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Abstract We have recently demonstrated that repeated

administrations of c-kitPOS cardiac progenitor cells

(CPCs) have cumulative beneficial effects in rats with old

myocardial infarction (MI), resulting in markedly greater

improvement in left ventricular (LV) function compared

with a single administration. To determine whether this

paradigm applies to other species and cell types, mice

with a 3-week-old MI received one or three doses of

cardiac mesenchymal cells (CMCs), a novel cell type that

we have recently described. CMCs or vehicle were

infused percutaneously into the LV cavity, 14 days apart.

Compared with vehicle-treated mice, the single-dose

group exhibited improved LV ejection fraction (EF) after

the 1st infusion (consisting of CMCs) but not after the

2nd and 3rd (vehicle). In contrast, in the multiple-dose

group, LV EF improved after each CMC infusion, so that

at the end of the study, LV EF averaged 35.5 ± 0.7% vs.

32.7 ± 0.6% in the single-dose group (P\ 0.05). The

multiple-dose group also exhibited less collagen in the

non-infarcted region vs. the single-dose group. Engraft-

ment and differentiation of CMCs were negligible in both

groups, indicating paracrine effects. These results

demonstrate that, in mice with ischemic cardiomyopathy,

the beneficial effects of three doses of CMCs are signif-

icantly greater than those of one dose, supporting the

concept that multiple treatments are necessary to properly

evaluate the full therapeutic potential of cell therapy.

Thus, the repeated-treatment paradigm is not limited to

c-kit POS CPCs or to rats, but applies to other cell types

and species. The generalizability of this concept dramat-

ically augments its significance.

Keywords Ischemic cardiomyopathy � Stem cells �
Progenitor cells � Cell therapy

Introduction

Mounting evidence indicates that the beneficial effects of

cell-based therapies are not caused by differentiation of

transplanted cells into new cardiac myocytes but rather by

paracrine actions [17, 25]. We have found that adminis-

tration of c-kitPOS cardiac progenitors cells (CPCs) results

in a sustained (up to 1 year) improvement in left ven-

tricular (LV) function and structure despite the fact that

almost all exogenous cells disappear within a few days of

transplantation [6, 7, 14, 15, 19, 28, 30, 31, 33]. Similar

findings have been reported by others with various cell

types [1–4, 8, 13, 16, 17, 23–25, 32, 36]. In view of the

fact that transplanted cells are rapidly cleared from the

myocardium, we posit that administration of one dose of

cells cannot be regarded as a valid test of the therapeutic

efficacy of that product. Thus far, however, all clinical

trials of cell therapy, and almost all preclinical studies,

have examined the effects of one dose of cells.

In a recent study, we have proposed that the rapid dis-

appearance of exogenous cells is a major factor limiting

their efficacy and that repeated administration of cells can

markedly increase their efficacy [33]. Indeed, we have

found that, in rats with old myocardial infarction (MI),

three administrations of c-kitPOS CPCs 35 days apart
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produce cumulative beneficial effects, such that the final

outcome is markedly improved compared with a single-cell

administration [33]. These findings imply that one dose of

cells is insufficient to adequately evaluate their therapeutic

utility. The notion that the full effects of a cell product

require repeated administrations has major repercussions,

for it implies that in the previous ‘‘negative’’ studies, the

beneficial effects of cell therapy may have been overlooked

and that future clinical and preclinical studies should adopt

protocols based on repeated treatments. Thus, if this con-

cept is applicable to other cell types and animal models, it

could revolutionize the field of cell therapy.

At present, the evidence supporting this new paradigm

is limited to administration of c-kitPOS CPCs in rats with

chronic ischemic cardiomyopathy [33]. Before this con-

cept can be generalized, it is necessary to verify its

validity in other species and cell types. Accordingly, the

goal of this study was to determine whether repeated cell

treatments offer a therapeutic advantage over a single

treatment in a different species (mice). A model of

ischemic cardiomyopathy was used in which mice with a

3-week-old MI were given either one or three doses of

cells. The rationale for studying a model of subacute/old

MI was that the repeated-treatment paradigm is best

evaluated in a setting of relatively stable post-MI LV

dysfunction. Clinically, it is in this setting that multiple

doses could be given to patients at regular intervals. To

test whether the multiple-dose paradigm applies to a cell

type other than c-kitPOS CPCs, we utilized cardiac mes-

enchymal cells (CMCs), a novel cardiac-derived cell type

that we have recently found to possess reparative prop-

erties [35]. To perform repeated treatments with accept-

able attrition of mice, we developed a protocol for

percutaneous injection of CMCs into the LV cavity which

enables repeated cell administrations with minimal mor-

tality. Our results demonstrate that three CMC doses are

superior to one dose, thereby corroborating the new

paradigm of repeated cell treatments.

Methods

All animal procedures were performed in accordance with

the Guide for the Care and Use of Laboratory Animals

(Department of Health and Human Services, Publication

No. [NIH] 86–23) and with the guidelines of the Animal

Care and Use Committee of the University of Louisville,

School of Medicine (Louisville, KY, USA). The protocol

was approved by the Institutional Animal Care and Use

Committee of the University of Louisville (Permit Num-

ber: 14,034). All animals were maintained in micro-isolator

cages under specific pathogen-free conditions in a room

with a temperature of 24 �C, 55–65% relative humidity,

and a 12-h light–dark cycle.

Isolation and culture of cardiac mesenchymal cells

Mouse CMCs were isolated from slowly adhering

myocardial fractions as described [34, 35]. Briefly,

myocardial cells were isolated from 12 to 15-week-old

male C57BL/6-Tg(CAG-EGFP)1Osb/J mice (The Jackson

Laboratory). Mice were euthanized by sodium pentobar-

bital injection (100 mg/kg i.p.). The hearts were excised,

washed in room temperature PBS, minced into small pie-

ces, and enzymatically dissociated with Collagenase II

(5 lg/mL in PBS; Worthington) with gentle agitation for

45 min at 37 �C. After Collagenase II inactivation with

DMEM/F12 medium containing 10% FBS, cells were

centrifuged at 6009g for 10 min. The collected cell pellet

was suspended in growth medium consisting of DMEM/

F12 (Invitrogen), 10% FBS (Seradigm, VWR), bFGF

(10 ng/ml), EGF (10 ng/ml), ITS (insulin/transferrin/sele-

nium), glutamine, and Pen-Strep. A single-cell suspension

was plated in the tissue culture flask. The non-adherent

cells were removed 2 h after the initial plating, and the

attached cells were gently washed with PBS and suspended

in growth medium. Collected floating cells were plated in

new tissue culture flasks and cultured for the next 2 h. The

procedure was repeated three more times after 24, 48, and

72 h. A total of five fractions were collected from the

myocardial digestion. The cell fractions that attached

within 2 and 4 h (fractions 10 and 20, respectively) were

collectively dubbed ‘‘rapidly adhering’’ (RA), whereas the

cells that attached in 24, 48, and 72 h (fractions 30, 40, and
50, respectively) were designated ‘‘slowly adhering’’ (SA).

Cells isolated from SA fractions were further propagated in

growth medium and used for experiments at passages 3–6.

Cytokine array

CMCs at passages 3–5 were seeded in T75 culture flasks

and propagated in growth media till 80% confluence.

Subsequently, the monolayer of cells was washed three

times with PBS and suspended in basal media supple-

mented with 0.5% BSA (DMEM:F12). After 24 h of

incubation, conditioned media was collected and cen-

trifuged at 6009g for 10 min at 4 �C to remove dead cells

and cell debris. Cytokine expression in the conditioned

media was evaluated with the Proteome ProfilerTM Mouse

XL Cytokine Array (R&D) according to the manufacturer’s

recommendations. The membranes were exposed with

ECL substrate, and imaged with a Fuji LAS-3000

bioimaging analyzer. Densitometry was performed with

ImageJ (1.37v).
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Mouse model of ischemic cardiomyopathy

The study was performed in C57BL/6J female mice (age

16–19 weeks, body weight 20–25 g), purchased from The

Jackson Laboratory (Bar Harbor, ME, USA). The mouse

model of myocardial ischemia and reperfusion has been

described in detail [11, 12, 14, 20]. Briefly, mice were

anesthetized with sodium pentobarbital (60 mg/kg i.p.) and

ventilated using carefully selected parameters. The chest

was opened through a midline sternotomy, and a non-

traumatic balloon occluder was implanted around the mid-

left anterior descending coronary artery using an 8–0 nylon

suture. To prevent hypotension, blood from a donor mouse

was given at serial times during surgery. Rectal tempera-

ture was carefully monitored and maintained between 36.8

and 37.2 �C throughout the experiment. Myocardial

infarction (MI) was produced by a 60-min coronary

occlusion followed by reperfusion. To exclude small

infarctions, an echocardiogram was obtained 3 weeks after

MI in all mice; animals with LV ejection fraction

(EF)[35% were not used.

Echocardiography-guided intraventricular injection

To avoid multiple thoracotomies in the same mouse, we

developed a percutaneous, echo-guided approach to inject

cells or vehicle into the LV cavity. All injections were

performed using a Vevo 2100 Imaging System (Visu-

alSonics, Inc.) equipped with a 30-MHz transducer, a Vevo

Image Station with Injection Mount, and micro-manipula-

tion controls. Mice were anesthetized with isoflurane (3%

for induction and 1.5% for maintenance). The anterior

chest and abdomen were shaved and the animals were

placed on the imaging table in the right lateral decubitus

position with the left lateral side facing the injection

mount. Body temperature was kept strictly at 37 ± 0.2 �C.
With the imaging transducer aligned perpendicularly to the

injection mount, the left ventricle was initially imaged in

the parasternal plane and a good 2D long-axis view was

procured by adjusting the angle and position of the imaging

table. The transducer was then turned 90� clockwise; the

LV was scanned in the 2D short-axis; and color Doppler

views from apex to base were obtained to determine the

optimal site for needle insertion, a site that did not include

the infarct scar or a coronary artery. Under the guidance of

a real-time B-mode view, a 0.5-inch 30-G injection needle

attached to a 1.0-ml syringe was then carefully inserted

from the left lateral side and advanced into the center of the

LV cavity. CMCs [1 9 106 cells in 200 ll of phosphate-
buffered saline (PBS)] or vehicle (200 ll of PBS) were

infused at a rate of 33 ll/s for 1 min.

Pilot studies

Before initiating the protocol, we conducted a series of

pilot studies to select a needle gauge, an infusion speed,

and a dose of cells that would yield a myocardial retention

of CMCs comparable to that observed in our previous

studies using intramyocardial or intracoronary injection of

100,000 c-kitPOS CPCs, in which cell therapy was effective

[19]. To select a rate of infusion and needle size that would

not damage cells, 1 9 106 CMCs in 200 ll of PBS were

infused through a 27-G or 30-G needle over 3, 10, or 30 s,

and cell survival was measured after 24 h in culture. The

selection of the cell dose (1 9 106) was based on our

previous studies in rats [33], in which we found that when

cells are injected via the intraventricular route, their num-

ber needs to be at least 10 times greater than that injected

intracoronarily to achieve similar myocardial retention at

24 h. Since, in our previous study in mice, we injected

1 9 105 cells intracoronarily or intramyocardially, and

since this dose was effective [19], in this study, we injected

1 9 106 cells (a dose 10 times higher). Mice were sub-

jected to a 60-min coronary occlusion followed by reper-

fusion; 3 weeks later, 1 9 106 CMCs in 200 ll of PBS

were infused intraventricularly under echo guidance, and

the retention of cells in the heart was measured at various

times after injection using a highly sensitive and accurate

real-time PCR method [14, 15].

Treatment protocol

Three weeks after MI, after confirming that LV EF

was B35%, mice were randomly allocated to three

treatment groups: vehicle (control), single dose, or

multiple doses (Fig. 1). The 1st treatment was given on

the same day of group assignment, and consisted of

either CMCs (1 9 106 cells in 200 ll of PBS) or vehicle
(200 ll PBS) via echo-guided LV injection. The 2nd and

3rd treatments were given at 2-week intervals. The

vehicle group received three injections of vehicle, the

single-dose group received CMCs at the 1st injection

and vehicle at the 2nd and 3rd injection, and the mul-

tiple-doses group received three injections of CMCs. To

monitor formation of new cells, in all groups, 5-bromo-

20-deoxyuridine (BrdU, Sigma) was given after the 1st

treatment (33 mg/kg/day s.c. for 14 days) and 5-iodo-20-
deoxyuridine (IdU, Sigma) for 14 days after the 3rd

treatment (IdU was given in the drinking water at a final

concentration of 0.1%). At 4 weeks after the 3rd treat-

ment, mice underwent the final echocardiographic and

hemodynamic studies, and were euthanized for histo-

logic studies (Fig. 1).
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Echocardiographic studies

Echocardiographic studies were performed using the Vevo

2100 Imaging System (VisualSonics, Inc.) equipped with a

30-MHz transducer, as previously described

[19, 22, 26, 29]. Serial echocardiograms were obtained

3 weeks after MI (before the 1st treatment [pre-treatment]),

2 weeks after the 1st treatment (immediately before the

2nd treatment), 2 weeks after the 2nd treatment (immedi-

ately before the 3rd treatment), and 4 weeks after the 3rd

treatment (prior to hemodynamic studies and euthanasia).

All echocardiographic studies were performed under

isoflurane anesthesia (3% for induction and 1% for main-

tenance). Using a rectal temperature probe, body temper-

ature was carefully maintained between 36.8 and 37.2 �C.
The parasternal long-axis and parasternal short-axis views

were used to obtain 2D-mode images for the measurement

of LV mass, end-diastolic and end-systolic LV volume

(LVEDV and LVESV), stroke volume (SV), EF, and

fractional shortening (FS), as in our previous studies

[9, 19]. Digital images were analyzed off-line by blinded

observers using the Vevo 2100 workstation software.

Measurements were performed according to the American

Society for Echocardiography. At least three measurements

were taken and averaged for each parameter.

Hemodynamic studies

At 4 weeks after the 3rd treatment, just before euthanasia,

hemodynamic studies were performed as previously

described [10, 19, 30]. Briefly, mice were anesthetized with

sodium pentobarbital, intubated, and ventilated; rectal

temperature was kept between 36.8 and 37.2 �C. A 1.0

French pressure–volume (PV) catheter (PVR-1035, Millar

Instruments) was inserted into the left ventricle via the

right carotid artery. The position of the catheter was

carefully adjusted until typical and stable PV loop signals

were acquired. After 30 min of stabilization, the PV signals

were recorded continuously with an MPVS Single Segment

Pressure–Volume unit (Millar Instruments) coupled with a

Powerlab 16/30 converter (AD Instruments), stored, and

displayed on a personal computer with the LabChart 7

software (AD Instruments). Inferior vena cava occlusions

were performed with external compression to produce

variably loaded beats for determination of the end-systolic

PV relation and other derived constructs of LV perfor-

mance. Parallel conductance from surrounding structures

was calculated by a bolus injection of 5 ll of 30% NaCl

through the jugular vein. All hemodynamic data analyses

were performed off-line, using the LabChart 7 software, by

an investigator blinded to the treatment.

Histological studies

The protocol for histologic analyses has been described

[27, 30, 31, 33]. Briefly, at the end of the protocol, the heart was

arrested in diastole by an i.v. injection of 0.15 ml of CdCl2
(100 mM), excised, and perfused retrogradely at 60–80 mmHg

(LVEDP = 8 mmHg)with heparinized PBS followed by 10%

neutral buffered formalin solution for 15 min. The heart was

fixed in formalin for 24 h, then sectioned into three transverse

slices (*2 mmthick) fromapex to base, and subjected to tissue

processing and paraffin embedding. Slices were sectioned at

4-lm intervals and stained with Masson’s trichrome (Sigma),

60-min 
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Fig. 1 Experimental protocol.

Mice were subjected to a

60-min coronary artery

occlusion followed by

reperfusion to induce

myocardial infarction (MI).

Three weeks after MI, animals

received the 1st treatment

(vehicle or 1 9 106 CMCs) via

echo-guided LV infusion,

followed by a 2nd and 3rd

treatment at 2-week intervals.

BrdU was given right after the

1st treatment until the 2nd

treatment; IdU was given for

2 weeks after the 3rd treatment

18 Page 4 of 14 Basic Res Cardiol (2017) 112:18

123



picrosirius red, or antibodies against EGFP, BrdU, and cell-

type-specific markers. Images were acquired digitally and

analyzed using NIH ImageJ (1.48v). From the Masson’s tri-

chrome–stained images, morphometric parameters, including

total LV area, risk region area, scar area, and LVwall thickness

in the risk and non-infarcted regions, were measured in each

section [27, 30, 31, 33]. Myocardial collagen content was

quantitated on picrosirius red-stained heart images acquired

under polarized light microscopy by determining collagen

density (arbitrary unit) per mm2 of risk region or non-infarcted

region with the NIH ImageJ software [27, 30, 31, 33]. Fluo-

rescent stains and antibodies were used to identify specific cell

markers and compartments. Imaging was performed using

Zeiss 510 and Nikon TiE microscopes; digitally acquired

images were analyzed using NIH ImageJ (1.46r) and NIS-

Elements Ar software.

Immunohistochemistry

Immunohistochemistry was performed in formalin-fixed,

paraffin-embedded, 4-lm-thick heart sections [5, 21, 37]. Cell

proliferation was assessed by immunofluorescent staining of

nuclei with specific antibodies for BrdU (Roche). Myocytes

were stained with an anti-a-sarcomeric actin (a-SA) antibody
(Sigma). Myocyte membranes were stained with Rhodamine-

labeled wheat germ agglutinin (WGA) (Vector Labs) to facil-

itate the identification of individual myocytes for analysis of

myocyte cross-sectional area and myocyte density. To deter-

mine vessel density, heart sections were stained with Fluores-

cein-labeled Griffonia Simplicifolia Lectin I (GSL I) isolectin

B4 (Vector Labs). Double immunofluorescent staining was

conducted with specific anti-BrdU and anti- a-SA antibodies

for evaluation of proliferating myocytes. Nuclei were stained

with DAPI (40,6-diamidino-2-phenylindole).

Statistical analysis

Data are presented as mean ± SEM. All data were ana-

lyzed with one-way ANOVA for normally distributed data,

or Kruskal–Wallis one-way analysis of variance on ranks

for data that are not normally distributed, as appropriate,

followed by unpaired Student’s t tests with the Bonferroni

correction. A P value\0.05 was considered statistically

significant. All statistical analyses were performed using

the Sigma Stat software system [19, 20].

Results

Characterization of murine CMCs

Mouse CMCs isolated from slowly adhering fractions have

previously been characterized in detail [35]. Briefly, CMCs

observed under brightfield microscope have typical

fibroblast-like characteristics, i.e., they adhere to plastic

and acquire a spindle-shaped morphology. Flow cytometric

analysis shows that CMCs express surface markers of

mesenchymal lineage (CD90, CD29, CD73, CD105, and

CD44) and lack expression of the hematopoietic marker

CD45 and the pericyte marker CD146. Among other

mesenchymal markers, CMCs express CD106, CD9, and

CD13 but not CD271 and CD166. Expression of c-kit is

low (\10%); most cells are positive for Sca-1 [35].

The results of the cytokine array confirmed that CMCs

produce numerous factors potentially involved in angio-

genesis, inflammation, and cell trafficking (Supplementary

Fig. 1). Among them, angiopoietin-2, serpin E1, MMP-2,

MMP-3, osteopondin, cystatin C, and IGFBP-6 were par-

ticularly abundant.

Exclusions, temperature, and heart rate

A total of 129 mice were enrolled in this study (Supple-

mentary Table 1). Eighteen mice died within 48 h after MI,

18 were excluded because of prespecified criteria

(EF[ 35% at 3 weeks after MI), and 16 were used for the

cell retention studies. The remaining 77 mice were allo-

cated to one of the three treatment groups (vehicle, single

dose, or multiple doses). Nineteen mice died after the 1st

injection and one after the 2nd injection, with no further

mortality after the 3rd injection. Therefore, a total of 57

mice were included in the final analysis: 20 in the vehicle

group, 18 in the single-dose group, and 19 in the multiple-

doses group (Supplementary Table 1).

By experimental design, rectal temperature was kept

within a narrow, physiologic range (36.8–37.2 �C) in all

groups during all procedures, including coronary occlu-

sion/reperfusion, echo-guided injections, echocardio-

graphic studies, and hemodynamic studies (Supplementary

Table 2). Heart rate was also similar in all three groups

(Supplementary Table 2).

Development of a method for repeated percutaneous

cell injections

To perform this study, we have developed a method to

deliver three doses of cells percutaneously via echo-guided

LV injection in mice with old MI. The method was suc-

cessful. Of 77 mice treated, 57 completed the three injec-

tions, with an overall successful rate of 74%. Most of the

deaths (17 out of 20) occurred during the 1st injection in

the first 35 mice—a phenomenon that reflected a ‘‘learning

curve’’ for this procedure in our lab. Among the remaining

42 mice, only two died during the 1st injection and one

died after the 2nd injection; no mice died after the 3rd

injection (Supplementary Table 1).
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A number of pilot studies were conducted to optimize

the injection procedure. We examined whether the gauge

of the needle and the speed of injection affect cell survival;

we found that CMC survival is directly related to the size

of the needle and inversely related to the speed of injection

(Supplementary Table 3). Although a 27-G needle was

associated with greater CMC survival, we elected to use a

30-G needle to minimize myocardial injury during injec-

tion. We selected injection duration of 30 s, which

appeared to cause the least damage to the cells. With this

combination (30 G needle and 30 s duration), cell survival

was 95% (Supplemental Table 3). The pilot studies also

revealed that the 2D short-axis view provided better reso-

lution for locating an ideal injection site (avoiding the scar

and the coronary arteries) and was the most helpful in

guiding the injection. Finally, our measurements of

myocardial cell retention (using a highly accurate PCR-

based method [14, 15]) showed that after intraventricular

injection of 1x106 CMCs, *11,000 CMCs were present in

the heart 24 h later—a retention rate at least equal to (or

better than) that previously achieved [14, 15] with the

administration of 1 9 105 CPCs via intramyocardial

(*10,000 cells) or intracoronary (*5000 cells) injection

(Fig. 2). Accordingly, the 1 9 106 dose was used in this

study.

Impact of multiple CMC administrations on LV

function

The results obtained by echocardiography are depicted in

Fig. 3. As expected, the vehicle group showed a progres-

sive deterioration in LV function, with average EF

decreasing from 30.4 to 27.6% in the 8-week interval

between the 1st treatment and euthanasia 56 days later

(Fig. 3). In the single-dose group, the 1st treatment (con-

sisting of CMCs) produced a significant increase in EF,

which persisted to the end of the study; however, the 2nd

and 3rd treatments (vehicle) effected no further improve-

ment. In contrast, in the multiple-dose group, each treat-

ment produced an increase in EF of at least 1% (Fig. 3c);

as a result of this stepwise improvement, in the multiple-

dose group, the total cumulative increase in EF from pre-

treatment values was 1.8 ± 0.6% (absolute units) after the

1st treatment, 2.9 ± 0.5% after the 2nd treatment, and

4.0 ± 0.5% after the 3rd treatment (Fig. 3d), so that at the

end of the protocol, LV EF (35.5 ± 0.8%) was signifi-

cantly greater compared not only with the vehicle group

(27.9 ± 0.9%) but also with the single-dose group

(33.3 ± 0.6%, P\ 0.05) (Fig. 3b). The total cumulative

increase in EF from pre-treatment values was significantly

greater in the multiple-dose vs. the single-dose group

(4.0 ± 0.4 EF units vs. 1.7 ± 0.5 EF units, respectively,

P\ 0.001).

The echocardiographic results were corroborated by the

hemodynamic studies performed just before euthanasia

(Fig. 4). Compared with the vehicle group, a significant

improvement in hemodynamic parameters was noted both

in the single-dose and in the multiple-dose groups; how-

ever, the improvement was more robust in the latter. Thus,

mice receiving a single dose of CMCs exhibited a signifi-

cant increase in LV dP/dtmax and end-systolic elastance,

but not LV dP/dtmin or LV EF. In contrast, mice receiving

three doses of CMCs exhibited a significant increase in

both LV dP/dtmax and LV dP/dtmin, in end-systolic elas-

tance, and in LV EF (Fig. 4). Furthermore, the effects of

multiple treatments were superior to those of a single

treatment, as demonstrated by the fact that LV dP/dtmax,

LV dP/dtmin, and EF were significantly greater in the

multiple-dose group vs. the single-dose group (Fig. 4). In

summary, two independent methods of functional assess-

ment (echocardiography and hemodynamic studies) con-

sistently demonstrated that the functional benefits of

multiple administrations of CMCs are superior to those of a

single administration.

Morphometric analysis

In each heart, a detailed quantitative analysis was per-

formed on three sections (one from each of three slices);

5 min 24 h
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(22.5%)

11,158
(14.4%)

Fig. 2 Myocardial retention of cells 24 h after injection. Mice

underwent a 60-min coronary occlusion; three weeks later, 1x106

CMCs were injected percutaneously into the LV cavity under echo

guidance. 5 min and 24 h after injection, the number of CMCs

remaining in the left ventricle (solid black bars) was measured with a

PCR-based method and compared with the number of c-kitPOS CPCs

measured in the previous studies in the mouse model [14, 15] after

intracoronary (dotted bars) or intramyocardial (open bars) injection

of 1 9 105 c-kitPOS CPCs. The number of cells present in the

myocardium at 5 min after injection is taken as 100% (initial value);

the number present at 24 h is expressed as % of the initial (5-min)

value. The values pertaining to intracoronary and intramyocardial

injections are reproduced from previous publications [14, 15]. Data

are mean ± SEM
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the results are summarized in Fig. 5. There were no sig-

nificant differences among the three groups with respect to

LV weight, size of the risk region, amount of scar tissue, or

amount of viable myocardium (Fig. 5b). Unlike the single-

dose group, however, the multiple-dose group exhibited a

significant increase in the thickness of the infarcted wall,

although the thickness of the non-infarcted wall did not

differ (Fig. 5c).

Impact of multiple CMC administrations

on myocardial fibrosis

Quantitative analysis of collagen content was performed

using picrosirius red staining and polarized light micro-

scopy of LV sections (Fig. 6). In the risk region (which is

the sum of the infarcted and border regions), collagen

content did not differ among the three groups (Fig. 6d). In

contrast, in the non-infarcted region, collagen content was

significantly less in the multiple-dose group compared with

the single-dose group (-37%; P\ 0.05; Fig. 6e). This

reduced collagen deposition in the myocardium may have

contributed, at least in part, to the benefits of CMC therapy.

Analysis of cell engraftment and proliferation

In this study, EGFPPOS male CMCs were transplanted into

female mice. Consistent with our observations in multiple

previous investigations [6, 7, 14, 15, 19, 28, 30, 31, 33], we

found vary rare transplanted cells at the end of the study

(56 days after the 1st treatment) (data not shown). We also

assessed the possibility that CMC administration may

promote formation of new cardiac myocytes from

endogenous precursors. To this end, mice received BrdU

for 14 days after the 1st treatment. As shown in Fig. 7, the

number of BrdUPOS cardiac myocytes was extremely small

(averaging\20/cardiac section) and did not differ signifi-

cantly among groups, indicating that the beneficial effects

of CMCs cannot be ascribed to the generation of new

myocytes.

Capillary density and myocyte cross-sectional area

Capillary density was assessed by staining tissue sections

with FITC-conjugated isolectin B4. In all three groups,

capillary density was significantly lower in the infarcted

Vehicle
(n=20)

Single dose
(n=18)

Multiple doses
(n=19)

Pr
e-

Rx
1

st  R
x

2
nd  R

x
3

rd  R
x

%
20

25

30

35

40

45

50

Pr
e-

Rx
1

st  R
x

2
nd  R

x
3

rd  R
x

Pr
e-

Rx
1

st  R
x

2
nd  R

x
3

rd  R
x

B 

C 

A 

D 

LV Ejection Fraction (EF)

‡

 LV EF After Each Treatment

%

-6

-4

-2

0

2

4

6 Vehicle
(n=20)

Single dose
(n=18)

Multiple doses
(n=19)

1st 2nd 3rd

1st 2nd
3rd

1st 2nd 3rd

-0.6
-1.1-0.7

+1.2 +0.8

-0.3

+1.8 
+1.1

+1.0
*

LV EF

‡ P<0.05 vs. 2nd Rx
P<0.05 vs. Single 3rd

† P<0.05 vs. 1st Rx
* P<0.05 vs. Pre-Rx

#

%

0

10

20

30

40

50

Vehicle (n=20)
Single dose (n=18)
Multiple dose (n=19) 

1st Rx 2nd Rx 3rd RxPre-Rx

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

#

Cumulative  LV EF vs. Pre-Rx

%

-8

-6

-4

-2

0

2

4

6

8 Vehicle
(n=20)

Single dose
(n=18)

Multiple doses
(n=19)

+1.8 +1.2 

-0.6
-1.7

-2.5

+2.0 +1.7 
+2.9 

+4.0

1st 2nd 3rd

1st 2nd 3rd 1st 2nd 3rd

*

*

*

Fig. 3 Echocardiographic

assessment of LV EF. EF was

measured in the vehicle, single-

dose, and multiple-dose groups

at 3 weeks after myocardial

infarction [just before the 1st

treatment (Pre-Rx)], 14 days

after the 1st treatment (1st Rx),

14 days after the 2nd treatment

(2nd Rx), and 28 days after the

3rd treatment (3rd Rx). a Values
of LV EF in individual mice.

b Mean values of LV EF.

c Changes in LV EF (absolute

units) after the 1st, 2nd, and 3rd

treatments compared with the

respective pre-treatment values.

d Cumulative changes in LV EF

(absolute units) after the 1st,
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Rx)]. Data are mean ± SEM

Basic Res Cardiol (2017) 112:18 Page 7 of 14 18

123



region than in the non-infarcted and border regions, but no

differences were noted among the three groups (Fig. 8a).

Myocyte cross-sectional area was assessed by immunos-

taining myocytes with an anti-a-sarcomeric actin antibody

and co-staining cell membranes with Rhodamine-labeled

wheat germ agglutinin (WGA) to facilitate counting indi-

vidual myocytes. Although in the infarcted region, myo-

cyte cross-sectional area was significantly smaller in the

multiple-dose group, it did not differ among groups in the

border region or in the non-infarcted region (Fig. 8b).

Discussion

The salient findings of this study can be summarized as

follows: (1) in mice with a subacute (3-week-old) healed

MI, administration of one dose of CMCs (1 9 106 cells

infused percutaneously into the LV cavity) produces an

inconsistent improvement in parameters of LV function,

whereby some measurements (LV EF determined

echocardiographically, LV dP/dtmax, and LV end-systolic

elastance) increase significantly, but others (LV EF deter-

mined with pressure–volume catheter studies, LV dP/dtmin)

do not; (2) in contrast, three doses of CMCs, given at

2-week intervals, result in a consistent improvement in

parameters of LV function, with all measurements (LV EF

determined echocardiographically, LV EF determined by

pressure–volume studies, LV dP/dtmax, LV dP/dtmin, and

LV end-systolic elastance) exhibiting a significant

increase; (3) the improvement in LV function (EF, dP/

dtmax, and dP/dtmin) is significantly greater after three than

after one CMC doses; (4) three doses of CMCs affect a

significant reduction in collagen content in the non-in-

farcted region and a significant increase in wall thickness in

the infarcted region, whereas one dose of CMCs fails to do

so; v) neither the effects of one CMC dose nor those of

three CMC doses can be explained by engraftment and

differentiation of exogenous cells (which was negligible),

indicating a paracrine effect. Taken together, these results

demonstrate that, in this mouse model of ischemic
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Fig. 4 Hemodynamic

assessment of LV function.

Hemodynamic studies were

performed with a Millar

conductance catheter at 28 days

after the 3rd treatment, just

before euthanasia.

a Representative pressure–

volume loops recorded during

preload manipulation by brief

inferior vena cava occlusions.

b Quantitative analysis of

hemodynamic variables. Data

are mean ± SEM
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cardiomyopathy, the beneficial effects of three doses of

CMCs are superior to those of one dose.

We have previously demonstrated that repeated admin-

istrations of c-kitPOS CPCs in rats produce a cumulative

beneficial effect on LV function and structure [33]. The

importance of this study stems from the fact that this is the

first test of the repeated-treatment paradigm in a murine

model of chronic ischemic cardiomyopathy and the first

study to utilize CMCs as a therapeutic product to examine

this paradigm. Our results are consistent with, and cor-

roborate, those previously obtained in rats using c-kitPOS

CPCs [33]. The finding that three doses were more

effective than one dose in a different species (mice) and

with a different cell type (CMCs) implies that the repeated-

treatment paradigm is not limited to c-kitPOS CPCs or to

rats, but is generalizable and applies to other cell types and

other species as well. The generalizability of this concept

dramatically augments its significance.

When one compares this investigation with our previous

study in rats [33], the important point is that the present

conclusions are in qualitative agreement with our previous

findings. The quantitative differences in outcome (e.g., the

magnitude of the changes in LV EF, LV dP/dtmax, LV dP/

dtmin, collagen content, etc.) are less important, because
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they likely reflect the many differences between the two

studies. The animal models are different (mice with a

3-week-old MI vs. rats with a 1-month-old MI). The

interval between treatments was shorter in this study (14

vs. 35 days in the rat study). The cell type was also dif-

ferent (CMCs vs. c-kitPOS CPCs), and the optimal protocol

for repeated use of CMCs remains unclear. This initial

experience in mice leaves many unanswered questions,

which must be addressed before the multiple-dose para-

digm can be fully characterized and validated. For exam-

ple, the choice of the cell dose (1 9 106) was rather

arbitrary; whether this number of cells is adequate to

examine the efficacy of CMCs, particularly when given by

the intraventricular route, is unknown. The optimal interval

between doses is unknown and may be longer than

14 days. The number of doses studied herein (three) may

not be sufficient to achieve maximal therapeutic effects;

additional doses may result in further improvement in LV

performance. Further studies will be necessary to elucidate

these issues.

To monitor formation of new myocytes from exogenous

cells, we administered male (Y-chromosomePOS) EGFPPOS

cells to female mice. Analysis of recipient hearts for

Y-chromosomePOS and/or EGFPPOS cells showed that the

number of transplanted cells surviving until the end of the

experiment (56 days after the 1st treatment) was very low,
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and clearly insufficient to account for the improvement in

cardiac function. This means that CMCs acted by releasing

factors that produced persistent changes in the host myo-

cardium. Among these factors, extracellular vesicles (EVs)

may play an important role [18]. We propose that repeated

administrations of CMCs (or other cells) are superior to a

single administration, because they are associated with

repetitive bursts of EV release that have a cumulative

beneficial effect on LV function and structure. The precise

mechanism(s), whereby paracrine factors, such as EVs,

alleviate LV dysfunction and remodeling, remains to be

identified. We did not find evidence of significant forma-

tion of new (BrdUPOS) myocytes either from exogenous or

endogenous cells (Fig. 7) (although BrdU was given only

for 14 days; Fig. 1), of increased angiogenesis (assessed

from capillary density (Fig. 8a), or of reduced hypertrophy

(assessed by myocyte cross-sectional area; Fig. 8b).

Administration of three CMC doses was associated with a

reduction in fibrosis in the non-infarcted region (Fig. 6);

however, the fact that LV function improved in the single-

dose group despite unchanged levels of fibrosis (Fig. 6)

implies that other mechanisms must also be operative. As

illustrated in Supplementary Fig. 1, we found that CMCs

are a rich source of cytokines potentially involved in

angiogenesis, inflammation, and cell trafficking. Further

experiments will be necessary to elucidate the role of these

cytokines in post-MI myocardial repair.

In addition to the finding that multiple CMC doses are

superior to a single dose, this study describes a method for

repeated cell administrations in mice that does not require
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repeated thoracotomies, thereby avoiding the prohibitive

mortality associated with multiple surgeries in the same

animal. After an initial learning phase, mortality in mice

receiving three doses of CMCs or vehicle was almost nil

(Supplementary Table 1). Using our PCR-based, quantita-

tive method for measuring the number of transplanted cells,

we found that echo-guided intraventricular delivery of

1 9 106 CMCs resulted in retention of *11,100 cells at

24 h, a number equivalent to, or greater than, that previ-

ously observed [14, 15] after administration of 1 9 105

c-kitPOS CPCs by the intramyocardial or intracoronary route

(Fig. 2). We also found that cell delivery by the percuta-

neous intraventricular route was reproducible and consis-

tent. This relatively non-invasive method for cell delivery

should be useful in future studies of repeated cell therapy.

In summary, this is the first study of repeated adminis-

trations of CMCs in a murine model of ischemic car-

diomyopathy. Our results demonstrate that the salubrious

effects of three doses of CMCs on LV function are sig-

nificantly greater than those of one dose, thereby support-

ing the concept that multiple treatments are necessary to

evaluate the full therapeutic potential of these cells. That

the conclusions previously obtained in rats given kitPOS

CPCs [33] are now reproduced in mice given CMCs sup-

ports the generalizability of the repeated-treatment para-

digm to different species and different cell products. If this

concept applies to larger animal models and to humans, it

will have major implications for the design and

interpretation of future preclinical and clinical studies, and

implications that may fundamentally transform the field of

cell therapy.
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