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Abstract

Gadolinium (Gd 3+) has been shown to prevent mechano-
electrical transduction believed to be mediated through
stretch-activated channels. Weinvestigated the possible role
of Gd3+-sensitive channels in mediating baroreceptor activ-
ity in the carotid sinus of rabbits. Baroreceptor activity in-
duced by a ramp increase of carotid sinus pressure was

reduced significantly during exposure to Gd3+. The inhibi-
tion was dose-related and reversible, and was not associated
with alteration of carotid sinus wall mechanics as the pres-

sure-strain relationship was unaffected. Veratrine trig-
gered action potentials from single- and multiple-barorecep-
tor fibers when their response to pressure was inhibited by
Gd3+. This suggests that the effect of Gd3+ on baroreceptors
in the isolated carotid sinus was specific to their mechanical
activation. The results suggest that stretch-activated ion
channels sensitive to Gd3+ may be the mechanoelectrical
transducers of rabbit carotid sinus baroreceptors. (J. Clin.
Invest. 1994. 94:2392-2396.) Key words: baroreceptor X
mechanotransduction * stretch-activated ion channels * sen-

sory neurons * cardiovascular

Introduction

Arterial baroreceptors are activated during increases in transmu-
ral pressure (1, 2). Activation of these receptors occurs as a

result of mechanical deformation through stress and strain of
the arterial wall. This mechanical deformation is transduced
into an electrical depolarization of the nerve ending, triggering
action potentials at the spike initiating zone. The mechano-
electrical transduction mechanism for the activation of arterial
baroreceptors, however, is not clear. Several mechanisms for
the mechanosensory process have been proposed including
chemical, osmotic, or channel linked (3-5). More recent stud-
ies have demonstrated the presence of ion channels sensitive to
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stretch (6, 7). These stretch-activated (SA)' ion channels have
subsequently been identified in a number of vertebrate tissues,
as well as invertebrates and plants (8, 9).

The identification of this type of channel has led to the
proposal that the basic mechanoelectrical transduction mecha-
nism for sensory mechanoreceptors may be mediated through
SA ion channels. It is not known whether activation of cardio-
vascular mechanoreceptors involves SA ion channels. Most
studies have used single channel or whole cell recording tech-
niques to determine the presence or absence of SA ion channels
( 10-15 ). Cardiovascular mechanoreceptor endings are located
within the walls of the heart and blood vessels ( 1, 2) and are
virtually inaccessible to single cell electrophysiological ap-
proaches in intact preparations. Yang and Sachs (13) have
shown the trivalent lanthanide, gadolinium (Gd3+), to be a
specific blocker of SA ion channels in Xenopus oocytes and
Gd3+ has since been reported to block SA ion channels in
other tissues (15-17). Very recently, Naruse and Sokabe (18)
reported blockade of SA ion channels in endothelial cells by
Gd3+. These studies were undertaken to determine whether SA
ion channels are present on arterial baroreceptor nerve endings
in situ using Gd3+ as a probe for this new class of ion channel.

Methods

NewZealand white rabbits ( 1.5-2.5 kg) of either sex were anesthetized
with sodium pentobarbital (25-30 mg/kg, i.v.). Supplemental doses of
sodium pentobarbital (10-15 mg/kg, i.v.) were administered hourly.
The rabbits were mechanically ventilated (Harvard Apparatus Inc.,
South Natick, MA) with room air supplemented with 100% 02 through
a tracheostomy. The tidal volume and frequency of the ventilator were
adjusted to maintain arterial Pco2 between 30 and 40 mmHg. Sodium
bicarbonate was administered when necessary in order to maintain arte-
rial pH between 7.35 and 7.45. Catheters were placed in a femoral artery
and vein for measurement of arterial pressure and administration of
anesthetic, respectively. All procedures were in accordance with federal
and institutional guidelines.

Isolated carotid sinus preparation. The left or right carotid sinus
was vascularly isolated as described previously (19, 20). All visible
branches of the common and external carotid arteries were ligated.
Catheters were positioned in the common and external arteries and the
internal carotid artery was ligated. The isolated sinus was flushed and
filled with physiologic salt solution (38°C) equilibrated with 95% 02-
5% CO2 of the following composition (mM): NaCl 98.0, KCI 4.7,
NaHCO324.0, KH2PO4 1.1, MgSO4 1.2, CH3COONa20.0, CaCl2 2.5,
and glucose 10.0. The PO2 of the solution ranged between 100 and 300
mmHg, Pco2 ranged between 30 and 40 mmHg, and the pH ranged
between 7.35 and 7.45. The carotid sinus was connected to a pressure
reservoir via the common carotid artery and carotid sinus pressure was
measured through the external carotid artery with a transducer (P23IA;
Statham Instruments, Hato Rey, PR). Gd3+ (Aldrich Chemical Co.,
Milwaukee, WI) and veratrine (Sigma Chemical Co., St. Louis, MO)
were diluted to the desired concentration in physiological salt solution
just before use. The solution in the sinus was changed frequently at
least once with every concentration of Gd3+ and during recovery.
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Weoccasionally noted that Gd3+ at a concentration of 1 mMturned
our bicarbonate-buffered physiological salt solution cloudy. Andresen
and Yang (21) also described this precipitation at concentrations > 500
,uM in Krebs solution, possibly as the result of Gd3+ complexing with
bicarbonate or phosphate anions. Weperformed additional experiments,
using a Hepes-buffered salt solution of the following composition
(mM): NaCl, 140; KCI, 6; MgSO4, 1.2; glucose, 5.5; CaCl2, 1.1; and
Hepes, 10 mM. In the first group of experiments with Gd3+ in physiolog-
ical salt solution, the duration of exposure necessary to inhibit barorecep-
tor activity ranged from 20 to 130 min. Because of the length of the
study and our success in avoiding precipitation of Gd3+ at high concen-
tration with Gd3+ in Hepes we elected to standardize the exposure time
to - 30 min in the second group of experiments. The results reported
were those in which inhibition was observed during the period of expo-
sure to Gd3+.

The gas tensions and pH were also measured from the Hepes-buf-
fered solutions sampled from the carotid sinus at a time when barorecep-
tor nerve activity was measured during the control period or when
inhibited by Gd3+. There was no significant decline in Po2 or Pco2
during the period of exposure to Gd3+. Po2 and Pco2 averaged 149± 10
and 8±1 mmHg, respectively, during control (n = 5); 133±6 and 7±1
mmHgduring 10-4M Gd3+ (n = 7); and 139±6 and 7±1 mmHgduring
10-3M Gd3+ (n = 7).

The pH of the Hepes-buffered salt solution sampled from the carotid
sinus averaged 7.320±0.017 (n = 5). In the first two experiments we
noted that the high concentration of Gd3+ (10 -3M) decreased the pH
of the Hepes solution sampled from the carotid sinus from 7.371 and
7.305 to 7.076 and 7.069, respectively. Therefore, in subsequent experi-
ments the pH of a 10-3M Gd3+ stock solution was adjusted to near 7.4
with NaOH. In these experiments the pH of the 10-3M Gd3+ solution
sampled from the sinus averaged 7.302±0.010 (n = 5). The lower
concentrations of Gd3+ did not alter the pH in any of the experiments.
The pH of the 10-4M Gd3+ solution sampled from the sinus averaged
7.311±0.011 (n = 7).

Temperature in the sinus was maintained at 38°C by a combination
of approaches including warming the solutions, the animal, and the
sinus region (19).

Measurement of carotid sinus nerve activity. The carotid sinus nerve
was cut at its junction with the glossopharyngeal nerve and placed on
bipolar platinum electrodes (19, 20). The nerve and electrodes were
encased in Silgel 604 (Wacker Silicones Corp., Adrian, MI) and the
sinus region was bathed externally with physiological saline or paraffin
oil. Multiunit carotid sinus nerve activity was recorded using a high
impedance probe (HIP51 lE) and a preamplifier (P511; low frequency
cut-off 30 Hz; high frequency cut-off 3-10 kHz; both from Grass Instru-
ment Co., Quincy, MA). The electroneurogram was displayed on a
dual-beam storage oscilloscope (model 5113; Tektronix Inc., Beaverton,
OR) and monitored with a loud speaker. A nerve traffic analyzer (model
706C; University of Iowa Bioengineering, Iowa City, IA) counted action
potentials that exceeded a selected voltage via a window discriminator.
Before recording nerve activity, decamethonium bromide (Syncurine;
ICU-K&K Laboratories, Cleveland, OH; 0.3 mg/kg) was administered
to each rabbit to prevent muscular movement. Carotid sinus pressure,
systemic arterial pressure, integrated spike counts, and mean and raw
nerve activities were continuously displayed on an electrostatic recorder
(model ES1000; Gould Inc., Cleveland, OH).

Figure 1. A ramp increase in carotid
sinus pressure (CSP) increased mean

carotid sinus nerve activity (CSNA)
and the nerve activity seen on the
electroneurogram (ENG) in the con-
trol condition. Gd3+ blocked the in-
crease in nerve activity during a simi-

_ lar pressure ramp. After removal of
15 eS Gd3+, nerve activity was restored.

Measurement of carotid sinus diameter. The diameter of the carotid
sinus was measured with sonomicrometer crystals (19, 20). A low
resistance, stainless steel clip holding two miniature piezoelectric crys-
tals (5 MHz) was placed across the carotid sinus and sutured to the
adventitia. The diameter of the sinus was determined from the transit
time of acoustic signals between crystals.

Pressure-baroreceptor activity relation. Baroreceptor activity was
recorded during slow ramp increases (< 3 mmHg/s) in pressure in the
isolated carotid sinus from 0 to 160 mmHg.The pressure in the reservoir
connected to the sinus was increased by allowing air from a pressurized
air tank to flow into the reservoir through a manually regulated sensitive
valve (19, 20). Before each ramp, carotid sinus pressure was held
constant at a level between 20 and 80 mmnHg.

A minimum of three control ramps were performed before the ad-
ministration of Gd3+. There were no differences in the pressure-activity
relations obtained during the control period. Gd3+ was then placed
inside and around the carotid sinus (or strictly inside the sinus in the
experiments using Hepes solutions) and the pressure ramp was applied
at intervals of 5 min or longer. Gd3+ was removed from the carotid
sinus by thoroughly flushing the inside and outside of the sinus with
either salt solution, and recovery responses to the pressure ramp were
then obtained.

In five experiments, carotid sinus nerve activity was measured before
and after intrasinus administration of veratrine dissolved in physiological
saline (0.125 1sg/ml) either in the presence or in the absence of Gd3+.

Pressure-diameter relation. The diameter of the carotid sinus was
recorded during slow ramp increases in carotid sinus pressure similar
to that described above for the pressure-activity relation. The effects
of Gd3+ dissolved at various concentrations in physiological saline on
the pressure-diameter relation of the carotid sinus were determined as
described above for the nerve recording experiments. Carotid sinus wall
strain was calculated by the following equation: strain = (d - do)/do,
where do represents the initial diameter at carotid sinus pressure (CSP)
of 20 mmHg, and d is the diameter at any given carotid sinus pressure
(19, 20).

Data analysis. Baroreceptor activity and carotid sinus diameter were
plotted as a function of increases in carotid sinus pressure. Pressure,
diameter, and the electroneurogram were recorded and stored on VHS
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Figure 2. Gd3+ produces a dose-dependent inhibition of the CSNA
during ramp increases of CSP. Studies performed using bicarbonate
buffered salt solution. Pressure-activity relation at different doses of
Gd3+ (left). Bar graph shows a progressive decline of maximal nerve
activity during increasing doses of Gd3+ (right). The number in each
bar represents the number of experiments (Cont., control).
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tape (model 4000PCM digital processor; A.R. Vetter Co., Inc., Rebers-
burg, PA) for off-line analysis. The output from the tape was also
digitized by microcomputer (IBM, Boca Raton, FL) at 10-ms intervals.
Statistical analysis was performed using analysis of variance and Fish-
er's protected least significant difference post hoc test for multiple com-
parisons (22). Values of P < 0.05 were considered significant. Results
are expressed as mean±SEM.

Results

Baroreceptor activity, induced by ramp increases in carotid si-
nus pressure, was reduced significantly in a dose-related manner
following exposure to Gd3+ (Figs. I and 2). The time necessary
for blockade varied from 20 to 130 min (mean = 54+6 min;
n = 20). The activity recovered following withdrawal of Gd3+
(Fig. 3). Gd3+ did not alter the pressure-strain relationship of
the carotid sinus (Fig. 3).

Since Gd3+ tended to precipitate in solution at higher con-
centrations in those experiments, additional studies were done
with a Hepes-buffered salt solution in the absence of bicarbon-
ate and phosphate. WhenGd3+ was dissolved into this solution,
no precipitate was evident at any concentration. Fig. 4 shows
a reversible inhibition of baroreceptor activity by Gd3+. Inhibi-
tion of baroreceptor activity was observed within 20-30 min
(mean = 28±2 min).

In four experiments, two without added Gd3+ and two in
the presence of Gd3+ ( 10-4 M), we contrasted the effects of
veratrine (0.125 tig/ml) and the increase in carotid sinus pres-
sure from 20 to 40 mmHgon the activity of the carotid sinus
nerve. The results in Table I show the selective inhibition of
nerve activity during the increase in carotid sinus pressure but
not with veratrine after Gd3+. An example of the veratrine-
induced increase in carotid sinus nerve activity in the presence
of Gd3+ is shown in Fig. 5.

0.8
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A

* Control
OGd (104 M)
(n = 4)

0.4 ' Figure 3. Pressure-activity relation showing
0.2 that Gd3+ reversibly inhibits baroreceptor ac-
0.0 tivity during the pressure ramp (left). The

0.0 inhibition occurred without a change in ca-

rotid sinus pressure (CSP) -strain relation--0.2-
0 40 80 120 160 ship (right). Studies performed using bicar-

CSP(mmHg)
bonate-buffered salt solution (Rec., recov-CSP(mmHg) ~~ery).

In a single baroreceptor fiber, we determined the pressure
threshold (Pth) which coincided with the onset of action poten-
tials with ramp increases in carotid sinus pressure at 10 min
intervals before and during exposure to Gd3+ (10 -4M). Carotid
sinus pressure was maintained at 20 mmHgin between each
pressure ramp to prevent resetting. Before Gd3+ the Pth approxi-
mated 25 mmHg. Gd3+ increased Pth gradually over 2 h and
then more rapidly at 150 min to a Pth of 44 mmHg(Fig. 6 A).
However, the addition of veratrine in the continued presence of
Gd3 triggered activity at a pressure level far below the Pth for
activation of baroreceptors (i.e., 20 mmHg) (Fig. 6 B).

Discussion

Stretch-activated ion channels are reasonable candidates as
mechanoelectrical transducers in several cell types (10- 12).
Gd> has been shown by several investigators to block mecha-
nosensitive ion channels in different preparations or cell systems
(13, 15-18). We therefore tested the possibility that Gd3-
sensitive SA ion channels may be important for mechanoelectri-
cal transduction in baroreceptors.

Many cells may be sensitive to mechanical deformation,
however, the primary function of baroreceptor neurons is inher-
ent in their sensitivity to changes in pressure and strain. Our
results indicate that Gd>3 blocks significantly and reversibly,
in a dose-related manner, arterial baroreceptor activity. The
blockade was not caused by a change of the mechanical behav-
ior of the carotid sinus, since the pressure-strain relationship
was unaltered in the presence of Gd3+. Therefore, the inhibition
can be ascribed to an effect of Gd>3 on the nerve endings
themselves. However, we cannot entirely rule out the possibility
of a localized mechanical effect of Gd> on the tissue sur-
rounding the terminals that is undetectable with our measure-
ment of the stress-strain relationship of the carotid sinus.

100- cConw 100 * Figure 4. Inhibition of CSNAby Gd> dur-
i5 m Px0SEM ing ramp increase of CSP. Studies were per-

80- 80 formed on 14 isolated sinuses using Hepes-
buffered salt solution. The values are those

CSNA60/ CSNA 60- in which Gd> reduced activity during the
() /10^ M (%) period of exposure (- 30 min at each dose).

40- r/ 40- Pressure-activity relation at different doses
10-3 M of Gd>3 (left). Bar graph shows progressive

20- / _ 20- decline of maximal nerve activity during in-

creasing doses of Gd3+(right). The number
0o-__ 0 in each bar represents the number of experi-

0 40 80 120 160o Cont. 10-5 1i@4 103 Rec. ments. The results were obtained from three
CSP(mmHg) Gd3+ Doe (M) experiments in which I0-M Gd3 decreased

the pH of the Hepes buffer and from six
experiments in which the pH was adjusted to normal with NaOH. The inhibitory influence of Gd> on baroreceptor activity was evident regardless
of the pH so the results were pooled (n = 9) (Cont., control; Rec., recovery).
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Table L Percentage Increase in Multifiber Baroreceptor Activity
with Increase in Carotid Sinus Pressure from 20 to 40 mmHg
and with Addition of Veratrine at 20 mmHg

No Gd3+ Gd3 (104M)

CSP Veratnne CSP Veratrine

Experiment 1 122 81 Experiment 3 2 562
Experiment 2 86 88 Experiment 4 12 135

A.

Pth
(mmHg)

25

:

S*
C1 C2 30 60 90

t Time (min)
Gd3+ (10-4 M)

B.

Also, baroreceptor activity was inhibited with Gd3+ dis-
solved in either bicarbonate or Hepes-buffered salt solution, so

the action of Gd3+ cannot be simply ascribed to a complex
interaction of Gd3+ with anions in solution and thereby reducing
the free activity of ions which regulate baroreceptor activation.

Although the carotid sinus contains a mixture of barorecep-
tor and chemoreceptor fibers (2), we believe that in this prepa-

ration, the nerve activity was primarily baroreceptor in origin.
The vascular isolation of the carotid sinus involves the ligation
of the occipital artery to eliminate access to the carotid body.
Arterial chemoreceptors are typically activated by decreases in
oxygen and pH and increases in CO2. The preparation was such
that the gases of the physiologic salt solution and the frequent
changes of solutions throughout the study would minimize any

potential stimulation of chemoreceptors (see Methods). In addi-
tion, we tested for the presence of chemoreceptor activity by
exposing the carotid sinus to a hypercapnic physiologic salt
solution (Pco, > 600 mmHg, pH = 6.1 ) and were unable to
elicit an increase in carotid sinus nerve activity (n = 2). Finally,
carotid sinus nerve activity was markedly inhibited by the
10-3M Hepes-Gd3+ when the pH dropped and the inhibition
was the same or less after raising the pH to the normal range.

If chemoreceptors were contributing to the response, we may

have expected greater inhibition with Gd3+ (10-3M) when the
pH was raised to the normal range.

In a recent study by Andresen and Yang (21), Gd3+ had
no effect on rat aortic baroreceptors. The reason for the different
results is not clear. The contrasting findings may represent a

species difference, a difference between aortic and carotid baro-

Veratrlne (0.125 pg/mi)

c 60]
(mmHg)

CSNA 1 X

(spke) oIJ0

I rwk I See
Pre Post,

ENG
250 -

mow _nimnmnma
Figure 5. Experimental record showing the increase in carotid sinus
nerve activity (CSNA) by veratfine in the presence of Gd3+ ( 10-4 M)
at constant carotid sinus pressure (CSP). Bottom traces represent elec-
troneurograms (ENG) recorded at fast paper speed before and during
exposure to veratrine. Int. CSNA, integrated carotid sinus nerve activity.

Control

27 mmHg

After Gadolinium

37 mmHg
_y

20 mmHg 250
+ msec

Veratrine

Figure 6. (A) Gd3+ increases the single-unit pressure threshold (P,h)
from control levels (dashed line) over a period of 150 min. Cl and C2
represent control periods. (B) The addition of veratrine triggered nerve

activity of the single fiber at a pressure level (20 mmHg) far below the
Pth of 44 mmHg.

receptors, or differences in the preparation or protocols that
may have altered the penetrance of Gd3" into the vessel wall
and to the baroreceptor endings. It was necessary to expose the
carotid sinus to Gd3+ (10-5- 103M) for prolonged periods
averaging close to h and often up to 2 h to demonstrate
suppression of baroreceptor activity suggesting an apparent bar-
rier to the diffusion of Gd3+. However, with Gd3+ dissolved in
the Hepes-buffered salt solution, inhibition of nerve activity
was evident within - 30 min in 9 of 14 experiments. Because
of the physical properties and the reactive nature of this particu-
lar ionic species (as well as other lanthanides), this may indicate
that Gd3+ complexes with other ions more in the bicarbonate-
buffered solution, and therefore a longer period of time is neces-

sary to achieve an effective free concentration at the nerve

endings. Several investigators have demonstrated an effect of
Gd3+ on mechanoelectrical transduction in a variety of cells
and preparations, in Xenopus (13), in fungi (15), in canine
ventricles ( 16), in crayfish ( 12), and in yeast ( 10). Naruse and
Sokabe (18) reported recently that Gd3+ also blocks SA ion
channels in endothelial cells. In this study we report that Gd3+-

sensitive channels mediate the mechanoelectrical transduction
in the carotid sinus baroreceptors. Finally, five classes of SA
ion channels have been demonstrated in isolated chick myocytes
(23), all of which were blocked by Gd3+. The work by Andre-
sen and Yang (21) may possibly indicate that still a different
class of SA ion channels exists on the aortic baroreceptors which
is insensitive to Gd3".

Veratrum alkaloids cause slow inactivation and a shift in
the voltage dependence of activation of sodium channels and
can generate action potentials at the spike initiation zone where
there exists a high density of sodium channels (24-26). Thus,
if Gd3+ exerted a nonspecific blockade at the spike zone instead
of at the site of mechanoelectrical transduction, we would ex-

pect that Gd3+ would block the action of veratrine. The results
suggest that Gd3+ blocks the mechanical activation of the baro-
receptor but not the effect of veratrine. An effect of veratrine
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on chemoreceptors is excluded by the elimination of chemore-
ceptor activity in our preparation (see above).

While Gd3+ appears to be a most potent inhibitor of SA ion
channels, recent reports have also suggested that other channels
may be inhibited by this lanthanide (27, 28). Docherty (27)
found that Gd3+ at concentrations between 0.5 and 20 /iM inhib-
ited a calcium current with N-type characteristics in a neuro-
blastoma-glioma hybrid tumor cell line (NG108-15). In the
GH4C1 pituitary cell line, Gd3+ at concentrations of 50 nM-5
AiM was found to block Ca2+ current through L- and T-type
channels (28). Thus, a question arises as to the effects of Gd3

on Ca2+ channels in our preparation.
Several studies have suggested that Ca2+ entry does not

play a detectable role in baroreceptor transduction (29, 30).
Increases in extemal Ca2+ decrease the excitability of barore-
ceptors, whereas decreases in extemal Ca2+ cause an increase in
the excitability of baroreceptors, most likely via surface charge
effects (30, 31 ). Ca2+ channel antagonists of the dihydropyri-
dine class either increased (32) or did not alter arterial barore-
ceptor discharge (29), and the dihydropyridine agonist Bay
K8644 also did not affect baroreceptor discharge (30). The
increased baroreceptor sensitivity seen with the L-type calcium
channel blocker, nifedipine (32), is not consistent with a non-
specific block of Ca2+ channels by Gd3+ in our study, since
Gd3+ inhibited rather than sensitized the mechano-respon-
siveness of the arterial baroreceptors. These observations and
the recent report by Naruse and Sokabe (18) indicate that it is
unlikely that inhibition of Ca2+ channels by Gd3+ can account
for the blockade of the mechanoelectrical transduction mecha-
nism. We therefore conclude that Gd3+ most likely acted to
inhibit stretch-activated ion channels in this study. This conclu-
sion is tempered by the recognition that stretch-activated chan-
nels have not been demonstrated directly on baroreceptor end-
ings and that mechanoreceptors blocked by Gd3, not necessar-
ily channels, may trigger action potentials. However, when
viewed in the context of all the recent work on mechanotrans-
duction, we believe that our data strongly suggest that stretch-
activated ion channels are present on carotid baroreceptor nerve
endings and that the opening of these channels, during increases
in carotid sinus pressure, is involved in the basic cellular mecha-
nism of activation of the arterial baroreceptors.
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