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Vesicular inhibitory amino acid transporter (VIAAT) is a transmembrane transporter which is responsible
for the storage of gamma-aminobutyric acid (GABA) or glycine in synaptic vesicles. According to recent
studies, GABA is known to be expressed in the kidney. For clear understanding of the intra-renal GABA
signaling, the localization of VIAAT was examined in the present study. Intense immunoreactivity was
found largely confined to the distal tubule epithelia, especially distinct in the inner medulla, although the
immunoreactivity was discerned more or less in all tubules and glomeruli. No distinct immunoreactivity
was seen in capillary endothelia or interstitial fibroblasts. In immuno-DAB and immuno-gold electron
microscopy, the immunoreaction was found at the basal infoldings of plasma membranes and basal
portions of the lateral plasma membranes, but not in any vesicles or vacuoles within the distal tubular
cells. The significance of the enigmatic finding, localization of a vesicular molecule on selected portions
of the plasma membrane of distal tubular cells, was discussed in view of the possibility of paracrine or
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autocrine effects of GABA on some other uriniferous tubular cells or interstitial cells.

© 2018 Elsevier GmbH. All rights reserved.

1. Introduction

It is known that gamma-aminobutyric acid (GABA) may play a
pivotal role in the renal physiology of natriuresis and hyperten-
sion (Hayakawa et al., 2004; Yamakoshi et al., 2007). In support
of this physiological information, there have been biochemical
studies on the identification in the kidney of glutamic acid decar-
boxylase (GAD, GABA-synthesizing enzyme) and GABA-receptors
as well as GABA itself (Erdo et al., 1991; Parducz et al., 1992;
Monasterolo et al., 1996; Sarang et al., 2001, 2008; Takano et al.,
2014). Withregard to the localization of GABA-signaling molecules,
the immunoreactivity for GABA itself has been reported to occur
in the cytoplasm of the epithelial cells of the thin and the thick
ascending limbs of the loop of Henle, the connecting tubules, and
the collecting ducts, but not in glomeruli or vessels of rats (Parducz
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et al,, 1992). On the other hand, the immunoreactivity for GAD has
been shown to occur in proximal and distal tubular cells of mice (Liu
etal,, 1996) and glomeruli and intra-renal arterioles of the cortex in
rat kidneys (Takano et al., 2014). The immunoreactivity for GABA
receptor has been shown to occur mostly in proximal tubules, and
that for GABAg receptor in glomeruli and collecting tubules in the
cortex of rat kidneys (Takano et al., 2014), while the binding sites
for GABA receptor has been shown to occur in the outer medulla of
rats (Beaumont et al., 1984). Since there are some discrepancies in
their localization data, further studies remain to be elucidated with
a different marker for GABA signaling-related molecule(s) in order
to clarify confirmatively sites of synthesis and storage/release of
GABA.

In this regard, vesicular inhibitory amino acid transporter
(VIAAT) for GABA and glycine has been identified in rodent brain
and it localizes the amino acids to synaptic vesicles of central
inhibitory neurons (Sagné et al., 1997; Chaudhry et al., 1998). There
have recently been studies suggesting that the occurrence of VIAAT
is a good immunohistochemical marker of GABAergic signaling
in extra-brain tissue cells containing GABA and its synthesizing
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Fig. 1. Immunoblot of kidney and brain of mice for VIAAT. Distinct bands at a size
of 55 kDa are clearly recognized in both tissues.

enzyme termed GAD, such as the pancreatic islets and salivary
glands (Gammelsaeter et al., 2004).

Considering this information described above, the present study
was undertaken to localize VIAAT in the kidney of mice by immuno-
histochemistry at light and electron microscopic levels.

2. Materials and methods
2.1. Animals

Male ICR mice of postnatal 8 weeks were purchased from
National Laboratory Animal Center (NLAC), Bangkok, Thailand and
grown under standard laboratory conditions with free access to
food and water. All procedures were conducted in accordance with
Guidelines for the Care and Use of Laboratory Animals at Khon Kaen
University. This study was approved by the Animal Ethics Com-
mittee of Faculty of Medicine, Khon Kaen University, based on the
Ethics of Animal Experimentation of the National Research Council
of Thailand (Reference No. AEMDKKU 003/2017).

2.2. Western blotting analysis

Mice were sacrificed by deep anesthesia with pentobarbi-
tal sodium (100 mg/body weight) and subsequently the kidneys
were extirpated and immediately put into liquid nitrogen. The
frozen mouse kidneys were homogenized in a lysis buffer com-
posed of 20mM Tris-HCI (pH 8.5), 20mM KCI, 10mM EDTA
(pH 8.0), 250 mM sucrose, and the proteinase inhibitor cocktail
(Roche; Mannheim, Germany). After centrifugation at 3000 rpm,
supernatants were examined for the protein concentration using
NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific;
Wilmington, DE USA). The total proteins of 40 g from each lysate
were individually boiled for 10 min in 2X SDS sample buffer and
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Fig. 2. Immuno-DAB light micrograph of adult mouse kidney in a transverse sec-
tion (right) in association of a schematic drawing of various segments of nephron
in renal cortex and medulla (left). Note appearance of intensely immunopositive
tubular profiles in a high population density in the inner stripe of outer medulla,
in a lower population density in the outer stripe of outer medulla, and in a moder-
ate density in the cortex, and also note actually no immunopositive tubules in the
inner medulla. Intensely immunopositive (presently supposed and later confirmed
“distal” (D)) tubules are shown with dense brown-color (representing high immuno-
intensity), while faintly immunostained (presently supposed and later confirmed
“proximal” (P)) tubules are shown with light brown color in the drawing. In addi-
tion, corresponding portions in micrograph and drawing are indicated by thin solid
(brown & blue) lines. C: collecting tubule; G: glomerulus; H: Henle’s loop. Bar rep-
resents 200 pm. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

subjected to SDS/10% PAGE electrophoresis. They were then elec-
trophoretically transferred to a PVDF membrane (GE Healthcare;
Buckinghamshire, UK). After blocking the non-specific binding
sites in 5% skim milk (wt/vol)/TBS/0.3%tween-20, the membrane
was incubated for overnight at 4°C with the rabbit IgG against
VIAAT (0.1 pg/ml, a kind gift of Prof M Watanabe) in 5% skim
milk (wt/vol)/TBS/0.1%tween-20 and then treated with peroxidase-
conjugated anti-rabbit IgG (dilution 1: 2500) for 1h, at RT, and
the immunoreactive proteins were visualized using the ECL prime
western blotting substrate (GE Healthcare; Buckinghamshire, UK).

2.3. Immunohistochemistry

Mice, under pentobarbital sodium anesthesia, were perfused
through the heart with 10ml physiological saline, followed by
10 ml 4% paraformaldehyde/PBS. The kidneys were removed, then
postfixed with the same fixative for overnight. Specimens were
dipped into 30% sucrose/PBS for cryoprotection. Cryosections of
20 wm thickness were made on a cryostat and incubated with 0.3%
H,0,/methanol for 10 min to inhibit intrinsic peroxidase activity,
then 10% normal goat serum/PBS for 30 min to prevent non-specific
antibody binding. Sections were incubated at room temperature
overnight with the rabbit IgG against VIAAT (1 pg/ml) as used in
our previous study (Toomsan et al., 2015). The specificity of the
antibody was confirmed previously (Kudo et al., 2012). In addi-
tion, as a method for identification of the VIAAT-immunopositive
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Fig. 3. (a-d) Immuno-DAB light micrograph for VIAAT in the cortex (3a) and inner medulla (3b, 3c), and that of the specimen immunoabsorbed with the synthetic antigen,
showing no significant immunoreaction in any portions of section (3d). Note the occurrence of uriniferous tubules showing intense immunoreactivity (*) mixed with those
showing faint immunoreactivity, some of which were directly continuous to the Bowman capsule (B) enclosing immunonegative glomerulus (G) (3a). Also note a dominance
of intensely immunopositive tubules in the outer medulla composed of outer and inner stripes (0OS, IS) with a lack of the immunoreactivity in the inner medulla (IM) (3b). A
portion of the inner stripe enclosed by a rectangle in (3b) is shown in (3c). Note more dominant immunoreactivity for VIAAT in the basal portion of intensely immunopositive

epithelial cells (arrows in 3c). Bars represent 75 wm (3a), 200 wm (3b, 3d), 25 pm (3c).

tubules, rabbit IgG against Aquaporin 1 (AQP1) as a proximal tubule
marker (1 ug/ml, Merck, Darmstadt, Germany, Georgas et al., 2008)
and calbindin/spot35 as a collecting tubule marker (Georgas et al.,
2008, 1 ug/ml; for the immune-specificity, refer to Yamakuni et al.
(1984) and Yamamoto et al. (1991)) were used together with the
VIAAT antibody in the alternate immunostaining method using sev-
eral sets of two consecutive mirror sections. The sections were
incubated for 1 h at room temperature with biotinylated goat anti-
rabbit IgG (H +L) (Abcam; Cambridge, MA USA). For visualization of
the antigen-antibody reaction sites with diaminobenzidine (DAB)
reaction as the marker, the sections were then treated by ABC kit
(Vector Laboratories, Burlingame, CA USA).

Inimmuno-DAB electron microscopy, some of the sections were
postfixed with 0.5% 0sO4 in 0.1 M phosphate buffer and embedded
in Epon after en-bloc staining with 0.1% uranyl acetate. Ultra-

thin sections were observed under JEM1010 transmission electron
microscope (Jeol; Tokyo, Japan).

For pre-embedding immuno-gold electron microscopy,
cryostat-sections, after incubation with the antibody (5 pg/ml)
overnight, were reacted with goat anti-rabbit IgG covalently linked
with ultrasmall gold particles (1:100 in dilution; Aurion, Hatfield,
PA, USA). Following silver enhancement using an Aurion R-GENT
SE-LM silver enhancement kit (Aurion, Hatfield, PA, USA), the
sections were osmicated, dehydrated, and directly embedded in
Epon. Ultrathin sections were prepared and stained with both
uranyl acetate and lead citrate for observation.

In the antigen-absorption test for control of the immunohisto-
chemistry, the antibody was pre-absorbed with synthetic VIAAT
antigen (100 pg/ml) and sections were incubated with the absorp-
tion solution for 1 h at room temperature and subsequently treated
in the same procedure as the regular immunoreaction described
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Fig. 4. (a, b) Immuno-DAB light micrographs of two adjacent mirror sections immunostained for AQP1 as a proximal tubule marker (4a) and for VIAAT (4b). Note that
VIAAT-immunopositive tubules (V;-V7) are immunonegative for AQP1 (P;-P7). G: glomerulus. Bars represent 50 pm.

Fig. 5. (a-d) Immuno-DAB light micrographs of two adjacent mirror sections immunostained for calbindin/spot 35 as a collecting tubule marker (5a,c) and for VIAAT (5b,d).
Regions enclosed by rectangles in 5a and b are shown at higher magnification in 5c and d, respectively. Note that VIAAT-immunopositive tubules (V;-V7) are immunonegative
for calbindin/spot35 (C;-C7). By this way of elimination, intensely VIAAT-immunopositive tubules were identified as distal tubules. Bars represent 100 wm (5a, 5b), 50 wm

(5¢, 5d).

above. In addition, the omission of the primary antibody was done
for another control in immunohistochemistry.

3. Results

In Western blotting, a single distinct band for VIAAT was
detected in homogenates of the kidney of adult mice, while a
stronger band at the same size was also detected in homogenates
of the total brain of adult mice. The size was in accord with the
authentic molecular size for VIAAT in the brain as already reported
with the same antibodies as used in this study (Kudo et al., 2012),
(Fig. 1).

In immuno-light microscopy, although the immunoreactivity
for VIAAT was seen more or less positive in almost all thick urinif-
erous tubules in the cortex, it was much more intense in tubules
characterized by relatively smooth luminal contours. The glomeru-
lus was faintly immunoreactive or actually immunonegative. In the
outer medulla, intense immunoreactivity for VIAAT was seen in
thick tubules with relatively smooth luminal contours, while other

thicker and thinner tubules without significant immunoreactiv-
ity were interposed among the former intensely immunopositive
tubules. The intensely immunopositive tubules were dominant in
number, especially in the inner stripe of outer medulla. In con-
trast, no immunoreaction was actually discerned in any tubules
in the inner medulla. In the intensely immunoreactive tubules,
the immunoreactivity was dominantly localized in the basal and
infranuclear portions of the epithelial cells, while their nuclei were
free of theimmunoreaction. No distinctimmunoreactivity was seen
in capillary endothelia or interstitial fibroblasts throughout the kid-
ney (Figs. 2,3 a-c).

When several sets of two consecutive mirror sections of the kid-
ney were immunostained for VIAAT and AQP1 or calbindin/spot35,
VIAAT-immunopositive tubules were immunonegative for either
of the two proteins in both the outer medulla and the cortex
(Figs. 4 and 5).

In control experiments by both antigen-absorption test and
omission of the primary antibody, no significant immunoreaction
was detected in any portions of the specimens (Fig. 3d).
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Fig. 6. (a-c) Immuno-DAB electron micrographs of distal (6a) and proximal (6b) tubular epithelial cells, and a basal cell portion of distal tubular cell corresponding to that
enclosed by a rectangle in 6a (6C). Note the immunoreactivity along the plasma membranes in close association with mitochondria inserted in the basal infoldings (white
arrow heads) and lateral plasma membrane (asterisks). I: interstitial space, L: tubular lumen, M: mitochondria, mv: microvilli, N: nucleus. Bars represent 1 wm (6a, 6b), and

800 nm (6¢).

In immuno-DAB electron microscopy of the intensely
immunopositive tubules, electron-dense immunoreaction materi-
als were deposited in the infranuclear portions rich in mitochondria
of the epithelial cells characterized by well-developed basal infold-
ings, while no significant immunoreaction deposits were seen in
the apical/supranuclear portions of the cells (Fig. 6a). In contrast,
no significant immunoreactive materials was discerned in entire
portions of tubular epithelia equipped with abundant microvilli
in their luminal portions (Fig. 6b). At higher magnification, the
immunoreaction materials were associated with the basal infold-
ings in parallel to the long axis of elongated mitochondria, and also
with the lateral plasma membranes (Fig. 6a, c).

In immuno-gold electron microscopy, gold particles represent-
ing the immunoreaction were localized on the basal portions of
the lateral plasma membranes and the membranes of the basal
infoldings. No gold particles were seen in association with any
intracellular vesicles and vacuoles, or the basal and apical plasma
membranes and their subjacent cytoplasm (Fig. 7a,b ).

4. Discussion

Since a distinct band with the size corresponding to the authen-
tic brain VIAAT of mouse (Sagné et al., 1997) was detected in the
kidney as well as the brain in the present immunoblotting, and
because no significant immunoreaction was discerned in any por-
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Fig. 7. (a,b) Immuno-gold electron micrographs of distal tubular cell at lower (7a)
and higher (7b) magnifications. Note localization of gold particles for VIAAT on the
plasma membranes of basal infoldings (white arrow heads) and of basal portions
of lateral plasma membranes (asterisks). A: apical cytoplasm. I: interstitial space. L:
tubular lumen. M: mitochondria. Bars represent 1 m.

tions of the kidney in immunohistochemistry for controls by the
antigen-absorption test and omission of the primary antibody, it is
reasonable to interpret that the presentimmunohistochemical pos-
itivities in the kidney are due to the authentic VIAAT, although the
final confirmation has to be clarified by examination of the kidney
from gene-knockout mice for VIAAT.

Since all VIAAT-immunopositive tubules were revealed to be
immuno-negative for either AQP1, a proximal tubule marker, or
calbindin/spot35, a collecting tubule marker, in the analysis by the
alternate immunostaining with the two antibodies using several
sets of two consecutive mirror sections, it is highly possible to
conclude by this way of elimination that a majority, if not all, of
VIAAT-immunopositive tubules are the distal uriniferous tubules.
Needless to mention, further analyses by the double immunos-
taining on one and the same sections using an antibody for a
distal tubule-specific marker generated in animals other than rab-
bits remain to be done for further confirmation of this conclusion
because of the antibody for VIAAT generated in rabbits. However,
such non-rabbit-originated antibodies specific for the distal tubule
are not available at hand around us, unfortunately. The identifica-
tion of most, if not all, immunopositive tubules as the distal tubules
by this method of elimination is further supported by a feature
of well-developed basal infoldings in the VIAAT-immunopositive
cells. Therefore, the present finding strongly suggests that the intra-
renal GABA-signaling, whose occurrence has been reported by
others (Monasterolo et al., 1996; Hayakawa et al., 2004; Yamakoshi
et al.,, 2007), is intensively exerted in the epithelial cells of the
distal tubules, especially more distinctly in the outer medulla.
This finding is well compatible with that of GABA localization in

the kidney of rats reported by Parducz et al. (1992). The reason
why the GABA-signaling is rather dominantly exerted in the outer
medullary portions of the distal tubules remains to be further elu-
cidated.

On the other hand, the present ultrastructural localization of
VIAAT-immuno- reactivity on the plasma membrane of the basal
infoldings and of basal portions of the lateral plasma membranes
in the distal tubule cells is enigma. It is because VIAAT was orig-
inally identified as a protein in synaptic vesicle membranes in
the brain (Chaudhry et al., 1998). Its localization in the synap-
tic vesicles has already been confirmed in the brain by using the
same antibody as employed in the present study (Kudo et al.,
2012). Therefore, VIAAT-immunoreactivity had been expected to
be localized in some intracellular membranes including vesicles
and vacuoles of the uriniferous epithelial cells, but the result was
not the case. In a previous study of VIAAT-localization in the pan-
creatic islets as its first target in extra-brain tissue cells (Hayashi
et al,, 2003; Gammelsaeter et al., 2004), its immunoreactivity was
shown to be localized in the membrane of the endocrine granules
of islet a cells as expected from its localization in synaptic vesicles
in the brain. Some vesicular membrane proteins can incorporate
into the plasma membrane when the two membranes are fused
to each other at sites of exocytosis of the vesicles. Such a feature
has been represented by the occurrence of immunoreactivity for
choline transporter on the plasma membrane of presynaptic nerve
endings, although a majority of the immunoreactivity was shown
to occur on intracellular membranes of synaptic vesicles (Ferguson
etal, 2003). A more suggestive/supportive fact is the localization of
inositol triphosphate (IP3) receptor. Although IP3 receptor is gen-
erally considered to be localized in membranes of the intracellular
Ca?* reservoir, that is, endoplasmic reticulum, there have been data
showing that its subtype, especially IP; receptor 2 may be localized
in the plasma membrane (Vermassen et al., 2004; Dingsdale et al.,
2012). On the other hand, there have been studies showing that
several isoforms of a channel protein family are localized to intra-
cellular vesicles, and also can function in the plasma membranes
(Bezzerides et al., 2004; Oancea et al., 2006; Brauchi et al., 2008).

Considering these data so far published, several possible
interpretations for the present enigmatic VIAAT-localization in
ultrastructure are possible: the one is that the present VIAAT-
immunoreactivity solely located on the plasma membranes may
represent an extreme case of incorporation of VIAAT, which would
be originally localized in some vesicles, into the selected domains
of plasma membranes as the site of exocytosis under some yet
unknown conditions. Another is that a yet-identified plasma mem-
branous GABA transporter (GAT) cross-reacts with the present
VIAAT antibody. This is, however, less likely because any of the total
four already known GAT isoforms do not show any homology in the
molecular structure to VIAAT (Zhou and Danbolt, 2013). Regard-
ing the localization of known GAT, a previous study has shown
that GAT2 is localized in the basal membrane of tubular cells in
the cortex of rat kidney without clarification about whether proxi-
mal or distal tubules were involved (Takano et al., 2014). Although
no clear interpretation is possible for this enigmatic localization at
present, if the first possible interpretation is the case, GABA would
be released into the intrarenal interstitial space through the baso-
lateral plasma membranes, resulting in its paracrine or autocrine
effects on some cells comprising the nephron or even on interstitial
cells. These effects may be possible in mouse kidneys, considering
the occurrence of immunoreactivity for GABA, receptor in proxi-
mal tubules, and that for GABAg receptor in glomeruli and collecting
tubules in rat kidneys (Takano et al., 2014), and the binding sites
for GABA receptor in the outer medulla of rat kidneys (Beaumont
etal, 1984).

Admittedly, further studies are necessary to resolve such a
discrepancy in the localization of VIAAT between the plasma
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membranes in the uriniferous tubular epithelium and the intracel-
lular/vesicular membranes in neuronal and neuroendocrine cells.
Regardless of this issue, the present immune-light and electron
microscopic localization of VIAAT sheds more light than before on
our understanding of the GABA signaling system that might con-
tribute to modulation of the renal function including the urinary
electrolyte balance.
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