A -- -GABA 50jJmol 

-GABA 5jJmol 

0 -GABA 500nmol 

>( -Glu 50jJmol 

-Gin 50jJmol 

-Gin 500nmol 

-Thr 50jJmol 

-Thr 500nmol 

-Put 50jJmol 

-Put 500nmol 

-L 

B 
• -GABA 50jJmol 

-Glu 50jJmol 

-GABOB 5Ol-lmol 

-GABOB 500nmol 

-13-Ala 5Ol-lmol 

-13-Ala 500nmol 

-Tau 5Ol-lmol 

-Tau 500nmol 

e -Glu 50jJmol 

-Glu 500nmol 

-L 

c 
-GABA 50jJmol 

-Glu 50jJmol 

-Carn 50jJmol 

-Carn 500nmol 

-h-Carn 50jJmol 

-h-Carn 500nmol 

-DALA 50jJmol 

-DALA 500nmol 

-GABA-Leu 50jJmol 

-GABA-Leu 500nmol 

-L 

Figure 2. Effects of adsorption or absorption on the reaccivity of anti
GABA sera. Strips were spotted with compounds and reacted exactly 
as described in Figure 1. A corresponds to compounds shown in Figure 
lA , B to Figure lB, and C to Figure lC The sera were treated as 
follows: Non Act: the nitrocellulose was not treated with polylysine 
or glutaraldehyde; GABA-7 positive control (cL Figure 1); Glu-6: 
anti-GABA serum was replaced by an antiserum to glutamate; GABA
abs 10- 4 : GABA-7 antiserum was pretreated with 10- 4 M GABA in 
solution at pH 7.4 for 18 hr at 4°C; GABA-abs 10- 2

: GABA-7 anti
serum was pretreated with 10- 2 M GABA. GABA-Ads ii: solid phase 
adsorption with polyacrylamide-glutaraldehyde-GABA beads. GABA
Ads i: solid phase adsorption with Affigel lO-GABA beads; Glu-Ads: 
solid phase adsorption with polyacrylamide-glutaraldehyde 
-glutamate; f3-Ala-Ads: solid phase adsorption with poly
acrylamide-glutaraldehyde-f3-alanine beads. 

Absorption Experiments 

Preincubating G ABA-7 antiserum with high concentrations of 
GAB A (10 - 2 M) in solution at pH 7.4 diminished the intensity 
of staining of GAB A in the model system bur did not abolish 
it; thus a spot of SO /Lmol of GABA still produced strong 
staining (Figure 2A). Preincubation with 10 - 4 M GABA had 
very little effect on staining (Figure 2A). 

Further Tests of the Model System 

To exclude the possibility that the lack of reactivity of the 
GAB A antisera with compounds such as glutamate was caused 
by the failure of these compounds to bind to the paper, twO 
additional controls were performed. First a method was used 
that detects N-C bonds in N-blocked amino acids and in pep
tides (20) . Use of this method produced a pale blue spot at 
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"The reactivity was evaluated by expressing the amount of a compound producing a spot of given intensity as a percentage of the amount of GABA from 
srandard dilutions (Figure I A) giving Spots of an intensity thar bracketed the intensity of the cross-reactive spor. Thus ,B-alanine, wh ich at 50 p.mol gave a spOt of 
a density intermediate between that o f 500 nmo l (l %) and 5 p.mol (l0%) of GABA, was assessed to have between I and 10% reaCtivity with serum GABA-7. 
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This indicates that the antibody recognizes, in part, the linkage 
of the GAB A ro glutaraldehyde. This is possible , since the 
antibody was generated in response ro GABA that was con
jugated to the carrier using glutaraldehyde. 

It is not entirely clear what structure is formed between 
glutaraldehyde and amino groups. Since the bonds formed are 
stable in acid, Schiff bases cannot be involved and a structure 
formed by a Michael addition has been proposed (24). Alter
natively the structure could be a Schiff base in conjugation 
with a double bond that is derived from the a,{3 unsaturated 
aldehyde polymer, the major reactive species in alkaline so
lutions of glutaraldehyde (18); this resonance structure is acid 
stable. Whichever bond is formed between GABA and glu
taraldehyde, if our antisera recognize part of the structure, 
then they may be useful in investigating the nature of the 
structure. 

Since our antisera react with the homologues of GABA, 
(3-alanine, o-aminovalerate, and E-aminocaproate, it is possible 
that immunostaining of tissue sections could be wrongly at
tributed to G ABA when in fact one of the cross-reactive mo
ities was being localized. There are two possibilities: i) a small 
fraction (ca. 10%) of the antibodies in the polyclonal sera react 
with (3-alanine as well as GABA but the remaining antibodies 
react monospecifically with G ABA, or ii) the majority of an
tibodies react with {3-alanine but with a lower affinity than for 
GABA. To distinguish between them we performed solid phase 
adsorptions ro cross-reactive compounds . In all cases , adsorp
tions reduced in parallel reactivity ro all reactive species. Thus 
adsorptions ro {3-alanine abolished all reactivity ro {3-alanine 
and GAB OB but also substantially reduced GABA staining. 
This indicates that the majority of antibodies have some weak 
affinity for {3-alanine. Since all sera tested showed similar reac
tivities with {3-alanine, the production of antibodies that do 
not recognize the homologues of GABA may require mono
clonal techniques. None of the other sera produced in re
sponse ro GAB A conjugates (26,33) are monoclonal, yet none 
have been tested, so far, with {3-alanine or any other homo
logue save glycine. Our experience with eight rabbit sera in
dicate that this test is of crucial importance . 

Compounds Reacting with the Antisera 

o-Aminovaleric acid (13 in Table 1) and E-aminocaproic acid 
(14 in Table 1) reacted with the antisera but not as strongly 
as did GABA. These compounds are one and twO methylene 
groups longer than GABA. {3-Alanine (12 in Table 1), one 
methylene group shorter than GABA, was also reactive but 
less than o-aminovaleric acid. Glycine (11 in Table 1), two 
methylene groups shorter than GABA, did not react. 

Thus, it can be seen that as the length of the methylene 
chain increases from glycine ro GABA, the compound be
comes more reactive with the antisera. Compounds longer (13 
and 14 in Table 1) than GABA are still reactive, but inclusion 
of a carbonyl group in o-aminolevulinic acid (15 in Table 1) 

diminishes the reactivity . Addition of a hydroxyl group ro 
GABA in GABOB considerably reduces the reactivity of the 
sera. Considering that this entails the addition of only one 

oxygen atom, it indicates the very finely tuned specificity of 
the anti bod y. 

Compounds not Reacting with the Antisera 

This fine specificity is also illustrated by those compounds that 
showed no reactivity with the antisera. a-Aminobutyric acid 
and {3-aminobutyric acid (2 and 3 in Table 1) did nor react, 
despite being isomers of GABA with the same molecular com
position. Glutamate differs from GAB A only by the addition 
of a carboxylate group ro the y position of GAB A, the addition 
of this group, which carries a negative charge at physiological 
pH, abolishes all immunoreactivity. Likewise, addition of a 
carboxylate anion ro the {3 position of {3-alanine to form as
partate (5 and 6 in Table 1) also abolishes reactivity . Substi
tution of the carboxylate anion by sulfonate in {3-alanine ro 
form taurine also abolishes reactivity. The carboxylate anion 
appears essential, however, since its substitution by an amino 
moiety in putrescine (10 in Table 1) and a potential precursor 
of GAB A (2 7) abolishes immunoreactivity. Glutamine, a po
tential source of glutamate and thence GABA, did not react 
with the sera. The L-amino acids alanine and threonine, found 
ubiquirously, and structurally similar ro {3-alanine and GA
BOB, did not cross-react even though {3-alanine and GABOB 
did react. 

The dipeptide homocarnosine (19 in Table 1) did not react 
even though it contains the G ABA structure, nor did carnosine 
(18 in Table 1), which contains {3-alanine. The dipeptide GABA
Leu probably does not react. The reactivity observed when 
samples of this compound were sporred onto paper was prob
ably caused by free GABA that contaminated the sample 
(Figure 3). 

Characteristics 0/ the Test System 

Although a critical assessment of the specificity of antibody 
binding is a cornersrone of the immunocyrochemical method 
there have been few methods that fulfill all requirements. 
Radioimmunoassay (RIA) is widely used, especially for small 
peptides and amines, yet the technique has major drawbacks 
(22,23,25). Recently twO procedures have been proposed as 
systems that avoided some of these drawbacks . Both methods 
incorporate aldehyde fixation. 

The first system (15) involves sporring compounds onto 
filter paper and has obvious similarities ro the present method. 
Differences are that the vapor phase was used ro deliver the 
fixative and that ordinary filter paper was used. Our system 
uses nitrocellulose and fixation with solutions of glutaralde
hyde. Glutaraldehyde cannot exist as a polymer in the vapor 
phase, yet it is polymeric glutaraldehyde that is believed ro be 
the critical agent in alkaline solutions of the fixative (18). 

The second system (25) is based on a protocol whereby 
test compounds are incorporated inro gelatin, fixed with form
aldehyde, and stained by immunofluorescence. This system 
could be quantified by spectrofluorometry. It remains to be 
shown whether this system can be used with peroxidase de
tection methods and glutaraldehyde fixation . It is noteworthy 
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