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(Wiedenkeller & Sharp 1984). TMB-8 (1 mM) was
locally administered through the dialysis probe and
ouabain-induced NA response was measured. A similar
pharmacological intervention was performed and oua-
bain-induced ACh responses were measured. Sixty
minutes after starting local administration of verapamil
(100 um), or w-conotoxin GVIA (10 um), w-conotoxin
MVIIC (10 um), we measured the ouabain-induced
ACh response. The inhibitor of membrane Na*/Ca**
exchange (KB7943; 10 um) was locally administered
through the dialysis probe and the ouabain-induced
ACh response was measured. Third, an intracellular
Ca?t antagonist (TMB-8, 1 mm) was locally adminis-
tered through the dialysis probe and ouabain-induced
ACh response was measured.

Analytical procedure

Dialysate NA concentrations were measured by HPLC
with electrochemical detection (HPLC-ECD; Eicom,
Kyoto, Japan). An alumina procedure was performed to
remove the interfering compounds from the dialysate.
The detection limit was 50 fmol per injection. Dialysate
ACh concentration was measured directly by another
HPLC-ECD. The detection limit was 50 fmol per
injection. Details of HPLC-ECD for the NA and ACh
measurements have been described elsewhere (Akiyama
et al. 1991, 1994).

At the end of each experiment, the cats were killed
with an overdose of pentobarbital sodium, and the
implant sites were checked to confirm that the dialysis
probes had been implanted within the left ventricular
myocardium. Statistical analysis of the data was per-
formed by analysis of variance (ANovA). Statistical
significance was defined as P < 0.05. Values are pre-
sented as mean + SE.

Results

Protocol I: Time course of dialysate NA and ACh levels
during local administration of ouabain

Although local administration of ouabain did not affect
haemodynamic parameters including heart rate, mean
arterial pressure and electrocardiogram, ouabain in-
duced the efflux of NA. Figure 1 (upper panel) shows the
time course of the dialysate NA levels during local
administration of ouabain (100 um). Dialysate NA level
increased significantly from 0.18 + 0.06 nmol L™" at
control to 2.39 £ 0.53 nmol L™' at 10, 12.92 +
1.39 nmol L™" at 20 min and 14.79 + 1.97 nmol L™
at 30 min. Subsequently, a slow decline occurred but
high dialysate NA levels were maintained during locally
applied ouabain, Peak level of dialysate NA ranged from
20 to 30 min after the beginning of ouabain adminis-
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tration. Figure 1 (lower panel) shows the time course of
the dialysate ACh levels during local administration of
ouabain (100 um). Dialysate ACh level increased signif-
icantly from 0.91 £ 0.05 nmol at control to
3.6 + 0.60 nmol L™ at 0-15, 8.1 + 1.4 nmol L™" at
15-30 min and 6.8 + 1.25 nmol L™ at 30-45 min.
Peak level of dialysate ACh appeared at 15-30 min
after the beginning of ouabain administration.

Protacol 2: Influence of denervation and TTX on dialysate
NA and ACh responses evoked by ouabain

We sampled the dialysates over 60 min of ouabain
administration. To compare ouabain-induced NA or
ACh levels under various interventions, ouabain-in-
duced dialysate NA or ACh levels were subtracted from
the control values. The sum of relative changes in
dialysate NA or ACh (the unit: Enmol/L) was expressed
as an index of total NA or ACh release evoked by
ouabain. Figure 2 (upper panel) shows the total NA
release evoked by ouabain when cardiac sympathetic
nerves were either intact, transected, pretreated with
TTX. The ouabain-induced total NA release did not
differ among them. Figure 2 (lower panel) shows the
total ACh release cvoked by ouabain when cardiac
parasympathetic nerves were either intact, transected,
or pretreated with TTX. The ouabain-induced tortal
ACh release did not differ between the intact cardiac
parasympathetic nerve and denervated groups whereas
addition of TTX significantly inhibited the total ACh
release by approx. 57% of vehicle.

Protocol 3: Influence of transport blocking agents on
dialysate NA and ACh responses evoked by ouabain

Figure 3 (upper panel) shows the total NA release
evoked by ouabain among various pharmacological
interventions. Pretreatment with reserpine caused sig-
nificant augmentation of the ouabain-induced total NA
release whereas pretreatment with desipramine caused
significant suppression of the total NA release. Figure 3
(lower panel) shows the total ACh release evoked by
ouabain among various pharmacological interventions.
The ouabain-induced total ACh release did not differ
between the intact and hemicholinium-3 pretreated
groups whereas addition of vesamicol significantdy
inhibited the total ACh release by approx. 45% of

vehicle.

Protocol 4: Influence of Ca** mobilization on dialysate NA
and ACh responses evoked by ouabain

Figure 4 (upper panel) shows the total NA release
evoked by ouabain among various Ca®* interventions.

The total NA release in the 60 min after administration
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Figure | Upper panel: Time course ot
dialysate noradrenaline (NA) levels
during local administration of ouabain
(100 pm). Ouabain increased the dialy-
sate NA levels. Subsequently, a slow
decline occurred but high NA levels were
maintained. Lower panel: Time course of
dialysate acetylcholine (ACh) levels
during local administration of ouabain
(100 gm). Ouabain increased the dialy-

Dialysate ACh levels (nmol L

sate ACh levels. Subsequently, a slow

decline occurred but high ACh levels were
maintained. Values are presented as the
mean £ SE (for each column #n = 6)

*P <« 0.05 vs. control.

of ouabain was significantly suppressed by approx.
47% and 55% of vehicle by addition of verapamil and
e-conotoxin GVIA. Pretreatment with TMB-8 caused
significant suppression of the ouabain-induced rotal NA
release whereas pretreatment with neither KB-7943 nor
dechlorobezamil altered the rotal NA release. Figure 4
(lower panel) shows the total ACh release evoked by
ouabain among various Ca®® interventions. The total
ACh release in the 60 min after administration of
ouabain was significantly suppressed by approx. 57%
of vehicle by addition of w-conotoxin MVIIC. Pretreat-
ment with neither verapamil nor e-conotoxin GVIA
altered the total ACh release. Pretreatment with TMB-8
caused significant suppression of the ouabain-induced
total ACh release whereas pretreatment with KB-7943
did not alter the total ACh release.

Discussion

The present study indicates that in an in vivo prepara-
tion, ouabain alone induced NA or ACh release from
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sympathetic or parasympathetic nerve endings respec-
tively. This discussion addresses mainly similarities and
differences in ouabain alone induced NA or ACh
releasing sites and mechanisms.

Regional depolarization evoked by ouabain

At the post-ganglionic nervous endings, ouabain
induced NA and ACh release. The transection of
sympathetic or parasympathetic nerve did not affect
the amount of NA or ACh release evoked by ouabain.
After the transection of cardiac sympathetic or para-
100 um  induced
increases in dialysate NA or ACh levels, which were
as much as those evoked by electrical stimulation of the
autonomic nerve (Akiyama et al. 1994, Yamazaki et al.
1997). These data suggest that ouabain itself induces
regional depolarization following exocytosis. In the case

sympathetic nerves, ouabain at

of locally administered ouabain, ouabain produced
intracellular Na* accumulation evoked by the inhibition

of Na*K*-ATPase (Mclvor & Cummings 1987).
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Regional depolarization may occur because of intracel-
lular Na® accumulation (Calabresi et al. 1999, Dierkes
et al. 2006). Similar finding was observed on motor
endplate (Zemkova et al. 1990). Quabain can increase
the spontaneous ACh release by progressive decline in
membrane potential when Na* pump is inhibited. If
regional depolarization does indeed induce ACh or NA
release via exocytosis from the stored vesicle, then
pretreatment with TTX could inhibit this response.
Local administration of TTX markedly inhibits ACh
release whereas it only slightly inhibits the NA release
evoked by ouabain. These results indicate that ouabain
caused regional depolarization and exocytotic ACh
release at the parasympathetic nerve endings. This
conclusion is consistent with in vitro studies reported
by Satoh & Nakazato (1992), and raises the question as
to why TTX inhibited the ACh release but not the NA
release evoked by ouabain. In the case of NA efflux
evoked by ouabain, intracellular Na* accumulation may
lead to a reduction in the Na* gradient between the
intracellular and extracellular spaces. This reduced Na*
gradient may cause carrier-mediated outward NA
transport from axoplasma (Sharma et al. 1980). The

Tetrodotoxin
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Tetrodotoxin

Figure 2 Upper panel: Quabain-induced
dialysate noradrenaline (NA) release in
vehicle, cardiac sympathetic denervared
and retrodotoxin pretreated groups. Total
NA release evoked by ouabain did not
differ among the three groups. Lower
panel: Quabain-induced dialysate acetyl-
choline (ACh) release in vehicle, cardiac
vagal denervated and tetrodotoxin
pretreated groups. Total ACh release
evoked by ouabain was suppressed by the
pretreatment with tetrodotoxin. Values
are presented as the mean + SE (for each

column n = 6). *P < 0.05 vs. vehicle.

threshold for intracellular Na' accumulation coupled to
carrier-mediated outward NA transport might be lower
than that for regional depolarization. Thus Na* accu-
mulation coupled to regional depolarization may occur
at the parasympathetic nerve endings but not at the
sympathetic nerve endings.

The sites of neurotransmitter efflux evoked by ouabain

In general, two possible sites (the stored vesicle and
axoplasma) were proposed to derive efflux of neuro-
transmitter at the nerve endings (Smith 1992, Vizi
1998). In the cholinergic nerve endings, a quantum
amount of ACh was released from the stored vesicle via
depolarization. Furthermore, a non-quantum amount of
ACh seems to be leaked from the axoplasma without
ACh transporter (Nikolsky et al. 1991). Local admin-
istration of vesamicol suppressed the ACh efflux evoked
by ouabain. In contrast, local administration of
hemicholinium-3 did not affect the ACh efflux evoked
by ouabain. These data suggested that the ACh efflux
was predominantly derived from the stored vesicle.
This finding is consistent with the above-mentioned
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Figure 3 Upper panel: Quabain-induced
dialysate noradrenaline (NA) release
among vehicle, desipramine and reserpine
pretreated groups. Total NA release
evoked by ouabain was suppressed by the
pretreatment with desipramine and aug-
mented by that with reserpine. Lower
panel: Ouabain-induced dialysate aceryl-
choline (ACh) release in vehicle, vesami-
col and hemicholinium-3 pretreated
groups. Total ACh release evoked by
ouabain was suppressed by the pretreat-

Total ACh release (Enmol L™")

ment with vesamicol. Values are

presented as the mean + SE (for each
column n = 6). *P < 0.03 vs. vehicle.

mechanism. QOur data did not rule out the possibility
of ACh efflux from the axoplasma. Vesamicol lowered
the non-quantum ACh release by blocking the incorpo-
rated vesicle transporter in the terminal membrane
(Edward et al. 1985). This involvement seems to be
smaller than the involvement of ACh efflux from the
stored vesicle.

Previous studies suggested that two different mecha-
nisms (exocytosis and carrier-mediated outward trans-
port) contribured to the amount of NA efflux evoked by
ouabain (Kranzhofer et al. 1991, Haass et al. 1997).
The exocytotic NA release derived from the stored
vesicle, whereas NA transporter carried out NA from
the axoplasmic site via a reduced Na® gradient. How-
ever, it is uncertain which mechanism is predominantly
involved in ouabain-induced NA efflux. To examine
which site predominantly induced the neurotransmitter
efflux evoked by ouabain, we administered vesicle and
membranous amine transport blockers, which affected
the neurotransmitter efflux evoked by ouabain. If NA
efflux predominantly derives from the axoplasmic site,
reserpine could increase axoplasmic NA level and
augment the outward NA transport evoked by ouabain.

@ 2007 The Authors

Vehicle

Vehicle

T Yamazak et ol « Ouabain and cardiac autonomic nerve endings

Desipramine Reserpine

Vesamicol Hemicholinium-3

Furthermore, as desipramine impairs carrier-mediated
NA transport in both directions, desipramine could
block NA efflux. NA release evoked by ouabain was
augmented by local administration of reserpine but
suppressed by desipramine. These data support the
contention that ouabain-induced NA efflux is predom-
inantly derived from the axoplasmic site.

Involvement of Ca®* on ouabain-induced neurotransmitter

efflux

Most in vitro studies suggested that ouabain somehow
increases intracellular Ca®* levels at the nerve endings
and synaptosomes (Katsuragi et al. 1994, Casali et al.
1995, Wasserstrom & Aistrup 2005). Ouabain-induced
intracellular Na* accumulation could evoke an eleva-
tion of intracellular Ca®* level via Ca** channel opening
(Katsuragi et al. 1994), Ca®* release from internal stores
(Nishio et al. 2004), and/or Na*/Ca** exchange (Verb-
ny et al. 2002). Thus, the elevation of intracellular Ca*
may be associated with NA or ACh release from the
autonomic nerve endings. At the parasympathetic nerve
endings, neither verapamil nor -conotoxin GVIA
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affected ACh release but w-conotoxin MVIIC inhibited
ACh release evoked by ouabain. Furthermore, KB-7943
did not affect either the ACh release evoked by ouabain.
These data suggest that N or L-type Ca®* channels or
reversal Na*/Ca®* exchange might not be responsible
for the ACh release evoked by ouabain. However, a
marked suppression of ouabain-induced ACh release
was observed with the addition of P/QQ types channel
blocker or TMB-8. In the case of parasympathetic nerve
endings, Ca** elevation coupled to ACh release might
be derived via internal stores or Ca®* channels (P/Q
types) rather than Na*/Ca** exchange (Casali et al.
1995, Kawada et al. (in press)).

[n the case of NA, w-conotoxin GVIA or verapamil
suppressed the NA release evoked by ouabain. Oua-
bain-induced NA release was independent of depolar-
ization (TTX-resistant) but associated with the opening
of Ca®*
dichlorobenzamil

channel. Furthermore, neither KB-7493 nor
affected the NA
by ouabain. These data suggest that bi-directions of

release evoked

TMB-8

al, Acta Physiol 2007, 191, 275-284
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Figure 4 Upper panel: Ouabain-induced
dialysate noradrenaline (NA) release in
various Ca®* interventions. Total NA re-
lease evoked by ouabain was suppressed
by the pretreatment with e-conotoxin
GVIA, verapamil, TMB-8. Lower panel:
Quabain-induced dialysate acetylcholine
(ACh) release in various Ca®* interven-
rions. Total ACh release evoked by oua-
bain was suppressed by the pretreatment
with m-conotoxin MVIICA or TMB-8.
Values are presented as the mean + SE
KB-7943 (for each column n = 6), *P < 0.05 vs.
vehicle.

Na‘/Ca®* exchange might not be responsible for the
elevation of intracellular Ca®* levels evoked by ouabain.
A marked suppression of ouabain-induced NA release
was observed with the addition of TMB-8. Taking these
findings together, in the case of sympathetic nerve
endings, Ca* elevation coupled to NA release might be
derived via Ca®* channels or internal store rather than
membrane Na/Ca®* exchange.

Although the type of Ca** channel for the NA or ACh
release differed, involvement of cytosol Ca®* in oua-
bain-induced neurotransmitter release did not differ
between the parasympathetic and sympathetic nerve
endings. However, the relation between TTX sensitive
Na* channel and Ca®* channel opening may differ
between the parasympathetic and sympathetic nerve
endings. In the present study, ouabain-induced NA
efflux was suppressed by w-conotoxin GVIA but not by
TTX, indicating that TTX sensitive depolarization was
not involved in Ca** channel opening coupled to
exocytotic NA release. In contrast to NA release,
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ouabain-induced ACh release was suppressed by TTX
and @-conotoxin MVIIC, indicating that ouabain-
induced depolarization and subsequently ACh release
via P/Q type Ca®* channel opening. TTX sensitive or
resistant response may be interpreted as two different
types of neurotransmitter release mechanisms. Alterna-
tively, ouabain may have induced increases in intraneu-
ronal Na* accumulation and elevation of extraneuronal
K* levels by inhibition of Na*,K*-ATPase (D’Ambrosio
et al. 2002). Elevations of both intracellular Na* and
extracellular K* exerted regional depolarization follow-
ing exocytosis via different mechanisms. In the previous
study, we demonstrated that high K*-induced NA release
was insensitive to TTX but sensitive to w-conotoxin
GVIA. Furthermore, high K" caused a marked increase in
dialysate NA but little increase in dialysate Ach (Yama-
zaki etal. 1998, Kawada et al. 2001). Thus high
K*-induced neurotransmitter release might greatly con-
tribute to the increase in dialysate NA evoked by ouabain
but might contribute little to the increase in dialysate
ACh.

In conclusion, ouabain alone causes a brisk efflux of
NA and ACh from cardiac sympathetic and parasym-
pathetic nerve endings respectively. The ouabain-
induced ACh release contributes to the mechanism of
ACh exocytosis, which is triggered by centrally medi-
ated or regional depolarization. The regional exocytosis
is caused by opening of P/Q type Ca** channels and/or
intracellular Ca?* mobilization from the stored ACh
vesicle. The ouabain-induced NA release contributes to
the mechanisms of regional exocytosis and/or carrier-
mediated outward transport of NA, from stored NA
vesicle and/or axoplasma respectively. The regional
exocytosis is caused by opening of N type Ca** channels
and intracellular Ca** mobilization.
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Maruo T, Nakatani S, Jin Y, Uemura K, Sugimachi M,
Ueda-Ishibashi H, Kitakaze M, Ohe T, Sunagawa K, Miyatake K.
Evaluation of transmural distribution of viable muscle by myocardial
strain profile and dobutamine stress echocardiography. Am J Physiol
Heart Circ Physiol 292: H921-H927, 2007. First published Septem-
ber 29, 2006; doi:10.1152/ajpheart.00019.2006.—Transmural distri-
bution of viable myocardium in the ischemic myocardium has not
been quantified and fully elucidated. To address this issue, we eval-
uated transmural myocardial strain profile (TMSP) in dogs with
myocardial infarction using a newly developed tissue strain imaging.
TMSP was obtained from the posterior wall at the epicardial left
ventricular short-axis view in 13 anesthetized open-chest dogs. After
control measurements, the left circumflex coronary artery was oc-
cluded for 90 min to induce subendocardial infarction (SMI). Subse-
quently, latex microbeads (90 jum) were injected in the same artery to
create transmural infarction (TMI). In each stage, measurements were
done before and after dobutamine challenge (10 pg-kg™* -min~" for
10 min) to estimate transmural myocardial viability. Strain in the
subendocardium in the control stage increased by dobutamine (from
53.6 £ 17.1 t0 73.3 + 21.8%, P < 0.001), whereas that in SMI and
TMI stages was almost zero at baseline and did not increase signifi-
cantly by dobutamine [from 0.8 * 88 t0 1.3 * 7.0%, P = not
significant (NS) for SML from =39 = 56 t0 —1.9 £+ 6.0%, P = NS
for TMI]. Strain in the subepicardium increased by dobutamine in the
control stage (from 23.9 = 6.1 to 26.3 * 6.4%, P < 0.05) and in the
SMI stage (from 12.4 = 7.3 t0 27.1 * 8.8%, P < 0.005), whereas that
in the TMI stage did not change (from —1.0 = 7.8 to —0.7 = 8.3%,
P = NS). In SMI, the subendocardial contraction was lost, but the
subepicardium showed a significant increase in contraction with
dobutamine. However, in TMI, even the subepicardial increase was
not seen. Assessment of transmural strain profile using tissue strain
imaging was a new and useful method to estimate transmural distri-
bution of the viable myocardium in myocardial infarction.

myocardial infarction; strain; viability; echocardiography

IT IS WELL KNOWN that myocardial contraction has transmural
heterogeneity. Several experimental studies confirmed that the
subendocardium contributes greater to overall myocardial
thickening than the subepicardium (6, 25). On the other hand,
when a reduction of coronary blood flow occurs, a severe
reduction of perfusion and kinesis occurs in the subendocar-
dium, but only a trivial reduction can be detected in the
subepicardium (5, 31). After a long period of ischemia, myo-
cardial necrosis progresses from the endocardium to the epi-
cardium (8, 13).

Myocardial strain reflects regional myocardial function.
With the recent advancement of tissue Doppler echocardiog-
raphy, myocardial strain can be obtained noninvasively (3, 33)
and has been reported to be useful to quantify regional myo-
cardial systolic function in ischemic heart disease (9, 11, 24,
29, 36). The recently developed myocardial strain imaging
system provides us myocardial strain in each wall layer and
shows its distribution in a form of transmural myocardial strain
profile (TMSP; see Ref. 1). Thus combination of TMSP and
dobutamine stress echocardiography (DSE), which has been
used for the assessment of myocardial viability (18), is ex-
pected to demonstrate transmural distribution of viability.
There have been no methods to visualize distribution of myo-
cardial viability over the ventricular wall in myocardial infarc-
tion, and such method would provide important information in
the clinical situation.

In the present study, to assess the transmural extent of
myocardial infarction, we investigated TMSP in subendocar-
dial and transmural myocardial infarction dog modeis ana
quantified the transmural heterogeneity of myocardial viability
using myocardial strain imaging with DSE.

MATERIALS AND METHODS

Experimental subjects and settings. We used 13 mongrel dogs
(weighing 27.3 + 2.2 kg). After induction with intravenous pentobar-
bital sodium (25 mg/kg body wt), they were anesthetized with 2%
isoflurane with oxygen. A median sternotomy was performed, the
pericardium was split from apex to base, and, after the instrumenta-
tion, the edges of the pericardial incision were loosely resutured. A
5-Fr. micromanometer-tipped catheter (model MPC-500; Millar In-
struments, Houston, TX) was positioned in the left ventricle through
the apex to obtain peak systolic left ventricular pressure and peak
positive and negative dP/dr. Electrocardiogram (ECG) was monitored
from limb leads. Left ventricular pressure signals and ECG were
digitized online. The care and use of animals was in strict accordance
with the guiding principles of the American Physiological Society,
and the experimental protocol was approved by the National Cardio-
vascular Center Committees on Animal Experiments.

Experimental protocol. A 6-Fr. sheath was placed in the right
femoral artery, and an angioplasty balloon catheter was positioned in
the proximal segment of the left circumflex coronary artery by the
standard catheterization technique. DSE (dobutamine infusion at
10 pg-kg~'-min~' for 10 min) was used to assess myocardial
viability. At the control stage, echocardiographic and hemodynamic
measurements were done before and after DSE. A subendocardial
myocardial infarction was created by inflating the balloon for 90 min
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« TMI by microbeads embolization (MBE)
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Fig. 1. Experimental protocol. DSE, dobutamine stress echocardiography;
SMI, subendocardial myocardial infarction; TMI, transmural myocardial in-
farction

(SMI stage; see Refs. 8 and 10), and DSE was performed during
balloon inflation. After balloon deflation, 200-300 mg of latex mi-
crobeads (diameter 90 pm) were slowly injected in the same artery in
60 min to create a transmural myocardial infarction (TMI stage; see
Refs. 7, 12, 15). At the TMI stage, DSE was performed 60 min after
microbead embolization 1o complete myocardial infarction and to
avoid ventricular instability to dobutamine challenge, and measure-
ments were done before and after DSE (Fig. 1).

Ultrasound data acquisition. A commercially available ultrasound
scanner (PowerVision 8000 3.5-MHz transducer; Toshiba, Tokyo,
Japan) was used to obtain the epicardial left ventricular short-axis
images at the level of basal and midventricle by tissue Doppler
imaging. Recordings were stored in the form of digital loops of two
cardiac cycles with 96-102 frames/s for subsequent analysis (33).

Tissue strain imaging. Strain is defined by the equation below and
expresses the deformation of an object,

Strain = (L — Ly)/L,

where Ly is the length of an object before deformation and L is that
after or during deformation. In echocardiography, Lq is usually a
muscle length at end diastole, and myocardial strain is used to express
the deformation of local myocardial segments (4, 33).

In the present study, myocardial radial strain image was obtained
from off-line analysis by using a research software TDI-Q (Toshiba;
see Ref. 3). To obtain a strain image, TDI-Q software first calculates
the myocardial displacement of all pixels of tissue by integrating
myocardial velocity over a certain period. Because the frame rate was
96-102 frames/s, the step size for integration was 9.8-10.4 ms. Next,

Fig. 2. Color-coded strain imaging, M-mode
strain imaging, and transmural myocardial i »”
strain profile imaging in the control stage.
Left: myocardial strain imaging of the left
ventricular short axis at end systole. Red
color means myocardial thickening. A white
bar indicates an M-mode cursor. Middle:
color-coded M-mode myocardial strain imag-
ing obtained at the left ventricular posterior
wall. The subendocardium is brighter than the
subepicardium, indicating that the subendo-
cardium contracts more vigorously. Righr:
transmural strain profile at end systole. The
strain was highest at the subendocardium and
lowest at the subepicardium, and the trans-
mural strain showed a linear profile. LV, left
ventricular wall.

Color-coded strain image

A-inode cursor

TRANSMURAL MYOCARDIAL VIABILITY DISTRIBUTION

strain is obtained by evaluating the change of distance between pairs
of two points defined on all pixels on the image by utilizing the
displacement values. The distance of all two-pixel pairs at the initial
time frame is equivalent to “Ly" on the above equation and set at 3
mm in this study (17). The initial time frame is set at end diastole to
evaluate contraction; in other words “deformation™ of the myocar-
dium occurring in systole.

To measure local strain accurately, it is indispensable to obtain
local velocity accurately. Therefore, the present myocardial strain
imaging system has adopted tissue Doppler tracking and angle-
correction techniques. Tissue Doppler tracking is an automatic motion
tracking technique based on tissue Doppler information (30). By
integrating a velocity of an indexed point on the ventricular wall
known from tissue Doppler imaging, we can obtain myocardial
displacement and predict the point where that point moves next. By
repeating this procedure, the system can automatically track the
motion of the point. With this technique, the influence of myocardial
translation can be neglected. The angle-correction technique enables
us to partly overcome the Doppler incident angle dependency that is
inherent in Doppler echocardiography, as previous reports described
(3, 26, 32). To correct the Doppler incident angle, a contraction center
is set at the center of the left ventricular cavity at end systole in the left
ventricular short-axis view. Nexl, the software automatically calcu-
lates the tissue velocity toward the contraction center (Vinoion) by
dividing the velocity toward a transducer (Viear) by the cosine of the
angle (8) between the Doppler beam and the direction to the contrac-
tion center as follows:

Viean/COSH

Viotion =

With the use of these two techniques, the research software TDI-Q
automatically cancelled the effect of myocardial translation and angle
dependency, accurately providing myocardial velocity, displacement,
and strain (3). In the previously described experiments, the displace-
ment data obtained by this method correlated with true displacement
(r = 099, P < 0.0001; see Ref. 26).

Myocardial radial strain distribution over the myocardium is ob-
tained as M-mode color-coded images, and the profile of distribution
(TMSP) at end systole is shown as in Fig. 2. Bright color indicates
high strain, and dark color indicates low strain. We obtained TMSP at
basal and midinferolateral walls at end systole. We divided the
myocardium into subendocardial and subepicardial half-layers by the
midpoint of the myocardium at end systole. Mean strain values in the
subendocardial half-layer and in the subepicardial half-layer were
calculated by averaging strain values over each layer.

Myocardial strain

Peak systole
: 210 00 10 20 30 40 50 6 (%)

mnpaEspuAgns

Transmural myocardial
strain profile

M-mode strain image
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= infarct extension index

H923

B

A+ determination of infarct extension index Dotted line indicates the external limit of the infarcted zone. Examples of myocardial specimens taken after

the SMI stage () and the TMI stage (€) stained by Masson's tnchrome staining. [n the SMI specimen, myocardial infarct was found only in the subendocardial
layer, whercas acule ischemic changes such as wavy change or coagulation necrosis were recognized m both snhendocardial and subepicardial layers in the TAI

specrmen. endo, Subendocardial layer; epi, subepicardial layer

Histopathelogical siudies. Establishment ol subendocardial and
transmural infarction by these techniques has been confirmed in our
preliminary study and other previous studies (8. 10). We assessed the
degree of extension of myocardial infarct also in the present study. At
the end of the SMI stage in four dogs and the TMI stage n seven dogs,
the heart was excised and cut into five to seven equally distant
short-axis slices. Each shice was stained with hematoxylin-cosin and
Masson's trichrome (Fig. 3). A pathologist who was blind 1o the
experimental data examined the hearts histologically and mcasured

the degree of infarct extension at the basal and midinferolateral
walls, as previously reported (2). On cach enlarged photomicro-
graph of the hearts, three 1o five transmural radii in the infarcted
area were traced perpendicular to the endocardial and epicardial
borders. The distance from the endocardial border 1o the external
limit of the infarcted zone was measured and was expressed as a
percentage of the distance between the endocardial and epicardial
borders as an index of infarcl extension, 100% being fully trans
mural and 0% beng no infarction

Table |. Hemodynamic parameters in control, SMI, and TMI stages

Baseline [3SE
Control (n = 13) SMlin = 11} T™MI (n =T Control SMI ™M1
HR, beats/min 133+ 17 128 27 126+27 14922 150= 19
LVP, mmHg 133+ 10%t 108+ 24 92 +21 13611+ [12=26

2169 +484* 71
=2.531 £ 408+*}

+dP/dr, mmHg/s
—dP/dr, mmHg/s

1:597 23477 F
— 1,824 ¢ GOGHF

1,207 £279*
—1.164 465~

4,021 +979+
= 3. 8B+ 6501 -

2478=1,138

1,724 2892

3,231 =8441

—2.104 £ 526

Data are presented as means + SD: n, no. of dogs. DSE, dobutamine stress echocardiography, SMIL subendocardial myocardial infarction: TMI, transmural

myocardial infarcuion: HR, heart rate; LVP, peak systolic left ventnicular pressure

values (*), vy, SMI values (1), and vs. TMI values (7).

AIP-Heart Cive hostol s vol

~dP/dr, peak positive dP/dr: —dPAY, peak nepative dP/dr P < 0.05 ve. DSE
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Fig. 4. dP/dr waveform before (top) and after Baseline
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Reproducibility. Myocardial strain was measured by two indepen-
dent observers and by one observer two times a week apart in 10
randomly selected segments to determine interobserver and intraob-
server variability. The variability was assessed as the absolute differ-
ence between two measurements expressed as a percentage of their
mean values. The interobserver variability was 6.5 = 5.5 and 9.5 *
7.5% for the subendocardial and subepicardial strains, respectively.
The intraobserver variability was 7.2 *+ 4.9 and 9.3 = 3.7% for the
subendocardial and subepicardial strains, respectively.

Statistical analysis. Hemodynamic data were obtained as an aver-
age of three to five consecutive beats. Statistical analyses were done
with commercially available software (StatView 5.0; SAS Institute).
Data are expressed as mean values = SD. Comparisons of parameters
among the stages were made by one-way ANOVA for repeated
measures, followed by Scheffé’s test. The Wilcoxon signed-ranks test
was used to compare parameters before and after DSE. P < 0.05 was
considered to indicate statistical significance.

RESULTS

Hemodynamic and histopathological data. Measurements
were done in 13 dogs in the control stage, in 11 dogs in the
SMI stage, and in 7 dogs in the TMI stage. Because of a large

infarct created by the procedure, two dogs did not survive in
the SMI stage and four dogs in the TMI stage. The absolute
value of peak systolic left ventricular pressure and peak posi-
tive and negative dP/dr decreased gradually with the advance-
ment of the stage. However, heart rate showed no significant
changes. Both positive and negative dP/dr significantly in-
creased in response to dobutamine administration (Table 1 and
Fig. 4).

The degree of infarct extension was assessed at 14 sites from
4 dogs after the SMI stage and at 20 sites from 7 dogs after the
TMI stage. The infarct extension index was 24.9 + 7.8% for
the SMI stage and 76.1 = 9.9% for the TMI stage. Typical
examples of the histopathological findings for both subendo-
cardial and transmural infarcts are shown in Fig. 3.

Strain value in each stage. Myocardial strain was obtained at
25 segments in the control stage, at 20 segments in the SMI
stage, and 11 segments in the TMI stage. Figure 5 shows
representative TMSPs in each stage. In the control stage,
myocardial strain was highest in the subendocardium and
declined linearly toward the subepicardium. After DSE, TMSP

) control o SMI ‘,:,. T™I
60 60
50
o 50 - ———— baseline
g 40 40 » asacass DSE
=
= 3 30
%
g n 2
>
= 10 10
0 - o
-10 @ e )
subendocardial side subepicardial side subendocardial side subepicardial side subendocardial side subepicardial side

Fig. 5. Transmural myocardial strain profile before (solid lines) and after (dashed lines) dobutamine administration in each stage. Left: control stage. The profile
was highest at the subendocardium and lowest at the subepicardium. With dobutamine administration, overall transmural myocardial strain increased. Middle:
SMI stage. Myocardial strain at the subendocardium significantly decreased. With dobutamine administration, myocardial strain at the subepicardium showed
a significant increase. Right: TMI stage. Overall transmural myocardial strain decreased at the baseline. Even after dobutamine administration, myocardial strain

showed no significant increase.
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Table 2. Subendocardial and subepicardial strain in control, SMI, and TMI stages
Baseline DSE
Control (n = 25) SMI (n = 20) TMI (n = 11} Control SMI T™I
Endo strain 53.6%17.1%4% 08+88 —39+56 73.3+21.81¢ 13%7.0 —1.9%6.0
Epi strain 23.9+6.1%t% 12.4+7.3%% ~1.0+78 263+6.41 27.1+8.8t —0.7+8.3

Data are presented as means = SD; n, no. of dogs. Endo strain, subendocardial strain; Epi strain, subepicardial strain. P < 0.05 vs. DSE values (*), vs. SMI

values (1), and vs. TMI values (1).

was uniformly uplifted, indicating the enhancement of contrac-
tility. In the SMI stage, subendocardial strain was almost zero
before and after dobutamine challenge. In contrast, subepicar-
dial strain increased after dobutamine, suggesting the presence
of myocardial viability in the subepicardium. In the TMI stage,
TMSP was almost flat before and after DSE, showing loss of
myocardial viability through whole layers (Table 2).

Figure 6 shows changes in the subendocardial and subepi-
cardial mean strain. Strain in the subendocardial half-layer was
lower in the SMI and TMI stages than in the control stage
(53.6 = 17.1 vs. 0.8 = 8.8 and —3.9 = 5.6%, both P’ < 0.001).

(%) p=0.001

100 - Q
=
E @ bascline
e B O DSE
=
T 60 -
g
=]
-
-,E, - 8 p=0.695 p=0.398
3
§ 20 *4 @
B P
£ " - ¥ YeN Wi;‘!:E G
o

20 ®

=2
o @O O

il |
N
'

=10

Subepicardial myocardial strain

-20 4 control

Fig. 6. Strain value in each layer. Top: subendocardial strain before (@) and
after (0) dobutamine administration. Strain value in the subendocardial half-
layer in the control stage increased with dobutamine, whereas that in the SMI
and TMI stages showed no significant increase. Bortom: subepicardial strain
before (@) and after (O) dobutamine administration. Strain value in the
subepicardial half-layer in the SMI stage showed a significant increase. It
showed no significant increase in the TMI stage.

T™I
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There were no significant differences in the subendocardial
strain between the SMI and TMI stages [P = not significant
(NS)]. Strain in the subepicardial half-layer was lower in the
TMI stage (—1.0 = 7.8%) than that in the SMI stage (12.4 =
7.3%, P < 0.001) and that in the control stage (23.9 * 6.1%,
P < 0.001).

Subendocardial strain in the control stage increased with
DSE (53.6 + 17.1 vs. 73.3 = 21.8%, P < 0.001), whereas that
in the SMI (0.8 * 8.8 vs. 1.3 = 7.0%, P = NS) and in the TMI
stage (=39 * 56 vs. =19 * 6.0%, P = NS) showed no
significant increase. Subepicardial strain in the control stage
(239 + 6.1 vs. 26.3 * 6.4%, P < 0.05) and in the SMI stage
(124 + 73 vs. 27.1 + 8.8%, P < 0.005) increased with DSE.
It did not increase after DSE in the TMI stage (—1.0 £ 7.8 vs.
—0.7 + 83%, P = NS). Subepicardial strain after DSE
showed no significant differences between the control and SMI
stages (P = NS). These results showed that myocardial via-
bility in the subepicardium was preserved in the SMI stage,
whereas that in the TMI stage was lost.

DISCUSSION

In the present study, we analyzed the transmural distribution
of viable muscle in myocardial infarction using echocardiog-
raphy. Contraction in the subendocardium was lost and did not
increase with dobutamine in either subendocardial infarction or
transmural infarction models. On the other hand, subepicardial
contraction was increased in subendocardial infarction but not
in transmural infarction. These results showed that, with
TMSP, we could quantify the transmural distribution of myo-
cardial strain and identify the transmural differences in a local
inotropic reserve in the viable and infarcted myocardium. The
TMSP with DSE was useful to estimate the heterogeneity of
transmural myocardial viability in SMI and TML

Transmural heterogeneity of myocardial viability. The left
ventricular myocardium demonstrates transmural heterogene-
ity of strain distribution. It has been reported that, under normal
circumstances, the subendocardial myocardium receives more
blood flow and consumes more oxygen than the subepicardial
one (20, 28, 35). Moreover, there is a transmural gradient of
contractile function in the left ventricular wall, with greatest
amount of thickening occurring in the subendocardial myocar-
dium (6, 25). Clinically, these results were noninvasively
confirmed in healthy subjects with tissue Doppler tracking
technique (31). In the present study, strain value in the suben-
docardial layer was greater than that in the subepicardial layer
in the control stage, being consistent with those of previous
experimental and clinical studies. The linear decline pattern in
TMSP was not observed in myocardial infarction. TMSP
would potentially be useful for more detailed and innovative
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evaluations of transmural myocardial function experimentally
and clinically.

Effect of ischemia and dobutamine on transmural heteroge-
neity. After coronary artery occlusion, myocardial necrosis
begins first in the endocardium and then progresses toward the
epicardium with an increase in the occlusion time (8, 13). In
our present study, we confirmed histologically that the SMI
stage induced subendocardial infarction and the TMI stage
induced transmural myocardial infarction. We observed con-
tinuous progression of myocardial dysfunction from the sub-
endocardium to the subepicardium in myocardial infarction
using echocardiography.

In acute animal models of reversible postischemic dysfunc-
tion and myocardial infarction, improved wall thickening dur-
ing inotropic stimulation accurately differentiated reversible
from fixed dysfunction and provided a better early assessment
of viability than assessment of resting function alone (18). In
clinical studies, contractile reserve by low-dose dobutamine
was an independent predictor of functional recovery for myo-
cardial infarction, which was superior to the other clinical
criteria (23). In this experimental subendocardial infarction
mode], subendocardial strain showed no significant increase in
response to inotropic stimulation, whereas subepicardial strain
increased, indicating that the subepicardial myocardium was
still viable. In the transmurally infarcted myocardium, myo-
cardial strain of both subendocardium and subepicardium did
not show significant increase. Therefore, the present method
using TMSP and DSE is useful to visualize and quantify the
contractile reserve and viability of both the subendocardium
and the subepicardium.

Clinical implications. Because the prognosis of patients with
subendocardial infarction is better than that with transmural
infarction, assessment of the transmurality of myocardial ne-
crosis and ischemia is an important clinical issue for patients
with acute myocardial infarction or with chronic myocardial
ischemia (22, 27). However, it has been difficult to make a
diagnosis of subendocardial infarction by two-dimensional
echocardiography. Some previous studies have shown that
strain rate or strain echocardiography was useful to differenti-
ate subendocardial infarction from transmural infarction (2,
34). We also obtained similar results using a new method of
visualizing transmural myocardial strain distribution. Because
the transmurality of necrosis is an important determinant of
ultimate infarct size, its knowledge would be helpful in making
therapeutic decisions for myocardial infarction (16, 34). Thus
it is clinically helpful that we can quantify the transmural
myocardial viability and necrosis extent. Furthermore, we
could estimate the myocardial viability of each layer with DSE,
enabling us to diagnose the stunned myocardium and predict
myocardial functional recovery after myocardial infarction.

The present imaging system can be applied for the clinical
evaluation of the various heart diseases characterized by sub-
endocardial myocardial dysfunction such as anthracycline car-
diotoxicity, syndrome X, hypertrophic cardiomyopathy, and
dilated cardiomyopathy (14, 19, 21).

Study limitations. There was a possibility that some dogs in
the subendocardial infarction models might develop transmural
infarction. However, the 90-min ischemic period chosen for the
subendocardial infarction models was similar to the previous
studies, and it did result in subendocardial infarction (8, 10). In
the present study, we showed histological evidence of suben-

AJP-Heart Circ Physiol - VOL 292

TRANSMURAL MYOCARDIAL VIABILITY DISTRIBUTION

docardial infarction after the SMI stage in parts of dogs.
Furthermore, the difference in strain between the subendocar-
dial and transmural infarction models was very prominent and
consistent in each dog in the present study. These suggested
that dogs after the SMI stage developed myocardial infarct
almost only in the subendocardial layer.

We did not validate myocardial strain values using other
methods, such as sonomicrometry. However, sonomicrometry
is not always suitable to assess transmural distribution of
myocardial strain, as shown in Fig. 5. We believe our mea-
surement should be accurate because the displacement data
obtained by our method were shown to be accurate (3, 21).

In conclusion, the quantitative analysis of transmural myo-
cardial strain distribution could assess transmural differences
in local inotropic reserve within the viable and infracted
myocardium. In subendocardial infarction, the subepicardial
myocardial strain showed an increase in contraction with
dobutamine. However, in transmural infarction, this increase
was lost. Assessment of transmural strain profile using tissue
strain imaging was useful to quantify transmural distribution of
the viable myocardium in SMI and TMI.
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Kawada T, Kitagawa H, Yamazaki T, Akiyama T, Kamiya A,
Uemura K, Mori H, Sugimachi M. Hypothermia reduces ischemia-
and stimulation-induced myocardial interstitial norepinephrine and
acetylcholine releases. J Appl Physiol 102: 622-627, 2007. First pub-
lished November 2, 2006; doi:10.1152/japplphysiol.00622.2006.—Al-
though hypothermia is one of the most powerful modulators that can
reduce ischemic injury, the effects of hypothermia on the function of
the cardiac autonomic nerves in vivo are not well understood. We
examined the effects of hypothermia on the myocardial interstitial
norepinephrine (NE) and ACh releases in response to acute myocar-
dial ischemia and to efferent sympathetic or vagal nerve stimulation in
anesthetized cats. We induced acute myocardial ischemia by coronary
artery occlusion. Compared with normothermia (n = 8), hypothermia
at 33°C (n = 6) suppressed the ischemia-induced NE release [63 nM
(SD 39) vs. 18 nM (SD 25), P < 0.01] and ACh release [11.6 nM (SD
7.6) vs. 2.4 nM (SD 1.3), P < 0.01] in the ischemic region. Under
hypothermia, the coronary occlusion increased the ACh level from
0.67 nM (SD 0.44) to 6.0 nM (8D 6.0) (# < 0.05) and decreased the
NE level from 0.63 nM (SD 0.19) to 0.40 nM (SD 0.25) (P < 0.05)
in the nonischemic region. Hypothermia attenuated the nerve stimu-
lation-induced NE release from 1.05 nM (SD 0.85) to 0.73 nM (SD
0.73) (P < 0.05, n = 6) and ACh release from 10.2 nM (SD 5.1) to
7.1 oM (SD 3.4) (P < 0.05, n = 5). In conclusion, hypothermia
attenuated the ischemia-induced NE and ACh releases in the ischemic
region. Moreover, hypothermia also attenuated the nerve stimulation-
induced NE and ACh releases. The Bezold-Jarisch reflex evoked by
the left anterior descending coronary artery occlusion, however, did
not appear to be affected under hypothermia.

vagal nerve; sympathetic nerve; cardiac microdialysis; cats

HYPOTHERMIA IS ONE OF THE most powerful modulators that can
reduce ischemic injury in the central nervous system, heart, and
other organs. The general consensus is that hypothermia in-
duces a hypometabolic state in tissues and balances energy
supply and demand (25). With respect to the myocardial
ischemia, the size of a myocardial infarction correlates with
temperature (6), and mild hypothermia can protect the myo-
cardium against acute ischemic injury (9). The effects of
hypothermia on the function of the cardiac autonomic nerves in
terms of neurotransmitter releases, however, are not fully
understood. Because autonomic neurotransmitters such as nor-
epinephrine (NE) and ACh directly impinge on the myocar-
dium, they would be implicated in the cardioprotection by
hypothermia.
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Cardiovascular Dynamics, Advanced Medical Engineering Center, National
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In previous studies from our laboratory, Kitagawa et al. (16)
demonstrated that hypothermia attenuated the nonexocytotic
NE release induced pharmacologically by ouabain, tyramine,
or cyanide. Kitagawa et al. (15) also demonstrated that hypo-
thermia attenuated the exocytotic NE release in response to vena
cava occlusion or to local administration of high K" The effects
of hypothermia on the ischemia-induced myocardial interstitial
NE release, however, were not examined in those studies. In
addition, the effects of hypothermia on the ischemia-induced
myocardial interstitial ACh release have never been examined.
Because both sympathetic and parasympathetic nerves control
the heart, simultaneous monitoring of the myocardial intersti-
tial releases of NE and ACh (14, 31) would help integrative
understanding of the autonomic nerve terminal function under
hypothermia in conjunction with acute myocardial ischemia.

In the present study, the effects of hypothermia on the
ischemia-induced and nerve stimulation-induced myocardial
interstitial neurotransmitter releases were examined. We im-
planted a dialysis probe into the left ventricular free wall of
anesthetized cats and measured dialysate NE and ACh levels as
indexes of neurotransmitter outputs from the cardiac sympa-
thetic and vagal nerve terminals, respectively. Based on our
laboratory’s previous results (15, 16), we hypothesized that
hypothermia would attenuate the neurotransmitter releases in
response to acute myocardial ischemia and to electrical nerve
stimulation.

MATERIALS AND METHODS
Surgical Preparation and Protocals

Animals were cared for in accordance with the Guiding Principles
for the Care and Use of Animals in the Field of Physiological
Sciences, approved by the Physiological Society of Japan. All proto-
cols were reviewed and approved by the Animal Subjects Committee
of National Cardiovascular Center. Adult cats were anesthetized via
an intraperitoneal injection of pentobarbital sodium (30-35 mg/kg)
and ventilated mechanically through an endotracheal tube with oxy-
gen-enriched room air. The level of anesthesia was maintained with a
continuous intravenous infusion of pentobarbital sodium (1-2
mg-kg '-h ') through a catheter inserted from the right femoral vein.
Mean arterial pressure (MAP) was measured using a pressure (rans-
ducer connected to a catheter inserted from the right femoral artery.
Heart rate (HR) was determined from an electrocardiogram.

Protocol 1: acute myocardial ischemia. We examined the effects of
hypothermia on the ischemia-induced myocardial interstitial releases
of NE and ACh. The heart was exposed by partially removing the left
fifth and/or sixth rib. A dialysis probe was implanted transversely into

The costs of publication of this article were defrayed in part by the payment
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the anterolateral free wall of the left ventricle perfused by the left
anterior descending coronary artery (LAD) to monitor myocardial
interstitial NE and ACh levels in the ischemic region during occlusion
of the LAD (13). Another dialysis probe was implanted transversely
into the posterior free wall of the left ventricle perfused by the left
circumflex coronary artery to monitor myocardial interstitial NE and
ACh levels in a nonischemic region. Heparin sodium (100 U/kg) was
administered intravenously to prevent blood coagulation. Animals
were divided into a normothermic group (n = 8) and a hypothermic
group (n = 6). In the hypothermic group, surface cooling with ice
bags was performed until the esophageal temperature decreased to
33°C (15, 16). A stable hypothermic condition was obtained within
~2 h. In each group, we occluded the LLAD for 60 min and examined
changes in the myocardial interstitial NE and ACh levels in the
ischemic region (i.e., the LAD region) and nonischemic region (i.e.,
the left circumflex coronary artery region). Fifteen-minute dialysate
samples were obtained during the preocclusion baseline condition and
during the periods of 0-15, 15-30, 30-45, and 45-60 min of the
LAD occlusion.

Protocol 2: sympathetic stimulation. We examined the effects of
hypothermia on the sympathetic nerve stimulation-induced myocar-
dial interstitial NE release (n = 6). A dialysis probe was implanted
transversely into the anterolateral free wall of the left ventricle. The
bilateral cardiac sympathetic nerves originating from the stellate
ganglia were exposed through a second intercostal space and sec-
tioned. The cardiac end of each sectioned nerve was placed on a
bipolar platinum electrode for sympathetic stimulation (5 Hz, 10 V,
1-ms pulse duration). The electrodes and nerves were covered with
mineral oil to provide insulation and prevent desiccation. A 4-min
dialysate sample was obtained during the sympathetic stimulation
under the normothermic condition. Thereafter. hypothermia was in-
troduced using the same cooling procedure as in protocol I, and a
second 4-min dialysate sample was obtained during the sympathetic
stimulation.

Protocol 3: vagal stimulation. We examined the effects of hypo-
thermia on the vagal nerve stimulation-induced ACh release (n = 5).
A dialysis probe was implanted transversely into the anterolateral free
wall of the left ventricle. The bilateral vagi were exposed through a
midline cervical incision and sectioned at the neck. The cardiac end of
each sectioned nerve was placed on a bipolar platinum electrode for
vagal stimulation (20 Hz, 10 V, 1-ms pulse duration}. To prevent
severe bradycardia and cardiac arrest, which can be induced by the
vagal stimulation. the heart was paced at 200 beats/min using pacing
wires attached to the apex of the heart during the stimulation period.
A 4-min dialysate sample was obtained during the vagal stimulation
under the normothermic condition. Thereafter, hypothermia was in-
troduced using the same cooling procedure as in protocol 1, and a
second 4-min dialysate sample was obtained during the vagal
stimulation.

Because of the relatively intense stimulation of the sympathetic or
vagal nerve, the stimulation period in protocols 2 and 3 was limited to
4 min to minimize gradual waning of the stimulation effects. At the
end of the experiment, the animals were killed by increasing the depth
of anesthesia with an overdose of pentobarbital sodium. We then
confirmed that the dialysis probes had been threaded in the middle
layer of the left ventricular myocardium.

Dialysis Technique

The dialysate NE and ACh concentrations were measured as
indexes of myocardial interstitial NE and ACh levels, respectively.
The materials and properties of the dialysis probe have been described
previously (2, 3). Briefly, we designed a transverse dialysis probe. A
dialysis fiber (13-mm length, 310-um outer diameter, 200-pm inner
diameter; PAN-1200, 50,000 molecular weight cutoff; Asahi Chemical)
was connected at both ends to polyethylene tubes (25-cm length,
500-pm outer diameter, 200-pm inner diameter). The dialysis probe
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was perfused with Ringer solution containing a cholinesterase inhib-
itor eserine (107% M) at a rate of 2 pwl/min. We started dialysate
sampling from 2 h after the implantation of the dialysis probe(s), when
the dialysate NE and ACh concentrations had reached steady states.
The actual dialysate sampling was delayed by 5 min from the
collection period to account for the dead space volume between the
semipermeable membrane and the sample tube. Each sample was
collected in a microtube containing 3 pl of HCI to prevent amine
oxidation. The dialysate ACh concentration was measured directly by
HPLC with electrochemical detection (Eicom). The in vitro recovery
rate of ACh was ~70%. With the use of a criterion of signal-to-noise
ratio of higher than three, the detection limit for ACh was 3 pg per
injection. The dialysate NE concentration was measured by another
HPLC-electrochemical detection system after the removal of interfer-
ing compounds by an alumina procedure. The in vitro recovery rate of
NE was ~55%. With the use of a criterion of signal-to-noise ratio of
higher than three, the detection limit for NE was 200 fg per injection.

Statistical Analysis

All data are presented as means and SD values. For prorocol I, we
performed two-way repeated-measures ANOVA using hypothermia
as one factor and the dialysate sampling periods (the effects of
ischemia) as the other factor. For protocols 2 and 3, we compared
stimulation-induced releases of NE and ACh before and during
hypothermia using a paired t-test. For all of the statistics, the differ-
ence was considered significant when P < 0.05.

RESULTS

Figure 1A illustrates changes in myocardial interstitial NE
levels in the ischemic region during LAD occlusion obtained
from protocol 1. The inset shows the magnified ordinate for the
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Fig. 1. A: ischemia-induced myocardial interstitial norepinephrine (NE) re-
lease in the ischemic region. Acute myocardial ischemia caused a progressive
increase in the level of myocardial interstitial NE. Hypothermia attenuated the
ischemia-induced NE release. Inser: magnified ordinate for the baseline and the
0- to 15-min period of ischemia. B: ischemia-induced myocardial interstitial
ACh release in the ischemic region. Acute myocardial ischemia increased the
myocardial interstitial ACh levels. Hypothermia attenuated the ischemia-
induced ACh release. Open bars: normothermia; solid bars: hypothermia.
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baseline and the 0- to 15-min period of ischemia. In the
normothermic group (open bars), the LAD occlusion caused an
~94-fold increase in the NE level during the 45- to 60-min
interval. In the hypothermic group (solid bars), the LAD
occlusion caused an ~45-fold increase in the NE level during
the 45- to 60-min interval. Compared with normothermia,
hypothermia suppressed the baseline NE level to ~59% and
the NE level during the 45- to 60-min period to ~29%.
Statistical analysis indicated that the effects of both hypother-
mia and ischemia on the NE release were significant, and the
interaction between hypothermia and ischemia was also sig-
nificant.

Figure 1B illustrates changes in myocardial interstitial ACh
levels in the ischemic region during the LAD occlusion. In
both the normothermic (open bars) and hypothermic (solid
bars) groups, the LAD occlusion caused an approximately
eightfold increase in the ACh level during the 45- to 60-min
interval. Compared with normothermia, however, hypothermia
suppressed both the baseline ACh level and the ACh level
during the 45- to 60-min period of ischemia to ~20%. Statis-
tical analysis indicated that the effects of both hypothermia and
ischemia on the ACh release were significant, and the interac-
tion between hypothermia and ischemia was also significant.

Figure 2A illustrates changes in myocardial interstitial NE
levels in the nonischemic region during the LAD occlusion.
Note that scale of the ordinate is only one-hundredth of that in
Fig. 1A. The LAD occlusion decreased the NE level in the
normothermic group (open bars); the NE level during the 45-
to 60-min interval was ~59% of the baseline level. The LAD
occlusion also decreased the NE level in the hypothermic
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Fig. 2. A: changes in the myocardial interstitial NE levels in the nonischemic
region. Acute myocardial ischemia decreased the level of myocardial intersti-
tial NE from the baseline level. Hypothermia increased the myocardial inter-
stitial NE levels in the nonischemic region. B: changes in the myocardial
interstitial ACh levels in the nonischemic region. Acute myocardial ischemia
increased the myocardial interstitial ACh level. Hypothermia did not attenuate
the increasing response of ACh to the left antenor descending coronary artery
occlusion. Open bars: normothermia; solid bars: hypothermia. NS, not signif-
icant.
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Table |. Mean arterial pressure during acute myocardial
ischemia obtained in protocol |

Baseline 5 min 1S min 30 min 45 min 60 min
Normothermia 108 (23) 102 (28) 101 (24) 101 (20) 102 (21) 102 (21)
Hypothermia 108 (11) 8O(17) 87(10) 85(10) B6(1O) 9L (1)

Values are means (SD) (in mmHg) obtained during preocclusion baseline
period and 5-, 15-, 30-, 45-, and 60-min periods of coronary artery occlusion.
Ischemia: P << 0.01; hypothermia: not significant; interaction: £ < 0.01.

group (solid bars); the NE level during the 45- to 60-min
interval was ~64% of the baseline level. Although the LAD
occlusion resulted in a decrease in the NE level under both
conditions, the NE level under hypothermia was nearly twice
that measured under normothermia. The statistical analysis
indicated that the effects of both hypothermia and ischemia on
the NE release were significant, whereas the interaction be-
tween hypothermia and ischemia was not significant.

Figure 2B illustrates changes in myocardial interstitial ACh
levels in the nonischemic region during the LAD occlusion.
The LAD occlusion caused an ~3.4-fold increase in the ACh
level during the 0- to 15-min interval in the normothermic
group (open bars). The LAD occlusion caused an approxi-
mately ninefold increase in the ACh level during the 0- to
15-min interval in the hypothermic group (solid bars). These
effects of ischemia on the ACh release were statistically
significant. Although hypothermia seemed to atlenuate the
baseline ACh level, the overall effects of hypothermia on the
ACh level were insignificant.

Tables | and 2 summarize the MAP and HR data, respec-
tively, obtained in protocol 1. Acute myocardial ischemia
significantly reduced MAP (P < 0.01) and HR (P < 0.01).
Hypothermia did not affect MAP but did decrease HR (P <
0.01). The interaction between ischemia and hypothermia was
significant for MAP but not for HR by the two-way repeated-
measures ANOVA,

For protocol 2, hypothermia significantly attenuated the
sympathetic stimulation-induced NE release to ~70% of the
level observed during normothermia (Fig. 3A). Under normo-
thermia, the sympathetic stimulation increased MAP from 114
mmHg (SD 27) to 134 mmHg (SD 33) (P < 0.01) and HR
from 147 beats/min (SD 9) to 207 beats/min (SD 5) (P < 0.01).
Under hypothermia, the sympathetic stimulation increased
MAP from 117 mmHg (8D 11) to 136 mmHg (SD 22) (P <
0.05) and HR from 125 beats/min (SD 16) to 164 beats/min
(SD 10) (P < 0.01).

For protocol 3, hypothermia significantly attenuated the
vagal stimulation-induced ACh release to ~70% of the level
observed during normothermia (Fig. 3B). Hypothermia did not
change MAP [117 mmHg (SD 18) vs. 118 mmHg (SD 27)] but

Table 2. Heart rate during acute myocardial ischemia
obtained in protocol |

Baseline S min 15 min 30 min 45 min 60 min
Normothermia 183 (26) 160 (18) 163(16) 163 (18) 166 (20) 165 (21)
Hypothermia 146 (25) 116(19) 113(19) 126(39) 112(20) 97(31)

Values are means (SD) (in beats/min) obtained during preocclusion baseline
period and 5-, 15-, 30-, 45-, and 60-min peniods of coronary artery occlusion.
Ischemia: P < 0.01; hypothermia: P < 0.01; interaction: not significant.

J Appl Physiol - vOL. 102 « FEBRUARY 2007 = www. jap.org



HYPOTHERMIA AND CARDIAC NEUROTRANSMITTER RELEASE

nomo- hypo-
thermia thermia
15 (
t
— 10~
=
&
£
2 st
o L—
normo- hypo-
thermia thermia

Fig. 3. A efferent sympathetic nerve stimulation-induced release of myocar-
dial interstitial NE before and during hypothermia. +Hypothermia significantly
attenuated the stimulation-induced NE release. B: efferent vagal nerve stimu-
lation-induced release of myocardial interstitial ACh before and during hypo-
thermia. ¥Hypothermia significantly attenuated the stimulation-induced ACh
release.

did decrease HR from 202 beats/min (SD 24) to 179 beats/min
(SD 15) (P < 0.05) during the prestimulation, unpaced condition.
MAP during the stimulation was 105 mmHg (SD 19) under
normothermia and 93 mmHg (SD 33) under hypothermia.

DISCUSSION

A cardiac microdialysis is a powerful tool to estimate neu-
rotransmitter levels in the myocardial interstitium in vivo (2, 3,
14, 19, 20, 31). The present study demonstrated that hypother-
mia significantly attenuated the myocardial interstitial releases
of NE and ACh in the ischemic region during the LAD
occlusion. In contrast, the increasing response in the ACh level
from its baseline level and the decreasing response in the NE
level from its baseline level observed in the nonischemic
region were maintained under hypothermia. To our knowledge,
this is the first report showing the effects of hypothermia on the
myocardial interstitial releases of NE and ACh during acute
myocardial ischemia in vivo. In addition, the present study
showed that hypothermia significantly attenuated nerve stimu-
lation-induced myocardial interstitial NE and ACh releases in
VIVO.

Effects of Hypothermia on Ischemia-induced NE and ACh
Releases in the Ischemic Region

Acute myocardial ischemia causes energy depletion, which
leads to myocardial interstitial NE release in the ischemic
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region (Fig. 1A). The NE release can be classified as exocytotic
or nonexocytotic (18, 24). Exocytotic release indicates NE
release from synaptic vesicles, which normally occurs in re-
sponse to nerve discharge and subsequent Ca?* influx through
voltage-dependent Ca®* channels. On the other hand, nonexo-
cytotic release indicates NE release from the axoplasm, such as
that mediated by a reverse transport through the NE trans-
porter. A neuronal uptake blocker, desipramine, can suppress
the ischemia-induced NE release (19, 24). Whereas exocytotic
release contributes to the ischemia-induced NE release in the
initial phase of ischemia (within ~20 min), carrier-mediated
nonexocytotic release becomes predominant as the ischemic
period is prolonged (1). Hypothermia significantly attenuated
the ischemia-induced NE release (Fig. 1A). The NE level
during the 45- to 60-min period of ischemia under hypothermia
was ~20% of that obtained under normothermia. The NE
uptake transporter is driven by the Na* gradient across the cell
membrane (23). The loss of the Na* gradient due to ischemia
causes NE to be transported out of the cell by reversing the
action of the NE transporter. Hypothermia inhibits the action of
the NE transporter and also suppresses the intracellular Na*
accumulation (8), thereby reducing nonexocytotic NE release
during ischemia. The present results are in line with an in Vitro
study that showed hypothermia suppressed nonexocytotic NE
release induced by deprivation of oxygen and glucose (30).
The present results are also consistent with a previous study
from our laboratory that showed hypothermia attenuated the
nonexocytotic NE release induced by ouabain, tyramine, or
cyanide (16).

Acute myocardial ischemia increases myocardial interstitial
ACh level in the ischemic region, as reported previously (Fio
1B) (13). The level of ischemia-induced ACh release during
0- to 15-, 15- to 30-, 30- to 45-, or 45- to 60-min period of
ischemia is comparable to that evoked by 4-min electrical
stimulation of the bilateral vagi (Fig. 38). Compared with the
normothermic condition, hypothermia significantly attenuated
the ischemia-induced myocardial interstitial release of ACh in
the ischemic region. Our laboratory’s previous study indicated
that intracellular Ca** mobilization is essential for the ischemia-
induced release of ACh (13). Hypothermia may have prevented
the Ca** overload, thereby reducing the ischemia-induced
ACh release. Alternatively, hypothermia may reduce the extent
of the ischemic injury, which in turn suppressed the ischemia-
induced ACh release. Because ACh has protective effects on
the cardiomyocytes against ischemia (11), the suppression of
ischemia-induced ACh release during hypothermia itself may
be unfavorable for cardioprotection.

There is considerable controversy regarding the cardiopro-
tective effects of B-adrenergic blockade during severe ische-
mia, with studies demonstrating a reduction of infarct size (10,
17) or no effects (7, 27). The B-adrenergic blockade seems
effective to protect the heart only when the heart is reperfused
within a certain period after the coronary occlusion. The
B-adrenergic blockade would reduce the myocardial oxygen
consumption through the reduction of HR and ventricular
contractility and delay the progression of ischemic injury.
Hence the infarct size might be reduced when the heart is
reperfused before the ischemic damage becomes irreversible.
The ischemia-induced NE release reached nearly 100 times the
baseline NE level under normothermia (Fig. 1A), which by far
exceeded the NE level attained by electrical stimulation of the
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bilateral stellate ganglia (Fig. 34). Because high NE levels
have cardiotoxic effects (22), ischemia-induced NE release
might aggravate the ischemic injury. However, catecholamine
depletion by a reserpine treatment fails to reduce the infarct
size (26, 29), throwing a doubt on the involvement of cate-
cholamine toxicity in the progression of myocardial damage
during ischemia. It is, therefore, most likely that the hypothermia-
induced reductions in NE and ACh are the result of reduced
myocardial damage or a direct effect on nerve endings.

Van den Doel et al. (28) showed that hypothermia does not
abolish necrosis, but rather delays necrosis during sustained
ischemia, so that hypothermia protected against infarction
produced by a 30-min occlusion but not against infarction
produced by a 60-min occlusion in the rat heart. At the same
time, they mentioned that hypothermia was able to reduce the
infarct size after a 60-min coronary occlusion in the dog,
possibly because of the significant collateral flow in the canine
hearts. Because the feline hearts are similar to the canine hearts
in that they have considerable collateral low compared with
the rat hearts (21), hypothermia should have protected the
feline heart against the 60-min coronary occlusion in the
present study.

Effects of Hypothermia on the NE and ACh Releases in the
Nonischemic Region and on the Electrical Stimulation-
induced NE and ACh Releases

The NE and ACh levels in the nonischemic region may
reflect the sympathetic and parasympathetic drives to this
region. As an example, myocardial interstitial ACh levels
increase during activations of the arterial baroreflex and the
Bezold-Jarisch reflex (14). In the present study, acule myocar-
dial ischemia decreased the NE level from its baseline level,
whereas it increased the ACh level from its baseline level (Fig.
2). Ischemia also decreased MAP and HR (Tables 1 and 2),
suggesting that the Bezold-Jarisch reflex was induced by the
LAD occlusion under both normothermia and hypothermia.
Taking into account the fact that electrical stimulation-induced
ACh release was attenuated to ~70% (Fig. 3), similar ACh
levels during ischemia imply the enhancement of the parasym-
pathetic outflow via the Bezold-Jarisch reflex under hypother-
mia. These results are in line with the study by Zheng et al.
(32), where pulmonary chemoreflex-induced bradycardia was
maintained under hypothermia. Hypothermia increased the NE
level in the nonischemic region, suggesting that sympathetic
drive to this region also increased. Hypothermic stress is
known to cause sympathetic activation, accompanying in-
creases in MAP, HR, plasma NE, and epinephrine levels (4). In
the present study, because the effect of hypothermia on MAP
was insignificant (Table 1) and HR decreased under hypother-
mia (Table 2), the sympathetic activation observed in the
nonischemic region might have been regional and not sys-
temic.

Hypothermia attenuated the releases of NE and ACh in
response o respective nerve stimulation to ~70% of that
observed under normothermia (Fig. 3). The suppression of the
exocytotic NE release by hypothermia is consistent with a
previous study from our laboratory, where hypothermia atten-
uated the myocardial interstitial NE release in response to vena
cava occlusion or to a local high K' administration (15). The
suppression of NE release by hypothermia is consistent with an
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in vitro study by Kao and Westhead (12) in which catechol-
amine secretion from adrenal chromaffin cells induced by
elevated K" levels increased as the temperature increased from
4 to 37°C. On the other hand, because hypothermia inhibits the
neuronal NE uptake, the NE concentration at the synaptic cleft
is expected Lo be increased if the level of NE release remains
unchanged. Actually, Vizi (30) demonstrated that hypothermia
increased NE release in response to field stimulation in vitro. In
the present study, however, the suppression of NE releasc
might have canceled the potential accumulation of NE due to
NE uptake inhibition. The present study also demonstrated that
the ACh release was suppressed by hypothermia. In the rat
striatum, hypothermia decreases the extracellular ACh concen-
tration and increases the choline concentration (5). Hypother-
mia may inhibit a choline uptake transporter in the same
manner as it inhibits a NE uptake transporter. The inhibition of
the choline transporter by hypothermia may have hampered the
replenishment of the available pool of ACh and thereby con-
tributed to the suppression of the stimulation-induced ACh
release.

Limitations

In protocol 1, because we did not measure the infarct size in
the present study, the degree of myocardial protection by
hypothermia was undetermined. Whether the reduction of
ischemia-induced neurotransmitter release correlates with the
reduction of infact size requires further investigations. In
protocols 2 and 3, baseline NE and ACh levels were not
measured. The reduction of stimulation-induced NE and ACh
release by hypothermia might be partly due to the reduction of
baseline NE and ACh levels. However, because transection of the
stellate ganglia (31) or vagi (3) reduces the baseline NE and ACh
levels, changes in the baseline NE and ACh levels by hypothermia
in protocols 2 and 3 could not be as large as those observed under
innervated conditions in protocol I (Figs. 1 and 2).

In conclusion, hypothermia attenuated the ischemia-induced
releases of NE and ACh in the ischemic region to ~30 and
20% of those observed under normothermia, respectively.
Hypothermia also attenuated the nerve stimulation-induced
releases of NE and ACh to ~70% of those observed during
normothermia. In contrast, hypothermia did not affect the
decreasing response in the NE level and the increasing re-
sponse in the ACh level in the nonischemic region, suggesting
that the Bezold-Jarisch reflex evoked by the LAD occlusion
was maintained.
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