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Figure 2 Inverse pattern of Sema3a expression
and sympathetic innervation in developing hearts.
(a) X-gal staining (green) of Sema34%Z+ at E10
(left). In situ hybridization (ISH) for Sema3a
(right). (b) X-gal staining of Sema3a/*Z+ at E12
demonstrated strong Sema3a expression in the
heart. (¢) /acZ expression was observed in the
subendocardium in Sema3a'®Z* hearts at E15.
The signal-positive areas were gradually reduced
by P1 and P42, and a higher magnification

view of the network of Purkinje fibers in P42
Sema3a'®Z* hearts is shown in the far right
micrograph. (d) X-gal staining (top) and triple
immunofluorescence staining for a-actinin, Cx40
and TOTO3 (bottom) in the subendocardium in
P42 Sema3a'®Z+ hearts. Arrows indicate
Purkinje fibers demarcated with Cx40. (e) X-gal
staining (top), and double staining with AChE
(brown) and X-gal (blue) (bottom) for the
conduction system (arrows) in P42 Sema3a®Z+
hearts. Note that AChE-positive AV node and His
bundle did not express facZ, but AChE-positive
Purkinje fibers were colabeled with X-gal staining.
(f) Sema3a mRNA expression in wild-type
developing hearts determined by quantitative
RT-PCR (n = 5). (g) Sema3a expression in the
subendocardium and subepicardium in wild-type
mice (n = 5). (h) Double staining with tyrosine
hydroxylase (TH, brown) and X-gal (blue) in P1
and P42 Sema3a'®Z* hearts. ‘Low’ and ‘high’
indicate low and high magnification, respectively.
Note that sympathetic nerves were restricted to
the subepicardium at P1, but extended into

the myocardium at P42, coincident with
downregulation of Sema3a. Representative

data are shown in a—e and h. *P < 0.001 and
**P < 0.01 (in f, compared to data at E12).
FL, forelimb; RA, right atrium; LA, left atrium;
RV, right ventricle; LV, left ventricle; IVS,
interventricular septum; Ao, aorta. Scale bars:
50 um in d; 100 pm in the right panel of b;
100 pm in e,h; 1 mm in all others.
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in the subendocardium in Sema3a™ mice, resulting in a marked
reduction of the subepicardial-to-subendocardial ratio of sympathetic
innervation (7.7-fold in wild-type and 0.8-fold in Sema3a™~ animals
Fig. 3d-f).

Next, we performed double staining with X-gal and tyro-
sine hydroxylase in Sema3a'Z?'* (Sema3a heterozygous null} and
Sema3al*Z1cZ (Sema3a homozygous null) hearts. Sema3a'*Z+ hearts
showed a restricted sympathetic innervation within the working myo-
cardium, and the axons never extended into the Sema3a-expressing
Purkinje fibers. In Sema3a'*Z%Z hearts, we observed many aberrant
projections at the subendocardium where lacZ was expressed, and
sympathetic nerves grew freely over lacZ-expressing areas (Fig. 3g).
These results indicated that Sema3a is critical for the patterning of
cardiac sympathetic innervation.

Sema3a- mice exhibit sinus bradycardia

We next examined the central conduction system in Sema3a™"~ hearts.
The sinoatrial nodes, atrioventricular nodes and His bundles, demar-
cated with AChE activity staining, were intact in appearance in
Sema3a~' hearts. The sympathetic nerve density in the conduction
system was also not different between wild-type and Sema3a~ hearts
(Fig. 4a and Supplementary Fig. 2 online). To determine whether
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sympathetic neurons that project nerve fibers to the heart were
disrupted, we examined the stellate ganglia. TH' neurons
accumulated to form sympathetic ganglia at positions bilateral to
the vertebrae in wild type mice. In contrast, the sympathetic neurons
did not accumulate in Sema3a™~ mice but instead were distributed
widely in a dislocated pattern (Fig. 4b). The stellate ganglia mal-
formation was sustained at P42 in Sema3a~~ mice (data not shown).

To identify the effects of abnormal sympathetic neural distribution
in the absence of Sema3a expression, we performed telemetric
electrocardiography (ECG) in awake and free-moving wild-type and
Sema3a~'~ mice (n = 5 in both groups), of age 6 to 8 weeks. Sema3a~"
mice showed sinus bradycardia and abrupt sinus slowing, with a heart
rate of 531 + 27 beats per min compared with 604 + 36 beats per min
in wild-type mice (Fig. 4c and Supplementary Table 1 online). To
determine whether the bradycardia arose from intrinsic or extrinsic
defects in the sinus node, we measured heart rate responses following
pharmacological intervention. Blocking the sympathetic system with
propranolol reduced the heart rate to a larger extent in the wild-type
mice than in Sema3a™ mice, suggesting that basal sympathetic
activity was downregulated in Sema3a~~ hearts. In contrast, blocking
parasympathetic activity had no substantial effect in either group of
mice, consistent with previous reports showing that mice have weak
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* parasympathetic activity?"?2. The intrinsic heart rate, determined by
blocking both autonomic activities, was not different between the two
groups, suggesting that Sema3a™ hearts retained intrinsic sinus node
function (Fig. 4d). To further elucidate the autonomic activities, we
performed a heart rate variability (HRV) analysis. Spectral analysis
revealed a significant reduction in normalized low filtration (NLF) and
in the low-to-high filtration (LF-to-HF) ratio (markers of sympathetic
activity) and an increase in normalized high filtration (NHF) in
Sema3a™" mice (Fig. 4e—g). Thus, the intrinsic sinus node function
{a cell-autonomous effect) was preserved, but sympathetic neural
activity (a cell-non-autonomous effect) was significantly downregu-
lated in Sema3a™ hearts, presumably owing to malformation of
sympathetic ganglia. These results indicated that Sema3a™~ mice
develop sinus bradycardia as a result of sympathetic neural dysfunc-
tion. Serna3a™- mice also showed spontaneous premature ventricular
contractions (PVCs) (Serma3a™~: 2 of 10 mice; wild-type: 0 of 10 mice)
(Fig. 4h). However, sustained ventricular tachycardia was not
observed in either group before or after epinephrine injection.

Cardiac-specific Sema3a overexpression reduces innervation
It is possible that the abnormal patterning of cardiac sympathetic
nerves in Sema3a-deficient hearts was a secondary effect of the
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Figure 3 Cardiac sympathetic innervation
patterning is disrupted in Sema3a-deficient mice.
(a) Triple immunostaining for a-actinin, tyrosine
hydroxylase (TH) and TOTO3 in P1 wild-type and
Sema3a’- hearts (low- and high-power fields).
Arrows indicate sympathetic nerves.

(b) Quantitative analysis of TH* nerve area in the
epicardium and subepicardium in wild-type (WT)
and Sema3a™- hearts at P1 (n = 5). (¢} Whole-
mount immunofluorescence staining for TH in
wild-type and Sema3a™ hearts at P1. (d) Triple
immunostaining for a-actinin, TH and TOTO3 in
P14 wild-type and Sema3a~ hearts (low- and
high-power fields). An epicardial-to-endocardial
gradient of sympathetic innervation was observed
in wild-type hearts, but not in Sema3a~- hearts,
at P14. (e.f) Quantitative analysis of TH* nerve
area in the subepicardium and subendocardium
in wild-type and Sema3a™- mice at P14 (n = 5).
() Comparisons between X-gal and TH staining in
P14 Sema3a*2* and Sema3a®Z"cZ hearts are
shown. Many aberrant nerves were observed in
the lacZ-expressing area only in Sema3a'®ZiacZ
hearts (Sema3a homozygous null). Arrows
indicate the Sema3a-expressing area visualized
by lacZ expression. Representative data are
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g 1 malformation of sympathetic ganglia. To
iy address this, we generated cardiac-specific
F transgenic mice expressing Sema3a (SemaTG)
».% under the control of an a-myosin heavy chain
2 o Epi Endo promoter?. Northern blot analysis revealed

that Sema3a was expressed exclusively in the
heart. The expression of other factors known
to be involved in sympathetic innervation,
such as NGF and vascular endothelial growth
factor-A, was unaffected in SemaTG mice
(Fig. 5a). The growth cone collapse assay
revealed that media conditioned with
SemaTG cardiomyocytes had strong chemor-
epellent effects on sympathetic nerves, indicating that bioactive
Sema3a was secreted from SemaTG cardiomyocytes (refs. 24,25 and
Fig. 5b). In situ hybridization for Sema3a demonstrated Sema3a
expression only at the subendocardium, not at the mid- or subepi-
cardium, in wild-type hearts, similar to the results for Sema3a'®Z/+
hearts. In contrast, Sema3a was expressed throughout the ventricles in
SemaTG mice and showed higher expression at the subendocardium
and midcardium than at the subepicardium in the ventricles. There
was no Sema3a expression in the atrioventricular.nodes or His bundles
in either genotype (Fig. 5¢ and Supplementary Fig. 3 online).
Echocardiography and histology did not identify any contractile
dysfunction or structural defects in SermaTG hearts.

To determine whether sympathetic innervation was altered in
SemaTG mice, we immunostained mouse hearts with an antibody
to tyrosine hydroxylase and measured the norepinephrine concentra-
tion in the ventricles (Fig. 5d,e and Supplementary Fig. 3). In
SemaTG ventricles, sympathetic innervation was markedly reduced
and the total cardiac norepinephrine concentration was reduced by
76%. Sympathetic innervation of the sinoatrial nodes, atrioventricular
nodes and His bundles was not altered in SemaTG hearts (data not
shown). We next analyzed the transmural difference of sympathetic
innervation in SemaTG hearts. TH* nerve fibers and norepinephrine
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Figure 4 Sema3a-deficient mice display malformation of stellate ganglia and sinus bradycardia. (a) Top, AChE (brown) and hematoxylin (purple) staining.
Bottom, immunostaining of sinoatrial node, atrioventricular node and His bundle (arrows) in P14 Sema3a’~ hearts with a-actinin, tyrosine hydroxylase (TH)
and TOTO3. (b) Stellate ganglia (SG, amows) in P1 animals were observed by TH immunostaining (brown). Note that a single SG was observed at a position
lateral to the spine in wild-type mice, but that multiple SG were distributed widely in a dislocated pattern in Sema3a - mice Eso, esophagus; SA, subclavian
artery. (c) ECG recordings from wild-type and Sema3a”- mice. The lengthened RR interval indicates abrupt sinus slowing in Sema3a’~ mice. (d) Changes in
heart rate following pharmacological modifications in wild-type and Sema3a’- mice (n = 5). Note that propranolo! reduced heart rate to a lesser extent in
Sema3a™- mice than in wild-type mice. (), no addition; Pro, propranolol; Pro + Atr, propranolol + atropine. (e) Power spectra of heart-rate variability (HRV)
in wild-type and Sema3a”- mice. Note decrease of HRV across low filtration (LF) band in Sema3a’- mice, reflecting lower sympathetic nerve activity
(arrows). (f,g) The normalized low filtration (NLF) and the low-to-high filtration (LF:HF) ratio were decreased in Sema3a’- mice (n = 5). (h) Spontaneous and
frequent premature ventricular contractions (PVCs, arows) were observed in Sema3a mice. Representative data are shown in a-¢, e and h. *P < 0.01;

**P < 0.05; NS, not significant. Scale bars: 100 pm in a,b; 100 ms in ¢,h.

concentration were decreased proportionally at both the subepicar-
dium and subendocardium in SemaTG ventricles (Fig. 5f,g). There-
fore, sympathetic innervation density was inversely proportional to
Sema3a expression in SemaTG hearts. The appearance of stellate
ganglia was not different between wild-type and SemaTG mice
(Fig. 5h). These results indicated that cardiomyocyte-derived
Sema3a mediates repulsive and inhibitory effects on cardiac sympa-
thetic neural growth.

SemaTG mice are susceptible to ventricular arhythmias
The SemaTG mice died suddenly, without any symptoms, at
10 months of age (4 of 22 SemaTG mice versus 0 of 22 wild-type
mice) (Fig. 6a), and necropsy showed no abnormalities. Telemetry
ECG revealed spontaneous PVCs in SemaTG mice but not in wild-
type mice (3 of 10 SemaTG mice versus 0 of 10 wild-type mice),
whereas there were no significant differences in other ECG parameters
(Fig. 6b and Supplementary Table 2 online). Epinephrine adminis-
tration induced multiple nonsustained and sustained episodes of
ventricular tachycardia in the SemaTG mice only (2 of 10 SemaTG
mice versus 0 of 10 wild-type mice) (Fig. 6¢). To further characterize
susceptibility to arrhythmia, we subjected wild-type and SemaTG mice
to programmed electrical stimulation. SemaTG mice had nonsus-
tained ventricular tachycardia at baseline, the frequency and duration
of which were significantly increased by a low dose of isoproterenol
(Fig. 6d.¢; 8 of 10 SemaTG mice). In contrast, no wild-type mice (n =
10) developed sustained ventricular tachycardia. There were no
electrophysiological differences between the two groups (Supplemen-
tary Table 2).

It is possible that the hypoinnervated SemaTG hearts showed
ventricular arrhythmias as a result of catecholamine supersensitivity.

To test this possibility, we measured cyclic AMP (cAMP) levels in
wild-type and SemaTG ventricles before and after isoproterenol
injection. Although basal cAMP levels were not different, the increase
in cAMP after isoproterenol administration was greater in SemaTG
mice than wild-type mice, indicating an augmented adrenergic
response in SemaTG hearts (Fig. 6f). To investigate this mechanisti-
cally, we measured the density of the ,-adrenergic receptor (B|AR) in
the ventricles. The B,AR density was 1.5-fold greater in SemaTG
ventricles (Fig. 6g).

We next investigated the transmembrane action potential of left
ventricular myocytes, using glass microelectrodes. Action potential
duration (APD) assessed at 50% and 90% repolarization (APDsq and
APDyg) were shorter in the subepicardium than in the subendo-
cardium in the wild-type mice. APD was significantly prolonged in
hypoinnervated SemaTG subepicardium and subendocardium, and
was inversely proportional to sympathetic innervation density. The
action potential amplitude, resting membrane potential and maxi-
mum positive deflection of phase 0 upstroke were not altered,
indicating that repolarization currents were disrupted in SemaTG
hearts (Fig. 6h). These results suggested that the higher susceptibility
of SemaTG mice to ventricular arrhythmia was due to catecholamine
supersensitivity and APD prolongation, both of which might augment
triggered activity in cardiomyocytes.

DISCUSSION

This work shows that a gradient of the neural chemorepellent Sema3a
is essential for proper cardiac sympathetic innervation patterning,
and that inappropriate Sema3a expression triggers various kinds of
arrhythmias as a result of the disruption of this patterning. To our
knowledge, this is the first identification of a critical regulatory
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=" factor for cardiac sympathetic patterning. The expression pattern of
Sema3a in the heart is inversely related to sympathetic innervation.
Sympathetic nerves express both the NGF receptor TrkA and the
Sema3a receptor neuropilin-1 (refs. 14,24). During development, NGF
and Sema3a are expressed within the spinal cord and influence
pathway guidance of sensory axons. Sema3a is specifically expressed
in the ventral half of the spinal cord and induces NGF-responsive
sensory axons to terminate at the dorsal part of the spinal cord!326,
Thus, the growth cone behavior of sensory axons is modulated by
coincident signaling between NGF and Sema3a (ref. 27). As cardio-
myocyte-derived NGF acts as a chemoattractant and Sema3a is a
potent chemorepellent for sympathetic nerves, it might be the.balance
between NGF and Sema3a synthesized in the heart that determines
cardiac sympathetic innervation patterning. The phenotype of
Sema3a™"~ hearts strongly suggests that no other semaphorin ligands
can compensate for loss of Sema3 function in the control of cardiac
sympathetic neural patterning.

Sema3a promotes the aggregation of neurons into sympathetic
ganglia during early embryogenesis. This was demonstrated previously
with displacement of sympathetic neurons and abnormal morphogene-
sis of the sympathetic trunk in Sema3a~~ mice observed at E12.5
(ref. 14). However, little is known about the role of Sema3a after birth.
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Figure 5 Cardiac sympathetic innervation patterning was disturbed in SemaTG hearts. (a) Schematic representation of the transgene containing the a-myosin
heavy chain (Myhc) promoter, mouse Sema3a cDNA and human growth hormone (HGH) polyadenylation signal (pA). Northern blot analysis for Sema3a in
SemaTG mice and RT-PCR analysis of Sema3a, Ngfb, Vegfa and Gapdh in wild-type and SemaTG hearts are shown. H, heart; B, brain: L, liver: K, kidney;

S, spleen; M, muscle. (b) Growth cone collapse assay, visualized with GAP43 immunostaining. Arrows indicate growth cones. Insets show high-power views
of the boxed areas. (c) /n situ hybridization (ISH) for Sema3a in wild-type and SemaTG hearts. High-power views of the boxed areas are shown in the lower
micrographs. (d) Triple immunoflucrescence staining for a-actinin, tyrosine hydroxylase {TH) and TOTO3 in wild-type and SemaTG hearts. (e) TH* nerve areas
were decreased in SemaTG hearts (n = 5). Cardiac norepinephrine (NE) concentrations were also reduced in SemaTG ventricles compared with wild-type
ventricles (n = 8). (f) Triple immunofluorescence staining for a-actinin, TH and TOTO3 in wild-type and SemaTG hearts. The number of TH* nerves was
decreased in both the subepicardium (Epi) and the subendocardium (Endo) in SemaTG ventricles. Arrows indicate TH* nerves. (g) Quantitative analysis

of TH* nerve area and norepinephrine concentrations in the subepicardium and the subendocardium {n = 5). (h) Stellate ganglia (SG) were not abnormal

in SemaTG mice. Representative data are shown in b-d,f and h. LV, left ventricle; IVS, interventricular septum; RV, right ventricle; RA, right atrium; LA,

left atrium. Alt mice were analyzed at 6 weeks of age. * P < 0.01. Scale bars: 50 pm in b,d; 100 pm in lower panels of ¢; 100 um in f,h; 1 mm in top

We found a sustained deficiency in sympathetic neural patterning in
Sema3a™ hearts and dislocation of stellate ganglia at P1 and P42.
Sympathetic nerve density was inversely proportional to Sema3a
expression in SemaTG hearts, in which Sema3a is expressed mainly
after birth. These results indicate that endogenous Sema3a is crucial
for the cardiac sympathetic patterning, not only during embryonic
development but also after birth.

Sympathetic nerves modulate the function of ion channels and
trigger various types of arrhythmias in diseased hearts?82°, However,
the relationship between sympathetic innervation and arrhythmogeni-
city in structurally normal hearts remains unclear. Sema3a~~ mice
exhibited sinus bradycardia, abrupt sinus slowing and stellate ganglia
defects. Pharmacological and HRV analysis confirmed a reduced
sympathetic nerve activity in Sema3a~'~ hearts. Consistent with our
results, right stellectomy induces sinus bradycardia and sudden,
asystolic death in dogs®®*!. SemaTG hearts were also highly suscep-
tible to ventricular arrhythmias, although without contractile dysfunc-
tion or structural defects. Given that catecholamine augments systolic
function, it is surprising that SemaTG hearts showed normal cardiac
function. However, consistent with our results, patients who under-
went heart transplantation and had denervated hearts did not show
heart failure, whereas about 10% of the patients developed sudden
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Figure 6 SemaTG mice are highly susceptible to induction of ventricular arrhythmia. (a) Survival curves of wild-type and SemaTG mice. (b) Spontaneous
PVCs (arrows) were frequently observed in SemaTG mice. (¢) Epinephrine administration revealed sustained ventricular tachycardia (VT) only in SemaTG
mice. (d) Surface ECG during programmed electrical stimulation (EPS) showing nonsustained VT at baseline, and sustained VT after administration of
isoproterenot in SemaTG mice. The heart was paced epicardially at an S1-S1 interval of 80 ms, followed by a premature beat of 50 ms at an S1-S2

interval. (e) Average duration of VT episodes before and after isoproterenol (Iso)

(n = 10). (f) Intracellular concentration of CAMP at basal levels and after

isoproterenol administration in wild-type and SemaTG hearts (n = 5). (g) Immunoblotting showed increased B1AR levels in membrane fractions from

SemaTG hearts. The relative ;AR density is shown (n = 5). (h) Representative

action potential tracing from wild-type and SemaTG subepicardium (Epi) and

subendocardium (Endo). SemaTG subepicardium and subendocardium showed prolonged action potentials (arrows). Mean APD measured at 50% and 90%
repolarization in wild-type and SemaTG (TG) hearts is shown (APDsg and APDgg; n = 10). Representative data are shown in b-d.g and h. Mice were
© analyzed at 6 to 8 weeks of age (b-h). *P < 0.01; **P < 0.05; NS, not significant. Scale bars: 20 ms and 20 mV in h; 100 ms in b and left panel of d;

500 ms in ¢ and right pane! of d.

¥
Q&?}Dcardiac death, presumably due to arrhythmias®2. We also observed

= similar

basal cAMP - levels and upregulation of §;AR
in SemaTG hearts compared with wild-type hearts. These data
therefore strongly support the idea that sympathetic nerves
contribute to the fine control of cardiac performance on
demand, but not to basal cardiac function. The findings that
both the induction of ventricular tachycardia and the production
of cAMP were enhanced by isoproterenol, and that SemaTG
hearts were severely hypoinnervated, implicate adrenergic denervation
supersensitivity as a cause of arrhythmogenicity in SemaTG
mice. It is possible that Sema3a acts directly on cardiomyocytes,
but we consider this unlikely, as its receptor neuropilin-1 is expressed
in cardiomyocytes only at low levels®>3%. Action potential duration
was inversely proportional to sympathetic innervation density in wild-
type and SemaTG ventricles, suggesting that sympathetic innervation
might regulate repolarization currents. Given that the electrical
properties of ventricular myocytes are heterogeneous and that the
cardiac repolarization gradient is highly organized through a trans-
mural structure in ventricles®*37, it would be intriguing to investigate
the relationship between sympathetic innervation patterning and the
ventricular repolarization gradient.

In conclusion, our results indicate that normal sympathetic
innervation patterning mediated by Sema3a is important for the

maintenance of arrhythmia-free hearts. Knowledge of the mechanisms
regulating sympathetic patterning in hearts may represent a new step
toward potential therapies for lethal arrhythmia.

METHODS
Animals. Sema3a™ mice and Sema3a knocked-in lacZ mice were generated as
described previously's.

Generation of transgenic mice expressing Sema3a in the heart. The Sema3a
cDNA was subcloned into an expression vector containing the a-myosin heavy
chain promoter?®. Pronuclear microinjection and other procedures were
performed according to standard protocols of the Keio University Animal Care
Center. The transgene was identified by PCR analysis (forward primer, 5'-
GTGGTCCACATTCTTCAGGA-3; reverse primer, 5-GAGGCAGTCAG
TAGTTTGGG-3). All mice used in this study (Sema3a™-, Sema3dac/iacZ
and SemaTG) were backcrossed ten times into the C57BL/6 background. The
Keio University Ethics Committee for Animal Experiments approved all
experiments in this study.

Northern blot and quantitative RT-PCR. RNA was isolated from several
tissues and from left ventricular subepicardial and subendocardial sections. For
northen blot analysis, 20 pg of total RNA was used. The Serna3a cDNA was
obtained from a C57BL/6 adult brain cDNA library as described previously'".
Quantitative RT-PCR was performed with TagMan probes (Applied Biosys-
tems): Sema3a (Mm00436469_ml) and Vegfa (Mmo00437304_m1l). The
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primers and probes for Ngfb were as described previously'!. The mRNA levels
were normalized by comparison to Gapdh mRNA.

Western blot analysis. Myocardial membrane fractions were prepared by
homogenization of hearts in ice-cold buffer as described’8. Immunodetection
was performed on membrane extracts with an antibody to AR (Affinity
BioReagents) as previously described®®. After transfer to nitrocellulose mem-
branes, the 64-kDa B,AR protein was visualized by chemiluminescence detec-
tion (ECL, Amersham).

Detection of growth cone collapse. Stellate ganglia explants were removed
from El4 embryos and cultured in medium containing 10% FBS and NGF
(Upstate)®. After 24 h incubation, the explants were cultured with cardio-
myocyte-conditioned media. For detection of growth cone collapse, the
cultures were immunostained with an antibody to GAP43 (Chemicon)®.
Sema3a-Fc (R&D systems) was used as a positive control.

In situ hybridization. In situ hybridization with digoxigenin-labeled mouse
Sema3a antisense cRNA was performed on whole embryos and paraffin-
embedded sections'®. The bound probes were visualized with alkaline
phosphatase-conjugated Fab fragment of antibody to digoxigenin
(Boehringer Mannheim).

Norepinephrine measurement. Norepinephrine concentration was determined

by high-performance liquid chromatography (HPLC) as described previously'!.

Immunohistochemistry of hearts. Hearts were perfused from the apex with
0.4% paraformaldehyde in phosphate-buffered saline, fixed overnight, and then
embedded in optimal cutting temperature (OCT) compound and frozen in
liquid nitrogen. Hearts were cut longitudinally in 5-um sections near the
central conduction system to show the four chambers. Cryostat sections were
stained with antibodies to a-actinin (Sigma Aldrich), connexin40 (Chemicon)
and tyrosine hydroxylase (Chemicon) to detect cardiomyocytes, Purkinje fibers
and sympathetic nerve fibers, respectively. The sections were incubated with
secondary antibodies conjugated with Alexa 488 or 594 (Molecular Probes) and
the nuclei were stained with TOTO3 (Molecular Probes). All confocal micro-
scopy was carried out on an LSM 510 META microscope (Carl Zeiss). In some
experiments, paraffin-embedded sections were stained with an antibody to
tyrosine hydroxylase. Following hybridization with the secondary antibody,
sections were incubated with diaminobenzidine. Nerve density was determined
as described previously!!. Briefly, we defined an epicardial portion as an
epicardial half of the ventricle and an endocardial portion as an endocardial
half of the ventricle for each slide. Within each portion, the six fields that

B/ contained the most nerve fiber structures were analyzed. The nerve density was

the ratio between the total area of nerves and the total myocardial area, each
measured by Image ] software. The data for each mouse were calculated from
30 to 40 serial sections. To determine the nerve density in the conduction
system, the acetyl cholinesterase—positive or connexin40-positive demarcated
areas were analyzed as above. For whole-mount immunostaining, hearts
were fixed with 4% paraformaldehyde and stained with an antibody to
tyrosine hydroxylase.

Histological analysis. Acetyl cholinesterase staining was performed to localize
the central conduction system. For serial sections of the atrioventricular node
and the His bundle, anatomical landmarks were used to help guide the decision
to begin collection of the sections'®!%,

Electrocardiographic recordings. Telemetric ECG recordings were obtained
from conscious adult mice using a wireless implantable transmitter manufac-
tured by Data Sciences International. Mice were anesthetized with ketamine
(30 mg/kg) and xylazine (6 mg/kg) and the transmitter was placed in the
abdominal cavity. The limb leads were placed in the right arm and the left leg.
After implantation of the transmitter, mice were allowed to recover for at least
72 h before data collection. The telemetry data was collected continuously for
2 d and analyzed using HEM 3.4 software {Notocord Systems). Propranolol
(4 mg/kg) and atropine (1 mg/kg) were injected intraperitoneally, and changes
were examined during 30 min before and after injection?!. For catecholamine
stimulation, epinephrine (2 mg/kg) was injected intraperitoneally*’.

ARTICLES

Heart-rate variability (HRV) analysis. HRV analysis was conducted following
standard guidelines as described previously*"*2. Spectral analysis using a fast
Fourier transform algorithm on sequences of 512 points was performed using
the HEM 3.4 software. The area under the curve was calculated for the very-
low-frequency ( <0.4 Hz), low-frequency (LF: 0.4~1.5 Hz) and high-frequency
(HF: 1.5-4.0 Hz) bands. Spectral variability at each bandwidth was normalized
(NLF, NHF) to the total spectral area®!*Z,

Electrophysiology. Mice were intubated and anesthetized with 0.5%
isofluorane gas, and a surface ECG was recorded during the experiment. After
midline sternotomy, a bipolar stimulating electrode was positioned on the
left ventricular surface. Standard pacing protocols for electrical stimulation in
mice were used*»™, Burst pacing and 15 rapid ventricular pacing at cycle
lengths of 100 ms and 80 ms with extrastimulation were performed to
determine the ventricular effective refractory period (VERP) and to induce
ventricular arrhythmias (with single and double extrastimuli). If arrhythmias,
such as nonsustained ventricular tachycardia (3-10 beats) or sustained
ventricular tachycardia (> 10 beats), were induced, the protocol was repeated
to determine reproducibility. After baseline measurements were completed,
isoproterenol (100 pg) was administered intraperitoneally and the protocols
were repeated*>*,

Statistical analysis. Values are presented as means * s.e.m. Differences between
groups were examined for statistical significance using Student’s t-test or

ANOVA. P values of < 0.05 were regarded as significant.

Other methods. Other
Methods online.

methods are listed in the Supplementary

GenBank accession number. Mouse Sema3a, NM_009152.
Note: Supplementary information is available on the Nature Medicine website.
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Abstract

Leukemia inhibitory factor (LIF), a cardiac hypertrophic cytokine, increases L-type Ca®* current (IcaL) via ERK-dependent and PKA-
independent phosphorylation of serine 1829 in the Cav, ; subunit. The signaling cascade through gp130 is involved in this augmentation. However,
there are two major cascades downstream of gp130, i.e. JAK/STAT3 and SHP2/ERK. In this study, we attempted to clarify which of these two
cascades plays a more important role. Knock-in mouse line, in which the SHP2 signal was disrupted (gp130F7>F75% group), and wild-type mice
(WT group) were used. A whole-cell patch clamp experiment was performed, and intracellular Ca** concentration ([Ca®*]; transient) was monitored.
The /¢,y density and [Ca®*); transient were measured from the untreated cells and the cells treated with LIF or IL-6 and soluble IL-6 receptor (IL-6+
sIL-6r). Action potential duration (APD) was also recorded from the ventricle of each mouse, with or without LIF. Both LIF and IL-6+sIL-6r
increased /c,r. density significantly in WT (+27.0%, n=16 p<0.05, and +32.2%, n=15, p<0.05, respectively), but not in gp130773%F7%% (+9 49,
n=16, NS, and —6.1%, n=13, NS, respectively). Administration of LIF and IL-6+sIL-6r increased [Ca**); transient significantly in WT (+18.8%,
n=13,p<0.05, and +32.0%, n=21, p<0.05, respectively), but not in gp130"7***7>* (-3 8%, n=7, NS, and ~6.4%, n=10, NS, respectively). LIF
prolonged APDg, significantly in WT (10.5+4.3%, n=12, p<0.05), but not in gp13077°**7% (=2.1£11.2%, n=7, NS). SHP2-mediated signaling
cascade is essential for the LIF and IL-6+sIL-6r-dependent increase in /g, [Ca2+],- transient and APD.
© 2007 Elsevier Inc. All rights reserved.

Keywords: 1L-6; Leukemia inhibitory factor (LIF); lon channel; L-type Ca®" current; Patch clamp; Fluo-4; SHP2

1. Introduction

Leukemia inhibitory factor (LIF) is a member of the IL-6
family of cytokines that induces a wide range of responses in a
variety of cells [1]. LIF is known to have various effects on cell
growth, differentiation, and function [2—4]. The receptors of the
IL-6 family of cytokines have common subunits, gp130 [5,6].
The binding of the IL-6 family cytokines to their receptors
activates Janus kinases (JAK 1, JAK2, and TYK2) [7,8], leading

* Corresponding author. 35 Shinanomachi Shinjuku-ku Tokyo, Japan.
Tel.: +81 3 3353 1211; fax: +81 3 3353 2502.
E-mail address: smiyoshi@cpnet.med.keio.ac.jp (S. Miyoshi).

0022-2828/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.yjmcc.2007.09.004

to the recruitment of signal transducing molecules such as
protein tyrosine phosphatase 2 (SHP2) and signal transducers
and activators of transcription3 (STAT3) [9-11]. It is considered
that there are two major cascades downstream of gpl30, i.c.
JAK/STAT3 and SHP2/ERK [12,13].

In cardiomyocytes, we have reported that LIF induces
cardiac hypertrophy [14]. The JAK/STAT3 pathway plays an
important role in mediating this cardiac hypertrophy.

On the other hand, we have reported that LIF increases
L-type Ca®" current (/) and intracellular Ca®* concentration
([Ca2+],- transient) in cardiomyocytes, and this /-, augmentation
is independent of PKA but dependent on mitogen-activated
protein kinase (MEK) [15]. We have also reported that LIF
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phosphorylates the serine residue at the position 1829 of the
Cav, , subunit via the actions of extracellular signal-regulated
kinase (ERK) and that this phosphorylation increases I, in
cardiomyocytes [16]. Therefore, the MEK/ERK pathway might
be involved in the LIF-mediated increase of I, . There may be,
however, a possible crosstalk between the JAK/STAT3 pathway
and the MEK/ERK pathway downstream of gp130, and therefore
the role of the JAK/STAT3 pathway in the LIF-mediated increase
of I, remains to be elucidated.

In this study, using the knock-in mouse line, we attempted to
clarify that it is not the JAK/STAT3 pathway, but rather the
SHP2/ERK pathway below gp130 that plays an important role
in this /¢, augmentation.

2. Materials and methods
2.1. Materials

The knock-in mouse line [12], in which the SHP2 signal was
disrupted by replacing the mouse gpl130 gene with the human
gpl30 mutant cDNA (gp130° 59739 group), and wild-type
mice (WT group) were used for this experiment. These mice were
6—10 weeks of age and weighed 21-28 g. In the gp130F759/F759
group, only the JAK/STAT3 cascade can be activated, and both
the JAK/STAT3 and SHP2/ERK cascades can be activated in the
WT group.

2.2. Cell preparation for the patch clamp

After 1000 units of heparin and 50 mg of sodium pento-
barbital were administered intraperitoneally, the murine heart
was quickly excised and retrogradely perfused with nominally
Ca’*-free HEPES-Tyrode’s solution, which contained
140 mmol/l NaCl, 4 mmol/l KCI, 0.5 mmol/l MgCl,,
5.5 mmol/l glucose, and 5 mmol/l HEPES (pH adjusted to 7.4
with NaOH) for 3 min, and with the same solution containing
0.5 mg/ml of type II collagenase (Worthington Biochemical, NJ,
USA) for 30 min at 37 °C. The ventricles were excised and were
gently agitated in high-K " storage medium, containing 70 mmol/
| glutamic acid-K, 15 mmol/l taurine, 30 mmol/l KCI, 10 mmol/
| KH,PO,, 0.5 mmol/l EGTA, 0.5 mmol/l MgCl,, 60 mmol/
I glucose, and 5 mmol/1 HEPES (pH adjusted to 7.4 with KOH)
for 10 min to obtain isolated ventricular cells. After small cells,
e.g. blood cells or non-myocyte cells, were discarded by use of
20 pm nylon mesh, isolated ventricular cells were stored in high-
K" storage medium at room temperature for 3—4 h before the
patch clamp experiment.

2.3. Whole-cell patch clamp

We performed a whole-cell patch clamp to measure Iy as
described previously [15,17]. HEPES-Tyrode’s solution supple-
mented with 0.5 mmol/l of CaCl, and 1.3 mmol/l MnCl, was used
for the external solution for the patch clamp experiment. To pre-
vent contamination with other monovalent cation currents, exter-
nal Na* and K™ in the bath solution were substituted by equimolar
choline. The pipette solution contained 115 mmol/l CsCli,

20 mmol/l TEA-Cl, 5 mmol/l MgATP, 0.4 mmol/l TrisGTP,
10 mmol/l BAPTA, and 5 mmol/l HEPES (pH adjusted to 7.2
with CsOH). The resistance of pipettes filled with the internal
solution was 1.4 to 1.8 M{). Seal resistances <4 G{) and series
resistances >2 M) were discarded from the analysis. Currents
obtained in this study were normalized to each cell capacitance.

We preincubated the cells in the presence of LIF (1000 U/ml),
IL-6 (20 ng/ml), and soluble IL-6 receptor (sIL-6r) (25 ng/ml) or
in the absence of it (control) for 20-40 min before the mea-
surement. The effect of PD098059, a specific MEK inhibitor, on
Ica, was also observed [15]. The percent inhibition curve was
automatically fitted to Hill’s equation: Al/ Aly.=1-C"/C"+
IC3, by a Chi-square procedure.

See details in the Supplementary data section.

2.4. Cell preparation for the measurement of [Ca’"]; transient
prep

Instead of HEPES-Tyrode’s solution, Ca’’-free NaHCO;-
buffered Tyrode’s solution, containing 126 mmol/l NaCl,
4.4 mmol/1 KCI, 1.0 mmol/l MgCl,, 18 mmol/l NaHCO;,
11 mmoVI glucose, 4 mmol/l HEPES, and 30 mmol/i BDM (pH
adjusted to 7.4 at 37 °C with oxygenation; O, 95%/CO; 5%),
was used for the cell isolation to measure [Ca®"); transient. After
the washout of blood cells for 3 min, tissue was digested in the
same solution with 0.9 mg/ml of type Il collagenase and
25 umol/l of CaCl, for 15 min at 37 °C. The ventricles were
minced and gently agitated in the same solution with 0.9 mg/ml
of the collagenase, 20 g/l of albumin Fraction-V (A7906-50G,
Sigma, MO, USA), and 200 umol/l CaCl,. Incubation with the
fresh enzyme solution was repeated 3 times at 15-min intervals.
The supernatant from each digestion was filtered (100-pm mesh)
and centrifuged (500 rpm for 3 min). The cells were then stored
in the NaHCO5-buffered Tyrode’s solution supplemented with
the same amount of minimum essential medium (MEM; 634-
04281 WAKO, Tokyo, Japan) and 1 g/1 of the albumin at room
temperature for 3—4 h before the [Ca®"); transient experiment.

2.5. Measurement of [Ca*"]; concentration

The [Ca**); transient was monitored by use of the fluorescent
calcium indicator Fluo-4 AM (Molecular Probes, Eugene,
USA), as described previously [15,18]. The [Ca2+],» transient
was recorded from the baseline (0 min) until 30 min after the
application of LIF (1000 U/ml) or IL-6 (20 ng/ml) and sIL-6r
(25 ng/ml). F/Fo ratio was defined as the following equation:

F/Fo = (Peak fluorescence intensity
—minimum fluorescence intensity)
/(Peak fluorescence intensity at baseline
—minimum fluorescence intensity at baseline)
See details in the Supplementary data section.

2.6. Action potential recordings

The action potential from the endocardium of the left
ventricle was recorded by standard microelectrodes as described
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Fig. 1. (A) Representative current traces of L-type Ca”* current of the WT group. (B) Representative current traces of L-type Ca®" current of the gp130F739F759 group. Each
left panel shows the control and each right panel shows the administration of LIF or IL-6 +sIL-6r. The /¢, elicited by the voltage-clamp protocol in the inset was normalized
to the cell capacitance. (C) The current—voltage relationship of mean peak ¢, density of the control and the administration of LIF. (D) The current-voltage relationship of
mean peak /cy. density of the control and the administration of IL-6+sIL-6r. Both LIF and IL-6+sIL-6r iricreased /¢y, density significantly in the WT group.

previously [17]. The maximum diastolic potential (MDP), the =~ compared with the data before the administration (baseline). See
maximum positive deflection of the phase 0 upstroke (Vyay), details in the Supplementary data section.

amplitude of the action potential (AMP), and APD at 50% and

80% repolarization (APDso and APDjg,) were measured at the 2.7. Solution and chemicals

300, 250, 200, and 150 ms pacing cycle length (PCL). The

measurements were made at least 30 min after the application of Most reagents were purchased from Sigma (St Louis, MO,
LIF (1000 U/ml). The data after the administration of LIF were USA) and Wako (Osaka, Japan). LIF, IL-6, and sIL-6r were
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purchased from Genzyme (Cambridge, MA, USA). To stimu-
late gp 130 independently from the LIF receptor, IL-6 and sIL-6r
were simultaneously administered [19].

2.8. Statistical analysis

All data are shown as the mean value+SE. The difference
among mean values was determined with ANOVA for repeated
measurements. The post hoc test (Bonferroni/Dunn) was used
when three or more groups were compared. Student’s ¢-test was
used when two values were compared. Fisher exact probability
test was used to test the significance of the difference in the
incidence of arrhythmic activity between the groups. Statistical
significance was set at p<0.05.

3. Results
3.1. L-type Ca®* current

The cardiomyocytes isolated from the WT group and the
gpl 3QF759/F759 group appeared similar. There was no difference
in the cell capacitance between the WT group (138.5+1.9 pF)
and the gp130F759/F759 group (142.0£2.5 pF) and there was no
difference in the Ic, density of the control (WT group: 7.54+
0.20 pA/pF, n=176, gp130¥7*%F7> group: 7.80+0.25 pA/pF,
n=54, NS).

Figs. 1A and B show representative traces of the control and
the administration of LIF or IL-6 +sIL-6r. Figs. 1C and D show
the current—voltage relationship of mean peak /c,_ density.
Both LIF and IL-6+sIL-6r increased /g, density significantly
in the WT group (7.11+0.20 pA/pF, n=29 to 8.34+0.33 pA/pF,
n=16, p<0.05, and 8.19+£0.36 pA/pF, n=13 to 10.40+
0.52 pA/pF, n=15, p<0.05, respectively), but not in the

o o
» @
L 1

Al/ A Imax

o
N
1

@ PD098059 10-7 mol/l
(O PD098059 106 mol/i
O PD098059 10-5 molll
A PD098059 3x10-° mol/l
A PD098059 10 mol/l
B PD098059 104 mol/l without IL-6

0.0 *n=8

107 10°® 10°® 10

gp130F79F75% oroup (7.33+0.31 pA/pF, n=16 to 6.88%
0.25 pA/pF, n=16, NS, and 7.25+0.43 pA/pF, n=17 to 7.39%
0.34 pA/pF, n=13, NS, respectively).

After the administration of IL-6+sIL-6r, PD098059, a
specific MEK inhibitor, blocked IL-6-dependent increase of
Icap density in a dose-dependent manner. At 100 pmol/l, it
completely blocked the effect of IL-6 (Fig. 2A). Fig. 2B
illustrates the dose—response curve of the inhibitory effect of
PD098059. The average reduction of the peak /-, was fit by
the Hill’s equation to yield a half-maximal inhibition concen-
tration (ICsq) of 7.0 pmol/l and a Hill coefficient of 0.8. These
results suggested that the IL-6-induced increase in /g, was
mediated by MEK.

3.2. [Ca®*]; transient

The LIF-mediated increase of I, in cardiomyocytes sug-
gested, that LIF may also increase the [Ca®*]; transient. We
therefore measured the [Ca”*}; transient in cardiomyocytes ex-
posed to LIF or IL-6+sIL-6r. Figs. 3A and B shows repre-
sentative tracings at the baseline and 30 min after the LIF or IL-
6+sIL-6r administration. Figs. 3C and D shows the percent
changes of the averaged data in the amplitude of the [Ca®*);
transient (F/Fo) as a function of time.

After the administration of LIF or IL-6+sIL-6r, the [Ca®"];
transient (F/Fo) was increased significantly in the. WT group
(+18.8%, n=13, p<0.05, and +32.0%, n=21, p<0.05,
respectively), but not in the gp130F"%F7%° group (-3.8%,
n=7, NS, and —6.4%, n=10, NS, respectively). [Ca®"); tran-
sients were gradually increased within 10 min after the LIF or
IL-6+sIL-6r administration and reached a plateau.

After the administration of LIF or IL6/sIL6r, the incidence of
so-called arrhythmic sustained increase in [Ca**); concentration

n=15
®

Ar o ©¢

AL, C"+IC
n ; Hill coefficient = 0.8
ICso = Tx106

n=8

n=16

n=10"*
®

PD098059 (mol/)

* PD098059 10- mol/l without IL-6 stimulation

Fig. 2. Dose-dependent inhibition of PD098059, a specific MEK inhibitor of IL-6-dependent increase of I, density. The cells were preincubated by various doses of
PD098059 for 30 min and were stimulated by IL-6+sIL-6r. (A) The current-voltage relationships of mean peak Ic,; density are indicated. At 100 pmold, IL-6-
dependent increase of I density is completely blocked. (B) The dose—~response curve of the inhibitory effect of PD098059. Each plot was calculated by the
following equation; Al/ Al Al=mean peak /¢, density (each PD098059 concentration) — peak /¢, density (10™* mol/l PD098059 only), Al =mean peak Jeay,
density (IL-6+sIL-6r only)—mean peak /¢, density (107 mol/l PD098059 only). The average reduction of the peak /¢4, density was fit by the Hill’s equation to
yvield a half-maximal inhibition concentration (ICsg) of 7.0 pmoV/I and a Hill coefficient of 0.8.
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Fig. 3. (A) Representative [Ca®"), transient tracings at the baseline and 30 min after the LIF or IL-6 administration in the WT group. (B) Representative {Ca®"}; transient

tracings at the baseline and 30 min after the LIF or IL-6 administration to the gpl3

OF7*9F73% group. (C) Normalized fluorescent intensity (F/Fo) changes of the

averaged data in the amplitude of the [Ca*]; transient of the control group and LIF group, as a function of time. (D) F/Fo changes of the averaged data in the amplitude
of the [Ca**}; transient of the control group and the administration of IL-6+sIL-6r group, as a function of the time course. Both LIF and IL-6+sIL-6r significantly

increased F/Fo in the WT group.

was significantly higher in the WT group (8/32), than in the
gp130773%F75% group (0/17).

3.3. Action potential

After the administration of LIF, APDgy, was significantly
prolonged in the WT group at the 200 ms PCL, compared with
the gpl30F759/ F759 group, but there were no differences in any
other parameters measured (Table 1).

Figs. 4A and B shows representative action potential tracings
at the PCL of 250 ms at the baseline and 30 min after the LIF

administration. The averaged value of % change in APDgg
(Fig. 4C) and the averaged value of APDgq (Fig. 4D) are shown
as a function of PCL between 150 and 300 ms. LIF-induced %
change in APDgg at the PCL was significantly longer in the WT
group than in gp130773%/F7% group.

4, Discussion
These experiments, using the knock-in mice, clarified the

distinct signal transduction pathway of /-, augmentation by
LIF.
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Table |
Data of action potential recordings at 200 ms pacing cycle length in the control
and gp130775F7 group

WT group (n=12) gp130F73F759 group (n=7)
Control LIF Control LIF
APDygg (ms) 31.320.2 34.2+0.2* 38.2£39 35.2%4.6
MDP (mV)  -822+09  -83.1%19  -749+£40  -783%23
AMP (mV)  106.5:1.4 110.0£1.9 97.2£4.8 101.3£3.2
Vae (V1) 141.8£12.0  1503%127  1429+14.1  151.4%58

*p<0.05 vs WT control. Data are presented at the mean value+SE.
APDgo=action potential duration at 80% repolarization, respectively;
MDP =diastolic potential, AMP=amplitude of the action potential; Vmax=
maximum positive deflection of the phase 0 upstroke.

We have reported that LIF increases I, by the phosphor-
ylation of the Cavl1.2 subunit via the actions of ERK and that
this LIF-mediated increase of Ic,. might be independent of
PKA and involve the MEK/ERK pathway. However, the
existence of crosstalk between the JAK/STAT3 and the MEK/
ERK pathways could not be ruled out. In the knock-in mice,
gp130F¥F75% ysed in this study, Tyr-759 was replaced by a
phenylalanine, and the signal below SHP2 was disrupted, while
the JAK/STAT3 pathway was intact. Therefore, if there were
crosstalk between the JAK/STAT3 and the MEK/ERK pathway
in the gp130° 59/F759 mice, the stimulation by LIF and IL-6+
sIL-6r could activate the ERK pathway, subsequently phosphor-

A WT group

_ PCL250ms

-50mv

100 ms
B gp1 30QF759/F759 group

PCL 250 ms

-50mV

100 ms

@

APDy, (ms)

715

ylate the Cavl.2 subunit, and /¢, could be increased. The
present study showed that Ic, [Ca2+],~ transient, and APD were
increased by LIF in the WT group, as shown above. On the
other hand, in the knock-in mice gp13077°*F7° LIF did not
increase Icar, [Ca2+],- transient, or APD. From these results, the
SHP2/ERK-mediated signaling cascade is essential for the LIF-
dependent increase in Icar, [Ca2+]i transient, and APD. There
was no crosstalk from the JAK/STAT3 cascade.

In the condition of heart failure, cardiac hypertrophy is induced
by the mechanical load, hormonal factors, and cytokines such as
angiotensin Il and IL-6. LIF is known as one of these cytokines. LIF
is produced from cardiomyocytes or fibroblasts by various stimuli
in vivo, such as pressure overload and volume overload, and works
on cardiomyocytes like autocrine or paracrine [20]. We have
observed that mechanical stretch and angiotensin II stimulation
rapidly increased LIF mRNA expression in cultured cardiomyo-
cytes [21] and that LIF induces cardiac hypertrophy. On the other
hand, in the present study, LIF and IL-6 increased Ica, [Ca®];
transient, and protonged APD. Intracellular Ca®" concentration is
related to not only the control of cardiac contraction and relaxation,
but also to the generation of cardiac arrhythmia [22]. So, in vivo,
in heart failure, the cytokines such as LIF and IL-6 may increase the
intracellular Ca>* concentration, and it cannot be denied that this
may cause cardiac arthythmia. In fact, it was reported that the
increase of IL-6 is one of the risk factors which predict sudden
cardiac death in patients with coronary artery disease [23].
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Q' 60 [ gp13077 group

T 40

& 20
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§-20 mean + SE  * p<0.05 vs WT group
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@ gp130775%F7%% group, LIF (n=7)

Fig. 4. (A) Representative action potential tracings at the PCL of 250 ms at the baseline and 30 min after the LIF administration in the WT group. (B) Representative
action potential tracings at the PCL of 250 ms at the baseline and 30 min after the LIF administration to the gp130F75 9159 oroup. (C) The averaged % change in APDgg
as a function of PCL was shown. LIF-induced prolongation in APDg, was significantly (p<0.05) longer in WT group than 30F739F739 group. (D) The averaged data of
APDyg are shown as a function of PCL between 150 and 300 ms.
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In the present study, the arrhythmic activity in [Ca®*);
transient was observed. However, we never observed early after
depolarization (EAD)-like activity in the action potential
experiments. These different arrhythmic responses to LIF in
the different models may be due to different experimental
models. It is possible that LIF and 1L-6 may induce arrhythmic
events under pathologic conditions [23]. We speculated that LIF
and IL-6 may directly affect intracellular Ca>* handling that
may cause arthythmic activity in [Ca®*}; transient. Further
experimentation should be required.

It has been also reported that cardiac hypertrophy is induced
by the calcium-dependent phosphatase calcineurin [24]. The
intracellular calcium overload, as shown in the present study, is
known to be associated with signaling cascades resulting in
cardiac hypertrophy. It is possible that the increase of intra-
cellular Ca** concentration by LIF causes cardiac hypertrophy,
independent from JAK/STAT activation [14].

4.1. Study limitations

We used different experimental conditions for the whole-cell
patch clamp, measurement of [Ca®"); transient, and action poten-
tial recording. Such different experimental conditions may affect
the result of LIF and IL-6 response. However, the effect of LIF and
IL-6 was compared under the same experimental conditions as in
the present study. Furthermore, the electrophysiological response
for the LIF and IL-6 was consistent in every experimental set up.
In order to clamp voltage accurately during /I, measurement, we
used MnCl, as described in Materials and methods section. In our
previous study [25] and in the present study, extracellular Mn**
successfully decreased the I, and did not affect the /-, kinetics
significantly. Moreover, the effect of LIF on /¢, augmentation
and increase in [Ca®"]; transient was observed in the absence of
extracellular Mn" in our previous study [15].
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A Novel Mutation in KCNQ1 Associated
with a Potent Dominant Negative Effect as the Basis
for the LQT1 Form of the Long QT Syndrome
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From the *Masonic Medical Research Laboratory, Utica, New York, USA; {Niigata University Graduate School of Medical and Dental
Sciences, Niigata, Japan; }Tokyo Medical and Dental University, Tokyo, Japan; and §Tsuchiura Kyodo General Hospital, Ibaragi, Japan

Novel Mutation in KCNQI as a Cause of LQT1. Introduction: Long QT Syndrome (LQTS) is an
inherited disorder characterized by prolonged QT intervals and life-threatening polymorphic ventricular
tachyarrhythmias. LQT1 caused by KCNQ1 mutations is the most common form of LQTS.

Methods and Results: Patients diagnosed with LQTS were screened for disease-associated mutations
in KCNQ1, KCNH2, KCNEI1, KCNE2, KCNJ2, and SCN5A. A novel mutation was identified in KCNQI
caused by a three-base deletion at the position 824-826, predicting a deletion of phenylalanine at codon
275 in segment 5 of KCNQ1 (AF275). Wild-type (WT) and AF275-KCNQ1 constructs were generated and
transiently transfected together with a KCNEI construct in CHO-K1 cells to characterize the properties of
the slowly activating delayed rectifier current (IKs) using conventional whole-cell patch—clamp techniques.
Cells transfected with WI-KCNQ1 and KCNE1 (1:1.3 molar ratio) produced slowly activating outward
current with the characteristics of IKs. Tail current density measured at —40 mV following a two-second
step to +60 mV was 381.3 & 62.6 pA/pF (n = 11). Cells transfected with AF275-KCNQI and KCNEI
exhibited essentially no current. (Tail current density: 0.8 £ 2.1 pA/pF, n = 11, P = 0.00001 vs WT).
Cotransfection of WT- and AF275- KCNQ1 (50/50), along with KCNE1, produced little to no current (tail
current density: 10.3 £ 3.5 pA/pF, n = 11, P = 0.00001 vs WT alone), suggesting a potent dominant negative
effect. Inmunohistochemistry showed normal membrane trafficking of AF275-KCNQ1.

Conclusion: Our data suggest that a AF275 mutation in KCNQI is associated with a very potent dominant
negative effect leading to an almost complete loss of function of IKs and that this defect underlies a LQT1

form of LQTS. (J Cardiovasc Electrophysiol, Vol. 18, pp. 972-977, September 2007)

ion channel, mutation, inherited syndrome, electrophysiology, Torsade de Pointes

Introduction

Long QT syndrome (LQTS) is characterized by QT
prolongation in the surface ECG, syncope, and sudden
cardiac death secondary to an atypical polymorphic ven-
tricular tachycardia known as Torsade de Pointes (TdP).
Mutations in 10 different genes causing inherited LQTS have
been identified. Mutations inthe KCNQ1 (KvLQT1) gene can
cause both the autosomal dominant Romano-Ward syndrome
and the autosomal recessive Jervell and Lange-Nielsen syn-
drome.! KCNQI and KCNE! (minK) form the slowly acti-
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vating component of the delayed rectifier Kt current (IKs),
which contributes to cardiac repolarization. Functional ex-
pression of mutant XCNQ/ channel proteins in heterologous
expression system has revealed a loss of channel function
in most cases.! More than 100 mutations have been identi-
fied and shown to be associated with a variety of ion channel
dysfunction mechanisms.> The objective of this study was to
evaluate the functional consequences of a novel single amino
acid deletion mutant, AF275, in a mammalian heterologous
expression system.

Methods
Clinical Case Presentation

A 14-year-old girl was referred for genetic analysis. Her
ECG at annual check-up showed a prolonged QT interval of
520-560 msec. She had syncopal attack at 10 years of age,
but had no family history of sudden cardiac death and nor-
mal hearing. The surface ECG at rest showed broad-based
tall T wave typical LQT1%+* and a QTc interval of 515 ms
(Fig. 1A). Holter recording and a treadmill exercise stress test
did not reveal a clinically significant arthythmia. However,
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her QTc prolonged from a baseline of 475-555 msec dur-
ing a treadmill exercise stress test. Infusion of epinephrine
(0.3 mg/kg/min) during electrophysiological study prolonged
QTc from a baseline of 470620 msec and induced a poly-
morphic ventricular tachycardia (VT) (Fig. 1B). Programmed
electrical stimulation in the absence of epinephrine did
not induce VT or ventricular fibrillation (VF). Both par-
ents displayed a normal ECG and genetic screening was
declined.

Genetic Analysis

The protocol of this study was approved by the respec-
tive institutional review boards (IRBs) of the institutions in-
volved in the study. After obtaining written informed con-
sent, genomic DNA was isolated from peripheral blood
lymphocytes by conventional methods.’ The genomic DNA
was amplified on GeneAmp® polymerase chain reaction
(PCR) System 9700 thermal cycler by standard PCR tech-
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Figure 1. Electrocardiograms of the patient. (A) Twelve-lead ECG of the
patient at rest. Broad-based tall T waves are observed. QTc interval is 515
msec at rest. (B) Torsade de Pointes arrhythmias induced following admin-
istration of epinephrine (0.3 mglkg/min). Her QTc interval prolonged 1o 620
nsec.
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nique using the primers as described previously.%’ For ge-
netic screening, we used single-strand conformation poly-
morphism (SSCP), followed by DNA sequencing or PCR-
sequencing method for KCNQI, KCNH2, SCNSA, KCNE],
KCNE2, and KCNJ2 genes. Abnormal conformers were se-
quenced with ABI377XL genetic analyzer (Applied Biosys-
tems, Foster City, CA, USA). Electropherograms were com-
pared with the KCNQI wild-type (WT) sequence (GenBank
accession number AJ006343) using the DNASIS Ver. 3.7
software (HITACHI, Japan).

Constructs for Electrophysiological and Confocal Studies

The WT KCNQI and KCNE] cDNAs were generated
as described previously.8 The deletion of three nucleotides,
TCT, corresponding to phenylalanine at position 275 was in-
troduced to WT-KCNQ1 ¢DNA by site-directed mutagenesis
with primers of 5-CGGCTTCCTGGGCCTCATCTCCTC-
GTACTT-3' and 5-AGTACGAGGAGATGAGGCCCAGG-
AAGCCG-3'. The AF275-KCNQI clone was confirmed by
sequencing.

Cell Culture and Transient Transfection

CHO-K1 (Chinese hamster ovary) cells were obtained
from American Type Cell Collection and cultured in Dul-
becco’s modified Eagle’s medium (Invitrogen Corp., Carls-
bad, CA, USA) supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin in a humidified 5% CO; in-
cubator at 37°C. Cultured cells were seeded in 35-mm dishes
one day before transfection and transiently transfected with
various plasmids using FuGENE®G lipid based transfection
reagent (Roche Diagnostics Co., Indianapolis, IN, USA). In
the electrophysiologic experiments, 0.75, 0.5, or 0.375 ug
of WI-KCNQ! and/or 0.75, 0.375, or 0.25 ug of AF275-
KCNQI, together with 0.75 ug of WI-KCNE] were trans-
fected into CHO-K1 cells. pEGFP-C1 (Clontech Laborato-
ries Inc., Mountain View, CA, USA) was cotransfected to
allow for identification of the transfected cells. Cells display-
ing green fluorescence 48-72 hours after transfection were
studied electrophysiologically.

Electrophysiological Recordings

To investigate the effects of the AF275-KCNQI! mu-
tation on IK;, we performed whole-cell patch—clamp ex-
periments on CHO-K1 cells transfected with WT- and/or
AF275-KCNQI channel. Briefly, cells were placed in a perfu-
sion chamber (PDMI-2, Medical Systems Corp., Greenvale,
NY, USA) mounted on the stage of an inverted microscope
(TE2000, Nikon, USA). Cells were superfused with normal
external solution containing (in mmol/L) 132 NaCl, 4.8 KCl,
2 CaCly, 1.2 MgCl», 5 Glucose, and 10 HEPES-Na (pH =
7.4 adjusted with HCI). Patch pipettes were fabricated from
borosilicate glass capillaries (1.5-mm O.D., Fisher Scientific,
Pittsburgh, PA). Pipettes were pulled using a gravity puller:
PP-83 (Narishige, Japan) and filled with pipette solution of
the following composition (mmol/L) 110 Aspartic acid, 5
ATP-K,, 11 EGTA, 10 HEPES, and 1 MgCl, (pH = 7.35
adjusted with KOH). The pipette resistance ranged from 2—
5 M when filled with the internal solution. All recordings
were made at room temperature.

After forming a gigaseal, the cell membrane was ruptured
by applying negative pressure. Current signals were recorded
using an Axopatch 200A amplifier (Axon Instruments Inc.,
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Figure 2. A275F mutant at KCNQI. (A)
Chromatogram showing a heterozygous dele-
tion at the position of 824-826. (B) Amino
acid sequence alignment showing conser-
vation of Phenylalanine 275 in multiple
species. (C) Schematic topology of KCNQI
and KCNEI proteins forming 1Ks. A275F
mutation was located at the S5 segment of
KCNQI.

Foster City, CA, USA) and series resistance errors were re-
duced by 60-70% with electronic compensation. All signals
were acquired at 500-5 kHz (Digidata 1322, Axon Instru-
ments) with a personal computer running Clampex 9 soft-
ware (Axon Instruments) and filtered at 5 kHz with a 4-
pole Bessel low-pass filter. Membrane currents were analyzed
with Clampfit 9 software (Axon Instruments).

Immunohistochemistry

Immunohistochemistry was performed to assess protein
localization of WT- and AF275- KCNQ! channels. Briefly,
CHO-K1 cells transfected with WT- and/or AF275-KCNQ!
were fixed with an ethanol-acetone mixture and permeabi-
lized with 0.2% Triton X-100. Cells were incubated overnight
at 4°C with 1:100/200 dilutions of primary goat polyclonal
antibodies against the KCNQ/ channel protein (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) 48 hours after
transfection. Cells were incubated with a 1:1,000 dilution of
antigoat alexa-488 conjugated secondary antibody (Molecu-
lar Probes, Eugene, OR, USA) for 2 hours at room tempera-
ture. Cells were mounted using Pro-Long antifade mounting
media (Molecular Probes).

Immunofiuorescence-stained CHO-K1 cells were visual-
ized by confocal microscopy (Olympus Fluoview FV300).
Cells were excited at 488 nm, using an argon laser, and emis-
sion was collected via 525 nm band pass filter and photomul-
tiplier tube (40X oil immersion lens).

Statistics

Results are expressed as mean + S.E.M. Difference be-
tween groups were tested by one-way ANOVA followed by
Scheffe’s modified F-test for multiple comparisons. Values
of P < 0.05 were considered statistically significant.

Results

We initially evaluated DNA from the patient for muta-
tions in the KCNQI gene, using SSCP analysis of PCR prod-

Fars

GFLGLIFSSYFVY
GFLGLIFSSYFVY
GFLGLIFSSYFVY
GFLGLIFSSYFVY
GFLGLIFSSYFVY
GFLGLIFSSYFVY
GFLGLIFSSYFVY
GFLGLIFSSYFVY
GFLGLIFSSYFVY
GFLGLIFSSYFVY

uct. An abnormal pattern of bands was detected in exon 6.
Further examination by direct sequencing of the abnormal
fragment showed a deletion of TCT at position 824826 in
KCNQI (Fig. 2A). This abnormal sequence causes a single
amino acid deletion of phenylalanine at position 275 in the §5
segment of KCNQI channel. The phenylalanine at position
275 is highly conserved among different species. (Fig. 2B)
Predicted topology of WT- and mutant-KCNQ/ channel is
shown in Figure 2C. This mutation was not detected in more
than 200 unrelated ethnically matched healthy individuals.
No mutations were identified in any of the other long QT-
related genes screened (KCNH2, KCNEI, KCNE2, SCN5A).

Conventional whole-cell patch—clamp experiments were
conducted on cells transfected with WT- and/or mutant-
KCNQI. Representative current traces of each transfec-
tion protocols are shown in Figure 3A-E. Cells transfected
with 0.75 ug of WI-KCNQ! together with 0.75 ng of
KCNE] exhibited slowly activating outward current com-
patible with 1Ks recorded from native cardiac myocytes
(Fig. 3A), whereas cells transfected with same amount
of AF275-KCNQI+KCNEI produced little to no current
(Fig. 3E). Cells transfected with 0.375 ug of WI-KCNQI
(+KCNET) expressed slightly less IKs, compared with those
transfected with 0.75 g of WT-KCNQI, although the dif-
ferences were not statistically significant (Fig. 3B). Coex-
pression of 0.375 ug of WI-KCNQ/ with the same amount
of AF275-KCNQI (+ KCNET) showed little to no current
(Fig. 3D). Increasing the ratio of WT to AF275 from 1:1
to 2:1 resulted in a slight recovery of IKs current (Fig. 3C).
These observations indicate a potent dominant negative effect
of AF275-KCNQ1.

Summary data of current-voltage relationships for peak
current recorded and tail currents recorded upon repolariza-
tion to —40 mV for the various transfection protocols are
shown graphically in Figure 4A,B. Current—voltage relations
were not significantly different between 0.75 and 0.375 g of
WT. [-V relation for A275F-KCNQI channels was nearly flat
and significantly different from WT (P = 0.00001). Cotrans-
fection of WT-and AF275- KCNQI (1:1) along with KCNE|
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Figure 3. Representative current traces of
WT- andlor A275F-KCNQ! expressed in
CHO-K 1 cells. Cells of each panel were trans-
fected as follows: (A) 0.75 ug of WI-KCNQ!
and 0.75 j1g of KCNEI. (B) 0.375 g of WT-
KCNQ! and 0.75 ug of KCNEI. (C) 0.5 ug
of WI-KCNQI, 0.25 png of A275F-KCNQI,
and 0.75 g of KCNEL. (D) 0.375 ug of WT-
KCNQI, 0.375 ug of A27SF-KCNQI!, and
0.75 g of KCNEI. (E) 0.75 g of A275F-
KCNQ! and 0.75 ng of KCNEI. Pulse proto-
col is shown in the inset at the top.

also produced little to no current (P = 0.00001 vs WT). In-
creasing WT to AF275-KCNQ! ratio from 1:1 to 2:1 signifi-
cantly increased developing current (P = 0.00251). Summary
data for current intensity recorded during depolarizations
to +60 mV and tail currents recorded upon repolarization
to <40 mV shown in Figure 4C,D. These results once again

Figure 4. Current-Voltage relationships of
expressed currents. (A) Current-Voltage rela-
tionship measured at the peak current dur-
ing the test depolarization pulse. (B} Current-
Voltage relutionship measured of the tail cur-
rent upon repolarization to —40 mvV follow-
ing test depolarization. (C) Bar graphs show-
ing current densities of developing (peuk)
recorded current ar +60 mV. (D) Bar graphs
showing current densities of tuil current
recorded upon repolurization to =40 mV from
+60 mV test depolarization.
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WT-KCNQ1 (0.5 pg)
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+ F275del-KCNQ1 (0.375 pg)
+ KCNE1 (0.75 pg)

B WT-KCNQ1 (0.375 ng) E
+ KCNE1 (0.75 pg)

e

F275del-KCNQ1 (0.75 pg)
+ KCNE1 (0.75 pug)

o

indicate that the AF275-KCNQ@/ mutant exerts a very potent
dominant negative effect on channel function or expression.
To determine whether the changes observed on IKs are due
toimpaired trafficking of the protein to the plasma membrane,
we determined the localization of WT and mutant KCNQ/
channel proteins using immunohistochemical techniques.
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O WT-KCNQ1 (0.75ug) + KCNET (0.75ug) (n=11)
® WT-KCNQ1 (0.375,) + KCNE1 (0.75ug) (n=4)

& WT-KCNQ1 (0.5ug) + F275dek-KCNQ1 (0.25ug) + KCNE1 (0.75pg) (n=7)
¥ WT-KCNQ1 (0.375,:0) + F275del-KCNQ1 (0.375ug) + KCNE1 (0.75ug) (n=11)
& F27500-KCNQ1(0.75ug) + KCNE1 (0.75ug) (n=11)

C Peak current at +60 mV D Tail current at +60 to 40 mV

NS

WT-KCNQ1 075 0375 05 0.378 0 0.78 0375 0.5 0373 0
F2T15del-KCNQY O (-] 025 0378 .78 ] 0 028 0378 0.75
KCNEY 0.78 075 073 073 075 075 078 0.1 0.78 0.75
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Figure S. Protein localization of WI- and/or
mutant-KCNQI in CHO-KI cells visualized
by immunohistochemistry. Figure shows 0.15
wm optical sections from the center of CHO-
K1 cells transfected with WI-KCNQ1 (B),
AF275-KCNQ1 (C) or AF275-KCNQI1 +
WT (D). A brighter fluorescence intensity near
the plasma membrane reveals positive im-
munostaining of the KCNQI channel. Panel
A shows the lack of any fluorescence signal
from nontransfected cells.

CHO-K1 transfected with WT-KCNQ! and/or AF275-
KCNQI cells were incubated with a goat polyclonal antibody
against the KCNQ1 channel protein. Localization of the im-
munolabeled protein was assessed by confocal imaging, fol-
lowing incubation of the cells with an Alexa-488 conjugated
secondary antigoat antibody. Positive staining was observed
only in transfected CHO-K1 cells, but not in nontransfected
controls (Figure 5A). Cells transfected with WT (Fig. 5B),
AF275-KCNQI (Fig. 5C), or WT + AF275-KCNQ1 (Fig.
5D) all displayed peripheral staining. Similar results were
obtained in 15 cells transfected with WT (four transfections),
14 cells transfected with AF275-KCNQ| (four transfections),
and five cells transfected with WT + AF275-KCNQI (two
transfections).

These findings suggest that the loss of function observed
with the AF275 mutant is not due to a defect in trafficking of
mature KCNQ1 channels from the ER/Golgi complex to the
cell membrane.

Discussion

LQT1 is caused by gene mutations in KCNQ/! and is the
most common form of congenital LQTS, responsible for ap-
proximately 43% of LQTS-linked mutations. KCNQ! en-
codes the pore-forming alpha-subunit of the IK; potassium
channel. KCNEI encodes the beta-subunit. More than 100
mutations in KCNQ/ have been reported to cause a loss of
function and thus, to predispose to the development of LQTS.
Reduced levels of IK lead to prolongation of action potential
duration (APD) and thus, to prolongation of the QT interval
and the development of TdP. The present study identifies a
novel KCNQI mutation (F275del or AF275) caused by a

three-nucleotide deletion, resulting in deletion of a pheny-
lalanine in the S5 segment of KCNQ/ . Functional analysis of
the mutated channel protein revealed a major loss of function
consistent with the LQT1 phenotype of the patient.

The AF275-KCNQ! channel failed to produce any cur-
rent when coexpressed with KCNE], indicating that the mu-
tant was unable to form functional homomultimeric channels
or could not be expressed on the surface membrane due to
a trafficking defect. Subcellular localization of the channel
proteins revealed normal trafficking of the mutant protein,
thus pointing to a functional dysfunction of the channel as
the cause for the loss of current. Coexpression of WT- and
AF275-KCNQ!I channel produced little to no IK,, suggest- -
ing that the AF275-KCNQ1 suppresses the function of the
WT channel in a potent dominant negative manner. Thus,
the heteromultimeric channel containing mutant subunits is
largely nonfunctional. The strong dominant negative suppres-
sion is consistent with the clinical phenotype observed in
our patient with QTc intervals at rest as long as 560 msec,
which prolonged by 150 msec in response to epinephrine
infusion, leading to induction of TdP. The AQTc induced
by epinephrine is longer than that observed in LQT1 pa-
tients with the Romano—Ward syndrome.>!? These charac-
teristics approach those described for patients with Jervell and
Lange~-Nielsen syndrome, the homozygous recessive form of
LQT1.!! Although several dominant-negative KCNQ/ mu-
tants have been reported,® 12715 the AF275-KCNQ! muta-
tion herein described appears to result in the most prominent
dominant-negative suppression of IK;.

A number of mutations in KCNQ! have been shown
to cause trafficking defects, leading to haploinsufficiency
(T587M and AS276) or a dominant negative effect
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(A178fs/105). These variations are often missense muta-
tions in the N-terminus, S5, pore region, or C-terminus.3-6-17
Recent studies indicate that specific regions of KCNQI
(N-terminal juxtamembranous domain or C-terminus amino
acids 610-620) are critical for channel surface expres-
sion.'®19 However, mutations outside these domains can lead
to trafficking problems of varying degrees.? In the case of
the KCNH2 channel, the C-terminus region, including the
cyclic nucleotide binding domain, is thought to be essential
for channel trafficking because it contains a crucial sequence
linked to endoplasmic reticulum retention and the interaction
site with GM130 required for channel protein trafficking.?!
In the present study, the mutation affected the mid-portion of
the S5 segment and no trafficking defect was detected.

The IK, channel is comprised of four KCNQ! subunits.
In the case of a heterozygous mutation in KCNQ], as in the
present case, mutant and WT subunits may combine to form
a heteromultimeric channel. When the mutant KCNQ! sub-
units interfere with the function of the WT subunits, IK will
be reduced by more than 50%. This greater than expected loss
of function is referred to as a dominant negative effect. Mu-
tations in the pore region, as in the case of AF275-KCNQI,
are more likely to produce a dominant negative effect.!>2
In contrast to AF275-KCNQ1, the molecular phenotype of
AS276-KCNQ! has a very weak dominant negative effect,
leading to a recessive form of LQTS.!”

In summary, we have identified a novel single amino acid
deletion in domain five of KCNQ! in a patient with LQTS.
Functional analysis revealed normal trafficking nonfunction-
ing channel with very strong dominant-negative suppression
of IK;, consistent with a pronounced LQTS phenotype and
sensitivity to epinephrine.
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