ined quantitatively, then a more elaborate artificial vasomotor
center can be developed that automatically adjusts the param-
ters. Automated adjustments may also be accomplished with
daptive control systems that execute real-time system identi-
cation and self-tuning of controller. The present study sug-
rests the necessity of such manipulation of the vasomotor
enter settings.

Pressor and depressor responses by ESCS. We demon-
strated both depressor and pressor responses in AP to ESCS
vith a linear range (Fig. 2). Earlier studies have shown that
dorsal column stimulation produces pressor and depressor
responses. Depressor response is produced by a group of dorsal
: column fibers that project to the dorsal nuclei at the level of Cyg
1 to L and transmit to the fibers that ascend through the dorsal
pinocerebeller tracts (4, 27, 32). Pressor response is produced
| by another group of fibers that ascends or descends through the
terminal zone and enter the gray matter. Some of these fibers
roject to the intermedial lateral columns to activate sympa-
hetic presynaptic fibers. AP responses to ESCS observed in
he present study are the results of compound responses in
hese multiple pathways. Nevertheless, controllability of AP by
- the BBS is ascertained by a clear linearity between ESCS and
AP response in both static and dynamic relationships.
Although we have not confirmed it in the closed-loop con-
dition, depressor response shown in the open-loop condition
indicates that ESCS-mediated BBS can attenuate hypertension
as well as hypotension. Because an offset ESCS rate (s,) is
applied in the absence of pressure disturbance, lowering ESCS
rate would attenuate hypertension to some extent. AP in
conscious animals fluctuates between hypertension and hypo-
tension, even in a quiet position (5). The speed of AP restora-
tion is considered sufficient to control these fluctuations.
Future step for clinical application. Clearly, the next step
toward clinical application is to demonstrate the safety and the
effectiveness of the ESCS-mediated BBS during orthostasis in
conscious patients and animals. To study BBS in conscious
animals, we have been developing an implantable hardware
that enables BBS. Elaboration of such devices is mandatory for
its future clinical application by searching the optimal stimu-
lating site and condition that do not cause uncomfortable
sensation and muscle twitch. A control algorithm must be
developed that overcomes the problem revealed in the present
study. The developing implant would be as small and low
power as a pacemaker, with the aid of recent LSI technologies,
and would be telemetrically programmable. In parallel, we
began collaboration with a clinical group to develop ESCS-
mediated BBS to suppress sudden hypotension in anesthetized
humans during surgery. This study would prove the feasibility
of human BBS.

Finally, new methods for long-term manometry are defi-
nitely required. Intravascular manometry can be achieved only
with long-lasting antithrombotic material. Other indirect meth-
ods should be used until we are confident in antithrombotic
ability.

Conclusions. As a step toward clinical application of BBS,
we demonstrated that AP could be controlled with ESCS. We
designed the artificial vasomotor center based on the dynamic
characteristics of AP response to ESCS. Although there was a
dissociation between the predicted and actual attenuation of AP
fall, ESCS-mediated BBS with appropriate gain adjustment
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was capable of preventing HUT-induced hypotension rapidly,
sufficiently, and stably.

APPENDIX

Simulation of AP Restoration and Implementation
by the Artificial Vasomotor Center

We modcled the vasomotor center transfer function (Ge) as
1+ L/
./cl

e
Jea Ja
where fis frequency, K. is the steady-state gain of the artificial
vasomotor center, fq is f¢ for derivative characteristics, fi» and /23 arc
comcr frequencics for high-cut characteristics, j is an maginary unit,
and Le is a pure delay. The value foo was set to 10 X fg;, and fo3 was
sct to 1 Hz. These scttings attenuate AP pulsation and preserve total
baroreflex gain (13). L. was introduced to simulate the possible time
delay of 0.1 s in transforming AP to ESCS rate but was cxcluded in

rcal-time application to improve AP stability.

The simulation was performed as foliows. The block diagram in
Fig. 44 is represented as

Golf) = K. exp( — 2mfjL) (A1)

AP =G, - ESCS + P,
ESCS = G, - AP

where Gy is transfer function of the peripheral effectors, and Py is
pressure disturbance to AP. Rearranging these formula yields

AP =G, G, AP+ Py (42)
The time domain representation of Eg. A2 is
AAP(0) = Jg(1) - AAP(t — 1)d7 + Py(9) (A43)

where AAP(r) is AP change from control value, and g{(7) is the
impulse response function of the total open-loop transfer function
(Ge*Gp). To simulate orthostatic hypotension, Py(f) is set as an
cxponential AP fall to —60 mmHg with a time constant of 5 s rather
than a stepwisc fall (scc Fig. 64, top). Wc simulated the transicnt AP
response to depressor stimulus while changing /i in the presence of
the negative feedback system.

To implement the designed vasomotor center transfer function, we
programmed the artificial vasomotor center to calculate ESCS rate in
responsc to AP changes, according to the following cquation:

ESCS(#) = fh(r) - AAP(t — 7)d7 + 5,

where h(7) is the impulse responsc function of the designed vasomotor
center transfer function, AAP(z) is AP change from the control value,
and s, is the offset ESCS rate obtained from the static paramecteriza-
tion.
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SUPPLEMENT ARTICLE

Effect of Electrical Modification of Cardiomyocytes on
Transcriptional Activity through 5-AMP-activated
Protein Kinase

Yoshihiko Kakinuma*, Yanan Zhangt, Motonori Ando*, Tetsuro Sugiurat, and Takayuki Sato™*

Abstract: Endothelin-1 (ET-1) is known as an aggravating factor
of the failing cardiomyocytes and, therefore, a therapeutic method is
indispensable to decrease cardiac ET-1 expression. To study the
mechanisms of how cardiac ET-1 gene expression can be modified,
we investigated the effect of electrical stimulation against
cardiomyocytes. Considering the physiology of cardiomyocytes, in
vitro cultured cardiomyocytes demonstrate distinctive features from
in vivo cardiomyocytes (i.e. the absence of a stretch along with
electrical stimulation). In this study, we especially focused on the
effect of electrical stimulation. The electrical stinwlation reduced
the gene expression of ET-1 mRNA in rat primary cultured cardio-
myocytes. Furthermore, this effect on the transcriptional modification
of ET-1 was also identified in H9¢2 cells. Luciferase activity using
H9¢2 cells was decreased by electrical stimulation in the early
phase, suggesting that the attenuation of the ET-1 gene transcription
by electrical stimulation should be due to a transcriptional
repression. To further investigate a frigger signal involved in the
transcriptional repression, phosphorylation of 5’-AMP-activated
protein kinase (AMPK) was evaluated. It was revealed that AMPK
was phosphorylated in the early phase of electrical stimulation of
HOc2 cells as well as in rat primary cultured cardiomyocytes, and
that AMPK phosphorylation was followed by ET-1 transcriptional
repression, suggesting that electrical stimulation directly regulates
AMPK. This study suggests that AMPK activation in cardio-
myocytes plays a crucial role in the transcriptional repression of ET-1.

Key Words: endothelin-1, cardiomyocytes, 5’-AMP-activated protein
kinase

(J Cardiovasc Pharmacol™ 2004;44(suppl 1):5435-8438)

The endothelin (ET) system is known to be indispensable
for the development of the heart. In the developmental
stage, ET-1 exerts the formation of the heart through the
receptors endothelin-A and endothelin-B, and the system
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exerts the biological function through either autocrine or
paracrine fashion. It has been reported that deformity of the
heart is produced in the absence of the ET system. Especially,
cardiomyocytes have been reported to remarkably express
and produce ET-1 in the pathophysiological condition (i.e.
the failing heart) compared with the normal heart.! The
mechanisms have been extensively studied of how the failing
heart expresses ET-1 in the progression of heart failure;
however, our previous study clearly demonstrated one aspect
of the mechanisms — impaired cardiac energy metabolism.?
The level of cardiac ET-1 gene expression is dependent on
the condition of the cardiomyocytes in vivo; the failing
cardiomyocytes produce more ET-1. However, even normal
primary cultured cardiomyocytes in vitro could extra-
ordinarily express ET-1 compared with in vivo. The
abnormal pattern of cardiac ET-1 gene expression in vitro is
also accompanied with a surprising switch of the myosin
heavy chain isoform from o to p (a fetal pattern), suggesting
that our cultured cardiomyocytes have already biologically
changed their character.> However, this finding might provide
us with some therapeutic clue as to how cardiac ET-1
expression can be depressed using cultured cardiomyocytes.
If we could obtain some tool to repress cardiac ET-1 gene
expression in vitro, it might lead to clarification of one of the
therapeutic strategies against heart failure. Consequently we
have so far concentrated on searching for ways to decrease
cardiac ET-1 gene expression. Among them, we have found
several methods to modify the expression using not
chemicals or drugs, but physical stimulation.® In this study,
using electrical stimulation (ES) we have successfully
inhibited the cardiac ET-1 gene expression, and investigated
the mechanisms by which such stimulation causes a
depression of the gene expression.

METHODS

Cell Culture of Rat Cardiomyocytes and H9c2
Cells

According to our previous studies,! cardiomyocytes
were isolated from 2-day-old Wistar—Kyoto rats. 5-Amino-
imidazole-4-carboxamide-1-B-p-ribofuranosyl 5 -monophos-
phate (AICAR) was purchased from Sigma (St Louis, MO,
U.S.A.), and H9¢c2 cells were transiently treated by AICAR.
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Electrical Stimulation

We have developed a specific ES device, which is
modified to simultaneously provide multi-channels of ES and
also to efficiently regulate bidirectional current. Our protocol
for ES was performed as follows: 10 V, 10 milliseconds of
duration and 4 Hz of frequency.

RNA Isolation and Reverse Transcription-
Polymerase Chain Reaction

As previously described, total RNA was isolated, and
1 nug total RNA was reverse-transcribed and used for a
polymerase chain reaction (PCR) template. PCR primers
were prepared for preproET-1, hypoxia-inducible factor
(HIF)-1a, B-actin,®* and glucose transporter 3.

Luciferase Assay

As previously reported, the 5'-regulatory region of
preproET-1 gene was subcloned into a luciferase vector.? The
reporter vector was transfected into H9¢2 cells by a cationic
reagent, Effecten (QIAGEN, Valencia, CA, U.S.A),
according to the manufacture’s protocol. Forty-eight hours
after transfection, cells were lysed for evaluation of
luciferase activity.

Western Blot Analysis

Cells were harvested from dishes by scraping, were
washed with phosphate-buffered saline, and cell lysates were
mixed with sample buffer. The samples were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto membranes (Millipore Corp., Bedford,
MA, U.S.A). After transfer into the membrane, they were
soaked in blocking buffer. The membranes were incubated
with a monoclonal phosphor-5'-AMP-activated protein
kinase-o0 (Thr172) antibody (1:1000; Cell Signaling
Technology, Beverly, MA, U.S.A.). After the membranes
were washed, horseradish peroxidase-conjugated secondary
antibodies (Promega, Madison, WI, U.S.A.) were applied and
the signal was detected using an enhanced chemi-
luminescence system (Amersham, Piscataway, NJ, U.S.A.).

RESULTS

Electrical Stimulation Affects Gene Expression of
Rat Cardiomyocytes

To investigate transcriptional regulation of cardio-
myocytes, primary cultured cardiomyocytes were subjected
to ES. Even with a bi-directional current, cardiomyocytes
could not be cultured for ES more than 16 hours. As
demonstrated in Fig. 1, ES remarkably decreased gene
expression of preproET-1 and HIF-10, in the cardiomyocytes,
compared with non-stimulated cardiomyocytes. However, the
mRNA level of B-actin was not decreased by ES. Adversely,
gene expression of glucose transporter 3 mRNA was
increased by ES. These results suggested that
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FIGURE 1. Electrical stimulation (ES) modifies gene
expression of preproendothelin-1 (preproET-1), hypoxia-
inducible factor-1o (HIF-101), and glucose transporter
(GLUT) 3 mRNAs. PreproET-1 and HIF-10, gene expressions
were decreased 5 hours after ES. In contrast, GLUT 3 gene
expression was increased by ES. The level of B-actin mRNA
was not affected by ES.

cardiomyocytes respond to ES with an increased gene
expression of glucose transporter 3; however, in contrast,
such an ES modified gene expression of cardiac preproET-1
and HIF-1o.

Electrical Stimulation Transcriptionally Regulates
PreproET-1 Gene Expression

Further to investigate especially the gene expression of
preproET-1 mRNA, a reporter assay was performed using a
reporter vector possessing the 5'-promoter regulatory region
of the preproET-1 gene. H9¢c2 cells, a cell line of rat
ventricular cardiomyocytes, were transfected by the reporter
vector. As shown in Fig. 2, ES of H9c2 cells greatly
decreased the luciferase activity of preproET-1. The
phenomenon of the depressed luciferase activity was
compatible with the decreased preproET-1 mRNA by reverse
transcription-PCR.

Electrical Stimulation Elevates Phosphorylation
of 5’-AMP-activated Protein Kinase

To investigate mechanisms to decrease a transcriptional
level of preproET-1, we studied whether ES activates the
phosphorylation of 5°-AMP-activated protein kinase
(AMPK) using H9c2 cells. The time course study
demonstrated that AMPK phosphorylation was detected soon
after ES (Fig. 3). Furthermore, such an increase in AMPK
phosphorylation was also observed in primary cultured
cardiomyocytes. It was suggested that ES causes activation of

© 2004 Lippincott Williams & Wilkins
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ES Represses ET-1 Expression through AMPK Activation

TFald increase in transcriptional acfivity between ES+ and ES-
{ the ratio of luciferase activity of ES+ H9¢2 cells ta that of ES-)

ES+ ES-

1.0

30min 1k 2h 3h 4h Sh (14

FIGURE 2. Electrical stimulation (ES) transcriptionally
represses preproendothelin-1 (preproET-1) gene expression
in H9c2 cells. Gene expression of preproET-1 in H9c2 cells
was also decreased by ES. Using a reporter vector of the
preproET-1 gene, luciferase activity was compared between
electrical stimulated (ES+) H9¢2 cells and non-electrical
stimulated (ES-) cells. The ratio of luciferase activity of ES+
to that of ES— was measured, where a ratio > 1 suggests
transcriptional activation, contrasting with a ratio < 1
suggesting repression.

AMPK with a comparable time course of suppression of the
preproET-1 gene, and consequently that AMPK phos-
phorylation is profoundly related to the repression of trans-
criptional activity of preproET-1 gene expression.

An Activator of AMPK Causes a Decrease in
PreproET-1 mRNA

H9¢2 cells were treated by AICAR, which is known as
an activator of AMPK. As demonstrated in Fig. 3, AICAR
increased the phosphorylation of AMPK. The activation of
AMPK occurred very rapidly with a comparable time course
of ES. With treatment of AICAR, the mRNA level of
preproET-1 was decreased (Fig. 4). It was suggested that
AMPK activation was involved in the attenuated preproET-
ImRNA gene expression.

DISCUSSION

ET-1 is one of the aggravating factors in heart failure,
because ET-1 further activates the glycolytic system in the
failing cardiomyocytes, resulting in aggravation of
malfunction in the heart. Therefore, one of the therapeutic
goals that inhibit the progression of heart failure might be to
decrease cardiac FT-1 gene expression. There are many
manipulations to decrease ET-1 gene expression, including
blocking the renin-angiotensin system and ET receptor
antagonists.* However, we have further investigated whether
other manipulations can modify the cardiac ET-1 expression,

© 2004 Lippincott Williams & Wilkins
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FIGURE 3. 5-AMP-activated protein kinase (AMPK) is
activated through phosphorylation by electrical stimulation
(ES). ES caused activation of AMPK through
phosphorylation in H9c2 cells. This phenomenon was also
detected in rat primary cultured cardiomyocytes with a
comparable time course. Also, 0.5 mM 5-aminoimidazole-4-
carboxamide-1-p-p-ribofuranosy! 5-monophosphate
(AICAR), an activator of AMPK, phosphorylated AMPK.

AICAR () AICAR ()

preproeET-1 mRNA

B-actin mRNA

FIGURE 4.. 5-AMP-activated protein kinase activator
decreases preproendothelin-1 (preproET-1) gene expression
in H9c2 cells. 5-Aminoimidazole-4-carboxamide-1-3-p-
ribofuranosyl 5-monophosphate (AICAR) 1.5 mM treatment
remarkably decreased the gene expression of preproET-1
mRNA in H9c2 cells.

and then finally we have identified that a mechanical
stimulation (i.e. ES) decreases cardiac ET-1 expression
through activation of AMPK.

AMPK is known as a fuel sensor kinase, which is
activated through phosphorylation when a cellular adenosine
triphosphate (ATP) level is decreased.” Consequently, cells
respond to a shortage of the energy and activate the
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phosphorylation of AMPK. This kinase is therefore activated
in the early phase to stimuli that might cause mitochondrial
dysfunction, leading to ATP deprivation. This response
through AMPK phosphorylation is considered an adaptation
of cells to avoid cellular death with a shortage of ATP.
However, this response is not only involved in pathological
states, but also in physiological states. For example, exercise-
induced muscle hypertrophy leads to remarkable adaptation
of the muscle to the more efficient utilization of energy (i.e.
mitochondrial B-oxidation of fatty acid), and consequently to
activation of the mitochondrial function.® In the case of
exercise, AMPK in skeletal muscle is known to be activated.’
Therefore, it is suggested that the activation of AMPK
through phosphorylation is followed by enhancement of
mitochondrial function in a physiological condition to obtain
more adequate ATP.

It is known that the cardiomyocytes obtain ATP
predominantly through mitochondrial B-oxidation of fatty
acid; however, when cardiomyocytes were treated by
hypoxia, the cardiac energy metabolic system was changed
from B-oxidation to glycolysis, because fatty acid oxidation
is impaired. In such a case, as our previous study
demonstrated, HIF-1oo is induced for upregulation of
glycolytic enzymes, and furthermore HIF-la trans-
criptionally activates preproET-1 gene expression in the
failing heart.? It is suggested that cardiac ET-1 expression is
accompanied with a cellular glycolysis-dominant energy
system.® With these findings in mind, further speculation is
as follows: if the glycolysis-dominant energy system is
inhibited, and alternatively mitochondrial B-oxidation of
fatty acid is activated, ET-1 gene expression could be
decreased. As our present study demonstrated, ES activates
the phosphorylation of AMPX in a rapid fashion, followed by
a decrease in the transcriptional activity of ET-1.

5438

This is a first demonstration of transcriptional
repression of cardiac preproET-1 gene expression using
methods other than drugs. Moreover, this reaction is very
rapid to decrease preproET-1 mRNA. Therefore, it is
suggested that the manipulation of cardiomyocytes by ES is
one candidate method to inhibit an increase in cardiac ET-1
gene expression.
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Uemura, Kazunori, Toru Kawada, Masaru Sugimachi, Can
Zheng, Koji Kashihara, Takayuki Sato, and Kenji Sunagawa. A
self-calibrating telemetry systemn for measurement of ventricular pres-
sure-volume relations in conscious, freely moving rats. Am J Physiol
Heart Cire Physiol 287: H2906-H2913, 2004; doi:10.1 152/ajp-
heart.00035.2004.—Using Bluetooth wireless technology, we devel-
oped an implantable telemetry system for measurement of the left
ventricular pressure-volume relation in conscious, freely moving rats.
| The telemetry system consisted of a pressure-conductance catheter
| (1.8-Fr) connected to a small (14-g) tully implantable signal trans-
mitter. To make the system fully telemetric, calibrations such as blood
resistivity and parallel conductance were also conducted telemetri-
cally. To estimate blood resistivity, we used four electrodes arranged
0.2 mm apart on the pressure-conductance catheter. To estimate
parallel conductance, we used a dual-frequency method. We exam-
ined the accuracy of calibrations, stroke volume (SV) measurements,
and the reproducibility of the telemetry. The blood resistivity esti-
mated telemetrically agreed with that measured using an ex vivo
cuvette method (v = 1.09x — 119, r* = 0.88, n = 10). Parallel
conductance estimated by the dual-frequency (2 and 20 kHz) method
correlated well with that measured by a conventional saline injection
method (y = 1.59x — 1.77, 72 = 0.87, n = 13). The telemetric SV
closely correlated with the flowmetric SV during inferior vena cava
occlusions (y = 0.96x + 7.5, 2 = 0.96, n = 4). In six conscious rats,
differences between the repeated telemetries on different days (3 days
apart on average) were reasonably small: 13% for end-diastolic
volume, 20% for end-systolic volume, 28% for end-diastolic pressure,
and 6% for end-systolic pressure. We conclude that the developed
telemetry system enables us to estimate the pressure-volume relation
with reasonable accuracy and reproducibility in conscious, untethered
rats.

conductance catheter: serial reproducibility; volumetric accuracy;
dual-frequency method; Bluetooth

SMALL EXPERIMENTAL ANIMALS, such as rats and mice, are widely
used in cardiovascular research. These animals can offer a
variety of disease models, including heart failure and hyper-
tension, and enable us to analyze the molecular mechanisms of
the pathophysiology underlying such diseases (5, 7, 12, 21,
27). To interpret the molecular findings in terms of cardiac
phenotype, an accurate assessment of cardiac function, includ-
ing the contractile properties of the left ventricle (LV), is
: required. As a load-insensitive index of LV contractility, the
_ end-systolic pressure-volume relation (ESPVR) has been esti-
~ mated in small animal species with the use of a conductance
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A self-calibrating telemetry system for measurement of ventricular

pressure-volume relations in conscious, freely moving rats

1,2,3

catheter technique or an ultrasonic crystal method in acute
experimental settings (6, 9. 14, 15. 23). However, the anesthe-
sia and thoracotomy required by these techniques inevitably
exert adverse effects on the heart (13, 22, 30). In addition, the
time course of disease progression or long-term drug effects
cannot be assessed in acute experimental settings (7, 16). To
overcome these problems, long-term experimental settings
should be developed where the LV pressure-volume relation
can be measured telemetrically in small experimental animals.

In the present study, we have developed a new telemetry
system to measure LV volume, pressure, and electrocardio-
gram (ECG) in conscious, freely moving rats. In this system,
the LV pressure-volume relation was obtained from a pressure-
conductance catheter chronically implanted in the rat LV. To
calibrate the conductance signal and obtain absolute LV vol-
ume, measurements of blood resistivity (p) and parallel con-
ductance (G,) are required (3, 4). These calibration procedures
require blood sampling and hypertonic saline infusion, but
such ex vivo procedures are not applicable to conscious, freely
moving small animals. To circumvent such ex vivo procedures
in our new telemetry system (29), we adopted a self-calibrating
method for the LV volume measurement, as reported in our
previous study (28). The aim of the present study was therefore
to develop a telemetry system and evaluate its performance.
Our results indicate that we succeeded in measuring the LV
pressure-volume relation in conscious, untethered rats with
reasonable accuracy and reproducibility.

METHODS
Implantable Pressure-Volume Telemetry Svstem

Figure 1A illustrates a newly developed pressure-volume telemetry
system for rats; it consists of a pressure-conductance catheter. an
analog processor-transmitter (weight = 14 g, volume = 11 ml), and
a battery unit (lithium battery; weight = 12 g, volume = 10 m}).

Pressure-conductance catheter. Details of the pressure-conduc-
tance catheter are presented in Fig. 1B. To measure LV conductance,
four platinum electrodes (0.25 mm wide) were used. Constant exci-
tation current was applied to the two outermost electrodes while the
voltage signal associated with LV conductance was measured from
the two inner sensing electrodes. To measure LY pressure, a high-
fidelity pressure transducer (Millar Instruments, Houston, TX) was
mounted between the two sensing electrodes for the LV conductance
measurement. To measure p, four smaller platinum electrodes 0.1
mm wide. 0.2 mm between centers of adjacent electrodes, 0.6 mm
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Voltage to
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. sensing electrodes
battery unit and

pressure fransducer

Fig. 1. A: schematic illustration of our pres-
sure-volume telemetry system. A 10-cm-long
pressure-conductance catheter obtains sig-
nals of left ventricular (LV) conductance and
pressure, intraventricular blood resistivity,
and an ECG. Signals are processed and trans-
mitled by an analog processor transmitter,

Bluetooth Moduley

B

Dislal side Proximal side

.. LV conductance
electrodes

between centers of excitation electrodes) were placed near the pres-
sure transducer (Fig. 1B, inser). Constant excitation current was
applied to the two outer electrodes while the voltage signal associated
with p was measured from the two inner electrodes.

Analog processor transmitter. A block diagram of the analog
processor transmitter is presented in Fig. 1C. It was equipped with
several functions. First, it delivered a dual-frequency (2 and 20 kHz)
constant excitation current [20 A root mean square (RMS)] for
measurements of LV conductance and p. We validated the current
output by injecting it into known resistors and examining the devel-
oped voltage. The resulting RMS current output was 20.4 pA (SD 0.2)
and 19.3 pA (SD 0.2) at 2 and 20 kHz, respectively. These values
were constant over different resistors (50-990 Q). Second, it mea-
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0 | t |
0 200 400 600

Syringe volume (ul)

Fig. 2. Comparison of conductance-derived volumes at 2 and 20 kHz vs.
known fluid volumes of syringes. Both conductance-derived volumes were
essentially identical for each of the syringe volumes. Relation between con-
ductance-derived volume and syringe volume was quile linear. Solid line,
regression between conductance-derived volume at 20 kHz and syringe vol-
ume; dashed line, identity.

which is powered by a battery unit (lithium
battery). B: schematic illustration of our pres-
sure-conductance catheter. Catheter has 4
clectrodes for measurement of LV conduc-
tance and 4 electrodes for measurement of
infraventricular blood resistivity (inser). A
high-fidelity pressure transducer is mounted
between electrodes 2 and 3. C: block diagram
of an analog processor transmitter. ADC,
analog-to-digital converter; PLD, program-
mable logic device: SRAM, static random
access memory.

sured and processed the voltage signal from the sensing electrodes as
follows: Analog signals were digitized (12 bits, 40-kHz sampling rate;
model ADS7870. Texas Instruments, Dallas, TX) and then fed into a
programmable logic device (model XC 2C256, Xilinx, San Jose, CA),
which processed them to yield RMS digital signals corresponding to
frequency components of 2 and 20 kHz and a low-frequency signal
(<2 kHz; see appENDIX). The circuit was connected to the larger or
smaller electrodes in response to a command signal, so that LV
conductance or p could be measured. Third. the analog processor-
transmitter had a bridge amplifier for the LV pressure measurement.
The LV pressure signal was also digitized (12 bits, 40-kHz sampling
rate). All these functions were controlled by a microcomputer (model
H8S, Hitachi, Tokyo, Japan).

Bluetooth technology was used to transmit the data (18). For
real-time monitoring, all processed signals were resampled at 200 Hz
by the microcomputer and transmitted to an external receiver (CA-
SIRA, CSR, Cambridge, UK) by a Bluetooth module (model
LMBTBO027, Murata, Tokyo, Japan). For high-precision non-real-time
analysis, signals recorded at 2,000 Hz over a 6-s interval were stored
in a static random access memory (model HM62V 16256, Hitachi) and
then transmitted to the receiver by the Bluetooth module. The external
receiver detected the radio-frequency signal from the transmitter and
converted it to a serial bit stream.

Self-Calibration of Ventricular Volumetry

The principles of conductance volumetry have been described
previously (3, 4). Briefly, the ventricular conductance signal (G) can
be converted to absolute ventricular volume (V) as follows

V= (1/a) (L’ p) (G — G) ()

where « is a volume calibration factor. L is the distance between the
sensing electrodes, p is blood resistivity, and G, is parallel conduc-
tance. L was 9 mm in the present catheter design.

In a preliminary experiment, when the catheter was placed in a
series of graduated syringes filled with diluted saline, conductance-
derived volumes at 2 and 20 kHz were close to the true syringe
volume in the voluie range of interest (Fig. 2). Conductance-derived
volumes at the two frequencies were essentially identical for each of
the syringe volumes. Hence, o was assumed to be unity in the present
study (14, 23).
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The four smaller electrodes were used to estimate p (Fig. 18, inset).
he distance between the excitation electrodes was set at 0.6 mm. In
n in vitro experiment, we confirmed that the current distribution
solume was confined to an ~4-mm diameter around the catheter with
his electrode design (see APPENDIX). The end-diastolic LV diameter is
—9 mm in normal rats and 9—12 mm in rats with left heart failure
17). Because the interelectrode distance between the excitation elec-
rodes was small enough to confine the current distribution volume to
within the end-diastolic ventricular blood pool in the rat LV, we
estimated p at end diastole (10, 28).

Gp was estimated by the dual-frequency excitation method (8. 9,
28) as follows

G, =xX AGy-2 (2)

where AGau—» 1s the difference in ventricular conductance values
between the 20- and 2-kHz excitation frequencies and  is an exper-
imentally derived constant. Once k is determined, G,, can be estimated
from AG20-2. obviating the need for saline infusion.

Instrumentation and Experimental Protocols

Thirty-three male Sprague-Dawley rats (350-400 g body wt) were
used. Care of the animals was in strict accordance with the Guiding
Principles for the Care and Use of Animals in the Field of Physio-
jogical Sciences as approved by the Physiological Society of Japan.
The animals were anesthetized with pentobarbital sodium (50 mg/kg
ip) and ventilated artificially. A vertical midline cervical incision was
made to expose the right common carotid artery while the animal was
in the supine position. The pressure-conductance catheter of the
telemetry system was inserted into the LV retrogradely from the right
common carotid artery. The position of the catheter was verified by
monitoring the pressure-volume signal and by two-dimensional echo-
cardiography. At the conclusion of the experiment, the animal was
killed with an overdose of pentobarbital sodium, and the heart was
<amined to reconfirm the proper positioning of the catheter.

Group 1 (n = 23). We evaluated the accuracy of telemetric
calibration of p and G, under anesthetized, closed-chest conditions.
Catheters (3-Fr) were inserted into the right and left jugular veins for
blood sampling and saline injection. respectively. In 10 of the 23 rats,
we compared p estimated telemetrically (pes!) with p measured from
sampled blood by a conventional ex vivo cuvette method (poony). In
the remaining 13 rats, we estimated Gp by the dual-frequency exci-
ation method (Gpes) and by the hypertonic saline method (Gp.conv)-
To obtain Gpconv. WE injected 20 wl of saturated saline into the right
jugular vein while continuously measuring LV conductance (14. 23).
To obtain Gpese. We measured LV conductance at 2- and 20-kHz
excitation frequencies and derived AGao-2 by averaging the instan-
taneous conductance difference over ~10 cardiac cycles. We ran-
' domly selected 7 of the 13 rats and determined the proportionality
constant (x in Eq. 2) from the averaged ratio of Gy, conv 10 AGap-2.
Gpest and Gpcanv Were measured while the artificial ventilation was
temporarily suspended at end expiration.

Group 2 (n = 4). Under anesthetized, open-chest conditions, we
evaluated the accuracy of volumetry by comparing stroke volume
(SV) measured by the telemetry system with SV measured by an
ultrasonic flowmeter (model 2.55273. Transonic Systems. Ithaca.
NY). After median sternotomy, the aortic arch was dissected tree from
surrounding tissues. A flow probe was placed around the ascending
aorta to measure the aortic blood flow. A string occluder was placed
loosely around the inferior vena cava to decrease the LV preload and
vary the SV over a wide range. We simultaneously measured the
telemetric LV volume and the ultrasonic aottic blood flow while
varying the preload. The measurements were done while the artificial
ventilation was temporarily suspended at end expiration.

Group 3 (n = 6). Under conscious, closed-chest conditions. we
evaluated the reproducibility of the telemetry on different days.
Aseptic conditions were maintained throughout the surgical proce-

IMPLANTABLE CONDUCTANCE TELEPRESSURE VOLUMETRY

dure. The telemetry system was implanted in a subcutaneous pocket
made at the right upper dorsum. The skin was closed, and the animal
was allowed to recover from anesthesia. On the day after implantation
surgery, the LV volume. pressure, and an ECG were measured
telemetrically in the fully recovered. conscious animal (study ). Each
rat underwent a second set of telemetric measurements at 1-6 days
after the initial study (study 2). Ambient baromefric pressure was
measured simultaneously and subtracted from the telemetric LV
pressure to compensate for changes in atmospheric pressure.

Data Collection

We used the real-time mode (200-Hz sampling) of the telemetry
system and recorded LV conductance, LV pressure, intraventricular
ECG. and p on a hard disk of a dedicated Jaboratory computer system
(model HFPAD31003, Epson, Tokyo, Japan). In group 2. ultrasonic
aortic blood flow was digitized at 1,000 Hz through a 12-bit analog-
to-digital converter and stored on a hard disk for subsequent analyses.

Statistical Analysis

For the calculation of LV volume using Eq. /, G and p were
obtained from the 20-kHz frequency component. in group . we used
linear regression analysis to compare the telemetric and conventional
measurements of p (Pest V5. Peony) and G, (Gpest V8. Gp.conv). In group
2, we calculated the telemetric SV from the difference between the
end-diastolic volume (EDV) and end-systolic volume (ESV) in each
beat. The flowmetric SV was computed from the time integral of
aortic blood flow. The telemetric SV was compared with the flow-
metric SV by linear regression analysis. In group 3, we compared
heart rate (HR), EDV, ESV, end-diastolic pressure (EDP), and end-
systolic pressure (ESP) between study 1 and study 2 for each rat.
Using the pressure-volume data, we calculated ejection fraction (EF),
maximal pressure increase (+dP/dfmax) or decrease (—dP/dfnax) over
time, and the time constant of isovolumic relaxation () and compared
them between study I and siudy 2 for each rat. A nonparametric
multiple comparison (Wilcoxon’s signed-rank test) was used to ex-
amine the difference in each parameter between study 1 and study 2.
Group data are expressed as means (SD). Differences were considered
significant at P << 0.05.

RESULTS
Telemetric Calibration of p

Figure 3A is a representative time series showing LV pres-
sure and p at 2 and 20 kHz derived from the telemetry. The
bottom of the p waveform, which corresponded to end diastole,
represents the time when there was sufficient blood volume
around the catheter (10). The lowest p values at 2 kHz (p2 wi1z)
and 20 kHz (paou.) Were very close (197 and 207 Q-cm,
respectively). This was the case for all the rats, indicating that
o was frequency independent (p2 ke = 1.08p00 ki — 13.8, P =
0.96, SE of the estimate = 6.7 Q-cm) (6, 9). The lowest p at
20 kHz was treated as pest.

Figure 3B summarizes the relation between pes and peonv
obtained from 10 rats in group 1. pes agreed with peony
reasonably well (pest = 1.09pconv — 11.9, ~ = 0.88, SE of the
estimate = 10.7 Q-cm). The ratio of SE of the estimate to the
mean of pes was 0.046, indicating small variability around the
regression line.

Telemetric Calibration of G,

Figure 44 illustrates a representative time series of telemet-
rically measured ECG, LV conduclance signals at 2 and 20
kHz. and LV pressure. In this animal, AGyg - 2 was 0.56 mS
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and Gpeonv Was 3.27 mS. Therefore, k was calculated to be
5.79 from Eg. 2 in this animal. The averaged k from seven
randomly selected rats was 5.14, which we used as the exper-
imentally derived constant to obtain Gp e for all rats.

Figure 4B summarizes the relation between G, o« and Gp.conv
obtained from 13 rats in group /. Gpeq correlated well with
Gpeonv (Gpest = 1.59Gpcony — 1.77, = 0.87, SE of the
estimate = 0.33 mS). The ratio of SE of the estimate to the
mean of Gpe« was 0.11, indicating that the estimation was
reasonable around the mean of Gy, eq.

Accuracy of the Televolumetry

Figure 5A depicts LV pressure and volume measured by
telemetry and aortic blood flow measured by the ultrasonic
flowmeter. Vena caval occlusion decreased LV pressure, vol-
ume, and aortic blood flow.

Figure 5B summarizes the relation between telemetric SV
(SViere) and flowmetric SV (SVaow) Obtained from four rats in
group 2. SV 1. matched SV, reasonably well in each of the
four rats: 7% = 0.90-0.99, slope = 0.86 (SD 0.16), intercept =
12.4 ul (SD 10.4), and SE of the estimate = 4.3 ul (SD 0.4).
A linear regression analysis on the pooled data from all four
rats also showed a highly linear relation between SV, and

A B

SViiow: SViele = 0.96SViaow + 7.5, 7 = 0.96, SE of the
estimate = 6.6 pl. The ratio of SE of the estimate to the mean
of SVie1e was 0.10.

Reproducibility of the Telemetry

Individual data obtained by the telemetry system for all six
rats in group 3 are provided in Tables 1 and 2. The overall
variability between repeated measurements in the same rat was
reasonably small. There were no significant differences in
repeated measurements of HR, EDV, ESV, EDP, and ESP
between study 1 and study 2 (Table 1). There were no signif-
icant differences in repeated measurements of EF, +dP/d#ax,
—dP/dtmax, and T between study 1 and study 2 (Table 2).

Figure 6 illustrates the representative LV pressure-volume
loops obtained from a rat in group 3. The pressure-volume
loops in studies 1 and 2 were almost identical.

DISCUSSION

‘We have developed a novel telemetry system for measure-
ments of LV volume, pressure, and ECG in conscious, freely
moving rats. The system, for the first time to the best of our
knowledge, has enabled measurement of the LV pressure-

O 6 .
(@] e
LLS L7
9 6 - 20kHz
s 4 — 4 Fig. 4. A: waveforms of an ECG, conductance
o0 okHz N signals at 2 and 20 kHz, and ventricular pressure
2 E 2 4 E as a function of time, obtained telemetrically. B:
5 Z relation between parallel conductance estimated
O 0- @ by the saline infusion method (Gp.eonv) and by
200 4 2r dual-frequency excitation method (Gpew) in 13
© y=1.59x-1.77 rats. Solid line, regression; dashed line. identity.
50 . r?=0.87
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volume relation in small experimental animals, such as rats,
under completely conscious, unrestricted conditions with rea-
sonably good accuracy and reproducibility.

Self-Calibrating Volumetry

In our conductance volumetric system, p and Gp were
estimated using the telemetric signals alone (Figs. 3 and 4). We
will be able to use the empirical constant K (=5.14), deter-
mined in this study, in the future application of our telemetry
system to rats. The self-calibrating feature made it possible to
measure the LV pressure-volume relation in rats without teth-
ering them for ex vivo calibration procedures, such as blood
sampling and hypertonic saline infusion. Besides their imprac-
ticality in conscious, small animals, these procedures can alter
hemodynamic conditions (6, 9). Frequent blood sampling can
induce anemia. Concentrated saline injection depresses myo-
cardial contractility and has volume-loading effects (6, 9). Our
telemetry system is free of these problems.

The current used for resistivity measurements was distrib-
uted in a 2-mm radius around the catheter (see APPENDIX). The
ratio of the radius (i.e., peneiration depth) to the distance
between the excitation electrodes was ~3 (£2/0.6). This ratio
is at odds with previously reported values, which were around
¢ less than unity (6, 10, 26). Penctration depth is affected by
the relation between the resistivity of the target tissue and that
of the surrounding structure (26). This relation in our study was

! Table 1. Reproducibility of hemodynamic variables
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different from those in previous studies, which would be one
reason for the discrepancy. Difference in shape and arrange-
ment of the electrodes between our system and those previous
studies would be another reason. Because the electrodes were
placed very closely, stray capacitance between connecting
wires could be a problem (31). The fact that resistivity values
at 2 and 20 kHz were very close indicated that our titration
method effectively removed the problem of stray capacitance
(see appENDIX). However, it might be better to incorporate
techniques such as capacitance neutralization to completely
prevent the problem, in case the capacitance were (0 signifi-
cantly affect our titration accuracy in future long-term use, €.g.,
with increases in electrode impedance (31).

We used the dual-frequency excitation method previously
described by Gawne et al. (8). Feldman et al. (6) combined
measured resistivity of the myocardium with an analytic ap-
proach and estimated G, from the conductance signals at 10
and 100 kHz. Although their method was completely indepen-
dent of saline injection, it required measurement of myocardial
resistivity with an additional four-electrode sensor.

Volumetric Accuracy and Reproducibility

We have verified the volumetric accuracy of our telemetry
system by comparing SVice with SViaow during inferior vena
cava occlusions (Fig. 54). The volumetric accuracy of the
conductance catheter technique in the rat heart has been ex-

HR. beats/min EDV, pl ESV, ul EDP, mmHg ESP, mmHg
Rat S1 S2 St S2 Si S2 Sl S2 Si 52
1 530 475 303 307 168 182 14 19 131 123
2 363 476 310 280 212 151 11 17 121 133
3 426 500 330 355 212 220 2 9 127 129
4 405 511 244 194 143 89 14 13 120 125
5 402 382 364 434 269 326 15 14 119 106
6 400 380 240 283 158 167 24 36 142 152
Mean (SD) 421(57.3) 454 (58.2) 299 (49) 309 (81) 194 (47) 189 (80) 15 (5) 18 (10) 127 (9) 128 (15)
. Difference

Mean (SD) 65 (40) 37 (23) 34 (26) 5(4) 8 (4
Percent difference

Mean (SD) 15 (9) 13 (8) 20 (17 28 (16) 6 (4

end-diastolic pressure: ESP, left ventricular end-systolic pressure.

S1, study 1; S2, study 2; HR, heart rate; EDV, left ventricular end-diastolic volume; ESV, left ventricular end-systolic volume: EDP, left ventricular

AJP-Heart Circ Physiol » YOL. 287 » DECEMBER 2004 - wwiw.ajpheart.org

9002 ‘91 |udy uo Bio ABojoisAyd-pesydie wolj pepeojumoQ




IMPLANTABLE CONDUCTANCE TELEPRESSURE VOLUMETRY

Innovative Methodology

H2911
Table 2. Reproducibility of parameters of ventricular functions
EF. % 4 dP/dtax, mmHe/s —dP/dtmax. mmHg/s T, m$
Rat 51 S2 Sl S2 S1 52 S1 S2

) 45 41 10,594 9.615 7.165 6,648 9.2 9.0
2 32 40 9,284 11,802 6,364 7,372 8.5 8.3
3 36 38 10.373 12,129 7.277 6,937 9.4 8.1
4 42 54 9,274 11.801 7.527 7,013 6.4 9.5
5 26 25 8.862 7,610 6,132 4.878 7.4 1.9
6 34 41 9.808 9.756 7.518 7,273 1.0 12.4
Mean (SD) 36(7 41 (1) 9,699 (682) 10,452 (1,773) 6,997 (601) 6,687 (923) 8.7 (1.6) 9.2 (1.7
Ditference

Mean (SD) 7(5) 1513 (957) 646 (397) L1 (LD
Percent difference

Mean (SD) 17 (13) 15(9) 10 (7) 13 (14)

EF, left ventricular ejection fraction; dP/df ..., maximal pressure rise (+) or decrease (—) over time: 7, time constant of isovolumic left ventricular relaxation.

amined using a similar comparison (14, 23). Ito et al. (14)
reported a very high and linear correlation (r = 0.97-0.99)
between conductance-derived SV and SV measured by an
electromagnetic flowmeter in rats. We also obtained a similar
highly linear relation between SV and SViyow (Fig. 5B).

The reproducibility of our telemetry system (Table 1) is
good enough for many applications, such as the study of LV
remodeling in rats. This is because EDV has been reported to
increase to ~200% of the control value in rats with ischemic
heart failure and in heart failure-prone rats (2, 7, 12).

Applications of the Telemetry System

The developed telemetry system enables detailed evaluation
of cardiac function in small animals by eliminating the effects
of anesthesia and acute surgical intervention (13, 22, 30). By
using a single-beat estimation method to determine the
ESPVR, our system would enable evaluation of the load-
independent contractile index in conscious animals (24, 25).
We validated pressure-volume signals only under control con-
ditions in this study. The stability of the acquired data and the

200

100

Pressure (mmHg)

0 100 200 300 400 500
Volume (pt)

Fig. 6. Day-to-day reproducibility of LV pressure-volume loops in 1 rat. Thick
solid loops, study 1; dotted loops, study 2. Loops for studies 1 and 2 (6 days
apart) were superimposable.

capacity of our system to monitor altered hemodynamics re-
main to be evaluated.

Our telemetry system is potentially useful for the long-term
monitoring of LV function. We confirmed that our system was
viable for up to 8 days in this study. However, further studies
are required to definitively evaluate the longevity of the im-
plants over a longer period of time (19). Thrombosis and
infection would affect the morbidity and mortality associated
with the chronic implantation of our system. Coating of the
pressure-conductance catheter with anticoagulants and further
miniaturization of the implant are under development to ame-
liorate such problems.

We adopted Bluetooth technology for telecommunication.
Bluetooth is a wireless technology designed to allow low-cost,
short-range radio links between mobile personal computers and
other portable devices (18). While point-to-point connections
are supported, Bluetooth technology allows up to seven simul-
taneous connections to be established and maintained by a
single receiver (18). This unique feature of Bluetooth technol-
ogy should be beneficial in experimental settings where a large
population of animals in a single cage must be evaluated (16).

Limitations

The volume calibration factor a was assumed to be unity on
the basis of the preliminary experiment, where the conduc-
tance-derived volume was close to true syringe volume in the
normal operating range for rats (Fig. 2). Georgakopoulos and
Kass (9) noted that the relation was quite linear when the
volume range was limited to the physiological operating range
for mice. Hettrick et al. (11) also noted that conductance-
derived volume was close to true syringe volume and o was
unity in a volume range. However, both groups and others
noted that the relation was nonlinear when considered over a
wider volume range (1, 9, 11, 20). In addition, the syringes
have no G,,, whereas the rat heart does. It has been shown that
G, has significant effects on « (11). Taken together, these
findings suggest that it will be necessary to recalibrate o when
we apply our system to the rat LV in heart failure or other
cardiac disorders, where drastic changes in ventricular volume
and changes in the electrical properties of surrounding struc-
tures, i.e., change in G, are probable (1).

Values of EF in Table 2 are low for normal rats (5, 7). Other
parameters of LV function are, however, within the normal
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Fig. 7. Visual representation of logical processing used to extract 20-, 2-, and

<2.kHz frequency components of digital signals.

range (5, 7) (Table 2). Dual-frequency derived G, values from
the rats in group 3 ranged from 1.8 to 3.3 mS (mean 2.3 = 0.4
mS). The dual-frequency method slightly underestimated Gy, in
that range compared with the saline injection method (Fig. 4B).
This might result in an apparent reduction of EF. To settle the
discrepancy between EF and other functional parameters, it is
necessary to compare the telemetric EF with the EF determined
by other independent methods, such as echocardiography.

We were able (o estimate p in the LV cavity in normal-sized
| rats with the present catheter design (Fig. 1B, inset). However,
he catheter design may not be applicable to smaller rats or
mice, where the current distribution volume probably distrib-
utes outside the LV cavity. To apply our system to these small
animals, further reduction of the interelectrode distance is
required for measurement of p.

Conclusion

A novel telemetry system was developed for measurements
of LV pressure, volume, and ECG in conscious, freely moving
rats. The system enabled us to accurately measure the LV
pressure-volume relation with good reproducibility and with-
out the harmful effects of anesthesia or acute surgical trauma
in rats.
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fig. 8. Relation between syringe diameter and voltage as measured by sensing
lectrodes of our conductance catheter designed for blood resistivity measure-
ment. Vollage reaches a minimum at a syringe diameter of ~4 mm. This
ndicates that current distribution volume is confined o within a 4-mm
jameter around the catheter.
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Fig. 9. Relation between measured voltage and saline resistivity.

APPENDIX

Logical processing of digital signals to extract [frequency compo-
nents. We extracted frequency components of 20 kHz, 2 kHz. and low
frequency (<2 kHz) by logical processing of digital signals. The
analog signals were converted to digital signals at a sampling rate of
40 kHz. Twenty serial digital values were processed simultaneously
(Fig. 7). We obtained the 20-kHz component on the basis of the
difference between even- and odd-numbered digital values. We cal-
culated an average of every 10 digital values. We obtained the 2-kHz
component on the basis of the difference between the two averaged
values of the former half and the latter half (average of 10 values
each). We obtained the low-frequency component by averaging all 20
digital vatues. All this logical processing was performed by the
programmable logic device (Fig. 10).

Estimation of intraventricular p. First, we experimentally deter-
mined the cusrent distribution volume of the four small electrodes for
estimation of p. We placed our pressure-conductance catheter at the
center of plastic syringes of various sizes filled with diluted saline.
Saline resistivity was matched to that of the blood (122 O-cm). We
injected a constant current (20 kHz, 20 pA RMS) into the excitation
electrodes (0.6 mm apart; Fig. 1B. inser) and measured voltage via the
sensing electrodes. We present the relation between the measured
voltage and the syringe diameter in Fig. 8. As demonstrated, with
increasing syringe diameter, the voltage signal decreased and reached
4 minimum at a syringe diameter of ~4 mm. This implied that most
(>>95%) of the current was confined to within the cylindrical diameter
at which the voltage reached a minimum. From these data, we
concluded that the current distribution volume was confined fo within
a 4-mm diameter around the catheter.

Second, the resultant voltage signal was converted to p by a
conversion formula. We determined the conversion formula experi-
mentally by placing the catheter at the center of a plastic syringe with
a diameter of 9 mm. Syringes were filled with diluted saline solutions
with known resistivities in the range of those expected in rat blood
(122 and 244 -cm). Constant currents (20 and 2 kHz, 20 pA RMS)
were injected between the excitation electrodes. We linearly related
the measured RMS voltage to saline resistivity and used this relation
as a conversion formula (Fig. 9).
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T4 fKE, LHERL, MERET -5 OFE(2H)
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#HE (kg) 6311 6110 6210 n.s.
LRI (%) 49+4 48+6 5046 n.s.
RBC (X10Y/ 4L) 450454 444461 42569 n.s.
Hg (g/dL) 14.0+1.6 13.8+1.9 13.3+2.2 n.s.
Ht (%) 41.9+4.5 40.8+5.3 39.54-6.2 n.s.
WBC (X10%/ ¢L) 6.3+1.3 6.241.6 6.0+1.4 n.s.
Plt (X10/ #L) 22.1+5.6 22.545.8 21.745.3 n.s.
TP (g/dL) 6.9£0.5 6.840.6 6.840.8 n.s.
Alb (g/dL) 4.340.5 4.1+0.5 4.140.6 n.s.
BS (mg/dL) 117449 135+57 120+41 n.s.
AST (IU/L) 2512 29417 27+20 n.s.
ALT (IU/L) 2825 2922 2624 n.s.
T.bil (mg/dL) 0.740.3 0.6+0.3 0.7+0.3 n.s.
CPK (IU/L) 104448 116476 1284171 n.s.
T.cho (mg/dL) 20035 20129 202432 n.s.
TG (mg/dL) 14873 165+114 163494 n.s.
BUN (mg/dL) 15.64.7 18.24+5.9 17.6+5.0 n.s.
Cre (mg/dL) 0.840.2 0.9+£0.3 0.940.3 n.s.
UA (mg/dL) 5.3+15 5.3+1.2 5.4+1.3 n.s.
Na (mEqg/L) 14143 140+6 14242 n.s.
K (mEq/L) 4.040.4 4.240.4 4.2:40.4 n.s.
Cl (mEq/L) 10444 10444 10443 n.s.
CRP (mg/dL) 0.10.2 0.240.3 0.240.1 n.s.

RBC=#IE, Hg=~EF/ 0¥y, Hi=~~< b7 v, WBC=HIIHRE, Plt=1/R%, TP=H#=EH,
Alb=7V73 >, BS=IE, T.bil=EE¥ UMY, T.cho=#alLA7a—l, TG=HMEEN, Cre=2 1
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