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nor, S-Nitroso-N-acetylpenicillamine - (SNAP), on the
nonhypoxic induction of HIF-1o. and the VEGF produc-
tion in cardiomyocytes, using the primary ¢ultured rat car-
diomyocytes (PRCMs).

MATERIALS AND METHODS

Reagents. Reagents including the NO donor, S-nitroso-
N-acetylpenicillamine (SNAP), acetyicholine (ACh), a
phosphatidylinositol 3-kinase (PI3K) inhibitor, wortman-
nin, a specific nitric oxide synthase inhibitor, NG-nitro-L-
arginine methy! ester (L-NAME), and a transcriptional in-
hibitor, actinomycin D, were purchased from Sigma (Sig-
ma Chemical Co., St. Louis, Missouri, USA).

Cell culture. This study followed the guidelines of the
Council for Animal Care and was approved by an ethical
committee of the Laboratory Animal Center, Kochi Medi-
cal School, Nankoku, Japan. According to the guideline,
the Wistar rats used in this study were sacrificed. Primary
cultured rat cardiomyocytes (PRCMs) were isolated from
the hearts of 2-day-old neonatal rats and incubated on a
gelatin-coated dish in DMEM/Ham F12 medium includ-
ing 10% horse serum and ITS supplement according to
our previous studies [17]. H9¢2 cells have been frequently
used to study the signal transductions and channels [18,
19]. H9¢2 cells have been established as cell lines derived
from the rat ventricular myocytes and thus far are widely
used for many biological, biochemical, and electrophysio-
logical studies because they have characteristics similar to
PRCMs. Therefore they have often been utilized instead
of PRCMs in studies where tons of rat cardiomyocytes are
indispensable to perform experiments. To prepare many
neonatal PRCMs for RNA isolation followed by RT-PCR,
we used H9¢2 cells, which, along with HEK 293, derived
from human embryonic kidney cells, were incubated in
DMEM supplemented with 10% FBS with antibiotics. To
examine the effect of SNAP, cardiomyocytes in the se-
rum-deficient medium were tréated with either 1 uM
(PRCMs, HEK 293 cells) or 1 mM (H9c¢2 cells) of SNAP.

Determination of NO from cardiomyocytes. To determine
whether ACh and SNAP release NO in cardiomyocytes,
we used an NO-sensitive fluorescent dye, diaminofluores-
cein-2 (DAF-2) (Daiichi Pure Chemicals Co. Ltd., Tokyo,
Japan) [20]. PRCMs were treated with 10 uM DAF-2 and
100 uM L-arginine for 60 min, followed by 1 uM SNAP or
1 mM ACh. To examine the effect of L-NAME on NO pro-
duction, the PRCMs were first pretreated with 1 mM L-
NAME for 60 min, followed by the addition of DAF-2
and L-arginine. After incubation at 37°C, the cells were
washed with PBS and observed under a fluorescence mi-
Croscopy. o '

Western blotting analysis. To investigate the signal trans-

duction pathway from SNAP to VEGF, we evaluated the

effect of wortmannin (30 nM), actinomycin D (0.5 pg/ml),
and L-NAME (1 mM) on Akt, HIF-1a,; and VEGF by im-

munoblotting assay [21, 22]. Cardiomyocytes were pre-
treated with one of these agents prior to the addition of
SNAP. After the incubation with SNAP, the cells were ly-
sed and the total proteins isolated. The samples were then
fractionated by 10% SDS-PAGE and transferred onto a
PVDF membrane. Immunoblotting was performed with
the primary antibodies against HIF-lo, VEGF (Santa
Cruz Biotechnology, Santa Cruz, California, USA), Akt,
phospho-Akt (Cell Signaling Technology, Beverly, Mas-
sachusetts, USA), or tubulin-a (Lab Vision, Fremont, Cal-
ifornia, USA), and was then reacted with an appropriate
HRP-conjugated secondary antibody. The signal was de-
tected with an enhanced chemiluminescence system (ECL
Plus, Amersham, Piscataway, New Jersey, USA). Each
experiment was performed in a duplicated fashion and re-
peated five times (n = 5), and representative data were
shown.

Transfection. To investigate the direct contribution of
HIF-1a to VEGF expression, HEK 293 cells were trans-
fected with an expression vector for dominant-negative
HIF-1o (dn HIF-1a) [23], using Effectene (Qiagen, Va-
lencia, CA, USA) according to the manufacturer’s proto-
col. HEK293 cells are derived from human embryonic
kidney cells. It is known that the transient transfection of
PRCMs with a conventional method is difficult and that
the efficacy is extremely low. Compared with PRCMs,
HEK293 cells have been extensively used for the transient
transfection of an interested gene because of the extreme-
ly high efficiency of transfection and the higher protein
expression level. Therefore we used HEK293 cells. Thir-
ty-six hours after transfection, the HEK 293 cells were
pretreated with 1 pM SNAP for 12 h, followed by an eval-
uation of the VEGF protein level. As a control, the cells
were transfected with ‘a vector for green fluorescent pro-
tein (GFP).

Reverse transcription-PCR (RT-PCR). RNA isolation and
RT-PCR were performed as described earlier {17]. The
synthesized ¢cDNA was amplified with gene-specific
primers for HIF-1a, VEGF, and Glut-1, as well as B-actin.
The sense and antisense gene-specific primers were as fol-
lows:

HIF-1a (sense), 5-GGGAGAAAAGCAAGTCGTG-3,

HIF-1a (antisense), 5'-AGTCAGCAACGTGGAAGG-3'
VEGF (sense), 5'-CCAGCACATAGGAGAGATGAGCTTC-3,
VEGEF (antisense), 5'-GGTGTGGTGGTGACATGGTTAATC-3";
Glut-1 (sense), 5'-ACACCTCCCCCACATACATG-3',

Glut-1 (antisense), 5-TGGAGTTTGGCTATAACACC-3';
B-actin (sense), S'-GAAGATCCTGACCGAGCGIG-3',

B-actin (antisense), 5'-CGTACTCCTGCTTGCTGATCC-3".

The optimal annealing temperature and the number of
cycles for each template is as follows: 54°C, 30 cycles for
HIF-1a; 62°C, 34 cycles for VEGF; 62°C, 36 cycles for
Glut-1; and 60°C, 32 cycles for B-actin. PCR was per-

~ formed in the range that gave a linear correlation between

the amount of cDNA and the yield of PCR products. The
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ratio of the RT-PCR product for each gene to that of B-ac-
tin was quantified and compared.

Immunohistochemistry. After SNAP treatment, H9c2
cells were fixed with 4% paraformaldehyde for 10 min
and treated with 1% Triton X-100 for another 10 min. To
block nonspecific antibody binding, the cells were incu-
bated with 5% skim milk and successively incubated with
a VEGF antibody (Santa Cruz Biotechnology, Santa Cruz,
California, USA) in 1% skim milk at 4°C overnight and an
FITC-labeled secondary antibody (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA) at 4°C over-
night, then examined with an immunofluorescence micro-
scope.

Human umbilical vein endothehal cells (HUVECs) culture.
To understand if NO induces the cardiomyocytes to pro-
duce a factor responsible for angiogenesis, we examined
the effect of conditioned medmm derived from H9¢2 cells
treated with SNAP on HUVECS The HUVECs were cul-
tured in EGM-2 culture medlum supplemented with an-
giogenic and growth factors (Cambrex Bio Science Walk-
ersville, Inc., Walkersville, Maryland, USA). The H9c2
cells were treated with SNAP for 2 h and then 1ncubated in
the serum- free fresh medium, After 10 hours the superna-
tant was collected and added to the HUVECS by replacmfJ
EGM-2 medium. The samples were collected before and
after 60 min of ‘stimulation with conditioned medium to
evaluate the phosphorylation of VEGF receptor (Flk-1),
using anti-pFlk-1 antibody (Santa Cruz Biotechnology,
Santa Cruz, California, USA).

To further investigate the angiogenic effect of the con-
ditioned medium derived from cardioniyocytes, the HU-
VECs were cultured on Matrigel (Becton Dickinson Lab-
ware, Bedford, Maryland, USA). The 96-well plates were
coated with the diluted Matrigel (50 pl/well), incubated at

37°C for 1 h, then washed with serum-free DMEM. The
HUVECs (1 x 104 cells) were seeded onto each well and
cultured at 37°C for 10 h in DMEM, supplemented with
20% FBS, 25 pg/ml endothelial cell growth supplement
(ECGS), 10 U/ml heparin, and conditioned medium" de-
rived from SNAP-treated or nontreated H9c2 cells.- ...

- -Statistical analysis. Data are presented as mean + SE.
The differences were assessed by ANOVA followed by
Fisher’s PLSD for multiple comparisons. The results were
considered statistically significant at p <0.05. -

- RESULTS

A nonhypoxu: induction of HIF 1o by NO through
Pl3K-Akt pathway

ACh or SNAP treatment rapidly increased the NO re-
lease in PRCMs within 30 min (Fig. 1); the release was
contmued and peaked at 8 h. In contrast, the cells pretreat-
ed with a nitric oxide synthase inhibitor L-NAME (1 mM)
failed to show the NO signal (Fig. 1). The HIF-1q protein

PRCM

0 min

SNAP 30 min

F|g 1. Rat pnmary cardlomyocytes release NO in. response
to ACh or SNAP. PRCMs released NO after treatment with 1
mM ACh or 1 iy SNAP evaluated with DAF-2. NO release
was observed within 30 min after ACh or SNAP treatment (n

= 3). Pretreatment with 1 mm L-NAME for 60 min blocked NO
production (n 3)

express1on was. gradually 1ncreased within 8 h since the
SNAP treatment (a fivefold increase compared to the
baseline (0 h), p <0.001, n=5) in PRCMs under normox-
ic conditions, thus conﬁrmmg the occurrence of a nonhy-
poxic pathway for the HIF-1a induction, in the cardiomy-
ocytes (Fig. 2a). Such an induction of HIF-1a, was also
observed in H9¢2 cells (data not shown). To understand if
this induction is regulated at the transcriptional level, we
pretreated cardiomyocytes with a commonly used tran-
scriptional inhibitor, actinomyein D (0.5 pg g/ml), followed
by stimulation with SNAP for 8 h. However, actinomycin
D failed to inhibit the HIF-1a induction by SNAP (Fig.

The Journal of Physiological Sciences Vol. 56, No. 1, 2006 . 97



M. Kuwabara et al.

©
3
PRCM 2
u
T 10
Wortmannin = p<0.001 p<0.001
oh 8h 8h 8 R -
o
I | P10 5
I
l....__...._._.] a-Tubulin ) 3 ..
‘ Oh .- 8h " 8h
Wortmannin (-} ) +)
b N v
PRCM

ActinomycinD

) (+)

[ e ==] HIF-1a

Fold increasein HIF-1a level -

[ S p— \ a-Tubulin

Actinomyein:b 29 :('+') S

» -p-actin mRNA

Hge2 B
PR . 8

L OhBh N
[= == HiF-iamRNA 3
5.

2.

’ . oh 8-

Fig. 2 The HIF 1cx protem expressnon level is increased by
SNAP in cardiomyocytes in normoxia. Treating the PRCMs
for 8 h with SNAP (1 uM) already increased HIF-1a protein
expressmn in normoxia, Pretreatment of PRCMs with wort-
mannin (30 nM) for.30 min inhibited SNAP- mduced HIF-10.
express;on (n= 5) (a). However treatment with actmomycm
D (O 5 ug/ml) for 15 min-did not inhibit . the. upregulation of
HIF:1a protem express:on by SNAP (n'= 5) (b).-In H9c2
cells ‘the, HIF 1o mRNA eXpI'E‘SSiOI"l Ievel was not lncreased
by SNAP (n 5) (c)

2b) and SNAP further did not 1ncrease the H[F Ja
mRNA level, evaluated by RT-PCR (Fig. 2c); thus sug-
gesting that SNAP induces HIF-1o posttranslationally in
normoxic conditions. Western blotting analysis further re-
vealed an mcreased Akt phosphorylation with SNAP
treatment for 60 min ‘compared to the baseline (0 mm) (an
eightfold increase from the baseline, p<0.001,n=5)1in
PRCMs (Fig. 3). Pretreating the cells with PI3K inhibitor
wortmannin (30 nM) or nitric oxide synthase inhibitor L-
NAME (1 mM) prevented the SNAP-induced Akt phos-
phorylation (Fig. 3), thus demonstrating an important role
for PI3K and NO in the Akt signaling pathway. Even
though wortmannin (30 nM) was able to inhibit the SNAP-
induced Akt or HIF-1c induction, it failed to block the
NO release by the SNAP-treated cardiomyocytes (data
not shown), thus confirming that NO remains upstream to
the PI3K-Akt pathway. Moreover, these results also sug-
gest the NO-dependent induction of HIF-1q in the cardi-
: omyocytes under normox1c condltlons
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Fig. 3. Akt phosphorylation is increased by SNAP in cardi-
omyocytes under normoxia. Akt phosphorylation was in-
creased by SNAP (1 pM) in PRCMs with a rapid time course.
However, pretreatment with wortmannin (30 nm) for 60 min
or L-NAME (1 mM) for 60 min completely inhibited the Akt
phosphorylation in cardiomyocytes (n = 5).

Promotion of angiogenic signaling cascade by NO
in cardiomyocytes under normoxia ‘

To identify if SNAP-induced HIF-1a actually affects
transcriptional activation of the target genes, the gene ex-
pression levels of the Glut-1 and VEGF were evaluated by
the use of RT-PCR. The treatment of H9c2 cells with
SNAP for 12 h under normoxic conditions increased the
gene expressions of Glut-1 and VEGF, major HIF-1o~
regulated genes (Fig. 4a). The protein expression level of
VEGF was also increased following SNAP treatment, as
demonstrated by the immunohistochemical and Western
blotting analysis (Fig. 4 b and c¢). Consistent with the ear-
lier findings, wortmannin was also able to ‘inhibit the
SNAP-induced VEGF expression in H9¢2 ¢ells and PRC-
Ms (Fig. 4c), thus suggesting the PI3K-Akt mediated HIF-
la induction pathway in the production of VEGF by the
cardiomyocytes under normoxic conditions. Furthermore,
to elucidate the contribution of HIF-1o to VEGF protein
expression, dn HIF-1a was introduced into HEK293 cells,
and it was demonstrated that dn HIF- 1a partlally inhibits
the VEGF induction by SNAP (Fig. 4d).

‘ GF product1on in cardiomyocytes was further con-
firmed by an ‘addition of conditioned medium derived
from SNAP-treated or nontreated H902 cells to the HU-

VECs. As expected the condltloned medmm-treated cells
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Fig. 4. SNAP increases Glut-1 and VEGF gene expression

levels through HIF-1a in cardiomyocytes under normoxia. In
H9¢2 cells, Glut-1 mRNA and VEGF mRNA were both in-
creased by SNAP (n = 5) (a). VEGF immunoreactivity was in-
creased by SNAP in H9c2 cells {(n = 5) (b). The SNAP-induced

(SNAP group) revealed increased Flk-1 phosphorylation
(a fourfold increase compared to the control group, p <
0. 001 n=5),a VEGF type- -2 receptor responsrble for an-
giogenesis, in HUVECs (Fig. 5a). Furthermore, HUVECs
were cultured on Matrigel in the presence of conditioned
medium. Compared with the control group, the SNAP
group activated more angiogenesis. It is suggested that
SNAP exerts an acceleration of angiogenesis partially via
cardiomyocyte-derived angiogenic factors, 1nclud1ng
VEGF (Fig. 5b).

DISCUSSION

It is well known that NO plays a critical role in modulat-
ing the vascular tone. According to the vascular effect, the
depressed functional capacity of NO productlon would re-
sult in vasoconstriction and poor collateral crrculatron

Therefore NO or a NO donor has been used for coronary
Vasodrlatatron and decreasing blood pressure in systemic
or pulmonary hypertension. However, the other effect of
NO or a NO donor on cardromyocytes remains to be fully
1nvest1gated It is known that NO is synthesrzed through
eNOS in‘endothelial cells, and it is speculated that it has a

VEGF protein expression, which was also observed in PRC-
Ms, was completely inhibited by 30 nM wortmannin (n = 5) (¢).
In contrast to control (GFP), VEGF induction by SNAP was
blocked by dn HIF-1c in HEK293 cells (1 = 5) (d).

significant paracrine effect on cardiomyocytes; however,
it is unclear whether cardiomyocyte-derived NO possess-
es the direct action on cardiomyocytes to produce angio-
genic factors.

Our previous study demonstrated the involvement of
PI3K_Akt pathway in inducing the expression of HIF-1a.
by ACh during normoxia [4]. In the present study, SNAP-
treated cardiomyocytes revealed a similar pathway in the
induction of HIF-1a., suggesting that NO from cardiomy-
ocytes actrvates an angiogenic signaling through HIF-1a.

As shown in the present study using DAF-2, a NO-sen-
srtrve dye NO was detected in cardromyocytes in re-
sponse to SNAP,as well as ACh, suggesting that cardi-
omyocytes release NO. The NO release by SNAP ap-
peared i ina rapld time course 30 min after the treatment,
and it was not detected in PRCMs pretreated with L-
NAME Other studies have also reported the inhibitory ef-
fects of L-NAME on SNAP without the exact mechanisms
being identified [24-27]; however, the speculated mecha-
nism could be that the L-NAME pretreatment for 60 min
of PRCMs might inhibit NO synthase, thereby reducing
the basal NO production. Even if SNAP was thereafter
added for 30 min to enhance NO release, the NO level in
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a Fig. 5. VEGF derived from SNAP-treated cardi-
HUVEC omyocytes induces angiogenesis. The SNAP--
treated conditioned medium increased Flk-1
Control group SNAP group phosphorylation in HUVECs, compared with the
0 min 60 min 0 min 60 min nontreated conditioned medium (n = 5) (a). The
’ SNAP-treated conditioned medium accelerated
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the treated cardiomyocyte might be too low, compared
with the nontreated cell, to be detected by DAF-2. There-
fore, these results suggest that cardiomyocyte-derived NO
as a paracrine or autocrine effector plays a critical role in
the HIF-1o induction in cardiomyocytes.

Second, as shown in this study, NO increased the cardi-
ac VEGEF protein expression through HIF-1o regulation,
and dn HIF-1a. decreased the VEGF expression by SNAP.
VEGF itself has been reported to be involved in cell sur-
vival through the tyrosine kinase receptors, including
VEGF type-2 receptor (Flk-1), activating Akt via a PI3K-
dependent pathway [28], leading to eNOS upregulation.
Furthermore, as suggested in our study, the cardiomyo-
cyte-derived VEGF plays a crucial role in accelerating an-
giogenesis by endothelial cells in a paracrine fashion be-
cause VEGF produced by cardiomyocytes phosphorylat-
ed Flk-1 in HUVECs. These results suggest that cardi-
omyocytes can not only be a target for a NO donor to
activate a nonhypoxic pathway of HIF-1o, but can also
play a role in producing angiogenic factors in the heart.
Taken together, the beneficial effects of NO might in part
be aresult of the cell signaling through PI3K-Akt, and
also in part a result of the angmgemc signaling through
HIF- la——VEGF ’

100

In the recent study by Giordano ef @l. [29], a cardiomy-
ocyte-specific knockout of VEGF caused impaired cardi-
ac development with hypovascularity in the heart, sug-
gesting that cardiomyocyte-induced VEGF production is
essential for cardiac development; however, their study
did not reveal the precise cellular mechanism by which
cardiac VEGF deletion leads to hypovasculature and de-
pressed cardiac function. Our present study indicated that
HIF-10 induction through NO plays a main role in stimu-
lating VEGF production by cardiomyocytes and acceler-
ates angiogenesis.

In this study we focused on HIF-1o as an upstream fac-
tor regulating cardiac VEGF expression. Unlike the hy-
poxic induction pathway of HIF-1a., there is no direct evi-
dence for a nonhypoxic induction pathway of cardiomyo-
cytes through NO involved in angiogenesis. Consequent-
ly, this study revealed another pathway of cardiac HIF-1o
induction. PI3K- Akt signal has many aspects in cell sur-
vival, 1nclud1ng an antlapoptotlc activity, such as an inhi-
bition of Bad-binding to Bel-2 through Akt phosphoryla-
tion, an inhibition of proapoptotic caspases, including
caspase 9 and Fas, and an inhibition of the activity of
proapoptotic glycogen synthetase kinase-3 [30, 31]. In
previous studies, which used other cell lines, the PI3K-
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Akt pathway has been demonstrated to be involved in the
NO-dependent stabilization of HIF-1a. {14, 32-34]. As
demonstrated in this study, in the presence of actinomycin
D, the dose of which is adequate to inhibit transcriptional
activity, SNAP posttranslationally regulated HIF-1o.. Act-
inomycin D was used to identify which mechanisms are
responsible for the increased protein expression, i.e., de
novo synthesis or posttranslational modification. The pro-
tein level of HIF-1a was not decreased by actinomycin D;
therefore this suggests that SNAP does not play a role in
the transcriptional regulation of HIF-1a, rather in the inhi-
bition of protein degradation. Therefore in cardiomyo-
cytes, such a mechanism might be involved in a NO-medi-
ated Akt-HIF-1a-VEGF signaling pathway, leading to
cell protection.

In conclusion, it is suggested that NO has beneﬁ01a1 ef-
fects on cardiomyocytes by the activation of the nonhy-

poxic HIF-1a induction pathway, and furthermore, it con-

tributes to angiogenesis through cardiac VEGF produc-
tion, which phosphorylates Flk-1, a VEGF type-2 recep-
tor.

This study was supported by a Health and Labor Sciences Research Grant
(H15-PHYSI-001) for Advanced Medical Technology from the Ministry of
Health, Labor, and Welfare of Japan.
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Background—We proposed a novel therapeutic strategy against central baroreflex failure: implementation of an artificial
baroreflex system to automatically regulate sympathetic vasomotor tone, ie, a bionic baroreflex system (BBS), and we
tested its efficacy in a model of sudden hypotension during surgery.

Methods and Results—The BBS consisted of a computer-controlled negative-feedback circuit that sensed arterial pressure
(AP) and automatically computed the frequency (STM) of a pulse train required to stimulate sympathetic nerves via an
epidural catheter placed at the level of the lower thoracic spinal cord. An operation rule was subsequently designed for
the BBS using a feedback correction with proportional and integral gain factors. The transfer function from STM to AP
was identified by a white noise system identification method in 12 sevoflurane-anesthetized patients undergoing
orthopedic surgery involving the cervical vertebrae, and the feedback correction factors were determined with a
numerical simulation to enable the BBS to quickly and stably attenuate an external disturbance on AP. The performance
of the designed BBS was then examined in a model of orthostatic hypotension during knee joint surgery (n=21).
Without the implementation of the BBS, a sudden deflation of a thigh tourniquet resulted in a 1723 mm Hg decrease
in AP within 10 seconds and a 25+2 mm Hg decrease in AP within 50 seconds. By contrast, during real-time execution
of the BBS, the decrease in AP was 92 mm Hg at 10 seconds and 12 mm Hg at 50 seconds after the deflation.

Conclusions—These results suggest the feasibility of a BBS approach for central baroreflex failure. (Circulation. 2006;

113:634-639.)

Key Words: baroreceptors m blood pressure @ computers @ electrical stimulation @ nervous system, sympathetic

Yhe arterial baroreflex acts to maintain cerebral perfusion

by quickly attenuating the effect of an external distur-
bance, such as the assumption of an upright position, on
arterial pressure (AP).1-* Therefore, functional restoration of
dynamic properties of the arterial baroreflex is essential for
the treatment of patients with various syndromes of barore-
flex failure,’ including Shy-Drager syndrome,5-° barorecep-
tor deafferentation,’* and traumatic spinal cord injuries.113
However, most commonly used interventions, including salt
loading,'4!5 cardiac pacing,'s!7 and adrenergic agonists,8:19
can neither restore nor reproduce the functioning of the native
vasomotor center, and most affected patients remain
bedridden.
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‘We recently developed a framework for identifying an
operational rule of the vasomotor center and a prototype of a
bionic baroreflex system (BBS) in rats.2°-22 The BBS con-
sisted of a negative-feedback system controlled by a com-
puter (ie, the artificial vasomotor center) that sensed AP and
automatically computed the frequency of a pulse train re-

quired to stimulate sympathetic efferent nerves through a pair
of wire electrodes placed in the celiac ganglion. Previous
experimental work demonstrated that the BBS restored native
baroreflex function in rats with central baroreflex failure;
however, an applicable neural interface with quick and
effective controllability of AP is required for application of
this technology in the clinical setting. The goal of the present
study was to determine the efficacy of a novel bionic
technology for the intraoperative restoration of AP in the
context of central baroreflex failure and to validate this
technology in a clinical mode! of orthostatic hypotension.

Methods

All studies were approved by the institutional review committee, and
all subjects gave informed consent.

Theoretical Considerations

As previously described,?0-22 the principle of the BBS is based on a
negative-feedback mechanism (Figure 1). The instantaneous AP is
measured by a pressure transducer connected to a computer that
functions as a controller or artificial vasomotor center. Instead of the
disabled native vasomotor center, the controller automatically exe-
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Figure 1. Schematic illustration (A) and block diagram (B) of a .
BBS. In the context of central baroreflex failure, the BBS auto-
matically computes the frequency (STM) of a pulse train to stim-
ulate sympathetic nerves through an epidural catheter placed at
the level of lower thoracic spina! cord, while simultaneously
sensing the change.in AP. Hap_,snv denotes a transfer function
for the controller functioning as an artificial vasomotor center.
Hstvoae is a transfer function showing the dynamic response of
AP to STM. The overall transfer function of the BBS is given by
Hap—.smuXHsmu-ap. Therefore, the effect of an external distur-
bance (Pg) on AP is attenuated to 1/(1+Hap_.stuXHsmoas)-

cutes real-time operations that determine the frequency of electrical
stimulation (STM) required to minimize the effect of an external
disturbance (Py) on AP and then commands an electrical stimulator
to deliver a stimulus of the same frequency to the vasomotor
sympathetic nerves via epidural-catheter electrodes placed at the
lower thoracic level of the spinal cord. The lower thoracic level was
selected as the site for the neural interface of the BBS because the
abdominal splanchnic vascular bed is a major effector mechanism for
the arterial baroreflex.23-25

According to a classic feedback-control theory, ie, feedback
correction with proportional and integral gain factors,26:27 the fol-

lowing algorithm was used to program the controller for the

calculation of STM in the frequency domain:

K;
¢y HAP-»STM:Kp'*’ErE

where Hyp_,smy is a transfer function from AP to STM, K, is the

proportional correction factor, K; is the integral correction factor, and
J is the imaginary unit. The proportional factor determines the
feedback amplification based on the absolute value of the instanta-
neous control error due to P,, and the integral factor adjusts the
feedback amplification based on the cumulative value of the instan-
taneous control error. Therefore, STM is computed as follows:

@) STM=—AP - Hupstm
and AP is also expressed as follows:
3) AP=STM - Hepppnp+ Py

where Hgny sp denotes the frequency response of AP to STM. From
Equations 2 and 3, the effect of P, on AP is estimated as follows:

1

—_ D
+a
1 +HAP—>STM " HSTM—bAP

4 AP
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Thus, if Hap_,smv * Hemo ap 18 far larger than unity, the BBS
can nullify the effect of P, on AP.

Subjects and Experimental Protocols
A total of 33 patients (46 to 84 years old, 19 males) who underwent
orthopedic operations were enrolled in the present study. Ten
patients had hypertension, and 4 had diabetes mellitus. None of the
subjects had frequent ectopic beats or atrial fibrillation. After
induction anesthesia with propofol, an endotracheal tube was intro-
duced orally. The patients were mechanically ventilated with 67%
nitrous oxide and 1.5% to 2% end-tidal sevoflurane in oxygen during
experimental protocols, while end-tidal carbon dioxide was main-
tained at 35 to 38 mm Hg. An arterial catheter was placed in the
radial artery for AP measurement. To record central venous pressure
(CVP), a central venous catheter was placed in the femoral vein, and
the tip of the catheter was advanced into the inferior vena cava just
above the diaphragmatic level. Furthermore, an epidural catheter was
placed percutaneously, and the tip, which contained a pair of
electrodes (Unique Medical, Tokyo; interelectrode distance 15 mm),
was placed at the level of Th, _j;. Placement of the central venous
catheter and the epidural catheter was verified by chest radiograph.28
Before making an incision of affected areas, we performed 2
different protocols in separate groups of patients. In the first group of
patients (n=12, 46 to 76 years old, 7 males) undergoing operations
for cervical spondylosis and canal stenosis, the averaged Hynyap
was estimated and the H,p_,sny Was designed parametrically with
Equation 1 to minimize the effect of Py on AP. After we programmed
the designed H,p_,sny into the computer, the efficacy of the BBS was
tested against the rapid progressive hypotension induced by use of a
thigh tourniquet?®-31 in the second group of patients (n=21, 64 to 84
years old, 12 males) undergoing operation for knee joint osteoarthri-
tis. During each protocol, the muscle twitches induced by spinal cord
stimulation were prevented by the intravenous administration of
vecuronium bromide. Analgesia for the pain provoked by spinal cord
stimulation and tourniquet inflation was provided by intravenous
injection of fentanyl citrate. In a preliminary study, the validity of the
analgesic preparation was confirmed for the experimental protocols,
and the safety of spinal cord stimulation for 20 minutes was verified.

Estimation of Transfer Function From STM to AP
To characterize the dynamic nature of the AP response to STM, ie,
Hsnyoap, the lower thoracic sympathetic nerves were randomly
stimulated for 15 minutes while we recorded AP. According to a
white noise method for system identification, the STM was altered
between 0 and 20 Hz every 4 seconds. The pulse width of electrical
stimuli was fixed at 0.1 ms. The stimulation current was adjusted for
each patient so as to produce a pressor response of ~10 mm Hg at 20
Hz. This resulted in an average current of 154 (mean*SD) mA.
The electrical signals of STM and AP were digitized at 100 Hz.'As
described previously,20-22 the transfer function from STM to AP,
Hsnyap, Was estimated with a fast Fourier transform algorithm.
Finally, the average of Hgpy.,,p among 12 patients was calculated.

Design of Artificial Vasomotor Center

With substitution of the averaged Hgpy_.p for Equation 4, the
instantaneous AP response to P, was simulated numerically, and a
stepwise decline with an amplitude of 20 mm Hg was imposed on the
BBS. While the feedback parameters of Hypsmu, i€, K, and K;, were
altered, the effect of the parameters on the AP response was
investigated. Finally, the parameters that enabled the BBS to quickly
and stably minimize the effect of Py on AP were determined.

Efficacy of BBS in a Clinical Model of

Transient Hypotension

The performance of the BBS was evaluated in a clinical model of
rapid transient hypotension (n=21). Rapid hypotension was evoked
by the sudden deflation of a thigh tourniquet, which is widely used
to achieve bloodless dissection during total knee arthroplasty.29-31
Acute hypotension immediately after tourniquet release is a well-
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Figure 2. A, Representative example of
time series data of the response of AP to
random stimulation of the lower thoracic
spinal cord. According to quasi-white
noise, the STM was randomly altered
between 0 and 20 Hz. The AP seems to

slowly respond to STM with a delay. B,

known phenomenon that results from a rapid decrease in peripheral
vascular resistance and an increase in venous pooling in the affected
limb.?° The degree of hypotension can be potentiated by the use of
volatile anesthetic agents such as sevoflurane, which are central
depressants of arterial baroreflex function.3233 Therefore, tourniquet-
related hypotension during sevoflurane anesthesia can be used as a
model of orthostatic hypotension in central baroreflex failure.
Briefly, a tourniquet was applied to the upper femur and inflated
at 300 mm Hg for 60 minutes and then quickly deflated for 10
minutes. The procedure was then repeated. The BBS was activated
during 1 of the 2 trials of tourniquet-related hypotension, and the
electrical signals of STM, CVP, and AP were digitized at 100 Hz.

Statistical Analysis

The hemodynamic responses to tourniquet release were measured for
each subject while the BBS was being activated and inactivated. The
effects of the BBS execution on the hemodynamic changes at 10, 50,
and 100 seconds after tourniquet release were analyzed by paired ¢
tests with Bonferroni adjustment. Differences were considered sig-
nificant at overall P<<0.05.

Results
A representative example of original tracings of STM and AP
during random stimulation of the spinal cord is shown in
Figure 2A. Random on-off change in STM produced a
delayed and slow change in AP. The relationship between
STM and AP was quantitatively characterized by the fre-
gquency domain analysis (Figure 2B). The averaged transfer

Transfer function of the AP response to
the STM change. Data are expressed as
mean=S8D for 12 patients. rad indicates
radians. See text for explanation.

function from STM to AP, Hgpe ap, had low-pass character-
istics with a cormner frequency of 0.06 Hz. The gain factor was
0.43+0.13 mm Hg - Hz™' at the steady state (lowest fre-
quency) and gradually decreased with input frequency. The
phase spectrum showed that the input-output relationship was
in phase and that the phase delay increased toward higher
frequencies. The squared coherence, a measure of linear
dependence between STM and AP, was >0.9 in the fre-
quency range of interest (data not shown).

The results of simulation for the design of the artificial
vasomotor center, Hyap_. sy, are presented in Figure 3. The AP
responses to the external disturbance P; were simulated under
12 different combinations with feedback correction factors.
Without feedback compensation, ie, when both feedback
correction factors were zero, there was no attenuation of the
effect of the external disturbance on AP. Therefore, AP fell
by 20 mm Hg immediately after the imposition of P, (Figure
3A, black line). By contrast, if either or both of the correction
factors were too large, the underdamped oscillatory response
of AP appeared, and the BBS became unstable. On the basis
of these results, K, was set at 1, and K; was set at 0.1, so that
the BBS could quickly and effectively attenuate the effect of
the external disturbance (Figure 3B, red line).

A representative example of the resuits of the perfor-
mance tests of the BBS is shown in Figure 4A. A sudden

Figure 3. Numerical simulations of a feedback controller of the BBS. A stepwise pressure decline with an amplitude of 20 mm Hg is

assumed to be imposed. Results are shown for 12 combinations of proportional (K,) and integral (Kj correction factors. See text for
explanation.
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Figure 4. A, Representative example of
original tracings of STM, AP, CVP, and
heart rate (HR) during 2 episodes of

deflation of the thigh tourniquet produced a rapid progres-
sive fall in AP of =~20 mm Hg within 10 seconds, while
lowering CVP by 2 mm Hg. By contrast, when the BBS
was activated, STM was computed automatically, and the
spinal cord was stimulated appropriately to quickly and
effectively attenuate the drop in AP and CVP. Figure 4B
summarizes the results obtained from 21 patients, demon-
strating effectiveness of the BBS performance in buffering
the AP fall in response to the sudden release of the
tourniquet. As demonstrated in Figure 5, tourniquet release
resulted in an AP decrease of 17+3 mm Hg at 10 seconds,
25*+2 mm Hg at 50 seconds, and 243 mm Hg at100
seconds. By contrast, during real-time execution of the
BBS, the decrease in AP was 922 mm Hg at 10 seconds,
12 mm Hg at 50 seconds, and 0x1 mm Hg at 100
seconds after the deflation. These data indicated that the
BBS significantly attenuated the decrease in AP at these 3
time points and nullified the hypotensive effect of tourni-
quet release within 50 seconds. Similarly, the BBS signif-
icantly suppressed the decrease in CVP within 50 seconds
after the release of the tourniquet.

Discussion

Design of BBS

On the basis of knowledge and technology of bionics, we
previously developed an artificial feedback control system
for automatic regulation of sympathetic vasomotor tone in
animal models of central baroreflex failure.20-22 As a
crucial first step to clinical application, we tested its
feasibility and efficacy in a clinical model of orthostatic

hypotension. A percutaneous epidural catheter approach

rapid progressive hypotension induced
by sudden deflation of a thigh tourniquet
in a patient. When the BBS was inactive
(blue line), AP decreased immediately
after tourniquet release and did not
return to baseline level. By contrast,
when the BBS was activated {red line),
the artificial vasomotor center automati-
cally computed STM and drove an elec-
trical stimulator to restore AP. B, Plots
showing averaged changes in STM, AP,
and CVP after tourniquet release among
21 patients. Data are expressed as mean
(solid line)=SD (dotted line). See text for
explanation.

was established for the monitoring of spinal function
during surgery and for pain management,28 and the lower
thoracic level was selected for spinal cord stimulation
based on earlier reports that the abdominal splanchnic
vascular bed is a major effector mechanism for arterial
baroreflex in animals?32* and humans.25 Although the
percutaneous epidural approach is less invasive than im-
plantation surgery, spinal cord stimulation excites motor
and sensory nerves!222:28 in addition to sympathetic vaso-
motor efferents. Therefore, administration of sufficient
doses of muscle relaxants and analgesics was required
during experimental protocols. Under these conditions, the
dynamic response of AP to STM was easily characterized
by the white noise system identification method. Further-
more, the quantitatively estimated results of transfer func-
tion analysis (Figure 2B) enabled simulation of the effects
of feedback correction factors?’” on performance of the
BBS. As demonstrated in Figure 3, the simulation results
suggested that the specific combination of feedback cor-
rection factors could optimize the performance of the BBS.
On the basis of these results, the feedback correction
factors were determined to allow the BBS to quickly
stabilize AP against the external disturbances.

Efficacy of BBS

The present study utilized a tourniquet-related model of
hypotension?°-3! during general anesthesia’233 to approx-
imate orthostatic hypotension due to central- baroreflex
failure. Except for the change in peripheral vascular
resistance, the hemodynamic changes after tourniquet
deflation are similar to those achieved after upright tilt-

Figure 5. Bar graphs showing changes
in AP (A) and CVP (B) at 10, 50, and 100
seconds after tourniquet release. Imple-
mentation of the BBS (red column) sig-
nificantly attenuated tourniquet-related
falls (blue column) in AP and CVP. Data
are expressed as mean=SD for 21
patients. *Overall P<0.05.
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ing.29:31 For example, tourniquet release results in a rapid
increase in venous pooling in the affected limb with a
subsequent decrease in venous return and cardiac output.
Under general anesthesia with volatile gases such as
sevoflurane,3233 arterial baroreflex function is inhibited,
and the hemodynamic disturbance produced by the tourni-
quet inevitably results in abrupt hypotension. In rare
instances, tourniquet deflation can also trigger fatal circu-
latory collapse.2?

Despite the fact that the BBS was implemented with fixed
values of feedback correction factors for all patients, the BBS
successfully stabilized AP against the hemodynamic chal-
lenge induced by sudden tourniquet release (Figure 4). These
data indicate that the BBS may compensate for some indi-
vidual differences in the dynamic response of AP to STM.

Finally, the CVP response to STM (Figure 4) in the present
study suggests that the BBS attenuated a decrease in venous
return. Previous studies have demonstrated that the
baroreflex-mediated vasoconstriction in the splanchnic vas-
cular bed is a major mechanism for recruitment of venous
return during head-up tilting.??-?* Therefore, the BBS may
functionally mimic the baroreflex control of venous retumn
and control of AP.

Study Limitations

This study possessed several limitations. First, based on
the previous results?°-22 obtained from animal studies, the
stimulation electrodes were placed in the epidural space at
the level of the lower thoracic cord; however, further study
to determine the optimal site of electrode placement would
be of benefit. Second, it is unclear whether or not the
feedback controller designed in the present study is uni-
versally applicable to other cases. Although preset param-
eters for feedback correction were used in the present
study, other approaches based on a robust control theory
could yield a better result. Finally, the epidural catheter
method for sympathetic nerve stimulation is associated
with significant pain and discomfort. Thus, practical use of
the BBS requires an appropriate method for stimulating
only efferent sympathetic nerves.

Clinical Implications
The present study confirmed the efficacy of the BBS in a
clinical setting and suggests that the BBS has tremendous

potential as a new therapeutic modality for treatment of-

severe orthostatic intolerance in patients with various syn-
dromes of central baroreflex failure, including Shy-Drager
syndrome, baroreceptor deafferentation, and traumatic spinal
cord injuries.
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CLINICAL PERSPECTIVE

Central baroreflex failure due to Shy-Drager syndrome, baroreceptor deafferentation, and traumatic spinal cord injuries
results in severe orthostatic hypotension. However, most commonly used interventions, such as salt loading, cardiac pacing,
and pharmacological approaches, can neither restore nor reproduce the functioning of a native vasomotor center. Here, we
proposed a novel therapeutic strategy against central baroreflex failure and developed a bionic baroreflex system (BBS).
The BBS consisted of a pressuré sensor, computer, electrical stimulator, and epidural catheter with sympathetic nerve
stimulation electrodes. While automatically calculating the frequency of a pulse train in response to a change in arterial
pressure, the computer drove the stimulator at the appropriate frequency to stabilize arterial pressure against an external
disturbance. According to a parametric negative-feedback control theory, we designed an algorithm of the computer
functioning as an artificial vasomotor center. The efficacy of the BBS was tested in a clinical model of orthostatic
hypotension during knee joint surgery. Without the implementation of the BBS, a sudden deflation of a thigh tourniquet
resulted in rapid progressive hypotension. By contrast, during real-time execution of the BBS, arterial pressure was quickly
restored to the baseline level before tourniquet release. These results suggest the technical feasibility of functional
restoration of arterial baroreflex with the BBS.
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Abstract

Objective: Tumor necrosis factor (TNF)-« induced in damaged myocardium has been considered to be cardiotoxic. However, the negative
results of RENEWAL and ATTACH prompt us to reconsider the role of TNF-a in cardiovascular diseases. The present study aimed to
evaluate the effects of soluble TNF receptor treatment on myocardial infarction (MI).

Methods: An adenovirus encoding a 55-kDa TNF receptor-1gG fusion protein (AdTNFR1) was used to neutralize TNF-«, and an adenovirus
encoding LacZ (AdLacZ) served as control. In the pre-MI treatment protocol, mice were given an intravenous injection of AdTNFRI or
AdLacZ 1 week before left coronary artery ligation to induce ML In the post-MI treatment pratocol, mice were treated with AATNFR! or
AdLacZ | week after left coronary ligation.

Resuits: Treatment with AATNFRI neutralized bioactivity of TNF-o that was activated afier MI and prevented apoptosis of infiltrating cells
in infarct myocardium. However, pre-MI treatment with AdTNFR1 promoted ventricular rupture by reducing fibrosis with further activation
of matrix metalloproteinase (MMP)-9, - Post-MI treatment with AdTNFR! exacerbated ventricular dysfunction and remodeling, with
enhanced fibrosis of non-infarct myocardium with further MMP-2 activation.

Conctusions: Both pre- and post-MI treatments with AdTNFR1 were deleterious in a mouse MI model. Thus, TNF-a may play not only
toxic but also protective roles in MI.

© 2006 Buropean Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Keywords: Apoptosis; Cytokines; Infarction; Matrix metalloproteinases; Remodeling

1. Introduction cytokine clinical trials, the use of either a soluble TNF

receptor (RENEWAL) {8] or an anti-TNF antibody (AT-
TACH) [9] was not beneficial to patients with heart failure.
Especially, patients who received the high dose (10 mg/kg)
of infliximab (anti-TNF antibody) were more likely to die or
be hospitalized for heart failure than patients in the placebo
group. High doses of anti-TNF antibodies might have
exacerbated the clinical condition of patients with moderate-
to-severe chronic heart failure. These results suggest that
TNF-a may not be exclusively toxic but may be partially
protective in cardiovascular diseases.

Tumor necrosis factor-a (TNF-a) is a proinflammatory
cytokine that exerts a wide range of biological éctivities [1].
TNF-a is induced in the.failing human heart [2], and
considered to be cardiotoxie, because in vitro studies have
shown that TNF-o suppresses cardiac contractility [3],
provokes myocardial hypertrophy [4] and induces apoptosis
in cardiac myocytes [5]. It also has direct effects on the
matrix and collagen framework, and is a potential major
contributor to cardiac remodeling [6,7]. However, in anti-

* Corresponding author. Tel.: +81 92 642 5359; fax: +81 92 642 5374.
E-mail address: kubotat@cardiol. med kyushu-u.acjp (T. Kubota).

Accumulated evidence indicates that cytokines are impor-
tant mediators of wound healing and remodeling after
myocardial infarction (MI). However, the roles of these

0008-6363/$ - see front matter © 2006 European Socicty of Cardiology. Published by Elsevier B.V. All rights reserved.
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cytokines in MI remain controversial. Blockade of these
cytokines has been reported to be beneficial [10-13],
deleterious [14,15], or bidirectional [16,17]. Therefore, the
present study was designed to assess the role of TNF-a
induction in the process of wound healing and cardiac
remodeling after MI.. We used soluble TNF receptors to
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block the bioactivity of TNF-o [18]. Our results indicated that
treatment with soluble TNF receptors prevented apoptosis, but
significantly promoted ventricular. rupture and remodeling
with further activation of matrix metalloproteinases (MMPs)
after MI. These results support the hypothesis that TNF-a may
play not only toxic but also protective roles in ML
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Fig. 1. Multi-probe RNase protection assay for proinflammatory cytokines and chemokines in infarct myocardium on day 3 after MI: a representative assay
(2) and summarized data of densitometric analysis (b). Each value is normalized to that of GAPDH in each template set as an internal control. Cytotoxicity assay
for TNF-« in infarct myocardium using WEHI cell line (c). Electrophoretic mobility shift assay for activation of NF-B in infarct myocardium (d). Values are
mean=SD, TNFR1 (-) indicates pre-MI treatment with AdLacZ; TNFR1 (+), pre-MI treatment with AATNFR1; Sham, sham-operated mice; MI, coronary

ligated mice. *p<0.05 vs. Sham/LacZ mice, Tp<0.05 vs. MI/LacZ mice.
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2. Methods
2.1. Animal model

An MI model was produced in male ICR mice (8~10
weeks old, weighing 35-40 g) by ligating the left coronary
aftery [10,16,19]. Sham operation without coronary artery
ligation was also performed. This study was reviewed by the
Committee of the Ethics on Animal Experiment, Kyushu
University Graduate School of Medical Sciences and
conducted in compliance with the Guideline for Animal
Experiment of Kyushu University and the Japanese Law
(No.105) and Notification (No. 6). The investigation
conforms to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996).

2.2. Experimental design

To block the activity of TNF-a, 10° pfu of replication-
deficient recombinant adenovirus was used, which encodes the
extracellular domain of the human 55-kDa TNF receptor
(soluble TNFR1) coupled with a mouse IgG heavy chain
(AdTNFR1), and has been proven to suppress myocardial
inflammation secondary to TNF-o overexpression in our
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Fig. 2. Kaplan-Meier survival curves of coronary ligated mice with or
without pre-MI TNFR1 treatment (a). Mortality of coronary ligated mice
from congestive heart failure (b) and ventricular rupture (¢). *p<0.05 vs.
M/LacZ mice, 1p<0.01 vs. MI/LacZ mice.

Table 1
Characteristics of animal models (day 3)

Sham/LacZ Sham/TNFR1 MILacZ MITNFR1

(n=16) (n=15) (n=25) (n=26)
Echocardiographic data (under anesthesia)
Heart rate (bpm) 486%26 485+24 49017 48713
LV EDD (mm) 3.4+0.1 3.3x02 3.8£04*% 3.9x0.3%
LV ESD (nmun) 2.2+0.1 2.1x0.1 3.1£0.4% - 32203%
Fractional 341%19 352215 1924£33% 17.6223%

shortening (%)
Infarct wall - -
thickness (imm)
Non-infarct wall
thickness (mm)

0.63+0.09 0.64+0.08

0.81£0.04 0.81+0.04  0.82+0.04 0.80+0.03

Hemodynamic data (tail-cuff system, awake)

Heart rate (bpm) 63053 62354

Systolic blood 112%8 113x7
pressure (mm Hg)

63586
103x11

63692
103211

Organ weight data

Body wt (g) 38.0=14 37.4%20 33.5£2.0% 33.0:2.5%

Lung wt/Body wt  5.17£0.33 5.28%0.24 7.83£2.52% 7.56=1.92%
(mg/g)

Pleural effusion (%) 0 0 20.0 19.2

N 12 12

Infarct area (%) - - 531243  54.7x38

LV, left ventricular; EDD, end-diastolic diameter; ESD, end-systolic
diameter; wt, weight. Values are meanSD. *P<0.05 vs. Sham/LacZ.

previous study [18]. An adenovirus encoding LacZ (AdLacZ)
served as control. To determine the effects of soluble TNF
receptors on early ventricular rupture and late remodeling after
MJ, two independent protocols were performed. In the pre-MI
treatment protocol, four experimental groups were studied:
ShanvLacZ (n=63), Sham/TNFR1 (n=63), MI/LacZ (n=155),
and MI/TNFR1 (#=161). AATNFR1 or AdLacZ was injected
intravenously 1 week before left coronary artery ligation, and
the effects of TNF-a blockade on early ventricular rupture were
examined on days 1, 3 and 14 after ML In the post-MI treatment
protocol, four experimental groups were studied: Sham/LacZ
(n=19), Shan/TNFR1 (n=18), MI/LacZ (n=36), and MV/
TNFR1 (n=38). AATNFR1 or AdLacZ was injected intrave-
nously | week after left coronary artery ligation, and the effects
of TNF-a blockade on late remodeling were examined on day
28 after MI. For both protocols, the mice were randomly
assigned independently to the four experimental groups. Due to
the high mortality in MI groups, the number of MI mice used
was 23 times greater than the number of Sham mice.

2.3. Enzyme-linked immunosorbent assay (ELISA)

Human TNFR1 protein levels were assessed by ELISA
(Quantikine, No. DRT100, R&D Systems) [18].

2.4. RNase protection assay (cytokine gene expression)

Multi-probe RNase protection assays (RPA) were per-
fonmed according to the manufacture’s protocol (RiboQuant,
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Table 2
Characteristics of animal models (day 14)

Sham/LacZ Sham/TNFR1 Ml/LacZ MI/TNFR1
(n=9) (n=10) (n=24) (n=14)

Echocardiographic data (under anesthesia)

Heait rate (bpm) 466=15 46314 459+47 46955

LV EDD (mm) 3.4+0.3 34203 5.5+0.3% 5.5+04*

LV ESD (num) 2.2:+0.3 2.3+0.3 4.8+£0.3* 4.8+04*

Fractional 34.6+2.1 34421 12.522.1%  134=3.0%
shortening (%)

Infarct wall - - 0.27x0.05 0.24:x0.05

thickness (mm)
Non-infarct wall  0.80+£0.00 0.79=:0.04
thickness (min)

0.93+0.08* 0.88+0.08*

Organ weight data
Body wt (g)
Lung wt/Body
wt (img/g)
Pleural cffusion 0 0 95.5 100
(%)

Infarct arca (%) -~ -

39.5£1.7 38125
5.16=032 5.39=0.39

37.3x3.7 35.7£3.7*
10.31+4.00% 9.89x2.77%

58.6x2.2 57.5x1.6

LV, left ventricular; EDD, end-diastolic diamctér; ESD, end-systolic
diameter; wt, weight. Values are mean=SD. *P<0.05 vs. Sham/LacZ.

PharMingen, San Diego, California, USA) using a custom
template set containing probes for murine RANTES, TNF-q,
IL-6, IL-1f3, TGF-f3, monocyte chemotactic protein-1(MCP-
1), L32, and GAPDH (No. 557310) [10,16,18].

2.5. Determination of tissue TNF-a bioactivity

Myocardial TNF-« bioactivity was measured with a
cytotoxicity assay using the TNF-sensitive WEH! murine
fibrosarcoma cell line [11].

2.6. Electrophoretic mobility shift assay (EMSA)

Activation of NF-xB was evaluated by the electrophoretic
mobility shift assay (EMSA) according to the manufacture’s
instructions (Gel Shift Assay System E3300, Promega,
Madison, Wisconsin, USA) [20]. Nuclear protein was
isolated from the myocardium as previously reported [20].
Samples were resolved on a 5% acrylamide gel in 0.25%
Tris—borate—EDTA buffer.

2.7. Echocardiographic and hemodynamic measurements

Echocardiographic studies were performed using an
ultrasonographic system (ALOKA SSD-5500; Tokyo,
Japan) as previously described [10,16,19]. In the pre-MI
treatment protocol, arterial blood pressure and heart rate
were also measured awake on day 3 with the use of a
noninvasive tail-cuff system (BP-98A, Softron). In the post-
MI treatment protocol, a 1.4 Fr micromanometer-tipped
catheter (Millar) was inserted into the left ventricle (LV)
through the right carotid artery to measure LV pressure on
day 28 under anesthesia with 2.5% Avertin (14 pl/g body
weight, IP, Aldrich Chemical Co) [10,16,19].

2.8. Infarct size and pathological analysis

Infarct size was determined by methods described
~reviously for mice [10,16,19]. Briefly, the LV was cut from
pex to base into 4 transverse sections. Infarct length was
measured along the endocardial and epicardial surfaces from
each of the LV sections, and the values from all specimens
were sumimed. Total LV circumference was calculated as the
sum of endocardial and epicardial segment lengths from all LV
sections. Infarct size (in percent) was calculated as total infarct
circumference divided by total LV circumference. Picrosirius
red staining was performed to observe interstitial collagen
fibers and determine collagen volume fraction [10,19].
Collagen volume fraction was measured at 6 fields for each
heart. Myocardial infiltration was quantified by determining
nuclear density (nuclei/mm?®) on hematoxylin and eosin
stained sections [18]. Because it is difficult to differentiate
inflammatory cells from myocytes and/or fibroblasts, all nuclei
were included. In each mouse, six independent high-power
fields were analyzed and averaged. To further determine the
number of macrophages, an immunohistochemical analysis
using a specific antibody against mouse Mac-3 (macrophage
marker, BD Pharmingen) was performed.

2.9. Apoptosis

Apoptosis was evaluated by a ligation-mediated PCR
fragmentation (DNA laddering) assay (Maxim Biotech Inc)
[20]. In addition, LV tissue sections were stained for terminal
deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (TUNEL) to detect apoptotic cell [20]. The number
of TUNEL-positive nuclei was counted, and the data were
normalized per total nuclei identified as hematoxylin-
positive staining in the same sections.

2.10. MMP zymography

Gelatin zymography was performed as previously

‘described [19]. The zymograms were digitized, and the

size-fractionated bands, which indicated the MMP proteo-
lytic levels, were measured as the integrated optical density
in a rectangular region of interest.

2.11. Double immunohistochemical staining for MMP-9 and
Mac-3

Double immunohistochemical staining for MMP-9 (Santa
Cruz Biotech.) and Mac-3 (macrophage marker, BD
Pharmingen) in infarct myocardial sections were performed
by routine protocols at our laboratory to localize MMP-9
with potential MM P-producing cells {21].

2.12. Statistical analysis

The results are presented as mean=SD. Statistical compar-
isons were performed using ANOVA with Students—Newman—
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Keuls post hoc test or unmatched Student’s t-test where
appropriate. When the Levene test for homogeneity of variance
revealed significant differences between groups, nonparametric
tests (Kruskal-Wallis, the Mann—Whitney U test) were
performed on the variables. Survival analysis was performed
by the Kaplan—Meier method, and between-group difference in
survival was tested by the log-rank test. Differences were
considered significant at a p value less than 0.05.

3. Results
3.1. Pre-MI treatment protocol

3.1.1. TNF-a in infarct myocardium '

Plasma levels of human TNFR1 10 days after inoculation
with AdTNFRI (or 3 days after MI or sham operation) were
512.74+93.6 (SD) pg/ml, which were similar to our previous
report [18]. Multi-probe RPA was used to evaluate expression
of proinflammatory cytokines and chemokines in infarct
myocardium 3 days after MI or sham operation (Fig. 1a).
Transcript levels of TNF-o, [L-13, IL-6, TGF-g, MCP-1, and

a Sham

RANTES were significantly up-regulated in infarct myocar-
dium, and were not affected by treatment with TNFR]
(Fig. 1b). However, as summarized in Fig. lc, cytotoxic
activity of TNF-o, which was significantly increased in
infarct myocardium, was significantly attenuated by treat-
ment with TNFR1. To examine the downstream signals of
TNF-o, activation of NF-kB was evaluated in infarct
myocardium on day 3 using EMSA. As shown in Fig. 1d,
increased activation of NF-«B in infarct myocardium was
attenuated by TNFR] treatment (#=4 per group).

3.1.2. Increased ventricular rupture with TNFR1 treatment

Survival analysis was performed in four groups of mice,
including Sham/LacZ, Sham/TNFR1, MI/LacZ, and MV/
TNFRI1. Mice that died within 12 h after the operation were
excluded, because early operative mortality was not different
between MU/LacZ (23.2%) and MI/TNFR1 mice (21.8%).
No mice died after sham operation. In contrast, as shown in
Fig. 2a, 19 0of 43 MI/LacZ and 29 of 43 MI/TNFR1 mice died
by the end of 2 weeks after coronary ligation. Statistical
analysis indicated that pre-MI treatment with soluble TNF
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Fig. 3. Apoptosis assay in infarct myocardium on day 3 after MI: DNA laddering assay image (), representative images of TUNEL staining (b), and summarized
data for density of TUNEL-positive cells (c). Values are mean= SD. Arrows indicate TUNEL-positive cells; TNFR (=), pre-MI treatment with AdLacZ; TNFR1
(+), pre-MI treatment with AdTNFR1; Sham, sham-operated mice; MI, coronary ligated mice. *p<0.05 vs. Shar/LacZ mice, 1p<0.05 vs. MI/LacZ mice.
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receptors significantly increased the mortality after Ml
(p<0.05). The cause of death was classified as either
congestive heart failure or ventricular rupture, because no
mice died without congestion (pleural effusion and increased
lung weight) or blood clot in the pericardial sac. Although
mortality presumably due to congestive heart failure was not
different between MI/LacZ and MI/TNFR] mice (Fig. 2b),
mortality due to ventricular rupture was significantly higher
in MI mice treated with TNFR1 (Fig. 2¢). To elucidate the
mechanisms by which pre-Ml TNFR1 treatment promotes
ventricular rupture, the following studies were performed.
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3.1.3. No differences in hemodynamic parameters or infarct
size

Hemodynamic parameters and infarct size on days 3 and
14 after MI are summarized in Tables | and 2, respectively.
Echocardiography revealed that both end-diastolic and end-
systolic dimensions as well as non-infarct wall thickness
increased progressively after M, with significant decreases
in fractional shortening and infarct wall thickness. These
changes in echocardiographic parameters were not affected
by treatment with TNFRI1. Furthermore, infarct size was
similar in Ml/LacZ and MI/TNFR1 mice. Because neither
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Fig. 4. Pathological analysis of the infarct myocardium: representative micrographs of hematoxylin—cosin staining (a), summarized data for total ccll density on
days 1 and 3 after M1 (b), representative micrographs of immunohistochemical staining for mouse Mac-3 (c), and summarized data for density of Mac-3-positive
cells on day 3 after MI (d). Values are mcan=SD. Arrows indicatc Mac-3-positive cells; TNFR1 (=), pre-MI treatment with AdLacZ; TNFRI (+), pre-MI
treatment with AdTNFR1; Sham, sham-operated mice; MI, coronary ligated mice. *p<0.05 vs. Sham/LacZ miice, 1»<0.05 vs. MI/LacZ mice.
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heart rate nor systemic blood pressure was affected by
TNFRI treatment, increased ventricular rupture in MY/
TNFR1 mice was not attributable to increased afterload or
wall stress.

3.1.4. Reduced apopiosis and retention of infiltrating
macrophages

DNA laddering assay indicated that apoptosis, which
increased substantially in infarct myocardium, was markedly
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Ml

MMP-2

10 ym

decreased by TNFR1 treatment (Fig. 3a). TUNEL staining
was performed to identify apoptotic cells on day 3. TUNEL-
positive cells were mostly infiltrating mononuclear cells
besides neutrophils and myocytes (Fig. 3b). As summarized
in Fig. 3c, treatment with TNFRI! significantly reduced
TUNEL-positive cells in infarct myocardium.

Hematoxylin and eosin staining was performed to evaluate
infiltration of inflammatory cells. Marked infiltration of
inflammatory cells was observed in infarct myocardium
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Fig, 5. Collagen volume analysis of the infarct myocardium on day 3 afier MI: representative micrographs of Picrosirius red staining (a) and summarized data for
collagen volume fraction (b). Gelatin zymography for MMP-2 and MMP-9 in infarct myocardium on day 3 after MI: representative gel (c) and summarized data
for densitometric analysis (d). Each value is expressed as the ratio to the average of MMP-2 in Sham/LacZ mice. Double immunohistochemical staining for
mouse Mac-3 and MMP-9 in infarct myocardium on day 3 after M1 (¢). Values arc mean=SD. Arrows indicate both Mac-3- and MMP-9-positive cells; TNFR1
(), pre-MI treatment with AdLacZ; TNFR1 (+), pre-MI treatment with AdTNFR1; Sham, sham-opcrated mice; ML, coronary ligated mice. *p<0.05 vs. Sham/

LacZ mice, T<0.05 vs. MI/LacZ mice.



