
PO Box 2345, Beijing 100023, China                                                                                                                                                                 World J Gastroenterol  2004;10(24):3608-3611
Fax: +86-10-85381893                                                                                                                                                                                                                                 World Journal of Gastroenterology
E-mail: wjg@wjgnet.com     www.wjgnet.com                                                                                                                                   Copyright © 2004 by The WJG Press ISSN 1007-9327

• BASIC RESEARCH •

Characteristic expression of γγγγγ-aminobutyric acid and glutamate

decarboxylase in rat jejunum and its relation to differentiation of

epithelial cells

Fang-Yu Wang, Masahito Watanabe, Ren-Min Zhu, Kentaro Maemura

Fang-Yu Wang, Ren-Min Zhu, Department of Gastroenterology,
Nanjing General Hospital of Nanjing Military Command, Nanjing
210002, Jiangsu Province, China
Masahito Watanabe, Kentaro Maemura, Department of Anatomy,
Osaka Medical College, Osaka 659-8686, Japan
Supported by Japan-China Sasagawa Medical Fellowship (1999-
2000) and Osaka Medical Research Foundation for Incurable diseases
(High-Tech Research Program of Osaka Medical College)
Correspondence to: Fang-Yu Wang, Department of Gastroenterology,
Nanjing General Hospital of Nanjing Military Command, Nanjing
210002, Jiangsu Province, China.  wangf65@yahoo.com
Telephone: +86-25-80860020    Fax: +86-25-80860119
Received: 2004-03-31    Accepted: 2004-05-13

Abstract

AIM: To investigate the expression between γ-aminobutyric
acid (GABA) and glutamate decarboxylase and its relation
with differentiation and maturation of jejunal epithelial cells
in rat jejunum.

METHODS: Immunohistochemical expression of GABA and
glutamate decarboxylase (GAD, including two isoforms,
GAD65 and GAD67) was investigated in rat jejunum.
Meanwhile, double staining was performed with GAD65
immunohistochemistry, followed by lectin histochemistry
of fluorescent wheat germ agglutinin. Furthermore,
evaluation of cell kinetics in jejunum was conducted by 3H-
thymidine autoradiography and immunohistochemistry
using a monoclonal antibody to proliferating cell nuclear
antigen (PCNA).

RESULTS: The cells showing positive immunoreactivity
GABA and GAD65 were mainly distributed in the villi in rat
jejunum, while jejunal epithelial cells were negative for
GAD67. Positive GABA or GAD65 staining was mainly located
in the cytoplasm and along the brush border of epithelial
cells in the middle and upper portions. In addition, a few
GABA and GAD65 strongly positive cells were scattered in
the upper two thirds of jejunal villi. Double staining showed
that GAD65 immunoreactivity was not found in goblet cells.
3H-thymidine-labeled nuclei were found in the lower and
middle portions of jejunal crypts, which was consistent
with PCNA staining. Therefore, GABA and GAD65 were
expressed in a maturation or functional zone.

CONCLUSION: The characteristic expression of GABA and
GAD suggests that GABA might be involved in regulation of
differentiation and maturation of epithelial cells in rat
jejunum.
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INTRODUCTION
γ-aminobutyric acid (GABA), originally identified as the principal
inhibitory neurotransmitter in the mammalian brain, has been
demonstrated to be biologically active in different tissues
throughout the body[1-3]. In developing embryoes, GABA was
verified to play an important role in the morphogenesis and
maturation of many tissues outside the nervous system[4,5]. Our
previous study indicated that GABA and glutamate
decarboxylase (GAD, including two isoforms, GAD65 and
GAD67) were expressed in chondrocytes on the epiphyseal
growth plate of rats, and mainly localized in the maturation
zone, rather than the reserve zone or proliferating zone[6].
This suggests that GABA might play certain functional roles
in the differentiation of chondrocytes during growth of the
skeleton.
       Recently, GABA and GAD have been proved to be increased
in colorectal carcinoma tissues by both biochemical and
immunohistochemical methods[7,8]. However, the distribution
patterns of GABA and GAD in growth zones of the intestinal
epithelium have not been clarified. Therefore, the present study
was designed to detect the expression of GABA and GAD in
the growth zones of rat jejunum, with an attempt to elucidate
the relationship between GABA expression and differentiation
and maturation of intestinal epithelial cells.

MATERIALS AND METHODS

Reagents
Rabbit anti-GAD65 polyclonal antibody was purchased from
Sigma (Sigma Co. St. Louis, MO, USA). Rabbit anti-GABA and
anti-GAD67 polyclonal antibodies were acquired from Chemicon
International Inc.(Temecula, CA, USA). Mouse anti-PCNA
monoclonal antibody was obtained from Medical and Biological
Laboratories Co. (Nagoya, Japan). Alexa FluoTM 488 goat
anti-rabbit IgG (H+L) and Alexa FluorR 594 wheat germ
agglutinin (WGA) conjugates were acquired from Molecular
Probes (Eugene, OR, USA). Biotin-conjugated anti-mouse
immunoglobulin polyclonal antibody was purchased from
Pharmingen International (San Diego, CA, USA). 3H-thymidine
was obtained from PerkinElmer Life Science Inc. ([6-3H] –
thymidine, specific activity: 528 GBq/mmol, Boston, MA, USA).

Animals and tissue preparation
Male Wistar rats (4-6 wk, Nihon Clea, Osaka, Japan), weighing
80-100 g, were caged under controlled conditions of light (lights
on 06:00-18:00 h) and temperature (23 ). The rats were given
food and water ad libitum. The Ethics Review Committee for
Animal Experimentation of Osaka Medical College approved
the experimental protocol.
    The animals (n = 5) were deeply anesthetized with
pentobarbital (50 mg/kg body weight), and then fixed by
transcardial perfusion with 40 g/L paraformaldehyde in Ringer’s
solution. After whole body fixation, segments of jejunum (2 cm
from Treitz’s ligament) were excised and immersed in cold 40 g/L
paraformaldehyde in phosphate buffered saline (PBS, pH 7.2)



at 4  overnight. For light microscopy study, tissues were
soaked overnight in 300 g/L sucrose in PBS, and longitudinal
cryostat 5 µm thick sections were cut on a freezing microtome
(Leica CM 3050, Nusloch, Germany).

Immunohistochemistry for GABA, GAD65 and GAD67
Immunohistochemical study was performed with polyclonal
antibodies against GABA, GAD65, and GAD67. The final dilution
for these antibodies was 1:800, 1:1 000, and 1:1 000, respectively.
With all antibodies, a two-step indirect immunohistochemical
method was used. Cryostat sections were fixed with ice-cold
acetone, incubated with 100 mL/L normal goat serum at room
temperature for 60 min, and then incubated with primary
antibodies overnight at 4 . Incubation with primary antisera
was followed by Alexa FluoTM488-labeled goat anti-rabbit
immunoglobulins. The secondary antibodies were diluted to
1:250 in PBS prior to use, incubated for 60 min at room
temperature in darkness, and washed three times with 0.01 mol/L
PBS. Sections were finally mounted with MO2 Crystal/Mount
(Cosmo Bio, Tokyo, Japan) and preserved at 4  in a dark
refrigerator. Primary antibodies were replaced by PBS for the
negative controls. None of the controls revealed any specific
signal.

Double staining and lectin histochemistry
Sections were first applied to immunohistochemical staining
for GAD65 as aforementioned. After reaction with the second
antibody and a brief wash in PBS, sections were further
incubated with Alexa FluorR 594 WGA at room temperature for
60 min in darkness, and washed with in 0.01 mol/L PBS three
times and mounted with MO2 Crystal/Mount.

3H-thymidine auotoradiography
Rats (n = 2) were injected intraperitoneally at 10:00 a.m with
100 µCi (3.7 MBq) 3H-thymidine. After 90 min, the rats were
anesthetized and fixed by intracardial perfusion with 25 g/L
glutaraldehyde. Samples of jejunum were taken as aforementioned,
and 5 µm thick paraffin sections were prepared regularly.
Autoradiography[9] was performed as follows: Tissue sections
were deparaffinized and dipped into NR-M2 emulsion (Konica
Co. Tokyo, Japan) that was diluted with an equal volume of
distilled water containing 10 g/L glycerin. After 10 d of exposure
in a dark refrigerator, the sections were developed at 20  for
8 min in Kodak D-19 diluted with an equal volume of distilled
water, terminated in 10 g/L acetic acid for 1 min, and fixed in
300 g/L sodium thiosulphate solution at 20  for 8 min. Finally,
the sections were lightly counterstained with hematoxylin.

PCNA immunostaining
After three washes with PBS, endogenous peroxides were
blocked in 10 g/L hydrogen peroxide in methanol for 30 min at
room temperature. For antigen retrieval, the sections were treated
with 1 g/L pepsin in 0.01 mol/L HCl. Non-specific binding sites
were blocked with 40 g/L bovine serum albumin. Subsequently,
anti-PCNA was diluted to 1:100 and reacted with tissue
specimens at 4  overnight. The sections were then washed
three times with PBS, and incubated with biotinylated
secondary antibody at room temperature for 60 min. Finally,
immunohistochemical staining was performed using the avidin-
biotin-peroxidase complex (Vectastain ABC kit, Burlingame, CA,
USA). Diaminobenzidine was used as a chromogen, and the
sections were counterstained with hematoxylin.

Microscopic observation
For the convenience of description, the crypts of jejunum were
divided into the lower, middle and upper portions, while the
villi as the basal, middle and top portions. PCNA immunostaining

was observed with a Nikon light microscope equipped with a
digital camera (PDMC Ie, Polaroid Co., MA, USA). Fluorescence
observation was performed using a confocal laser scanning
microscopy (Radiance 2000, Bio-Rad Laboratories, CA, USA)
equipped with an argon laser. The laser scanning differential
interference contrast (DIC) and confocal mode with an argon
laser at 488 nm and/or 590 nm were used. 3H-thymidine autographs
were observed with a confocal laser microscope (Carl Zeiss
LS10, Germany)[9]. 3H-thymidine labeling index or PCNA labeling
index was calculated as the percentage of positive cells of the
total cells by counting 10 different crypts[10].

Statistical analysis
Welch’s t test was used for the comparison of PCNA labeling
index and 3H -thymidine labeling index.

RESULTS
3H-thymidine autoradiography
Radioactivity was located at the nuclei of cells at the lower and
middle portions of the jejunal crypts, while the upper crypts
and the whole villi were negative (Figure 1). The 3H -thymidine
labeling index was 30±6%.

Figure 1  Autoradiograph of rat jejunum at 90 min after intra-
peritoneal injection of 3H-thymidine, observed by a confocal
laser scanning microscope. A confocal image of reflectance from
silver grains (red in color) was overlaid with the differential
interference image (green in color). ×200.

PCNA immunostaining in rat jejunum
Strong PCNA staining was detected in the lower portion of the
jejunal crypts, while epithelial cells in the villi were almost
negative (Figure 2). PCNA labeling index was 57±8%, which
was significantly higher than 3H -thymidine labeling index
(P<0.01, Welch’s t test).

Figure 2  PCNA immunostaining in rat jejunum. ×100.

Expression of GABA in rat jejunum
GABA immunoreactive cells were distributed in the whole villi
of rat jejunum. Strongly positive staining was mainly located in
the cytoplasm and along the brush border of epithelial cells in
the middle and upper portions (Figure 3).
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Figure 3  Confocal laser microscopic image of GABA immunore-
activity in rat jejunum. Note the strongly positive staining cells
distributed in the middle and upper portions of the villi. ×1 000.

Expression of GAD in rat jejunum
GAD65 immunopositive cells were distributed in the middle
and upper portions of jejunal villi. Strongly positive staining of
GAD65 was mainly localized along the brush border of enterocytes
(Figure 4). In addition, a few strongly positive cells had no
brush border, which were scattered in the middle or upper portion
of jejunal villi. GAD67 was negative in jejunal epithelial cells.
       The distribution of GABA and GAD65 immunopositive
cells, in comparison with PCNA, is shown in Table 1. GABA
and GAD65 were mainly localized in the place where PCNA
was negative or weak positive. That is to say, GABA and GAD65
were distributed in the maturation zone and functional zone,
rather than in the proliferating zone or stem cells of the jejunal
epithelium.

Table 1  Immunoreactivity of GABA, GAD65 and PCNA in
epithelium of rat jejunum

Crypt                            Villus

          Lower   Middle  Upper          Basal   Middle   Top

PCNA   ++    +++      ± ± ± -
GABA   ±     -          + + ++ ++

GAD65   ±     -       - ± ++ ++

- negative, ± faint positive, + mild positive, ++ moderate
positive,  +++ strong positive.

Double staining of immunoreactive GAD65 and lectin histochemistry
Goblet cells were demonstrated by fluorescent WGA staining,
while mature absorptive cells were characterized by a well-
developed brush border that was positively stained for GAD65
in the jejunum. The GAD65 strongly positive cells in jejunal
villi were negative for WGA (Figure 4). Pre-epithelial mucous
layer was also stained by fluorescent WGA.

Figure 4  Double staining of immunofluorescent GAD65  (green
in color) and fluorescent WGA (red in color) in rat jejunum.
Arrow points to the GAD65 strongly positive cells showing
WGA negative staining. Arrowhead indicates the strong line-
like staining of GAD65 along the brush border, and the outer
mucus layer stained by WGA. ×630.

DISCUSSION
The replacement and cell kinetics in murine intestines have
been established for decades. The proliferation sites are existed
in the lower or middle portion of the small intestinal crypt and
in the lower half crypt of the large intestine in rats[11,12]. Bartkova
et al.[13] suggested that intestinal epithelium could be divided into
four compartments, namely, stem cells at the base, proliferating
zone, maturation zone, and functional zone near the luminal surface.
       Cell kinetics has been examined traditionally by 3H-thymidine
as a marker for S phase cells. PCNA is an evolutionarily highly
conserved acidic nuclear protein, which can function as an
auxiliary protein for DNA polymerase δ[14]. It has been proved
that PCNA expression is maximal during S phase of the cell cycle,
and PCNA mRNA normally accumulates only in proliferating
cells[15]. Consequently, PCNA has been found to be a useful
marker in immunohistochemical analysis of cell kinetics[16].
      In this study, the growth zones of jejunum were demonstrated
by PCNA immunohistochemistry and 3H -thymidine
auotoradiography. The proliferating zone was consisted of the
lower and middle portions of the crypt in the jejunum. Our results
also indicated that 3H-thymidine auotoradiography was more specific
for marking S-phase cells than PCNA immunohistochemistry, as
PCNA labeling index was significantly higher than 3H -thymidine
labeling index. Meanwhile, GABA and GAD65 immunoreactive
cells were distributed in jejunal villi. In other words, GABA and
GAD were found in maturation and function zones other than
in proliferating zone in rat jejunum.
       The characteristic distribution patterns of GABA and GAD
in the intestinal epithelium remain unknown. Gilon et al.[4] first
reported their research about the possible role of GABA and
cell differentiation. Their results documented the appearance
of GABA in the developing pancreas and duodenum just prior
to the termination of rapid growth and maturation of these
tissues. These results are similar to the earlier findings in the
developing brain[17]. Our previous study also demonstrated
that GABA and GAD were mainly localized in the hypertrophic
zones rather than in the proliferating zone in rat epiphyseal
growth plate chondrocytes[6]. Recently, Kaita et al.[18] reported
that ciprofloxacin significantly increased the hepatic regenerative
activity in animal models of alcohol-induced liver diseases.
The results of PCNA staining showed an enhanced hepatic
regeneration in the ciprofloxacin-treated group at 60 h (saline,
13.4 ±3.7%; ciprofloxacin, 47.4 ±7.3%; and putrescine, 8.4 ±2.8%
positively stained hepatocytes). Our results also showed that
the intensity of immunoreactive GABA and GAD65 on well-
differentiated cells was stronger than that on proliferating cells.
Based on these results, we presume that GABA should be
involved in the regulation of differentiation and maturation of
epithelial cells. On the other hand, the characteristic distribution
of GABA and GAD65 also indicates that GABA might have
some inhibitory effects on epithelial proliferation in rat jejunum.
      The intestine has been recognized as a “diffuse endocrine”
system, where a variety of endocrine cells produce different
peptide hormones. A number of studies have demonstrated that
GABA exists in endocrine cells in the gastrointestinal tract[19-21].
This study showed that there were some strong GABA and
GAD65 immunoreactive cells in jejunal villi. It is well known
that stem cells in intestinal epithelium give rise to four different
kinds of cells: enterocytes (absorptive cells), goblet cells,
enteroendocrine cells, and Paneth cells. Mature enterocytes are
characterized by the presence of a brush border at their apical
surface, while Paneth cells are localized in the lower crypts[22].
Goblet cells in rat jejunum were clearly demonstrated by lectin
histochemistry, because of the specific binding of WGA to sugar
residues in mucin within the cells[23]. Double staining showed
that GAD65 strongly positive cells were neither goblet cells nor
mature absorptive cells. We believe that these cells are
enteroendocrine cells that can synthesize GABA from glutamic
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acid. Therefore, it seems reasonable to assume that GABA might
be related to the endocrine function of the small intestine.
       GABA is known to be synthesized principally from glutamic
acid via single enzymatic catalysis of GAD. Two isoforms of
mammalian GAD with a predicted molecular weight of 65 300
(GAD65) and 66 600 (GAD67) are highly conserved, but derived
from separated genes[24]. The phylogenetic tree study indicated
that the multiplicity of mammalian GAD in central nervous system
might have developed some 500 million years before, when the
widespread of gene duplications occurred in vertebrates[25].
Though these isoforms could catalyze the same biochemical
reaction, they have been proved to have a different distribution
and may have different functions in peripheral as well as the
nervous system[26]. Our result showed that GAD65 was positive,
while GAD67 was negative in rat jejunum. This difference further
supported the multiplicity of GAD in mammal non-neural tissues[27].
     It should be noted that the distribution of GABA in rat
jejunum was not exactly parallel to that of GAD65. In the basal
third of jejunal villi, GABA was found to be moderately positive,
while GAD65 was weakly positive. GABA in these cells might not
be synthesized from glutamic acid via GAD. That is to say, GABA
in some intestinal epithelial cells might have other synthetic routes.
Putrescine route is a well-known alternative pathway of GABA
synthesis in gastrointestinal tract[28]. Apart from GABA formation,
putrescine can be utilized for the biosynthesis of polyamines,
such as spermidine and spermine,which have been proved to be
involved in the control of cell proliferation[29,30]. Further research is
necessary to elucidate the metabolic routes and functional roles
of GABA-polyamine system in epithelial cells of the intestine.
       In conclusion, GABA and GAD65 are mainly expressed in
the maturation or functional zone in jejunal epithelium of rats. This
characteristic expression suggests that GABA may be involved in
the regulation of differentiation and maturation of epithelial cells.
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