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SUMMARY

We have studied the binding of [°H]saxitoxin (STX) to total particulate preparations
from ventricles of vertebrate heart. In each of the six species studied, a single class of
high-affinity receptor sites was detected with B, values of 1.7 fmoles/mg (wet weight)
to 12.0 fmoles/mg (wet weight) and Kp values of 0.3 nM-7.5 nM for STX and 3.5 nmM-10.4
nM for tetrodotoxin (TTX). In the bullfrog heart, two classes of high-affinity STX
receptor sites were observed. One class of sites (28%) had high affinity for TTX and
resembled STX/TTX sites in bullfrog brain. A second class (72%) had very low affinity
for TTX and were apparently specific to the heart. In chick heart, the high-affinity STX/
TTX receptor sites had properties similar to myocardial sodium channels studied physi-
ologically. In contrast, for mammalian hearts, the Kp of high-affinity STX/TTX receptor
sites for TTX (3.5 nM-10 nM) does not correlate with the inhibition of myocardial sodium
channels by high concentrations of TTX (800 nM-3000 nM) in physiological experiments.
In the rat, treatment with 6-hydroxydopamine caused a loss of 50-60% of the high-affinity
STX/TTX receptor sites in the ventricles, consistent with the conclusion that a major
fraction of these high-affinity toxin binding sites is associated with autonomic nerve
endings in the rat. Taken together, the results show that vertebrate hearts contain a
substantial complement of high-affinity STX/TTX receptor sites that are associated with
autonomic nerve endings. In mammalian heart, there may be no high-affinity STX/TTX

receptor sites associated with myocardial sodium channels.

INTRODUCTION

Voltage-sensitive sodium channels are responsible for
the initial rapid upstroke (phase 0) of the cardiac action
potential (reviewed in ref. 1). These sodium channels are
similar to those in nerve and skeletal muscle in many
respects. The voltage and time dependence of activation
and inactivation can be fit by a model similar to that
derived by Hodgkin and Huxley (2) for sodium channels
in nerve (1, 3-5). Sodium channels in heart are also
inhibited by tetrodotoxin and saxitoxin (1), specific
blockers of sodium channels in nerve and skeletal muscle
(reviewed in refs. 1 and 6). In most species studied,
relatively high concentrations of tetrodotoxin and saxi-
toxin are required for inhibition (7-18).

[*HISTX' and [*H]TTX have proven to be valuable
tools in determining the density and location of sodium
channels in nerve and muscle by radioligand binding
methods (reviewed in refs. 1 and 19). More recently,
these labeled toxins have also been used in identification
and purification of protein components of sodium chan-
nels from electric eel (20), rat seletal muscle (21), and rat
brain (22, 23). It would be of considerable interest to
identify and purify sodium channel components from rat

! The abbreviations used are: STX, saxitoxin; TTX, tetrodotoxin.
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heart and to compare the molecular properties of sodium
channels in heart, brain, and skeletal muscle. In the
experiments presented here, we have studied the binding
of [PH]STX to particulate preparations from hearts of
rats and other vertebrates to characteriz the STX recep-
tor sites in vertebrate heart and to determine whether
STX binding to cardiac sodium channels can be used in
further studies of the molecular properties of these so-
dium channels. While this work was being prepared for
publication, Lombet et al. (24) described binding of a
tetrodotoxin derivative to rat heart. Their results are
considered under Discussion.

EXPERIMENTAL PROCEDURES

Materials. Saxitoxin was obtained from the National
Institutes of Health, Bethesda, Md. It was radioactively
labeled by the specific °H;0 exchange method of Ritchie
et al. (25) and purified and characterized as described
previously (26). The preparations used ranged from 75%
to 85% radiochemical purity.

Measurements of [°H]STX binding. Hearts were dis-
sected, cut open, and rinsed to remove blood with stan-
dard binding medium consisting of 130 mm choline chlo-
ride, 5.4 mM KCl, 50 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (adjusted to pH 7.4 with Tris
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base), 0.8 mm MgSO,, and 5.5 mM glucose. The hearts
were then weighed and homogenized with a Teflon/glass
homogenizer at 10% (w/v) in ice-cold standard binding
medium. The membrane fraction was sedimented at
120,000 X g for 20 min, resuspended in the same volume
of standard binding medium, and filtered through a layer
of nylon mesh (Nitex, 150 um diameter) to remove blood
vessels and clumps of tissue. This total particulate prep-
aration was then used in [’H]STX binding assays.

Unless otherwise specified, binding of [PH]STX was
initiated by mixing 200 ul of the heart membrane homog-
enate with 50 ul of standard binding medium containing
[*H]STX and the other effectors noted in the figure
legends as described in previous work with brain mem-
branes (26). Samples were incubated for 20 min at 0°.
The binding reaction was terminated by dilution of the
reaction medium with 3 ml of ice-cold wash medium
consisting of 163 mM choline chloride, 5 mM 4-(2-hy-
droxyethyl)-1-piperazineethanesulfonic acid (adjusted to
pH 7.4 with Tris base), 1.8 mm CaCl,, and 0.8 mm MgSO,.
Bound [*H]STX was then measured by collection of the
membranes on glass-fiber filters (Whatman GF/C) and
washing three times with additional 3-ml volumes of ice-
cold wash medium. The filters were placed in counting
vials, and counts per minute of bound [*H]STX were
measured by liquid scintillation counting. Nonspecific
binding was measured in parallel incubations in the pres-
ence of 1 uM or 10 uM T'TX. When compared, nonspecific
binding values were identical at these two concentrations
of TTX.

Treatment with 6-hydroxydopamine. Male Sprague-
Dawley rats (200-250 g) received i.p. injections of 6-
hydroxydopamine in a vehicle of 0.1% (w/v) sodium
ascorbate and 0.9% (w/v) NaCl. Control animals received
injections of vehicle only. Treatment regimens are de-

scribed in the individual figures.
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RESULTS

Binding of [P H]STX to sodium channels in rat heart.
The properties of STX receptor sites in rat heart were
examined using total particulate preparations from rat
ventricle and a filtration assay technique as described
under Experimental Procedures. Specific binding to so-
dium channels was determined by subtracting nonspe-
cific binding measured in the presence of 10 um TTX
from total binding. For rat heart, nonspecific binding was
less than 10% of total binding. The time dependence of
specific [PH]STX binding is illustrated in Fig. 1A. The
membrane homogenate was incubated with 3 nm [°H]
STX at 0° for the indicated times, and bound [*H]STX
was determined by filtration. Specific binding of [°H]
STX was complete within 5 min of incubation under
these conditions. For subsequent experiments, an incu-
bation time of 20 min was chosen.

The half-time for dissociation of specifically bound
STX was determined using the rapid filtration assay.
The membrane homogenate was incubated for 20 min at
0° with 3 nM [PH]STX and then TTX was added to a
final concentration of 10 uM to block further binding. The
[*H]STX remaining bound at increasing times was then
measured by rapid filtration and washing within 10-sec.
The STX-receptor complex dissociated with a half-time
of 4 min (Fig. 1B). Therefore, the dissociation occurring
during the wash period (10 sec) can be ignored.

The concentration dependence of [’H]STX binding is
illustrated in Fig. 2. With increasing concentrations of
[*PH]JSTX, total binding (O) increases to a plateau value
(Fig. 2A.) Nonspecific binding (@) varied linearly with
[*H]STX concentration. At 3 nm [*'H]STX, more than
95% of [PH]STX binding is specific. In Fig. 2B, the
specific component of binding is presented as a Scatchard
plot. A single class of sites with a Kp of 2.5 nM and Biax
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F16. 1. Time course of formation and dissociation of the saxitoxin/receptor complex
A. Membrane homogenate from rat heart was incubated with 3 nM [PH]JSTX at 0° for the time indicated, and specifically bound [*H]STX was

determined as described under Experimental Procedures.

B. Membrane homogenate was incubated with 3 nM [’H]STX for 20 min at 0°. TTX was added to a concentration of 10 uM, and specifically
bound [PHJSTX was measured at the indicated times after addition of TTX as described under Experimental Procedures.
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F1G. 2. Scatchard analysis of FH]STX binding
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A. Membrane homogenate from rat heart was incubated for 20 min at 0° with increasing concentrations of [*H]STX alone (O) or in the
presence of 10 uM unlabeled TTX (@), and bound [PH]STX was determined as described under Experimental Procedures.
B. The specific binding data of A are presented as a Scatchard plot where the ordinate is femtomoles per milligram per nanomolar and the

abscissa is femtomoles per milligram.

of 12.1 fmoles/mg (wet weight) is observed over the
concentration range tested. In 14 separate experiments,
the mean values were Kp = 2.1 + 1.0 nM and By = 12.0
+ 1.2 fmoles/mg.

The Kp for TTX binding to these STX receptor sites
was measured in competitive displacement experiments.
One-half of the binding of 3 nm [*H]STX was displaced
by 3.5 nM TTX, indicating a Kp of 1.9 nm for TTX
binding at 0°. Similar xperiments carried out at 36° gave
values of 9.1 nM for the K; for STX and 10.0 nM for TTX
(data not shown). These binding data show that rat
ventricles contain a significant number of high-affinity
binding sites for TTX and STX with K values for these
toxins that are similar to those of sodium channels in
nerve and skeletal muscle.

Comparison of STX and TTX binding and inhibition
of sodium channels in hearts of different species. Inhi-
bition of sodium channels in heart by TTX has been
investigated in several species using either electrophysi-
ological methods or ion flux methods. These data are
summarized in Table 1. Concentration-effect curves have
been derived from measurements of the rate of rise of
the action potential (dV/dT) for chick and guinea pig (7,
12), from voltage-clamp data for rabbit (11), and from ion
flux data on cultured cells for rat and chick (13-16, 18).
In addition, the effects of a few concentrations of TTX
on electrophysiological parameters have been deter-

TABLE 1
Inhibition of sodium channels in hearts of different species by
tetrodotoxin
Species Kos Method Reference
nM
Rat 1000 Ion flux 18
Guinea pig 2000 dVydt 7
Dog 3000 dvyde 8
Cow >3300 Voltage clamp 10
Sheep >3300 Voltage clamp 9,1
Rabbit 820 Voltage clamp 11
Chicken 20 dVy/dt 12
3-10 Ion flux 13-16
Frog (Rana esculenta) <50 dVydt 17

mined in dog, frog, sheep, and calf preparations (8-10,
17). In all mammals studied, Ko for TTX inhibition is 1
1M or greater. In contrast, in chick Ko 5 values range from
3 nM to 20 nM in several studies, and less-complete
investigations on the European grass frog Rana escu-
lenta indicate a Kos of substantially less than 100 nm
(17). These electrophysiological and ion flux data suggest
that nonmammalian vertebrates might have myocardial
sodium channels with high affinity for TTX but mam-
mals should not.

To determine whether there is any correlation between
the K for high-affinity STX and TTX receptor sites and
the K5 for block of myocardial sodium channels by STX
and TTX, we examined [*H]STX binding to total partic-
ulate preparations from hearts of various mammalian
and nonmammalian vertebrates. In each case, the mem-
brane homogenate was prepared as described for rat
heart under Experimental Procedures, and the experi-
ments to determine Bna.x and Kp for STX and Kp for

STX BOUND (%)

c 1 - i A

-10 -9 -8 -7 -
log [TETRODOTOXIN],M

F1G. 3. Competitive displacement of [PH]STX by TTX

Membrane homogenate from rat heart was incubated with 3 nm [°H]
STX and the indicated concentrations of TTX for 20 min at 0°, and
bound [*H]STX was determined as described under Experimental
Procedures.
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TTX were carried out as in Figs. 2 and 3. The results
show that all six species have a substantial complement
of high-affinity STX receptor sites in their ventricles,
with Kp values ranging from 0.3 nM to 7.5 nm for STX
and from 3.5 nM to 10.4 nM for TTX. The tissue density
of binding sites ranged from 1.7 fmoles/mg for bullfrog
to 11.8 fmoles/mg for guinea pig. Comparison of the
binding data of Table 2 with the physiological data of
Table 1 reveals no correlation between the presence of
high-affinity STX/TTX receptor sites and the inhibition
of sodium channels by TTX. The site densities in mam-
malian hearts are as high and the K, values as low as in
chick heart, although the values of Kos for block of
sodium channels are 100-fold greater in mammalian
heart. These results suggest that the high-affinity STX/
TTX sites observed in binding studies are not associated
with the myocardial sodium channels studied in the
physiological experiments.

The mammalian cardiac muscle preparations studied
physiologically have included ventricular muscle from
calf and sheep (9, 10), Purkinje fibers from rabbit (11),
papillary muscle from guinea pig (7), and dissociated cell
cultures from rat (18). Since all of these preparations
from different ventricular regions have values of Ko for
TTX that are approximately 1 uM, it is likely that sodium
channels in both ventricular muscle and the conduction
system have low affinity for TTX. The high-affinity
STX/TTX receptor sites that we observe in binding
studies must therefore be associated with physiologically
inactive sodium channels in cardiac muscle or with au-
tonomic nerve endings present in the ventricles. Evidence
in favor of this latter interpretation is presented below.

TTX binding discriminates two classes of sodium
channels in bullfrog heart. The results of binding exper-
iments with bullfrog (R. catesbiana) heart differed in an
important way from those with other species. Although
bound [*H]}STX was displaced with a single Kp of 5 nm
by unlabeled STX, only 28% of the specifically bound
[PH]JSTX was displaced by TTX (Fig. 4A). Thus, in
bullfrog heart, there are two classes of STX receptor
sites. One class (28%) of STX receptor sites has high
affinity for both STX (Kp = 5 nM) and TTX (K = 3
nM), whereas the second class of sites has only high
affinity for STX. Competitive displacement curves for
[PH]STX binding to bullfrog brain membranes are illus-

TABLE 2
Saxitoxin receptors in ventricles from different species
Membrane homogenates were prepared and ["H}STX binding was
measured in cardiac ventricles from different species. Kp and Bm.s for
STX were measured as in Fig. 2, and Kp for TTX was measured as in
Fig. 3. For rat heart, values are presented + standard error of the mean
of 14 experiments.

Species Saxitoxin Tetrodotoxin, Kp  No.
Kp Binax
nM  fmoles/mg wet wt. nM
Rat 21+03 120 £ 1.2 35 14
Bullfrog 14 1.7 - 4
Chicken 7.5 9.3 5.1 6
Salmon 1.5 11.0 6.2 2
Guinea pig 0.9 11.8 10.4 2
Macaque 03 44 6.9 2
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Fi16. 4. Competitive displacement of ["H]STX by unlabeled STX
and TTX in bullfrog heart and brain

Membrane homogenate from bullfrog heart (A) and brain (B) was
prepared as described under Experimental Procedures. Samples were
incubated for 20 min at 0° with 3 nM [P"HJSTX and the indicated
concentrations of unlabeled STX (@) or TTX (O), and bound ["H}STX
was measured as described under Experimental Procedures.

trated in Fig. 4B. The STX receptor sites in bullfrog
brain bind STX and TTX with Kp values of 1.2 nM and
7.2 nM, respectively. Thus, the STX receptors that have
low affinity for TTX are unlikely to be associated with
nerve endings in the bullfrog heart, since sodium chan-
nels in bullfrog nerve bind both toxins with high affinity.
It seems likely that these unusual STX receptor sites
having very low affinity for TTX are associated with the
sodium channels of the ventricular myocardium in bull-
frog heart and that the 28% of the STX receptor sites
that have high affinity for both STX and TTX are
associated with the sodium channels in autonomic nerve
endings in bullfrog heart. Thus, the different toxin bind-
ing properties of sodium channels in bullfrog nerve and
heart allow us to estimate that there are 1.22 pmoles of
myocardial sodium channels per milligram (wet weight)
and 0.48 pmole of nerve ending sodium channels per
milligram (wet weight) in bullfrog ventricle.

Effect of 6-hydroxydopamine treatment on STX recep-
tor sites in rat heart. Field stimulation of intramural
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nerves of rat ventricular myocardium produces no cho-
linergic response (27), indicating that functional inner-
vation of the rat ventricle is almost entirely adrenergic.
Adrenergic nerve endings in rat ventricle are very sensi-
tive to chemical sympathectomy by 6-hydroxydopamine
(28, 29). Therefore, if the high-affinity STX/TTX recep-
tor sites observed in rat ventricles in binding experiments
are associated with sodium channels in nerve endings,
treatment with 6-hydroxydopamine should reduce the
density of STX receptor sites. Age-matched adult
Sprague-Dawley male rats were divided into two groups
and received injections of 6-hydroxydopamine or vehicle
as described under Experimental Procedures. In our ini-
tial experiments, the dosing regimen of Thoenen and
Tranzer (28) was used. Animals received two injections
of 6-hydroxydopamine, 34 mg/kg, at 6-hr intervals on
days 0 and 7 and were killed on days 12-18. Particulate
fractions were prepared and binding assays were carried
out as described under Experimental Procedures with
paired control and treated groups for each determination.
The data from a typical pair of treated and control
animals are illustrated in Fig. 5 in the form of a Scatchard
plot. Treatment with 6-hydroxydopamine reduces Buax
from 11.4 fmoles/mg to 5 fmoles/mg without significant
effect on Kp. In several pairs of animals treated in this
manner, B, for controls was 12.1 + 0.3 fmoles/mg and
for treated animals was 6.7 + 0.7 fmoles/mg, or 55% of
the control value (Table 3).

Two other treatment regimens were studied. In treat-
ment schedule II (Table 3), animals were treated with 6-
hydroxydopamine, 100 mg/kg, on days 0, 1, 7, and 8 and
were killed on days 12-18 for study. With this more
rigorous treatment, there was only a slightly greater
reduction in Bpay from 12.0 + 1.2 fmoles/mg to 5.8 + 0.6
fmoles/mg, or 48% of control. Finally, the effect of a
single 100-mg/kg dose of 6-hydroxydopamine was stud-

BOUND/ FREE

STX BOUND (fmol/mg)

Fi1G. 5. Effect of 6-hydroxydopamine treatment on [PH]STX bind-
ing in rat heart

Adult male Sprague-Dawley rats received two injections of 6-hy-
droxydopmaine, 34 mg/kg, at 6-hr intervals on days 0 and 7 and were
killed on day 12. Specific binding of [*H]STX at increasing concentra-
tions was measured as described in Fig. 2 and under Experimental
Procedures for treated rats (O) and control rats receiving injections of
vehicle only (@). The results are presented as a Scatchard plot.

TABLE 3
Effect of 6-hydroxydopamine on saxitoxin receptors in rat heart
Rats were treated with 6-hydroxydopamine according to the treat-
ment schedules indicated, and K and B for specific ["H}STX binding
were measured as in Fig. 2. Values presented are mean + standard error
of the mean for four to seven animals.

Treatment Control Treated
schedule
Kp Brax Kp Buax %
nM fmoles/mg nM fmoles/mg
I 1.3+£02 121+03 09+01 6.7+07 55
m 11+£02 120+12 09+02 58+06 48
I 32+£03 114+03 35105 4708 41

“ Animals received 34 mg/kg twice at 6-hr intervals on days 0 and 7
and were killed on days 12-18.

® Animals received 100 mg/kg on days 0, 1, 7, and 8 and were killed
on days 12-18.

¢ Animals received 100 mg/kg on day 0 and were killed on days 2-7.

ied. Animals killed 2-6 days after a single dose of 6-
hydroxydopamine had an average of 41% of the STX
receptor site density of control littermates (Table 3).
These data show that chemical sympathectomy with 6-
hydroxydopamine leads to a substantial loss of high-
affinity STX receptors from rat ventricles, consistent
with the conclusion that a major fraction of the high-
affinity STX receptors in the ventricle are associated
with autonomic nerve endings.

The time course of the effect of 6-hydroxydopamine is
illustrated in Fig. 6. In this experiment, animals received
injections of 6-hydroxydopamine, 100 mg/kg, or vehicle
on day 0. Paired groups of treated and control animals
were killed on days 2, 4, 7, and 9, and [*H]STX binding
was measured as described under Experimental Proce-
dures. The average Bnax of the control animals was 12.3
+ 0.8 fmoles/mg. For treated animals, Bn.x was reduced
to 6.4 x 0.7 fmoles/mg on day 2, remained at that level
through day 7, and increased thereafter. Under similar
conditions, norepinephrine levels in the ventricle are

. reduced to 5% by day 1 and return to 45% of control by

g
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F1G. 6. Time course of the effect of 6-hydroxydopamine

Adult male Sprague-Dawley rats received one injection of 6-hydrox-
ydopamine, 100 mg/kg, on day 0. Animals were killed on the indicated
days, and specific ["HJSTX binding was measured at a saturating
concentration (15 nM) of [°H]STX as described under Experimental
Procedures.
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F16. 7. Effect of reserpine treatment on [PH]STX binding in rat
heart

Adult male Sprague-Dawley rats received injections of reserpine, 4
mg/kg, on days 0, 2, 4, and 6 and were killed on day 7. Specific binding
of ["H}STX was measured as described in Fig. 2 and under Experimen-
tal Procedures for treated animals (O) and controls receiving injections
of vehicle (@). The results are presented as a Scatchard plot.

day 14 (29). Thus, the loss of norepinephrine after 6-
hydroxydopamine treatment occurs more rapidly and
recovers more slowly than the loss of STX receptor sites.
This time course suggests that 6-hydroxydopamine treat-
ment first causes loss of norepinephrine synthesis and
storage, followed more slowly by destruction of a fraction
of the nerve membrane. Then, upon recovery, nerve
endings reappear followed more slowly by norepineph-
rine storage granules.

Effect of reserpine treatment on STX receptor sites in
rat heart. Treatment with 6-hydroxydopamine causes
loss of both nerve endings and norepinephrine. In order
to determine whether loss of norepinephrine per se is
sufficient to cause a reduction of STX receptor site
density, rats were treated with reserpine, 4 mg/kg, to
deplete norepinephrine stores (30) and then the density
of STX receptors in the ventricles was determined. Re-
serpine (4 mg/kg) was given on days 0, 2, 4, and 6, and
animals were killed and assayed on day 7. Depletion of
catecholamine stores for 7 days did not have a significant
effect on either Kp or B for STX binding (Fig. 7).
Therefore, the effect of 6-hydroxydopamine must be due
to loss of autonomic nerve endings rather than depletion
of norepinephrine per se.

DISCUSSION

Our results show that the cardiac ventricles of six
vertebrates contain a substantial complement of high-
affinity STX/TTX receptor sites whose characteristics
are similar to those of nerve and skeletal muscle. These
receptor sites are present in all species studied, whether
or not cardiac sodium channels studied physiologically
have high affinity for TTX. Chicken heart contains 9.3
fmoles of high-affinity STX/TTX receptor sites per mil-
ligram, having a Kp of 5 nM for TTX, and sodium
channels in heart preparations are blocked with Kos in
the range of 3 nM-20 nM TTX (13-16). In contrast, rat
and guinea pig heart have approximately 12 fmoles of

SODIUM CHANNELS IN HEART. 1 531

high-affinity STX/TTX receptor sites per milligram,
with Kp values of 3.5-10.4 nM for TTX, but sodium
channels in heart preparations are blocked with Kys in
the range of 1-2 um T'TX (7, 18). These data show that,
in general, the high-affinity STX/TTX receptor sites in
heart cannot be considered to be associated with the
sodium channels responsible for action potential gener-
ation in the myocardium.

We have presented evidence that, in bullfrog and rat,
at least a major fraction of the high-affinity STX receptor
sites in the heart are associated with autonomic nerve
endings. In the bullfrog, 28% of the STX receptor sites
have Kp values for STX and TTX that are characteristic
of frog nerve, and 72% of the STX receptor sites have
very low affinity for TTX. We propose that these STX
receptors having low affinity for TTX are associated with
sodium channels in ventricular myocardium. Physiolog-
ical studies will be required to determine whether there
are indeed functional sodium channels in bullfrog ventri-
cle which have high affinity for STX and low affinity for
TTX. Sodium channels in atrial trabeculae of the Euro-
pean grass frog R. esculenta are blocked by 100 nm TTX
(17) and therefore differ from the STX receptors ob-
served in our binding studies in bullfrog heart. However,
some North American frogs and salamanders produce
TTX and related toxins (31, 32) and are resistant to their
action. The apparent low affinity of sodium channels in
bullfrog heart for TTX may represent the remains of an
evolutionary relationship with these toxin-producing am-
phibians.

In the rat, we have found that 50-60% of the high-
affinity STX receptor sites in the ventricles are lost on
chemical sympathectomy with 6-hydroxydopamine.
These data show that at least 50-60% of the high-affinity
STX receptors are located on adrenergic nerve terminals.
In fact, several considerations suggest that all of the high-
affinity STX receptors in rat heart may be located in
nerves. (a) Rat brain has an STX receptor density of 250
fmoles/mg (wet weight).? Thus, if nerve terminals com-
prise 5% of the wet weight of the rat ventricle and have
the same concentration of sodium channels as brain, a
site density of 12.5 fmoles/mg would be expected from
nervous elements. This extent of innervation of the ven-
tricle is not unreasonable. (b) Although 6-hydroxydopa-
mine treatment destroys all of the catecholamine storage
vesicles in nerve terminals, it may not destroy the entire
nerve axon. Since the effects of 6-hydroxydopamine are
most readily observed by determination of catecholamine
levels or histofluorescence, retention of a fraction of the
nerve trunks and fibers with intact membrane receptor
sites for STX/TTX but without functional catechola-
mine biosynthesis and storage is not in conflict with the
data in the literature. Thus, it is likely that some nerve
membrane remains in the ventricle after 6-hydroxydo-
pamine treatment and contributes to the remaining 40-
50% of the high-affinity STX receptor sites. (c) Physio-
logical data indicate that there are no sodium channels
with high affinity for TTX in any mammalian heart
preparation studied to date. (d) Finally, rat heart cells
maintained in cell culture have fewer than 15% as many

2W. A. Catterall and J. Coppersmith, unpublished data.
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high-affinity STX receptor sites as hearts in vivo (18).
Since nerve endings will not survive in cell culture with-
out the cell bodies, these data also support the view that
the high-affinity STX receptors in heart are located in
nerve membranes. Taken together, these several lines of
evidence lead us to conclude that all of the high-affinity
STX/TTX receptor sites observed in rat heart are likely
to be associated with nervous elements and that the
myocardial sodium channels have low affinity for these
two toxins. The physiological data collected in Table 1
suggests that this conclusion can be extended to all
mammals studied to date. Therefore, it appears that
STX and TTX will not be useful probes in studies of the
localization or molecular properties of sodium channels
in mammalian heart.

Physiological studies of chick heart indicate that myo-
cardial sodium channels have high affinity for TTX (12-
16). However, chick ventricles have a similar density of
high-affinity STX/TTX receptor sites as mammalian
ventricles. Since chick ventricles have both cholinergic
and adrenergic innervation (27), it seems probable that
a substantial fraction of the high-affinity STX receptors
in chick ventricle is associated with nerve fibers. It will
be difficult to distinguish nerve and myocardial receptors
by 6-hydroxydopamine treatment, since chickens are less
susceptible to the drug and the cholinergic fibers will be
unaffected. Thus, biochemical studies of sodium channels
in chick heart using STX and TTX as probes will also be
hampered by the presence of nerve sodium channels. Of
the species studied, only in bullfrog can nerve and myo-
cardial sodium channels be distinguished in STX/TTX-
binding experiments.

While this paper was in preparation, Lombet et al. (24)
reported binding of a TTX derivative to rat heart mem-
branes. They found that the binding characteristics were
very similar to those previously described for nerve and
skeletal muscle and concluded that the TTX receptor
site on myocardial sodium channels is very similar to
that on nerve and skeletal muscle sodium channels (24).
In contrast, our results, taken together with the available
physiological data, indicate that these high-affinity TTX
receptor sites in rat heart resemble those in nerve be-
cause they are actually located in nerve endings and that
sodium channels in the myocardium have much lower
affinity for TTX and STX and therefore are not detected
in binding experiments in mammalian heart.
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