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y-Aminobutyrate (GABA), a four carbon amino acid, was discovered in brain tissue in 1950.
GABA is an inhibitory neurotransmitter in the mammalian CNS. GABA is produced mainly
through enzymatic decarboxylation of glutamic acid by glutamic acid decarboxylase (GAD),
and synthesized by the degradation of putrescine (1,4-diaminobutane), one of the polyamines.
It provides y-aminobutyraldehyde (y-ABAL), substrate for the synthesis of GABA by y-amino-
butyraldehyde dehydrogenase (y-ABALDH). We purified y-ABALDH, another synthetic enzyme
for GABA, from the bovine brain and prepared an antibody for y-ABALDH from rabbits.
We also attempted the NH,-terminal sequencing of y-ABALDH and were successful in produc-
ing the oligonucleotide probes based on the N-terminal sequence determined. 36 mer-oligo-
nucleotides complementary to the mRNA were synthesized, and radiolabelled at the 5'end with
32P. Then an in situ hybridization technique was applied to detect y-aminobutyraldehyde dehyd-
rogenase mRNA in the bovine brain tissue. Cells containing mRNA of y-ABALDH were found
in many regions of bovine brain tissue, the results being similar to those from immunostaining.

Putrescine (l.4-diaminobutane), one of the polyami-
nes, is degraded into y-aminobutyric acid (GABA) via
the intermediate y-aminobutyraldehyde (y-ABAL)
(Pegg and McCann, 1982; Tabor and Tabor, 1984).
This is one of the pathways for GABA synthesis
(Grillo, 1985). GABA is known to be the major inhi-
bitory neurotransmitter in the mammalian central ner-
vous system. The degradation pathway of putrescine
has been detected in rat brain and liver (Jinne er
al., 1978; Abe et al., 1990), mouse brain (Mach er al.,
1982), and some other tissues (Grillo, 1985). The phy-
siological importance of the conversion of putrescine
into GABA is, however, not yet well-understood. But
this pathway suggests that GABA and polyamine me-
tabolisms are closely associated (Fig. 1) (Seiler et al.,
1979; Seiler, 1980). y-Aminobutyraldehyde dehydroge-
nase catalyses the dehydrogenation of ABAL to
GABA specifically in the bovine brain (Lee and Cho,
1992). Aldehyde dehydrogenase catalyses the irreversi-
ble oxidation of a broad range of aldehydes to the
corresponding acids in an NAD*-dependent reaction
(MacKerell and Pietruszko, 1987). Thus, the substrate
specificity of this enzyme is broad. y-Aminobutyralde-
hyde dehydrogenase has been known to be one of
the isozymes of the aldehyde dehydrogenase in the
human liver (Kurys er al, 1989). In order to study
the importance of the pathway that synthesizes GABA
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from putrescine, we studied and first reported the re-
sults of purification and characterization of y-amino-
butyraldehyde dehydrogenase from bovine brain (Lee
and Cho, 1992).

y-Aminobutyrate (GABA) is produced mainly th-
rough enzymatic decarboxylation of glutamic acid
by glutamic acid decarboxylase (GAD) (Wu, 1973;
Roberts, 1979), but as mentioned previously it is also
synthesized by the degradation of putrescine (Seiler
and Al-Therib, 1974; Ambroziak and Pietruszko, 1991:
Caron et al., 1988). Recently, antibodies against GABA
itself have been produced (Storm-Mathisen er al., 1983;
Hodgson et al., 1985). Antibodies to GABA could be
used clearly to reveal the GABAnergic axon terminals
and GABA-containing neurons. GABA-containing
neurons could be observed in certain brain areas such
as the neocortex, thalamus, hippocampus and cere-
bellar cortex (Ottersen and Strom-Mathisen 1984;
Somogyi et al., 1985). Localization of GABA and
GAD in brain is well known, but that of y-ABALDH,
another synthetic enzyme for GABA. has been not
yet reported.

In the present paper we first describe the distribu-
tion of y-ABALDH in the bovine brain using the im-
munohistochemical method and in situ hybridization.

The abbreviations used are: y-ABAL, y-aminobutyraldehyde:
Y-ABALDH, y-aminobutyraldehyde dehydrogenase: GABA.
y-aminobutyric acid; GAD. glutamate decarboxylase.
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Figure 1. Scheme of putrescine catabolism via y-aminobuty-
ric acid. GAD, glutamate decarboxylase: y-ABALDH. y-
aminobutyraldehyde dehydrigenase; GABA-T, GABA trans-
aminase; SSD, succinic semialdehyde dehydrogenase; SSR,
succinic semialdehyde reductase.

To our knowledge this is the first such documentation
for a bovine brain. These studies are also a necessary
prerequisite for further physiological and biochemical
studies of the enzymes responsible for formation of
neurotransmitters.

Materials and Methods

Purification and enzyme assay of the y-aminobutyralde-
hyde dehydrogenase

About 400 g of bovine brain tissue kept frozen at
—70 T was homogenized in 4 volume. of 50 mM
K*-phosphate buffer, pH 7.0, containing 1 mM 2-mer-
captoethanol. The homogenate was centrifuged at 10,
000 X g for 50 min, and a clear supernatant was
obtained. Aldehyde dehydrogenase with low Km for
yv-aminobutyraldehyde from bovine brain was purified
by using CM-trisacryl, DEAE-Sephacel, and 5'-AMP-
Sepharose affinity chromatography (Lee and Cho,
1992). A homogeneous enzyme was subjected to addi-
tional chromatography - fast protein liquid chromato-
graphy (FPLC) on a Mono-Q column (Phamacia) -
in order to separate the major and the minor compon-
ents. Fractions were pooled according to activity and
then concentrated. During purification, enzyme acti-
vity was assayed in a solution containing a 0.1 M
K*-phosphate buffer (pH 8.0), S mM NAD®, 0.5 mM
dithiothreitol (DTT), and 2 mM y-ABAL. All assays
were performed spectrophotometrically at 340 nm
(Jakoby and Fredericks, 1959). Protein concentration
was determined as described by Lowry er al. (1951)
with bovine serum albumin as a standard, or spectro-
photometrically at 280 nm.

Preparation of antibodies to y-aminobutyraldehyde
dehydrogenase
Anti-y-ABALDH antiserum was prepared from a
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Figure 2. A: Ouchterlony double immunodiffusion. Center
well, purified y-aminobutyraldehyde dehydrogenase: 1. anti
y-aminobutyraldehyde dehydrogenase (20 ul); 2. 1/2 dilution
of 1: 3. 1/10 dilution of 1: 4. 1/100 dilution of 1: 5. 1/200
dilution of 1 6, 1/1000 dilution of 1. B: Western blot immu-
nostaining. Lane 1. Purified y-aminobutyraldehyde dehydro-
genase; lane 2, marker proteins: lanes 1. 2 stained by cooma-
ssie brilliant blue R-250; lanes 3. 4. immunostaining by rab-
bit anti-bovine y-aminobutyraldehyde dehydrogenase.

rabbit immunized subcutaneously with y-ABALDH.
Serum samples were tested by immunodiffusion. Puri-
fied enzyme was applied to the central hole of the
agarose plate, and the antibodies diluted progressively
were applied to the surrounding holes. The precipitates
of the antigen-antibody reaction were identified (Fig.
2A). Antisera was purified using a protein A column
(Harlow and Lane, 1988).

Western blotting

Proteins were separated on SDS-PAGE and trans-
ferred to nitrocellulose (NC) membranes (Towbin er
al.. 1979). After transfer, nitrocellulose membranes were
washed in TBST solution (10 mM Tris-HCI buffer,
pH 8.0, containing 150 mM NaCl, 0.5% Tween 20)
thoroughly. They were incubated in the blocking solu-
tion (1% BSA in TBST) for 30 min. Primary antibo-
dies were added to the blocking solution, and incubat-
ed for 30 min. After being washed, membranes were
incubated in the solution containing secondary anti-
bodies, and stained with a color development solution.
The color development solution was composed of 100
mM Tris-HCI buffer (containig 100 mM NaCl and
S mM MgCl) 10 ml, nitro blue tetrazolium (NBT)
solution (50 mg/ml) 66 ul. and 5-bromo-4-chloro-3-in-
dolyl phosphate (BCIP) solution (50 mg/ml) 33 pl
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Staining of the membranes was stopped at the point
where they had a desirable color density, whereupon
they were washed (Johnson e al., 1984). Western blot-
ting of the enzyme purified from bovine brain confirm-
ed that the antibodies formed in rabbits were against
the purified enzyme (Harlow and Lane, 1988).

Antigenicity measurement of the y-aminobutyraldehyde
dehydrogenase antibody using the ELISA test

Purified y-aminobutyraldehyde dehydrogenase- 1
mg/ml was diluted in the coating buffer (005 M car-
bonate buffer, pH 9.6), applied to the 96 plate tissue
well and incubated in a 37 C oven for 2 h. Antibodies
50 pg/ml were diluted with 0.01 M PBS (pH 74) ap-
propriately, diluted primary antibodies 100 pl were ap-
plied to the tissue well and incubated in a 37 C oven
for 1 h. After antibodies were washed, the tissue well
was incubated with secondary antibodies 25 pg/ml in
a 37 € oven for 1 h, and with PAP solution for
1 h. Ortho-phenylene diamine (OPD) 25 g was added
to 50 ml phosphate-citrate buffer (pH 5.0), and H,O-
was added just before use. After the reaction progres-
sed in a dark room for 30 min, it was stopped with
H>SO; (Kuno and Kihara, 1967). Then, we estimated
the antigenicity of each portion of bovine brain using
a Dynatech MR-300 ELISA reader.

Tissue preparation for light microscope observation and
in situ hybridization

Isolated bovine brains were immersed immediately
in a fixation solution (4% paraformaldehyde solution,
0.1 M phosphate buffered, pH 7.4), and reserved for
20 h at 4 C. In order to prevent them from being
exposed to RNAse, all solutions were made with distil-
led DEPC-water during tissue preparation procedure
for light microscopic observation and in situ hybridi-
zation . Tissues were trimmed refering to the atlas
of Lauder (1982). After being dehydrated and cleared,
they were embedded in paraplast. Tissues were section-
ed in 4 pym thickness, spread on DEPC-water within
warmer, and placed on a slide treated with gelatin.
The gelatin solution was also made distilled DEPC-
water.

Immunoperoxidase staining

Tissues were stained by immunoperoxidase staining
methods (Sternberger, 1986). Before staining, tissues
were pretreated in 3% hydrogen peroxide solution for
10 min and in 10% normal goat serum (NGS, Gibco
Lab., New York) for 1 h at room temperature, and
washed with 0.1 M PBS (pH 74, containing 0.1% Tri-
ton X-100). They were incubated in PBS solution con-
taining antibovine rabbit y-aminobutyraldehyde dehy-
drogenase antibody for 72 h at 4 C, and washed.
They also were incubated in a solution containing
goat antirabbit IgG (secondary antibody) for 2 h, and
in PAP (peroxidase-antiperoxidase) solution for 1 h
at room temperature. They were stained by 0.05% dia-
minobenzidine (DAB, in 0.05 M tris-HCI, pH 7.6, co-
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ntaining 0.01% hydrogen peroxide) and washed with
distilled water. Tissue slides were made according to
general tissue preparation procedures. All incubation
steps were performed in a humidified chamber.

Synthesis of the oligonucleotide probe

Oligonucleotide probes were supplied by the KIST
and synthesized on an automatic DNA synthesizer
(Applied Biosystems 380, Dupont Coder 300). Oligo-
nucleotide probes were made based on the N-terminal
sequence (Fig. 5). 36 mer oligonucleotides complemen-
tary to the mRNA were synthesized (Lathe, 1990).

Direct phosphorylation of the 5-hydroxyl groups
was performed by a standard method (Sambrook et
al., 1989) in which y-ATP (Amersham, 3000 uCi/
mmole) and T4 polynucleotide kinase (New England
Biochemicals) were used. Following labelling at 37 C
for 2 h, the reaction mixture was applied to a Sepha-
dex G-50 (Pharmacia, superfine) in order to remove
unincorporated [*PJdATPs.

In situ hybridization

Tissue slides were deparaffinized and hydrated th-
rough gradual concentrations of ethanols. Slides were
washed with 2X SSC solution which had been set
at 60 C the previous day for 10 mins and repeated
3 times. They were preincubated in hybridization buf-
fer (1 X Denhart’s solution, 2X SSC, 146 pg/ml dena-
tured salmon sperm DNA, 0.2 mg/ml yeast tRNA)
for 2 h at room temperature. **P-labeled y-aminobutyr-
aldehyde dehydrogenase oligonucleotide probes 10°
cpm/ul were added to the slides, and incubated in
a humidified chamber for 1 or 2 days at 40 C. After
incubation, they were washed with 2X SSC solution
which had been set at 60 C previous day 3 times
for 30 min, with 0.5X SSC solution three times for
30 min, and with 0.1X SSC solution three times for
30 min. Slides were dehydrated through a graded se-
ries of ethanols and air-dried at room temperature
(Sambrook er al., 1989).

Autoradiography

After washing and dehydration, slides were equip-
ped with a standard X-ray film cassette. For a higher-
resolution image, they were exposed in a Hyperfilm
B-max film (Amersham) for 2 days at room tempera-
ture, developed in a Kodak D-19 developer and fixed
in a Kodak fixer. Then the slides were dipped in a
Kodak NTB, emulsion (diluted to 1:1 with water),
exposed for 7-10 days at 4 C. developed and fixed
(Brady and Finlan, 1990).

Slides were counter-stained with hematoxylin-eosin
solution.

Results and Discussion
Characterization of antibodies to y-aminobutyraldehyde

dehydrogenase
The anti-y-ABALDH antiserum was first obtained
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Figure 3. Comparison of the specific activity and antigenicity
against anti y-aminobutyraldehyde dehydrogenase in the re-
gions of the bovine brain. CN, caudate nucleus; HC, hippo-
campus formation; LN, lentiform nucleus; MC, motor cortex:
OB, olfactory bulb; SC, primary. sensory cortex; TH, thala-
mus; VC, visual cortex. B — M, specific activity; #, antigenicity
against anti-y-aminobutyraldehyde dehydrogenase.

from rabbits immunized subcutaneously with y-ABA-
LDH. From the immunodiffusion results, the precipi-
tates of antigen-antibody reactions were identified (Fig.
2A). Western blotting of the enzyme purified from bo-
vine brain confirmed the antibodies formed in the
rabbits to be against the enzyme (Fig. 2B).

We obtained the motor cortex, primary sensory cor-
tex, visual cortex, olfactory bulb, hippocampus, cau-
date nucleus, lentiform nucleus, and thalamus from
the bovine brain, homogenized these tissues, and
measured the activity of the enzyme and its antigeni-
city using ELISA (Fig. 3). The highest relative absor-
bance was obtained from the motor cortex, whereas
the lowest value of 0.63 was recorded for the hippocam-
pal formation. Concentration of the y-aminobutyral-
dehyde dehydrogenase was distributed relatively evenly
in the investigated tissues. The cross-reactivity of the
antiserum against y-aminobutyraldehyde dehydroge-
nase was investigated using Ouchterlony double diffu-
sion. The antiserum reacted to form complexes with
the enzymes contained in the rat liver, the bovine
liver and rat brain. It also formed partially homolo-
gous complexes with the enzymes in the tissue of the
adrenal gland, kidney, and spleen of the rat.

These results, therefore, indicate that the tissues of
bovine brain, bovine liver, rat brain and rat liver have
equal antigenicities, while those of rat adrenal gland,
kidney, and spleen have partially equal antigenicities
with the bovine brain tissue.

Localization and regulation of the y-aminobutyraldehyde
dehydrogenase

The distribution pattern of the y-ABALDH in bo-
vine CNS was determined by immunoperoxidase stain-
ing. The tissue slices of bovine motor cortex, primary
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Figure 4. y-Aminobutyraldehyde dehydrogenase-immunorea-
ctive cells in bovine brain. A, olfactory bulb: B, thalamus;
Immunoperoxidase stain. X 400.

sensory cortex, visual cortex, olfactory bulb, hippocam-
pus, caudate and lentiform nuclei, and diencephalon
with reference to Lauder (1982) were stained, and the
immunoreactive cells were found to be present in all
tissues. The immunoreactivity of these cells, which
were usually found to be neurons, was not confined
to only within the nucleus, but also was found to
be present outside of the nucleus.

In immunohistochemical staining, anti-y-ABALDH
immunoreactive neurons were found in many regions
of bovine brain tissues such as the precentral gyrus
(motor cortex), postcentral gyrus (primary sensory cor-
tex), occipital cortex (visual cortex), olfactory bulb, hip-
pocampus, thalamus, caudate nucleus, and lentiform
nucleus. Anti-y-ABALDH immunoreactive cells were
mostly small- and medium-sized neurons (Fig. 4), gen-
erally known as the interneurons and projection
neurons (Ottersen and Strom-Mathisen 1984; Somogyi
et al., 1985). These results coincided with the previous
reports that most inhibitory neurons are interneurons
(Larsson et al., 1984). Since GABA is synthesized mos-
tly by the action of glutamate decarboxylase (GAD),
the localization of GABA was investigated by the anti-
GAD antibody (Wu er al., 1973: Oetel er al.. 1983:
Larsson et al., 1984). Recently, an antibody prepara-
tion method for small molecules has been developed.
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N-terminal Amino acid Sequence of bovine y-ABALDH

NH,-Ser-Ala-Ala-Thr-GIn-Ala-Val-Pro-Thr-Pro-Asn-Gin-Gln

m - RNA

5"UCN-GCN-GCN-ACN-CAP-GCN-GUN-CCN-ACN-CCN-AAV-CAP-CAP 3’
3 CGG-CGG-TGG-GTC-CGG-CAC-GGA-TGG-GGG-TTG-GTC-GTC S’

Oligonucleotide Probe

Figure 5. The N-terminal sequences of y-aminobutyraldehyde
dehydrogenase and prepared oligonucleotide sequence (Far-
res er al.. 1989: Lee and Cho, 1992).

and we are now able to identify GABA itself in the
tissue using GABA antibodies (Hempel er al.. 1984;
Otterson and Strorm-Mathisen, 1984; Hodgson et al.,
1985; Hougaard et al., 1987). From the immunostain-
ing results, v-ABALDH was found to also exist in
GABAnergic neurons, leading to another synthetic
pathway. But it is not clear whether the y-ABALDH-
immunoreactive cells are the cells with GAD-immu-
noreactivity. It will be possible to identify such things
with double-immunohistochemical staining methods
for glutamate decarboxylase and y-aminobutyralde-
hyde dehydrogenase, and this we have saved for the
next project. GABAnergic neurons are modulated by
other GABAnergic neurons (Wu et al., 1973). We think
that another synthetic pathway of GABA from putres-
cine is also important for the synthesis of GABA, and
that the studies on the distribution of y-aminobutyralde-
hyde dehydrogenase are helpful in understanding the
regulation of GABA metabolism.

The activity of y-aminobutyraldehyde dehydrogenase
was inhibited by high concentrations of GABA. In
a group of rats treated with glutamate decarboxylase
inhibitors at 2 and 4 days after birth, y-aminobutyr-
aldehyde dehydrogenase appeared to be induced by
glutamate decarboxylase inhibitors.

Putting all these results together, it was determined
that GABA synthesis is regulated elaborately, and that
the two synthetic pathways have effects on each other.

Cellular localization of y-aminobutyraldehyde
dehydrogenase transcripts

In situ hybridization technique is used for tracing
the regional and cellular sites of gene expression wi-
thin the tissue (Gee er al., 1983). It allows the specific
cell types expressing a given gene to be delineated
from the other cells. We attempted the NH,-terminal
sequencing of y-ABALDH, produced the oligonucleo-
tide probes based on the N-terminal sequence, and
investigated celluar localization of y-aminobutyralde-
hyde dehydrogenase transcripts. We have described our
methods for NH.-terminal sequencing in a previous
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Figure 6. Micrography of y-aminobutyraldehyde dehydrogen-
ase mRNA hybridized neurons. Autoradiographic grains
are restricted to y-aminobutyraldehyde dehydrogenase
mRNA hybridized neurons. Hematoxylin & eosin counter-
stained. X 400.

paper (Lee and Cho, 1992). The NH>terminal amino
acid sequence of y-aminobutyraldehyde dehydrogenase
was identified first and was determined to be NH,-S-
A-A-T-Q-A-V-P-T-P-N-Q-Q (Lee and Cho, 1992).
From this data, 36 mer oligonucleotides complemen-
tary to the mRNA were synthesized (Fig. 5), and ra-
diolabelled at the 5’end with *P. An in situ hybridiza-
tion technique was applied to detect y-aminobutyral-
dehyde dehydrogenase mRNA in the bovine brain tis-
sue. The probes were applied to paraffin sections of
the bovine brain, and were visualized by autoradio-
graphy. Autoradiographic signals representing hybrids
of the probe were localized distinctly over the loci
occupied by cells containing y-aminobutyraldehyde
dehydrogenase. Cells containing mRNA of the y-ami-
nobutyraldehyde dehydrogenase were found in many
regions of bovine brain tissues and were mainly small-
and medium-sized neurons, similar to the results of
immunostaining (Fig. 6).

To ensure the specificity of y-aminobutyraldehyde
dehydrogenase transcript signal, slides were incubated
without oligonucleotide probes during in situ hybridi-
zation. No silver grain was observed in any of the
slides, indicating the specificity of y-aminobutyralde-
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hyde dehydrogenase transcript signals.
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