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Abstract

To simultaneously monitor acetylcholine release from pre-ganglionic adrenal sympathetic nerve endings and catecholamine release
from post-ganglionic adrenal chromaffin cells in the in vivo state, we applied microdialysis technique to anesthetized rats. Dialysis probe
was implanted in the left adrenal medulla and perfused with Ringer’s solution containing neostigmine (a cholinesterase inhibitor). After
transection of splanchnic nerves, we electrically stimulated splanchnic nerves or locally administered acetylcheline through dialysis probes
for 2 min and investigated dialysate acetylcholine, choline, norepinephrine and epinephrine responses. Acetylcholine was not detected in
dialysate before nerve stimulation, but substantial acetylcholine was detected by nerve stimulation. In contrast, choline was detected in
dialysate before stimulation, and dialysate choline concentration did not change with repetitive nerve stimulation. The estimated interstitial
acetylcholine levels and dialysate catecholamine responses were almost identical between exogenous acetylcholine (10 M) and nerve
stimulation (2 Hz). Dialysate acetylcholine, norepinephrine and epinephrine responses were correlated with the frequencies of electrical
nerve stimulation, and dialysate norepinephrine and epinephrine responses were quantitatively correlated with dialysate acetylcholine
responses. Neither hexamethonium (a nicotinic receptor antagonist) nor atropine {(a muscarinic receptor antagonist) affected the dialysate
acetylcholine response to nerve stimulation. Microdialysis technigue made it possible to simultaneously assess activities of pre-ganglionic
adrenal sympathetic nerves and post-ganglionic adrenal chromaffin cells in the in vivo state and provided quantitative information about

input—output relationship in the adrenal medulla.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Although acetylcholine is one of major neurotransmitters
in the peripheral autonomic nervous system as well as cen-
tral nervous system (Collier, 1977; Fibiger, 1991; Calabresi
et al., 2000), it has been difficult to measure endogenous
acetylcholine in the in vivo state since acetylcholine re-
leased from nerve endings is rapidly degraded by tissue
acetylcholinesterase (Taylor and Brown, 1998). Recently,
microdialysis technique with improved measurement has
made it possible to monitor low levels of acetyicholine in
the in vivo central nervous system. In the peripheral au-
tonomic nervous system, we have measured acetylcholine
release from post-ganglionic parasympathetic nerve end-
ings using microdialysis technique (Akiyama et al., 1994,
Akiyama and Yamazaki, 2000, 2001; Kawada et al., 2001).
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Little information is, however, available on acetylcholine
release from pre-ganglionic autonomic nerve endings in
the in vivo state. The assessment of pre-ganglionic auto-
nomic nerve activities is important for understanding the
autonomic ganglionic transmission under physiological and
pathophysiological conditions.

Adrena! medulla is one candidate suitable for investi-
gating acetylcholine release from pre-ganglionic autonomic
nerve endings (Holman et al.,, 1994), Compared to auto-
nomic ganglia, adrenal gland is solid and suited to mi-
crodialysis probe implantation. Furthermore, microdialysis
technique in the adrenal medulla provides a distinct advan-
tage to monitor catecholamine release from adrenal medulla
following acetylcholine release. Thus, we consider it pos-
sible to simultaneously assess pre- and post-ganglionic
sympathetic nerve activities by monitoring acetylcholine
and catecholamine release in the adrenal medutla.

In the present study, we applied the microdialysis tech-
nique to the adrenal medulla of anesthetized rats and tested
the suitability of microdialysis technigue to simultaneously
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monitor acetylcholine and catecholamine release from
adrena} medulla.

2. Materials and methods

2.1, Animal preparation

The investigation conforms with the Guide for the Care .

and Use of Laboratory Animals published by the US Na-
tional Institutes of Health (NIH Publication No. 85-23,
revised 1996). Adult male Wistar rats weighing 390460 g
were anesthetized with pentobarbital sodium (50-55 mg/kg
i.p.). The rats were ventilated with a constant-volume
respirator using room air mixed with oxygen. The left
femoral artery and vein were cannulated for monitoring
arterial blood pressure and administration of anesthetic,
respectively. The level of anesthesia was maintained with
a continuous intravenous infusion of pentobarbital sodium
(15-25mg/(kgh} i.v.). Electrocardiogram was monitored
for recording heart rate. A thermostatic heating pad was
used to keep the esophageal temperature within a range of
37-38°C. With the animal in the lateral position, the left
adrenal gland and left splanchaic nerve were exposed by
a subcostal flank incision, and the left splanchnic nerve
was transected. In protocols requiring nerve stimulation,
shielded bipolar stainless steel electrodes were applied to
the distal end of the nerve, which was then stimulated with
a digital stimulator (SEN-7203, Nihon Kohden, Japan) with
a rectangular pulse (10V and 1ms in duration),

2.2. Dialysis technigue

The materials of the dialysis probe were the same as those
used in our previous dialysis experiments (Akiyama et al.,
2003}. Briefly, each end of the dialysis fiber (0.31 mm o.d.,
and 0.20mm i.d.; PAN-1200 50,000 mol. wt. cutoff, Asahi
Chemical, Japan) was inserted into the polyethylene tube
{25cm length, 0.50mm o.d., and 0.20mm i.d.; SP-8) and
glued. The length of the dialysis fiber exposed was 3 mm.
At perfusion speed of 10 pl/min, in vitro recovery rates
of acetylcholine, choline, norepinephrine, and epinephrine
were (%): 3.08+£0.04, 2.93£0.10, 2.09%£0.03, and 2.16 &
0.03, respectively (number of dialysis probes: 3).

The dialysis probe was implanted in the medulla of the left
adrenal gland and perfused with Ringer’s solution contain-
ing the cholinesterase inhibitor, neostigmine (10 pM) at a
speed of 10 pl/min using a microinjection pump (CMA/100,
Carnegie Medicin, Sweden). Ringer’s solution consisted of
(in mM) 147.0 NaCl, 4.0 KC|, 2.25 CaCl,. All pharma-
cological agents tested were locally administered by per-
fusion through the dialysis probe after being dissolved in
Ringer’s solution. One sampling period was 2 min (one sam-
ple volume == 20 pl). We started the protocols followed by
a stabilization period of 3—4h. Catecholamine release was
evoked by 2min-local administration of acetylcholine or

2 min-electrical stimulation of left splanchnic nerves. In pro-
tocols requiring repeated nerve stimulation, electrical stim-
ulation was performed at 30 min-intervals, Taking the dead
space volume into account, we continuously collected three
dialysate samples per pharmacological or electrical stimu-
lation: one before, one during, and one after stimulation.
We subtracted the dialysate acetylcholine, norepinephrine,
or epingphrine contents in control from those during stim-
ulation, and expressed these values as indices of dialysate
acetylcholine, norepinephrine or epinephrine response to
stimulation. '

Half of the dialysate sample was injected into high-
performance liquid chromatography for the measurement of
acetylcholine and choline (Akiyama et al., 1994), and the
remaining half was injected into another high-performance
liquid chromatography for the measurement of nore-
pinephrine and epinephrine (Akiyama et al., 1991).

2.3. Experimental protocols

2.3.1. Protocol 1

‘We repeated stimulations of splanchnic nerves at 2 and
4 Hz twice and examined dialysate acetylcholine, choline
and catecholamine responses to nerve stimulation and their
reproducibility in five rats. ‘

2.3.2. Protocol 2

To compare the estimated interstitial acetylcholine lev-
els between administration of acetylcholine and nerve stim-
ulation, we locally administered acetylcholine (10 pM) in
five rats and stimulated splanchnic nerves at 2Hz in five
other rats. The concentration of exogenous acetylcholine
was determined to obtain a similar dialysate catecholamine
response to nerve stimulation at 2 Hz.

2.3.3. Protocol 3

We raised stepwise the frequency of nerve stimulation
from 2 to 4, 10, 20 Hz and examined dialysate acetylcholine
and catecholamine responses in five rats. In addition, to ex-
amine the input-output relationship in the adrenal medulla,
we analyzed the relationship between dialysate acetylcholine
and catecholamine responses of five rats.

2.3.4. Protocol 4

We examined the effects of cholinergic receptor antag-
onists on dialysate acetylcholine and catecholamine re-
sponses. Nerve stimulations at 2 and 4 Hz were performed
before and after 30 min-local administration of cholinergic
receptor antagonists. We tested the nicotinic receptor antag-
onist, hexamethonium bromide (1 mM) in five rats or the
muscarinic receptor antagonist, atropine sulfate (10 uM) in
five other rats.

2.4. Statistical methods

To examine the effect of nerve stimulation and phar-
macological agents, we analyzed heart rate and mean
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arterial pressure, and dialysate acetylcholine, choline,
norepinephrine and epinephrine responses, using one- or
two-way analysis of variance with repeated measures. When
statistical significance was detected, the Newman-Keuls
test was applied (Winer, 1971). Statistical significance was
defined as P < 0.05. Values are presented as mean & S.E.

3. Results

The experiments were carried in anesthetized rats and
had been performed in the presence of neostigmine. Local
administration of pharmacological agents did not influence
heart rate or mean arterial pressure in any of the protocols.
In protocol 3 (n = 5), nerve stimulation at 2 Hz decreased
heart rate from 420 £ 8 to 397 =+ 8 beats/min (P < 0.05)
and increased mean arterial pressure from 125+4 to 136+
3mmHg (P < 0.05). Heart rate and mean arterial pressure
recovered after cessation of stimulation. Nerve stimulation
at4, 10 and 20 Hz decreased heart rate to 3969, 39317 and
392 -+ 9 beats/min, respectively, and increased mean arterial
pressure to 134:+3, 141£3, and 14243 mmHg, respectively.
In the other protocols, nerve stimulation at 2 or 4 Hz evoked
the same responses of heart rate and mean arterial pressure.

3.1. Dialysate acetylcholine and catecholamine

3.1.1. Protocol 1

As shown in the upper panel of Fig. 1 (n = 3}, acetyl-
choline was not detected in dialysate before nerve stimula-
tion, but substantial acetylcholine was detected in dialysate
by nerve stimulation. In contrast, choline, norepinephrine,
and epinephrine were detected in dialysate before stimula-
tion. Dialysate choline concentration did not change with
repetitive nerve stimulation. Dialysate norepinephrine and
epinephrine concentrations increased with nerve stimulation.
Stimulation at the same frequency elicited almost identical
responses on repetition.

3.1.2. Protocol 2

Using in vitro recovery rate of acetylcholine (3.08%), the
estimated interstitial acetylcholine levels were 308 M in
acetylcholine infusion (10pM, n = 5) and 276 &= 15nM
in nerve stimulation (2Hz, n = 5; Fig. 1, lower panel).
There was no statistical difference in the estimated inter-
stitial acetylcholine levels and dialysate catecholamine re-
sponses between the two groups.

3.1.3. Protocol 3

When the frequency of nerve stimulation was increased
from 2 to 20Hz, dialysate acetylcholine, norepinephrine
and epinephrine responses were enhanced (n = 5; Fig. 2,
upper panel). We plotted the relationship between dialysate
catecholamine response (ordinate) and dialysate acetyl-
choline response (abscissa) of five rats (Fig. 2, lower panel).
Dialysate norepinephrine and epinephrine responses corre-
lated with dialysate acetylcholine responses.

3.1.4. Protocol 4

At both 2 and 4Hz of nerve stimulation, hexametho-
nium suppressed dialysate norepinephrine and epinephrine
responses, but did not affect acetylcholine response (n = 5;
Fig. 3, upper panel). Atropine suppressed epinephrine re-
sponse at both 2 and 4 Hz of nerve stimulation, but did not
affect norepinephrine and acetylcholine responses (n = 5;
Fig. 3, lower panel).

4. Discussion

By now, simultaneous monitoring of adrenal acetyl-
choline and catecholamine release has been limited to
only a few studies using perfused adrenal gland. Collier
et al. (1984) measured endogenous acetylcholine and
catecholamine effluxes from perfused cat adrenal gland.
O’Farrell et al. (1997) preloaded bovine adrenal glands
with [PH]-choline and measured the subsequent efflux
of [PH]-labelled compound as an index of acetylcholine
release and catecholamine efflux. In the present in vivo
study, dialysate acetylcholine and catecholamine responses
served as indices of acetylcholine release from splanch-
nic nerve endings and catecholamine release from adrenal
medulla, respectively. This simultaneous monitoring im-
plies quantitative measurement of pre- and post-ganglionic
neurotransmitter release at the adrenal medulla.

4.1. Source of dialysate acetylcholine

The stimulation of splanchmic nerve induced acetyl-
choline release from pre-ganglionic nerve endings and
increased dialysate acetylcholine concentration. It has been
demonstrated that adrenal gland receives parasympathetic
efferent and afferent innervation (Coupland et al., 1989;
Niijima, 1992; Parker et al., 1993). Branches of parasympa-
thetic efferent nerves conduct through celiac nerves, celiac
ganglion and splanchnic nerves to adrenal nerves (Niijima,
1992). In the present study, we electrically stimulated the
portion just distal to the sympathetic chain and proximal to
the celiac ganglion. This portion does not contain branches
of parasympathetic efferent nerves. After transection of
splanchnic nerves, basal dialysate acetylcholine was less
than the detection limit of high performance liquid chro-
matography (10fmol), and substantial acetylcholine was
detected in dialysate during the stimulation of this portion.
Thus, most of the detected acetyicholine in dialysate derives
from pre-ganglionic sympathetic nerve endings.

4.2, Interstitial choline levels in the adrenal medulla

Under physiological conditions, there is enough acetyl-
cholinesterase activity in splanchnic nerve endings, chro-
maffin cells, and interstitiai cells (Coupland, 1965; Palkama,
1967; Lewis and Shute, 1969; Somogyi et al,, 1975). Re-
leased acetylcholine is degraded to choline and acetate by
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Fig. 1. (Upper panel) Acetylcholine was not detected in dialysate before nerve stimulation, but substantial acetylcholine was detected in dialysate by nerve
stimulation (5 & 1nM at 2Hz and 12+ 20M at 4 Hz). Dialysate choline concentration did not change with nerve stimulation. Dialysate norepinephrine
and epinephrine concentrations increased with nerve stimulation (17 £+ 5 and 94 & 20nM at 2 Hz, respectively, and 41 & 12 and 185 & 29nM at 4 Hz,
fespecu’vely). Stimulation at the same frequency elicited almost identical responses on repetition, # = 5. Values are mean + S E. (Lower panel) There was
no statistical difference in the estimated interstitial acetylcholine levels and dialysate catecholamine responses between acetylcholine infusion (10 wM,

n = 5) and nerve stimulation (2Hz, n = 5). Values are mean + S.E.

acetylcholinesterase. Interstitial choline is carried into the
nerve endings through neurcnal transporters and used as a
precursor for synthesis of acetylcholine (Taylor and Brown,
1998). In in vitro perfused experiments, continuous admin-
istration of choline sustains the synthesis and release of
acetylcholine from nerve endings. In the present study, the
concentration of dialysate choline was more than 10 times
that of dialysate acetylcholine during nerve stimulation, and
repetitive acetylcholine release did not induce a decrease in
dialysate choline concentration. Moreover, nerve stimula-
tion elicited almost identical responses of dialysate acetyl-
choline on repetition, These results indicate that repetitive
acetylcholine release did not decrease interstitial choline lev-
els and did not affect release of acetylcholine. Thus, under

in vivo conditions, adrenal interstitial choline levels may
be sufficiently high to sustain acetylcholine synthesis in the
pre-ganglionic nerve endings.

4.3. Catecholamine release induced by endogenous and
exogenous acetylcholine

Either exogenous or endogenous acetylcholine evokes
catecholamine release by activating cholinergic receptors

" on the surface of chromaffin cells (Douglas, 1975). The

interstitial acetylcholine levels serves as an index of in-
put into chromaffin cells. We examined whether the es-
timated interstitial acetylcholine levels were identical be-
tween exogenous acetylcholine and nerve stimulation when
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Fig. 2. (Upper panel) Dialysate acetylcholine response was enhanced from 6 £ 1 to 26 & 6nM when the frequency of nerve stimulation was increased
from 2 to 20Hz. Similarty, dialysate norepinephrine and epinephrine responses were enhanced from 16+ 4 to 152+ 26nM and 48 £ 9 to 321 & 54nM,
respectively, n = 5. Values are mean=S.E. (Lower panel) The relationship between dialysate catecholamine response (ordinate) and dialysate acetylcholine
response (abscissa) of five rats. Dialysate norepinephrine and epinephrine responses correlated with dialysate acetylcholine responses. These relations
were expressed by regression equations with correlation coefficients of y = 4.94x + 1.01, 2 = 0,78, and y = 11.04x + 2.54, r* = 0.90, respectively.

dialysate catecholamine responses were equal. Actually
the estimated interstitial acetylcholine levels during nerve
stimulation (2 Hz) were identical with those during acetyl-
choline infusion {10 pM). These data indicate that inputs
into chromaffin cells were almost identical between the
two stimulations. It could be inferred from this finding that
dialysate acetylcholine concentration reflects acetylcholine
levels at the surface of chromaffin cells and serves as an
index of cholinergic transmission in the adrenal medulla.

4.4. Relationship of acetylcholine and catecholamine
release

Diatysate norepinephrine and epinephrine responses
were correlated with the frequency of splanchnic nerve
stimulation. This norepinephrine and epinephrine release

occurred as a consequence of acetylcholine release by
splanchnic nerve stimulation. We found a linear relation
between dialysate acetylcholine response and dialysate cat-
echolamine responses. This indicates that the input—output
relationship in the adrenal medulla is linear over the range of
frequency from 2 to 20 Hz. Dialysate acetylcheline response
of 1nM evoked dialysate norepinephrine response of about
5nM and dialysate epinephrine response of about 11 nM.
This relation between dialysate acetylcholine and cate-
cholamine responses could provide quantitative information
about the input—output relationship in the adrenal medulla.

4.5, Effects of cholinergic receptor antagonists

It has been suggested that acetylcholine release from
pre-ganglionic nerve endings is modulated by pre-synaptic
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Fig. 3. (Upper panel) At both 2 and 4 Hz of nerve stimulation, hexamethonium suppressed dialysate norepinephrine and epinephtine responses, but did
not affect acetylcholine response, n = 5, Values are mean £ S.E. *P < 0.05 vs. concurrent dialysate norepinephrine or epinephrine response before
administration of hexamethonium. (Lower panel) At both 2 and 4 Hz of nerve stimulation, atropine suppressed epinephrine response, but did not affect
norepinephrine and acetylcholine responses, n = 5. Vatues are mean + 8.E. *P < .05 vs. concurrent dialysate norepinephrine or epinephrine response

before administration of atropine.

cholinergic autoreceptors (Dujic et al., 1990; Myers and
Undem, 1996; Barbara et al., 1998). Neostigmine might
induce the activation of pre-synaptic cholinergic receptors
by increasing the acetylcholine levels in synaptic regions
{Brehm et al., 1992) and suppress acetylcholine release by
activating pre-synaptic autoreceptors. In the present study,
neither hexamethonivm nor atropine affected dialysate
acetylcholine response to nerve stimulation at either 2 or
4Hz. Thus, autoinhibition of acetylcholine release can
be considered insignificant in our experimental condition,
and dialysate acetylcholine response reflects pre-ganglionic
nerve activities. In contrast, hexamethonivm suppressed
norepinephrine and epinephrine releases by nerve stimula-
tion whereas atropine suppressed only epinephrine release.

The muscarinic agonist, muscarine or pilocarpine preferen-
tially enhanced epinephrine release (Douglas and Poisner,
1965; Wakade and Wakade, 1983). These results suggest
that both nicotinic and muscarinic receptors exist on the
surface of epinephrine-storing cells, while, on the surface
of norepinephrine-storing cells, nicotinic receptors are pri-
marily present.

4.6. Methodological limitations

We locally administered neostigmine to adrenal medulla
through dialysis probe. Cholinesterase inhibitor was nec-
essary to detect acetylcholine even during splanchnic
nerve stimulation because released acetylcholine is rapidly
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degraded by acetylcholinesterase before reaching the dial-
ysis fiber. In the same preparation, local administration
of neostigmine enhanced the dialysate catecholamine re-
sponse to nerve stimulation by about three-fold, but did not
influence the responses of heart rate and mean arterial pres-
sure {Akiyama et al, 2003). Total catecholamine release
from adrenal gland might not change by the local admin-
istration of neostigmine. In the present study, dialysate
catecholamine response was correlated with the frequency
of splanchnic nerve stimulation. Thus, in the presence of
neostigmine, absolute value of dialysate catecholamine re-
sponse is exaggerated, but could reflect relative changes in
catecholamine release from adrenal gland,
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Akiyama, Tsuyoshi, Toji Yamazaki, Hidezo Mori, and Kenji
Sunagawa. Effects of Ca?* channel antagonists on acetylcholine and
catecholamine releases in the in vivo rat adrenal medulla. Am J
Physiol Regul Integr Comp Physiol 287: R161-R166, 2004. First
published March 18, 2004; 10.1152/ajpregu.00609.2003.—To eluci-
date the types of voltage-dependent Ca?* channels controlling ACh
and catecholamine releases in the in vivo adrenal medulla, we im-
planted microdialysis probes in the left adrenal medulla of anesthe-
tized rats and investigated the effects of Ca** channel antagenists on
ACh, norepinephrine, and epinephrine releases induced by nerve
stimutation. The dialysis probes were perfused with Ringer solution
containing a cholinesterase inhibitor, neostigmine. The left splanchnic
nerves were electrically stimylated at 2 and 4 Hz before and after
intravenous administration of Ca* channel antagonists. w-Conotoxin
GVIA (an N-type Ca®* channel antagonist, 10 pg/kg) inhibited ACh
release at 2 and 4 Hz by ~40%, norepinephrine release at 4 Hz by
~50%, and epinephrine release at 2 and 4 Hz by ~45%. A fivefold
higher dose of w-conotoxin GVIA (50 pg/kg) did not further inhibit
these releases. w-Conotoxin MVIIC (a P/Q-type Ca®>* channel antag-
onist, 50 pg/kg) inhibited ACh and epinephrine releases at 4 Hz by
~30%. Combined w-conotoxin GVIA (50 pg/kg) and MVIIC (250
pg/kg) inhibited ACh release at 2 and 4 Hz by ~70% and norepi-
nephrine and epinephrine releases at 2 and 4 Hz by ~80%. Nifedipine
(an L-type CaZ* channel antagonist, 300 and 900 pg/kg) did not
change ACh release at 2 and 4 Hz; however, nifedipine (300 pg/kg)
inhibited epinephrine release at 4 Hz by 20%, and nifedipire (900
wrg/kg) inhibited norepinephrine and epinephrine releases at 4 Hz by
30%. In conclusion, both N- and P/Q-type Ca®* channels control ACh
release on preganglionic splanchnic nerve endings while L-type Ca®*
channels do not. L-type Ca®* channels are involved in norepinephrine
and epinephrine releases on chromaffin cells.

anesthetized rats; microdialysis; norepinephrine; epinephrine; pregan-
glionic autonomic nerve endings

ca?t mNeLux through the voltage-dependent Ca®* channels

induces the release of transmitters from neuronal or secretory
cells by initiating exocytosis from vesicles. Voltage-dependent
Ca®* channels have been classified into L-, N-, P-, Q-, R-, and
T-types (12, 25, 30). To better understand the mechanism
controlling the release of transmitters, it is important to deter-
mine the type of Ca®* channels involved in the release of the
transmitters on neuronal or secretory cells.

In the in vivo adrenal medulla, catecholamine release is
controlled by central sympathetic neurons through pregangli-
onic splanchnic nerves. Splanchnic nerve endings make syn-
aptic-like contacts with chromaffin cells (9). ACh released
from splanchnic nerve endings consequently evokes catechol-
amine release from chromaffin cells by activation of cholin-

ergic receptors. Thus, in vivo catecholamine release requires
Ca®* influx through the voltage-dependent Ca®* channels at
two different sites in the adrenal medulla: splanchnic nerve
endings and chromaffin cells. Numerous studies have investi-
gated the nature of Ca®* channels controlling transmitter
release from postganglionic autonomic nerve endings (8, 11,
32, 33, 36, 37). Little information is, however, available on the
type of Ca** channels controlling the ACh release from
preganglionic autonomic nerve endings including splanchaic
nerve endings. Moreover, although the types of Ca?* channels
controlling catecholamine release have been investigated using
isolated chromaffin cells in various species (5, 6, 13, 16, 21, 23,
24), it remains unknown whether endogenous ACh induces
Ca®* influx through the same types of Ca®* channels on
chromaffin cells.

We have recently developed a dialysis technique to simul-
taneously monitor ACh and catecholamine releases in the in
vivo adrenal medulla (2). This method makes it possible to
characterize Ca®* channels controlling ACh release from
splanchnic nerve endings and catecholamine release from ad-
renal medulla in the in vivo state. In the present study, we
applied the microdialysis technique to the adrenal medulla of
anesthetized rats and investigated the effects of Ca®* channel
antagonists on dialysate ACh and catecholamine responses
induced by the electrical stimulation of splanchnic nerves.

MATERIALS AND METHODS

Animal preparation. The investigation conforms with the Guide
for the Care and Use of Laboratory Animals published by the
Naticnal Institutes of Health (NIH Publication No. 85-23, revised
1996). Adult male Wistar rats weighing 380-450 g were anesthe-
tized with pentobarbital sodium (50-55 mg/kg ip). A cervical
midline incision was made to expose the trachea, which was then
cannulated. The rats were ventilated with 2 constant-volume res-
pirator using room air mixed with oxygen. The left femoral artery
and vein were cannulated for monitoring arterial blood pressure
and administration of anesthetic, respectively. The level of anes-
thesia was maintained with a continuous intravenous infusion of
pentobarbital sodium (15-25 mg-kg~'-h™? iv). Electrocardiogram
was monitored for recording heart rate. A thermostatic heating pad
was used to keep the esophageal temperature within a range of
37-38°C. With the animal in the lateral position, the left adrenal
gland and left splanchnic nerve were exposed by a subcostal flank
incision, and the left splanchnic nerve was transected. Shielded
bipolar stainless steel electrodes were applied to the distal end of
the nerve, which was then stimulated with a digital stimulator
(SEN-7203, Nihon Kohden) with a rectangular pulse (10 V and 1
ms in duration).
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Dialysis technigue. The materials of the dialysis probe were the
same as those used in our previous dialysis experiments (1, 2). Briefly,
each end of the dialysis fiber (0.31 mm OD, and 0.20 mm ID;
PAN-1200 50,000 mol wt cutoff, Asahi Chemical) was inserted into
the polyethylene tube (25-cm length, 0.5 mm OD, and 0.2 mm ID;
SP-8) and glued. The length of the dialysis fiber exposed was 3 mm.

The left adrenal gland was gently lifted, and the dialysis probe was
implanted in the medulla of the left adrenal gland along the long axis
by using a fine guiding needle. The dialysis probe was perfused with
Ringer solution containing a cholinesterase inhibitor, neostigmine (10
pM), at a speed of 10 pl/min using a microinjection pump {(CMA/100,
Camegie Medicin). Ringer solution with no buffer consisted of (in
mM) 147.0 NaCl, 4.0 KCl, and 2.25 CaCl;. One sampling period was
2 min (1 sample volume = 20 ul). We started the protocols followed
by a stabilization period of 3-4 h and sampled dialysate taking the
dead space volume into account.

Dialysate ACh, norepinephrine (NE), and epinephrine (Epi) con-
centrations were measured as indexes of ACh and catecholamine
releases in the adrenal medulla. Half of the dialysate sample was used
for the measurement of ACh, and the remaining half for the measure-
ment of NE and Epi. ACh and catecholamine assays were separately
conducted using each high-performance liquid chromatography with
electrochemical detection as previously described (3, 4).

Experimental design. The experiment was performed based on the
previous experiment showing that dialysate ACh and catecholamine
responses were reproducible on repetition of stimulation (2). The left
splanchnic nerves were electrically stimulated for 2 min at 30-min
intervals. Three dialysate samples were continuously collected per
electrical stimulation: one before, one during, and one after stimula-
tion. Stimulations at two different frequencies (2 and 4 Hz} were
performed before and after intravenous administration of Ca®* chan-
nel antagonists.

We tested three types of Ca?™ channel antagonists (25): the N-type
Ca?* channel antagonist w-conotoxin GVIA, the P/Q-type Ca®*
channel antagonist w-conotoxin MVIIC, and the L-type Ca?™ channel
antagonist nifedipine. We determined the first doses of Ca®* channel
antagonists based on the dose used in the earlier experiments (7, 14,
26, 29, 37) and tested w-conotoxin GVIA (10 pg/kg) in six rats,
w-conotoxin MVIIC (50 pg/kg) in six rats, and nifedipine (300 pg/kg)
in six rats. Second, we tested a fivefold higher dose of w-conotoxin
GVIA (50 pg/kg) in six rats, a combination of fivefold higher doses
of w-conotoxin GVIA (50 pg/kg) and MVIIC (250 wg/kg) in six rats,
and a threefold higher dose of nifedipine (900 pg/fkg) in six rats. We
did not test a higher dose of w-conotoxin MVIIC singly because a
high dose of w-conotoxin MVIIC loses its selectivity for P/Q-type and
inhibits N-type Ca?* channels (18).

Nifedipine was administered twice before 2- and 4-Hz stimulation,
but w-conotoxin GVIA and MVIIC were administered once before
2-Hz stimulation because the w-conotoxin family has long-lasting
blocking actions (8, 18, 36). We assessed the responses 10 nerve
stimulation 30, 20, and 10 min after administration of w-conotoxin
GVIA, w-conotoxin MVIIC, and nifedipine, respectively, when heart
rate and arterial pressure had already been stabilized.

At the end of the experiment the rats were killed with pentobarbital
sodium, and the implant sites were examined. The dialysis probes
were confirmed to have been implanted in the adrenal medulla, and no
bleeding or necrosis was found macroscopically.

Drugs. Drugs were mixed fresh for each experiment. Neostigmine
methylsulfate (Shionogi), w-conotoxin GVIA (Peptide Institute), and
w-conotoxin MVIIC (Peptide Institute) were dissolved and diluted in
Ringer solution. Nifedipine (Sigma Chemical) was dissolved in eth-
anol and diluted in Ringer solution.

Statistical methods. To examine the effects of nerve stimulation
and Ca?* channel antagonists, we analyzed heart rate and mean
arterial pressure and dialysate ACh, NE, and Epi responses by using
one-way ANOVA with repeated measures. When statistical signifi-
cance was detected, the Newman-Keuls test was applied (35). Statis-
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tical significance was defined as P << 0.05. Values are presented as
means * SE,

RESULTS

Effects of Ca** channel antagonists on heart rate and mean
arterial pressure. w-Conotoxin GVIA (10 pg/kg) decreased
heart rate from 418 * 9 to 328 * 13 beats/min (P < 0.05) and
mean arterial pressure from 115 = 2 to 74 > 2 mmHg (P <
0.05). w-Conotoxin GVIA (50 pg/kg) did not further decrease
heart rate and mean arterial pressure. w-Conotoxin MVIIC
decreased heart rate from 408 * 3 to 390 = 5 beats/min (P <
0.05) but did not change mean arterial pressure. Combined
w-conotoxin GVIA and MVIIC decreased heart rate from
415 £ 10 to 327 £ 4 beats/min (P < 0.05) and mean arterial
pressure from 124 * 2 to 57 = 2 mmHg (P < 0.05).
Nifedipine (300 wg/kg) decreased mean arterial pressure from
113 *+ 4 to 86 = 4 mmHg (P < 0.05) but did not change heart
rate. Nifedipine (900 png/kg) decreased mean arterial pressure
from 124 = 3 t0o 73 = 2 mmHg (P < 0.05).

Effects of Ca®* channel antagonists on ACh and catechol-
amine releases. ACh could not be detected in diatysate before
or after stimulation. Thus we expressed dialysate ACh concen-
tration during stimulation as an index of ACh release induced
by stimulation. In contrast, substantial amounts of NE and Epi
were observed in dialysate before stimulation. Intravenous
administration of Ca®* channel antagonists did not affect these
basal NE and Epi releases (Table 1). Dialysate NE and Epi
concentrations increased by nerve stimulation and rapidly de-
clined after the stimulation. Thus we subtracted the dialysate
NE and Epi contents before stimulation from those during
stimulation and expressed these values as indexes of NE and
Epi releases induced by stimulation.

Effects of w-conotoxin GVIA. w-Conotoxin GVIA (10 pg/
kg) significantly inhibited ACh release at 2 Hz from 6.2 *+ 0.9
t0 3.6 £ 0.5 nM, ACh release at 4 Hz from 12.2 + 1.7t0 7.9 +
1.2 nM, NE release at 4 Hz from 34 = 6 to 17 £ 3 nM, Epi
release at 2 Hz from 81 = 13 to 42 = 3 nM, and Epi release
at 4 Hz from 180 = 21 to 94 = 7 nM. However, inhibition of
NE release at 2 Hz was not statistically significant (Fig. 14). A
fivefold higher dose of w-conotoxin GVIA (50 pg/kg) did not

Table 1, Basal dialysate NE and Epi concentrations before
and after administration of Ca** channel antagonists

NE, ntM Epi, nM
w-Conotoxin GVIA (10 and 50 pgikg) (n = 12)

Before administration 49x09 20629
After administration 3.8x06 21.0x2.6
w-Conotoxin MVIIC (50 ng/kg) (n = 6)

Before administration 417+10 20226
After administration 4.6*0.9 24.0%3.5
w-Conotoxin GVIA (50 pg/kg) + MVIIC (250 wg/kg} (n = 6)
Before administration 44*13 17.5x3.8
After administration 3107 20.8+4.4
Nifedipine {100 and 300 pg/ikg) (n = 12)

Before administration 4.0%06 174x22
After administraion 33209 177%29

Values are means = SE; n, no. of rats. NE, norepinephrine; Epi, epineph-
rine.
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Fig. 1. Effects of w-conotoxin GVIA on ACh, norepinephrine (NE), and
epinephrine (Epi) releases. w-Conotoxin GVIA (10 pg/kg) inhibited ACh
release at 2 and 4 Hz, NE release at 4 Hz, and Epi release at 2 and 4 Hz (A).
A 5-fold higher dose of w-conotoxin GVIA (50 pg/kg) did nat further inhibit
these releases {B). Values are means * SE from 6 rats. ¥ P < 0.05 vs. ACh,
NE, or Epi release at same frequency before administration,

further inhibit release. w-Conotoxin GVIA (50 pg/kg) signif-
icantly inhibited ACh release at 2 Hz from 6.5 = 0.7 to 3.7 =
0.5 nM, ACh release at 4 Hz from 12.6 = 1.4 to 8.5 = 0.8 oM,
NE release at 4 Hz from 41 = 6 to 24 = 4 nM, Epi release at
2 Hz from 70 = 10 to 40 * 6 nM, and Epi release at 4 Hz from
170 £ 150 112 = 10 nM (Fig. 1B).

Effects of w-conotoxin MVIIC. w-Conotoxin MVIIC (50
ng/kg) significantly inhibited ACh release at 4 Hz from 11.7 =
2.5t 8.5 = 2.1 nM and Epi release at 4 Hz from 170 = 38 to
129 * 35 nM. Inhibitions of ACh and Epi releases at 2 Hz and
NE release at either frequency were not statistically significant
(Fig. 2).

Effects of combined w-conotoxin GVIA and MVIIC. Com-
bined w-conotoxin GVIA (50 pg/kg) and MVIIC (250 pg/ke)
significantly inhibited ACh release at 2 Hz from 6.7 = 0.6 to
1.9 = (.3 nM, ACh release at 4 Hz from 12.1 = 1.3 10 3.8 =
0.6 nM, NE release at 2 Hz from 11.1 = 1.1t0 1.2 £ 0.3 nM,
NE release at 4 Hz from 36 = 5 to 8 = 2 nM, Epi release at
2 Hz from 88 = 9 to 13 = 3 nM, and Epi release at 4 Hz from
187 = 20 to 49 * 9 nM (Fig. 3).

Effects of nifedipine. Nifedipine (300 Lg/kg) did not change
ACh release at either frequency but significantly inhibited Epi
release at 4 Hz from 172 = 31 to 135 % 23 nM. Inhibitions of
Epi release at 2 Hz and NE release at either frequency were not
statistically significant (Fig. 44). A threefold higher dose of
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Fig. 2. Effects of w-conotoxin MVIIC on ACh, NE, and Epi releases. w-Cono-
toxin MVIIC (50 pg/kg) inkibited ACh and Epi releases at 4 Hz. Values are
means * SE from 6 rats. *P < 0.05 vs. ACh, NE, or Epi release at same
frequency before administration.

nifedipine (900 p.g/kg) did not change ACh release but signif-
icantly inhibited Epi release at 4 Hz from 188 + 24 to 128 *
15 nM and NE release at 4 Hz from 33 * 5 to 24 = 4 nM.
Inhibitions of NE and Epi releases at 2 Hz were not statistically
significant (Fig. 4B).

DISCUSSION

Effects of Ca** channel antagonists on ACh release from
splanchnic nerve endings. In the present study, w-conotoxin
GVIA (10 pg/kg) inhibited ACh release at both 2 and 4 Hz by
approximately 35-40%. A fivefold higher dose of w-conotoxin
GVIA (50 pg/kg) did not further inhibit ACh release. w-Cono-
toxin MVIIC (50 pg/kg) inhibited ACh release at 4 Hz by
~30%. Combined w-conotoxin GVIA (50 pg/kg) and MVIIC
(250 pg/kg) inhibited ACh release at both 2 and 4 Hz by
~70%. N- and P/Q-type Ca** channels could be present on the
splanchnic nerve endings and be involved in ACh release.
P/Q-type Ca?* channels may play a role in ACh release at a
high frequency of stimulation. ACh release response was
resistant to nifedipine (300 and 900 pg/kg) at both 2 and 4 Hz.
L-type Ca** channels could not be present on splanchnic nerve
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Fig. 3. Effects of combined w-conotoxin GVIA and MVIIC on ACh, NE, and
Epi releases. Combined w-conotoxin GVIA (50 pg/kg) and MVIIC (250
rg/kg) inhibited ACh, NE, and Epi releases at 2 and 4 Hz. Values are means =
SE from 6 rats. *P < (.05 vs. ACh, NE, or Epi release at same frequency
before administration.
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endings or not play a major role in ACh release. This is the first
direct study to demonstrate the type of Ca®* channels control-
ling ACh release from splanchnic nerve endings.

In isolated rat adrenal glands, catecholamine release induced
by field stimulation is sensitive to P/Q-type Ca®* channel
antagonist, whereas that induced by exogenous ACh is insen-
sitive (27). This indirect study suggested the involvement of
P/Q-type Ca®* channels in ACh release but failed to show the
involvement of N-type Ca®* channels. In isolated bovine
adrenal glands, a direct measurement study showed that a
reduction of the extracellular Ca®>* concentration inhibits 3H-
labeled ACh release induced by field stimulation, but N- and
L-type Ca®* channel antagonists do not (28). Thus our findings
are in part consistent with these direct and indirect studies but
inconststent as to the involvement of N-type Ca?* channels.

This discrepancy might be ascribed to the experimental
method. The contribution of Ca?* channels may vary with the
type of method used to evoke ACh release. In these studies,
ACh release was evoked by electrical field stimulation of
isolated adrenal glands, which is known to induce ACh release
but not direct depolarization of chromaffin cells (34). In the
present study, ACh release was evoked in the in vivo state by
electrical stimulation of splanchnic nerves. The type of Ca®*
channels involved in ACh release may vary with the frequency,

EFFECTS OF Ca?* CHANNEL ANTAGONISTS ON ADRENAL MEDULLA

amplitude, or time period of stimulation. Actually, in the
present study, we observed the involvement of P/Q-type Ca®*
channels at only high-frequency stimulation, while it has been
reported in perfused rat adrenal glands that N-type Ca®*
channels are involved in the maintenance of catecholamine
release in response to long splanchnic nerve stimulation (31).
The time period of 2 min in the present study seems to be
longer than those in earlier studies but could be within the
physiological range. Moreover, the blocking action of w-cono-
toxin GVIA is time dependent as well as dose dependent and
irreversible (8, 11, 32, 36). The maximum functional effect of
w-conotoxin GVIA has been observed to be at least 15 min
after administration. We evaluated the effect of w-conotoxin
GVIA 30 min after intravenous administration, when heart rate
and mean arterial pressure had already been stabilized. The
evaluation early after administration might lead to underesti-
mation of the inhibitory effects of w-conotoxin GVIA.

There are many similarities between synaptic transmission
from splanchnic nerves to chromaffin cells and sympathetic
ganglionic transmission (17). In isolated guinea pig paraverte-
bral ganglia, an electrophysiological study has shown that both
N- and P-type Ca®* channel antagonists reduce cholinergic
synaptic conductance, whereas L-type Ca®™ channel antagonist
does not (19). In isolated rat superior cervical ganglia, both N-
and P-type Ca®* channel antagonists inhibit the rise in Ca®*
concentration in the terminal boutons (22). Moreover, in iso-
lated rat superior cervical ganglia, *H-labeled ACh release
induced by high K™ is inhibited by both N- and P-type Ca®*
channe! antagonists but unaffected by L-type Ca®* channel
antagonist (15). Our findings are similar to these findings
obtained from isolated sympathetic preganglionic nerves.

The inhibition by w-conctoxin GVIA (50 pg/kg) was almost
the same as that by w-conotoxin GVIA (10 pg/kg). Moreover,
the inhibition by combined w-conotoxin GVIA (50 pg/kg) and
MVIIC (250 pg/kg) was almost algebraically the sum of the
individual inhibition by w-conotoxin GVIA (10 pg/kg) and
MVIIC (50 pg/kg). These results suggest that fivefold higher
doses of w-conotoxin GVIA and MVIIC are sufficient to cause
inhibition of Ca?* channels. However, ~30% of ACh releage
wag resistant to combined w-conotoxin GVIA (50 pg/kg) and
MVIIC (250 pg/kg). Other types of Ca®* channels except for
N- and P/Q-types may be involved in ACh release from
splanchnic nerve endings. Further examination could be
needed.

Effects of Ca®* channel antagonists on catecholamine re-
lease from chromaffin cells. In the present study, nifedipine
(300 ng/kg) did not change ACh release at 2 and 4 Hz but
inhibited Epi release at 4 Hz by ~20%. A threefold higher dose
of nifedipine (900 pg/kg) did not change ACh release at 2 and
4 Hz but inhibited NE and Epi releases at 4 Hz by ~30%.
Adrenal chromaffin cells are divided into two populations: NE-
and Epi-storing cells (10). L-type Ca®* channels could be
present on the surface of both NE- and Epi-storing cells and
play a role in NE and Epi releases.

Approximately 70% of catecholamine release was resistant
to nifedipine (900 pg/kg). This result suggests that other types
of Ca* channels except for L-type are present on chromaffin
cells and involved in NE and Epi releases, although we cannot
exclude the possibility of incomplete inhibition of L-type Ca?*
channels. Species differences in the types of Ca®” channels
controlling Ca®* influx and catecholamine release have been
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shown with rat, cat, and bovine chromaffin cells (5, 6, 13, 24).
In patch-clamp studies of isolated rat chromaffin cells, Ca®*
inward current elicited by depolarization is sensitive to both L-
and N-type Ca®* channel antagonists (16, 21), The study
measuring Ba>* current by patch-clamp technique has shown
the existence of L-, N-, and P/Q-type Ca’* channels on rat
chromaffin cells and the following distribution of Ca** chan-
nels in decreasing order: L-type > N-type > P/Q-type (13). In
the present study, w-conotoxin GVIA (10 and 50 pglkg)
inhibited NE release at 4 Hz and Epi release at 2 and 4 Hz by
approximately 45-50%. w-Conotoxin MVIIC (50 jug/kg) in-
hibited Epi release at 4 Hz by ~30%. Combined w-conotoxin
GVIA (50 pg/kg) and MVIIC (250 pg/kg) inhibited NE and
Epi releases at 2 and 4 Hz by approximately 75-85%. How-
ever, these Ca>" channel antagonists simultaneousty inhibited
ACh release to almost the same extent. It is difficult to
determine how much Ca®* antagonists are acting on chromaf-
fin cells when Ca®™ channel antagonists inhibit ACh release.
Thus, although much of these inhibitions of catecholamine
release may be considered to be consequences of the inhibition
of ACh release, we cannot exclude the possibility that N- or
P/Q-type Ca?* channels may be involved in the in vivo
catecholamine release on chromaffin cells.

The inhibition of NE release at 2 Hz by w-conotoxin GVIA
(10 and 50 pg/kg) and the inhibition of NE release at 4 Hz by
w-conotoxin MVIC (50 pg/kg) were not statistically signifi-
cant despite significant inhibitions of ACh and Epi releases. In
the same preparation, we have shown that cholinergic antago-
nists almost inhibited NE and Epi releases induced by nerve
stimulation (1, 2). However, the correlation between ACh and
NE releases was poorer than that between ACh and Epi
releases when stimulation frequency was raised stepwise (2).
Insignificant inhibitions of NE release may be ascribed to this
poor correlation.

In the present study, Ca®* channel antagonists did not affect
basal dialysate NE and Epi levels. In our previous study of the
same preparation, these basal levels were not affected by
neostigmine, hexamethonium, or atropine (1). We then con-
cluded that these basal dialysate NE and Epi levels reflect
noncholinergic catecholamine release. N-, P/Q-, and L-type
Ca”* channels may not play a major role in basal noncholin-
ergic catecholamine release from adrenal medulla.

Methodological considerations. We administered neostig-
mine locally to adrenal medulla through a dialysis probe.
Cholinesterase inhibitor was necessary to monitor endogenous
ACh even during splanchnic nerve stimulation because re-
leased ACh is rapidly degraded by acetylcholinesterase before
reaching the dialysis fiber. In the same preparation, local
administration of neostigmine enhanced the dialysate catechol-
amine response to nerve stimulation by approximately three-
fold, but dialysate ACh and catecholamine responses are cor-
related with the stimulation frequency of splanchnic nerves in
the presence of neostigmine (2). Thus dialysate ACh and
catecholamine responses are likely to be correlated with the
amount of Ca?* influx from voltage-dependent Ca?* channels
even in the presence of neostigmine.

Intravenous administration of Ca®* channel antagonists in-
duced changes in heart rate or mean arterial pressure. These
changes might affect ACh and catecholamine releases through
a baroreflex mechanism. Moreover, these hemodynamic
changes might decrease the spillover of ACh or catecholamine
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from adrenal medulla and affect the dialysate ACh or catechol-
amine concentrations (20). In our preparation, however,
splanchnic nerves had been transected before control sampling,
and basal dialysate catecholamine concentrations did not
change before or after administration. Thus effects of these
hemodynamic changes could be negligible when we consid-
ered the effects of Ca®* channel antagonists on nerve stimu-
lation-induced dialysate responses.

In conclusion, we applied dialysis technique to the adrenal
medulla of anesthetized rats and investigated the effects of
Ca®* channel antagonists on ACh and catecholamine releases
induced by electrical stimulation of splanchnic nerves. Both N-
and P/Q-type Ca®* channels control ACh release on pregan-
glionic splanchnic nerve endings while L-type Ca®* channels
do not. L-type Ca®* channels are involved in norepinephrine
and epinephrine releases on chromaffin cells.
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Nishimura, Satoshi, So-ichiro Yasuda, Masayoshi Katoh, Kelly
P. Yamada, Hiroshi Yamashita, Yasutake Saeki, Kenji Sunagawa,
Ryozo Nagai, Toshiaki Hisada, and Seiryo Sugiura. Single cell
mechanics of rat cardiomyocytes under isometric, unloaded, and
physiolegically loaded conditions. Am J Physiel Heart Circ Physiol
287: H196-H202, 2004. First published March 4, 2004; 10.1152/
ajpheart.00948.2003,—One of the most salient characteristics of the
heart is its ability to adjust work output to external load. To examine
whether a single cardiomyocyte preparation retains this property, we
measured the contractile function of a single rat cardiomyocyte under
a wide range of loading conditions using a force-length measurement
system implemented with adaptive control. A pair of carbon fibers
was used to clamp the cardiomyoeyte, attached to each end under a
microscope. One fiber was stiff, serving as a mechanical anchor, while
the bending motion of the compliant fiber was monitored for force-
length measurement. Purthermore, by controlling the position of the
compliant fiber using a piezoelectric translator based on adaptive
control, we could change load dynamically during contractions, Under
unloaded conditions, maximal shortening velecity was 106 = 8.9
wm/s (n = 13 cells), and, under isometric conditions, peak developed
force reached 5,720 nN (41.6 * 5.6 mN/mm?; n = 17 cells). When we
simulated physiological working conditions consisting of an isometric
contraction, followed by shortening and relaxation, the average work
output was 828 + 123 Ima® (n = 20 cells). The top left corners of
tension-tength loops obtained under all of these conditions approxi-
mate a line, analogous to the end-systolic pressure-volume relation of
the ventricle. All of the functional characteristics described were
analogous to those established by studies using papillary muscle or
trabeculae preparations. In conclusion, the present results confirmed
the fact that each myocyte forms the functional basis for ventricular
function and that single cell mechanics can be a link between subcel-
lular events and ventricular mechanics.

cardiomyocyte; mechanics; carbon fiber

SINGLE CARDIOMYOCYTE PREPARATIONS have been widely used to
establish a link between subcellular molecular events and
functional characteristics of the heart in the field of basic
physiology (2, 3, 11, 23) and also for the evaluation of genetic
modification of myocytes (8, 17). The simple geometry of a
single cell offers great advantages over multiceliular prepara-
tions due to uniformity in myofibril alignment and stress-strain
distribution as well as homogeneous distribution of exogenous
indicators or gene products. On the other hand, irritability of
the sarcolemma devoid of collagen matrix makes cell attach-
&
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ment to the experimental apparatus difficult, thereby disturbing
measurements of force, stiffness, and shortening velocity under
a variety of loading and perturbational conditions. Thus exist-
ing methods were unable to provide a complete description of
the mechanical component of the contractile process that can
be related to underlying biochemical processes (3).

To overcome this problem, we have already reported a novel
force measurement system for a single cardiomyocyte (26) in
which carbon fibers enabled the stable recording of force with
minimal requirements for technical skill. In addition, feedback
control of fiber movement permitted the study of mechanics of
a single cardiomyocyte under isometric as well as unloaded |
shortening conditions (25). Application of this method at the
two extremes of loading conditions provided us with a unique !
opportunity to study the load dependence of contraction char-
acteristics. The behavior of cardiomyocytes as they are in the |
wall of working heart is different. During the cardiac cycle, :
each cardiomyocyte in the ventricular wall faces varying load- :
ing conditions to trace a force-length loop analogous to the
pressure-voiume loops of the ventricles. Both experimental
{13) and simulation studies (21, 22) of cardiomyocytes suggest
considerable variations exist in the shape of force-length loops
within the ventricular wall and under different loading condi-
tions. To our knowledge, no study has reported such force- ;
length loops and their characteristics of a single cardiomyocyte
in vitro, B

In this study, we succeeded in recording single cardiomyo-
cyte contraction mechanics under physiological loading con-
ditions and compared findings with those under isometric and
unloaded conditions as well as under inotropic intervention in
the same myocyte. Because noise in length signals hampered :
real-time feedback control, we adopted an adaptive control
strategy in combination with digital filtering of the signal. The
results are shown together with the simultaneous recording of
sarcomere length to indicate the potential of this method in !
linking the cardiac function at molecular, cellular, and ventric- §
ular levels.

METHODS

Cell isplation. All studies were conducted in accordance with the ;
National Institutes of Health Guide for the Care and Use of Labora- :
tory Animals and were approved by the Institutional Animal Care and i
Use Committee. Single ventricular myocytes were enzymatically
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isolated using a modified dispersion technique that has been described
Previously (9). Briefly, the heart was quickly removed from male
Wistar rats (7-10 wk old).under pentobarbital anesthesia. Retrograde
perfusion was performed with Ca?*-free HEPES-Tyrode solution
[containing (in mM) 137 NaCl, 5.4 KCL, 1.8 CaCl,, 0.5 MgCls, 0.33
NaH-PO., 5 HEPES, and 5 glucose; pH 7.4 adjusted by NzOH at
71°C) for 5 min, followed by an enzyme solution containing colla-
genase (0.4 mg/ml collagenase S-1, Nitta gelatin), protease (0.08
mg/ml, type XIV, Sigma), and 0.1 mM Ca®* for 3.5 min. The
venrricular tissue was then cut into small pieces and filtered with
200-um nylon mesh. The caleium concentration of Tyrode solution
was gradually increased to 1.1 mM, and the myocytes were trans-
ferred to the experimental chamber. The glass bottom of the chamber
was coated with 2-hydroxyethyl methacrylate (Sigma} to prevent
adheston of cells.

Force-length measurements. The basic principle of the single
cardiomyocyte force-length measurement system has been described
previously (25, 26). In each experiment, a single cardiomyocyte was
seiected under a microscope according to the following criteria: 1)
rod-shaped cell with average sarcomere length > 1.65 pwm (measured
by on-line Fourier analysis of optical density traces of the sarcomere
pattern of a myocyte image, SarcLen, lonOptix; Milton, MA); and 2)
responded to electrical stimulation to contract over 3% of the total cell
length, To each end of the selected myocyte, we attached a carbon
fiber using micromanipwlators. One of the fibers was compliant
(diameter 7 wm, length 1-1.2 mm, stiffness 80200 nN/pm), whereas
the other thick one was rigid (diameter 30 pm, length =] mm,
stiffness > 1,000 nN/wm), serving as a mechanical anchor, They were
made from a mixture of fine graphite granules and resin oligomer and
made by shaping into rods by thrusting through a thin hole in a block
of sapphire (26). The image of the compliant fiber was projected onto
a linear 1,024-eiement photodiode array (53903, Hamamatsu Photon-
ics) for monitoring its bending motion induced by active contraction
or passive stretch, Furthermore, we controlled the position of the
compliant fiber by moving the piezoelectric translator (PZT;
P-841.40, Physik Instrumente) connected to it (Fig. 1}. The cell was
electrically stimulated at (.5 Hz with pulses of 10-ms duration. Before
force measurement, we stretched the diastolic cell length to 105% of
the slack length while measuring sarcomere length (IenOptix). Suep-
tomycin sulphate (10 wg/ml, Sigma) was added to the Tyrode solution
to prevent stretch-induced arrythmia. All experiments were performed
at 37°C (Thermoplate, TOKAIHIT).

Estimation of force. The stiffness of the carbon fiber was deter-
mined by pushing it against a glass fiber of known stiffness (27). The

‘;}_m_ Halogen lamp

Naa=t
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o

array

Fig. 1. Diagram of the experimental setup. Position of the fiber was detected
by the photodiode array. The position signal was processed by a personal
computer (PC), and the calculated command signal was applied to a piezo-
electric translator (PZT) connected to the carbon fiber. The sarcomere pattern
was captured by s charge-coupled device (CCD) camera, and sarcomere length
was determined by fast Fourier transform (FFT).
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stiffness thus determined agreed well with the theoretical value (K) for
a beam with a circular cross section derived from the following
equation; :

“3'1r-E'D4

64+ I S

where D is the diameter of the fiber (7 pm), ! is the length of the fiber
{I-1.2 mm), and E is Young’s modulus of carbon (=(.3% N/um?). All
previous studies including ours (16, 23, 23, 26) have used this
stiffness value assuming that the cardiomyocyte applies concentrated
lateral foad to the free end of the cantilever beam (ApPENDIX, Case A).
However, the following experimental observations led us to consider
zn alternative model for the fiber displacement in which a bending
moment is applied to the tip of the beam (appENDIX, Case B): I) the
load was not concentrated at the tip because the myocyte attaches the
fiber along its width; and 2) the myocyte shortened while always
retaining its straight shape. We have examined the validity of models
by closely monitoring the shape of the fiber while it was bent by
motion of the myocyte. We measured the displacement of the fiber at
multiple points from the tip of the fiber by shifting the photodiode
array sensor zlong the image of the fiber during contraction. As shown
in Fig. 2, we plotted the measured displacement (normalized by the
displacement 2t the tip) and compared it with the predictions by cases
A and B in the appenDIX. In proximity to the tip, the carbon fiber
moved in a paralle] manner {without rotation) because of its firm
attachment to the myocyte and its displacement was close to the
prediction by case B. This result indicated that a bending moment was
applied to the tip of the beam and thus must be taken into account for
analysis (appEnDIX, Case B). Accordingly, we used the effective
stiffness (K') defined as follows (see the APPENDIX) for the estimation
of force:

K'“12'1T'E'D4_4 x )
- 64-P ()
In this analysis, force (F) was calculated as

F=K ' (x—y (H

where x is the shortening length of the myocyte and y is the displace-
ment of the PZT.

Digital control of the system. To enhance the ability of the system
to achieve working conditions of a single myocyte, we replaced the
analog circuit (26) with a personal computer (PC)-based digital
control system. Cell length signals obtained by the photodiode array
sensor were sampled and processed at | kHz, and the generated
command signal was applied to the PZT driver with a 16-bit analog-
to-digital, digital-to-analog converter (6035E, National Instruments)
connected to the PC. We adopted a two-stage adaptive controf strategy
(19). During the preparation stage, which consisted of five paced
contractions, the PZT was held at the neutral position to obtain the
baseline force-length history. Next, in the adaptation stage, the com-
mand signal (y) was calculated from x and F of the preceding
contraction. To obtain the isometric condition (x = 0), the error signal
in the ith contraction was x; — 0 (= x;). Thus the command signal for
the next contraction would be

Y=y TAX )

where A is a negative constant. Similarly, for an unloaded shortening
contraction (F = 0), command for the (i + 1)th contraction would be
F;

J’i+:=Yi+A"k', (5
where F; is calculated by Eg. 3 and A is a constant. With an
empirically determined A value, y; converged within three or four
contractions, and measurement was performed in the next contraction.
We simulated the physiological loading sequence by switching the
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Fig. 2. Displacement of the carbon fiber induced by myocyte contraction. The
experimental data (m) are compared with the predictions by case A (solid line)

and case B (dashed line) in the appENDIX. Displacement was normalized by the
displacement at the tip.

control mode from isometric-isotonic contraction to isometric-auxo-
tonic relaxation, When the myocyte was stirulated, myocyte length
was held constant and isometric force developéd. When the force
reached a predetermined threshold, control mode was switched to
isotonic and the myocyte was allowed to shorten. The myocyte length
was then kept constant urtil the force became zero, and the myocyte
was stretched to the original length under auxotonic length control.

We performed 2 single measurement for each protocol in each
myaocyte,

Data analysis. All data were sampled at 1 kHz and recorded by an
analog-to-digital converter connected to a PC (MacLab 8s, ADInstru-
ments}, It is known that isolated cells, when placed in physiological
medium, assume a cross-sectional area that resembles a flattened
ellipse (1, 24). We measured the long and short axes of myocytes by
rolling them using carbon fibers under a microscope and determined
the average ratio between long and short axes as 3:1 in a different set
of experiments (data not shown). The cross-sectional area of the
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myocyte was estimated from videotaped images assuming an eHliptica]
cross section with this value. Results are expressed as means + SE.

RESULTS

We succeeded in measuring force and length relations in 20
cells (Table 1). The mean cell length between two attacheq
carbon fibers was 67.0 = 2.5 um, the cell width was 259 =+
1.36 wm, and the diastolic sarcomere length was 1,74 * (.01
wm before stretch was applied.

Load dependence of cardiomyocyte contraction. Figure 3
shows typical records of the length and force changes under
isometric and unloaded conditions obtained from the same
cardiomyocyte. Under isometric conditions, the shortening
length was <0.5 pm and the peak force was 5,720 nN (41.6 =
5.6 mN/mm?%; rn = 17 cells), comparable to those obtained in
papillary muscle preparations. Under unloaded conditions,
cells shortened to 5.81 * 0.27 pm (n = 18 cells), which wag
equal to 8.9% of the cell length under control (the segment
between the fibers under resting conditions). The maximal
shortening velocity was 106 %= 8.9 pm/s (n 13 cells).
Variability in the isometric force per unit cross-sectional area
and percent shortening under unioaded conditions was fairly
small, indicating the reproducibility of this experiment. The
time course of contraction also showed a physiological re-
sponse to load. That is, under isometric conditions, the duration
of contraction shortened and the time to peak force was also
decreased, as shown in Fig. 3,

We succeeded in achieving the ejecting mode of contraction
in 20 cells. The achieved physiological work loops in 20 cells
were similar to those reported in both experimental (13) and
simulation studies (Fig. 4) (22). We czalculated the external
work using force per myocyte (raw data: N) and length (in m)

Table 1. The contractile functions under unloaded, isometric, and physiologically loaded conditions

for each myocyte studied

Shortening Under Unloaded Force Under

Conditions [sometric Conditions Physiologicaily Loaded Conditions
Length, Length, Vinax Force, Force, Work area, Maximum force, Shortening, Shortening, Slope of Linear
wm % /s N mN/mm? Jim? uN i % Regression, nN/um

i 6.11 8.01 108 4.72 343 450 2.88 318 4.17 764
2 6.19 8.52 105 6.18 25.8 355 319 441 6.07 o941
2 4.50 146 4.94 27.4 588 1.79 4.09 6,78 1,212
4 354 445 4.9¢ 30.6 269 1.53 337 425 1,969
5 7.90 8.36 463 4.00 6.96 7.80 1,312

6 5.98 779 622 333 330 2.88 375 4,88
7 5.63 11.02 89 6.50 335 1,177 330 4.64 9.09 1,248
8 5.00 7.89 67 498 24,8 439 2.53 4.68 7.38 1,059
9 397 5.83 58 3.88 18.6 323 1.87 3.86 5.67 Lot
10 588 7.60 109 4.34 36.6 1,131 2.67 5.37 6.95 025
11 7.00 g.65 4,27 . 329 690 2,275
12 4.69 7.91 89 427 36.0 1,530 3.88 3.98 6.71 1,566
13 6.40 9.85 97 9.08 380 1,140 5.40 5.98 9.21 £,730
14 5.15 8.76 90 4.54 57.8 %01 1.98 3.68 6.26 523
15 6.18 12.11 114 7.84 60.3 1,555 3.30 4.58 8.97 809
16 6.81 13.62 168 5.85 45.1 1,281 3.63 4,64 9.28 1214
17 6.47 11.95 136 534 49.5 1,119 3.50 5.12 9.46 1,280
18 725 10.99 159 9.52 121.2 2,235 451 5.08 770 1,472

19 227 2.20 3.97 579

20 363 2.56 3.63 4.99
Mean 5.81 8.96 106.8 392 41.6 828 3.03 4.55 6.92 1,259
SE 0.27 0.54 89 041 5.6 123 0.23 023 040 108

Vinax, maximum velocity.
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Fig. 3. Cell length and force during isometric and unloaded shortening
contractions in the same myocyte. A: cell length during isometric (solid line)
and unloaded shortening (dashed line) contractions. Length change during the
isometric contraction was <0.5 pm. B: developed force during the isometric
(solid Iine) and unloaded shortening {dashed line) contractions shown in A,
During unloaded shortening, the force was zero, In this celt, cross-sectional
area was 749 pm?.

data. The achieved physiological work calculated thus deter-
mined in 20 cells was 828 = 123 J/m3.

We changed load and obtained a series of force-length loops.
The curve connecting the top left corners of these loops was
convex upward, analogous to the end-systolic pressure-volume
relation of the rodent ventricle (Fig. 4) (12), Applying linear
regression to these points yielded a slope of 1,260 * 108
IN/um (n = 17 cells).

By stretching the cells before the contraction, we could
observe the effect of increasing preload. As shown in Fig. 5,
not only the isometric force (Fig. 5A) and unloaded shortening
length (data not shown) but also the external work (Fig. 5B)
Increased depending on the preload. Because muscle length
and force at baseline varied considerably, we could not achieve
Statistical analysis of this findings, but similar preload depen-
dence was found in 10 cells. .

Sarcomere length. We measured sarcomere length and com-
pared it with simultaneously recorded cell length. We con-
firmed that cell length always changed in parallel with sarco-
mere length under resting conditions as well as during contrac-
tion against jow load {Fig. 64). In 12 cells in which sarcomere
length signals of good quality were obtained, similar observa-
tions were rade. Although it was difficult to determine sarco-
tere length during isometric conditions due to blurring of the
Sarcomere pattern, we could record it in eight cells. Although

o T e - -
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Fig. 4. Force-length loop of a single cardiomyocyte under various loading
conditions. Data were obtained during adaptive control for isometric and
unloaded shortening as well as simulated ejection. The y-axis shows force (raw
data) and force per cross-sectional area (in this cell, cross-sectional area was
749 wm?). Linear regression was applied to the top left corner points of the
loops. The slope of the regression line was 1,730 nN/um. External work
produced by the ejecting contraction was 1,139 J/m?.

small compared with sarcomere shortening during uncontrolled
contraction under unloaded conditions (Fig. 68, solid line), we
observed internal shortening of sarcomeres (Fig. 6B, dashed
line) of the same magnitude {~0.1 pum) in § cells.

DISCUSSION

Single cell mechanics by the carbon fiber technigue. In this
study, we studied the mechanics of single rat cardiomyocytes
over a wide range of loading conditions including isometric,
unloaded, and physiological loading conditions. To our know!-
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Fig. 5. Preload dependence of contractile function A: isometric contractions
under two different {solid line 1.78 pm; dashed line 1.7} pm) preloads. B
ejecting contractions under two different preloads showing the preload depen-
dence of external work. The y-axis shows force (raw data) and force per
cross-sectional area (in this cell, cross-sectional area was 323 pm?).
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Fig. 6. Relationship between cell length and sarcomere length. A: simultaneous
recarding of cell length (solid line} and sarcomere length (dashed line) during
contraction under unloaded conditions. B: sarcomere length during isometric
contraction {dashed line) and under unloaded conditions {solid line) recorded
in the same cell,

edge, this is the first time that physiological force-length loops
have been reported in isolated myocytes. Because of its im-
portant role in relating subcellular molecular events to ventric-
ular dynamics, many researchers have studied single cell me-
chanics of cardiomyocytes using various methods (11). Com-
pared with other methodologies, the carbon fiber technique is
superior in two aspects. First, it is relatively simple and does
not require technical expertise. Second, attachment of carbon
fibers resuits in minimal damage to the sarcolemma (11). With
the use of carbon fibers (26), the overall success rate for
establishing firm attachment to myocytes was over 80% in this
series of experiments, and myocytes remained stable for 10
min of contractions by electric stimulation. This excellent
stability enabled us to study myocyte mechanics under various
loading conditions as well as under inotropic interventions in
the same myocyte, which, in certain cases, was helpful in
avoiding cell-to-cell variations. In addition, we obtained a peak
isometric force of 5.72 uN in this study. This is in the highest
range of twitch force reported so far [Ref. 3 and review by
Bluhm et al. (2)] and is ~75% of the maximally activated force
(7.5 uN) (10) obtained in a single skinned rat cardiomyocyte,
supporting its usefulness,

Physiological significance. In rat trabeculae preparations,
Janssen and de Tombe (14) reported an isometric twitch force
of 45 mN/mm? for muscle isometric twitches and 88.5 mN/
mm? for sarcomere isometric twitches. In a left ventricular
papillary muscle preparation, isometric force was ~6 g/mm?

(=~60 mN/mm?) (5). The isometric force obtained in this study ¢

(41.6 = 5.6 mN/mm?) was somewhat lower but close to these
values. For shortening velocity, we obtained 106 = 8.9 wmy/s,
which is equivalent to 1.58 lengths/s (37°C). In rat trabeculae,

Sﬁ\ldLE CELL MECHANICS OF THE HEART

predominantly containing the V| myosin isoform, an unloadeg
shortening velocity of 2.3 lengths/s (30°C) has been reporteq
(20). On the other hand, Josephson et al. (15) measured the
maximal shortening velocity of euthyroid rat ventricular myo-
cytes at 29°C and reported a value of 1.17 lengths/s. Again, our
results are close to these values, suggesting that carbon fiber
attachment does not create extra load if its movement is
properly controlled as in this study. However, the key feature
required for single cell mechanics is how accurately it can
reproduce and describe the behavier of the cell in the body. In
response to change in afterload, we obtained a series of
force-length loops. The top left corners of these loops distrib-
uted along a straight line, analogous to the end-systolic pres-
sure-volume relation of the ventricle (Fig. 4). Furthermore,
when inotropic intervention was applied to a single myocyte by
adding isoprotereno! (2 wM) to the medium, the slope of this
line increased in a similar manner with the ventricular end-
systolic pressure-volume relation (Fig. 7, A and B). Preload
dependence was also confirmed (Fig. 5). Finally, using digital
control, we could obtain physiological force-length loops of a
single cardiomyocyte (Fig. 4) resembling those reported in
experimental {(13) and simulation studies (21, 22). The average
work output per unit volume calculated from the stress-relative
shortening area was 828 =+ 123 J/m>. If we assume the density
of cardiac muscle to be ~1g/em?, | g of the rat ventricle (cm?)
would generate 0.83 mJ. This value is ~13% of the external
work done by a rat ventricle ejecting 500 pl of blood while
generating ~ 100 mmHg. The cause of this discrepancy is not
clear, but the lack of sympathetic stimulation to the isolated
myocyte could be one of the possibilities.

Adaptive control of cell length and force. With the real-time
analog control system we used in previous studies (25, 26), it
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Fig. 7. Force-length relation of a single cardiomyocyte before (4} ard after (B)
the addition of isoproterenol (2 pM) to the medivm. Tsometric force increased
from 44 10 85 mN/mm?, and the slope of the regression lire increased from 1]
to [9 mN-mm~2+pum~'. The y-axis shows force (raw data) and force per
cross-sectional area {in this cell, cross-sectional area was 197 um?).
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was very difficult to achieve physiological loading largely
because of noise in the length signal. Adaptive control, to-
gether with zero-delay low-pass filtering, avoided transmission
and amplification of noise and successfully circumvented this
problem. Furthermore, once the proper command signal could
be obtained, the high-intensity illumination for photodiode
sensors was not required, allowing the recording of calcium
indicator fluorescence for a longer period of time without
causing photobleaching.

Study limitations. The major concern with this attachment
technique is to avoid damaging the ends of myocytes and to
obtain uniform sarcomere spacing (18). Using real-time image
analysis, we confirmed that static stretch applied to a resting
myocyte could cause uniform stretch of the sarcomere in
proportion to cell length. Because of the difficulty in keeping
focus on the sarcomere, we could not accurately measure
sarcomere length during isometric contractions. However, in
the few cases where we could obtain the simultaneous record-
ing of sarcomere length during isometric contraction, internal
shortening did take place (Fig. 6B). To achieve precise control
of sarcomere length, further improvement of the experimental
setup may be necessary.

Finally, some myocytes were too irritable to obtain stable
recordings, even with streptomycin in the medium as an
inhibitor of stretch-activated chanrnels. This might have lead to
selection bias of myocytes and disturbed the experiment.

In summary, by adopting digital adaptive control, we studied
the mechanics of a rat single cardiac myocyte over a wide
range of loading conditions. All of the functional characteris-
tics described were analogous to those established by a number
of studies using papillary muscle (4, 6) or trabeculae prepara-
tions (7). The present results confirmed the fact that each
myocyte forms the functional basis for ventricular function and
that single cell mechanics can be a link between subcellular
events and ventricular mechanics.

APPENDIX: RELATION BETWEEN LOAD AND LATERAL
DISPLACEMENT OF A BEAM
Case A

When latera! force (P} applied to the free end of a cantilever beam
tiength (1] causes displacement (y) (Fig. 8), they are related as

_ PP "
Y=3TE (A1)
ar
3-E-1
p= ¥y (A2)

where I is the second moment of inertia of the cross section and £ is
Young’s maodulus,

Fig. 8. Case A, Lateral focee (P) applied 1o the free end of a cantilever beam
[length (/)] causes displacement ().
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Fig. 9. Case B. For the end of fiber to mave in parallel manner {without
rotation}, an appropriate amount of bending moment (M) should also be
applied.

For a beam having a circular ¢ross section with diameter D
ivqm-E- D

P= e F Y (A3)

Case B

For the end of fiber to move in parallel manrer (without rotation),
an appropriate amount of bending moment (M) should also be applied
(Fig. 9). Such a load can be calculated as

M=ot A4)
= 5 (
The displacement (y') induced by M is
oo MF AS
Y= TR (A5)

Total displacement (y) caused by lateral load P and moment load M
is then

_ PP p.f p.p A6
T3 E1 4-E-1 12-E-1 (A6
or
12-E+1
P= —F 7 (A7)
Similarly, for a beam having a circular cross section with diameter
D

12:w-E- D
P=——7°—7—

rrey it B (A48)

In case A, the displacement y at x from the free end is calculated as

= =3tk 2F A9
¥ 6 & I(x Ax+ 21 AN
or at the distance (z) from the fixed end as
== 1. (3] - AlQ
y=e . B9 (A10)

In case B, the displacement y at x from the free end is calculated as

=———{~xF-(+ 11
y= g0+ (a11)
or at z from the fixed end as
= (3] -2 Al2
YT ET ( z) (A12)
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