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Voltage-gated sodium channels drive the initial depolarization phase
of the cardiac action potential and therefore critically determine
conduction of excitation through the heart. In patients, deletions or
loss-of-function mutations of the cardiac sodium channel gene,
SCN5A, have been associated with a wide range of arrhythmias
including bradycardia (heart rate slowing), atrioventricular conduc-
tion delay, and ventricular fibrillation. The pathophysiological basis of
these clinical conditions is unresolved. Here we show that disruption
of the mouse cardiac sodium channel gene, Scn5a, causes intrauterine
lethality in homozygotes with severe defects in ventricular morpho-
genesis whereas heterozygotes show normal survival. Whole-cell
patch clamp analyses of isolated ventricular myocytes from adult
Scn5a*/~ mice demonstrate a ~50% reduction in sodium conduc-
tance. Scn5a*/~ hearts have several defects including impaired
atrioventricular conduction, delayed intramyocardial conduction, in-
creased ventricular refractoriness, and ventricular tachycardia with
characteristics of reentrant excitation. These findings reconcile re-
duced activity of the cardiac sodium channel leading to slowed
conduction with several apparently diverse clinical phenotypes, pro-
viding a model for the detailed analysis of the pathophysiology of
arrhythmias.

Cardiac arrhythmias, manifest clinically by symptoms of extra,
slow, or rapid heart beats, form one of the most common
groups of diseases (1). The detailed understanding of the patho-
physiology of these conditions now seems possible (2), having been
advanced by the identification of ion channel mutations in patients
with these conditions (3-5). What has become clear is that the
functional consequences of such mutations can be complex, re-
solved only by combining appropriate clinical, experimental, and
theoretical approaches (2). Accordingly, the consequences of gain-
of-function mutations in the cardiac sodium channel gene, SCN5A4,
in patients with long-QT syndrome (LQT3) (6, 7), have been
investigated by studies of clinical genotype—phenotype relationships
(3-5, 8) and their cellular electrophysiology (9, 10) by using
computer models (11, 12) and the construction of a transgenic
mouse (13). The results of these various investigations have allowed
a clearer picture to emerge of the pathophysiology of LQT3 (7).

In addition to the descriptions of long-QT syndrome-associated
mutations, loss-of-function mutations in SCN5A (14, 15) have been
described in patients with phenotypic characteristics of bradycardia
(16, 17), atrioventricular block (16, 18), and ventricular fibrillation
(18-22). These observations suggest a central role for the sodium
channel in the maintenance of the normal heart beat (23-25). The
mechanism of arrhythmias in these conditions, however, remains
unresolved, although fibrillation could result from delayed conduc-
tion, unidirectional block, and reentrant excitation (3, 4). We have
used homologous recombination in embryonic stem cells to estab-
lish mice with a null mutation in the sodium channel gene, Scn5a,
to provide an experimental system to examine both the pathophys-
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iology of these clinical conditions and to assess the physiological
contribution of sodium channels to cardiac impulse initiation and
propagation. The phenotypes of wild-type and Scn5a™~ hearts
were compared in vivo, using surface electrocardiogram (ECG)
recordings, and also ex vivo, using epicardial recordings in isolated
Langendorff-perfused preparations.

Materials and Methods

Generation of Scn5a-Deficient Mice. PCR primers corresponding to
the known human and rat SCN54 exon 2 sequences (15) were used
to amplify a 200-bp probe from wild-type 129Sv/Ev DNA. The
labeled probe was used to screen a P1 artificial chromosome-based
mouse genomic library (Incyte Genomics, St. Louis). One P1 clone
was isolated and a targeting vector made by subcloning a 6.4-kb
BamHI-EcoRV genomic fragment. Exon 2 was replaced with a
splice acceptor (SA)-Gfp-PGK-neomycin cassette (Fig. 14) (26) by
using established techniques (27). Gfp was inserted as a reporter
gene for ScnSa expression. The 5’ and 3’ arms of the targeting
vector were 656 and 3,350 bp, respectively. A thymidine kinase
cassette was cloned into the 3’ end of the vector as negative selection
against random integration. The vector was linearized at a unique
BamHI site on the 5' end of homology. After electroporation of
embryonic stem cells, targeted clones were identified by PCR at the
5" end and confirmed by Southern blotting of the 3" end with an
external probe (Fig. 1B). Correctly targeted clones were injected
into C57BL/6J blastocysts to generate male chimeras that were
crossed with C57BL/6J females to give F1 heterozygous offspring
(Scn5a™'~). These were identified by PCR screening (Fig. 1C) with
three primers (ScnintlF, GTTCTTGTGTTCCTGTCCGGC;
Scnex2R, GGGTGGGTTGCCATAGAGATC; ScnVectlR,
GGAAAACCCTGGACTACTGCG). Mice were inbred onto a
129/Sv genetic background. Experimental studies were performed
on these inbred mice when they were 8—-10 weeks of age unless
stated otherwise. All animal experimentation was carried out in
accordance with governmental and institutional guidelines.

Patch Clamp Electrophysiology. Enzymatically dissociated adult ven-
tricular myocytes were prepared from wild-type and Scn5a*/~ mice
as described (28). Borosilicate glass patch pipettes were used for
patch clamp electrophysiological measurements. Pipettes had re-
sistances of 0.8-2.0 M() and were filled with internal solution

Abbreviations: S2, every ninth stimulus; S1, all other stimuli; En, embryonic day n; ECG,
electrocardiogram.
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Fig. 1. Disruption of Scn5a locus. (A) Struc- A

ture of wild-type Scn5a locus, targeting vec- HaB 2
tor, and targeted locus. Insertion of neo cas-
) . T
sette replaced the first coding exon. ,//,/ b —

Restriction sites (B, BamHI; H, Hindlll; P, Pstl; E, e |
EcoRV) and the probe used for detection of
the homologous recombination event by
Southern analysis are shown. Expected frag-
ment sizes of wild-type (8.0 kb) and mutant
alleles (8.8 kb) after Hindlll digestion are in- H aB
dicated. PCR primers used for screening of

embryonic stem (ES) cells and genotyping of

mouse tail DNA are shown (a—c). TK, thymi-

dine kinase; GFP, green fluorescent protein.
(B) Southern blot of Hindlll-digested ES cell
DNA. (C) PCR genotyping of E10.5 embryos D

identifying wild type, Scn5a*/~, and
Scn5a~'~. (D) Reverse transcription-PCR anal-
ysis of Scnb5a, GFP, and Actin transcripts in
Scn5a~'—, Scn5a*/~, and wild-type embryos.
Scn5a deletion is confirmed in Scn5a~/~ mu-
tants with transcription of GFP and Actin as

Actin
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controls. (E) Typical examples of currents re- ++ +-
corded from wild-type and heterozygous

myocytes during depolarization steps from

—100 mV to voltages between —50 to —15

mV in 5-mV increments (see Table 1). The

peak current densities in wild-type myocytes

were typically larger than those in Scn5a*/~

myocytes (see text for details).

containing 2 mM NaCl, 140 mM CsCl, 10 mM Hepes, and 10 mM
EGTA (pH adjusted to 7.4 with CsOH). The perfusion solution
contained 2 mM NaCl, 1 mM MgCl,, 0.1 mM CaCl,, 10 mM
glucose, 140 mM CsCl, and 10 mM Hepes (pH 7.4). Nicardipine (2
uM) was added to solutions to block Ic,. Experiments were
consistently performed at room temperature (=22°C), which pro-
vided comparisons of maximum current and an indication of any
kinetic differences between currents in wild-type and Scnda™'~
cells. Current recordings were made by using an Axopatch 200B
amplifier (Axon Instruments, Foster City, CA). Capacitance cur-

rent transients were electronically subtracted with series resistance
compensation typically at 80%. Current signals were filtered at 10
kHz and sampled at 20 kHz. All current traces were leak-subtracted
offline (28, 29). Leak was assumed to be linear with voltage and
determined from the average of four pulses from —100 mV to —30
mV. Acquisition and analysis of data used PCLAMP6 software (Axon
Instruments).

Electrocardiography. Mice were lightly anesthetized with i.p. ket-
amine (100 mg kg~ !) and xylazine (5 mg kg~!). Three-lead ECGs

Fig. 2.

Morphology of E10.5 wild-type and Scn5a~'~ hearts. Nine Scn5a~/~ embryos and four control embryos (wild type or Scn5a*/~) were examined. (A)

Representative sagittal paraffin section of a control E10.5 heart stained with hematoxylin and eosin. The myocardial wall of the common ventricular chamber shows
extensive trabeculation (#) and the endocardial cushions of the atrioventricular canal (*) are well developed. Also, at this stage the truncus arteriosus (TA) shows the
first signs of the formation of the aorticopulmonary spiral septum. (B and C) Representative sections of hearts from E10.5 Scn5a~/~ embryos. Note the well developed
endocardial cushions (*) and TA but little trabeculation of the ventricular wall (#). (D and E) High-magnification views of the cardiomyocytes and endothelial cells from
control (D) and Scn5a~/~ (E) embryos. Arrowheads (in B-E) indicate the endothelial cell layer surrounding the trabeculated myocardium and lining the ventricular
chamber. [Bar = 100 um (in A-C) and 25 um (in D and E).]
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Table 1. Parameters of whole-cell sodium current

Steady-state activation

Current density

Steady-state inactivation

Myocyte (pA/pF) V12, mV k, mV Vi, mV k, mV
Wild type 37=9(n=6) —-41.8 = 3.0 6.0 0.7 (n=4) —-75.2+49 81=0.2(n=4)
Scn5at/~ 21 £5(n =5)* —-39.2 4.1 6.2*=1.0(n=4) —74.4 2.7 82+0.2(n=3)

Steady-state activation and inactivation of whole-cell sodium channel conductances were fitted with a
Boltzmann equation: g = gmax/{1 + expl(V — Vi,)/kl}, where g is conductance, gmax is maximal value of
conductance, Vi, is voltage of half-maximal activation/inactivation, and k is the slope factor. *, P < 0.05
comparing wild-type and Scn5a*/~ ventricular myocytes. All other measurements notsignificantly differentin the

two groups.

were recorded with surface limb electrodes and a standard clinical
device (Sanborn Visette, Waltham, MA). At least six estimations of
each ECG interval in leads I and II were made for each mouse, and
the means were calculated. The measured complexes were those
where onset and termination were most clearly defined and com-
plexes were not sampled from recordings containing baseline
instabilities (e.g., see Fig. 34). Standard criteria were used for
interval measurements: P wave duration (representing intraatrial
conduction) from the onset of the P wave to the point where the P
wave returns to the isoelectric line; the PR interval (as a result of
combined intraatrial and atrioventricular nodal conduction) from
the P wave onset to the onset of the QRS complex (representing
ventricular depolarization); the end of the QRS complex could not
be measured accurately (30), and QRS duration is not reported.
Finally, the QT interval (reflecting the combined time interval
covering ventricular depolarization and repolarization) is measured
from the onset of the QRS complex to the end of the T wave.

Perfused Heart Electrophysiology. Mouse hearts were Langendorff-
perfused with Krebs—Henseleit solution (31) at a perfusion pres-
sure of 60-90 mmHg corresponding to a flow rate of 2.1 = 0.3 ml
min~! (mean = SD, n = 8) at 37°C, and hearts paced at 10 Hz for
20-30 min until stable. In all hearts, pacing stimuli of 2-ms pulse
duration and amplitude of 0.5-1.0 V, corresponding to twice-
threshold in both wild-type and Scn5a™~ mice, were used. Signals
were subject to band-pass filtering between 3 Hz and 1 kHz.
Perfused ventricular preparations. Atria were removed, and
bipolar platinum electrodes of 1-mm interpole spacing were at-
tached to the mid-right ventricular septum for pacing and the basal
portion of the left ventricular epicardium for recording. Most
studies were conducted with intervals between stimuli of 100 ms

Table 2. ECGs and perfused heart electrophysiology

except that every ninth stimulus (designated as S2) followed the
preceding stimulus at an interval that was reduced progressively by
1-ms steps, starting at 99 ms. All stimuli except S2s are designated
as S1 and they follow the preceding stimulus at an interval of 100
ms (32). The sequence was continued with progressively decreasing
S1-S2 stimulus intervals until the S2 stimulus failed to excite the
myocardium at the ventricular effective refractory period.
Perfused whole heart preparation. To assess atrioventricular
conduction the atria were not removed, and the stimulating elec-
trodes were attached to the right atrium with recording from the left
ventricle. Atrial pacing began with an interval between successive
stimuli of 100 ms. This stimulus interval (S1-S1) was then reduced
by 1 ms every 10-20 beats until this failed to excite the ventricle.

Statistics. All data are expressed as means *+ SD. Statistical analysis
of all processed data were performed with Microsoft EXCEL soft-
ware; comparisons were made with Student’s ¢ test (a value of P <
0.05 being considered significant). The number of experiments (1)
in all cases refers to the use of different preparations.

Results and Discussion

Scn5a Mutant Mice. No Scn5a '~ mice resulted from the interbreed-
ing of Scn5a™/~ mice, suggesting embryonic lethality. In ScnSa ="~
embryos (n = 17), some hearts were seen to show uncoordinated
contractions up to embryonic day (E) 10.5, but no contraction was
observed beyond E11.5 with autolysis of embryos supervening (n =
16). Lack of Scn5a expression in Scn5a '~ embryos was confirmed
by reverse transcription (RT)-PCR (Fig. 1D). GFP (GFP, green
fluorescent protein) expression was detected in ScnSa*/~ and
Scn5a~'~ animals by RT-PCR (Fig. 1D) but was below the sensi-
tivity of detection by microscopy. To investigate the cause of the

Parameter Wild type (n) Scn5at/~ (n) Significance
ECGs*
RR interval, ms 177 = 38 (9) 193 =37 (9) NS
P wave duration, ms 19 + 3 (8) 24 + 6 (9) P < 0.05
PR interval, ms 41 = 4(9) 56 = 6 (9) P < 0.001
QT interval, ms 45 + 5(9) 49 + 7 (9) NS
Intact Langendorff-perfused hearts
Cycle length, ms 123 + 5 (9)1 420 + 47 (6) P < 0.001
Atrioventricular nodal refractory period, ms* 42 = 3 (4) 69 = 4 (4) P < 0.001
Perfused ventricular preparations
Cycle length, ms 248 + 23 (8)1 No cardiac activity
Stimulus-response latency, ms* 9+1(9) 18 = 1(6) P < 0.001
Complex duration, ms* 32 +3(9) 64 = 2 (6) P < 0.001
Ventricular effective refractory period, ms$ 29 +1(9) 56 = 7 (6) P < 0.001

9., P < 0.001 comparing atria present and atria absent. All data are expressed as means =+ SD. Statistical comparisons used Student’s t test
with P < 0.05 considered significant. n in all cases refers to the use of different preparations. NS, not significant. See Materials and Methods

for details of ECG intervals.

Point of failure of atrioventricular conduction during atrial pacing (see text and Materials and Methods for detail).

*Stimulus-to-response latency and complex duration measured during constant pacing (S1-S1) at a cycle length of 100 ms.

SVentricular effective refractory period obtained during decremental stimulation runs with initial stimulus interval (51-S2) of 99 ms (see Fig.
4D). The ventricular effective refractory period is the longest $1-S2 that does not produce a propagated response.
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embryonic lethality in the homozygous mutant mice, we sectioned
embryos at E10.5. The Scn5a~/~ embryos were smaller than their
Scn5a™~ and wild-type littermates. Developmental defects were
seen most strikingly in the common ventricular chamber of the
heart (Fig. 2). Comparisons of Fig. 2 A-F reveal hearts of Scn5a /'~
embryos to have reduced chamber size, reduced trabeculation of
the ventricular wall, and a reduced number of thin, spindle-like
cardiomyocytes compared with hearts from control animals. This
ventricular defect in Scn5a~/~ embryos is unlikely to reflect simply
a generalized failure of cardiac development, because the endo-
cardial cushions of the atrioventricular canal, the common atrial
chamber, and the truncus arteriosus all appear normal. Also, the
endothelial cells that cover the developing myocytes and line the
ventricle are clearly present in both control and Scn5a '~ embryos
(arrowheads in Fig. 2 B-E). The mechanisms whereby the loss of
SCNS5A leads to this gross defect in ventricular morphogenesis have
not been examined but are likely to be a direct result of the loss of
Scn5a and not secondary to circulatory failure. This contention is
supported by the similar phenotype described in the island beat (isl)
mutation in zebrafish that displays selective failure of ventricular
development (33). Positional cloning has localized isl loss-of-
function mutations to the pore-forming «1C subunit of the L-type
calcium channel (33). The possibility that ion channels have an
important influence on ventricular development is thereby further
supported (33).

Scn5a*t/~ Mice Have Reduced Sodium Channel Density. Scn5a™/~
mice developed normally with no difference in mortality com-
pared with wild type. Hearts from adult (aged 8-10 weeks)
Scn5a™'~ and wild-type mice had identical weights (and heart/
body weight ratio) and no obvious structural abnormalities. Fig.
1E displays typical currents from wild-type and Scn5a*/~ ven-
tricular myocytes. Peak current densities for Scn5a™~ myocytes
(21 = 5 pA/pF, n = 5) were reduced compared with wild type
(37 = 9 pA/pF, n = 6, P < 0.01), with the peak Iy, not
significantly different from 50% of the peak wild-type value
(pA/pt, picoampere/picofarad). Half-activation voltages (V1)
and slope factors (k) for steady-state activation and inactivation
and rates of inactivation were statistically indistinguishable
(Table 1). Scn5a™/~ mice therefore have reduced sodium chan-
nel density with virtually identical channel-gating characteristics.

ECGs of Scn5a*/~ Mice. ECGs indicated similar heart rates in lightly
anesthetized wild-type and Scn5a™/~ mice (Table 2), implying no
apparent sodium current contribution to resting heart rate in vivo
and consistent with observations in adult rabbit heart (34). ECG
recordings from Scn5a*/~ mice indicated slow conduction within
the atria and atrioventricular conduction system evidenced by
extreme prolongation of both the P wave and the PR interval (Fig.
3B and Table 2). A more pronounced conduction defect was
observed in 2 of 9 Scn5a™~ mice with a failure of alternate atrial
impulses to excite the ventricles (Fig. 3C), which was consistent with
clinical features of type II second-degree atrioventricular block.
There was also a rightward shift in the cardiac axis in three mice,
suggesting defective intraventricular conduction (Fig. 3C). In con-
trast, the QT interval was unchanged in these Scn5a™*/~ mice,
suggesting that noninactivating sodium channels (29) are unlikely to
influence significantly the duration of ventricular repolarization.

Electrophysiology of Whole Isolated Scn5a*/— Hearts with Atria
Intact. After aortic cannulation and Langendorff-perfusion, whole
Scn5a*!~ hearts showed marked rate slowing (cycle length, 420 +
47 ms, n = 6) compared with wild type (123 = Sms,n =9, P <
0.001). This observation can be attributed to reduced excitability
caused by a decreased number of sodium channels. This dramatic
difference from the in vivo situation, where the heart rate is not
significantly reduced in Scn5a™~ mice compared with wild type, is
consistent with a significant autonomic contribution to the main-

Papadatos et al.

Electrocardiograms recorded in vivo

A wild type R
vT
[N S W g S
Senbas 100 ms
cndat/-
B

100 ms
Electrograms recorded from perfused heart
E
wild type Scnba+/-
S1 81 St 31 31 s1 1 s1
25ms 25ms

Fig.3. ECGsand atrioventricular conduction in wild-type and Scn5a*/~ mice. (A)
Representative single-lead ECG strip (standard lead I) from wild-type mouse with
P waves (P) caused by atrial depolarization, QRS complexes (R) caused by ventric-
ular depolarization, and T waves (T) caused by ventricular repolarization. The
cycle length is 120 ms with successful 1:1 conduction from the atria to the
ventricles. P wave duration (18 ms) and PR interval (35 ms) are comparable to
those reported for mouse (35). (B) Lead | of representative ECG taken from
Scn5a*/~ mouse showing 1:1 atrioventricular conduction and cycle length of 220
ms. There is increased P wave duration (26 ms) and prolonged PR interval (60 ms)
when compared with wild type. (C) Rhythm strip (lead Il) taken from Scn5a*/~
mouse showing conduction of only every second atrial beat (P) to the ventricle (R),
indicating second-degree atrioventricular block. Atrial cycle length is 170 ms, and
ventricular cycle length is 340 ms. The PR interval is prolonged (60 ms) with a
rightward shift in the QRS axis indicative of widespread atrioventricular conduc-
tion delay (outbred Scn5a*/~ mouse) with associated T wave inversion. (D) Char-
acteristics of atrioventricular nodal conduction in wild-type Langendorff-
perfused heart during right atrial pacing and left ventricular epicardial recording.
Far-field atrial pacing stimulation artifacts (S1) and resulting ventricular electro-
grams are shown. The stimulus interval of the paced beats (51-51) is progressively
reduced with the third artifact shown delivered at a stimulus interval of 42 ms and
not conducted to the ventricle (Wenckebach block), which is compatible with
previous results obtained in vivo, e.g., controls in the description of the pheno-
type of connexin40 mutant mice (35). (E) Representative recording from Scn5a*/~
hearts obtained under identical conditions to D. In this example, atrioventricular
conduction issignificantly impaired with the third atrial paced beat (S1) delivered
at astimulus interval (51-S1) of 70 ms not conducted to the ventricle (see Table 2).

tenance of impulse initiation and conduction in Scn5a™/~ mice. The
properties of the specialized conduction system of Scn5a™~ and
wild-type mice were examined with incremental atrial pacing.
Paced atrial beats blocked at stimulus intervals (S1-S1) in wild-type
hearts (42 = 3 ms, n = 4, Fig. 3D) comparable to previous
measurements reported in vivo (35). In contrast, Scn5a™/~ hearts
showed significant impairment of impulse propagation with paced
atrial beats being blocked at S1-S1 intervals of 69 = 4 ms (n = 4,
P < 0.001 compared with wild type, Fig. 3E). These findings are
consistent with both increased atrial refractoriness and with limits
on atrioventricular conduction. However, the findings of prolonged
PR intervals and shifts in the dominant electrical axis on in vivo
surface ECG recordings taken together with the ex vivo findings
suggest significant atrioventricular conduction failure (Table 2).
They are similar to clinical observations in patients with loss-of-
function SCN5A mutations (16-18, 20) and may indicate that
sodium channels are functionally more important to the mainte-
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Fig. 4. Assessment of conduction properties and ventricular
tachycardia in Langendorff-perfused mouse ventricular prepara-
tions. (A) lllustration of continuous electrical recordings from the
base of the left ventricle in response to stimuli applied to the right
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40 5 ScnBa+/-

30 4 Wild type

AA
20 4 As
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ventricular septum. The interval between stimuli is 100 ms except
that S2 follows the preceding S1 stimulus at an interval that is
decreased progressively in 1-ms steps, starting at 99 ms. In this
example, the three S1-S2 intervals shown are (left to right) 49, 48,
and 47 ms. (B) Earlier section of trace shown in A on expanded time
base (X 5.8). S1-S2 interval 55 ms. (C) Recording from Scn5a*/~
ventricle, also with S1-S2 interval 55 ms. Latency and duration of
electrogram are greater in Scn5a*/~ than in wild type (24 and 56 ms,
respectively, after S1in C; 10 and 40 ms in B). After S2, latency is
considerably increased (13 ms in Band 32 ms in C) whereas duration
is only slightly increased. The number of components in the elec-
trogram [termed fractionation (32, 42)] is not increased in the
Scn5a*/~ preparation. (D) Latency of electrogram in response to
each S2 stimulus was measured in a record similar to A and is plotted
here against the corresponding S1-S2 interval for 9 wild-type prep-
arations (filled triangles) and for 6 Scn5a*/~ preparations (open
triangles). For all $1-S2 intervals, latency is much longer in Scn5a*/~
than in wild type. The ventricular effective refractory period (value

25 ms

80
S$1-32 interval (ms)

20

E  Scn5at/-

*

* * » 8182
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nance of normal atrioventricular conduction than previously con-
sidered (36, 37).

Electrophysiology of Isolated Scn5a+/~ Ventricular Preparations. We
anticipated that removal of supraventricular pacemaker cells would
unmask further differences between the two mouse lines. In wild-
type mice, complete atrial removal resulted in the anticipated
junctional /ventricular rhythm, and contraction continued albeit
significantly more slowly (cycle length, 248 + 23 ms, n = §, see
Table 2). In contrast, without atria, Scn5a*/~ ventricular prepara-
tions lost all spontaneous electrical activity. Moreover, intrinsic
spontaneous activity failed to resume after pacing ceased in
Scn5a™'~ ventricular preparations whereas it returned almost im-
mediately in wild-type preparations. Each of these observations is
compatible with reduced cardiac excitability caused by a general-
ized decrease in the availability of In, for fast-membrane depolar-
ization and a reduced safety margin for impulse initiation and
conduction in Scn5a™/~ mice, as would be predicted by the Luo-
Rudy ventricular cell computer model (38). We next examined
conduction and refractoriness during pacing in these ventricular
preparations. The pacing protocols used an index pacing frequency
of 10 Hz with a stimulus interval (S1-S1) of 100 ms. These values
roughly correspond to the range of heart rates measured by
telemetric recording methods in the free-ranging laboratory mouse
(39-41). Fig. 44 illustrates how responses to S2 stimuli delivered at
progressively shorter S1-S2 intervals after the preceding S1 pacing
stimulus are used to detect changes in intraventricular conduction
(32, 42). Conduction curves, which characterize myocardial con-
duction between the pacing and recording electrodes (Fig. 4D),

6214
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of $1-S2 interval as which response fails) is greater in Scn5a*/~ (56 +
7) than in wild type (29 = 1, P < 0.001). (E) Representative electrical
recording from Scn5a*/~ ventricular preparation. S2 delivery at
49-ms stimulus interval (far left of trace) is followed by a delayed
(latency, 52 ms) ventricular response that initiates ventricular tachy-
cardia (asterisks represent points of S1 delivery with shock artifacts
removed for clarity). The tachycardia is organized, and monomor-
phic of mean cycle length is 64 ms (the cycle length in individual
traces varied in the range of 60—70 ms). There is no response to the
delivery of S1stimuli at 100-ms cycle length (asterisks). Delivery at an
$1-S2 stimulus interval of 47 ms captures the ventricle (only ~15 ms
after the end of the previous ventricular depolarization) and termi-
nates the tachycardia.

were derived from individual electrograms obtained from wild-type
(Fig. 4B) and Scn5a™'~ mice (Fig. 4C). Scn5a™'~ mice demon-
strated slowed conduction with an increased delay between the
pacing artifact and the appearance of the sensed electrogram when
paced at a cycle length of 100 ms (18 = 1 ms, n = 6; Fig. 4D, open
triangles) compared with wild type (9 = 1 ms, n = 9; Fig. 4D, filled
triangles, P < 0.001; Table 2). This delay is unlikely to be the result
of the setting up of the action potential as the ventricular electro-
gram duration is also increased in Scn5a™/~ mice (64 £ 2 ms, n =
6) relative to ventricles from wild-type animals (32 £ 3 ms,n = 9,
P <0.001; Table 2). The introduction of S2 stimuli at S1-S2 intervals
reduced in 1-ms decrements from 99 ms to ventricular refractori-
ness resulted in progressively increased latencies to the first com-
ponent of the S2-initiated ventricular electrogram in both wild-type
and Scn5a™'~ ventricles (Fig. 4D). This response, with its corre-
sponding increases in latency until propagation ceases (at the
ventricular effective refractory period), is also characteristic of
human ventricular myocardium examined in vivo (32, 42). Latency
is approximately doubled in Scn5a™~ compared with wild-type
ventricles at each S1-S2 stimulus interval (Fig. 4D). These obser-
vations confirm that sodium current magnitude critically influences
impulse conduction (23, 24). Although many other factors may
determine cardiac syncytial conduction (43), including the heter-
ogeneous distributions of cardiac ion channels, such factors were
not reflected in these experiments; ventricular preparations from
Scn5a™~ mice showed no increase in the number of electrogram
deflections (compare Fig. 4 B and C) (32, 42) that might suggest
increases in the dispersion of conduction or repolarization (43) as
reported in patients with primary ventricular fibrillation (42). The
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absence of such evidence for dispersed conduction in the mouse
may be species-related. It may require gradients of ion channel
expression (44, 45) or the presence of mid-myocardial (M) cells so
well described in other species (43, 46) but not thus far in mouse.
Finally, Scn5a ™'~ preparations showed large increases in refractory
periods (Fig. 4D, Table 2) such that the ventricle failed to respond
to pacing (despite increases in the amplitude of the pacing stimulus
to 4-fold threshold) and it was not possible to pace more rapidly
than 14-16 Hz in Scn5a™~ ventricle compared with up to 20 Hz in
wild type. Although action potentials were not measured in isolated
ventricular preparations, similar QT intervals on surface ECGs
suggest that action potential duration is unlikely to be significantly
different in Scnda ™'~ and wild-type mice. Increased refractoriness
is therefore most likely the result of a reduced pool of sodium
channels available to facilitate the recovery of excitability (24,
47, 48).

Ventricular Tachycardia in Scn5a*/~ Ventricular Preparations. Ven-
tricular tachycardia was consistently observed in 4 of 6 of the
Scn5a*'~ (Fig. 4E) but not in wild-type ventricular preparations
(n = 9, Fig. 44) during continuous pacing or after the delivery of
S2 stimuli at shorter S1-S2 intervals. In the two ScnSa™/~ prepa-
rations that did not develop tachycardia, the ventricular effective
refractory period was markedly prolonged (both ~65 ms), under
which conditions the possibilities for reentrant excitation are likely
to have been reduced (47). During programmed stimulation in the
remaining ventricular preparations from Scn5a*/~ mice, tachycar-
dia was induced at stimulus intervals between 41 and 49 ms. These
tachycardias were induced reproducibly in individual preparations
and have the appearances of monomorphic ventricular tachycardia
(see Fig. 4E). The cycle length of the tachycardia (=64 ms) is
compatible with the presence of a single axis of rotation with the
rotation period similar to that reported in mouse heart (=70 ms)
(49). Tachycardia duration varied and although self-termination
was occasionally observed after periods of up to several minutes in
two preparations, sustained tachycardia was more usual. There
were no episodes of ventricular fibrillation. In two preparations,
delivery of a stimulus closely coupled to the previous spontaneous
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ventricular depolarization could reliably terminate the arrhythmia.
These features, notably the ability to initiate and terminate ven-
tricular tachycardia with single stimuli, indicate the presence of an
excitable gap (an interval in the tachycardia cycle in which tissue is
able to respond to a stimulus) (50) and support a reentrant
mechanism (43). The model therefore provides evidence for the
hypothesis that reduced tissue excitability of itself can promote
tachycardias as a result of functional conduction block (51), pre-
sumably leading to spiral wave break-up and thereby to reentrant
excitation (47, 49, 50).

Summary/Conclusions

We have thus shown that disruption of the cardiac sodium channel
in homozygous Scn5a~'~ mice leads to a severe defect in ventricular
morphogenesis. Heterozygous disruption decreases total sodium
conductance, leading directly to impaired action potential propa-
gation, conduction block, and reentrant arrhythmias. These defects
in impulse initiation and conduction (23) provide a background for
understanding the pathophysiology of several pleiotropic clinical
phenotypes (3, 4, 16, 17, 19, 20). Accordingly, the basis for isolated
cardiac conduction disease (17), progressive cardiac conduction
disorder (16), and the arrhythmogenic substrate in idiopathic
ventricular fibrillation (19) can be viewed as involving slowed
myocardial conduction (52). These results taken together with
those obtained from computer modeling (17, 38) and clinical
observations (3, 4) suggest that slow conduction as a result of
sodium channel dysfunction represents a critical target for under-
standing (3, 5, 23) and managing cardiac arrhythmias.
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