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Podocyte injury or podocyte loss in the renal glomer-
ulus has been proposed as the crucial mechanism in
the development of focal segmental glomerulosclero-
sis. However, it is poorly understood how podocytes
respond to injury. In this study, glomerular expres-
sion of connexin43 (Cx43) gap junction protein was
examined at both protein and transcript levels in an
experimental model of podocyte injury, puromycin
aminonucleoside (PAN) nephrosis. A striking in-
crease in the number of immunoreactive dots with
anti-Cx43 antibody was demonstrated along the glo-
merular capillary wall in the early to nephrotic stage
of PAN nephrosis. The conspicuous change was not
detected in the other areas including the mesangium
and Bowman’s capsule. Immunoelectron microscopy
showed that the immunogold particles for Cx43 along
the capillary wall were localized predominantly at the
cell-cell contact sites of podocytes. Consistently,
Western blotting and ribonuclease protection assay
revealed a distinct increase of Cx43 protein, phos-
phorylation, and transcript in glomeruli during PAN
nephrosis. The changes were detected by 6 hours
after PAN injection. These findings indicate that the
increase of Cx43 expression is one of the earliest
responses that have ever been reported in podocyte
injury. To show the presence of functional gap junc-
tional intercellular communication (GJIC) in podo-
cytes, GJIC was assessed in podocytes in the primary
culture by transfer of fluorescent dye, Lucifer yellow,
after a single-cell microinjection. Diffusion of the dye
into adjacent cells was observed frequently in the
cultured podocytes, but scarcely in cultured parietal
epithelial cells of Bowman’s capsule, which was com-
patible with their Cx43 staining. Thus, it is concluded
that Cx43-mediated GJIC is present between podo-
cytes, suggesting that podocytes may respond to in-
jury as an integrated epithelium on a glomerulus

rather than individually as a separate cell. (Am J
Pathol 2002, 161:1597–1606)

Visceral epithelial cells of renal glomeruli, referred to as
podocytes, are a highly specialized epithelium structur-
ally adapted to facilitate bulk flow of the glomerular filtrate
through the intercellular spaces or filtration slits. They are
situated on the glomerular basement membrane as the
terminal element in the ultrafiltration barrier. In adult rats,
these cells rarely undergo cell division even after subtotal
nephrectomy.1–3 Regardless of the nature of the initial
insult, once podocytes are injured and lost, they cannot
be replaced by new replicated cells. A considerable
number of clinical and experimental studies have pre-
sented evidence that podocyte injury is the starting point
to focal segmental glomerulosclerosis and eventual glo-
merular tuft destruction, which are common histological
findings in the progression of chronic renal diseases.4

Thus, podocytes are one of the critical components to
maintain the glomerular structure.

Understanding the behavior of podocytes in response
to injury is indispensable to elucidate the mechanism
leading to the glomerular diseases. Podocytes exhibit
common morphological changes in glomerular diseases
caused by direct intoxication, hemodynamic stress, in-
flammation, or immune complex deposition.5,6 Their fine
interdigitated foot processes are retracted and flattened.
The main intercellular junctions, slit diaphragms, are ex-
tensively dislocated and rearranged, whereas typical
tight junctions are frequently formed in lieu of the slit
diaphragms. The molecular bases underlying the mor-
phological alterations are coming to light by the discov-
ery of many novel proteins and the characterization of
their physical and functional interactions.7 However, it
remains entirely unknown how podocytes interact with
adjacent cells under pathological conditions, and which
molecules mediate their interactions.

Puromycin aminonucleoside (PAN) nephrosis is widely
used as a model of nephrotic syndrome progressing to
focal segmental glomerulosclerosis.8,9 Although the
pathogenesis of proteinuria is not clearly explained, it has
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been reported that oxygen radicals, which are produced
during the metabolism of PAN, cause podocyte injury,
resulting in nephrotic syndrome.10,11 In recent immuno-
fluorescence staining studies, we have discovered a
striking change of a gap junctional protein, connexin43,
in podocytes in PAN nephrosis. Gap junctions mediate
cell-to-cell communication in various tissues.12–15 They
contain channels that connect neighboring cells, allowing
the movement of molecules smaller than 1000 d such as
ions, nutrients, metabolites, and second messengers.
This type of intercellular communication permits coordi-
nated cellular activity and has been implicated in diverse
biological processes, such as development, cellular me-
tabolism, and cellular growth control. Gap junctions are
created across the intervening extracellular space by
docking of two hemichannels contributed by each adja-
cent cell. Each hemichannel is an oligomer of six con-
nexin (Cx) molecules. These proteins are encoded by a
multigene family and are named according to their pre-
dicted molecular weight. Nine connexins have been
known to be expressed in the kidney namely, Cx26,
Cx30.3, Cx31, Cx32, Cx37, Cx40, Cx43, Cx45, and
Cx46.15 However, knowledge about their localization in
the renal tissues is very limited, although some of them
have been shown immunohistochemically in tubules, glo-
meruli, in the juxtaglomerular apparatus, and in the vas-
culature.16–20 Among them, Cx43 is expressed most
abundantly by a variety of cell types.14,15

The crucial functions of gap junctions for tissue ho-
meostasis led us to hypothesize that Cx43 may play an
important role in the integration of podocyte function of
maintaining glomerular filtration and in coordinated re-
sponses of podocytes to injury. In the present study, we
examined the expression of glomerular Cx43 during de-
velopment of PAN nephrosis in an attempt to test our
hypothesis, and confirmed the presence of gap junc-
tional intercellular communication (GJIC) by using podo-
cytes in the primary culture.

Materials and Methods

Animals and Induction of PAN Nephrosis

Female WKY rats were purchased from Charles River
Japan (Ataugi, Japan) and used in these experiments at
the ages of 8 to 12 weeks. PAN nephrosis was induced
by a single intravenous injection of PAN (Sigma, St. Louis,
MO) at a dose of 5 mg/100 g of body weight in phos-
phate-buffered saline (PBS). Control animals received an
identical volume of PBS. The rats were housed in individ-
ual metabolic cages and their 24-hour urine specimens
were collected before injection and 2, 4, 6, and 10 days
after injection of PAN. Rats were sacrificed under ether
anesthesia 6 hours, and 2, 4, 6, and 10 days after PAN
injection, and kidneys were removed and processed for
immunohistochemical analysis, Western blotting, or ribo-
nuclease protection assay. Glomeruli isolated from four
or six kidneys at each time point were mixed and used as
one sample of glomerular protein or RNA.

Immunofluorescence Microscopy

The indirect immunofluorescence technique was applied
to frozen kidney sections and outgrowths from glomeruli
as described previously.21 In brief, the rat kidneys were
snap-frozen at �70°C, sectioned at a thickness of 3 �m
in a cryostat, fixed in 2% paraformaldehyde in PBS for 5
minutes, and processed for double-label immunostain-
ing. Outgrowths from explants cultured on eight-well
glass chamber slides were fixed in methanol for 5 min-
utes, or fixed in 2% paraformaldehyde in PBS for 5 min-
utes, permeabilized with 0.3% Triton X-100 in PBS for 3
minutes, and stained with antibodies. For double-label
immunofluorescence microscopy, rabbit anti-Cx43 anti-
body (Sigma) and murine monoclonal antibody against
ZO-1 (Zymed Laboratories, South San Francisco, CA)
were mixed and applied as primary antibodies simulta-
neously. After washing with PBS, the sections were
stained with fluorescein isothiocyanate-conjugated anti-
rabbit IgG, rewashed with PBS, and subsequently re-
acted with tetramethylrhodamine isothiocyanate-conju-
gated anti-mouse IgG. PBS, normal rabbit serum, or
murine IgG1 monoclonal antibody (against rotavirus),
shown not to react with rat glomeruli, were used as neg-
ative controls for the primary antibodies. Immunofluores-
cence of the sections and cultured cells were observed
with an Olympus microscope (BX50) equipped with epi-
illumination optics and appropriate filters, or with a laser-
scanning confocal microscope (MRC-1024; Bio-Rad
Laboratories, Hercules, CA).

Immunoelectron Microscopy

Immunoelectron microscopic observations of kidneys
from rats with PAN nephrosis and control rats were per-
formed as reported previously.9,22 In brief, 1-mm3 tissue
blocks from paraformaldehyde-lysine-periodate-perfused
kidneys were placed in the PLP fixative for 4 hours at 4°C,
hydrated, and then embedded in hydrophilic methacry-
late resin. The ultrathin sections collected on nickel grids
were stained with the immunogold technique.

Western Blotting

Glomeruli were isolated from renal cortices by a sieving
method. The isolated glomeruli and renal cortices were
homogenized in lysis buffer (8 mol/L urea, 1 mmol/L
dithiothreitol, 1 mmol/L ethylenediaminetetraacetic acid,
50 mmol/L Tris-HCl, pH 8.0) on ice. The homogenates
were centrifuged at 20,000 � g to remove insoluble de-
bris. The protein in samples was quantified by Lowry’s
method, as modified by Peterson,23 after precipitation by
trichloroacetate with sodium deoxycholate. Western blot-
ting was performed as described previously,24 except
that aliquots (20 �g proteins) of the supernatants were
separated by electrophoresis on a 15% sodium dodecyl
sulfate-polyacrylamide gel, and that detection of immu-
noactivity was performed with the enhanced chemilumi-
nescence plus Western blotting detection system (Amer-
sham Pharmacia Biotech). Densitometric analysis was
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performed with NIH image software (version 1.62), a
public domain image-processing and analysis program,
according to the instruction manual provided on-line by
the National Institutes of Health (Bethesda, MD).

For the treatment of the samples with alkaline phos-
phatase, glomeruli were isolated from nephrotic rats 9
days after PAN injection, and sonicated for 10 seconds
three times on ice in buffer containing 100 mmol/L Tris-
HCl, pH 8.0, 1 mmol/L phenylmethylsulfonyl fluoride, 10
�g/ml pepstatin A, and 10 �g/ml leupeptin. The soni-
cated samples were centrifuged for 5 minutes at 200 � g
at 4°C to remove debris. Supernatants were collected
and centrifuged for 30 minutes at 19,000 � g at 4°C.
Preliminary experiments showed that the major part of
Cx43 was present in the pellets. Aliquots of the pellet (70
�g total protein) were solubilized in 50 �l of the above
buffer containing 1% sodium dodecyl sulfate, incubated
with or without 30 U alkaline phosphatase (calf intestine
phosphatase; Boehringer Mannheim, Mannheim, Ger-
many) for 4 hours at 37°C, and then subjected to Western
blot analysis.

Ribonuclease Protection Assay

Ribonuclease protection assay was performed as de-
scribed previously.25,26 Isolated glomeruli were homog-
enized in TRIzol (Life Technologies, Inc., Grand Island,
NY) with a sonicator, and total cellular RNA was extracted
from these samples. Plasmids containing the cDNA cor-
responding to 498 to 1085 (588 bp) of rat Cx43 (X06656)
were amplified by polymerase chain reaction,27 inserted
in pGEM-T Easy vector (Promega, Madison, WI), cloned,
and sequenced by a DNA sequencer (ABI PRISM 310;
Applied Biosystems Japan, Tokyo, Japan). Detection and
analysis of bands were performed by phosphor-imaging
techniques using the Molecular Imager FX (Bio-Rad Lab-
oratories, Hercules, CA). The results of ribonuclease pro-
tection assay were represented as the ratio of Cx43 to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
a housekeeping gene.

Primary Culture of Podocytes and Parietal
Epithelial Cells of Bowman’s Capsule

Glomeruli were isolated from rat kidneys by the gentle
method as described previously.21 Decapsulated glo-
meruli or encapsulated glomeruli were selected under an
inverted tissue culture microscope with phase-contrast
optics, and were cultured on type I collagen-coated cul-
ture dishes in Dulbecco’s modified Eagle’s medium nu-
trient mixture F-12 HAM (Sigma), supplemented with
Insulin-transferrin-selenium liquid media supplement
(Sigma), 5% fetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 �g/ml). Cell outgrowths from decap-
sulated or encapsulated glomeruli were used as cultured
podocytes or parietal epithelial cells (PECs) of Bowman’s
capsule, respectively.

Measurement of GJIC

GJIC was assessed by transfer of the membrane-imper-
meant fluorescent dye, Lucifer yellow, after a single-cell
microinjection with an automated microinjection system
as described previously.28

Statistics

All data are expressed as means � SD, and are consid-
ered statistically significant for P � 0.05. For comparison
between control animals and PAN-treated animals, the
unpaired t-test or the Mann-Whitney U-test was used as
appropriate.

Results

Urinary Protein in PAN Nephrosis

Measurement of 24-hour urinary protein levels revealed
that a single intravenous injection of PAN induced mas-
sive proteinuria at day 6 (142.8 � 49.6 mg/day, n � 12)
and day 10 (223.9 � 86.2 mg/day, n � 19) after the
injection. No or a slight increase in urinary protein was
detected at day 2 (2.0 � 0.5 mg/day, n � 20) or day 4
(3.7 � 1.7 mg/day, n � 37) in comparison with control
rats (1.7 � 0.7 mg/day, n � 77).

Immunolocalization of Cx43 in the Rat
Glomerulus

Cx43 distribution in the glomerulus was examined by
double-label immunofluorescence microscopy using rab-
bit anti-Cx43 antibody in combination with murine mono-
clonal anti-ZO-1 antibody (Figure 1). Because the tight
junction protein ZO-1 is concentrated in the intercellular
junctions of podocytes under both physiological and
pathological conditions,29,30 ZO-1 staining was used to
locate the glomerular capillary wall. In the normal kidney,
immunofluorescent dots for Cx43 were observed mainly
in the extraglomerular mesangium and the neighboring
intraglomerular mesangium in accord with previous stud-
ies (Figure 1, a and a’).16,17,27 Sparse but significant dots
were also detected within glomeruli. Most of them were
located along the glomerular capillary wall. By day 2 of PAN
nephrosis, Cx43 dots along the capillary wall increased
strikingly in number (Figure 1, b and b’). The increase was
significant but not so distinct 1 day after PAN injection. At
day 4, numerous dots were crowded along the capillary
wall, which exceeded the extraglomerular mesangium in
the intensity of the fluorescent signal (Figure 1, c and c’). At
day 10, each fluorescent dot became bigger and brighter,
but the dots appeared to decrease in number in compari-
son with those at day 4 (Figure 1, d and d’). Such dramatic
changes were not observed in the mesangium. In addition,
PECs of Bowman’s capsule and proximal tubular cells
scarcely exhibited Cx43 immunofluorescence in the course
of PAN nephrosis.
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Figure 1. Double-labeled immunofluorescence photomicrographs of frozen sections of rat kidneys incubated with antibodies against Cx43 and ZO-1. Rabbit
anti-Cx43 antiserum was detected with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG; mouse monoclonal anti-ZO-1 antibody was detected with
tetramethylrhodamine isothiocyanate-conjugated goat anti-mouse IgG. a to d show only Cx43 staining, and a’ to d’ are merged images for Cx43 and ZO-1. a and
a’ show a glomerulus of a normal rat kidney. b and b’, c and c’, and d and d’ are glomeruli of PAN-treated rats at day 2, day 4, and day 10, respectively. In the
normal glomerulus, punctate Cx43 immunofluorescence is prominent in the extraglomerular mesangium (arrows), and is sparse along the glomerular capillary
wall, which is indicated by ZO-1 staining (a and a’). Note that signals for Cx43 increase dramatically along the glomerular capillary wall in the time course of PAN
nephrosis (b–d and b’–d’). Extraglomerular mesangium (arrows) does not show significant changes in Cx43 staining. PECs scarcely exhibit Cx43 immunoflu-
orescence (small arrows). Scale bars, 20 �m.
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The precise localization of Cx43 molecules in the glo-
merular capillary wall was examined by immunoelectron
microscopy. The glomerular capillary wall is comprised of
three layers: a fenestrated endothelium, an interposed
glomerular basement membrane, and the slit pore
formed at the intercellular junction of interdigitated foot
processes of podocytes. In the normal kidney, plasma
membranes of adjacent podocytes are widely spaced at
the slit pore, and are bridged by the slit diaphragm. On
occasion, this wide space appears completely obliter-
ated with focal regions of contact between apposing

plasma membranes in or near the plane of the slit dia-
phragm.31 Significant accumulation of immunogold par-
ticles for Cx43 was restricted to the focal regions of
contact (Figure 2, a and b). There were no significant
gold particles in the slit diaphragm. Cx43 labeling in
glomerular endothelial cells was very rare in comparison
with podocytes. Foot processes are retarded and flat-
tened in PAN nephrosis. In parallel, the extracellular
space at the level of the slit pore disappears and close
intercellular junctions including typical tight junctions are
newly formed in podocytes.32,33 Immunogold particles

Figure 2. Immunogold localization of Cx43 in the glomerular capillary wall. a and b: Vertical and tangential sections of the glomerular basement membrane
(asterisks) in the normal kidney, respectively. Cx43 immunogold particles (arrows) are localized at cell-cell contact sites of podocytes but not in slit diaphragms.
At days 2 (c), 4 (d), and 10 (e) of PAN nephrosis, accumulation of gold particles is frequently observed at close cell-cell contact sites of podocytes. No labeling
for Cx43 is seen in the intercellular junction of PECs (arrowhead in f). Scale bar, 0.5 �m.
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for Cx43 were frequently found in the close intercellular
junctions (Figure 2, c and d). Splendid decoration of such
junctions with the gold particles was occasionally ob-
served at day 10 of PAN nephrosis (Figure 2e). Signifi-
cant increase in Cx43 gold particles was not detected in
the intercellular junctions of endothelial cells or mesan-
gial cells; no gold labeling was found in those of PECs
(Figure 2f).

Cx43 Protein in PAN Nephrosis

Western blotting was performed to quantify Cx43 protein
in the glomerulus and to examine its electrophoretic mo-
bility, because Cx43 resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis has been reported to
migrate as a faster, nonphosphorylated form and slower,
phosphorylated isoforms.12,34,35 At least three bands
were seen in all samples on Western blotting. The band
with the highest electrophoretic mobility was dominant in
the normal glomerulus (Figure 3a, lane 1). Glomerular

Cx43 changed distinctly at day 10 of PAN nephrosis.
Signals of the fastest band decreased and those of the
slowest one were conspicuously enhanced (Figure 3a,
lane 2). Densitometric analysis revealed a 3.3-fold in-
crease of total Cx43 protein (884 � 201 in five samples of
nephrotic rats versus 270 � 55 in five samples of normal
rats, P � 0.05), and a 27.7-fold increase of the ratio of the
slowest band to the fastest one (6.64 � 2.65 in the
nephrotic samples versus 0.24 � 0.12 in the normal sam-
ples, P � 0.05). Cx43 in the cortex did not show signifi-
cant changes (Figure 3a, lanes 3 and 4). Alkaline phos-
phatase treatment increased the density of the fastest
band of the protein at the expense of the other slower
bands that were totally eliminated, indicating that the
slower bands are attributable to phosphorylated prod-
ucts of the fastest nonphosphorylated form (Figure 3b).
The shift of the dominant band from the fastest to the
slowest in glomerular Cx43 occurred steadily in the time
course of PAN nephrosis, and had already begun at day
2 (Figure 3c, lanes 1 to 5). We examined glomeruli iso-
lated at 6 hours after PAN injection, and found that the
signals of the slowest bands increased significantly (3.6-
fold) in comparison with the normal control (P � 0.05),
although those of the fastest did not show any significant
difference (Figure 3c, lanes 5 and 6).

Cx43 mRNA in PAN Nephrosis

An analysis of Cx43 transcripts in glomeruli during differ-
ent stages of PAN nephrosis is shown in Figure 4. Ribo-
nuclease protection assay detected a prompt increase of
Cx43 transcripts after PAN injection. Relative to the tran-
script level (the ratio of Cx43 to GAPDH) in normal glo-
meruli, which was defined as “1,” the transcript abun-
dance rose to 1.4 after 6 hours, 2.8 at day 1, 3.0 at day 2,
and 2.9 at day 4, and, thereafter, turned to decline to 2.4
at day 6 and 1.6 at day 10.

Figure 3. Immunoblot analysis of Cx43 in glomeruli and cortices separated
from untreated and PAN-treated rat kidneys. a: Representative immunoblot
comparing untreated control rats (lanes 1 and 3) and nephrotic ones at day
10 of PAN nephrosis (lanes 2 and 4). Cx43 in glomeruli (lanes 1 and 2) and
cortices (lanes 3 and 4) migrates as three bands. The fastest band is
dominant in the normal glomeruli, and the slowest is extremely enhanced in
the nephrotic rats. Cx43 in the cortices does not show significant change in
the nephrotic rats. b: Alkaline phosphatase treatment of protein samples
from the nephrotic glomeruli. The slower bands of Cx43 are prominent
before the treatment (lane 1) or after the incubation without phosphatase
(lane 2). Alkaline phosphatase treatment collapsed these bands into the
fastest one (lane 3). c: Immunoblot showing Cx43 changes in isolated
glomeruli from the control (lane 1), at days 2 (lane 2), 4 (lane 3), 6 (lane
4), and 10 (lane 5) of PAN nephrosis, and from the control (lane 6), and at
6 hours after PAN injection (lane 7). The increase of the slowest band is
detected from 6 hours after PAN injection. Twenty �g of total protein from
isolated glomeruli or cortices was separated by 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride
membranes, and blotted with anti-Cx43 antibody.

Figure 4. Expression of Cx43 mRNA in glomeruli in PAN nephrosis detected
by ribonuclease protection assay. Total RNA samples (5 �g each) were
obtained from isolated glomeruli during different stages of PAN nephrosis.
Lane 1, normal control; lane 2, 6 hours after PAN injection; lane 3, day 1;
lane 4, day 2; lane 5, day 4; lane 6, day 6; lane 7, day 10; lane 8, tRNA as
negative control. Increase of Cx43 mRNA is seen in the very early stages such
as 6 hours and 1 day after PAN injection. Abbreviation: GAPDH, glycealde-
hyde-3-phosphate dehydrogenase.
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GJIC in Cultured Podocytes
GJIC was assessed in podocytes in the primary culture.
Cells growing out from glomeruli devoid of Bowman’s
capsule were used as cultured podocytes (Figure 5a).
They share more characteristics with in vivo podocytes
under the pathological condition than ones under the
physiological condition, because they lose foot pro-
cesses and show intense staining for desmin.21,36,37

Cobblestone-like polygonal cells from encapsulated glo-
meruli are regarded as PECs because of their phenotypic
similarities to the in vivo counterpart.21,36,38 They were
used as a control in this experiment (Figure 5b).

Consistent with the in vivo findings, podocytes showed
a pattern of discrete punctate immunoreactivity for Cx43
at cell-cell interfaces (Figure 5c). In contrast, PECs were
not stained with the antibody except for occasional faint
but significant labeling at points of intercellular contact
(Figure 5d).

To examine the presence of GJIC, the transfer of Lu-
cifer yellow was studied. Microinjection of the fluorescent
dye into a single cell yielded apparent transfer of the dye
between podocytes (Figure 5, e and e’). There was a
significant difference in podocytes and PECs in the rates
of the dye transfer (P � 0.0001) (Figure 5, f and f’). The

Figure 5. GJIC of podocytes and PECs in culture. Cells growing out from decapsulated and encapsulated glomeruli were used as cultured podocytes (a, c, e, e’)
and PECs (b, d, f, f’), respectively. a and b: Phase-contrast micrographs showing the unique morphology of outgrowing podocytes (a) and PECs (b) after 5 days
of culture. c and d: Confocal immunofluorescence microscopy using anti-Cx43 antibody detecting punctate Cx43 staining at the cell-cell contact sites of podocytes
(c) and no or feeble staining at those of PECs (d). e, e’, f, f’: Lucifer yellow diffusion from a microinjected podocyte (arrows in e and e’) and PEC (arrows in
f and f’). After Lucifer yellow was pressure injected into a single cell, the dye diffusion into adjacent cells was monitored throughout a 3-minute time period. e
and f: Phase-contrast micrographs. e’ and f’: Lucifer yellow fluorescence. At least three cells adjacent to the microinjected podocytes are positive for the
fluorescence (e’), whereas no fluorescent cells are observed around the microinjected PECs (f’). Asterisks, remaining glomeruli. Scale bars, 100 �m.
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number of dye-transferred cells per microinjected cell
was 5.17 � 2.82 in podocytes (n � 12), and 0.27 � 0.64
in PECs (n � 11).

Discussion

In this study, the distribution and expression of Cx43 was
examined in the rat kidney in PAN nephrosis. Several
relevant observations resulted from this analysis. First,
Cx43 was observed at the cell-cell contact sites of podo-
cytes under the physiological and pathological condi-
tions. Second, Cx43 expression changed dramatically in
PAN nephrosis, which was specific to podocytes. Third,
the Cx43 changes in PAN nephrosis occurred in a short
time after PAN injection. Finally, GJIC was present be-
tween cultured podocytes that showed distinct anti-Cx43
labeling.

The localization of Cx43 in the kidney has been studied
the best in the rat among mammals.16,17,27,39,40 Abun-
dant punctate immunofluorescence for Cx43 is observed
in collecting ducts16,17,27 and renal arterial and arteriolar
vasculature including the extraglomerular mesangium.17

Only some immunofluorescent dots for Cx43 have been
reported within rat glomeruli.17,27,39 Podocytes lose the
typical intercellular junctions of epithelial cells such as
adherens junctions and desmosomes in the develop-
ment, which is compatible with their highly differentiated
phenotypes adapted to the glomerular filtration.41–43

Likewise, gap junctions have not been found in podo-
cytes under the normal condition, although the presence
of gap junctions has been suggested by the freeze-
fracture technique in nephrotic rats32,33 and in kidneys
perfused with the polycation protamine sulfate.44

Morphologically, intercellular junctions of podocytes
are divided into at least two types: slit diaphragms and
junctions with close contact.31 Immunoelectron micros-
copy in this study revealed that Cx43 was restricted in the
latter junctions. The former are major junctions in normal
podocytes, and their molecular composition and roles in
the glomerular filtration have been elucidated through the
studies of congenital nephrotic syndrome.7,45 In contrast,
the latter junctions remain obscure in their functions and
components. The close junctions are rarely encountered
in the normal glomerulus, but increase under nephrotic
conditions or in protamine sulfate-perfused kidneys
where slit diaphragms are dislocated or disap-
pear.32,33,44 ZO-1, a protein normally associated with
tight junctions, is only one component reported in the
junctions.30 The freeze-fracture studies have shown that
they consist of assembly of globular intramembranous
particles to form strands indicating tight junctions.32,33,44

Interestingly, all of the studies have revealed clusters of
tightly packed particles in close association with the tight
junctions, which are reminiscent of gap junctions. Based
on the immunohistological findings for Cx43, it is proper
to assume that the latter junctions contain Cx43-positive
gap junctions not only under the pathological conditions
but also under the physiological condition.

Cx43 in glomeruli increased strikingly at both the pro-
tein and mRNA levels in PAN nephrosis, which is consis-

tent with an important role for transcriptional regulation in
the synthesis of Cx43 gap junctions. The changes oc-
curred mainly in podocytes as shown by the immunolo-
calization study. We did not detect significant changes in
the mesangium or endothelial cells. PAN administration
also induces vacuolation and detachment from the base-
ment membrane in PECs, which is similar to the cytotox-
icity observed in podocytes,46 but PECs did not show any
Cx43 staining during PAN nephrosis. The up-regulation
of Cx43, therefore, is specific to podocytes. We have
examined the other experimental models including anti-
glomerular basement membrane-type and circulating im-
mune complex-type nephritis by immunostaining using
anti-Cx43 antibody. All of the models showed conspicu-
ous Cx43 staining along the glomerular capillary wall
(unpublished observation). Thus, it is likely that Cx43
up-regulation is one of common responses of podocytes
to injury, but not a specific response to PAN administra-
tion.

The behavior of podocytes under the pathological con-
dition has been investigated by using rats with PAN ne-
phrosis. In addition to the morphological changes of foot
processes and slit diaphragms, the up-regulation of var-
ious proteins in podocytes has been noted, eg, �-acti-
nin,47 heparin-binding epidermal growth factor-like
growth factor,48 desmin,37 and HSP27.49 Among them,
desmin staining has been used frequently as a marker of
podocyte injury because of its notable changes.50,51 In
comparison with desmin, the changes of Cx43 occurred
in the very early stage of PAN nephrosis. Significant
increase of fluorescent dots for Cx43 was detected by
day 2, whereas enhanced staining for desmin is recog-
nizable after day 7.37 Western blotting and ribonuclease
protection assay demonstrated that Cx43 changes at the
protein and mRNA levels occurred by 6 hours after PAN
injection. Moreover, it has been reported that Cx43 has a
half-time in the range of 1 to 3 hours, much faster than
average turnover times for integral membrane proteins.35

These findings indicate that Cx43 is one of the earliest
markers appearing in response to podocyte injury.

One of the notable findings in this study is the shift of
the dominant band of Cx43 from the fastest to the slowest
in the time course of PAN nephrosis as revealed by
Western blotting, indicating the remarkable enhancement
of Cx43 phosphorylation. In PAN nephrosis, foot pro-
cesses are retracted, tight junctions are formed, and
massive proteinuria appears. All of the structural
changes and the disruption of the glomerular filtration
barrier are closely correlated with tyrosine phosphoryla-
tion of proteins in podocytes.52–55 Cx43 phosphorylation
seems involved in the dynamic regulation of tyrosine
phosphorylation, although phosphorylation of Cx43 oc-
curs not only on tyrosine but also on serine residues.
Phosphorylation is an important mechanism regulating
gating properties of gap junction channels, but the ef-
fects have been reported in both a positive and negative
manner.35,56 It remains to be determined whether the
enhanced phosphorylation of Cx43 results in an increase
of GJIC in podocytes.

The presence of connexin molecules is not necessarily
indicative of GJIC, because GJIC is dependent on sev-
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eral factors including extracellular calcium and cell ad-
hesion molecules in addition to phosphorylation.35 To
evaluate the GJIC in podocytes, we examined the pri-
mary culture of podocytes outgrowing from decapsulated
glomeruli.21 The cultured podocytes retain in vivo differ-
entiated phenotypes such as intense staining for podo-
calyxin, synaptopodin, and WT-1. On the grounds of their
distinct desmin staining, disappearance of foot pro-
cesses and loss of reactivity with monoclonal antibody
5-1-6, their characters are very similar to those under the
pathological condition rather than under the normal con-
dition.21 The transfer assay using Lucifer yellow clearly
demonstrated frequent GJIC of podocytes in culture. The
result strongly suggests GJIC of podocytes in vivo espe-
cially under the pathological condition. In contrast,
polygonal cells from encapsulated glomeruli showed no
or scarce GJIC. The functional property denotes the dif-
ference of the polygonal cells from podocytes. Besides,
polygonal cells were scarcely labeled with anti-Cx43 an-
tibody. These findings corroborate the notion that they
originate from PECs, which remains controversial.57

GJIC has been demonstrated in vitro to have opposite
effects on cell injury. Exposure of cells to irradiation or
treatment with ganciclovir of herpes simplex virus thymi-
dine kinase-transduced cells induces injury or death in
not only the irradiated cells or the herpes simplex virus
thymidine kinase-transduced cells but also adjacent non-
irradiated cells or nontransduced cells.58,59 These adja-
cent normal cells falling victim have been termed “by-
stander cells.” Substantial evidence indicates that the
bystander effect is mediated chiefly by GJIC. Oppositely,
it has been shown that the bystander cells, particularly
those that are capable of GJIC, can protect herpes sim-
plex virus thymidine kinase-transduced cells from ganci-
clovir-induced cytotoxicity.59 These studies indicate that
GJIC mediates mutual cell injury or rescue by coupling
cells. Based on the same notion, podocytes are likely to
behave themselves interacting with each other via GJIC
under pathological conditions. They may respond to in-
jury as a whole epithelium on a glomerulus rather than an
individual cell. Whether the effect of GJIC ameliorates or
deteriorates PAN nephrosis is unanswered now. How-
ever, there are some reports that facilitation of GJIC
inhibits epithelial injury caused by free radicals, eg, alve-
olar epithelial injury in exposure to nitrogen dioxide and
ischemia-reperfusion injury of gastric mucosa.60,61 It is
fascinating to speculate that GJIC may contribute to de-
creased susceptibility to injury and increased podocyte
survival.
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