Basic Res Cardiol 102:209-216 (2007)

DOI 10.1007/500395-006-0629-9

DR T e L AT NG T e ST (e

Naoto Fukuyama
Etsuro Tanaka
Yasuhiko Tabata
Hisanori Fujikura
Masao Hagihara
Hiromi Sakamoto
Kiyoshi Ando
Hiroe Nakazawa
Hidezo Mori

Received: 18 April 2006

Returned for 1. revision: 21 June 2006
1. Revision received: 11 September 2006
Accepted: 9 October 2006

Published online: 27 October 2006

N. Fukuyama (B) - H. Fujikura -

M. Hagihara - K. Ando - H. Nakazawa
Depts. of Physiology, Internal Medicine
and Center for Regenerative Medicine
Tokai University School of Medicine
Isehara, 259-1193, Japan

Tel.: +81-463/93-1121

Fax: +81-463/93-6684

E-Mail: fukuyama@is.icc.u-tokai.ac.jp

E. Tanaka

Dept. of Nutritional Sciences

Tokyo University of Agriculture

Tokyo, Japan

Y. Tabata

Research Center for Biomedical
Enginecering

Kyoto University

Kyoto, Japan

H. Sakamoto

Genetics Division

National Cancer Center Research Institute
Tokyo, Japan )

H. Mori

National Cardiovascular Center Research
Institute

Suity, Japan

PR 52

i\i)breviafi;ons‘ ;nd acronyms

ANOVA = analysis of variance

FGF4 = fibroblast growth factor-4
GFP = green fluorescent protein
pl = isoelectric point

AR e BT BT SR R

ORIGINAL CONTRIBUTION

Intravenous injection of phagocytes
transfected ex vivo with FGF4 DNA/
biodegradable gelatin complex promotes
angiogenesis in a rat myocardial
ischemia/reperfusion injury model

{7 Abstract Conventional gene therapies still present difficulties due to
poor tissue-targeting, invasiveness of delivery, method, or the use of viral
vectors. To establish the feasibility of using non-virally ex vivo transfected
phagocytes to promote angiogenesis in ischemic myocardium, gene-trans-
fection into isolated phagocytes was performed by culture with positively
charged gelatin impregnated with plasmid DNA. A high rate of gene trans-
fection was achieved in rat macrophages and human monocytes, but not in
mouse fibroblasts. The efficiency was 68+11% in rat macrophages and
78+ 8% in human monocytes. Intravenously injected phagocytes accumu-
lated predominantly in ischemic tissue (1318 %) and spleen (84 £ 6%), but
negligibly in other organs in rodents. The efficiency of accumulation in the
target ischemic tissue reached more than 86 % on direct local tissue injec-
tion. In a rat model of myocardial ischemia-reperfusion, intravenous injec-
tion of fibroblast growth factor 4 (FGF4)-gene-transfected macrophages sig-
nificantly increased regional blood flow in the ischemic myocardium
(78+7.1 % in terms of flow ratio of ischemic/non-ischemic myocardium)
compared with intravenous administration of saline (36 +119%) or non-
transfected macrophages (42+12%), or intramuscular administration of
naked DNA encoding FGF4 (75+18%). Enhanced angiogenesis in the is-
chemic tissue we confirmed histologically. Similarly,intravenous injection of
FGF4-gene-transfected monocytes enhanced regional blood flow in an is-
chemic hindlimb model in mice (93+22%), being superior to the three
other treatments described above (38+12, 39+ 15, and 55+ 12 %, respec-
tively). '

Phagocytes transfected ex vivo with FGF4 DNA/gelatin promoted angio-
genesis. This approach might have potential for non-viral angiogenic gene
therapy.

£ Key words angiogenesis — cells — gene therapy - growth substances - -

ischemia

Introduction

Conventional gene therapies still require improvement
with regard to transfection efficiency and safety [1,2],as
well as tissue targeting {3], despite recent advances.

Achievement of a high transfection rate often requires a
viral vector, but the safety of the viruses has not yet been
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established [4-6]. Conventional non-viral vectors seem
to be inferior to viral ones in transfection efficiency, ex-
cept for nucleofection [7, 8]. Conventional gene therapy
using a viral vector can induce inflammation in the
gene-transduced tissue [9]. Moreover, in vivo gene-de-
livery to the localized target tissue usually necessitates
invasive approaches. For example, direct gene-transfec-
tion to cardiomyocytes requires surgical operation [10]
or cardiac catheterization [11,12]. On the other hand, ex
vivo gene-transfection is less invasive, but tissue-target-
ing by intravenous injection is difficult to achieve [3].

Macrophages accumulate in ischemic tissue based on
the mechanism of immune response (chemotaxis) [13].
This suggests that intravenous transplantation of
macrophages may target the ischemic tissue in vivo.
Tabata etal. previously reported that gelatin particles
are phagocytized by macrophages [14, 15]. The isoelec-
tric point (pl) of gelatin can be changed by modification
of its residues, and positively charged gelatin can be im-
pregnated with negatively charged substances [16] such
as nucleic acid [17]. Thus, gelatin may be suitable as a
vector for transfecting phagocytes ex vivo.

We describe here a study aimed at examining the fea-
sibility of a new concept for less invasive, cell-based gene
therapy, by means of ex vivo gene transfection into iso-
lated phagocytes (macrophages and monocytes) using a
non-viral vector, gelatin, followed by intravenous injec-
tion of the transfected phagocytes. The present method
has significant advantages over conventional cell-based
gene delivery [18,19],in that the intravenously injected
cells (phagocytes) not only produce protein from the
transfected gene, but have a tissue-targeting ability.

LR LRI SIS TH L S Tuh WL Lo Tl hmEe . L A . AT ER T

Methods

This study was performed in accordance with the Guide-
line of Tokai University School of Medicine on Animal
Use, which conforms to the NIH Guide for the Care and
Use of Laboratory Animals (DHEW publication No.
(NIH) 86-23, Revised 1985, Offices of Science and Health
Reports, DRR/NIH, Bethesda, MD 20205).

i . Animals

A total of 121 Fisher rats (male, 10 weeks old, Clea Japan
Inc., Tokyo) and 61 nude SCID mice (male, 6 weeks old,
Shizuoka Animal Center; Shizuoka, Japan) were used.
Rats were anesthetized by inhalation of diethyl ether for
harvesting macrophages and with isofluren (1.5-3%)
for thoracotomy, after which they were mechanically
ventilated with a mixture of oxygen and nitrous oxide.
Mice were anesthetized by intraperitoneal injection of
sodium pentobarbital (40 mg/kg).

A model of myocardial ischemia-reperfusion injury

© Steinkopff Verlag 2006
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was prepared in 41 rats. The remaining 80 rats were used
for collecting activated macrophages. The heartwas ex-
posed via thoracotomy, and the proximal left anterior
descending coronary artery was ligated [20] for 180 min,
followed by reperfusion. A model of hindlimb ischemia
was prepared in 61 mice. The left femoral artery was lig-
ated and resected [21].

¢ Cells

Macrophages were obtained from 80 rats. Thioglycolate
(4%, 8 ml) was injected into the peritoneal cavity,and af-
ter 4 days, peritoneal macrophages were collected [22].
Monocytes were obtained from peripheral blood of
healthy volunteers. Leukocyte-rich plasma was obtained
by dextran 500 sedimentation and layered onto Nyco-
prep 1.068 (Nycomed, Birmingham, UK). The mono-
cyte-containing layer was aspirated, washed twice and
allowed to adhere to the dish for 90 minutes. Fibroblasts
(NIH 3T3, Invitrogen Corporation, Carlsbad, CA) were
also used. The cells were resuspended in RPMI 1640
medium (Sigma) containing 5% heat-inactivated fetal
calf serum and cultured for 7-14 days. The cell viability
and type were determined by trypan blue exclusion and
byimmunostaining using anti-macrophage antibody up
to 14 days.

¢ Genes and vector

Complementary DNA (cDNA) of green fluorescent pro-
tein (GFP), Renilla luciferase or human hst1/FGF4
(FGF4) [17] was inserted into the expression vector
pRC/CMYV (Invitrogen Corporation, Carlsbad, CA) and -
the constructs were designated as pRC/CMV-GFP,
pRC/CMV-luciferase and pRC/CMV-HST1-10, respec-
tively. Preparation and purification of the plasmid from
cultures of pRC/CMV-GFP-, pRC/CMV-luciferase-, or
pRC/CMV-HST1-10-transformed Escherichia coli were
performed by equilibrium centrifugation in cesium
chloride-ethidium bromide gradients.

Gelatin was prepared from porcine skin [14]. After
swelling in water the gelatin particles used in this study
were spheroids with a diameter of approximately
5-30 pm, water content of 95%, and pI of 11. Gelatin
(2mg) was incubated with 50 ug of the plasmid for 7
days at 4 °C to make a gelatin-DNA complex [14].

% Experimental protocols

Ex vivo gene transfection Macrophages, monocytes,
and fibroblasts (1 x 10¢) were cultured with the gelatin-
DNA complex (2 mg of gelatin plus 50 ug of DNA) for 14
days on a culture dish (100 mm in diameter). Gene ex-
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pression of GFP was evaluated by fluorescence mi-
croscopy and fluorescence-activated cell sorting. Lu-
ciferase activity in the cell lysate was evaluated with a
photon counter system after cell lysis [23].

Organ distribution of phagocytes injected intravenously
and directly into ischemic muscle To examine tissue-
targeting by intravenous injection of transfected phago-
cytes, the distribution of the cells into organs was evalu-
ated by immunohistochemistry. In the rat model of
myocardial ischemia-reperfusion injury, the GFP-gene-
transfected macrophages (1.0 x 10°% each) were injected
into the superficial dorsal vein of the penis at the initia-
tion of reperfusion (n=7 and 5, respectively). In the
mouse model of hindlimb ischemia, the GFP-gene-
transfected monocytes (1.0 x 10°) were injected into the
caudal vein 14 days after induction of ischemia (n=5).
To examine the tissue-targeting by direct local injection
of transfected phagocytes, the distribution of the cells
into organs was also evaluated. In the' rat model of myo-
cardial ischemia-reperfusion injury (n=7) and the
mouse model of hindlimb ischemia (n=35), the same
numbers of transfected macrophages and monocytes
were directly injected into ischemic myocardium and is-
chemic skeletal muscle, respectively. Tissue samples
were obtained 24 hours after cell administration. Each
tissue was homogenized and cytospin was performed.
Immunohistochemical analysis was done with anti-GFP
antibody (CLONTECH, USA. GFP-monoclonal anti-
body). GFP positive macrophages were counted in each
tissue and expressed as a percentage of total GFP-posi-
tive cells.

Amelioration of ischemia by intravenous injection of an-
giogenic gene-transfected phagocytes The angiogenic
effect of intravenously injected FGF4-gene-transfected
phagocytes on the ischemia models was evaluated. In
the rat model of myocardial ischemia-reperfusion in-
jury, FGF4-gene-transfected macrophages (n=5), non-
transfected macrophages (1.0 x 10° each) {n=35), or
saline (n=5) were injected into the superficial dorsal
vein of the penis, or naked FGF4-DNA (50 pg) was in-
jected directly into the ischemic myocardium (n =5}, at
the initiation of reperfusion. Fourteen days after the cell
administration, blood flows in the ischemic and non-is-
chemic regions in the heart were evaluated with a non-
contact laser Doppler flowmeter (FLO-N1, Omegawave
Corporation). Then, tissue samples were obtained and
histological analysis was performed. In a mouse model
of hindlimb ischemia, just after induction of ischemia,
FGF4-gene-transfected monocytes (n=15), non-trans-
fected monocytes (n=8) (1.0 x 10° each), or saline
(n=10) were injected into the caudal vein, or naked
FGF4-DNA (50pg) was injected directly into the is-
chemic muscle (n=12).Fourteen days after induction of
ischemia, blood flows in the limbs were evaluated with

s e

the noncontact laser Doppler flowmeter (FLO-N1,
Omegawave Corporation).

1 Histology

Ten micrometer sections were cut from formalin-fixed,
paraffin-embedded tissue. Two sections were used for
H.E. staining and azan staining, and eight sections were
used for immunohistochemical staining. Immunohisto-
chemical staining was performed by an indirect im-
munoperoxidase method. Anti-GFP antibody, anti-
Macl antibody (BMA Biomedicals Ag, Switzerland),and
anti-CD31 antibody (Serotec, UK) were used as primary
antibodies. Macl-antigen is specific to macrophages/
monocytes. Anti-Ig, peroxidase-linked species-specific
F(ab’)2 fragments (Amersham Pharmacia Biotech UK
Ltd., UK), were used as a secondary antibody. Double
staining was performed with alkaline staining and per-
oxidase staining. The vessel density stained with von
Willebrand factor-antibody was calculated by morpho-
metric assessment in one 16 randomly selected fields of
each heart and expressed as number/mm?.

7! Statistical analysis

Data are presented as mean values + SD. Ditferences
were assessed by using ANOVA (analysis of variance)
with the Scheffe’s multiple comparisons test. A value of
P < 0.05 was considered statistically significant.

L A RN PR R o e T 4 Sat T T e R T

Results
. Exvivo gene transfection

We studied whether genes could be transfected into iso-
lated rat macrophages, human monocytes, and mouse
fibroblasts ex vivo by using gelatin. Transfection of the
GFP gene into isolated rat macrophages (Figs. 1A and B)
and human monocytes (Figs.1C and D), but not into
mouse fibroblasts (data not shown), was achieved by
culture with gelatin-DNA complex for 14 days. The gene
transfection efficiency into rat macrophages was
68+ 119% (30 experiments, Fig. 2A) and that into human
monocytes was 78+ 8% (30 experiments) as deter-
mined with a fluorescence activated cell sorter. Sequen-
tial analysis after luciferase-gene transfection into rat
macrophages revealed high expression after 14 days of
culture (Fig. 2B).
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Fig.1 Fluorescent presentation of ex vivo gene transfection with gelatin-DNA complex in macrophages/monocytes as well as fibroblasts. Rat macrophages (A and B) and
hyman monocytes (C and D) were cultured with gelatin-GFP-gene complex for 14 days. Transmittance microscopic images (A and ) and fluorescence images (B and D) of
the cells are shown. Macrophages (B) and monocytes (D) show fluorescence due to GFP. Arrowheads indicate GFP-expressing cells. Arows indicate gelatin particles them-

selves. Bars = 20pm

‘4 Organ distribution of phagocytes injected
intravenously or directly into ischemic muscle

We studied quantitatively whether intravenously in-
jected luciferase-gene-transfected phagocytes could tar-
get ischemic tissues (the third and fifth columns from
the left in Tablel). In non-ischemic rats, the injected
macrophages were recognized almost exclusively in the
spleen (98 £4%) (n=7, the second column in Table1).
In non-ischemic mice, similar results were observed
(n=7, data not shown). In a rat with myocardial is-
chemia-reperfusion injury, some of the intravenously
injected macrophages were incorporated into the heart
(the third column in Table 1). The incorporation into the
post-ischemic pericardium amounted to 13+ 6% (n=7)
(non-ischemic rats 0+ 0%, n=7, Table 1). The incorpo-

rated cells expressed GFP (Fig. 3). Fibrosis with inflam-
matory infiltrates was recognized in the anterior wall of
the left ventricle, extending to the interventricular sep-
tum (Figs. 3A and B). These infiltrates were mainly poly-
morphonuclear leukocytes and macrophages (Figs.3C
and D). Approximately 20 % of the macrophages showed
GFP-positivity in this area (Figs. 3E and F). Similar tis-
sue-targeting by intravenously injected monocytes was
confirmed in a mouse model with hindlimb ischemia
(13+£7%, n=7, the fifth column in Table1). Further-
more, we studied whether local intramuscular injection
increased the degree of tissue targeting (the fourth and
sixth columns from the left in Table 1). After direct in-
jection of phagocytes into ischemic muscle, 86+ 10%
and 88+ 6% of the cells remained in the target tissue in
the two models. Thirteen and 11% of phagocytes in-
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Fig.2 Quantitative assessment of gene transfection into rat macrophages. (A}
Fluorescence-activated cell sorting analysis of transfected macrophages done on
day 14 of culture with reference to GFP-positive and Mac1-pesitive cells. (B) Se-
quential changes of luciferase activity in cultured macrophages in the presence of
luciferase-gene-gelatin complex. Values are mean + SD. The number of experi-
ments is shown in parentheses

jected into the cardiac or hindlimb muscle migrated to
the spleen. In the other organs, accumulation of phago-
cytes were negligible.

= Amelioration of ischemia by intravenously injected
angiogenic-gene-transfected phagocytes

In the rat model with myocardial ischemia-reperfusion
injury, we studied the angiogenic effect of intravenously
injected macrophages transfected with fibroblast growth
factor 4 (FGF4) gene by using gelatin. Intravenous injec-
tion of these macrophages (1.0 x 10} significantly in-
creased the regional blood flow in the ischemic my-
ocardium (78+7.1%, n=38, in terms of flow ratio of

Table 1 Organ distribution of phagocytes injected into the vein and into local tis-
sue : .

organ: - Normal - Myocardial  Myocardial Hindlimb. - Hindiitnb

: . : ©odnjury o injury - ischernia . i$chemia’

dve i o cime T T

o ) () - -(lrat) . (T mice) {7 mice).
Heart 00 1316 86+10 00 00
Hindlimbmusde 040 00 0+0 13+7 886
Spleen 98+4 84:+6 13+10 846 116
Lung tx2 1x1 12 1£2 11
Liver 1+2 141 1+1 1+2 1+1
Brain 00 00 010 00 0+0
Kidney 0£0 00 0+0 0+0 0+0
Intestine 0+0 00 00 0+0 0+0

Each value shows a distributien ratio (%) into organs of transfected macrophages/
monocytes (mean + SD). i.v. intravenous injection into the vein; i.m. direct injection
into the jeopardized muscle

ischemic/non-ischemic myocardium) compared with
the other three treatments (P < 0.05, ANOVA), that is, in-
travenous administration of saline (35% 10%,n = 8),in-
tramuscular administration of naked DNA encoding
FGF4 (50 pg, direct intramyocardial injection after tho-
racotomy) (58 5.3 %, n=8), and intravenous adminis-
tration of the same number of non-transfected macro-
phages (42 +£12%,n = 8) (Fig. 4A). Histological analyses
revealed angiogenesis in the ischemic tissue after the ad-
ministration of transfected cells (Figs. 4B and C). Similar
results were observed in the mouse model with hindlimb
ischemia. Intravenous injection of FGF4-gene-trans-
fected monocytes (1.0 x 10°) enhanced regional blood
flow in the ischemic leg (Fig. 4D). The increase of blood
flowin the micewith transfected monocytes (93 +22%in
terms of flow ratio of ischemic/non-ischemic leg) was
significantly larger than those obtained with the other
three treatments described above (38+12,55+ 12, and
39+15%, P<0.05, ANOVA). Neither lymph node
swellingin any part of the body nor pathologic change in
the spleen or tung,such as angioma or abnormal immune
response, was found in any of the animals.

B - T

Discussion

The advantages of the present method are as follows.
First, genes can easily be transfected into phagocytes
(macrophages/monocytes). In - preliminary experi-
ments, we found that genes can also be transfected into
endothelial progenitor cells [25]. Compared with other
transfection method, the transfection efficiency was
high (68+11%) and it is not necessary to use a poten-
tially hazardous viral vector [2, 26, 32]. Second, the
phagocytes can target the pathologic tissues by chemo-
taxis even after intravenous injection, and higher tar-
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geting is available if they are administered locally. The
injection is repeatable, We confirmed that the angio-
genic gene-transfected phagocytes enhanced angiogen-
esis after ischemia-reperfusion injury in rat heart and
ameliorated ischemia in a mouse hindlimb model.

The injected phagocytes migrated into pathologic
tissues, presumably in response to the release of cy-
tokines such as monoeyte chemoattractant protein 1 by
injured endothelial cells {27]. Adhesion molecules such
as P-selectin [28] are probably involved in the recruit-
ment of phagocytes to the vessel wall. The injected
phagocytes also migrated to the spleen, but no patho-
logic change was found in the spleen,

The present method has several advantages over con-
ventional methods of cell-based gene therapy such as fi-

© Steinkopff Verlag 2006

Fig.3 Incorporation of injected macrophages into the heart. GFP-transfected
macrophages were injected into the vein in a rat model of myocardial ischemia-
reperfusion injury. (A, B) Low-resolution images of ischemic myocardial tissue with
hematoxylin-eosin staining and azan staining, respectively. /VS the interventricular
septum; LV the left ventricular free wall; RV the right ventricular free wall. Original
magnification x 20. Bars =500 ym. (C, D) Medium-and high-resolution images of
ischemic myocardial tissue with hematoxylin-eosin staining. Original magnifica-
tion x 100 and % 300; Bars= 100 and 20}im, respectively. (E, F) Double immuno-
histochemical stainings of GFP- (red) and'Mac1- (blue) antigens. Arrow indicates a
GFP- and Mac1-antigen double-positive cell and arrowhead a Mac 1-antigen sin-
gle-positive cell. Original magnification %100 and x400; Bars =100 and 10pum,
respectively. (G) The time course of GFP-transfected macrophages (Mep) accumu-
lation into heart :

broblast-based and smooth’ muscle cell-based ap-
proaches 18,19, 33, 34]. For gixample, monocytes do not
aggregate in vessels, while fibroblasts or smooth muscle
cells cannot be injected intravenously because of aggre-
gation. The transfected phagocytes not only synthesize
protein from the transfected gene, but also are partially
targeted to the impaired tissue. In addition, the trans-
fection rate was better than those of methods such as
lipofection, viral vectors and electroporation [26, 29].
The newly developed technique of nucleofection has a
transfection efficiency of 40-70% [30], which is similar
to that of our method, but our procedure is easier to use
{30, 31]. Further, the therapeutic effect obtained here
was superior to that of conventional gene therapy which
we reported previously, i.e., intramuscular injection of
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Fig.4 Therapeutic effects of angiogenic-gene-transfected phagocytes on is-
chemia. FGF4-transfected macrophages were injected into the vein or naked DNA
encoding FGF4 was injected directly into the myocardium in a rat model of my-
ocardial ischemia-repetfusion injury (A-€). FGF4-transfected monocytes were in-
jected into the vein or naked DNA encoding FGF4 was injected directly into the is-
chemic muscle in a mouse model of hindlimb ischemia (D). (A) Relative blood flow
in the ischemic myocardium. Each flow represents a relative value with respect to
non-ischemic region. The number of animals is shown in parentheses. (B) Quan-
tification of vessel density in the ischemic myocardium. The number of observation
fields is shown in parentheses. {€) Immunohistochemical staining in the ischemic
myocardium with anti-CD31 antibody. (D) Relative blood flow in the ischemic leg.
Each flow represents a relative value with respect to non-ischemic leg. The number
of animalsis shown in parentheses. Contro! represents animals injected with saline
into the vein; DNA naked DNA encoding FGF4 was injected directly intothe ischemic
muscle; non-Tf non-transfected phagocytes wete injected intravenously, 7f FGF4-
gene-transfected phagocytes were injected intravenously. Values are mean =+ SD.
P < 0.05 vs *Cont, tDNA, and #non-Tf (ANOVA)
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Abstract Catrocollastatin/vascular apoptosis-inducing protein
(VAP)2B is a metalloproteinase from Crotalus atrox venom,
possessing metalloproteinase/disintegrin/cysteine-rich (MDC)
domains that bear the typical domain architecture of a disintegrin
and metalloproteinase (ADAM)/adamalysin/reprolysin family
proteins. Here we describe crystal structures of catrocollasta-
tin/lVAP2B in three different crystal forms, representing the
first reported crystal structures of a member of the monomeric
class of this family of proteins. The overall structures show
good agreement with both monomers of atypical homodimeric
VAP1. Comparison of the six catrocollastatin’'VAP2B monomer
structures and the structures of VAP reveals a dynamic, modu-
lar architecture that may be important for the functions of
ADAM/adamalysin/reprolysin family proteins.

© 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: ADAM; Adamalysin; Reprolysin; MDC protein;
Metalloproteinase disintegrin; Apoptotic toxin

1. Introduction

Hemorrhagic snake venoms induce local and systemic hem-
orrhaging by disrupting the walls of the bleod vessels in enven-
omed patients [1]. In vitro, they induce apoptosis specifically in
cultured vascular endothelial cells [2]. Vascular apoptosis-
inducing protein (VAP)1 and VAP2 were eriginally isolated
from Crotalus atrox venom [3,4), and similar apoptotic toxins
have been isolated from other snake venoms [5-7]. VAPl is a
disulfide-bridged homodimeric protein with an apparent
molecular weight of 110 kDa, and an isoelectric point of 8.5.
VAP2 is a single chain protein with a MW of 55kDa and an
isoelectric point of 4.5 [3.4,8]. VAPs are members of the P-III
class of snake venom metalloproteinases (SVMPs), possessing
a metalloproteinase/disintegrin/cysteine-rich (MDC) domain
architecture typical of a disintegrin and metalloproteinase
(ADAM)/adamalysin/reprolysin family proteins [9,10}. VAP-
induced apoptosis is dependent on its catalytic activity [8], is

*Corresponding author. Fax: +81 6 6872 7485.
E-mail address: stakeda@ri.ncve.go.jp (S. Takeda).

Abbreviations: ADAM, a disintegrin and metalloproteinase; MDC,
Metalloproteinase/disintegrin/cysteine-rich; SVMP, Snake venom
metalloproteinase; HVR, Hyper-variable-region; ncs, Non-crystallo-
graphic symmetry; VAP, Vascular apoptosis-inducing protein; PEG,
Polyethyleneglycol

inhibited by antibodies to integrins a3, a6, f1 and CD9 [11],
and involves activation of specific caspases [12]. However, the
physiological targets of VAPs and the underlying mechanism
of VAP-induced apoptosis remain elusive.

ADAMSs are a family of mammalian membrane-anchored
glycoproteins that have been implicated in the processing of cell
surface and extracellular matrix proteins [13,14}. The crystal
structures of several P-I class SVMPs, which contain only a
metalloproteinase (M)-domain, and the isolated M and disinte-
grin/cysteine-rich (DC) domains of ADAMs have been deter-
mined [15-18). However, structures of ADAM/adamalysin/
reprolysin family proteins that include the entire MDC domain
have not been determined. The relevance of the multidomain
structure to the catalytic and adhesive functions of this family
of proteins is an important issue that remains to be elucidated.
To better understand the structure—function relationship of
ADAM/adamalysin/reprolysin family proteins, and how it
relates to the molecular mechanism of VAP-induced apoptosis,
we have been engaged in crystallographic studies of VAPs.
Recently, we determined the crystal structure of VAP], reveal-
ing the MDC domain architecture for the first time [19].
Although the intrinsic two-fold symmetry of atypical homodi-
meric VAP1 conferred a great advantage for both its crystalli-
zation and structural resolution, the possibility remained that
the spatial arrangement of the MDC domains of VAP1 differed
from that of monomeric SVMPs and ADAMs, due to crystal-
lographic restraints imposed on the molecule. The majority of
ADAMs and SVMPs do not to form VAP1-type dimers, most
likely due to the lack of a consensus QDHSK sequence [19] (res-
idues 320-324 in VAP], in which the N{ atom of Lys324 is
coordinated by the six oxygen atoms of another monomer and
plays a pivotal role in dimer formation), and Cys365, which
are conserved among the dimeric SVMPs (Supplementary
Fig. 1). Therefore, to elucidate the general architecture of pro-
teins of the ADAM/adamalysin/reprolysin family, we crystal-
lized VAP2 and determined its structure. We modeled all of the
structures asmonomers of VAP2B, which is identical to catrocol-
lastatin, a protein previously isolated as a platelet aggregation
inhibitor [20]. Here we describe the structure of catrocollastain/
VAP2B, as determined in three different crystal forms. These
are the first reported crystal structures of the monomeric class
of proteins in ADAM/adamalysin/reprolysin family.

2. Materials and methods

Protein preparation and crystallization were performed as previ-
ously described [21]. The diffraction data sets were collected at the

0014-5793/$32.00 © 2007 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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SPring-8 beamline BLAIXU using the ADSC quantum 315 CCD
detector with a wavelength of 1.0 A at 100 K. Images were reduced
using HK1.2000 [22] (Table 1). Structures were solved using the molec-
ular replacement (MR) method and the MOLREP program of the
CCP4 suite [23], with the structure of VAP1 (2ERO) as a starting mod-
el. The M- and C-domains of the VAP] were used separately as the
search models. An MR solution was initially obtained from the Form
2-2 crystal data set, which assumed two M-domains and two C-do-
mains in the asymmetric units. After the model was manually rebuilt
using TURBO-FRODO {24], it was subjected to torsional molecular
dynamic refinements using CNS [25]. Iterative refinements and manual
rebuilding of the model improved the electron-density map and en-
abled us to model the remaining part of the molecule. The composite
omit electron-density maps created by CNS were used to confirm the
chain tracing. After the polypeptide chains were modeled, we modeled
zinc and calcium ions and the inhibitor GM6001 (3-(N-hydroxycarb-
oxamide)-2-isobutyl-propanoyl-Trp-methylamide), then the compo-
nents of the carbohydrate chain linked to Asn371.

The two monoclinic crystal structures were solved by MR with the
domains of the refined Form 2-2 crystal structure as a starting model.
In all three crystal forms, the asymmetric unit contained two mono-
mers of catrocollastatin/VAP2B. Refinement statistics are shown in
Table 1. During the course of our analysis, we found a point mutation
(F203V) in the crystallized specimens. By comparing the structures
with that of VAP1, which has a phenylalanine at this position, we
determined that this mutation does not introduce a large structural
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change or affect the flexibility of the molecule. Graphical representa-
tions were prepared using the programs TURBO-FRODO [24], MOL-
SCRIPT [26), RASTER3D [27] and PyMOL [28].

3. Results and discussion

3.1. Structural determination

Purified VAP2 was crystallized in variety of forms [21]. In
the current study, we determined the structures of three of
these crystal forms. Previously, we observed that the VAP2
preparation is a mixture of two homologous polypeptide
chains, VAP2A and VAP2B (29]. To identify the molecules
in the crystals as either VAP2A or catrocollastatin/VAP2B,
we carefully analyzed the composite omit electron-density
maps corresponding to the 11 amino acid residues that are dis-
tinct between the two proteins (Supplementary Fig. 1). Based
on this assessment, the major component in the three crystals
was determined to be catrocollastain/VAP2B. Therefore, in the
present study, we modeled all six molecules as catrocollastain/
VAP2B. The indole ring of GM6001 provided additional

Table 1
Data collection and refinement statistics )
Form 2-1 Form 2-2 Form 2-5
Data collection
Space group P2, P2,2,2, 2
Cell dimensions
a, b, c (A) . 569, 138.0, 59.2 57.7, 118.2, 138.5 220.7, 79.5, 58.7
a, By 90, 91.5, 90 90, 90, 90 90, 91.7, 90
Resolution (A) (high resolution shell) 50-2.15(2.23-2.15) 50-2.50(2.59-2.50) 50-2.70(2.80-2.70)
No. of unique reflections 48664(4428) 33288(2925) 26911(2313)
®Rinerge 0.081(0.196) 0.089(0.321) 0.085(0.231)
Tle(D) 9.8(4.6) 10.3(3.7) 10.1(5.5)
Completeness (%) 98.1(89.5) 98.6(88.4) 95.9(82.5)
Redundancy 3.3(2.0) 6.5(3.3) 3.42.8)
Refinement )
Resolution (A) (high resolution shell) 50-2.15(2.23-2.15) 50-2.50(2.59-2.50) 50-2.70(2.80-2.70)
No. of reflections 48628(4386) 33099(2922) 26907(2276)
®Ruork 0.175(0.195) 0.227(0.316) 0.199(0.264)
“Rree 0.228(0.277) 0.286(0.399) 0.260(0.328)
Average B-factors (No. of atoms)
All atoms 19.9(7292) 38.5(6801) 25.1(6823)
Protein 18.5(6422) 38.1(6438) 24.7(6438)
Main chain atoms 172 36.9 23.1
Side chain atoms 199 39.5 26.5
Zn** 13.6(2) 24.9(2) 18.7(2)
Ca? 14.6(6) 41.4(6) 21.5(6)
Carbohydrate 54.2(139) 81.4(88) 37.4(226)
GMo6001 16.2(56) 36.9(56) 0(-)
Water 26.5(668) 31.6(211) 22.2(151)
R.m.s deviations
Bond lengths (A) 0.0047 0.0065 0.0045
Bond angles (°) 1.20 1.44 1.14
Ramachandran plot
Most favored 87.2% 84.3% 82.8%
Additional allowed 12.1% 15.0% 16.4%
Generously allowed 0.4% 0.6% 0.4%
Disallowed 0.1%(R297B) 0.1%(R297B) 0.3%(R297A/R297B)

2 Ruerge = ZniZi | Thkl) — { KhIONEpZdAhk]), where I{hkl) is the ith intensity measurement of reflection hk! and (/(hlk)) is its average.

:Rwork = E“Fobs| - 'Fcnlc“lzipobsl-

Riee = R-value for a randomly selected subset (5%) of the data that were not used for minimization of the crystallographic residual. A single crystal

was used for measurement of each data set.
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crystal contacts for the neighboring molecule, resulting in crys-
tals that were distinct from the inhibitor-free form.

3.2. Overall structure

The overall structure of catrocollastatin/VAP2B is presented
in Fig. 1. The structure of the M-domain was very similar to
the corresponding structures in adamalysin II [(5] and
ADAM33 {17}, with a flat elliptical shape and a core formed
by a five-stranded B-sheet and four wa-helices. A conserved
methionine (Met357, Met-turn) was present downstream of
the consensus HEXXHXXGXXHD sequence, which contains
three histidines (His333, His337 and His343) that function as
ligands of the catalytic zinc atom, and a glutamate residue
(Glu334) that functions as the general base (Fig. 2). These
structural features are typical of the metzincine family of

metalloproteinases [30,31]. A bound calcium ion was identified -

opposite the active site cleft and close to the crossover point of

Fig. 1. Ribbon diagrams of catrocollastatin/VAP2B. The M-domain,
linker, D, D,, C,, and C,, segments and the HVRs are shown in red,
yellow, grey, cyan, pink, grey, green and blue, respectively. Zinc and
calcium ions are represented as red and black spheres, respectively. The
carbohydrate moiety linked to Asn371 is shown as a stick represen-
tation.

T. Igarashi et al. | FEBS Letters 581 (2007) 2416-2422

the N- and C-terminal segments of the M-domain (Ca?*-bind-
ing site I), as in the structures of adamalysin II [15] and
ADAM33 [17]. The M-domain is followed by the D-domain,
which can be sub-divided into “shoulder” (D) and “arm”
(D,) segments. D, protrudes from the M-domain close to
Ca®*-binding site 1, opposing the catalytic zinc atom. The C-
domain is sub-divided into “wrist” (C,,) and “hand” (Cy) seg-
ments. Because of its curved structure, with the concave sur-
face toward the M-domain, the distal portion of Cy comes
close to and faces the catalytic site, thus the entire molecule
adopts a C-shaped conformation. In the D, and D, segments,
there are Ca”* ions (sites II and II1, respectively) that stabilize
the structure. Details of the Ca?*-coordinations are shown in
Supplementary Fig. 2. The distal portion of the C-shape, span-
ning residues 561-582 of the C,, domain, is the region in which
the amino acid sequence is most divergent and variable in
length among ADAM/adamalysin/reprolysin family proteins
(Fig. 2 and Supplementary Fig. 1). We designated this region
as the hyper-variable-region (HVR), and have proposed that
it represents a potential exosite for target recognition [19].
Aside from Cys377, whose side chain is embedded in the
hydrophobic core, all 34 cysteinyl residues are involved in
disulfide bonding. The number and spacing of cysteinyl resi-
dues, and the structures of the Ca®*-binding sites are strictly
conserved among ADAM/adamalysin/reprolysin family pro-
teins (Fig. 2 and Supplementary Fig. 1). Fig. 2 shows the se-
quence alignment of a selected subset of ADAMs and
SVMPs; alignment of the full sequences of catrocollastatin/
VAP2B and 107 proteins of the ADAM/adamalysin/reprolysin
family can be found in Supplementary Fig. 1.

3.3. Flexible modular architecture

The structures of the M-domain (Fig. 3A), D, (Fig. 3C), and
C,/Cy, (Fig. 3B) of the six catrocollastatin/VAP2B molecules
were nearly identical (r.m.s.d of 0.33, 0.45 and 0.59 A, respec-
tively). They were also essentially the same as the correspond-
ing regions of VAPl (rmsd of 078, 0.63 and 1.1A,
respectively (Fig. 3A-C)). However, the relative orientations
of the sub-domains were quite variable. The largest difference
was observed when the M domains of the six catrocollastatin/
VAP2B molecules are superimposed. The Dy/D,/C,/Cy, por-
tion should be rotated by approximately 13° relative to the
M-domain, bringing about a 15-A displacement at the distal
end of C, (Fig. 3A). A similar plot of the C, segments super-
imposed shows less hinge bending, bringing approximately a 6-
A displacement at the distal portion of D; (Fi g. 3B). This con-
formed that the hinge motion occurs largely between the M
domain and Dy. The bending of the main chain at two residues,
Val403 and Gly438, is most prominent (Fig. 3C), however, the
entire linker region (which is defined by the segment between
two structural Ca®*-binding sites, I and IY) also moves in con-
cert with the bending motion of Val403 (Fig. 3D). In this con-
certed movement of the linker, the side chain of Leud08 in D,
is positioned at a pivotal point (Fig. 3D and E). The main
chain carbonyl oxygen atom of Leud08 coordinates the cal-
cium ion at site II, whereas, the side-chain of Leu408 protrudes
from D; and interacts with a small hydrophobic cavity on the
surface of the M domain (Fig. 3D). A balky hydrophobic res-
idue (Leu or Phe or Tyr) at this position is highly conserved
among ADAM/adamalysin/reprolysin family proteins (Sup-
plementary Fig. 1), and its side chain probably functions as
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Identity
catrocollastatin/VAP2R (AAC59672) 100% 181 oo IHVALVGLEIWNSNEDEITVAFEAGYTLN 268
VAPl (BAB18307) 56.1% 184 QSNLTPEQQ VADYINYLKYGRNLTAVRTRNYDIVRVITPIYERNNIEVALVGLEIWSNTDRIIVQSSADVILD 269
human_ADAN1Z (A¥023476) 40.8% 208 -------e- VIVADNREPQRQGEDLEXVRQRLIBIANEVDRFYRPLEIRY "SVSQDPFTSLH 284
human_ADAM1S (AF134707) 39.1% 202 e-e--- YLVADYLEP QXNRRDQOATREKLIEIANYVDRFYRSLNIRIALVCLEVWTHGENCEVSENPYSTLN 381
human_ADAN28 (AP137334) 45.6% 188 e-ene-- NLDNGEPKRYNENQDETRKRVYRMANYVHMLYKKLNTEVALVGMEIWTDRDRIRITPRASFTLE 374
H2 Ry e HY |
285 308 348 350 355 3715 372 : 388 | 391
catro/VAPIB AFGEWRKTDLL: TAIDLOR-VIGLAY RETGIIGDYSRINLVVAVI) R--- i, ua.-uauuﬂsmgmmmrlx 391
VAP1 LPARWRATDLLSRXS TGINFNGPTAGLGYLGGI ----mnﬁ&ugxum SQEKDHREFLIKNNPQCT 393
lun'.l ADAM12 EFL L ATy SGVYFPQGTTIGMAPY . GYPY DLETSL 414
ADAM19 SFLSWRR-KLLA vrQs SAS AAATCEPYPK DRYL L 407
hun _ADAM28 ursxncsvmnmz@munmm' TMESP-YSVEV L Y5- - GKR- - - - PETIEVMPKALSFYIPT YDKFFEDRLSKCLAN 397
N Zn*-hinding Met-turn
1 shoulder plvot S& : M ! M-d | ) Hs He
e O
404 415417423 427 428 433 441 446 447 450 453 465 472 479 491 438 503
catro/VAPIB EPLGTDIISP SETEILGTP! TRK GRASNEER)
VAPl KPLKTDVVSPAVEGNYFVEV GEPR! RQGAQHAEGLLGDORRPRGAGTECRAAK
bum_ADAM12 L GED TTLEP
bum ADAN1S MPDT SHETL CRLLAP QA] 3
bum_ADAM28 APLPTDIISTHIGGNQL aT 1 IXATFQEALGBLGRREQFRRAGNVIERPARDELD) £ GHELMAT
Ca*'binding (Il) R Ca’ -bmdlng [{0]
= - - z—.
linker Shoutder (D) Arm (D,) rist (Cy)
510 525 538 548 555 560 571 591 597 602 = EGF-like
(ADAMs)
catro/VAP2B L NGNRIPRAPEDVERGRLYER - - - - - - - - - DNSPGQN-<--=sv=- !s ------ NED- : Y-- 609
VAPL HIALP T Q- PRREGNHYGYPREE - GRTRI oD XQF----------PRSPERK---------RPENIYYS------ PND- ACSNGQCVDVITPY-- 610
hum_ADAM12 gv"" GAKPAP! Qﬂgsmmmwszmnoqammmw---w ICLERQCONI SVPEP 658
hum_ADAM19 KQQL T IDTTIIMN-GRQIQCRGTHV X FETE 653
hum_ADAM28 GTELWGPGTH TH- --ﬂpkv-nmxpgnmnmm?ﬂq ----- snm.manzvn----mgx'rmp ------ EDT! VET ERAYRS 6326

Hand (Cp)

)

Hyper-variable-region (HVR, 561-582)

Fig. 2. Sequence alignment of catrocollastatin/VAP2B, VAP] and human ADAMs. The cysteinyl residues and the conserved resxdues are shaded in
pink and yellow, respectively. Disulfide bndges secondary structures and domains are drawn schematlcally The HVR, Ca® -bmdmg sites, Zn?*-
binding site and disintegrin-loop are boxed in blue, red, green and cyan, respectively. The Ca?*-coordinating residues are shaded in red.

a universal joint (shoulder joint) that allows D to adopt vari-
ous orientations with respect to the M domain. The linker has
fewer specific interactions with D, and has a rather high B-fac-
tor (Supplementary Figs. 3 and 4). It is divergent and variable
in length (7-12 aa), particularly in human ADAMs (Supple-
mentary Fig. 1), thus may function primarily in connecting
D, to the M domain. The linker may also restrict the mobility
of the shoulder joint, and thus determine the preferred orienta-
tion of the M domain of each ADAM:s relative to the rest of
the molecule for distinct targets. The residues forming the
hydrophobic cavity with which Leud08 interacts are less con-
served and also have relatively high B-factors (Supplementary
Figs. 3 and 4). Thus they may also contribute to the flexibility
of the shoulder joint.

Previously, we suggested a putative mechanism of HVR-
mediated target recognition and catalysis by this family of pro-
teins [19]. The present study allows us to incorporate into the
previous model that intrinsic flexibility may be important for
fine-tuning substrate recognition, by adjusting the spatial
alignment of the catalytic and adhesion sites during the cata-
lytic cycle (Fig. 3F). The structure of the lower half of the
D, segment in catrocollastatin/VAP2B was different from that
of VAPI (Fig. 3B and Supplementary Fig. 3C), most likely due
to the substitution of Glu470 (in catrocollastain/VAP2B) with
Asp471 (in VAP1), and the insertion of Pro480 (in catrocolla-
stain/VAP2B). All the ADAMs, with the exception of ADAMs
10 and 17, which lack Caz"-binding site III, and the mono-
meric P-III and P-IV SVMPs contain Glu470 and Pro480
(see Supplementary Fig. 1). Thus, it is likely that they adopt
a more catrocollastatin/VAP2B-like structure. As was ob-
served in VAPI, the disintegrin-loop is packed by C,, and
forms a less fiexible D,/C,, junction, and therefore is unavail-
able for ligand binding. Differences in the orientation of D,
and C,, among these proteins may be important for proper
spatial alignment of the catalytic and adhesion units and for
substrate binding specificity. The angle between C,, and C,

in catrocollastatin/VAP2B was nearly invariant. It was essen-
tially the same as that seen in VAP1 (Fig. 3B), but substan-
tially different than that of ADAMIO [18.19]. Whether
different ADAM/adamalysin/reprolysin family proteins have
distinct C,/Cy, orientations remains to be established.

3.4. Modular architecture and post-translational processing
The disintegrins that are commonly found in Viperid ven-
oms are typically generated by proteolytic processing of larger
precursor molecules, the P-II class of SVMPs, which contain
an M-domain plus a disintegrin portion [32,33]. The flexible
modular structure described above points to a potential mech-
anism of selection of cleavage sites for this processing event.
The cleavage sites of the medium-sized disintegrins (~70 ami-
no acids) are usually within Ca®*-binding site 1I, whereas,
those of the shorter ones (41-51 residues) are at the boundary
between Ds and D,. The longer disintegrins (~84 residues) are
processed within the linker between M and D, (Fig. 4 and Sup-
plementary Fig. 1). Most of the P-II SVMPs have fewer cys-
teine residues within their D, segment (3 or 5 cysteine
residues, see Supplementary Fig. 1) compared to P-III SVMPs,
and thus have fewer disulfide bonds. Additionally, they con-
tain substitutions of the calcium-binding residues at site II,
indicating that they have a less stable D, structure compared
to P-III SVMPs. Long disintegrins have the same number of
cysteine residues (7 cysteine residues) and Ca**-binding resi-
dues at site II as P-IIT SVMPs and ADAMs, and thus would
be predicted to have a more stable D; structure, which may ac-
count for their cleavage at the linker between M and D,. A
protective role for calcium against auto proteolysis in the lin-
ker region has been reported [34], and the linker region is usu-
ally removed from P-I SVMPs post-translationally [35].
Collectively, these observations suggest that differential sus-
ceptibility to proteolysis in the linker region and D;, due to
variability in the number of disulfide bonds and the presence
or absence of bound calcium at site II, may underlie the
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~60A

Linker

Ca*(h)

Fig. 3. Mobility of the sub-domains. (A) The M-domains of the six catrocollastatin/VAP2B molecules and the VAP1 monomer were superimposed
and are shown in stereo. Two representative catrocollastatin/VAP2B molecules are shown in blue and red, the other four catrocollastatin/VAP2B
molecules are in gray, and the VAP1 monomer is in green. The zinc ion is shown as a yellow sphere. The calcium atoms bound to the red and blue
catrocollastatin/VAP2B molecule and VAP are shown as red, blue and green spheres, respectively. Superimposition of the Dy, and C, segments of the
six catrocollastatin/VAP2B molecules and the VAP1 monomer are shown in B and C, respectively. (D) Close-up view of the shoulder joint. The
molecular surface of the M-domain is colored according to the electrochemical surface potential (red to blue). The linker and part of the D, segment
of the two representative catrocollastatin/VAP2B molecules are shown as stick representations in pink and cyan, respectively. (E) Schematic diagram

of the hinge motion at the shoulder joint. (F) Schematic model of substrate recognition and cleavage by a soluble ADAM/adamalysin/reprolysin
protein.

generation of disintegrins with different lengths. Fertilin o at different stages of sperm maturation (Fig. 4, Supplementary
(ADAM]1) and B (ADAM2) undergo proteolytic processing Fig. 1) [36.37). The current structural data suggests that Ca2*-
within Ca®*-binding site III and the linker region, respectively binding, together with a flexible modular structure, may also
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Fig. 4. Schematic representation of the modular architecture of ADAM/adamalysin/reprolysin family proteins. Each sub-domain is colored as for
Fig. 1; the pro-domain (Pro), EGF-like domain (EGF), transmembrane region (TM) and cytoplasmic domain (CT) are in black, yellow, black and
light salmon, respectively. The RGD sequences in disintegrins and an interchain disulfide bond in VAP] are indicated. The Zn?* and Ca®* ions are
shown as red and black circles, respectively; the closed circles indicate that all the members have a complete metal-binding sequence, whereas, open

circles indicate that some members do not have it.

play a role in differential proteolytic processing of precursor
proteins, giving rise to the biochemical and functional com-
plexity of Crotalid and Viperid snake venoms, as well as
post-translational regulation of ADAMS’ functions.

4. Conclusion

ADAMs are widely distributed and constitute major mem-
brane-bound sheddases that proteolytically process cell-sur-
face-proteins for cell-cell communication. As such, they have
emerged as potential therapeutic targets for a variety of dis-
eases. SVMPs are key toxins involved in venom-induced path-
ogenesis, and thus are important targets for antivenom
therapeutics. However, the physiological targets of ADAMs
and SVMPs, and the molecular mechanism of target recogni-
tion are poorly understood. The structures presented here re-
veal a dynamic, modular architecture of the MDC domains
of ADAM/adamalysin/reprolysin family proteins. Intrinsic
flexibility may be important for fine-tuning substrate recogni-
tion, adjusting the spatial alignment of the catalytic and adhe-
sion sites, and for post-translational regulation of this family
of proteins.
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Appendix A. Supplementary data

The atomic coordinates and structure factors have been
deposited in the Protein Data Bank under accession codes
2DWO0, 2DW1 and 2DW2 for the Form 2-1, Form 2-2 and
Form 2-5 crystals, respectively. Supplementary data associated
with this article can be found, in the online version, at
doi:10.1016/).{ebslet.2007.04.057.
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Kawada T, Kitagawa H, Yamazaki T, Akiyama T, Kamiya A,
Uemura K, Mori H, Sugimachi M. Hypothermia reduces ischemia-
and stimulation-induced miyocurdial interstitial norepinephrine and
acetylcholine releases. J Appl Physiol 102: 622-627, 2007. First pub-
lished November 2, 2006; doi:10.1152/japplphysiol.00622.2006.—Al-
though hypotherina is one of the most powerful modulators that can
reduce ischemic injury, the effects of hypothermié on the function of
the cardiac autonomic nerves in vivo are not well understood. We
examined the effects of hypothermia on the myocardial interstitial
norepinephrine (NE) and ACh releases in response to acute myocar-
dial ischemia and to efferent sympathetic or vagal nerve stimulation in
anesthetized cats. We induced acute myocardial ischemia by coronary
artery occlusion. Compared with normothermia (n = §8), hypothermia
at 33°C (n = 6) suppressed the ischemia-induced NE release [63 nM
(SD 39) vs. 18 nM (5D 25), P < 0.01] and ACh release [11.6 nM (SD
7.6) vs. 2.4 nM (SD 1.3), P < 0.01] in the ischemic region. Under
hypothermia, the coronary occlusion increased the ACh level from
0.67 nM (SD 0.44) 10 6.0 nM (SD 6.0) (P < 0.05) and decreased the
NE level from 0.63 nM (SD 0.19) 1o 0.40 nM (SD 0.25) (P < 0.05)
in the nonischemic region. Hypothermia attenuated the nerve stimu-
lation-induced NE release from .05 nM (SD 0.85) 1o 0.73 aM (SD
0.73) (P < 0.05, n = 6) and ACh release from 10.2 aM (SD 5.1) w0
7.1 aM (SD 3.4) (P < 0.05, n = 5). In conclusion. hypothermia
attenuated the ischemia-induced NE and ACh releases in the ischemic
region. Moreover, hypothermia also attenuated the nerve stimulation-
induced NE and ACh releases. The Bezold-Jarisch reflex evoked by
the left antertor descending coronary artery occlusion, however, did
not appear to be affected under hypothermia.

vagal nerve; sympathetic nerve; cardiac wicrodialysis; cats

HYPOTHERMIA 1S ONE OF THE most powerful modulators that can
reduce ischemic injury in the central nervous system, heart, and
other organs. The general consensus is that hypothermia in-
duces a hypometabolic state in tissues and balances energy
supply and demand (25). With respect to the myocardial
ischemia, the size of a myocardial infarction correlates with
temperature (6), and mild hypothermia can protect the myo-
cardium against acute ischemic injury (9). The effects of
hypothermia on the function of the cardiac autonomic nerves in
terms of neurotransmitter releases, however, are not fully
understood. Because autonomic neurotransmitters such as nor-
epinephrine (NE) and ACh directly impinge on the myocar-
dium, they would be implicated in the cardioprotection by
hypothermia.

Address for reprint requests and other correspondence: T. Kawada, Dept. of
Cardiovascular Dynamics. Advanced Medical Engineering Center, Natignal
Cardiovascular Center Research Institute, 5-7-1 Fujishivodas, Suita, Osaka
565-8565, Japan (e-mail: torukawa@res.neve.go.jp).

622 8730-7587/07 $8.00 Copyright © 2007 the American Physiological Society

In previous studies from our laboratory, Kitagawa et al. (16)
demonstrated that hypothermia attenuated the nonexocytotic
NE release induced pharmacologically by ouabain, tyramine,
or cyanide. Kitagawa et al. (15) also demonstrated that hypo-
therntia attenuated the exocytotic NE release in response to vena
cava occlusion or 1o local administration of high K™, The effects
of hypothermia on the ischerma-induced myocardial interstitial
NE release, however, were not examined in those studies. In
addition, the effects of hypothermia on the ischemia-induced
myocardial interstitial ACh release have never been examined.
Because both sympathetic and parasympathetic nerves control
the heart, simultaneous monitoring of the myocardial intersti-
tial releases of NE and ACh (14, 31) would help integrative
understanding of the autonomic nerve terminal function under
hypothermia in conjunction with acute myocardial ischemia.

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

MATERIALS AND METHODS
Surgical Preparation and Protocols

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

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

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisenent”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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the anterolateral free wall of the left ventricle perfused by the left
anterior descending coronary artery (LAD) (o monitor myocardial
interstitial NE and ACh levels in the ischemic region during occlusion
of the LAD (13). Another dialysis probe was implanted transversely
into the posterior free wall of the left ventricle perfused by the left
circumflex coronary artery to monitor myocardial interstitial NE and
ACh levels in a nonischemic region. Heparin sodium (100 U/kg) was
administered intravenously to prevent blood coagulation. Animals
were divided into a nonmothenmic group (n = §) and a hypothernuc
group (n = 6). In the hypothermic group, surface cooling with ice
bags was performed until the esophageal temperature decreased to
33“C (15, 16). A siable hypothermic condition was obtained within
~2 h. In each group, we occluded the LAD for 60 min and examined
changes in the myocardial interstitial NE and ACh levels in the
ischemic region (i.c., the LAD region) and nonischemic region (i.c.,
the lefi circumflex coronary anery region). Fifteen-minute dialysate
samples were obtained during the preocclusion baseline condiuon and
during the periods of 0-15, 15-30, 30—45, and 45-60 min of the
LAD occlusion.

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

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

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

Dialysis Technigue

The dialysate NE and ACh concentrations were measured as
indexes of myocardial interstiial NE and ACh levels. respectively.
The materials and propertics of the dialysis probe have been described
previously (2. 3). Bricfly, we designed a transverse dialysis probe. A
dialysis fiber (13-mm length, 3{0-pm outer diameter, 200-pm inner
diameter; PAN-1200, 50,000 molecular weight cutoff; Asahi Chemical)
was connected at both ends to polyethylene wbes (25-cm length,
500-pim outer diameter, 200-pum mner diameter). The dialysis probe

was perfused with Ringer solution containing a cholinesterase inhib-
itor eserine (107* M) at a rate of 2 pl/min. We started dialysate
sampling from 2 h after the implantation of the dialysis probe(s), when
the dialysate NE and ACh concentrations had reached steady states.
The actual dialysate sampling was delayed by 5 min from the
collection period to account for the dead space volume between the
semipermeable mentbrane und the sample tube. Each sumple was
collected in a microtube contuining 3 wl of HCI to prevent umine
oxidation. The dialysate ACh concentration was measured directly by
HPLC with electrochemical detection (Eicom). The in vitro recovery
rate of ACh was ~70%. With the use of a criterion of signal-to-noise
ratio of higher than three, the detection limit for ACh was 3 pg per
injection. The dialysate NE concenuration was measured by another
HPL.C-electrochemical detection system after the removal of interfer-
ing compounds by an alumina proceduare. The in vito recovery rate of
NE was ~55%. With the use of a criterion of signal-lo-noise ratio of
higher than three, the detection limit for NE was 200 fg per injection.

Statistical Analysis

All data are preseated as means and SD values. For protocol 1, we
performed two-way repeated-measures ANOVA using hypothermia
as one factor and the dialysate sampling periods (the effects” of
ischemia) as the other factor. For protocols 2 and 3, we compared
stimulation-induced releases of NE and ACh before and during
hypothermia using a paired 7-test. For all of the stutistics, the differ-
ence was considered significant when P < (0.0S.

RESULTS

Figure 1A illustrates changes in myocardial interstitial NE
levels in the ischemic region during LAD occlusion obtained
from protocel 1. The inser shows the magnified ordinate for the

ischemia:
hypothermia: p<0.01
A interaction:  p<0.01

100 (-

p<0 OV

50 -

NE (nM)

baseline

15-30 45-60

30-45

baseline 0-15

ischemia: p<0.01
hypothenmia p<0.01
Intgraction:  p<0.01

15-30 30-45

Fig. 1. A: ischemia-induced myocardial interstitisd norepinephrine (NE) re-
lease in the ischemic region, Acute myocardial ischemia caused a progressive
increase in the level of myocardial interstitial NE. Hypothermia attenuated the
ischemia-induced NE release, Juser: magnified ordinate for the baseline and the
-t 15-min period of ischenda. B: ischemia-induced myocardial interstinial
ACh release in the ischemic vegion. Acute wyocardial ischemia increased the
myocardial interstitial ACh levels. Hypothermia attenuated the ischemia-
induced ACh release. Open bars: normothermia; selid bars: hypothermia.

45-60

baseline 0-15
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baseline and the 0- to 15-min period of ischemia. In the
normothermic group (open bars), the LAD occlusion caused an
~~94-fold increase in the NE level during the 45- to 60-min
interval. In the hypothermic group (solid bars), the LAD
occlusion caused an ~45-fold increase in the NE level during
the 45- to 60-min interval. Compared with normothermia,
hypothermia suppressed the baseline NE level to ~59% and
the NE level during the 45- to 60-min period to ~29%.
Statisuical analysis indicated that the effects of both hypother-
mia and ischemia on the NE release were significant, and the
interaction between hypothernna and ischemia was also sig-
nificant.

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

Figure 2A illustrates changes in myocardial interstiial NE
levels in the nonischemic region during the LLAD occlusion.
Note that scale of the ordinate is only one-hundredth of that in
Fig. 1A. The LLAD occlusion decrcased the NE level in the
normothermic group (open bars); the NE level during the 45-
1o 60-min interval was ~~59% of the baseline level. The LAD
occlusion also decrecased the NE level in the hypothermic

A

ischetria: p<0.01

10 ~ hypothsimia: p<0.05
interection;  N.S.
=
Losl
w .
=z
0

baseline o-15 15-30 45-60

ischemta: p<0.0v
15 hypothermia: M.S.
interaction. N.S.

baseline 0-15 15-30 30-45 45-60

Fig. 2. A: changes in the myocardial interstitial NE levels in the nonischemic
region. Acute myocardial ischemia decreased the level of myocardial ntersti-
tial NE from the baseline tevel. Hypothermia increased the myocardial inter-
sttial NE levels in the nonischemic region. B: changes in the myocardial
interstitial ACh Jevels in the nonischemic region. Acute myocardial ischemia
increased the myocardial intersutial ACh level. Hypothermia did not attenuate
the ncreasing response of ACh to the leftanterior descending coronary artery
occlusion. Open bars: normothermia: solid bars: hypothermia. NS, not signif-
icant.

Table 1. Meun arterial pressure during acute myovcardial
ischemia obtuined in protocol 1

Baseline 5 min {35 win 30 min 43 mia 60 min
Normothenmia 108 (233 102 (28) 101 (24) 101 (20) 102(21) 102 (21)
Hypothermia 108 (11) 80(17) 87 (10) 85(10) 86(10) 91 (1)

Values are means (SD) (in mmHg) obtained during preocclusion baseline
period and 5-, (5-. 30-, 45-, and 60-mnin peviods of coronary artery occlusion.
Ischemia: P < 0.01; hypothennia: aot significant; interaction: P < 0.01.

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

Figure 28 illustrates changes in myocardial interstitial ACh
levels in the nonischemic region during the [.LAD occlusion.
The LLAD occlusion caused an ~-3.4-fold increase in the ACh
level during the 0- to [5-min interval in the normothermic
group (open bars). The LAD occlusion caused an approxi-
mately ninefold increase in the ACh level during the 0- to
LS-min interval in the hypothermic group (solid bass). These
effects of ischemia on the ACh release were statistically
significant. Although hypothermia secemed to attenuate the
baseline ACh level, the overall effects of hypothermia on the
ACh level were insignificant.

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

For protocol 2, hypothermia significantly attenuated the
sympathetic stimulation-induced NE release 10 ~70% of the
level observed during normothermia (Fig. 34). Under normo-
thermia, the sympathetic stimulation increased MAP from 114
mmHg (SD 27) to 134 mmHg (SD 33) (P < 0.01) and HR
from 147 beats/min (SD 9) (o 207 beats/min (SD 5) (P < 0.01).
Under hypothermia, the sympathetic stimulation increased
MAP from 117 mmHg (SD 11) to 136 mmHg (SD 22) (P <
0.05) and HR from 125 beats/min (SD 16) to 164 beats/min
(SD 10) (P < 0.0}).

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

Table 2. Heart rate during acute myocardial ischemia
obtained in protocol 1

Baseline S mun 15 min 3N min 45 min 60 min
Normothermia 183 (26) 160 (18) 163 (16) 163 (18) 166 (20) 165 (21)
Hypothesmia 146 (25) 116 (1Y) 113 (19) 126 (39) 112200 97 (3]

Values are means (SD) (in beats/min) obtained during preocclusion baseline
period and 3-, 15-, 30-, 45-, and 60-min periods of coronary anery occlusion.
Ischemia: P < 0.01; hypothermia: P < 0.01; interaction: not significant,
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Fig. 3. A: efferent sympathetic nerve stimulation-induced release of myocar-
dial interstitial NE before and during hypothermia. fHypothermia signiticantly
attennated the stimulation-induced NE release. B: efferent vagal nerve stin-
lation-induced release of myocardial interstitial ACh before and during hypo-
thermia. tHypothermia significantly attenuvated the stimulation-induced ACh
release.

did decrease HR from 202 beats/min (SD 24) 10 179 beats/min
(SD 15) (P << 0.05) during the prestimulation, unpaced condition.
MAP during the stimulation was 105 mmHg (SD 19) under
normothermia and 93 mmHg (SD 33) under hypothermia,

DISCUSSION

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

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

Acute myocardial ischemia causes energy depletion, which
leads to myocardial interstitial NE release in the ischemic

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

Acute myocardial ischemia increases myocardial interstitial
ACh level in the ischemic region, as reported previously (Fig.
IB) (13). The level of ischemia-induced ACh release during
0- to 15-, 15- to 30-, 30- to 45-. or 45- 1o 60-min period of
ischemia is comparable to that evoked by 4-min electrical
stimulation of the bilateral vagi (Fig. 3B). Compared with the
normothermic condition, hypothermia significandy attenuated
the ischemia-induced myocardial interstitial release of ACh in
the ischemic region. Our laboratory’s previous study indicated
that inwacellular Ca®* mobilization is essential for the ischemia-
induced release of ACh (13). Hypothermia may have prevented
the Ca®* overload, thereby reducing the ischemia-induced
ACh release. Alternatively, hypothermia may reduce the extent
of the ischemic injury, which in turn suppressed the ischemia-
induced ACh release. Becanse ACh has protective effects on
the cardiomyocytes against ischemia (11), the suppression of
ischemia-induced ACh release during hypothermia itself may
be unfavorable for cardioprotection.

There is considerable controversy regarding the cardiopro-
tective eftects of B-adrenergic blockade during severe ische-
mia, with studies demonstrating a reduction of infarct size (10,
17) or no effects (7, 27). The [-adrenergic blockade seems
effective to protect the heart only when the heart is reperfused
within a certain period after the coronary occlusion. The
B-adrenergic blockade would reduce the myocardial oxygen
consumption through the reduction of HR and ventriculur
contractility and delay the progression of ischemic injury.
Hence the infarct size might be reduced when the heart is
reperfused before the ischemic damage becomes itreversible.
The ischemia-induced NE release reached nearly 100 times the
baseline NE level under normothermia (Fig. 14), which by far
exceeded the NE level attained by clectrical stimulation of the
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