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The newborn rabbit sino-atrial node expresses a neuronal
type I-like Nae channel
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1. Newborn rabbit sino-atrial node (SAN) myocytes were recently found to express a
tetrodotoxin (TTX)-sensitive Nae current. We now report that the dose-response relation
indicates that this SAN Nae channel has unusually high ITX sensitivity, with half-maximal
inhibition (26 + 5 nM) which is more typical of neuronal than cardiac tissue.

2. Additional characterization used /s-conotoxin GIIIA and Cd2' as relatively selective blockers
of the skeletal and cardiac isoforms, respectively. ju-Conotoxin GIIIA had no effect on the
current recorded from SAN myocytes, but the Cd2+ sensitivity was unexpectedly high for a
neuronal isoform (half-maximal inhibition = 185 + 8 uM).

3. Analysis of the time constant of inactivation did not reveal evidence of multiple inactivation
processes, with the data well fitted by a single, relatively rapid exponential (inactivation
time constant = 0-58 + 0 03 ms at 0 mV).

4. In situ hybridization with anti-sense cDNA probes was used to test for expression of
neuronal type I, II and III Na+ channel isoforms. Myocardial cells in newborn SAN tissue
exhibited clear hybridization to the type I, but not the type II or III probes. No
hybridization was observed in adult SAN tissue with any of the three probes.

5. It is concluded that the newborn SAN expresses a neuronal type I-like Na+ channel isoform,
and that this probably accounts for the unusual characteristic of high sensitivity to both
TTX and Cd2 .

The sino-atrial node (SAN) is the site of origin of the
heartbeat, and as such exhibits specialized electro-
physiological and morphological characteristics. While the
normal adult SAN action potential lacks a Na+-dependent
upstroke, strikingly different characteristics were recently
reported in cells from the neonatal rabbit SAN. In the case
of the newborn, the cells exhibit a prominent fast Na+
current (INa) that contributes to the action potential
upstroke and overshoot as well as to the spontaneous rate
(Baruscotti, DiFrancesco & Robinson, 1996). This current is
blocked by the Na+ channel-specific blocker tetrodotoxin
(TTX). However, one surprising observation in this earlier
study was that 3/M TTX almost completely blocked
(-95 %) the current, despite the fact that typical Kd values
for TTX action in cardiac tissue are in the micromolar range
(Cohen, Bean, Colatsky & Tsien, 1981; Satin et al. 1992). In
contrast, skeletal and neuronal-specific isoforms of the Nae

channel are blocked by TTX in the nanomolar range (Satin
et al. 1992).

It has previously been reported, using poly(A)+ RNA or
total RNA from heart, that mRNAs encoding Nae channel
types I, II and III are present at low levels in postnatal day 7
and adult cardiac tissue (Suzuki et al. 1988; Beckh, 1990).
mRNA encoding type I was the most abundant, and this
mRNA is also represented in cardiac cDNA libraries
(Rogart, Cribbs, Muglia, Kephart & Kaiser, 1989). In these
studies, the specific cell type(s) within the heart tissue
responsible for the results was not determined. Given the
fact that other neuronal-specific proteins have been reported
to be localized in the SAN and specialized conducting tissue
of the heart (Gorza, Schiaffino & Vitadello, 1988; Gorza &
Vitadello, 1989), we hypothesized that the neonatal SAN
cells were expressing a neuronal-like rather than a cardiac-
like isoform of the Nae channel.
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METHODS
Protocols employed in these experiments were reviewed and
approved by the Institutional Animnal Care and Use Committee of
Columbial University.

Isolation of the SAN region of rabbits less than 20 days old was
performed according to a standaicl pi-ocecIuire, as previously
described (Baruscotti et at. 1996). Briefly, animals were anaesthetize(d
by iM.:i. injection of a mixture of xilazine (4-6 mg kg-'; Feermenta
Animal Health Co., Kansas City, AMO, USA) and ketamine
(60 mg kg-'; Fort l)odge Laboratoiies Inc., FoIrt Dodge, IA, USA).
The heart was removed and placecl in prewaartned (37°C) normal
Tyrode solution (m.i: NaCl, 140; KCl, 5 4; CaCl2, 18; 9gCl2, 1;
Hepes-NaOH, 5; glucose, 5 5) containing 0 5 ml hepariin
(1000 U mlV'). h'lie ventricles were then cut away and the internal
part of the right atrium exposecl. The thin layer of nodal tissue wN,as
separated from surrounding tissue, using as reference points for
SAN anatonmical definition the interatrial septurn, crista terminalis
and the orifices of the inferior and superior vena cava. Carem was
taken to exclude more peripheral areas of the node. Single cells
were then isolatedl by a collagenase dissociation as previously
described (Baruscotti t at. 1996). As previously reported, the
current is uniformly present in all cells isolated from animals up to
20 days of age, even rwhen distinct subregions of the SAN are used
for cell isolation.

In most experiments, the external solution usecl to dissect the Na+
current from othler ionic components was nominally Ca2+ free, and
witlh Na+ lowered to 50 m:ii to improve the quality of the voltage
clamp. The solution contained (mat): TEA-Cl, 90; NaCl, 50; CsCl, 5;
Hepes, 1 0; gC192, 0 5; glucose, 5 5, pH = 7-4. In some experiments
Ca2P was increased to 0-6 or 1-8 mivi without in any way modifying
the results. The pipette solution contained (mM): aspartic acid, 80;
CsOH, 75; Hepes, 10; EGTA, 10; NaCl, 10; A1gC12, 1; CsCI, 30;
Na2ATP, 5, pH = 7 2. TTX (Calbiochemn), ,t-conotoxin GIIIA
(,t-CTX; Bachem California, Torrance, CA, USA) or Cd2+ xvere
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aclded at the desired concentrations to the external solution. Control
and test solutions were delivered to the cells through a fast
perfusion system that completely exchanged the solution around
the cell in less than 3 s.

Currents were recor-ded by the whole-cell patch clamp technlique at
room temperature (20-22 °C). Pipettes were obtained by pulling
borosilicate capillaries with a horizontal puller (Sutter Instruments),
and when filled with the internal solution had resistances mneasuring
1-4 AM.. On-line series resistance compensation (40-80%) and
capacitance correction wsere employed. Current measurements were
calculatecd by stubtracting the value of the current after complete
inactivation from the amlplitude at the peak. All drug effects were
measured at steady state. Experimental data were filtered at a
corner frequency of 10 kHz and stored on a PC-compatible computer
at an acquisition frequency of 50 kHz. Data analysis was performed
using pCIA1IP (Axon Instruments) and Origin (AlicroCal, North
Hampton, AIA, USA) software.

High resolution io situ hybridization methods with anti-sense cDNA
probes to the 3'-untranslated region of the mRNA of neuronal
type 1, II and III Na+ channels were used to test for and localize
the expression of different Na+ channel isoformns. The probes are
expected to be highly specific for the three Na+ channel types. The
probes were generatedl by polymerase chain reaction, labelled with
digoxigenin- 11 -UTP, and used to label cryostat sections. The
probes for the types I, II and III Na+ channels correspond to
nucleotides 6314-6613, 5997-6450, and 5956-6283 respectively.
Following dissection of the SAN, the tissue was either frozen on
crushed dry ice or fixed in 4% paraformaldehyde for to min, sunk
in 30% sucrose (in 0-1 AI phosphate buffer, pH 7 4), and frozen.
Cryostat sections (20 um) were collected on glass slides and stored
at -80 'C. Slides were Nx-armed to room temperature, placed in 4%
paraformaldehyde for 5 min, rinsed in PBS for 5 min, and then
processed for ill situ hybridization as described previously (Qu et al.
1995), beginning with a rinse in 0t1 M triethanolamine, pH 8-0 for
2 mi.
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Figure 1. Pharmacological profile of the SAN 'Na
Representative tracings (A) and average results (B) of the effect of TTX, Cd2+ and fl-CTX. Mean block Nas,
respectively, 47 + II, 57 + 15 and 2-2 + 0 9%. In the traces in A, the first 200-500 ,us of the capacitative
transient has been blankedl, and the zero cu-rtent lexvel is indicated byv the initial horizontal line.
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RESULTS
We first defined the pharmacological profile of the newborn
SAN Na+ current by using a series of different agents at
fixed concentrations. These experiments took advantage of
the fact that while both skeletal and neuronal (type II)
isoforms are sensitive to TTX in the nanomolar range, only
the skeletal, and not the neuronal or cardiac isoform, is
sensitive to 1u-CTX (reported skeletal Kd = 50-140 nM:

Moczydlowski, Olivera, Gray & Strichartz, 1986). In
addition, the cardiac isoform is relatively sensitive to block
by Cd21, with a Kd of 182 /M (DiFrancesco, Ferroni,
Visentin & Zaza, 1985), whereas the skeletal and neuronal
isoforms are not (Kd = 5-41 mM: Tanguy & Yeh, 1988;
Ravindran, Schild & Moczydlowski, 1991). We therefore
tested the effect of 200 nM 1u-CTX, 200 uM Cd2+ and 30 nM
TTX on the Na current of the newborn SAN. Figure IA
provides representative current traces illustrating the extent
of blockade by each of these agents. Mean values are

illustrated in Fig. lB. At 30 nM, TTX caused 47 + 11 %
block (n = 8), indicating a higher sensitivity than would be
expected for the cardiac isoform. ju-CTX did not cause any

block at the concentration employed (n = 5), arguing against
the presence of the skeletal isoform. Cd21, which should be
relatively ineffective on either the skeletal or neuronal type II

Nae channel, in fact caused 57 + 15% block (n = 3). Because
the initial experiments were performed in one-third of the
normal Nae and 0 Ca2+ (to avoid contamination by Ca2+
currents), we first considered the possibility that the high
Cd2+ or TTX sensitivity might be an artifact of the Ca2+-
free environment. We therefore did additional experiments
in one-third of the normal Ca2+ (thereby maintaining the
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same Na+/Ca2+ ratio as in normal Tyrode solution) in the
presence of 10 ,UM nifedipine. In five cells, 100 nm TTX
caused 76 + 9% block (compared with 74 + 10% in 0 Ca2+)
and in three cells, 200 /M Cd2+ caused 50 + 7% block. In
seven additional cells, 200 /LM Cd2+ was tested in the
presence of normal external Ca2+ and caused 52 + 5% block.
None of these results differed significantly from the
corresponding results in Ca2+-free solution.

While these results argue against the current in the newborn
SAN arising from a skeletal isoform, they differ from what
would be expected from a typical cardiac (Cd2+ sensitive
and TTX insensitive) or neuronal type II (TTX sensitive and
Cd2+ insensitive) channel. We therefore conducted additional
experiments to determine the full dose-response relation
for inhibition of the current by Cd2+ and TTX. The full
dose-response relation for inhibition of the current by Cd2+
is shown in Fig. 2. The concentration for half-maximal
inhibition (EC50) is 185 + 8 /SM, confirming a sensitivity
comparable to that reported in cardiac Purkinje fibres
(DiFrancesco et al. 1985) and in reconstitution assays with
the cardiac isoform of the Nae channel (Ravindran et al. 1991;
Satin et al. 1992). A slope factor of 0-82 + 0 3 suggests that
Cd2+ ions block the channel with a 1: 1 binding ratio.
Subsequent experiments also confirmed the high TTX
sensitivity suggested by Fig. 1. These results are illustrated
in Fig. 3, which depicts the full dose-response curve for
TTX block of the Nae channel in the neonatal SAN. The
EC50 value for TTX was 26 + 5 nm, markedly lower than
that typically reported in cardiac preparations (Cohen et al.
1981; Satin et al. 1992). While an EC50 value in the
nanomolar range clearly distinguishes these cells from other
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Figure 2. Cd2" sensitivity of INa in newborn SAN myocytes
The dose-response curve shows the percentage inhibition of the control current as a function of Cd2+
concentration. Currents were elicited (in 1-8 mm Ca2+ external solution) by stepping to 0 mV from a holding
potential of -90 mV every 2 s. The experimental points (n = 3-9) are fitted by a form of the Hill equation
(continuous line): 1/(1 + (EC50/Cd2+)P). EC50 and the parameter p were, respectively, 185 + 8 /M and
082 + 0-03.
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Figure 3. TTX sensitivity of INa in newborn SAN myocytes
The dose-response curve for ITX-induced block of peak INa. Currents were evoked (in Ca2+-free external
solution) by stepping to 0 mV from a holding potential of -90 mV every 2 s. Each point represents the
mean of 6-9 values. The continuous line is drawn according to the fit obtained with a Hill equation as
described in the legend for Fig. 2: EC50 = 26 + 5 nM; p = 0-63 + 0 09.
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Figure 4. Representative records of inactivation time course and corresponding I-V curve
A, family of current traces obtained by stepping to diffierent test potentials (-50 to +20) from a holding
potential of -90 mV. The current records are depicted by the open circles and the calculated best fits to a
single exponential function are depicted by the continuous lines. For clarity, only every third data point is
shown. B, I-V relation from the same cell as in the left panel. The first 10 ms of the experimental points
were fitted according to the equation, I= gNa,max(l/(l + exp(-(E-Eh)/s))(E - ENa), to give the smooth
curve. Eh, mid-point of activation curve; gNa,max, maximal conductance; s, inverse slope factor; ENa, reversal
potential for Na+ current. ENa was determined by fitting the linear part of the I-V curve and calculating
the x-axis intercept.
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cardiac preparations, the relatively shallow slope of the
TTX dose-response relation (slope factor of 0-63 + 0 09)
suggests some contribution to the whole-cell current by a
TTX-resistant Nae channel isoform. However, as previously
reported (Baruscotti et al. 1996), approximately 95% block
was achieved by 3 /MTTX, indicating that the contribution
of any TTX resistant Nae channel to the total whole-cell
Na+ current is relatively modest.

We further reasoned that if the shallow slope arose from a
significant cardiac isoform contribution then evidence of
that would be apparent from an analysis of the time course
of inactivation. This time course tends to be slower, and is
often biexponential, in cardiac preparations (Sakakibara et al.
1992; Fozzard & Hanck, 1996). However, in the newborn
SAN the inactivating current time course is best fitted by a
monoexponential function. A family of current traces and
the calculated best-fit single exponential curves are
presented in Fig. 4A; the traces are offset along the y-axis
to allow a clearer visualization of the individual current
records (0) and the calculated fits (lines). It is apparent that
the inactivating current traces are well fitted by a single
exponential function at all test voltages. Figure 4B shows
the I-V relation obtained from the traces. Figure 5 provides
the mean value of the inactivation time constants at all test
voltages between -50 and +40 mV. The mean values range
from 5.3 + 0'5 ms at -50 mV to 0 3 + 0 1 ms at +40 mV.
These results indicate that a single, relatively rapid,
component dominates the inactivation kinetics at all
voltages. While these data suggest that a single isoform
dominates, they do not rule out the possibility of multiple
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isoforms (one TTX sensitive and the other Cd2+ sensitive)
with relatively similar inactivation kinetics. However, in
this case by using Cd2+ and TTX to preferentially block one
or the other component we should accentuate any small
difference in kinetics. This possibility was tested in
experiments using a test voltage of 0 mV. Regardless of
whether TTX (30 nM) or Cd2+ (200 uM) was used to partially
inhibit the current, the resulting inactivation time constant
was not modified by the partial blockade. In the case of
TTX exposure, the measured values were 0 55 + 0-06 ms
(before TTX) and 0-61 + 0O08 ms (during TTX; n = 8). In
the Cd2+ experiments the measured values were 0-64 +
0 11 ms (before Cd2+) and 0-63 + 0 11 ms (during Cd2+;
n = 3). The differences were not significant in either case
(P> 0 05).

The insensitivity of INa to #u-CTX indicates that the skeletal
Na+ channel isoform is not functionally expressed in the
newborn SAN to any significant extent. In addition, the low
EC50 value for TTX block of the current (-80% block at
300 nM) suggests that any cardiac isoform present probably
contributes no more than 20% of the total whole-cell
current under our recording conditions. However, such a
minor contribution could not account for our observation of
-50% block by 200 /IM Cd2+ - a concentration that should
be partially effective on any current arising from the cardiac
isoform but virtually ineffective against a neuronal (type II)
isoform. This indicates that the TTX-sensitive isoform in
SAN must have a significantly lower Kd for Cd2+ than that
reported for TTX-sensitive channels in other tissues (Tanguy
& Yeh, 1988; Ravindran et al. 1991). This raised the
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Figure 5. Voltage dependence of inactivation kinetics of the SAN INa
Cells were held at a potential of -90 mV and stepped to different test potentials. The time course of
current inactivation was well fitted by a single exponential function for all voltages tested. Each point
represents the mean of 3-6 values.
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possibility that one of the other neuronal isoforms, which has
not yet been fully characterized pharmacologically, could
account for the unique pharmacological profile in the
newborn SAN myocytes.

To investigate whether any of the three neuronal isoforms
previously reported in whole heart assays (Suzuki et at.
1988; Beckh, 1990) might be responsible for the TTX-
sensitive Nae currents observed electrophysiologically in
the SAN of young rabbits, we examined their expression

......:
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using high resolution in situ hybridization methods. No
hybridization was observed with probes specific for the
type II or type III Nae channels in either 4-day-old or adult
SAN tissue (data not shown). However, we found clear
hybridization of the anti-sense probe to type I-like Nae
channel mRNA located in the SAN myocytes of young
rabbits (Fig. 6A). No hybridization was observed with the
corresponding sense probe (Fig. 6D), and no hybridization
was observed in adult SAN with either sense or anti-sense
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Figure 6. In situ hybridization of type I Nae channels in the SAN
A, SAN from 4-day-old rabbit hybridized with type I Ne channel anti-sense probe demonstrating
extensive localization in the tissue. B and C, higher magnifications of SAN hybridized with type I anti-
sense probe illustrating labelling present in the cytoplasm surrounding the nuclei of muscle cells.
Arrowheads outline reaction product surrounding nuclei. D, SAN of 4-day-old rabbit hybridized with
type I Ne channel sense probe. E, SAN tissue from adult rabbit hybridized with type I Ne channel anti-
sense probe. F, SAN from adult rabbit hybridized with type I Ne channel sense probe. Scale bars in A, D,
E and F represent 100 um; scale bars in B and C represent 20 1um.
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probes (Fig. 6E and F). At higher magnification, there is
positive staining of mRNA for type I Nae channels in regions
of the cytoplasm surrounding the nucleus where the
endoplasmic reticulum and Golgi complex are located (Fig. 6B
and C), as expected for mRNA encoding an integral
membrane protein.

DISCUSSION
In the adult SAN, Na+ current appears to play a role
primarily in the periphery (Nikmaram, Kodama, Boyett,
Suzuki & Honjo, 1996), and is relatively resistant to TTX
(Muramatsu, Zou, Berkowitz & Nathan, 1996), as would be
expected for the cardiac isoform of the channel (Brown, Lee
& Powell, 1981; Satin et al. 1992). In contrast, our previous
studies indicated that newborn rabbit SAN cells express a

Na+ current which has a high degree of relevance for
spontaneous activity, and the results we present here
indicate that these cells predominantly express a Na+
channel isoform which is similar to the neuronal type I
isoform, rather than the cardiac isoform. This finding is
based on the characteristic pharmacological profile, which
has not been described previously, and on in situ
hybridization experiments. We used TTX, 1s-CTX and Cd2+
in order to match the affinities of these Nae channel blockers
to those already described for known isoforms. The
unusually high Cd2+ and TTX sensitivity can be interpreted
in two different ways: as an intrinsic characteristic of the
Na+ channels expressed in the newborn, or as the result of
the existence of two separate populations: one typically
cardiac, with a low affinity for TTX and a high affinity for
Cd2+, and the other neuronal type II-like, with opposite
sensitivities. We tend to exclude this second hypothesis on

the basis of several arguments. First, we show that
relatively low concentrations ofTTX are enough to block the
current almost completely (3 /uM, 95% block) and this would
not be expected if there was any significant expression of a

cardiac-like Na+ channel. Second, analysis of time constants
of current inactivation conducted at several test potentials
revealed that the inactivation time course is dominated by a

single exponential process. Using Cd2+ or TTX to partially
block the current did not alter the inactivation time course

or unmask a second component. Finally, even though the
TTX and Cd2+ sensitivities of Nae channel isoforms have
generally been used as a primary tool to discriminate
between different proteins, some of the isoforms (George,
Knittle & Tamkun, 1992; Lalik, Krafte, Volberg &
Ciccarelli, 1993; Felipe, Knittle, Doyle & Tamkun, 1994)
have been identified only in terms of sequence but have not
been functionally expressed, making the comparison with
these isoforms more difficult. However, our in situ
hybridization studies demonstrate the presence of mRNA
encoding a type I-like Nae channel in the SAN myocytes of
young rabbits but not in those of adults. This differential
expression in young versus adult rabbits parallels the
presence of TTX-sensitive Na+ currents and suggests that

these Na+ currents may be mediated by type I Na+ channels,
or possibly an alternatively spliced variant similar to those
reported to occur by Schaller, Krzemien, McKenna &
Caldwell (1992).

Although mRNA encoding type I Nae channels has
previously been shown to be represented in cardiac cDNA
libraries (Rogart et al. 1989), these libraries contain cDNAs
originating from the resident neurons of the heart as well as
from myocytes. Our results demonstrate directly for the
first time a neuronal-like Na+ channel isoform in the
myocytes in a specific region of the heart. The presence of
neuronal-like proteins in the SAN is intriguing, given
earlier suggestions, based on the presence of neurofilaments
in SAN tissue (Gorza, Schiaffino & Vitadello, 1988; Gorza &
Vitadello, 1989), that the SAN may be of neural crest
origin. Our observation of transient expression of a neuronal
Nae channel in the SAN is compatible with this hypothesis
and supports the idea that the SAN is under distinct
developmental regulation relative to other regions of the
heart. The actual sequence of the isoform expressed in the
newborn SAN remains to be determined, and definitive
association of the pharmacological sensitivity reported here
with this type I-like isoform will require reconstitution
studies with a defined sequence. However, it is apparent
from the loss of the current with age (Baruscotti et al. 1996)
that the developmental regulation of the channel is different
from that of the cardiac isoform expressed elsewhere in the
heart. It also is apparent, from the data presented here, that
the potential exists for differential pharmacological control
of the newborn SAN Nae current and the Na+ current
expressed in the working myocardium and Purkinje fibres.
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