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Effects of GABA on noradrenaline release and vasoconstriction
induced by renal nerve stimulation in isolated perfused rat kidney
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1 We examined effects of y-aminobutyric acid (GABA) on vasoconstriction and noradrenaline (NA)
release induced by electrical renal nerve stimulation (RNS) in the isolated pump-perfused rat kidney.
2 RNS (1 and 2 Hz for 2.5 min each, 0.5-ms duration, supramaximal voltage) increased renal
perfusion pressure (PP) and renal NA efflux. GABA (3, 10 and 100 uM) attenuated the RNS-
induced increases in PP by 10-40% (P<0.01) and NA efflux by 10—30% (P<0.01). GABA did not
affect exogenous NA (40 and 60 nM)-induced increases in PP.

3 The selective GABAjg agonist baclofen (3, 10 and 100 uM) also attenuated the RNS-induced
increases in PP and NA efflux, whereas the RNS-induced responses were relatively resistant to the
selective GABA, agonist muscimol (3, 10 and 100 um).

4 The selective GABAjg antagonist 2-hydroxysaclofen (50 uM), but not the selective GABA,
antagonist bicuculline (50 uM), abolished the inhibitory effects of GABA (10 uM) on the RNS-
induced responses.

5 The selective oy-adrenoceptor antagonist rauwolscine (10 nM) enhanced the RNS-induced
responses. GABA (3, 10 and 100 uM) potently attenuated the RNS-induced increases in PP by
40-60% (P<0.01) and NA efflux by 20—50% (P<0.01) in the presence of rauwolscine.

6 Prazosin (10 and 30 nM) suppressed the RNS-induced increases in PP by about 70—80%. Neither
rauwolscine (10 nM) nor GABA (10 uM) suppressed the residual prazosin-resistant PP response.

7 These results suggest that GABA suppresses sympathetic neurotransmitter release via presynaptic
GABAj; receptors, and thereby attenuates adrenergically induced vasoconstriction in the rat kidney.

Keywords: y-aminobutyric acid (GABA); noradrenaline release; GABAg receptor; sympathetic nerves; rat kidney

Abbreviations: PP, perfusion pressure; RNS, renal nerve stimulation

Introduction

y-Aminobutyric acid (GABA), one of the major inhibitory
neurotransmitters in the central nervous system, has been
found in several peripheral tissue (Erdo, 1985). GABA
depolarizes myenteric neurons that contain acetylcholine
(Cherubini & North, 1984), and increases spontaneous release
and inhibits electrical stimulation-evoked release of acetylcho-
line from these neurons (Taniyama et al., 1983). GABA also
suppresses the stimulation-evoked [*H]-noradrenaline (NA)
release from the isolated rat atria (Bowry & Hudson, 1979) and
goat cerebral artery (Miranda et al., 1989) without affecting
basal release. These findings indicate that GABA can modulate
peripheral neurotransmission.

The kidney has also been suggested as having a GABA
system. It has been demonstrated that the kidney contains
significant levels of GABA (Goodyear et al., 1980; 1982) and
glutamate decarboxylase that synthesizes GABA from L-
glutamic acid (Wu et al., 1978; Erdo, 1985; Erdo & Wollff,
1990). Specific binding sites for GABA have also been
confirmed in the kidney (Amenta er al., 1988; Erdd, 1990).
Moreover, it has been reported that 4-aminobutyrate
aminotransferase that metabolizes GABA exists in tubular
cell fractions prepared from the kidney (Goodyer et al., 1980),
and that a high-affinity GABA uptake system exists in isolated
brush border vesicles isolated from the rat kidney (Goodyer et
al., 1985).

*Author for correspondence; E-mail: hhisa@mail.pharm.tohoku.ac.jp

The renal sympathetic nervous system participates in the
control of vascular tone and urine formation in the kidney
(DiBona & Kopp, 1997). NA released from the nerve endings
contracts arterioles and evokes tubular reabsorption through
stimulation of «;-adrenoceptors. Thus the change in neural NA
release is one of the major determinants for renal function.
However, little is known of whether GABA is able to influence
renal sympathetic nervous system.

The aim of this study is to clarify whether GABA modulates
adrenergic neurotransmitter release in the kidney and, if so,
which subtype of GABA receptors was responsible for the
modulation by GABA. Electrical renal nerve stimulation
(RNS) was applied in the isolated pump-perfused rat kidney,
and the RNS-induced changes in noradrenaline (NA) efflux
and perfusion pressure (PP) were determined before and
during infusion of GABA in combination with a GABA,L
antagonist bicuculline or a GABAjg antagonist 2-hydroxysa-
clofen. The effects of a GABA, agonist muscimol and a
GAGAG agonist baclofen on the RNS-induced responses were
also examined.

Methods

Preparation

The isolated pump-perfused rat kidney preparation was made
according to the methods described by Rump & Majewski,
(1987), Snel et al. (1995) and Mi & Jackson, (1995) with slight



110 S. Fujimura et al

Effects of GABA on renal neurotransmission

modifications. Male Wistar rats, weighing 250—-350 g, were
housed at 21-24°C and maintained on a standard diet and
water ad libitum. Rats were anaesthetized with sodium
pentobarbital (50 mg kg~'i.p.), and the kidneys were exposed
via a midline incision. The aorta was ligated just above the
origin of the left renal artery, and a PE-50 cannula was
immediately inserted into the renal artery through the aorta.
The kidney was flushed for several minutes by infusion of
oxygenated Tyrode’s solution (3 ml min~"'). The left kidney
was carefully separated from surrounding tissue, and the left
renal vein and the left ureter were cut. The kidney was then
removed from the rat and immediately placed in a water-
jacketed chamber, temperature of which was maintained at
37°C with thermostatically controlled water circulator (NTT-
1200, EYELA, Tokyo, Japan). The right renal artery was
cannulated via the mesenteric artery, and the right kidney was
also isolated in a similar manner. The right kidney was placed
in another set of the perfusion chamber and treated in the same
way as the left kidney. The kidney was perfused with Tyrode’s
solution (mM): NaCl 137, KCI 2.7, CaCl, 1.8, MgCl, 1.1,
NaHCO; 12, NaH,PO, 0.42, D(+)-glucose 5.6, at a constant
rate of 5ml min~! using a peristaltic pump (MP-3 N-H,
EYELA). The Tyrode’s solution was gassed with 95% O, and
5% CO, and pumped through a warming coil (37°C) fitted
with a bubble trap. The perfusate passed through the kidney
only once and was not recirculated. Bipolar platinum
electrodes were placed around the renal artery to stimulate
the renal nerves. One of the side arms of the perfusion system
was connected to a pressure transducer (MPU-0.5, Nihon
Kohden, Tokyo, Japan) for continuous monitoring of
perfusion pressure (PP) with a carrier amplifier (AP-601G,
Nihon Kohden) and a linear-writing pen recorder (SR6511,
Graphtech Co., Yokohama, Japan). More than 1h was
allowed for stabilization before start of experiments. The
kidneys were randomly divided into 12 experimental groups.

Drug infusion

Vehicle and drugs were infused into the perfusate at
0.05 ml min~"' through side arms of the perfusion system
using motor-driven infusion pumps (model 100, KD Scientific,
U.S.A.). Drug doses shown below are calculated concentra-
tions in the perfusate.

Experimental protocols

Effects of GABA receptor agonists on RNS-induced vasocon-
striction and NA efflux RNS was applied at increasing fre-
quencies of 1 and 2 Hz (duration, 0.5 ms; supramaximal
voltage, 30—50 V) for 2.5 min each. The perfusate sample
exiting the kidney was collected before starting RNS and
during the last 30 s of each RNS for determination of renal
NA efflux. A series of RNS and perfusate sampling was per-
formed four times at 20-min intervals: one control period
followed by three consecutive drug infusion periods. Infusion
of vehicle (Group 1, n=6), GABA (3, 10 and 100 uMm; Group
2, n=15), muscimol (3, 10 and 100 uMm; Group 3, n=15) or ba-
clofen (3, 10 and 100 uM; Group 4, n=>5) were started 15 min
before the start of RNS in the second to fourth experimental
periods.

Effects of GABA receptor antagonists on RNS-induced
vasoconstriction and NA efflux A series of RNS and perfusate
sampling was performed three times in the same manner as in
Group 1 except that bicuculline (50 um; Group 5, n=6) or 2-
hydroxysaclofen (50 uM; Group 6, n=06) was infused in the

second and third experimental periods and GABA (10 um) was
infused at the third experimental period.

Effects of GABA on RNS-induced vasoconstriction and NA
efflux in the presence of rauwolscine A series of RNS was
performed four times in the same manner as in Group 1 except
that rauwolscine was infused throughout the four experi-
mental periods, beginning at 15 min before the first set of
RNS and sampling. Infusion of vehicle (Group 7, n=35) or
GABA (3, 10 and 100 um; Group 8, n=6) were started 15 min
before the start of RNS in the second to fourth experimental
periods.

Effects of prazosin and prazosin plus rauwolscine on RNS-
induced vasoconstriction A series of RNS was performed three
times in the same manner as in Group 1 except that prazosin
(10 nm) was infused at the second experimental periods, and
prazosin (30 nM; Group 9, n=15) or rauwolscine (10 nM; Group
10, n=16) was infused at the third experimental period.

Effects of GABA on RNS-induced vasoconstriction in the
presence of prazosin A series of RNS was performed three
times in the same manner as in Group 1 except that prazosin
(10 nMm; Group 11, n=06) was infused in the second and third
experimental periods and GABA (10 uM) was infused at the
third experimental period.

Effects of GABA on NA-induced vasoconstriction NA was
infused at increasing doses of 40 and 60 nM for 5 min each.
A series of infusion of NA was performed three times with
20-min intervals: one control period followed by two
consecutive drug infusion periods. Infusion of GABA at 3
and 10 uM (Group 12, n=35) was started 15 min before the
start of infusion of NA in the second to third experimental
periods, respectively.

Measurement of renal NA efflux

Perfusate samples were transferred into chilled tubes.
Catecholamines were extracted from perfusate by the alumina
adsorption method, and NA concentration was determined by
high-performance liquid chromatography with amperometric
detector (LC-4C, Bioanalytical Systems, West Lafayette, IN,
U.S.A.), as described previously (Hayashi er al., 1987). The
NA efflux was calculated by multiplying the perfusate NA
concentration by the perfusion rate.

Drugs

y-aminobutyric acid (GABA; Wako, Osaka, Japan), muscimol,
baclofen, (—)-norepinephrine hydrochloride, prazosin hydro-
chloride (Sigma Chemicals Co., U.S.A.), rauwolscine hydro-
chloride (Research Biochemicals International, U.S.A.), (—)-
bicuculline methchloride (Research Biochemicals Interna-
tional, U.S.A.) and 2-hydroxysaclofen (Tocris Cookson,
U.S.A.) were used. All drugs were dissolved in the Tyrode’s
solution.

Statistics

All values are expressed as means +s.e.mean. Basal values and
the RNS-induced changes in PP and NA efflux in three or four
experimental periods were compared using single factor
analysis of variance for repeated measures, and Dunnett’s test
was applied to analyse statistical differences between the values
obtained in the first experimental period and those in other
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experimental periods. Differences at P <0.05 were considered
to be statistically significant.

Results

RNS elevated NA efflux (Groups 1-8, Figures 1—4) and PP
(Groups 1-12, Figures 1 —5) in a frequency-dependent manner
in the first experimental period of each group.

The second, third and fourth application of RNS in the
absence of drugs (during the vehicle infusion) produced PP and
NA efflux responses by the same degree as those upon the first
application of RNS (Group 1, Figure 1).

GABA at 3, 10 and 100 uM attenuated the 1-Hz RNS-
induced increase in PP by 23+9% (P<0.05), 38+11%
(P<0.01) and 34+10% (P<0.01) and the increase in NA
efflux by 10+2%, 30+9% (P<0.01) and 25+7% (P<0.01),
respectively, and the 2-Hz RNS-induced increase in PP by
11+2% (P<0.01), 18+5% (P<0.01) and 19+4% (P<0.01)
and the increase in NA efflux by 7+2% (P<0.05), 14+5%
(P<0.01) and 13+5% (P<0.01), respectively (Group 2,
Figure 1).

Baclofen (3, 10 and 100 uMm) also attenuated the RNS-
induced increases in PP and NA efflux in a similar manner as
GABA (Group 4, Figure 2). Muscimol (3, 10 and 100 um)
failed to affect the RNS-induced increases in PP and NA efflux
except that the highest dose of muscimol (100 uM) tended to
attenuate the NA efflux response to 2-Hz RNS (Group 3,
Figure 2).

Neither bicuculline (50 uM; Group 5, Figure 3) nor 2-
hydroxysaclofen (50 uM; Group 6, Figure 3) affected the RNS-
induced increases in PP and NA efflux. In the presence of the
selective  GABA, antagonist bicuculline, GABA (10 um)
attenuated the 1-Hz RNS-induced increases in PP and NA
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Figure 1 Effects of vehicle (A; Group 1, n=6) and GABA (B;
Group 2, n=5) on the renal nerve stimulation (RNS)-induced
changes in perfusion pressure (PP) and noradrenaline efflux (NA
Efflux) in the isolated pump-perfused rat kidney. A, changes from
basal values in response to RNS. Vehicle (Tyrode’s solution) and
GABA (3, 10 and 100 um) were infused into the perfusate at
0.05 ml min~!. *P<0.05, **P< 0.01 compared with each control
value.

efflux by 39+2% (P<0.01) and 24+3% (P<0.01), respec-
tively, and the 2-Hz RNS-induced increases in PP and NA
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Figure 2 Effects of muscimol (A; Group 3, n=5) and baclofen (B;
Group 4, n=5) on the renal nerve-stimulation (RNS)-induced
changes in perfusion pressure (PP) and noradrenaline efflux (NA
Efflux) in the isolated pump-perfused rat kidney. A, changes from
basal values in response to RNS. Muscimol (3, 10 and 100 gm) and
baclofen (3, 10 and 100 uMm) were infused into the perfusate at
0.05 ml min~'. *P<0.05, **P<0.01 compared with each control
value.
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Figure 3 Effects of GABA on the renal nerve stimulation (RNS)-
induced changes in perfusion pressure (PP) and noradrenaline efflux
(NA Efflux) in the presence of bicuculline (A; Group 5, n=6) or 2-
hydroxysaclofen (B; Group 6, n=6) in the isolated pump-perfused rat
kidney. A, changes from basal values in response to RNS. Bicuculline
(50 um), 2-hydroxysaclofen (50 um) and GABA (10 um) were infused
into the perfusate at 0.05 ml min~'. *P<0.01 compared with each
control value.
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efflux by 21+5% (P<0.01) and 11+1% (P<0.01), respec-
tively (Group 5, Figure 3). On the other hand, GABA failed to
attenuate the RNS-induced responses in the presence of the
selective GABAjg antagonist 2-hydroxysaclofen (Group 6,
Figure 3).

Rauwolscine (10 nM; Groups 7-8, Figure 4) enhanced the
RNS-induced increases in PP and NA efflux; the responses
were about two times higher than those obtained in the control
periods of other experimental groups. The second, third and
fourth application of RNS in the presence of rauwolscine
produced PP and NA efflux responses by the same degree as
those upon the first aplication of RNS (Group 7, Figure 4).
The inhibitory effects of GABA on the RNS-induced increases
in PP and NA efflux were more pronounced in the presence of
rauwolscine; GABA at 3, 10 and 100 uM attenuated the 1-Hz
RNS-induced increase in PP by 494+4% (P<0.01), 56+3%
(P<0.01) and 60+4% (P<0.01) and the increase in NA efflux
by 36+5% (P<0.01), 51+7% (P<0.01) and 51+5%
(P<0.01), respectively, and the 2-Hz RNS-induced increases
in PP by 36+5% (P<0.01), 424+5% (P<0.01) and 46+8%
(P<0.01) and the increase in NA efflux by 17+2% (P<0.01,
35+49% (P<0.01) and 33+11% (P<0.01), respectively
(Group 8, Figure 4).

Prazosin at 10 and 30 nM inhibited the 1-Hz RNS-induced
increase in PP by 73+3% (P<0.01) and 74+3% (P<0.01)
and the 2-Hz RNS-induced increases in PP by 74+3%
(P<0.01) and 77+4% (P<0.01), respectively (Group 9,
Figure 5A-a). In the presence of prazosin (10 nM), rauwolscine
(10 nM; Group 10, Figure 5A-b) or GABA (10 um; Group 11,
Figure 5C) did not further suppress the RNS-induced increases
in PP.

Exogenous NA (40 and 60 nM; Group 12, Figure 5B)
elevated PP in a dose-dependent manner. GABA (3 and
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Figure 4 Effects of rauwolscine (A; Group 7, n=35) and rauwolscine
plus GABA (B; Group 8, n=6) on the renal nerve stimulation
(RNS)-induced changes in perfusion pressure (PP) and noradrenaline
efflux (NA Efflux) in the isolated pump-perfused rat kidney. A,
changes from basal values in response to RNS. Rauwolscine (10 nm)
and GABA (3, 10 and 100 um) were infused into the perfusate at
0.05 ml min~'. *P<0.01 compared with each value obtained before
GABA infusion.

10 um) did not affect the NA-induced increase in PP (Group
12, Figure 5B). Neither the GABA agonists (Table 1), the
GABA antagonists (Table 1) nor the «-adrenoceptor
antagonists (data not shown) affected basal values of PP and
NA efflux.

Discussion

It has been suggested that GABA can modulate renal function
(Monasterolo et al., 1996), but a role of GABA on the renal
sympathetic neurotransmission remains unclear. In the present
study, we examined the effects of GABA and GABA receptor
agonists and antagonists on the adrenergically induced
vasoconstriction and NA release in the isolated perfused rat
kidney.

RNS at 1 and 2 Hz elevated renal PP in a frequency-
dependent manner, which was suppressed with prazosin by
70—80%. Rauwolscine did not further suppress the RNS-
induced increase in PP in the presence of prazosin. Thus, the
RNS-induced PP response may be mediated predominately by
os-adrenoceptors. It was important to note that RNS also
evoked frequency-dependent increases in renal NA efflux. The
RNS-induced PP and NA efflux responses were reproducible
when the series of RNS was applied four times in the absence
of drugs.
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Figure 5 Effects of prazosin (A-a; Group 9, n=35), prazosin plus
rauwolscine (A-b; Group 10, n=6), and prazosin plus GABA (C;
Group 11, n=6) on the renal nerve stimulation (RNS)-induced
changes in perfusion pressure (PP), and effects of GABA (B; Group
12, n=35) on exogenous noradrenaline (NA)-induced changes in PP in
the isolated pump-perfused rat kidney. A, changes from basal values
in response to RNS or exogenous noradrenaline (NA). Prazosin
(Group 9, 10 and 30 nm), Groups 10 and 11, 10 nm), rauwolscine
(10 nm) and GABA (Group 11, 10 um; Group 12, 3 and 10 um) were
infused into the perfusate at 0.05 ml min~'. *P <0.01 compared with
the control value.
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Table 1 Basal values of perfusion pressure (PP) and renal noradrenaline efflux (NA Efflux) in the isolated pump-perfused rat

kidney

Group 1 Control Vehicle

(n=6) Ist 3rd 4th

PP (mmHg) 60+3 60+3 60+3 60+3

NA Efflux (pg min~") 520+18 521+21 526+23 523+26

Group 2 GABA (uM)

(n=Y) Control 10 100

PP (mmHg) 63+2 64+2 64+2 65+2

NA Efflux (pg min~") 541+39 549+35 562+42 562+38

Group 3 Muscimol (um)

(n=35) Control 10 100

PP (mmHg) 62+3 62+3 63+4 64+4

NA Efflux (pg min~") 520+17 496+8 551425 546 +41

Group 4 Baclofen (um)

(n=35) Control 10 100

PP (mmHg) 63+3 63+3 63+3 64+3

NA Efflux (pg min*l) 546421 550422 575423 579424

Group 5 Bicuculline (50 um)

(n=06) Control GABA (10 um)

PP (mmHg) 59+2 60+2 60+2

NA Efflux (pg min~") 512419 503+25 531423

Group 6 2-Hydroxysaclofen (50 um)

(n=6) Control GABA (10 um)

PP (mmHg) 58+2 59+2 59+2

NA Efflux (pg min~") 510+19 513+18 498 +21

Group 7 Rauwolscine (10 nM)

(n=J) Ist 2nd 3rd 4th

PP (mmHg) 61+3 6243 64+4 66+4

NA Efflux (pg min~ 1) 457428 461+ 16 493433 491422
Rauwolscine (10 nM)

Group 8 GABA (uMm)

(n=0) Control 10 100

PP (mmHg) 59+1 60+ 1 60+1 61+1

NA Efflux (pg min~1) 449428 453+ 19 474428 464+41

Values are means+s.e.mean. There were no statistically significant differences between the control values and the values in the

presence of vehicle or drugs.

GABA (3 and 10 um) attenuated both the RNS-induced PP
and NA efflux responses. GABA at the highest dose (100 um)
did not further suppress the RNS-induced responses, indicat-
ing that the maximal inhibitory effect (about 40 and 30%
suppression of the PP and NA efflux responses, respectively)
was obtained with 3—10-uMm GABA. Exogenous NA (40 and
60 nM) elevated renal PP in a concentration-dependent manner
which was also suppressed with prazosin by about 70% (data
not shown). Since GABA at all doses failed to affect the
increases in PP induced by exogenous NA, GABA is likely not
to act on the postsynaptic site of the renal vasculature. Our
present results suggest that GABA interferes with neural NA
release and thereby attenuates vasoconstriction during activa-
tion of sympathetic nervous system in the kidney. It has been
reported previously that GABA can suppress peripheral
adrenergic neurotransmission in several kinds of vasculature
such as the isolated goat cerebral artery (Miranda et al., 1989),
rabbit pulmonary artery (Starke & Weitzell, 1980) and rabbit
ear artery (Manzini et al., 1985). The present study is the first
to demonstrate an inhibitory role of GABA in neurotransmis-
sion of the renal vasculature.

The sympathetic neurotransmitter release is controlled by
an autoinhibition mechanism mediated by presynaptic os-
adrenoceptors (Langer, 1981). Cancellation of the o,-adreno-
ceptor-mediated autoinhibition would be expected to reveal an
underlying inhibitory effect of GABA more clearly if the
autoinhibition predominantly regulates neural NA release in
the kidney. In this regard, we also examined the effects of
GABA on the RNS-induced responses in the presence of an o5-
adrenoceptor antagonist rauwolscine. Rauwolscine enhanced
the RNS-induced increases in NA efflux and PP, while addition
of GABA caused a marked suppression of the enhanced NA
efflux (by 20-50%) and PP responses (by 40—60%). These
results suggest that the inhibitory effect of GABA on NA
release is blunted by the a,-adrenoceptor-mediated presynaptic
autoinhibition mechanism.

Monasterolo et al. (1996) has reported that GABA
increased basal values of fractional water, sodium and glucose
excretion in the isolated perfused rat kidney. Their findings
imply that GABA modulates urine formation by directly
acting on the postsynpatic site of the renal tubules, since their
experiments were performed in isolated kidneys that have little
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neural or hormonal input, and they did not apply the nerve
stimulation. Because the renal sympathetic nervous system
plays a major role in the control of tubular reabsorption
(DiBona & Kopp, 1982) as well as of vascular tone, GABA
would be expected to influence urine formation through its
presynaptic inhibitory action on the renal tubular neuro-
transmission. Our present study could thus provide further
evidence for the modulation by GABA of renal functions,
although we did not measure changes in urine formation.

Kwan et al. (1996) have demonstrated that GABA
suppresses electrical stimulation-evoked purinergic contraction
of the isolated rat vas deferens in the presence of
phentolamine. In our present study, prazosin even at the high
dose (30 nMm) failed to abolish the RNS-induced PP response;
about 20—30% of the increases in PP still remained, and
addition of rauwolscine failed to suppress this residual PP
response. The RNS-induced renal neurotransmitter release and
vasoconstriction may thus include non-adrenergic compo-
nents. However, the residual PP response in the presence of
prazosin was also resistant to GABA. It is therefore likely that
GABA exclusively acts on the adrenergic component of the
RNS-induced vasoconstriction in the kidney.

The actions of GABA are mediated by at least two distinct
receptor types, GABA, and GABAg, in many kinds of peri-
pheral tissue as well as in the central nervous system. GABA
releases catecholamines from the isolated perfused adrenal
medulla vie GABA, receptors (Gonzalez et al., 1992), sug-
gesting that GABAergic mechanisms are involved in the
regulation of adrenal medullary function. On the other hand,
GABA has been reported to affect sympathetic neurotransmis-
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