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g;‘:ucd”f‘f;’f'g’i’;;;:y‘“w ~ Crystallization and preliminary crystallographic
and Crystallization analysis of the human calcineurin homologous
Communications protein CHP2 bound to the cytoplasmic region of
ISSN 1744-3091

the Na*/H* exchanger NHET
Youssef Ben Ammar,® Soichi Calcineurin homologous protein (CHP) is a Ca®*-binding protein that directly
Takeda,® Mitsuaki Sugawara,® interacts with and regulates the activity of all plasma-membrane Na'/H*-
Masashi Miyano,® Hidezo Mori® exchanger (NHE) family members. In contrast to the ubiquitous isoform CHP1,
and Shigeo Wakabayashi®* CHP? is highly expressed in cancer cells. To understand the regulatory

mechanism of NHE1 by CHP2, the complex CHP2-NHEI (amino acids 503-
*Department of Molecular Physiology, National 545) has been crystallized by the sitting-drop vap9ur-d1ffusxon method using
Cardiovascular Center Research Institute, PEG 3350 as precipitant. The crystals diffract to 2.7 A and belong toa tetragonal
Fujishiro-dai 5-7-1, Suita, Osaka 565-8565, space group, with unit-cell parameters a = b = 49.96, ¢ = 103.20 A.
Japan, ®Depantment of Cardiac Physiology,
National Cardiovascular Center Research
Institute, Fujishiro-dai 5-7-1, Suita,
Osaka 565-8565, Japan, and “Structural 1. Introduction

Biophysics Laboratory, RIKEN Harima Institute P
at SPring-8, Kouto, Mikazuki, Sayo, - The Na*/H* exchangers (NHESs) are electroneutral transporters that

Hyogo 679-5148, Japan catalyze the countertransport of Na* and H' through the plasma
membrane and other intraceliular organellar membranes in various
animal species (Wakabayashi er al, 1997; Orlowski & Grinstein,
2004). Nine different NHE isoforms (NHE1-NHE9) have been
identified in mammalian tissues. Although they have been shown to
exhibit similar membrane topology, these isoforms are thought to
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Received 18 August 2005 play different roles in various tissues (Counillon & Pouysségur, 2000;
Accepted 27 September 2005 Orlowski & Grinstein, 2004). The isoform NHE! is ubiquitously
Online 30 September 2005 expressed in all tissues and cell types and plays a major role in

maintaining intracetlular pH and cell-volume homoeostasis (Putney
et al., 2002). The activity of NHE1 is controlled by various extrinsic
factors, including growth factors, hormones and mechanical stimuli
(Wakabayashi et al., 1997; Counillon & Pouysségur, 2000; Orlowski &
Grinstein, 2004). NHEL is regulated by a variety of signalling mole-
cules including calcineurin B homologous protein (CHP; Lin &
Barber, 1996; Pang et al., 2001) and Ca**/calmodulin (Bertrand et al,
1994; Wakabayashi et al, 1994). Despite intensive studies on NHE1
and its regulation, structural information is extremely limited, espe-
cially for the cytoplasmic C-terminal domain which contains most of
the binding domains for the regulatory proteins.

CHP was initially identified as a protein (p22) involved in vesicular
transport (Barroso et al., 1996) and also as a molecule that interacts
with NHE (Lin & Barber, 1996). CHP has also been reported to be
involved in various cell functions, such as inhibition of calcineurin
phosphatase activity (Lin et al, 1999) and interaction with micro-
tubules (Timm et al, 1999), DRAK2 (death-associated protein
kinase-related apoptosis-inducing protein kinase 2; Matsumoto et al.,
2001) and KIF1B A2 (kinesin family 1Bb2; Nakamura et al., 2002). We
have previously reported that CHP is an essential cofactor for
supporting the physiological activity of the Na'/H* exchanger by
interacting with its juxtamembrane cytoplasmic domain (Pang et al,
2001). Furthermore, we demonstrated that in contrast to the
ubiquitous CHP1 isoform, CHP2 (61% amino-acid identity with
CHP?1) is highly expressed in malignantly transformed cells and may
be involved in maintaining the high intracellular pH (pH,) in cancer
cells (Pang et el, 2002). NHEL mutants lacking the CHP-binding
region (amino acids 515-530) exhibited low exchange activity (5-10%
of the wild-type level; Pang et al., 2001), suggesting that this region is
essential for normal exchange activity of NHE1. This region with

© 2005 international Union of Crystallography bound CHP would therefore function as a key structure maintaining
All rights reserved the physiologically active conformation of NHE1 (Pang et al, 2001).
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Consequently, more detailed structural information including the
crystal structure of CHP complexed with its binding domain is of
great importance to reveal the mechanism by which CHP is involved
in this important regulation pathway of NHEL1.

Here, we report the first crystallization and preliminary crystallo-
graphic studies of the human CHP2 complexed with the C-terminal
cytoplasmic region (amino acids 503-545) of NHE1. Hereafter, the
protein complex is referred to as CHP2-NHE1-peptide.

2. Materials and methods
2.1. Protein expression and purification

Human CHP2 cDNA (GenBank accession No. AF146019) corre-
sponding to amino-acid residues 1-196 cloned into pET11 vector
(Novagen) as a fusion protein with a C-terminal Hise tag was co-
expressed in Escherichia coli (BL21-Star; Invitrogen) with the human
cDNA encoding the cytoplasmic binding-domain region of NHE1
peptide cloned into pET24 vector (Novagen). Six histidine residues
were inserted after Lys196 of CHP2, while a stop codon was incor-
porated just after the sequence coding for the NHE1 peptide to
eliminate the Hisq tag from the vector. Using this coexpression
system, as also described previously for CHP1 (Pang et al, 2004), we
were able to obtain CHP2 in a complex form with its binding domain
of NHE1. Cells were cultured in 2xYT medium containing
100 pg ml™' ampicillin and 100 pg mi™ kanamycin at 310 K. At an
optical density of 0.6 at 600 nm, protein expression was induced by
the addition of IPTG to a final concentration of 1 mM and cells were
- grown overnight at 291 K. The cells were harvested and resuspended
in PBS buffer containing 1 mM phenylmethylsulfonyl fluoride
(PMSF) and disrupted by sonication at 277 K. After centrifugation at
277 K, the supernatant containing the complex CHP2-NHE]1-peptide
was applied onto an Ni-NTA agarose affinity column (Invitrogen)
equilibrated with PBS buffer. The column was washed with buffer A
(20 mM sodium phosphate, 500 mM NaCl and 2 M KCl pH 6.0),
buffer B (20 mM sodium phosphate and 500 mM NaCl pH 4.7) and
then buffer C (20 mM sodium phosphate and 500 mM NaCl pH 6.0).
The adsorbed protein complex was eluted with buffer C containing
500 mM imidazole, dialyzed overnight against buffer D (20 mM Tris—
HCI pH 8.5) and further purified using a DEAE-Sepharose column

M 1 2

kDa
128 | =—

98

62
49
38

28| = @B |CHP2
17
14

6
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Figure 1

Polyacrylamide gel-electrophoresis pattern of the complex CHP2-NHE1-peptide.
Crystals were collected and washed with the cryoprotectant solution. Collected
crystals and 10 pg of the purified complex were applied to 4-12% gradient gel for
lanes 1 and 2, respectively. Proteins were stained with Coomassie Brilliant Blue.

(HiTrap DEAE FF 5 ml; Amersham Biosciences) eluted with a
gradient from 0 to 1 M NaCl in 20 mM Tris-HCI buffer pH 85. A
final purification step was carried out using gel-filtration chromato-
graphy (Superdex 200; Amersham Bioscience). The gel-fittration
column was eluted with a buffer solution containing 100 md NaCl
and 20 mM Tris-HClI pH 7.5. The fraction containing CHP2-NHE1-
peptide was pooled, dialyzed against 20 mA/ Tris-HC! pH 7.5,
concentrated (20-25 mg ml™') using Amicon Ultra (Millipore) and
subjected to crystallization without removing the His, tag.

2.2. Crystallization

Preliminary screening of crystallization conditions was performed
using various commercial kits (Hampton Research Crystal Screen
kits, Emeraid BioSystems Screen kits, Sigma-Aldrich Crystallization
kits) and carried out using the sitting-drop’ vapour-diffusion method
at 293, 287 and 277 K. 1 pl aliquots of protein-complex solution (20—
25 mg ml™") were mixed with 1 ul reservoir solution to form the
droplet, which was equilibrated against 100 l reservoir solution. The
initial screening, involving about 1440 individual trials, was unsuc-
cessful. Additives from Hampton Research were used together with
the above screening kits in a second trial involving about 4320 indi-
vidual trials and very small and thin needle-shape crystals were finally
obtained with a crystallization solution containing 200 mM ammo-
nium acetate, 100 mM Bis-Tris pH 5.5, 25%(w/v) polyethylene glycol
3350 (PEG 3350) and 5 mM yttrium chloride as an additive at 277 K.
Refinement of the crystallization conditions to 200 mM ammonium
acetate, 100 mM Bis-Tris pH 5.5, 25%(w/v) PEG 3350 and 10 mM
yttrium chloride at 293 K improved the size of the crystals. The
resultant crystals are mostly in clusters, with the occasional appear-
ance of single crystals. Single crystals or dissected parts from the
clusters were used for data collection.

2.3. Crystallographic data collection

Prior to data collection, single crystals were soaked in a solution
containing 200 mM ammonium acetate, 100 mM Bis-Tris pH 5.5,
35%(w/v) PEG 3350 and 10 mM yttrium chloride and flash-frozen
under a nitrogen flow at 100 K. The crystals were evaluated in-house
with Cu Ka radiation (A = 1.5418 A) generated by an RA-Micro 7
rotating-anode X-ray generator with R-AXIS VII imaging-plate
detector (Rigaku). High-resolution data sets were collected using an

Figure 2
Crystal of human CHP2-NHE1-peptide as grown by the sitting-drop method. The
scale bar indicates 0.1 mm.
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Table 1
Data-collection statistics

Values in parentheses are for the highest resolution sheli (2.8-2.7 A).

X-tay source SPring-8 BLAIXU

Space group . P4y or P4

Unit-cell parameters (A, °) a=b=4996, c=10320,
a=B8=y=9

Wavelength (A) 1.0000

Resolution range (A) 50.00-2.70 (2.80-2.70)

Total refiections 26984

Unique reflections 6807

Reecget (%) 48 (25.1)

Completeness (%) 97.3 (83.1)

(o()) 17.3 (45)

Redundancy 40 (3.1)

Crystal mosaicity (°) 0458

t Rocege = Saas 3 Wi(hkl) — UCRI)/ Ty X 1(hl), where I{hid) is the ith intensity

measurement of reflection hkl and {I(kkl)) is its average.

ADSC Quantum 315 CCD detector installed on the BL41XU
beamline at SPring-8. The data collection was performed at a wave-
length of 1.000 A over a total range of 180°, with individual frames of
1° and an exposure time of 4 s. The crystal-to-detector distance was
350 mm. The collected images were processed using HKL2000
(Otwinowski & Minor, 1997).

3. Results and discussion

CHP is an important regulatory factor that maintains the physio-
logically active conformation of NHE1L. In this study, in order to
clarify the regulatory mechanism of NHE1 by CHP, we coexpressed
CHP2 and its binding domain in NHE1 (amino acids 503-545) in
E. coli and crystallized the complex. Firstly, we confirmed that the
purified complex CHP2-NHE]!-peptide was retained as a single peak
on gel-filtration chromatography, indicating that the stable complex
exists as a monomer (M, = 28 000) in solution. In addition, using a
4-12% polyacrylamide gradient gel we confirmed that the purity of
the complex is suitable for crystallization assay and that the purified
sample contained equimolar amounts (1:1 molar ratio) of CHP2 and
NHE]1-peptide (Fig. 1).

Crystals suitable for X-ray crystallographic analysis were obtained
within 2-3 d at 293 K using the sitting-drop vapour-diffusion method
(Fig. 2). A previous attempt to collect crystallographic data at
beamline BL44B2 (SPring-8) gave a maximum resolution of 30A
owing to the small size of crystals. To obtain higher resolution data,
we used the undulator beamline BLA1XU. Crystals diffracted to 2.5 A
resolution along the ¢ axis of the crystal, but the data set was only
qualitatively useful to 2.7 A because of anisotropic diffraction.

The tetragonal crystal of CHP2-NHE1-peptide was determined to
be P4, or P4, with unit-cell parameters a = b = 49.96, ¢ = 103.20 A.
Assuming the presence of one CHP2-NHEIl-peptide complex

molecule in the asymmetric unit, the Matthews coefficient Vy was |

calculated to be 2.5 Al Da~l, indicating a solvent content of
approximately 49.5% in the unit cell. These values are within the
typical range for protein crystals (Matthews, 1968).

The native data set has 6807 unique reflections, giving a data-set
completeness of 97.3% in the resolution range 50.0-2.7 A, with an
R(Dperge of 4.8% (Table 1). Although CHP2 shows about 36%
sequence identity with human CNB (PDB code 1aui; Kissinger ez al.,
1995), molecular replacement using CNB as a search model with
MOLREP (Vagin & Teplyakov, 1997) was unsuccessful. Further
crystallization refinement and structural analysis by multi-wavelength
anomalous dispersion methods using selenomethionine and also
taking advantage of the presence of yttrium as an additive are in

progress.

We thank the staff at beamlines BL44B2 and BL41XU, SPring-8
for data-collection support and Dr Tianxiang Pang for initial parti-
cipation in this study. This work was supported by grant Nano-001 for
Research on Advanced Medical Technology from the Ministry of
Health, Labour and Welfare of Japan and Grant-in-Aid for Priority
Areas 13142210 for Scientific Research from the Ministry of
Education, Science and Culture of Japan. YBA was supported by a
Japan Society for the Promotion of Science (JSPS) Postdoctoral
Fellowship.
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Abstract

Aim: Noradrenaline (NA) uptake transporters are known to reverse their
action during acute myocardial ischaemia and to contribute to ischaemia-
induced myocardial interstitial NA release. By contrast, functional roles of
choline and glutamate transporters during acute myocardial ischaemia
remain to be investigated. Because both transporters are driven by the nor-
mal Na* gradient across the plasma membrane in a similar manner to NA
transporters, the loss of Na* gradient would affect the transporter function,
which would in turn alter myocardial interstitial choline and glutamate
levels. The aim of the present study was to examine the effects of acute
myocardial ischaemia and the inhibition of Na*,K*-ATPase on myocardial
interstitial glutamate and choline levels.

Methods: In anaesthetized cats, we measured myocardial interstitial glu-
tamate and choline levels while inducing acute myocardial ischaemia or
inhibiting Na*,K*-ATPase by local administration of ouabain.

Results: The choline level was not changed significantly by ischaemia (from
0.93 £0.06 to 0.82 £ 0.13 um, mean + SE, n = 6) and was decreased
slightly by ouabain (from 1.30 & 0.06 to 1.05 % 0.07 um, P < 0.05, n = 6).
The glutamate level was significantly increased from 9.5 + 1.9 to
34.7 £ 6.1 um by ischaemia (P < 0.01, #=6) and from 89 + 1.0 to
15.9 £2.3 uM by ouabain (P < 0.05, # = 6). Inhibition of glutamate
transport by trans-L-pyrrolidine-2,4-dicarboxylate (¢-PDC) suppressed isch-
aemia- and ouabain-induced glutamate release.

Conclusion: Myocardial interstitial choline level was not increased by acute
myocardial ischaemia or by Na*K*-ATPase inhibition. By contrast, myo-
cardial interstitial glutamate level was increased by both interventions. The
glutamate transporter contributed to glutamate release via retrograde
transport. _

Keywords acetylcholine, cardiac microdialysis, cats, coronary artery occlu-
sion, myocardium, noradrenaline.

Acute myocardial ischaemia causes oxygen depletion
and loss of ATP in the ischaemic region (Hearse 1979).
‘Blockade of H*-ATPase leads to noradrenaline (NA)
leakage from storage vesicles and axoplasmic NA
accumulation (Schémig et al. 1988). Intracellular

© 2005 Scandinavian Physiological Society

acidosis causes Na* influx via Na*/H* exchange. Inhi-
bition of Na*,K*-ATPase activity reduces the Na*
gradient across the plasma membrane. Because NA
uptake transporters are driven by the normal Na*
electrochemical gradient across the plasma membrane,
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axoplasmic NA accumulation and reduction of the Na*
gradient cause reverse transport of NA from the
intracellular space to the extracellular space (Schwartz
2000). Acute myocardial ischaemia evokes the myocar-
dial interstitial NA release in the ischaemic region via
retrograde NA transport, independently of efferent
sympathetic nerve activity (Schémig etal. 1984,
Yamazaki et al. 1996, Akiyama & Yamazaki 1999,
Kawada et al. 2001a).

Similar to NA, choline and glutamate are taken up
into cells by plasma membrane transporters driven by
the Na* gradient (Schwartz 2000). We hypothesized
that the loss of Na* gradient under ischaemic conditions
would interfere with the transporter function, which
would in turn alter myocardial interstitial choline and
glutamate levels. Choline release has been suggested as
an index of ischaemic degradation of the myocardial
phospholipid bilayer in isolated, Tyrode solution-per-
fused rat hearts (Briihl et al. 2004). Glutamate can be a
preferred myocardial fuel during ischaemia and may
have protective effects on ischaemic myocardium
(Arsenian 1998). Measuring myocardial interstitial
levels of these molecules in vivo would contribute to
understanding the pathophysiology of acute myocardial
ischaemia. To test the hypothesis, we employed an
in vivo cardiac microdialysis technique and measured
- myocardial interstitial choline and glutamate levels
in anaesthetized cats (Akiyama et al. 1991, 1994,
Yamazaki et al. 1997, Kawada et al. 2001b). Acute
myocardial ischaemia inevitably affects systemic haemo-
dynamics and perfusion of the heart. To minimize such
haemodynamic effects, we also examined the effects of
Na*,K*-ATPase inhibition on the myocardial interstitial
choline and glutamate levels by locally administering
ouabain through a dialysis probe (Yamazaki et al.
1999, Kawada et al. 2002). The results of the present
study indicated that the myocardial interstitial choline
level was not increased by acute myocardial ischaemia
or by Na*,K*-ATPase inhibition. By contrast, the
myocardial interstitial glutamate level was increased
by both interventions. The glutamate transporter con-
tributed to glutamate release via retrograde transport.

Materials and methods

Surgical preparation

Animal care was conducted in strict accordance with
the Guiding Principles for the Care and Use of Animals
in the Field of Physiological Sciences approved by the
Physiological Society of Japan. Adult cats weighing 2.0-
4.8 kg were anaesthetized via an intraperitoneal injec-
tion of pentobarbital sodium (30-35 mg kg™*) and

ventilated mechanically with room air mixed with-

oxygen. The depth of anaesthesia was maintained with
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a continuous intravenous infusion of pentobarbital
sodium (1-2 mg kg™ h™?) through a catheter inserted
via the right femoral vein. Mean systemic arterial
pressure was monitored from a catheter inserted via
the right femoral artery.

With the animal in the lateral position, the left fifth
and sixth ribs were resected to expose the heart. When a
coronary occlusion was necessary, a 3-0 silk suture was
prepared around the left anterior descending coronary
artery {LAD) just distal to the first diagonal branch.
With a fine guiding needle, a dialysis probe was

.implanted into the left ventricular free wall perfused

by the LAD. Heparin sodium (100 U kg™? bolus injec-
tion followed by a maintenance dose of 50 U kg™! h™?)
was administered intravenously to prevent blood coagu-
lation. At the end of the experiment the experimental
animals were killed by an overdose of pentobarbital
sodium. We confirmed that the dialysis probe had been
implanted within the left ventricular myocardium.

Dialysis technique

We designed a transverse dialysis probe (Akiyama et al.
1991, 1994). For measurements of small molecular
compounds including ACh, choline, and glutamate, we
used a dialysis fibre of 50 000 molecular weight cutoff
(13 mm length, 310 ym OD, 200 um ID; PAN-1200,
Asahi Chemical, Osaka, Japan) with both ends glued to
polyethylene tubes (20 ¢cm length, 500 ym OD, 200 um
ID). The dialysis probe was perfused at a rate of
2 yL min~! with Ringer solution. Each sample was
collected in a microtube containing 3 uL of phosphate
buffer (100 mMm, pH 3.5). A cholinesterase inhibitor
eserine (100 uM) was added to the perfusate to measure
ACh. A preliminary examination indicated that whether
the perfusate-contained eserine did not affect myocardial
interstitial choline levels significantly. Dead space volume
between the dialysis fibre and the sample microtube was
identical for ACh, choline, and glutamate measurements,
and the sampling was performed taking into account the
time for dialysate to traverse the dead space volume.

The dialysate ACh and choline levels were measured
directly by high-performance liquid chromatography
with electrochemical detection. The absolute detection
limits of ACh and choline, determined with a signal-to-
noise ratio of 3, were 10 and 5 fmol per injection,
respectively. The dialysate glutamate level was meas-
ured by kinetic enzymatic analysis with CMA 600. The
absolute detection limit of glutamate was 1 um per
injection.

Protocols

All protocols were started from 2 h after implanting the
dialysis probe. To examine changes in myocardial

© 2005 Scandinavian Physiological Society
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interstitial ACh and choline levels during acute myo-
cardial ischaemia (# = 6), after collecting a 15-min
baseline dialysate sample, we occluded the LAD for
60 min and obtained four consecutive 15-min dialysate
samples. The full-length of the implanted dialysis fibre
was located within the ischaemic area judged by discolo-
uration of myocardium during the LAD occlusion. We
then released the occlusion and collected a2 15-min
dialysate sample during reperfusion. To examine changes
in myocardial ACh and choline levels in response to local
ouabain administration (n = 6}, after collecting a 15-min
baseline dialysate sample, we replaced the perfusate with
Ringer solution containing 100 um ouabain and collec-
ted four consecutive 15-min dialysate samples.

In different groups of animals, myocardial interstitial
glutamate levels were measured during acute myocar-
dial ischaemia (n = 6) and during local administration
of ouabain (n =6). To elucidate the role of the
glutamate transporter, we also examined the effects of
glutamate transport inhibition by trans-L-pyrrolidine-
2,4-dicarboxylate (¢-PDC, 10 mM) on myocardial inter-
stitial glutamate levels during acute myocardial isch-
aemia (7 = 7) and local administration of ouabain
(n = 7). t-PDC was locally administered through the
dialysis probe to avoid systemic effects.

Statistical analysis

All data are presented as mean £ SE values. In each
protocol, the effects of myocardial ischaemia or local
ouabain administration were examined using one-way

* analysis of variance followed by Dunnett’s test against

the corresponding baseline level (Glantz 2002). The
baseline as well as maximum glutamate levels with and
without glutamate transport inhibition were compared
by an unpaired #-test during acute myocardial ischaemia
or during local ouabain administration (Glantz 2002).
Differences were considered to be significant when
P <0.0S.

Results

Figure 1a shows myocardial interstitial ACh level dur-
ing acute myocardial ischaemia. The ACh level was
increased by LAD occlusion, becoming approximately
15 times higher than the baseline level at 30-45 and 45—
60 min of ischaemia. The ACh level decreased towards
the baseline level upon reperfusion. Figure 1b illustrates
myocardial interstitial choline level during acute myo-
cardial ischaemia. The choline level did not change
significantly throughout the ischaemic and reperfusion
periods. .

Figure 2a shows changes in myocardial interstitial
ACh level during local administration of ouabain. The
ACh level was increased by the inhibition of
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Figure | Changes in myocardial interstitial acetylcholine
(ACh) level (a) and choline level (b) during coronary artery
occlusion and reperfusion. Myocardial interstitial ACh level
was significantly increased by acute myocardial ischaemia,
while myocardial interstitial choline level was not changed.
Data are mean + SE. 1P < 0.01 from baseline.

Na*,K*-ATPase, becoming approximately nine times
higher than the baseline level at 15-30 min. The ACh
level then decreased but remained sighificantly higher
than the baseline level. Figure 2b illustrates the myo-
cardial interstitial choline level during local administra-
tion of ouabain. The choline level was significantly
lower at 0-15 and 45-60 min when compared with the
baseline level.

Figure 3a shows changes in myocardial interstitial
glutamate level during acute myocardial ischaemia.
LAD occlusion increased the glutamate level to approxi-
mately 3.5 times higher than the baseline level at
0-15 min. Thereafter, the glutamate level was signifi-
cantly higher than the baseline level throughout the
ischaemic and reperfusion periods. Figure 3b illustrates
the effects of glutamate transport inhibition on the
ischaemia-induced glutamate release. The baseline glu-
tamate level was significantly decreased by glutamate
transport inhibition (P < 0.05). Although acute
myocardial ischaemia and reperfusion significantly
increased the glutamate level relative to the baseline
level, the maximum glutamate level was attenuated to
approximately one-fifth compared with that observed
without glutamate transport inhibition (P < 0.05).
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Figure 2 Changes in myocardial interstitial acetylcholine
(ACh) level {(a) and choline level (b) in response to the local
administration of ouabain. Myocardial interstitial ACh level
was significantly increased by ouabain. In contrast, myocardial
interstitial choline level was decreased by ouabain. Data are
mean =+ SE. P < 0.01 from baseline.

Figure 4a shows changes in myocardial interstitial
glutamate level during the local administration of
ouabain. Quabain administration did not change the
glutamate level at {-15 min but increased the glutamate
level thereafter. The glutamate level became approxi-

mately 1.8 times higher than the baseline level at 30— .

45 min. Figure 4b illustrates the effects of glutamate
transport inhibition on ouabain-induced glutamate
release. The baseline glutamate level was significantly
decreased by the inhibition of glutamate transpert
(P < 0.05). Although ouabain administration increased
the glutamate level relative to the baseline level, the
maximum glutamate level was suppressed to approxi-
mately one-third of that observed without glutamate
transport inhibition (P < 0.05).

Discussion

We have shown that acute myocardial ischaemia and
local inhibition of Na*,K*-ATPase increased myocardial
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Figure 3 Changes in myocardial interstitial glutamate level
during coronary artery occlusion and reperfusion without (a)
and with (b) the inhibition of glutamate transporter. The glu-
tamate level was significantly increased by acute myocardial
ischaemia. The ischaemia-induced giutamate release was sup-
pressed by the inhibition of glutamate transporter. Data are
mean + SE. 1P < 0.01 and *P < 0.05 from baseline.

interstitial glutamate level but not choline level. Despite
the similar Na* gradient dependency of corresponding
transporters, myocardial interstitial glutamate and cho-
line levels showed differential responses to the two
interventions.

Changes in myocardial interstitial choline level

In the vagal nerve endings, ACh is hydrolysed to acetate
and choline by acetylcholinesterase (Nicholls 1994).
Choline is then taken up into the vagal nerve endings by
the choline transporter driven by the Na* gradient. We
hypothesized that loss of Na* gradient during acute
myocardial ischaemia or local ouabain administration
would increase the myocardial interstitial choline level
by the interruption of choline uptake. Contrary to our
hypothesis, acute myocardial ischaemia did not change
myocardial interstitial choline level in the ischaemic
region (Fig. 1b). Ouabain administration decreased the
myocardial interstitial choline level at 0-15 and 45—
60 min (Fig. 2b).
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Figure 4 Changes in myocardial interstitial glutamate level in

response to the local administration of ouabain without (a) and
. with (b} the inhibition of glutamate transporter. The glutamate

level was significantly increased by ouabain administration.

The ouabain-induced glutamate release was suppressed by the

inhibition of glutarmate transporter. Data are mean + SE.

1P < 0.01 from baseline.

Possible explanations for the absence of ischaemia- or
ouabain-induced choline release are as follows. First,
choline uptake is the rate-limiting step for ACh synthe-
sis (Lockman & Allen 2002). Because choline in the
intracellular space is rapidly consumed for ACh synth-
esis, the axoplasmic choline concentration might have
been too low to evoke reverse transport by the choline
transporter. Second, plasma cholire concentration is
stabilized by de movo choline synthesis from the
catabolism of phosphatidylcholine found in cell mem-
branes (Lockman & Allen 2002). Potential choline
release may have been counterbalanced by the local
stabilization mechanisms. Taking into account the
recovery rate of the dialysis probe (approximately
30%), the myocardial interstitial choline concentration
was 3-5 um. Although the estimated concentration
was lower than the highly regulated plasma choline
concentration of approximately 10 uM, it was much

© 2005 Scandinavian Physiological Society
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higher than the ischaemia-induced maximum choline
release (approximately 0.6 uM) in isolated rat hearts
reported by Brithl et al. (2004). The present results
suggest that myocardial interstitial choline level may
not serve as an indicator of myocardial ischaemia in
blood-perfused i vivo feline hearts.

By contrast with myocardial interstitial choline level,
myocardial interstitial ACh level was increased both by
acute myocardial ischaemia and by local administration
of ouabain. Because ischaemia-induced ACh release was
observed after vagal nerve transection in a previous
study (Kawada et al. 2000), a Ca®* channel-independ-
ent, regional release mechanism appears to be involved.
Several reports have suggested that ouabain or isch-
aemia-induced intracellular Na* accumulation could
elevate intracellular Ca®* level via Na*/Ca2* exchange
(Mochizuki & Jiang 1998, Li et al. 2000). The elevation
of intracellular Ca?* level may be associated with ACh
release. Our previous study indicated that intracellular
Ca®* overload due to Ca®* mobilization is responsible
for the ACh release evoked by ischaemia (Kawada ez al.
2000).

Changes in myocardial interstitial glutamate levels

Although the glutamate transporter family differs from
the NA transporter family in that it requires counter-
transport of K* instead of cotransport of CI~, its
primary driving force is the Na* gradient across the
plasma membrane (Schwartz 2000). Therefore, inter-
ventions that reduce the Na* gradient are likely to cause
revefse transport of glutamate, in a similar manner to
the reverse transport of NA. Acute myocardial isch-
aemia increased the myocardial interstitial glutamate
level (Fig. 3a) as consistent with previous reports
(Kennergren et al. 1997, 1999, Bickstrém et al. 2003,
Song et al. 1996). Inhibition of Na*,K*-ATPase also
induced myocardial interstitial glutamate release
(Fig. 4a). Glutamate release during acute myocardial
ischaemia and local ouabain administration was signi-
ficantly attenuated by the inhibition of glutamate
transport (Figs 3b and 4b), suggesting the involvement
of reverse transport by the glutamate transporter.
Glutamate plays a vital role in keeping nitrogen balance
in cells as a common amino acid in transamination
reactions. The high intra-to-extracellular concentration
ratio of glutamate would contribute to the retrograde
transport by the glutamate transporter during the loss of
normal Na* gradient.

In the case of myocardial interstitial NA levels, local
blockade of NA uptake increased baseline NA levels,
suggesting the accumulation of NA spontaneously
released into the synaptic cleft (Akiyama & Yamazaki
1999). We therefore predicted that the inhibition of
glutamate transport would increase the baseline gluta-
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mate level. However, the inhibition of glutamate
transport actually decreased the baseline glutamate
level (Figs 3 and 4), suggesting that spontaneous
glutamate release rather than glutamate uptake had
occurred under baseline conditions. The insertion of a
dialysis probe inevitably damages the myocardium.
Although we waited for 2 h after implantation of the
dialysis probe and the glutamate level declined with
time, glutamate release from damaged myocardium
may have continued. Notwithstanding this limitation,
we were able to detect glutamate release in response to
acute myocardial ischaemia and inhibition of Na*,K*-
ATPase. Therefore, our interpretation that glutamate
release was dependent on the reverse transport of
glutamate transporter may be reasonable.

Supplementing the heart with glutamate has been
shown to have beneficial effect on the recovery of
contractile function in post-surgical patients (Arsenian
1998). The myocardial interstitial glutamate level
remained increased during 15-min reperfusion whereas
the -myocardial interstitial ACh level returned towards
the baseline level. Although the reason for different
responses upon reperfusion was unanswered in the
present study, the sustained increase in the glutamate
level may have therapeutic effect on its own.

In conclusion, acute myocardial ischaemia and inhi-
" bition of Na*,K*-ATPase did not increase myocardial
interstitial choline level despite a significant increase in
myocardial interstitial ACh level. By contrast, both
interventions significantly increased the myocardial
interstitial glutamate level. The glutamate transporter
contributed to myocardial interstitial glutamate release
via retrograde transport.
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Fujii, Takafumi, Noritoshi Nagaya, Takashi Iwase, Shinsuke
Murakami, Yoshinori Miyahara, Kazuhiro Nishigami, Hatsue
Ishibashi-Ueda, Mikiyasu Shirai, Takefumi Itoh, Kozo Ishino,
Shunji Sano, Kenji Kangawa, and Hidezo Mori. Adrenomedullin
enhances therapeutic potency of bone marrow transplantation for
myocardial infarction in rats. Am J Physiol Heart Circ Physiol 288:
H1444-H1450, 2005. First published November 11, 2004; doi:
10.1152/ajpheart.00266.2004—Adrenomedullin (AM), a potent va-
sodilator, induces angiogenesis and inhibits cell apoptosis through the
phosphatidylinositol 3-kinase/Akt pathway. Transplantation of bone
marrow-derived mononuclear cells (MNC) induces angiogenesis. We
investigated whether infusion of AM enhances the therapeutic po-
tency of MNC transplantation in a rat model of myocardial infarction.
Immediately after coronary ligation, bone marrow-derived MNC (§ X
108 cells) were injected into the ischemic myocardium, followed by
subcutaneous administration of 0.05 pg kg™ ' min~! AM (AM-MNC
group) or saline (MNC group) for 3 days. Another two groups of rats
received subcutaneous administration of AM alone (AM group) or
saline (control group). Hemodynamic and histological analyses were
performed 4 wk after treatment. Cardiac infarct size was significantly
smaller in the MNC and AM groups than in the control group. A
combination of AM infusion and MNC transplantation demonstrated
a further decrease in infarct size. Left ventricular (LV) maximum
change in pressure over time and LV fractional shortening were
significantly improved only in the AM-MNC group. AM significantly
increased capillary density in ischemic myocardium, suggesting the
angiogenic potency of AM. AM infusion plus MNC transplantation
demonstrated a further increase in capillary density compared with
AM or MNC alone. Although MNC apoptosis was frequently ob-
served 72 h after transplantation, AM markedly decreased the number
of terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling-positive cells among the transplanted MNC. In conclusion,
AM enhanced the angiogenic potency of MNC transplantation and
improved cardiac function in rats with myocardial infarction. This
beneficial effect may be mediated partly by the angiogenic property of
AM itself and by its antiapoptotic effect on MNC.

angiogenesis; apoptosis; mononuclear cell

DESPITE THE RECENT REMARKABLE progress in medical and surgi-
cal treatment for ischemic heart disease, this disease remains a
major cause of death ‘worldwide (5). Bone marrow-derived
mononuclear cells (MNC) contain various kinds of cell lin-
eages and numerous cytokines that contribute to neovascular-
ization (1, 15). In fact, autologous transplantation of bone
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marrow cells has been shown to enhance angiogenesis and
improve cardiac function in an animal model of cardiac ische-
mia (6, 9, 10). Recent human studies have demonstrated
beneficial effects of transplanted MNC in patients with ische-
mic heart disease (23, 25). However, some patients fail to
respond to this ceil therapy. Thus a novel therapeutic strategy
to enhance the angiogenic property of MNC is desirable.

Adrenomedullin (AM) is a potent vasodilator peptide that
was originally isolated from human pheochromocytoma (8).
We have shown that infusion of AM has beneficial hemody-
namic and renal effects in patients with heart failure (17). On
the other hand, AM has been shown to activate the phospha-
tidylinositol 3-kinase (PI3-kinase)/Akt-dependent pathway in
vascular endothelial cells, which ig considered to regulate
multiple critical steps in angiogenesis including endothelial
cell proliferation, migration, and capillary-like formation (14,
22). In fact, we have shown that AM gene transfer induces
therapeutic angiogenesis in a rabbit model of hindlimb ische-
mia via activation of Akt (24). These findings suggest that AM
may play an important role in the regulation of vascular
regeneration. In addition, AM has been shown to exert an
antiapoptotic effect on a variety of cells including vascular
endothelial cells (7, 20). Taking these findings together, com-
bination therapy with MNC transplantation and AM infusion
may have additional or synergetic effects on therapeutic an-
giogenesis for the treatment of ischemic heart disease.

Thus the purposes of this study were /) to investigate
whether infusion of AM enhances the angiogenic potency of
MNC transplantation in a rat model of myocardial infarction,
and 2) to investigate the effects of AM on survival and
differentiation of the transplanted MNC to examine the under-
lying mechanisms of the effects induced by AM.

MATERIALS AND METHODS

Animal model. Myocardial infarction was produced in male Lewis
rats weighing 200-220 g by left coronary ligation. In brief, after rats were
anesthetized by intraperitoneal injection of pentobarbital sodium (30
mg/kg body wt), they were ventilated artificially. The heart was exposed
via left thoracotomy, and the left coronary artery was ligated 2-3 mm
from its origin between the pulmonary artery conus and the left atrium
using a 6-0 proline suture. Finally, the heart was restored to its normal
position, and the chest was closed. The Animal Care Committee of the
Natjonal Cardiovascular Center approved this experimental protocol.
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Preparation of MNC. After Lewis rats were killed, bone marrow

from the femur and tibia was collected and put in PBS. Marrow cells

- were loaded on a 1.077 gradient of Ficoll (Lymphoprep; Nycomed
Pharma, Oslo, Norway) and centrifuged at 1,500 rpm for 20 min. The
cells were then washed with 10 m! PBS to remove the Ficoll and
centrifuged at 2,000 rpm for 10 min. The cells were finally suspended
in PBS at a concentration of 5 X 10% cells in 50 wl PBS for
transplantation. Fluorescence-activated cell sorting analysis demon-
strated that 22 * 1% of MNC were positive for lectin from ulex
europaeus (UEA)-1 lectin (Sigma, St. Louis, MO).

MNC transplantation and AM infusion. Transplantation of bone
marrow-derived MNC and/or 3-day infusion of AM was performed
immediately after coronary ligation. MNC (5 X 106 cells in 50 pl
PBS) were injected into the myocardium at five points in the border
zone surrounding the infarct by using a 27-gauge needle. Recombi-
nant human AM (0.05 pg-kg™!-min~!) was subcutaneously admin-
istered by using an osmotic minipump (model 2004; Alza, Palo Alto,
CA) for 3 days. The pump was positioned in a pocket constructed in
the subcutaneous tissue just below the subscapular region. For control,
5% glucose was infused in a similar manner in the rats receiving

coronary ligation. This protocol resulted in the creation of four’

groups: I) AM infusion plus MNC transplantation (AM-MNC group,
n = 15), 2) vehicle infusion plus MNC transplantation (MNC group,

n = 14), 3) AM infusion plus PBS injection (AM group, n = 14), and

4) vehicle infusion plus PBS injection (control group, n = 13).

Echocardiographic studies. Echocardiographic studies were per-
formed 4 wk after surgery using a 7.5-MHz phased-array transducer
(model HP SONOS 5500; Hewlett-Packard, Andover, MA). Rats
were anesthetized by intraperitoneal injection of pentobarbital sodium
(30 mg/kg body wt) as a supplement to maintain mild anesthesia.
M-mode tracings were obtained at the leve] of the papillary muscles.
Anterior and posterior end-diastolic wall thickness, left ventricular
(LV) end-diastolic and end-systolic dimension, and LV fractional
shortening were measured from three consecutive cardiac cycles by
the American Society for Echocardiology leading-edge method (21).

Cardiac catheterization. Cardiac catheterization was performed 4
wk after surgery. Rats were anesthetized with intraperitoneal pento-
barbital and placed on a heating pad to maintain body temperature at
37-38°C throughout the study. A 1.5 Fr micronanometer-tipped
catheter was inserted in the right carotid artery- for measurement of
heart rate and mean arterial pressure. The catheter was then advanced
into the LV for measurement of LV end-diastolic pressure and then
replaced with a thermomicroprobe for measurements of cardiac out-
put.-These hemodynamic variables were. measured with a pressure
transducer (UFI, Morro Bay, CA) connected to a polygraph and
recorded with a thermal recorder (model 7758 B system; Hewlett-
Packard).

Infarct size measurement. After completion of hemodynamic mea-
surements, the heart was arrested by an injection of 2 mmol KClI
through the carotid artery, and the cardiac ventricles were excised.
The size of myocardial infarction was determined by a previously
described method (2). In brief, incisions were made in the LV so that
the tissue could be pressed flat. The circumference of the entire flat
LV and the visualized infarcted area, as judged from both the
epicardial and endocardial sides, was outlined on a clear plastic sheet.
The difference in weight between the two marked areas on the sheet
was used to determine infarction size and was expressed as a percent-
age of LV surface area.

Histological analysis of microvessel density. LV myocardium was
fixed in 10% formalin. Three cross sections of the LV, cut from apex
to base, were obtained from individual rats for comparison among
four groups (2 = 5 each). They were embedded in paraffin and stained
with Masson’s trichrome for measurement of interstitial fibrosis. In
other rats (n = 5 each), LV myocardium was embedded in optimum
cutting temperature (OCT) compound (Sakura Finetechnical, Tokyo,
Japan), snap frozen in liquid nitrogen, and cut into 5-pm-thick
sections. Tissue sections were stained for alkaline phosphatase with an

H1445

indoxyltetrazolium method to detect capillary endothelial cells (n = 5
in each group). The number of capillary vessels was counted in the
peri-infarct area (a 1.0-mm band next to the scar) excluding scar
region using a light microscope at a magnification of X200. The
numbers in five high-power fields in each rat were averaged and
expressed as the number of capillary vessels. These morphometric
studies were performed by two examiners who were blinded to
treatment.

Detection of MNC apoptosis. To examine the antiapoptotic effect
of AM on transplanted MNC, red fluorescence-labeled MNC were
transplanted into ischemic myocardium in rats with (n = 5) and
without (n = 5) AM infusion. Before implantation into the ischemic
heart, suspended MNC were labeled with fluorescent dyes with a
PKH?26 (Red Fluorescent Cell Linker Kit; Sigma), as reported previ-
ously (13). AM was subcutaneously administered by using a
minipump for 3 days. Rats were killed 72 h after MNC transplanta-
tion. The LV was enucleated, and muscle samples were embedded in
OCT compound and snap frozen in liquid nitrogen for the detection of
apoptosis. Serial sections of the heart were stained by terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) for apoptosis using an in situ apoptosis detection kit (model
$7111 Apoptag Fluorescein Kit; Intergen). Apoptosis of transplanted
MNC was also evaluated by the detection of cleaved caspase-3-
positive cells. In brief, the frozen tissue sections were incubated with
anticleaved caspase-3 antibody (Cell Signaling), followed by incuba-
tion with FITC-conjugated IgG antibody (BD Pharmingen, San Di-
ego, CA). The number of TUNEL/PKH26 double-positive cells and
caspase-3/PKH26 double-positive cells was counted in 10 fields of

" each rat using a confocal microscopy (Fluoview model 500; Olympus,

Tokyo, Japan).

The antiapoptotic effect of AM on MNC was also evaluated by in
vitro TUNEL assay. MNC were plated on 12-well plates (1 X 10°
cells per well) and cultured in serum-free medium for 24 h with
control buffer, AM (1 X 107 M), or AM plus wortmannin, a
PI3-kinase inhibitor (50 nM). Randomly selected microscopic fields
(n = 10) were evaluated for calculating the ratio of TUNEL-positive
cells to total cells.

Monitoring of lmplanted MNC in ischemic heart. Addmonal rats
were used to examine whether transplanted MNC differentiate into
endothelial cells, cardiomyocytes, vascular smooth muscle cells, or
macrophages in the ischemic heart. PKH26 (red fluorescence)-labeled
MNC were injected into the ischemic heart in rats with (n = 8) and
without (n = 8) AM infusion. These subgroups of rats were killed 4
wk after coronary ligation. To identify vascular endothelial cells in
vivo, FITC-labeled UEA-1 lectin was intravenously administered 30
min before the rats were killed (n = 5 in each group). The LV was
enucleated, and muscle samples were then embedded in OCT com-
pound, snap frozen in liquid nitrogen, and cut into sections. Sections
were counterstained with 4',6'-diamidino-2-phenylindole (DAPI) to
detect nuclei. The number of DAPI/PKH26 double-positive cells and
lectin-positive cells in the peri-infarct area was counted in 10 fields of
each rat using a confocal microscopy. Frozen sections from other rats
(n = 3 in each group) were incubated with mouse anticardiac troponin
T (Novocastra, Newcastle, UK), anti-a-stooth muscle actin antibody
(Dako, Copenhagen, Denmark), and anti-ED! antibody (Serotec,
Oxford, UK), followed by incubation with FITC-conjugated IgG
antibody. In other rats (MNC group, n = 5; AM-MNC group, n = 5),
the cardiac muscle from base to apex was transversely cut into 6-um
slices to calculate the number of transplanted MNC present within the
heart 4 wk after transplantation. These morphometric studies were
performed by two examiners who were blinded to treatment.

Statistical analysis. Numerical values were expressed as means *
SE. Comparisons of parameters among the four groups were per-
formed by one-way ANOVA, followed by Newman-Keuls test for
unpaired data. Comparisons of parameters between two groups were
made by unpaired Student’s s-test. A value of P < 0.05 was consid-
ered significant.
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Fig. 1. A: representative examples of Masson tﬁchrome—staining of transverse sections of left ventricular (LV) myocardium 4 wk after coronary ligation. B:
quantitative analysis of infarct size and LV chamber size. Infarcted area and LV end-diastolic diameter (LVDd) of the adrenomedullin-mononuclear cell
(AM-MNC) group were significantly smaller than those of the other groups. Values are means * SE. *P < 0.05 vs. control; T2 < 0.05 vs. MNC; £P < 0.05

vs. AM.

RESULTS

Infarct size and ventricular weight. Moderate-to-large in-
farcts were observed in the control group after coronary liga-
tion (Fig. 1). However, infarct size was smaller in the MNC,
AM, and AM-MNC groups than in the control group. In
particular, it was very small in the AM-MNC group. Quanti-
tative analysis also demonstrated that cardiac infarct size in the

AM-MNC group was smallest among the four groups. Right

ventricular weight was significantly lower in the AM and
AM-MNC groups than that in the control group (Table 1). LV
weight did not significantly differ among the four groups.

Echocardiographic findings. LV diastolic dimension was
smallest in the AM-MNC group, followed by the AM, MNC,
and control groups (Fig. 1). LV fractional shortening in the
AM-MNC group was also higher than that in the control,
MNC, and AM groups (Table 2). Diastolic thickness of the
anterior wall was significantly attenuated in the MNC, AM,
and AM-MNC groups compared with the control group.

Table 1. Physiological profiles of four experimental groups

Hemodynamics. Cardiac output in the AM-MNC group was
significantly higher than that in the control, MNC, and AM .
groups (Fig. 2). LV end-diastolic pressure in the MNC, AM,
and AM-MNC groups was significantly lower than that in the
control group. LV maximum change in pressure over time
(dP/d?) in the MNC and AM-MNC group were significantly
higher than that in the control group. Similarly, LV minimum
dP/dt was significantly decreased only in the AM-MNC group.

Capillary density. Alkaline phosphatase staining of ischemic
myocardium showed marked augmentation of neovasculariza-
tion in the MNC, AM, and AM-MNC groups compared with
the control group (Fig. 34). Quantitative analysis demonstrated
that capillary density was significantly higher in the AM-MNC
group than in the MNC and AM groups (Fig. 3B). Cartilage,
bone, or fat was not observed in the transplanted area. No
tumor-like cells were seen. :

Antiapoptotic effect of AM on MNC. Red fluorescence-
labeled MNC were detected in each recipient heart 72 h after
transplantation (Fig. 4). TUNEL-positive cells were frequently
observed in the MNC group. In contrast, these apoptotic cells

Table 2. Echocardiographic findings

Control MNC AM AM-MNC
Number 13 14 14 15 Control MNC AM AM-MNC
Body weight, g 2743 285=5 2873 305+4*
Heart rate, bpm 41024  404x30  398+33 38736 LVDd, mm 9902  83*0.3 73%02*%  6.9£0.3*f
MAP, mmHg 10111 10413 1039 116x14*  LVDs, mm 84+03  6.6*04 5.8+0.2¢  51x0.2¢
LV wtbody wt, gkg 24202 25%02 26201 2502  %FS, % 14x1 2=x1% 21+ 1% 26+ 1%tt
RV wt/body wt, g/kg 1.1£0.1  09%01  08x0.1*  0.7x0.1* AWT diastole, mm 10202 1.3x03* 13x03*  1.4x04*

PWT diastole, mm 15205  2.2*04 2.1+04 2204

Values are means * SE; number is number of rats in each group. Control
group, myocardial infarction rats given vehicle; MNC group, those given
mononuclear cells; AM, those given adrenomedullin; AM-MNC, those given
AM and MNC; MAP, mean arterial pressure; LV, left ventricle; RV, right
ventricle. *P < 0.05 vs. control.

Values are means * SE. LVDd, LV diastolic dimension; LVDs, LV systolic
dimension; %FS, LV fractional shortening; AWT, anterior wall thickness;
PWT, posterior wall thickness. *P < 0.05 vs. control; TP < 0.05 vs. MNC;
IP < 0.05 vs. AM.
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were hardly detected in the AM-MNC group. Semiquantitative
analysis demonstrated that the number of TUNEL-positive
MNC was significantly lower in the AM-MNC group than in
the MNC group. Similarly, the number of caspase-3-positive
MNC was significantly lower in the AM-MNC group than in
the MNC group. These results suggest that infusion of AM
inhibits apoptosis of transplanted MNC.
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In vitro, serum starvatlon mduced MNC apoptosis. When
incubated in the presence of AM (1 X 10~7 M), the percentage of
TUNEL-positive cells decreased 31gmﬁcant1y (191109 *+ 1%,
P < 0.05). However, prefreatment with wortmannin, a PI3-kinase
inhibitor, diminished the antiapoptotic effect of AM (17 = 1%).

Differentiation of MNC into endothelial lineage. Four weeks
after transplantation, fiuorescence-labeled transplanted cells

AM  AM-MNC

AM AM-MNC

Flg 3. A representative examples of alkaline phosphatase staining in peri-infarct area. A combination of AM infusion and MNC transplantation markedly
induced myocardial neovascularization. Magnification, X200. B: quantitative analysis of capillary density in peri-infarct area. Capiliary density in the AM-MNC
group was significantly higher than that in the MNC and AM groups. Values are means = SE. *P < 0.05 vs. control; 1P < 0.05 vs. MNC; $P < 0.05 vs. AM.
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Fig. 4. Detection of transplanted cell apoptosis. A: representative photographs of terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) staining. Red fluorescence (PKH26) marks transplanted MNC; green fluorescence indicates TUNEL-positive cells. TUNEL-positive cells were
frequently observed in the MNC group, whereas they were hardly detected in the AM-MNC group. Magnification, X400. B: semiquantitative analysis of
TUNEL-positive cells in the PKH26-positive (transplanted) cells. C: representative photographs of caspase-3 staining. Red fluorescence (PKH26) marks
transplanted MNC; green fluorescence indicates caspase-3-positive cells. D: semiquantitative analysis of caspase-3-positive cells in the PKH26-positive cells.

Values are means * SE. *P < 0.05 vs. control.

were more frequently observed in the AM-MNC group than in the
MNC group (6.4 * 04 to 3.1 * 0.2%, P < 0.05). Moreover,
some of the transplanted cells were positive for UEA-1 lectin in
the AM-MNC group (Fig. 5A), suggesting differentiation of MNC
into vascular endothelial cells. Semiquantitative analysis demon-
strated that the number of DAPI/PKH26 double-positive cells
(viable transplanted cells) was significantly higher in the AM-
MNC group than in the MNC group (Fig. 5B). Moreover, the ratio
of lectin-positive cells to DAPI/PKH26 double-positive cells was
significantly higher in the AM-MNC group than in the MNC
group. The ratio of DAPI/PKH26 double-positive cells to lectin-
positive cells was small, but significantly higher in the AM-MNC
group than in the MNC group (23.9 = 0.9to 17.2 = 0.6%, P <
0.01). Transplanted MNC were negative for troponin T or
a-smooth muscle actin-positive cells. Some of the transplanted
MNC were positive for ED1, a marker of macrophage (data not
shown).

DISCUSSION ~

- In the present study, we demonstrated that /) infusion of AM
enhanced the angiogenic potency of MNC in a rat model of
acute myocardial infarction, resulting in decreased infarct size
and improved cardiac function. We also demonstrated that 2)
AM induced angiogenesis and inhibited apoptosis of the trans-
planted MNC. Thus a combination of AM and MNC may have
beneficial effects in rats with myocardial infarction, partly

through the angiogenic potency of AM itself and through its
antiapoptotic effect on MNC.

Bone marrow-derived MNC include a variety of stem and
progenitor cells (1, 15, 19), some of which can differentiate
into endothelial cells and secrete numerous cytokines and
chemokines (6, 9, 10). Earlier studies (6, 9, 10, 23, 25) have
shown that autoIogous bone marrow transplantation induces
angiogenesis and improves LV function in animals and hu-
mans. However, some patients are refractory to this cell ther-
apy. Thus an approach to augment the angiogenic potency of
MNC transplantation is required.

The present study showed that MNC transplantation or AM
infusion alone reduced infarct size. A combination of AM
infusion and MNC transplantation resulted in further decreases
in infarct size and LV chamber size. MNC transplantation or
AM administration .modestly improved LV function. On the
other hand, a combination of MNC and AM significantly
improved cardiac performance compared with MNC or AM
alone, as indicated by increases in cardiac output, fractional
shortening, and LV maximum dP/dt. Earlier studies (6, 9, 10)
have reported that MNC transplantation induces therapeutic
angiogenesis and preserves LV function through inhibition of
cardiomyocyte apoptosis in animal models of myocardial in-
farction. We have shown that AM infusion during the acute
phase of ischemia-reperfusion inhibits apoptosis of cardiomy-
ocytes and produces hemodynamic improvement in an animal
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Fig. 5. A: representative examples of MNC differentiation into endothelial lineage. Red fluorescence (PKH26) marks transplanted cells; green fluorescence

indicates ulex europaeus (UEA)-1 lectin, a marker for vascular endothelial

cells. Most of the transplanted cells differentiated into endothelial cells in the

AM-MNC group. Magnification, X400. B: quantitative analysis of living transplanted cells and endothelial differentiation. The number of living cells after

transplantation was significantly higher in the AM-MNC group than in the

MNC group. The ratio of lectin-positive cells to living transplanted cells was

significantly higher in the AM-MNC group than in the MNC group. Values are means = SE. *P < 0.05 vs. control. DAPI, 4',6'-diamidino-2-phenylindole.

study (18). These findings suggest that the reduction of infarct
size induced by this combination therapy may be attributable to
additive cardioprotective effects of MNC and AM.

The present study showed that AM infusion significantly
increased capillary density in ischemic myocardium. Further-
more, AM infusion plus MNC transpiantation demonstrated a
further increase in capillary density compared with AM or
MNC alone. Contribution of transplanted MNC to neovascu-
larization (the ratio of DAPI/PKH26 double-positive cells to
lectin-positive cells) was significantly greater in the AM-MNC
group than in the MNC group. A recent study (14) has reported
that AM promotes proliferation and migration of human um-
bilical vein endothelial cells and enhances angiogenesis in a
murine gel plug assay through the PI3-kinase/Akt pathway. We
have also shown that intramuscular administration of AM
DNA induces therapeutic angiogenesis in a rabbit model of
chronic hindlimb ischemiia via activation of Akt (24). These
findings suggest that the beneficial effects of combination
therapy using AM and MNC may be attributable, in part, to the
angiogenic properties of AM itself. Thus it is possible that AM
infusion-and MNC transplantation induce additive effects on
myocardial damage after myocardial infarction. However, it
still remains unknown whether AM infusion plus MNC trans-
plantation induces synergetic effects.

An earlier study has demonstrated that ischemia and me-
chanical stress induce apoptosis of transplanted cells in the
early stage after MNC transplantation (9). These results raise
the possibility that the angiogenic potency of MNC transplan-
tation is attenuated by MNC apoptosis. Kim et al. (7) have
demonstrated that AM inhibits apoptosis of endothelial cells
through the PI3-kinase/Akt pathway in vitro. Activation of the
PI3-kinase/Akt pathway has been shown to inhibit apoptosis of
endothelial progenitor cells and enhance neovascularization
(11). In the present study, AM infusion significantly inhibited
MNC apoptosis in ischemic tissue. In vitro, we showed that the
antiapoptotic effect of AM on MNC was mediated by activa-
tion of the PI3-kinase/Akt pathway. Thus AM may enhance the
therapeutic potency of MNC transplantation through a direct
action of AM on MNC survival. Moreover, immunohistologi-
cal examination demonstrated that infusion of AM increased
the number of lectin-positive (endothelial) cells in transplanted
MNC. These findings raise the possibility that AM may en-
hance differentiation of MNC into the endothelial lineage.
Thus AM may directly act on transplanted MNC, which may
result in synergetic effects on the ischemic myocardium.

This study includes some study limitations. Although the
labeling efficacy of PKH26 has been shown to persist for >8
wk without cell toxicity (3, 4), the used vital marker PKH26
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may have some cell toxic effects and cell or membrane fusion
can lead to labeling of neighboring cells in the target tissue.
Second, the present study demonstrated that AM prolongs
MNC survival through the PI3-kinase/Akt pathway and en-
hances neovascularization in a peri-infarcted area. However,
further studies are necessary to examine the effect of AM on
MNC differentiation into endothelial cells.

Autologous cell transplantatlon may be an alternative treat-
ment for ischemic heart disease in the clinical setting. Because
their use does not require immunosuppression, the clinical use
of MNC for cellular cardiomyoplasty appears to be most
advantageous. Administration of AM peptide is simple and
relatively noninvasive. We and others (12, 16, '17) have re-
ported the safety of AM infusion in humans. Thus combination
therapy using AM infusion and MNC transplantation may be a
new therapeutic strategy for the treatment of ischemic heart
disease.

In conclusion, infusion of AM enhanced the angiogenic

potency of MNC transplantation and improved cardiac func-’

tion in rats with myocardial infarction. This beneficial effect
may be mediated partly by the angiogenic property of AM
itself and by its antiapoptotic effect on MNC. Thus combina-
tion therapy using AM infusion and MNC transplantation may
be a new therapeutic strategy for the treatment of ischemic
heart disease.
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Kitagawa, Hirotoshi, Toji Yamazaki, Tsuyoshi Akiyama,
Masaru Sugimachi, Kenji Sunagawa, and Hidezo Mori. Micro-
dialysis separately monitors myocardial interstitial myoglobin dur-
ing ischemia and reperfusion. Am J Physiol Heart Circ Physiol
289: H924-H930, 2005. First published April 15, 2005;
doi:10.1152/ajpheart.01207.2004.—Direct monitoring of myoglobin
efflux during ischemia and reperfusion has been limited because of
inherent sample collection problems in the ischemic region. Recently,
the cardiac dialysis technique has offered a powerful method for
monitoring' myocardial interstitial levels of low-molecular-weight
compounds in the cardiac ischemic region. In the present study, we
extended the molecular target to high-molecular-weight compounds
by use of microdialysis probes with a high-molecular-mass cutoff and
monitored myocardial interstitial myoglobin levels. A dialysis probe

was implanted in the left ventricular free wall-in anesthetized rabbits.

The main coronary artery was occluded for 60 or 120 min. We
examined the effects of myocardial ischemia and reperfusion on
myocardial interstitial myoglobin levels. Interstitial myoglobin in-
creased within 15 min of ischemia and continued to increase during
120 min of ischemia, whereas blood myoglobin increased at 45 min of
ischemia. Lactate and myoglobin in the interstitial space increased
during the same period. At 60 min of ischemia, reperfusion markedly
accelerated interstitial myoglobin release. The interstitial myoglobin
level was fivefold higher at 0-15 min of reperfusion than at
60-75 min of coronary occlusion. The dialysis technique permits
earlier detection of myoglobin release and separately monitors myo-
globin release during ischemia and reperfusion. Myocardial interstitial
myoglobin levels can serve as an index of myocardial injury evoked
by ischemia or reperfusion.

infarction; interstitial space; membrane permeability

IT IS WELL KNOWN that certain proteins, including myoglobin,
called serum cardiac markers, are released into the bloodstream
in large quantities from necrotic cardiac muscle cells after
myocardial infarction (20, 26, 43). However, because direct
samples from the ischemic region are not readily obtainable, in
situ studies on effiux of these proteins in the cardiac ischemic
region have been limited (22). This problem of sample collec-
tion from the ischemic region remains unresolved. First, it is
uncertain exactly when cardiac markers appear from injured
myocardium. The appearance of cardiac markers indicates the
turning point from reversible injury to irreversible damage
(43). However, the first appearance of cardiac markers in the
bloodstream is influenced by the slow transport of cardiac
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markers from the interstitial space into the bloodstream (20).

Thus the detection of this appearance is of great value in

understanding the pathophysiological events induced by myo-
cardial ischemia. Second, recent experimental and clinical

findings suggest that reperfusion jtself seems to accelerate the

release of cardiac markers (18, 37, 38). However, the extent to

which reperfusion contributes to relative changes in their

release is unclear. To determine myocardial injury evoked by

reperfusion, more information is needed about the extent to

which ischemia and reperfusion affect changes in the release of

cardiac markers. Third, present methods used to measure

infarct size require tissue analysis several hours after the

ischemic event (8). Furthermore, histochemical analysis de-
pends on the times of ischemia and reperfusion (23, 33).

Concise, dissociated assessments of ischemia and reperfusion

injury have been a frequent object of research.

In general, mobilization of cardiac markers from ischemic
myocardium to the bloodstream has been divided into two
different sequences: release from the myocardial cell to the
interstitial space and transport from the interstitial space into
the bloodstream (20). Therefore, if we examine the first process
in in situ myocardium, we can discuss the pathophysiological
changes during development of ischemic myocardial necrosis.
However, little information is available on interstitial protein
kinetics in the ischemic region (15). Examination of protein
kinetics in the ischemic region has been limited to assessment
of protein kinetics in the isolated Langendorff-perfused heart
(28, 39). Recently, a cardiac dialysis technique has provided a
powerful method for monitoring myocardial interstitial levels
of low-molecular-weight compounds in the cardiac ischemic
region (2, 6, 14, 31). Furthermore, this method is suitable for
distinguishing bétween ischemia and reperfusion responses
(32). By improving the microdialysis probes with a high-
molecular-mass cutoff membrane, we have extended the mo-
lecular target to high-molecular-weight peptides and proteins
and monitored myocardial interstitial protein levels.

In the present study, we chose myoglobin as one of the
earliest biochemical markers in myocardial injury (4, 34). We
applied the dialysis technique to the heart of anesthetized
rabbits and investigated myocardial interstitial myoglobin lev-
els during coronary occlusion and reperfusion. To address the
above-mentioned issues, we compared the first appearance of
myocardial interstitial myoglobin levels with that of low-
molecular-weight metabolites (lactate and glycerol). Further-
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more, we compared the time course of myocardial interstitial
myoglobin during reperfusion after ischemia with that of sus-
tained ischemia and examined the changes in myoglobin re-
lease evoked by reperfusion. The results of the present study
indicate that microdialysis is suitable for distinguishing be-
tween ischemia and reperfusion injury.

MATERIALS AND METHODS
Animal Preparation

The investigation conformed with the Guide for the Care and Use
of Laboratory Animals published by the National Institutes of Health
(NIH Publication No. 85-23, Revised 1996). All protocols were
approved by the Animal Subjects Committee of the National Cardio-
vascular Center. Thirty adult male Japanese White rabbits (2.5-3.2
kg) were anesthetized with pentobarbital sodium (30-35 mg/kg iv).
The level of anesthesia was maintained with a continuous intravenous
infusion of pentobarbital sodium (1-2 mg-kg~'-h™'). The rabbits
were intubated and ventilated with room air mixed with oxygen. Body
temperature was maintained at ~39°C with a heating pad and lamp.
Heart rate (HR), mean arterial pressure (MAP), and electrocardiogram
were monttored and recorded continuously. Heparin sodium (200
IU/kg) was first administered intravenously and then maintained with
a continuous infusion (5-10 IU-kg~!-h~!) to prevent blood coagu-
lation. With the animal in the lateral position, the fifth or sixth rib on
the left side was partially removed to expose the heart. A small
incision was made in the pericardium, and the dialysis probe was
implanted in the region perfused by the left circumfiex coronary artery
(LCX) of the left ventricular wall. A snare was placed around the main
branch of the LCX to act as the occluder for later coronary occlusion.
To ensure that the sampling area was in the ischemic region, we
examined the color and motion of the ventricular wall during a brief
occlusion and confirmed that the dialysis probe was correctly located.
To avoid a preconditioning effect, the duration of occlusion was
limited to a few seconds.

Dialysis Technique

We designed a handmade long transverse dialysis probe (1). One
-end of a polyethylene tube (25 c¢m long, 0.5 mm OD, 0.2 mm ID) was
dilated with a 27-gauge needle (0.4 mm OD). Each end of the dialysis
fiber (8 mm long, 0.215 mm OD, 0.175 mm ID, 300 A pore size;
Evafiux type 5A, Kuraray Medical) was inserted into the polyethylene
tube and glued. A fine guiding needle (25 mm long, 0.51 mm OD,
0.25 mm ID) was used for implantation of the dialysis probes. A
guiding needle was connected to the dialysis probe with a stainless
steel rod (5 mm long, 0.25 mm OD). At a perfusion speed of 5 pl/min,
the in vitro recovery rate (RR) of myoglobin was 15 * 0.6% (number
of dialysis probes = 3). In vitro RR was defined as follows: RR = (Ci, —
Cou)/Cin, where C;, and C,,, are the concentrations of myoglobin in
the perfusate and in the dialysate, respectively (19). For monitoring
myocardial interstitial lactate and glycerol levels, we used a conven-
tional dialysis fiber (PAN-1200, Asahi Chemical Japan) to detect
low-molecular-weight compounds (1).

. Dialysis probes were perfused with Ringer solution (in mM: 147.0
NaCl, 4.0 KCl, and 2.25 CaCl,) at 5 pl/min using a microinjection
pump (model CMA/100, Carnegie Medicine). Figure 1 shows the time
course of dialysate myoglobin levels collected at 1-h intervals over a
4-h period after probe implantation. Dialysate myoglobin rapidly
decreased to 261 * 56 ng/ml at 2 h after probe implantation.
Thereafter, it gradually decreased, reaching an almost steady level of
222 * 37 ng/ml 4 h after probe implantation. On the basis of the
results of this experiment, in the subsequent protocol, we discarded
the first 120-min collections of dialysate and measured the dialysate
myoglobin level twice at 30-min intervals. When dialysate myoglobin
levels reached the steady level, we started the experimental protocol.
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Fig. 1. Time course of dialysate myoglobin levels after probe ‘implantation.
Dialysate myoglobin levels decreased over the first 2 h and then reached an
almost steady level. Values are means * SE from 5 rabbits.

Sampling periods were 15 min (1 sampling volume = 75 pl) in
control and during occlusion and reperfusion. Taking into consider-
ation the dead space between the dialysis fiber and sample tube, we
sampled the dialysate.

Dialysate myoglobin concentrations were measured as an index of
myocardial interstitial myoglobin levels. Blood samples were ob-
tained from the femoral artery. Using immunochemistry (Cardiac
Reader, Roche Diagnostics), we measured the myoglobin levels (7).
The detection limit of myoglobin was 30 ng/ml. The dialysate lactate
and glycerol levels were measured by kinetic enzymatic analysis
(CMA 600 analyzer, Carnegie Medicine) (30).

Experimental Protocols

After control sampling, we occluded the main branch of the LCX
for 60 min and then released the occluder. We continuously sampled
the dialysate from the ischemic region during 60 min of coronary
occlusion and reperfusion.

Time course of dialysate lactate, glycerol, and myoglobin levels
during myocardial ischemia. We compared the dialysate myoglobin
levels with the blood myoglobin levels. After control sampling, we
observed the time course of dialysate and blood myoglobin levels
during 60 min of coronary occlusion. In addition, we measured
simultaneously dialysate lactate and glycerol levels from the ischemic
region in separate rabbits.

Time course of dialysate myoglobin levels during 60 min of reper-
fusion following 60 and 120 min of ischemia. Reperfusion modulates
myocardial membrane damage and may accelerate dialysate myoglo-
bin levels (18, 21, 37). We compared the time course of dialysate
myoglobin during 60 min of reperfusion following 60 min of ischemia
with that of 120 min of ischemia.

Time course of dialysate myoglobin levels during local adminis-
tration of cyanide. To confirm whether the dialysate myogiobin level
reflects myocardial damage evoked by ischemia or hypoxia, we tested
the effect of local sodium cyanide (NaCN) administration on dialysate
myoglobin levels. We collected a control dialysis sample and then
replaced the perfusate with Ringer solution containing NaCN (30
mM), thereby locally administering NaCN for 60 min. We obtained
four consecutive dialysate samples and measured the dialysate myo-
globin levels.

At the end of each experiment, the rabbits were killed with an
overdose of pentobarbital sodium, and the implant regions were
checked to confirm that the dialysis probes had been implanted within
the cardiac muscle.

Statistical Analysis

Dialysate lactate, glycerol, and myoglobin responses to coronary
occlusion were statistically analyzed by one-way analysis of variance
with repeated measures. When a statistically significant effect of
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