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ABSTRACT

AIM: To investigate the effects of gap junction inhibitors on endothelium-derived but nitric oxide (NO)- and
prostacyclin (PGI2)-independent vasodilatations induced by carbachol in the rat isolated renal artery.  METHODS:
Isolated renal arteries were mounted on a wire myograph apparatus were tissues treated with the nitric oxide
synthase inhibitor Nω-nitro-L-arginine methyl ester hydrochloride (NAME; 100 µmol/L) and indomethacin (10
µmol/L) and precontracted with phenylephrine  (0.1 µmol/L).  NAME and indomethacin treated Carbachol (0.01-10
µmol/L)- or sodium nitroprusside (SNP; 1-300 nmol/L)-induced mediated relaxations were observed in the pres-
ence of gap junction inhibitors.  RESULTS: Carbachol produced a concentration-dependent relaxation in tissues
treated with NAME (100 µmol/L) and indomethacin (10 µmol/L).  This relaxation was not affected by hemoglobin
(3 µmol/L), but was inhibited by charybdotoxin (200 nmol/L) and ouabain (30 µmol/L).  The putative gap junction
inhibitors, GAP 27 peptides with sequence homology to connexins 40 and 43 respectively reduced carbachol- but
not SNP-induced relaxations mediated by endothelium-derived hyperpolarizing factor (EDHF)-mediated relaxations.
The inhibition by the connexin 43 inhibitor was greater than that of the connexin 40 inhibitor.  CONCLUSION: The
results indicate the presence of gap junctions sensitive to 43GAP 27 and 40GAP 27 in the rat renal artery and each of
these different types of gap junctions plays a role in the NO- and PGI2-independent relaxations induced by carbachol
in this blood vessel. However, connexin 43 appears to play a more predominant role in mediating gap junction
communications in the rat renal artery.

INTRODUCTION

It is well recognized that the vascular tone is regu-
lated by the release of various endothelial factors such
as nitric oxide (NO), prostacyclin (PGI2), and an en-
dothelium-derived hyperpolarizing factor (EDHF)[1].  As
far as EDHF is concerned, its nature and role in the

regulation of vascular tone has been subjected to con-
siderable debate recently.  Nevertheless it is generally
believed that EDHF acts by hyperpolarizing vascular
smooth muscle cells to produce relaxation, and that the
identity and mechanism of action of EDHF may vary
between tissues and species[2,3].

A number of studies have suggested that gap junc-
tions are involved in EDHF-induced hyperpolarizations,
since putative gap junction inhibitors, such as GAP27
peptide block EDHF-mediated relaxations of some vas-
cular beds in different species[2,4].  Gap junctions per-
mit direct movement of electrical current and small
molecules (<1 kDa in size) between smooth muscle cells
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and are formed by the docking of connexins that con-
tain extracellular loops[5].  Connexins show overlapping
tissue-specific patterns of expression, although expres-
sion of connexins differs between vessels, species and
under different physiological conditions[6].   To date, at
least thirteen connexins have been identified[7], among
which connexins 40 and 43 were found in rodent vas-
culature[8,9].

Pharmacological tools used to disrupt gap junc-
tion formation include GAP 27 peptides, which possess
sequence homology to specific regions of connexin
proteins. The interactions between the extracellular loops
of connexins involve a dynamic docking-undocking
mechanism. The connexin mimetic peptide binds to the
essential components of the connexin docking sites and
thus interferes with the docking of two connexons[4].
Previous studies have shown that EDHF-mediated
relaxations are attenuated by the GAP27 peptide with
sequence homology to connexins 43 and 40 (denoted
43GAP27 and 40GAP27 respectively) in mesenteric and
ear arteries from the rabbit[10,11], the internal carotid
artery from the guinea pig[12], the coronary artery from
the porcine[13] and the retina from the rat and bovine[14].

Previously, we have identified a carbachol induced
and EDHF-mediated relaxation in the rat renal artery.
However, the role of gap junctions in this response has
not been elucidated.  Immunohistochemical and bio-
chemical studies demonstrated expression of multiple
connexins in the rat kidney, including 40 and 43[7,15].
Therefore in this study we investigated the effect of
specific gap junction inhibitors GAP 27 peptides
(connexins 40 and 43 peptides) on EDHF-mediated re-
laxations in the rat renal artery.

MATERIALS  AND  METHODS

Tissue preparation  Sprague-Dawley rats (250-
400 g) of either sex were asphyxiated with carbon di-
oxide inhalation followed by decapitation.  All proce-
dures involving animal studies conformed to the Aus-
tralian National Health and Medical Research Council
guidelines with protocols that had prior approval from
the RMIT University Animal Experimentation Ethics
Committee.

Kidneys with the renal pedicle attached were re-
moved and placed in a Petri dish containing physiologi-
cal salt solution (PSS) at room temperature.  The
branches of the renal artery were isolated under a dis-
secting microscope (Olympus SZ-30).  Care was taken

not to damage the endothelium.  The branches had an
average outer diameter of 300-400 µm and were cut
into 1 mm segments and set up in a wire myograph
(Model 410A, JP Trading I/S, Denmark) to measure
the mechanical activity.  Two stainless steel wires of
50 µmol/L diameter were placed in the lumen of the
segment.  Each wire was mounted on a holder.  One
holder was fixed to a tension transducer.  The other
holder was attached to a micrometer that adjusted the
distance between the two wires in order to control the
passive tension loaded on the tissue.

The preparation was immersed in a chamber con-
taining 6 mL of PSS and maintained at 37 ºC and gassed
with 5 % CO2 and 95 % O2.  The isometric tension of
the vessel was recorded with a MacLab data recording
system (MacLab/4, model MKIII, AD Instruments Pty
Ltd Australia).

The composition of the PSS was as follows (mmol/L):
NaCl 118, KCl 4.7, NaHCO3 25, MgSO4 0.45, KH2PO4

1.03, CaCl2 2.5, D-(+)-glucose 11.1, disodium
ethylenediaminetetraacetic acid (EDTA) 0.067 and ascor-
bic acid 0.14.

Experimental protocol  After an initial equilibra-
tion period of 10 min, the tissue was normalized to 90 %
of the inner circumference which corresponds to 100
mmHg blood pressure[16], using a software program
developed by GA McPherson[17].  This setting repre-
sents a resting tension of 2-3 milli Newtons (mN) for
the tissue.  The preparation was then equilibrated for a
further 45 min.

Tissues were treated with a nitric oxide synthase
(NOS) inhibitor Nω-nitro-L-arginine methyl ester hydro-
chloride (NAME; 100 µmol/L) and a cyclo-oxygenase
(COX) inhibitor indomethacin (10 µmol/L) for 20 min
and the effects of NO-PGI2-independent relaxations
were studied.  The relaxation to carbachol (0.01-10
µmol/L) and sodium nitroprusside (SNP; 1-300 nmol/L)
in tissue precontracted with phenylephrine (0.1 µmol/L)
were observed in the presence of the following agents
or solution control, that had been incubated for 20 min:
the NO scave nger hemoglobin (3 µmol/L), the Ca2+

activated and/or voltage-dependent K+ channel inhibitor
charybdotoxin (200 nmol/L), the Na+/K+ATPase inhibi-
tor ouabain (30 µmol/L) and the gap junction inhibitors,
GAP 27 peptides which posses sequence homology to
connexins 40 and 43 (300 µmol/L).

Drugs  The following drugs were purchased from
Sigma Chemical Co, St Louis, MO, USA: Nω-nitro-L-
arginine methyl ester hydrochloride (NAME),
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L-phenylephrine hydrochloride, carbamylcholine chlo-
ride (carbachol), sodium nitroprusside (SNP), G-stro-
phanthin (ouabain) and bovine haemoglobin.  Other drugs
used were indomethacin, purchased from Merck Sharp
& Dohme, Australia, charybdotoxin, 43GAP 27 peptide
(sequence H-SRPTEKTIFII-NH2) and 40GAP 27 pep-
tide (sequence H-SRPTEKNVFIV-NH2) purchased from
Auspep, Melbourne, Australia.

Stock concentrations of various drugs were dis-
solved in distilled water, except for the GAP 27 pep-
tides and charybdotoxin, which were dissolved in 100 %
dimethylsulphoxide (Me2SO); indomethacin was dis-
solved in 0.1 µmol/L Na2CO3.  In experiments with
hemoglobin, a small amount of Antifoam A (30 % aque-
ous emulsion of Antifoam A concentrate (Sigma Chemi-
cal Co, St Louis, MO, USA) was placed on the rim of
the myograph chamber to reduce the foam formed by
hemoglobin.  All effects of hemoglobin on agonist-in-
duced responses were compared to the antifoam ve-
hicle control.

Statistical analysis  The tension of the tissue was
measured in mN.  Relaxations were expressed as a per-
centage of phenylephrine-precontraction.  Data were
presented as mean±SD and statistically analysed with
two-way repeated measures analysis of variance (two-
way ANOVA) followed by Student-Newman-Keuls test
(SigmaStat, Jandel Scientific Software, Chicago, USA).
A value of P<0.05 was regarded as statistically
significant.

RESULTS

Effects of hemoglobin, ouabain, and charybdo-
toxin on carbachol- and SNP-induced relaxations
The mean tension of the renal artery constricted with
phenylephrine (0.1 µmol/L) in the presence of NAME
(100 µmol/L) and indomethacin (10 µmol/L) was 6.8±
0.5 mN, n=18.

The NO trapping agent, hemoglobin (3 µmol/L)
had no significant effect on the NO- and PGI2-indepen-
dent relaxations to carbachol (0.01-10 µmol/L) com-
pared with the solvent control (Fig 1A).  However, SNP
(1-300 nmol/L)-induced relaxations were significantly
reduced in the presence of hemoglobin 3 µmol/L com-
pared with the solvent control (Fig 1B) (P<0.05,  n=4).

The large conductance calcium activated, volt-
age-dependent K+ channel inhibitor charybdotoxin 200
nmol/L reduced NO- and PGI2-independent carbachol
(0.01-10 µmol/L)-induced relaxations (Fig 1C) (P<
0.05, n=5).  The Na+/K+ATPase inhibitor ouabain (30

µmol/L) also significantly reduced carbachol (0.01-10
µmol/L)-induced relaxations (Fig 1D) (P<0.05, n=5).

Effects of GAP27 peptides on carbachol- and
SNP-induced relaxation  The 43GAP27 peptide pro-
duced a transient increase in tone, resembling a peak
that would revert back to the base line upon completion
of incubation (Fig 2A) in approximately half of the total
preparations.  Whereas, the 40GAP27 peptide had a vari-
able effect on tone, with either a sustained small in-
crease in tone or no obvious change in tone in two out
of four preparations.

Both 43GAP 27 300 µmol/L and 40GAP 27 300
µmol/L significantly inhibited carbachol (0.01-10 µmol/
L)-induced NO/PGI2-independent relaxations (P<0.05,
n=4-5), as illustrated in a typical trace in Fig 2A, 2B
and shown in Fig 3A, 3B.  Furthermore, the inhibition
of carbachol-induced relaxations by 43GAP 27 300
µmol/L was significantly greater than that by 40GAP
27 300 µmol/L (Fig 3C) (P<0.05, n=4-5).  SNP (1-
300 nmol/L)-induced NO/PGI2-independent relaxations
in the presence of 43GAP 27 300 µmol/L were not sig-
nificantly altered compared with initial controls (P>
0.05, n=5, Fig 3D).

DISCUSSION

The primary aim of this study was to investigate
the effect of the gap junction inhibitor, GAP 27 peptide
on carbachol-induced NO- and PGI2-independent re-
laxations in the rat renal artery.  The major finding was
that intercellular gap junctions might be involved in
EDHF-mediated vasodilatations in the isolated renal ar-
tery from the rat.

Firstly, we confirmed that the carbachol- induced
relaxations in the rat renal artery were indeed endothe-
lium-dependent and involved two different components,
NO-dependent and NO- and PGI2-independent compo-
nent[18].  The NO- and PGI2-independent relaxation elic-
ited by carbachol in this study was sensitive to the K+

channel inhibitor charybdotoxin which was in accord
with other studies of the renal vasculature[18,19].  It is
now generally accepted that EDHF opens K+ channels
in the vascular smooth muscle, thereby causing mem-
brane hyperpolarization and relaxation[3].  In addition,
the Na+/K+ATPase inhibitor ouabain partially inhibits the
NO- and PGI2-independent relaxation elicited by carba-
chol in this study, which suggests EDHF responses may
by mediated through the activation of Na+/K+ATPase in
the smooth muscle membrane and is also in accord with
previous findings in the rat and rabbit renal artery[18,19].
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Furthermore, in the present study, the NO scavenger
hemoglobin reduced the NO- and PGI2-independent
SNP-induced relaxations without affecting carbachol-
induced relaxation.  Therefore the NO- and PGI2-inde-
pendent responses induced by carbachol observed in
the study were attributed to EDHF and not endothe-
lium-derived NO.

Recent studies suggested that gap junction com-
munication may play an important role in EDHF-medi-
ated responses, especially as vessel size decreases[20,21].
In particular, a number of studies using gap junction
inhibitors, ie GAP 27 peptide, found that vasodilator re-
sponses of the renal vasculature depended on the activ-
ity of gap junctions[22].  The exact mode of action of
GAP 27 peptide has not been determined but it is likely
to disrupt the formation and stability of the intercellular
pathways involving gap junctions[10].  The homologous
proteins, connexins, which form a gap junction have
been shown to be present with tissue specificity and
developmental stage specific expression[23].   To date,
at least 5 different connexins 32[24], 26[25], 37, 40[15],

and 43[26] have been identified in the rat kidney.  Connexin
40 and connexin 43 are each present in both smooth
muscle and vascular endothelial cells[8,27].  The two
forms of the connexin mimetic peptide used in this study
have sequence homologies to the second extracellular
loop of either connexin 40 or 43 (denoted 40GAP 27 and
43GAP 27, respectively)[28].

Both peptides partially inhibited the NO- and PGI2-
independent EDHF-mediated responses induced by
carbachol, indicating a role for gap junctions in this
relaxation.  The inhibitory action of 43GAP 27 was
greater than that of 40GAP 27, which is in agreement
with previous findings where connexin 43 has been de-
scribed as the dominant gap junction protein present in
endothelial cells[29].  However an in vivo study had dem-
onstrated that connexin 40 had a more important role
than connexin 43 in the rat renal vascular bed, since
40GAP 27 peptide but not 43GAP 27 abolished the NO/
PGI2-independent renal blood flow response to
acetylcho-line[4].  It is important to note that in the De
Vriese et al study, GAP 27 peptide effects were based

Fig 1.  Effect of haemoglobin (Hb; 3 µmol/L, A & B), charybdotoxin (ChTx; 0.2 µmol/L, C), and ouabain (30 µmol/L, D) on
carbachol (CCh; 0.01-10 µmol/L, A, C & D) and SNP (1-300 nmol/L, B)-induced relaxations in the rat renal arteries
precontracted with phenylephrine (0.1 µmol/L).  Tissues treated with NAME (100 µmol/L) and indomethacin (10 µmol/L).
n=4-5.  Mean±SD.  bP<0.05 vs control.
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on the renal blood flow response, which involved the
overall renal vascular bed.  However the present study
specifically examined vessels from the second branch
of the renal artery.  Hence vessel specificity may ac-
count for the discrepancies in responses to the two dif-
ferent GAP 27 peptides between the two studies.

Since GAP 27 did not completely abolish the
EDHF-mediated response it is possible that this peptide
may not have an affinity for other connexins present in
this vasculature.  The specificity of GAP 27 peptide has
been previously reported where a control peptide, GAP
20, which possesses homology with a sequence of the
intracellular loop of connexin 43 was inactive[10]. The
relaxations induced by SNP were not affected by 43GAP
27 suggesting that the effect of 43GAP 27 in this prepa-
ration may be specific for the endothelium and not at
the smooth muscle level.  This observation is also con-
sistent with previous findings where 43GAP 27 produced
an inhibitory effect on the NO- and PGI2-independent

relaxations induced by acetylcholine, ATP, and
cyclopiazonic acid (receptor independent) in rabbit con-
duit arteries without affecting relaxations to endogenous
or exogenous sources of NO[10].  However, intercellular
communication via gap junctions may occur between
endothelial cells or between endothelium and smooth
muscle cells or even between adjacent smooth muscle
cells.  Since no gap junction-blocking agent can dis-
criminate between inhibition of myoendothelial gap junc-
tions and inhibition of gap junctional coupling within
the endothelium or smooth muscle cell[4], in this study
we cannot be certain of the direction of gap junction
communication and therefore inhibition of gap junctions
at any of these locations might suppress relaxations,
depending on how the hyperpolarisation is spread.
Although, immunohistochemical evidence suggests that
connexins 43 and 40 are predominantly expressed in
the endothelium of muscular arteries[30].  However this
does not exclude the possibility that connexins other

Fig 2.  A typical trace illustrating the effect of 43GAP 27 peptide 300 µmol/L (A) and 40GAP 27 peptide 300 µmol/L (B) on
carbachol (CCh; 0.01-10 µmol/L)-induced relaxations in the rat renal artery precontracted with phenylephrine (PE; 0.1
µmol/L).  Tissues were treated with NAME 100 µmol/L and indomethacin 10 µmol/L.
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Fig 3.  Effect of 43GAP 27 peptide 300 µmol/L (A), 40GAP 27 peptide 300 µmol/L (B), and a comparison between both peptides (C)
on carbachol (CCh; 0.01-10 µmol/L)-induced relaxations and  the effect of 43GAP 27 peptide 300 µmol/L on SNP (0.01-10 µmol/
L)-induced relaxations in rat renal arteries precontracted with phenylephrine 0.1 µmol/L (D).  Tissues treated with NAME
(100 µmol/L) and indomethacin (10 µmol/L).  n=4-7.  Mean±SD.  bP<0.05 vs control.  eP<0.05 vs 40GAP 27.

than 40 and 43 may be present on smooth muscle cells
in the rat renal artery.  In vivo analyses of microvessels
from the brain and cremaster of the rat and arterioles
from the hamster cheek pouch indicate connexins 43
and 40 are more abundant on the endothelium than the
smooth muscle, suggesting greater coupling within the
endothelium[27].  However connexin 43 but not connexin
37 or 40 has been demonstrated in smooth muscle cells
of coronary arteries[6].  Hence, there is tissue specific-
ity of gap junction and connexin coupling.

In conclusion the present study demonstrates that
in the rat renal artery EDHF-induced vasodilatations do
involve gap junctions, which are sensitive to GAP 27
peptides predominantly affecting connexins 43.
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