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Aspartate is a putative excitatory amino acid neurotrans- 
mitter that is widely distributed in the CNS. To study its 
distribution, monoclonal antibodies were produced against 
B-L-aspattyl-L-aspartate (O-Asp-Asp) conjugated to keyhole 
limpet hemocyanin (KLH) using glutaraldehyde-borohy- 
dride. Three monoclonal antibodies, Asp1 -3, were obtained 
with high degrees of selectivity for aldehyde-fixed aspartate. 
The immunocytochemical staining pattern of rat CNS was 
found to be similar for all 3 antibodies but differed in some 
regions from staining patterns produced by Glul, a mono- 
clonal antibody with high selectivity for a form of amide- 
linked glutamate. Tissue staining produced by Aspl-3 could 
be inhibited using aspartate conjugated to carrier proteins. 
Staining by Asp1 and Asp2 was also inhibited by free small 
molecules containing aspartate. Specificity of the 3 anti- 
bodies was evaluated by enzyme-linked immunoassay 
(ELISA) as follows: (1) reactivity of antibodies for conjugates 
of small molecules coated on ELISA plates; (2) ability of free 
small molecules to inhibit reactivity of antibodies for B-Asp- 
Asp/KLH coated on ELISA plates; and (3) ability of conju- 
gates to inhibit reactivity of antibodies for &Asp-AsplKLH 
coated on ELISA plates. In all 3 types of assays, Asp1 and 
Asp2 displayed strong reactivity for small molecules and 
conjugates containing aspartate and little reactivity for small 
molecules and conjugates containing glutamate or GABA. 
Asp3 was highly reactive with conjugates containing aspar- 
tate using both direct and inhibition ELISA assays. For all 3 
antibodies the precise staining pattern varied with the fix- 
ative used. Following glutaraldehyde fixation, dense immu- 
nocytochemical staining was observed in cerebral cortical 
neurons, some cerebellar granule cells, hippocampal pyra- 
midal cells, and neurons of the inferior olivary nucleus. In 
addition, some putative GABAergic neurons, e.g., cerebellar 
basket and stellate cells, appeared to be stained. In general, 
acrolein fixation resulted in a more selective staining pattern 
in the CNS. For example, putative GABAergic neurons were 
no longer immunoreactive nor were hippocampal pyramidal 
cells. 
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Aspartate and glutamate are found in millimolar concentrations 
throughout the CNS of mammals. A wealth of electrophysio- 
logic and biochemical evidence supports the concept that these 
amino acids play major roles in excitatory neurotransmission 
in many regions of the CNS (for reviews, see Watkins and Evans, 
198 1; Fonnum, 1984). A recent microdissection study indicates 
variations in aspartate and glutamate concentrations among brain 
nuclei (Palkovits et al., 1986). 

Aspartate and glutamate are transported into axonal terminals 
by high-affinity, sodium-dependent uptake systems (Balcar and 
Johnson, 1972; Divac et al., 1977) and are released in a calcium- 
dependent fashion upon depolarization of neuronal terminals 
(Sandoval and Cotman, 1978; Pearce and Dutton, 198 1). Glu- 
tamate and aspartate also resemble each other pharmacologi- 
cally in that responses to these amino acids are sensitive to some 
of the same antagonists (Watkins and Evans, 198 1). Recent 
studies have also indicated the importance of excitatory amino 
acid release from neurons in the pathogenesis of ischemic ne- 
crosis in the CNS (Benveniste et al., 1984; Rothman, 1984; 
Simon et al., 1984). 

Recently, aspartate has been localized in the CNS by im- 
munocytochemical methods using polyclonal antisera (Ottersen 
and Storm-Mathisen, 1985; Campistron et al., 1986). We have 
reported the use of a monoclonal antibody for the immunocy- 
tochemical localization of glutamate-containing compounds 
(Mad1 et al., 1986). The present study describes the localization 
of aspartate-like immunoreactivity in the rat CNS using mono- 
clonal antibodies that have low cross-reactivity with glutamate 
and other small molecules found in the CNS and briefly com- 
pares the distribution of aspartate-like immunoreactivity in se- 
lect regions with that previously reported, as well as with that 
of glutamate-like immunoreactivity. 

Materials and Methods 

Small molecules. Small molecules including dipeptides were obtained 
from Sigma (St. Louis), with the exceptions of fl-L-aspartyl-L-aspartic 
acid and y-aminobutyryl-y-aminobutyric acid, which were synthesized 
using the following procedures. All molecules were the L-isomer unless 
otherwise specified. 

Beta-L-aspartyl-L-aspartic acid. HCl synthesis. Boc-cu-OBu’-~-Asp (1 .O 
gm, 3.46 mmol) was coupled to Asp(OBu’)-OBu’.HCl (1.0 gm, 3.55 
mmol) using the mixed anhydride method of Anderson et al. (1967). 
The crude product obtained after workup was recrystallized from a 
mixture of hexane and Et,0 to give 1.4 gm Boc-ol-OBut+3-Asp-~-OBu~- 
Asp-OBu? melting point, 103-105°C; [c$,~” 28.5” (c 1.0, CH,Cl,). A 
portion of the above protected dipeptide (0.4 gm, 0.77 mmol) was 
treated with 10 ml of 4 N HCl in dioxane for 1 hr. The HCl and dioxane 
were removed in vacua, and the residue that remained was triturated 
with absolute ethanol before being collected. A yield of 50 mg was 
obtained. Thin-layer chromatography (ninhydrin visualization): R, = 
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0.26 [n-butanol-HOAc-H,O (7:2: l)]; R, = 0.5 1 [n-butanol-HOAc- 
EtOAc-H,O ( 1: 1: 1: 1 )]. Nuclear magnetic resonance spectrum (D,0)6 
2.84-3.04(m,4H,AspP-CH,), 4.08 (dd,J= 4.8and7.2Hz, lH,@Asp 
a-CH), 4.7 (t, J = 6.4 Hz, 1 Hz, Asp (Y-CH). 

Gamma-aminobutyryl-y-aminobutyric acid synthesis: Boc-GABA (1 
gm, 4.9 mmol), and GABA-OMe.HCL (0.75 gm, 4.9 mmol) were cou- 
pled using the mixed anhydride method (Anderson et al., 1967). Upon 
workup in the usual manner, 1.05 gm Boc-GABA-GABA-OMe was 
obtained: melting point, 69-7 1°C. The above ester was hydrolized using 
a 1: 1 mixture of MeOH and 2 N NaOH to give Boc-GABA-GABA- 
OH as an oil. This material was characterized as its dicyclohexylam- 
monium salt: melting point 127-l 28°C. The tert-butoxycarbonyl pro- 
tecting group of Boc-GABA-GABA was removed using a 1: 1 mixture 
of trifluoroacetic acid and CH,Cl, at room temperature. The trifluo- 
roacetic acid and CH,Cl, were removed in vucuo. The residue obtained 
was placed on an AGSOW-X8 cation exchange column (200-400 mesh). 
The-product was eluted from the column using 2 N N&OH. The frac- 
tions containing the desired GABA-GABA were lyophilized and the 
residue obtained recrystalized from 95% EtOH to give GABA-GABA: 
melting point 180-l 8 1°C (dec). Thin-layer chromatography: R, = 0.25 
In-butanol-HOAc-H,O (7:2: 1) ninhvdrin visualizationl: R, = 0.03 In- 
propanol-NH,OH (4: 1) dichlorophenol-indophenol visualization]. - 

Coupling of small molecules to carrier proteins. Conjugates for im- 
munization were made as described previously (Mad1 et al., 1986) using 
equimolar amounts of the various small molecules. This procedure 
involved reacting 0.053 mmol of small molecules and 30 mg of carrier 
protein with glutaraldehyde followed by reduction with borohydride 
using the method of Geffard et al. (1984), after which the conjugates 
were extensively dialyzed. Additional conjugates of amino acids to BSA 
(Sigma) were made with 4% acrolein (Polysciences, Warrington, PA ) 
in 0.1 M PBS (pH 7.2) or with 4% paraformaldehyde in PBS or 5% 
glutaraldehyde in PBS. Efficiency of conjugation of amino acids to BSA 
in PBS was measured by adding 10 &I of tritiated aspartate (6.21 x 
10m5 M, 16.1 Ci/mmol; Amersham, Arlington Heights, IL), glutamate 
(2.78 x 1O-5 M, 36 Ci/mmol, Amersham), glycine (8.77 x 10-j M, 11.4 
Ci/mmol, Amersham), or taurine (3.45 x 10m5 M, 29 Ci/mmol, Amer- 
sham) to the conjugation reactions. Beta-counting was performed on 
100 ~1 aliquots of the reaction mixture before and after dialysis for 2 d 
at 4°C. 

nized with each conjugate were fused with myeloma cells (P3x63- 
Ag8.653) using the method described by Oi and Herzenberg (1980) with 
the following modification. Red blood cells present in spleen cells ob- 
tained from immunized mice were lysed before counting by suspension 
in 5 ml 0.17 M ammonium chloride at 4°C for l-2 min. Lysis was 
stopped by adding 30 ml serum-free media to the suspension. 

Screening of wells for ELISA reactivity against the small molecule/ 

Immunization. Four-week-old, male Balb/c/umc mice (University of 
Minnesota colony) were immunized with p-Asp-AsplKLH conjugates 
following the schedule previously described in Mad1 et al. (1986). Two 
subcutaneous injections of the conjugate in adjuvant were administered 
3 weeks apart, followed by a final intraperitoneal injection of the con- 
jugate 72 hr before sacrificing mice and removing their spleens. 

Cell fusion and screeninn. Spleen cells obtained from 2 mice immu- 

Detection of antibody activity by ELISA assay. Specificity testing of 
monoclonal antibodies by ELISA was done as previously descibed in 
detail in Mad1 et al. (1986) and was similar to the screening assays 
outlined in the previous section, with the following modifications. Con- 
jugates of different small molecules with KLH at a concentration of 4 
pg KLH/ml of coating buffer were used to coat the polystyrene plates 
overnight at 4°C. Conjugates using BSA as the carrier protein were 
coated-overnight at room temperature. Culture supematants were used 
at a dilution of 1: 10 in 0.1 M PBS. Absorbance was read at 45 min after 
adding the substrate/chromogen solution. 

Quantification ofthe inhibition ofthe antibodies’ reactivity for P-Asp- 
Asp/KLH by various small molecules or conjugates was performed using 
a competitive inhibition ELISA assay (Friguet et al., 1985; Geffard et 
al., 1985; Mad1 et al., 1986). This assay was done as in the screening 
assays, except various amounts of small molecules or conjugates were 
added to a 1:250 dilution of Asp1 or Asp2, or to a 1:50 dilution of 
Asp3 in PBS. These solutions were allowed to mix for 30 to 60 min for 
small molecules and at least 1 hr for conjugates before adding to the 
wells. 

Determination of the subisotype of the monoclonal antibody. Sub- 
isotyping was done using the mouse monoclonal subisotyping kit 55050-K 
from HyClone Laboratories (Logan, Utah). 

Zmmunocytochemistry. Immunocytochemical staining of tissue sec- 
tions was done using an indirect immunoperoxidase staining procedure 
described in detail in Mad1 et al. (1986) or a biotin-avidin immuno- 
peroxidase staining procedure described in Beitz et al. (1986a). Male 
rats were anesthetized and transfused transcardially with 50 ml of cal- 
cium-free Tyrode’s solution and subsequently fixed by perfusion with 
50 ml of one of the following: (1) 5% glutaraldehyde (Fisher, Minne- 
apolis, MN) in PBS; (2) 4% acrolein in PBS; (3) 4% paraformaldehyde 
in 0.1 M Sorenson’s buffer; or (4) freshly made, 5% carbodiimide with 
5% glutaraldehyde or 4% paraformaldehyde. Tissue was postfixed over- 
night in 5% glutaraldehyde, 4% paraformaldehyde, or 4% acrolein. Tis- 
sue sections 70 urn thick were cut on a Vibratome (Oxford Labs, Foster 
City, CA) and were incubated in appropriate dilutions of the culture 
supematants (generally 1: 100) or ascitic fluid (generally 1:2000) in PBS 
containina 0.3% Triton X- 100 (Siama) for 1.5 hr. 

For the-indirect immunoperoxidase technique, after rinsing, tissue 
sections were incubated in a 1: 100 dilution in PBS of affinity-purified, 
peroxidase-labeled goat anti-mouse antibody (Cappel) for 1 hr. After 
further rinsing, the sections were incubated in Tris buffer containing 
3,3’-diaminobenzidine tetrahydrochloride (DAB) and hydrogen per- 
oxide until sufficient staining was obtained (usually about 15 min). 

The Vectastain ABC kit (Vector Labs, Burlingame, CA) was used for 
the avidin-biotin staining procedure. After rinsing, the sections were 
incubated for 1 hr in a 1:4 dilution in PBS of the recommended bio- 
tinylated anti-mouse antibody reagent. After further rinsing, the sections 
were incubated for 1 hr in a 1:4 dilution in PBS of the recommended 
avidin-peroxidase complex reagent. After rinsing, the sections were 
incubated in a DAB-Tris solution containing hydrogen peroxide as de- 
scribed in Beitz et al. (1986a) until sufficient staining was obtained. 

Sections were then mounted on gel-coated slides, dehydrated in grad- 
ed ethanol solutions, cleared in xylene, and mounted in Permount. 

KLH conjugates was done as previously described (for details, see Mad1 
et al., 1986) using polystyrene microtiter plates coated overnight with 
the small molecule/KLH conjugate in 0.05 M carbonate buffer, pH 9.6, 
at a concentration of 2 pg KLH/ml. Wells were washed in PBS with 
0.05% Tween 20 (Siama) and then blocked with 1% BSA in PBS for 1 
hr. After washing; cilture supematants were added to the wells for 90 
min. After another wash series, affinity-purified, peroxidase-labeledgoat 
anti-mouse antibody (Cappel, Malvem, PA) diluted 1:400 in PBS was 
added to the wells for 1 hr. After washing, o-phenylenediamine with 
hydrogen peroxide in a citrate buffer was added to the wells and the 
absorbance at 490 nm was read after 30 min incubation. 

Cell lines from wells with supematants that had high ELISA reactivity 
for the small molecule/KLH conjugate were expanded, and culture su- 
pematants were tested for immunocytochemical staining of brain sec- 
tions and for ELISA reactivity with other small molecule-containing 
conjugates. Cell lines producing antibody with strong and specific ELISA 
reactivity and the ability to stain tissue sections were frozen in liquid 
nitrogen, and representative cell lines were subcloned by limiting di- 
lution. Ascitic fluid was raised in Balb/c/umc mice of both sexes after 
pretreatment with 0.5 ml pristane (2,6,10,14-tetramethyl-pentadecane, 
Sigma) intraperitoneally a week before intraperitoneal injection of lo6 
hybridoma cells. 

Inhibition of tissue staining by small molecules. Culture supematants 
at auuromiate dilutions (usuallv 1: 100) in PBS with 0.3% Triton X- 100 
were*incubated with various concentrations of small molecules as pre- 
viously described in Mad1 et al. (1986) before use in indirect immu- 
noperoxidase tissue staining. 

Inhibition of tissue staining by conjugates. Culture supematants or 
ascitic fluid at appropriate dilutions were incubated with-conjugates at 
a concentration of 1 ma/ml of KLH in PBS with 0.3% Triton X-100 
for 30 min before use i; either indirect immunoperoxidase or biotin- 
avidin immunocytochemical staining. 

Results 
Results of initial screenings 
Culture supernatants from 6 wells were strongly reactive (> 10 
times background) for P-Asp-AsplKLH on ELISA of the 480 
wells that were screened at days 12 and 16 postfusion. Cell lines 
were expanded from these 6 wells and culture supernatants from 
these lines proved capable of indirect immunoperoxidase stain- 
ing of tissue sections fixed with carbodiimide and glutaralde- 
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Table 1. Immunoreactivity of culture supernatants for conjugates 
assessed by ELBA 

Conjugatea 

@-Asp-AsplIUH 
Asp/KLH 
Cysteic acid/KLH 
r-Glu-GlulISLH 
GABA-GAB/V 

Immunoreactivityb 
Asp1 Asp2 Asp3 GABAl< CSld 

0.971 0.955 0.770 0.014 0.029 

0.044 0.027 0.293 0.015 0.531 

0.001 0.017 0.046 0.013 0.606 

0.003 0.009 0.005 0.014 0.025 

KLH 
Glu/IUH 

Cysteine sulfinate/ 

0.000 -0.003 0.001 0.215 0.007 

0.008 0.008 0.007 0.016 0.538 

KLH 0.000 0.009 0.004 -0.003 0.045 

GABAKLH 0.005 0.000 -0.001 0.024 0.223 

y Conjugates made by coupling small molecules to KLH using glutaraldehyde- 
borohydride. Plates were coated with conjugates at a concentration of 4 &ml 
KLH. 
h Absorbance at 490 nm after subtraction ofabsorbance in control wells containing 
no primary antisera. Mean of 6 replicate wells. Largest SEM was 0.024. 
c Culture supematant from a hybridoma produced from a mouse immunized with 
GABA-GABNKLH. 
d Culture supematant from a hybridoma produced from a mouse immunized with 
cysteine sulfinate/KLH. 

hyde. Culture supernatants from the 6 cell lines were then eval- 
uated for ELISA immunoreactivity with small molecules 
conjugated to KLH by glutaraldehyde-borohydride. Three of 
the culture supernatants-designated Asp 1, Asp2, and Asp3 - 
reacted with fi-Asp-AsplKLH and not with y-L-glutamyl+glu- 
tamate/KLH or y-aminobutyryl-y-aminobutyric acid/KLH (see 
Table 1). Two of the culture supernatants reacted with several 
conjugates. One culture did not continue to produce reactive 
supernatant. Cell lines producing Aspl-3 were subcloned by 
limiting dilution, and their culture supematants were further 
examined for specificity. The isotypes of the monoclonal anti- 
bodies obtained after screening and subcloning were determined 
to be IgG 1 for Asp 1 and Asp2 and IgM for Asp3. 

Evaluation of antibody specificity by ELISA 
ELBA reactivity of antibodies for conjugates coated to plates 
Culture supematants from the subclones were evaluated for their 
reactivity against small molecules conjugated to KLH using 
glutaraldehyde-borohydride (Table 1) and were found to have 
very similar immunoreactivities. Only the conjugates that con- 
tained P-Asp-Asp or aspartate coupled to the carrier protein 
reacted with the antibodies to a significant degree, except for 
some moderate reactivity of Asp3 for the conjugate containing 
cysteic acid. L-glutamate, y+glutamyl-L-glutamate, and y-ami- 
nobutyryl-y-aminobutyric acid coupled to KLH by glutaral- 
dehyde-borohydride had almost no measurable immunoreac- 
tivities. Immunoreactivities of Aspl-3 for KLH treated with 
glutaraldehyde-borohydride were also minimal. Immunoreac- 
tivities of 2 other monoclonal antibodies with very different 
specificities, CS 1 and GABAl, are included in Table 1 to dem- 
onstrate that significant amounts of glutamate, aspartate, GABA, 
GABA-GABA, and cysteic acid were present in the conjugates 
used to coat the ELISA plates. Dilution of the @-Asp-AsplKLH 
used to coat the ELISA plate (Fig. 1) or dilution of the culture 
supematants (Fig. 2) resulted in a reduction in ELISA activity 
for all 3 monoclonal antibodies, consistent with specificity of 
the antibodies for the /3-Asp-Asp/KLH coating the plate. 
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Figure I. Immunoreactivity (absorbance at 490 nm) of monoclonal 
antibodies for various concentrations of P-Asp-AspKLH used to coat 
the ELISA plate. Culture supematants diluted 1:250 in PBS for Asp1 
(solid circles) and Asp2 (open circles) and 1:50 in PBS for Asp3 (open 
squares). ELISA reactivity when no supematants were added is indicated 
by the solid triangles. Each point represents an average of 4 replicates 
with a SEM of 0.024 absorbance units or less. 

Competitive inhibition of ELISA reactivity by small molecules 
Inhibition by small molecules of the binding of Aspl-3 to @-Asp- 
Asp coupled to KLH using glutaraldehyde-borohydride was 
quantified (Table 2) by a competitive inhibition enzyme im- 
munoassay. Results of inhibition of ELISA reactivity by small 
molecules of antibody Asp1 for P-Asp-Asp/KLH are illustrated 
in Figure 3. Similar curves were obtained for Asp2. Reactivities 
of Asp 1 and Asp2, both monoclonal antibodies of isotype IgG 1, 
were inhibited by similar compounds but to different degrees 
(Table 3). All compounds that showed measurable inhibition 
of binding of the monoclonal antibodies for the P-Asp-Asp con- 
jugate contained aspartic acid. Asp3, an antibody of isotype 
IgM, was not inhibited by small molecules at the concentrations 
used in this study. 

Competitive inhibition of ELISA reactivity by conjugates 

Inhibition by conjugates of the binding of Aspl-3 to @-Asp-Asp 
coupled to KLH using glutaraldehyde-borohydride was quan- 
tified (Table 4). Asp3 was inhibited at lower concentrations of 
the aspartate-containing conjugates than Asp1 or Asp2. Asp3 
was also inhibited by cysteic acid conjugated to KLH. ELISA 
immunoreactivity of all 3 of the antibodies was inhibited in a 
concentration-dependent manner by preincubation of the an- 
tibodies with conjugates containing P-Asp-Asp or aspartate con- 
jugated to KLH using glutaraldehyde-borohydride. Figure 4 
shows inhibition curves for antibodies Asp 1 and Asp3. Curves 
similar to those shown for Asp1 were obtained for Asp2. 

ELISA reactivity of antibodies for conjugates made by 
d&%erent jixatives 

Small amounts of tritiated amino acids were added to conju- 
gation reactions to quantitate the efficiency of conjugation of 
glutamic acid, aspartic acid, glycine, and taurine to BSA using 
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Figure 2. Immunoreactivity (absorbance at 490 nm) of dilutions of 
the monoclonal antibodies for P-Asp-AsplIUH (2 pg KLH/ml) used to 
coat the ELISA plate. Culture supematants from Asp1 (solid circles), 
Asp2 (open circles), and Asp3 (open squares) were diluted in PBS as 
indicated. Each point represents an average of 4 replicates. 

either acrolein, glutaraldehyde, or paraformaldehyde. After di- 
alysis, 0.127 (SE = 0.016) of the amino acids were bound to 
BSA by glutaraldehyde, 0.036 (SE = 0.001) of the amino acids 
were bound using acrolein and only 0.002 (SE = 0.0001) were 
bound using paraformaldehyde. 

ELISA reactivity of Asp1 and Asp3 for aspartate coupled to 
BSA using the above 3 aldehydes was quantified (Table 5). Asp 1 

Table 2. Inhibition of antibody activity by small molecules 

Compound 

Inhibition of Inhibition of 
ELISA reactivity” tissue stainingb 

Asp1 Asp2 Asp3 Asvl Asv2 Asv3 

P-Asp-Asp + + - ++ i-i- - 
N-AC-ASP ++ + - ++ ++ - 
Gly-Asp + + - + + - 

N-AC-Glu - - - - - - 

ol-Asp-Gly - - - - - - 

P-Asp-Gly - - - - - - 

-y-Glu-Glu - - - - - - 

N-Me-Asp - - - - - - 

N-Me-Glu - - - - - - 

Gly-Glu - - - - - - 

GABA-GABA - - - - - - 

Gly-GABA - - - - - - 

GABA - - - - - - 

Asp - - - - - - 

Glu - - - - - - 

Cysteic acid - - - - - - 

~Reduction in ELBA reactivity for P-Asp-Asp conjugated to KLH using 
glutaraldehyde-borohydride after inhibition with 2.5 rn~ of the compound: + +, 
>80% reduction in reactivity; +, 220% reduction in reactivity; -, ~20% reduction 
in reactivity. 
h Reduction in intensity of tissue staining after inhibition with 2.5 rnM of the 
compound: + +, greatly reduced, +, moderately reduced; -, minimally reduced. 
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Figure 3. Inhibition by small molecules of Asp1 antibody immuno- 
reactivity (absorbance at 490 nm) for fl-Asp-AsplIUH. Culture super- 
natant diluted 1:250 in PBS. N-acetyl-Asp (solid circles); P-Asp-Asp 
(open squares); Gly-Asp (solid triangles). Each point represents an av- 
erage of 4 replicates with a SEM of 9% or less. 

and Asp3 were inhibited in a concentration-dependent manner 
by preincubation of the antibodies with amino acids coupled to 
BSA using acrolein (Table 6). The aspartate-containing conju- 
gate was able to inhibit the monoclonal antibodies at a much 
lower concentration than the conjugates containing other amino 
acids. Figure 5 shows inhibition curves for Asp1 by aspartate 
coupled to BSA using acrolein, glutaraldehyde, and parafor- 
maldehyde. 

Evaluation of tissue staining 
Efects ofjixation 
Strong immunocytochemical staining of tissue by Aspl-3 was 
seen when the tissue was fixed with glutaraldehyde, acrolein, or 
a combination of either of these aldehydes with carbodiimide. 
Asp l-3 produced no staining of cell bodies or dendrites in tissue 
fixed with paraformaldehyde alone or a combination of para- 
formaldehyde with carbodiimide. Fixation with acrolein re- 
sulted in a more selective pattern of staining. In contrast, the 
monoclonal antibody with a high degree of specificity for glu- 
tamate-containing molecules, Glul, described in Mad1 et al. 

Table 3. IC, and cross-reactivity of small molecules on ELISA 

Asp1 Asp2 Asp3 
Y 

Compound gi) ;; $) ;; :2;) pi; 

N-AC-ASP 0.4 100 0.9 100 >lO ND 
P-Asp-Asp 1.0 40 0.9 100 >lO ND 
Gly-Asp 4.5 9 2.0 45 >lO ND 
P-Asp-Gly 110 <4 >lO <9 >lO ND 

y IC?,,, concentration producing 50% inhibition of ELISA reactivity for P-Asp-Asp 
COnJugated to KLH using glutaraldehyd+borohydride. 

b CR, percentage cross-reactivity was determined from the ratios of the IC,, values 
of the most inhibitory small molecule for each antibody with the various small 
molecules. 
c ND: not determinable with the concentrations used in these studies. 
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Figure 4. Inhibition by conjugates of Asp1 and Asp3 antibody im- 
munoreactivity (absorbance at 490 nm) for fl-Asp-AsplIUH. Culture 
supematants diluted 1:250 in PBS for Asp1 and 150 in PBS for Asp3. 
Beta-Asp-AspKLH inhibition of Asp1 (open circles) and Asp3 (open 
squares); AspKLH inhibition of Asp1 (solid circles) and Asp3 (solid 
triangles). Each point represents an average of 4 replicates with a SEM 
of 5% or less. 

(1986), was found to give staining of tissue perfused with either 
paraformaldehyde, glutaraldehyde, or acrolein when the biotin- 
avidin staining procedure was used. 

Staining of selected CNS regions 

Preliminary data indicate that Asp13 gave similar patterns of 
staining of neuronal cell bodies, dendrites, and fibers in the 
regions of the CNS examined in the present study. When glu- 
taraldehyde was used to fix the tissue, the nuclei of many neurons 
were intensely stained. This nuclear staining was greatly reduced 
following acrolein fixation. In addition, when acrolein was used 
to fix the tissue, a more selective staining pattern was observed 
than when glutaraldehyde was used. Staining was absent from 
neuroglial cells in either acrolein- or glutaraldehyde-fixed tissue. 

Cerebral cortex. Despite overall similarities, the pattern of 
aspartate-like immunoreactivity found in the cerebral cortex 
displayed clear differences in certain cortical regions from the 
pattern previously described for glutamate-like immunoreac- 
tivity by Mad1 et al. (1986). For example, when a high concen- 
tration of Aspl-3 was used for staining either glutaraldehyde- 
or acrolein-fixed tissue, moderately intense staining of cell bodies 
and dendrites of neurons was seen in layers 2-6 of the cerebral 
cortex in certain cortical areas such as area 18 of the visual 
cortex (Fig. 6A). In contrast, Glul stains primarily pyramidal 

Table 4. IC,, of glutaraldehyde-borohydride conjugates on ELISA 

Small molecules/ Goa 
orotein coniunate ASD~ ASD~ ASD~ 

/3-Asp-AsplKLH 7 12 1.2 
Asp/KLH 222 >250 47 
cysteic acid/KLH >250 >250 40 
GluKLH ~250 ~250 ~250 
IUH ~250 ~250 ~250 

y IC,,, micrograms of KLH/ml producing 50% inhibition of ELISA reactivity. 

Or// 
+ 

0.2 0.6 2.5 10 40 

CONCENTRATION OF INHIBITING 
ASPARTATE (IJM) 

Figure 5. Inhibition by conjugates of Asp 1 antibody immunoreactivity 
(absorbance at 490 nm) for Asp/BSA conjugates made with glutaral- 
dehyde (open circles), acrolein (solid triangles), or paraformaldehyde 
(open squares). Each point represents the average of 3 replicate wells 
with a SEM of 4.6% or less. Plates were coated with Asp/BSA conjugated 
with acrolein at 4 PLg BSA/ml. Asp1 ascitic fluid was diluted 1: 1000 in 
PBS. 

cells of layer 3 of area 18. In some regions of the cerebral cortex, 
such as area 18a, neurons in only layer 3 were stained with 
Asp13, while no neuronal staining was evident in this region 
with Glul . In other regions, such as auditory cortex and motor 
cortices, only neurons in layers 5 and 6 were stained with Aspl- 
3. Intense neuronal staining was also evident in the primary 
olfactory cortex. 

Cerebellum. Within the cerebellar cortex, when glutaralde- 
hyde was used as the fixative, staining was observed in basket 
cells and stellate cells. No staining was seen in Purkinje cells 
(Fig. 7). An interesting heterogeneic staining pattern was evident 
in the granule cell layer. Immunoreactivity was present in small 
clusters of granule cells, while other granule cells had minimal 
staining. However, following acrolein fixation, diffuse staining 
occurred in the molecular layer of the cerebellar cortex, but no 
perikaryal staining was evident in cerebellar cortex at similar 
concentrations of the antibodies (Fig. 8). Intense staining of 
some neurons in the deep cerebellar nuclei was evident in either 
acrolein- or glutaraldehyde-fixed tissue. 

Hippocampus. When glutaraldehyde was used to fix the tissue, 
intense staining of some pyramidal cell bodies and dendrites of 
the hippocampus was observed (Fig. 9). These neurons were not 

Table 5. ELISA reactiviw of aspartic acid/BSA conjugates made 
using different fixatives 

Conjugation 
procedure Asp1 Asp2 Asp3 

Glutaraldehyde 0.032 0.014 0.030 
Acrolein 0.294 0.134 0.296 
Paraformaldehyde 0.012 0.009 0.010 

u Absorbance at 490 nm. Mean of 6 replicate wells. SEM was 0.007 or less. Plates 
were coated at room temperature with 3 fig of BSA/ml. 
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Figure 6. Indirect immunoperoxidase staining of frontal sections of rat cerebral cortex by Asp1 in culture supernatant. A, Intense staining of 
neuronal cell bodies in layers 2-6 from area 18 of the visual cortex. Immunoreactive pyramidal cells are indicated by arrows. B, Inhibition of 
staining of cortical cells by 2.5 mM N-AcAsp. Arrows indicate red blood cells with endogenous peroxidase activity. Tissue was fixed with carbodiimide 
and glutaraldehyde. Scale bar, 100 pm. D, dorsal; M, medial. 

stained at similar concentrations of antibody when acrolein was 
used for tissue fixation. 

Other regions. Aspartate-like immunoreactivity was evident 
in several brain stem nuclei. Following either acrolein or glu- 
taraldehyde fixation, intense neuronal staining was observed in 
the spinal trigeminal nucleus, nucleus of the trapezoid body, 
and certain reticular nuclei. Intense staining of the neuropil was 
evident in the facial nucleus, the trigeminal motor nucleus and 
the interpeduncular nucleus. With glutaraldehyde fixation, in- 
tense staining of neurons comprising the inferior olivary nucleus 
was observed (Fig. 10). Immunoreactive neurons were also ev- 
ident in the dorsal horn of the spinal cord (Fig. 11A) and in the 

Table 6. IC, of acrolein conjugates on ELISA 

Small molecules/ IGJa 
protein conjugate Asp1 Asp3 

Asp/BSA 1.3 10 
GWBSA 160 >160 
Gly/BSA 110 >160 
Tau/BSA 55 >160 

“IC,,, concentration of amino acid (PM) producing 50% inhibition of ELISA 
reactivity. 

cochlear nuclei. Intense staining of many fibers was seen in the 
inferior cerebellar peduncle and medial longitudinal fasciculus. 
Less intense staining of some fibers of the corpus callosum and 
anterior commissure was also evident. 

Evaluation of tissue staining specificity by absorption controls 
The same small molecules that were used in the competitive 
inhibition enzyme immunoassays were also used to determine 
their relative ability to inhibit indirect immunoperoxidase stain- 
ing (Table 2) of glutaraldehyde and glutaraldehyde/carbodi- 
imide fixed tissue. No difference was seen between tissue fixed 
with glutaraldehyde and glutaraldehyde/carbodiimide in the 
ability of small molecules to inhibit tissue staining. The results 
of these experiments indicate that compounds that inhibit the 
reactivity of the monoclonal antibodies on ELISA also inhibited 
the intensity of staining on brain tissue sections. In addition, 
the relative ability of these compounds to inhibit tissue staining 
was correlated with their ability to inhibit the monoclonal an- 
tibody-conjugate reaction on ELISA (Table 3). Beta-Asp-Asp 
and N-acetylaspartic acid were found to be the most effective 
inhibitors and were the only compounds capable of greatly re- 
ducing tissue staining by Asp 1 and Asp2 in millimolar concen- 
trations (Fig. 6B). No immunostaining was observed after elim- 
ination of either the monoclonal antibodies or secondary 
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antibodies. Conjugates of P-Asp-Asp or aspartic acid to KLH 
using glutaraldehyde-borohydride were also capable of inhib- 
iting tissue staining of Aspl-3 at a concentration of 0.2 mg 
of KLH/ml (Fig. 11B). 

Discussion 
Specificity of the monoclonal antibody 
The results of 3 types of ELISA assay confirm that Asp13 have 
high degrees of specificity for aspartate-containing molecules 
produced by aldehyde fixation of aspartate to proteins. These 
monoclonal antibodies also have immunoreactivity for peptides 
with a carboxy-terminal aspartate. This is evidenced by the 
immunoreactivity of the antibodies for conjugates containing 
glutaraldehyde-borohydride-conjugated ,f3-aspartyl-aspartate or 
aspartate, in contrast to very low immunoreactivities for other 
conjugates containing glutamate or GABA in similar configu- 
rations (Table 1). Some immunoreactivity of Asp3 for conju- 
gates containing aldehyde-fixed cysteic acid was observed. Two 
types of competitive inhibition ELISA assays, which indicate 
the affinity of antibodies for small molecules or conjugates in 
solution (Nieto et al., 1984; Friguet et al., 1985), also suggest a 
high degree of specificity of the monoclonal antibodies for al- 
dehyde- or carbodiimide-fixed aspartate or peptides with a car- 
boxy-terminal aspartate. In the first type of inhibition assay, 
conjugates containing aldehyde-fixed aspartate were found to 
inhibit Asp13 at much lower concentrations than similar con- 
jugates containing aldehyde-fixed glutamate or aldehyde-fixed 
GABA. In the second type of inhibition assay, free small mol- 
ecules containing aspartate were demonstrated to inhibit Asp1 
and Asp2, while similar free small molecules containing glu- 
tamate and GABA were shown not to inhibit Asp13 at the 
concentrations used in the studies. Inhibition ELISA assays are 
often more useful than direct immunoassays in quantifying cross- 
reactivity of antibodies for various compounds because im- 
munoreactivity of substances over a wide range of concentra- 
tions can be easily quantified (see, for example, Geffard et al., 
1985; Mad1 et al., 1986). By using conjugates in the inhibition 
assays, one can more closely approximate the numerous possible 
modifications of the molecules of interest in tissue after reaction 
with fixatives. However, to confirm the specificity of the anti- 
bodies for particular molecules, such as P-Asp-Asp, it is pref- 
erable to use chemically pure small molecules in these inhibition 
assays. 

At least 2 possibilities could account for the inability of free 
small molecules to inhibit Asp3 ELISA reactivity when con- 
jugates of these same molecules do inhibit Asp3 ELISA reac- 
tivity. The first possibility is that the epitope recognized by the 
monoclonal antibody may be larger than the free small mole- 
cules used for inhibition and that after these small molecules 
are conjugated to the carrier protein they become more im- 
munoreactive and are therefore able to inhibit the Asp3 ELISA 
reaction. The second possible explanation of the lack of inhi- 
bition by free small molecules of Asp3 involves the dependence 
of the functional affinity of antibodies on the number of sites 
on each antibody molecule at which binding occurs (Lew, 1984; 
as reviewed by Steward and Lew, 1985). We hypothesize that 
Asp3, an IgM with 10 binding sites, binds better to aspartic acid 
conjugated to carrier proteins than to small molecules contain- 
ing aspartic acid because of multivalent interactions with these 
conjugates as well as increased size of the antigenic determinant 
found in the conjugate. 

Figure 7. Biotin-avidin immunoperoxidase staining of frontal sections 
of the rat cerebellum bv Asnl in ascitic fluid diluted 1:2000. Tissue was 
fixed with carbodiimide ani glutaraldehyde. Within the molecular layer 
(ML), stellate cells (small arrows) show intense staining. Purkinje cell 
bodies (large arrows) are unstained. Patches of granule cells, one of 
which is indicated between open arrows, in the granule cell layer (GL) 
show intense immunoreactivity. White matter ( WM) is also indicated. 
Scale bar, 50 pm. 

Specificity of the immunocytochemical staining 
The immunocytochemical staining of rat CNS by monoclonal 
antibodies Asp l-3 can be inhibited by conjugates of aldehyde- 
fixed aspartate or /I-aspartyl-aspartate for all 3 monoclonal an- 
tibodies. Staining of tissue by Asp1 and Asp2 can also be in- 
hibited by free P-Asp-Asp and N-acetylaspartate at millimolar 
concentrations and by other aspartate-containing compounds 
at higher concentrations. This ability of aspartate-containing 
molecules to compete with immunoreactive substances in the 
tissues supports the concept that these monoclonal antibodies 
stain regions of the CNS containing fixative-modified aspartate 
in an immunoreactive configuration. The concept that Asp13 
stain fixative-modified aspartate is further strengthened by the 



2646 Mad1 et al. - Monoclonal Antibodies Against Aspartate 

Figure 8. Biotin-avidin immunoper- 
oxidase staining of a frontal section of 
the rat cerebellum by Asp1 in ascitic 
fluid diluted 1:2000. Tissue was fixed 
with acrolein. A, Only faint, diffuse 
staining of neuropil is seen in the mo- 
lecular layer (M). B, Arrows indicate 
intensely stained neurons of the inter- 
positus (I) and lateral (L) deep cere- 
bellar nuclei. D, dorsal, M, medial. Scale 
bar, 100 pm. 

similarity of the tissue staining patterns of all 3 monoclonal 
antibodies despite their different degrees of affinity for aspartate- 
containing conjugates and small molecules. 

Tissues were found to be immunoreactive with Asp l-3 when 
fixed with glutaraldehyde, acrolein, and glutaraldehyde/carbo- 
diimide, but not with paraformaldehyde or paraformaldehyde/ 
carbodiimide, suggesting that the immunoreactive modification 
of aspartate can be produced by glutaraldehyde or acrolein but 
not paraformaldehyde. These results are consistent with the 
ELISA findings that aspartate could be coupled by glutaralde- 
hyde or acrolein to carrier proteins to form immunoreactive 

conjugates while reaction with paraformaldehyde did not form 
immunoreactive conjugates. This dependence of immunoreac- 
tivity of Aspl-3 on the type of fixation is in contrast to the 
independence of staining from type of fixation of the antibody 
Glul . This suggests that the modifications of the aspartate mol- 
ecule recognized by Aspl-3 are quite different from the mod- 
ifications of glutamate or glutamate-containing molecules that 
allow recognition by Glu 1. It had been noted previously (Mad1 
et al., 1986) that only certain types of fixation protocols would 
give strong indirect immunoperoxidase staining with Glul. 
However, by intensifying the staining through use of the biotin- 
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avidin procedure, we were able to produce staining using any 
of the above fixatives. 

Correlation with other means of localizing aspartate 
Less than 2-fold differences in the concentration of aspartate 
have been reported between cortex, striatum, midbrain, and 
pons-medulla of the rat (Nicklas and Berl, 1973; Rimes and 
Shellenberger, 1983). Highest concentrations were reported for 
the cerebral cortex. Within the cerebral cortex of the rat, sig- 
nificantly higher concentrations of aspartate have been reported 
in the frontal cortex (Peinado et al., 1984). A comprehensive 
study of aspartate concentrations in rat CNS has recently been 
published by Palkovits and coworkers (1986). In agreement with 
the above studies, Palkovits et al. reported high concentrations 
of aspartate throughout the cerebral cortex. The highest con- 
centration of aspartate was found in the pyriform cortex. This 
is in agreement with the staining pattern of aspartate-like im- 
munoreactivity observed in the pyriform cortex in the present 
study, which found a large number of intensely immunoreactive 
neurons to be present. Immunoreactive neurons were also ob- 
served in other cortical regions, which is consistent with the 
data obtained by Palkovits et al. (1986). Intense immunocy- 
tochemical staining was also observed in several brain-stem 
regions also reported to contain high concentrations of aspartate 
(Palkovits et al., 1986). Within the midbrain, very intense neu- 
ropil staining was observed in the interpeduncular nucleus, which 
contained the highest midbrain concentration of aspartate. Pal- 
kovits et al. also reported high concentrations of aspartate in 
the facial nucleus, the inferior olive, and the sensory trigeminal 
complex. We found intense neuronal staining in the inferior 
olive and the sensory trigeminal nucleus, while the neuropil was 

Figure 9. Indirect immunoperoxidase 
staining of frontal sections of the CA1 
region of the hippocampus by Aspl. 
Pyramidal cells (arrows) and dendrites 
show intense immunoreactivity. cc, 
corpus callosum. Tissue was fixed with 
carbodiimide and glutaraldehyde. D, 
dorsal; M, medial. Scale bar, 50 Wm. 

intensely stained in the facial nucleus. In general, our immu- 
nocytochemical results are consistent with the biochemical data 
available in the literature. 

Recently 2 reports of immunocytochemical localization of 
aspartate-like immunoreactivity have been published (Ottersen 
and Storm-Mathisen, 1985; Campistron et al., 1986). These 
studies used purified antisera raised against aspartate conjugated 
to carrier proteins using glutaraldehyde or glutaraldehyde-bo- 
rohydride. In general, our results are in agreement with those 
reported, including the finding of aspartate-like immunoreac- 
tivity in putative GABAergic neurons in glutaraldehyde-fixed 
tissue as originally described in Ottersen and Storm-Mathisen 
(1985). A recent report by Toomim and coworkers (1986) in- 
dicated that antisera raised to glutaraldehyde-fixed aspartate and 
glutamate had cross-reactivity for dipeptides with carboxy-ter- 
minal aspartate or glutamate. The present results indicate the 
monoclonal antibodies also exhibit immunoreactivity for di- 
peptides containing a carboxy-terminal aspartate. This suggests 
that antibodies raised to amino acids conjugated by aldehyde 
fixatives may cross-react with peptides containing the amino 
acid in the carboxy-terminal position. Conversely, antibodies 
to oligopeptides may have substantial cross-reactivity with al- 
dehyde-fixed amino acids. It may therefore be important that 
antisera used for immunocytochemical localization of amino 
acids be evaluated for cross-reactivity to peptides containing 
these amino acids. 

High-affinity uptake of radiolabeled excitatory amino acids 
has been reported in many areas of the rat CNS (Divac et al., 
1977; Fonnum, 1984). Although regions with increased amounts 
of high-affinity uptake may reflect areas where aspartate is being 
used for neurotransmission, glutamate can apparently be taken 
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Figure IO. Biotin-avidin staining of rat inferior olivary nucleus with Asp2 in ascitic fluid diluted 1:2000. Immunoreactive neurons (arrows) are 
evident in all subdivisions of this nucleus. MAO, medial accessory olivary nucleus; PO, principal olivary nucleus; DAO, dorsal accessory olivary 
nucleus. Tissue was fixed with carbodiimide and glutaraldehyde. D, dorsal; M, medial. Scale bar, 100 pm. 

up by these same sites (Fonnum, 1984), and therefore regions 
with increased uptake could also be indicative of areas where 
glutamate is used for neurotransmission. There is good agree- 
ment of intensity of aspartate-like immunoreactivity and the 
degree of high-affinity uptake of excitatory amino acids in areas 
we have investigated. For example, high-affinity uptake studies 
provide strong evidence indicating that glutamate and/or as- 
partate are putative neurotransmitters of cerebral cortical neu- 
rons (Young et al., 198 1; Streit, 1985). The results of the present 
study are consistent with the hypothesis that aspartate serves 
as a neurotransmitter in certain cortical pyramidal neurons. 

Aspartate aminotransferase (AATase), an enzyme that is ca- 
pable of converting glutamate to aspartate or aspartate to glu- 
tamate, has been localized by immunocytochemistry in various 
areas of the rat CNS. AATase-like immunoreactivity has been 
proposed as a marker for neurons that use excitatory amino 
acids for neurotransmission. AATase-like immunoreactivity is 
found in all layers of the cerebral cortex (Donoghue et al., 1985) 
and is present in stellate cells of the cerebellar cortex (Wenthold 
and Altschuler, 1983). Aspl-3 do not stain as many cerebral 
cortical neurons as does the antisera raised against AATase, but 
staining of stellate cells in the cerebellar cortex is prominent 
with these monoclonal antibodies on glutaraldehyde-fixed tis- 
sue, suggesting that some neurons with greater concentrations 
of AATase also contain increased amounts of aspartate. As orig- 
inally hypothesized by Wenthold et al. (1986) and discussed 

below, this possible anatomical correlation of AATase with large 
amounts of aspartate suggests that the aspartate in some of these 
neurons may be converted to glutamate and perhaps eventually 
to GABA. 

The neurons of the inferior olivary nucleus have been pro- 
posed to use aspartate as a neurotransmitter on the basis of their 
release of endogenous aspartate upon stimulation by K+ in cer- 
ebellar slices (Toggenburger et al., 1983) and because of their 
selective retrograde labeling by D-H-aspartate (Wiklund et al., 
1984). In agreement with these reports, neurons in the olivary 
nucleus were found to contain aspartate-like immunoreactivity 
when glutaraldehyde was used as a fixative. 

Preliminary studies suggest that Asp l-3 immunoreactivities 
are colocalized with Glul immunoreactivity in some neurons 
(Beitz et al., 1986b). This may explain why some similarities exist 
in the staining patterns produced by Asp13 and Glul. How- 
ever, many differences are apparent in the staining patterns 
produced by Asp13 as compared to Glul. This is especially 
apparent in the cerebellum, where Glul stains only granule cells. 
On the other hand, Aspl-3 stain some granule cells but also 
stellate and basket cells in glutaraldehyde-fixed tissue. Aspl-3 
also intensely stain the nuclei of many neurons in glutaralde- 
hyde-fixed tissue, while Glul does not. Similar staining of nuclei 
with antisera to glutamate, aspartate, and GABA have been 
reported in glutaraldehyde-fixed tissue by Storm-Mathisen et 
al. (1983) and Ottersen and Storm-Mathisen (1985). It should 
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Figure Il. Biotin-avidin staining of the dorsal horn of rat cervical spinal cord by Asp1 in ascitic fluid diluted 1:2000. A, Intense immunoreactivity 
is evident in neurons (arrows) of layer II but not in other layers of the dorsal horn. ZZ, layer II; ZZZ, layer III. B, Inhibition of staining of neurons 
of the dorsal horn by Asp/KL.H (0.2 mg KLH/ml). Arrows indicate red blood cells with endogenous peroxidase activity. Tissue was fixed with 
carbodiimide and glutaraldehyde. D, dorsal; 44, medial. Scale bar, 100 pm. 

be emphasized that Asp13 have no appreciable similarities to 
Glul in immunoreactivity for any compounds tested using 
ELISA. In glutaraldehyde-fixed tissue, it is possible that the 
antibodies with reactivity for fixative-modified aspartate are 
detecting a metabolic pool of aspartate in some neurons that 
will eventually be converted to glutamate and then perhaps to 
GABA. This would explain why the stellate cells of the cerebellar 
cortex display both AATase-like and aspartate-like immuno- 

reactivity when they are considered to be GABAergic neurons. 
It is of interest that Purkinje cells do not stain with antisera 
against AATase or with our monoclonal antibodies against fix- 
ative-modified aspartate. This raises the possibility that 2 types 
of GABAergic neurons exist. One type, such as the stellate cells 
and basket cells, synthesize GABA from glutamate that is ob- 
tained from aspartate. The second type, including the Purkinje 
cells, synthesizes GABA from glutamate that is not obtained 
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from aspartate. Several pathways can be used to form glutamate. 
The recent finding that intense glutaminase-like immunoreac- 
tivity and glutamate-like immunoreactivity are colocalized in 
the same neurons of the spinal trigeminal nuclei of the rat (Mag- 
nusson et al., 1986) suggests that at least some of the glutamate 
in these neurons is formed from glutamine and not aspartate. 
Further studies using available antibodies and double-labeling 
techniques for colocalization of excitatory amino acids, GABA, 
and enzymes that are capable of synthesizing these putative 
neurotransmitters should further elucidate the synthetic path- 
ways and location of possible neurotransmitter pools of these 
amino acids. 
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