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Abstract Myocardial infarction induces sympathetic

axon sprouting adjacent to the necrotic region, and this has

been implicated in the etiology of arrhythmias resulting in

sudden cardiac death. Previous studies show that nerve

growth factor (NGF) is essential for enhanced post-infarct

sympathetic sprouting, but the cell types necessary to

supply this neurotrophic protein are unknown. The objec-

tive of the present study was to determine whether mac-

rophages, which are known to synthesize NGF, are

necessary for post-infarct cardiac sympathetic sprouting.

Ovariectomized female rats received left coronary artery

ligation or sham operation, followed by intravenous

injection of liposomes containing saline vehicle or clodr-

onate, which kills macrophages. Sham-operated myo-

cardium contained some sympathetic axons, few

myofibroblasts and T cells and no CD-68-positive macro-

phages. In rats receiving saline liposomes through 7 days

post-ligation, the posterolateral infarct border contained

numerous myofibroblasts, macrophages and T cells, and

sympathetic innervation was increased twofold. Treatment

with clodronate liposomes reduced macrophage numbers

by 69%, while myofibroblast area was reduced by 23% and

T cell number was unaffected. Clodronate liposome treat-

ment reduced sympathetic axon density to levels compa-

rable to the uninfarcted heart. NGF protein content

measured in western blots was reduced to 33% of that

present in infarcts where rats received saline-containing

liposomes. Tissue morphometry confirmed that NGF

immunostaining was dramatically reduced, and this was

attributable primarily to reduced macrophage content.

These results show that macrophage destruction markedly

reduces post-infarction levels of NGF and that the presence

of elevated numbers of macrophages is obligatory for

development of sympathetic hyperinnervation following

myocardial infarction.
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Introduction

Sudden cardiac death is a major clinical problem,

accounting for more than 300,000 deaths annually in the

United States [46]. The risk of sudden cardiac death is

especially high after myocardial infarction (MI) as 75% of

victims have had a previous MI [45], generally within

30 days of death [55]. The direct cause of sudden cardiac

death is most often ventricular tachycardia leading to

ventricular fibrillation [6]. Although the etiology of these

post-MI ventricular arrhythmias remains incompletely

understood, an increase in sympathetic nerve density at the

infarct border zone has been implicated [7]. We and others

have shown that sympathetic hyperinnervation peaks

7 days after occlusion of the left coronary artery and
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decreases gradually through 28 days post-MI in rodents

and dogs [26, 65] and this time course is consistent with the

highest risk of sudden cardiac death observed clinically in

humans [55].

Several lines of evidence suggest that nerve growth

factor (NGF), a potent sympathetic neurotrophic protein

[34], may play a role in post-MI sympathetic sprouting

[9, 65]. In explant cultures of infarcted tissue, NGF

antibody neutralization blocked neurite outgrowth from

sympathetic ganglia, demonstrating that NGF is required

for development of sprouting at the infarct border zone

[26]. Similarly, in vivo studies where synthetic gluco-

corticoids were administered following MI showed

reductions in infarct border zone sympathetic hyperin-

nervation [14], and it is well established that these

hormones generally suppress NGF production [37].

Accordingly, NGF synthesis within the infarcted region

is likely to play a causal role in inducing local sympa-

thetic sprouting.

Despite evidence that NGF synthesis is required for

sympathetic hyperinnervation, the cellular mechanisms

leading to elevated NGF synthesis following MI remain

unclear. In the normal rat heart, sympathetic innervation

density correlates with NGF mRNA levels [52] sug-

gesting that NGF upregulation in cardiac myocytes after

injury could be a contributing factor. However, the

border zone between damaged and intact myocardium

also contains increased numbers of macrophages and

myofibroblasts [26]. Wounds such as those created by

ischemic injury are characterized by an influx of mac-

rophages deriving from vascular monocytes that assist

healing by phagocytosing cellular debris and secreting a

variety of cytokines and growth factors. Cytokines

present in inflammatory environments are known to

promote activation of macrophages [1] and in vitro

macrophage activation induces NGF expression [8],

suggesting that macrophages could contribute to sympa-

thetic hyperinnervation. Myofibroblasts are thought to

transdifferentiate from fibroblasts, pericytes, and possibly

macrophages [27, 50], and to promote wound healing

through contraction and collagen deposition. Myofibro-

blasts, as well as another inflammatory wound cell, the T

cell, are also known to synthesize NGF [26], making

them possible contributors to the induction of sympa-

thetic hyperinnervation.

In the present study, we assessed the role of macro-

phages in the development of post-MI sympathetic hyper-

innervation. We administered clodronate-containing

liposomes, which are phagocytosed by macrophages and

cause selective macrophage apoptosis and depletion [62].

Our findings show that reductions in the macrophage

population dramatically reduce sympathetic hyperinnerva-

tion and NGF content following experimental MI.

Materials and methods

Experimental preparations

All experimental protocols conformed to NIH guidelines

and were approved by the University of Kansas Medical

Center Animal Care and Use Committee. Thirty-three

female Sprague-Dawley rats (60 days old, *200 g, Harlan

Breeding Laboratories) were anesthetized by intraperito-

neal injection of 60 mg/kg ketamine, 8 mg/kg xylazine,

and 0.4 mg/kg atropine. To minimize the influence of

reproductive hormones and also to simulate postmeno-

pausal conditions that are associated with reduced cardio-

protective effects [24, 30], ovaries were removed by flank

incisions [67]. Seven days after ovariectomy, rats were

anesthetized as above, respired mechanically, and the left

anterior descending coronary artery was ligated with silk

suture as described previously [26, 51]. In sham surgeries,

a suture was passed around the artery but left untied. Fol-

lowing coronary artery ligation (CAL) or sham ligation,

rats received tail vein injections on days 1, 3, and 5 of

liposomes containing clodronate [48] or phosphate-buf-

fered saline, or normal saline (1 ml/100 g body weight).

Clodronate was a gift from Roche Diagnostics GmbH,

Mannheim, Germany [61].

Seven days after CAL, rats were reanesthetized as above

and hearts were harvested. The efficacy of the ligation in

producing ventricular infarction was confirmed in pre-

liminary observations by immersion in 1% triphenyl tet-

razolium chloride (TTC) in phosphate buffer for 30 min at

40�C followed by fixation in formal saline [36]. Other

hearts were harvested, embedded in tissue freezing medium

(Triangle Biomedical Sciences, Durham, NC, USA) and

snap frozen in isopentane cooled in liquid nitrogen and

stored at -80�C.

Infarct assessment

Because of anatomical variation in coronary arterial vas-

culature, ischemic damage was variable and was more

limited in some hearts than in others. To ensure that

analyses were conducted on specimens with comparable

damage in all groups, infarcts that did not span the entire

thickness of ventricular wall or only partially affected the

left ventricle were excluded from further study. The

numbers of infarctions excluded in each group was 2 of 7

(28%) in the saline liposome group, 1 of 7 (14%) in the

saline-injected group, and 4 of 11 (36%) in the clodronate

liposome treatment group.

Hearts were cryosectioned serially at 10 lm thickness

perpendicular to the apical-basal axis. To establish the

physical dimensions of infarcts, one set of six sections

taken at 1.7 mm intervals through the entire ventricle was
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stained with Masson’s Trichrome according to a standard

protocol (Diagnostic BioSystems, Pleasanton, CA, USA).

Sections were fixed for 10 min in 4% paraformaldehyde

and 20 min at 50�C in Bouin’s solution (Electron

Microscopy Sciences, Hatfield, PA, USA). Images of

infarcts were captured using a Nikon SMZ 1500 micro-

scope with a 19 objective at 0.75 optical zoom. The area of

the infarction and of the left ventricle were measured

(AnalySis, Soft Imaging System, Lakewood, CO, USA),

and the percentage of infarcted area of the left ventricle

was calculated on each section and was expressed as a

mean of the six sections for each heart.

Sympathetic innervation

To assess sympathetic innervation density, we analyzed four

sections adjacent to the Masson’s trichrome-stained set; the

first section for analysis was taken 1.5–2 mm apical to the

ligation, which ensured that we did not include tissue with

local inflammation due to the ligation. Sections were fixed at

4�C in methanol, blocked with normal goat serum, and

immunostained overnight for the selective sympathetic axon

marker dopamine b-hydroxylase (DBH, 1:600, rabbit IgG,

Immunostar, Hudson, WI, USA), followed by a 2 h incu-

bation in goat anti-rabbit IgG conjugated to Alexa 555

(1:500, Invitrogen, Carlsbad, CA, USA). For each section,

six fields evenly distributed within the left lateral posterior

aspect of the infarct were captured with a 409 objective

using a Nikon Eclipse TE300 (indicated by boxes in Fig. 1a–c);

preliminary observations showed sympathetic innervation

associated with the infarcted tissue was preferentially dis-

tributed within this region. In sham hearts, images were

taken in an identical fashion from comparable areas. Nerve

density was calculated by superimposing a stereological grid

(8 lm line interval) over the captured image, counting grid

intersections over nerves and dividing by the total number of

intersections over the sampled tissue [66, 67]. Vascular

innervation was excluded from quantification. To confirm

that the changes observed with the quantification of DBH

were not caused by changes of the level of that enzyme alone,

adjacent sections to the ones stained for DBH were fixed in

4% paraformaldehyde for 5 min, blocked with normal goat

serum, and immunostained overnight for the intermediate

filament marker peripherin (1:1,000, chicken IgG, Chem-

icon, Temecula, CA, USA) followed by a 2 h incubation

with goat anti-chicken IgG conjugated to cy2 (1:200,

GeneTex, San Antonio, TX, USA). Another set of adjacent

sections was fixed in 4% paraformaldehyde for 5 min,

blocked with normal goat serum, and immunostained over-

night for the selective axon marker tyrosine hydroxylase

(TH, 1:300, rabbit IgG, Chemicon) followed by a 2 h incu-

bation in goat anti-rabbit IgG conjugated to cy3 (1:400,

Jackson, West Grove, PA, USA).

Inflammatory cells

A second set of sections adjacent to the DBH-immuno-

stained series was stained for CD68 (1:200, mouse mono-

clonal, MAB 1435, Chemicon), a marker for tissue

macrophages and blood monocytes [40]. A third set was

stained for a-smooth muscle actin (1/200, mouse mono-

clonal 1A4, Sigma, St Louis, MO, USA), which identifies

myofibroblasts [27, 53]. A fourth set of adjacent sections

was immunostained for the T cell antigen receptor TCR a/b
(1:100, mouse monoclonal, clone R73, Serotec, Oxford,

UK). All inflammatory cell markers were co-stained with

rabbit IgG recognizing rat NGF (1:100, M-20, Santa Cruz,

Santa Cruz, CA, USA). Secondary antibodies were Alexa

488-conjugated goat anti-mouse (1:1,000 Invitrogen) and

Alexa 555-conjugated goat anti-rabbit (1:500 Invitrogen).

Antibody specificities were confirmed using antigen pre-

adsorbtion with a 10-fold excess of the peptide and primary

antibody omissions.

Macrophage, myofibroblasts, and T cells were quanti-

fied by capturing four images with a 409 objective on a

Nikon Eclipse C1 Si confocal microscope from each

stained section in the same areas as those used for inner-

vation assessment. To quantify macrophages, numbers of

CD68-immunoreactive (ir) cells per field were counted and

expressed as the average number of cells per mm2 (Meta-

morph, Molecular Devices, Downingtown, PA, USA). In

addition, average macrophage size was estimated by

measuring total section area occupied by CD68-ir by

threshold detection and dividing it by the total number of

CD68-ir macrophages. Because myofibroblasts form sheet-

like aggregates within the infarct, counting individual cells

is not feasible. Therefore, myofibroblasts were quantified

by measuring the area per field occupied by a-SMA-ir

cells, taking care to exclude a-SMA-ir vascular smooth

muscle; the percentage of field area was assessed by

counting stereological grid intersections overlying myofi-

broblasts, dividing this by total number of intersects within

that field, and expressing this as area per mm2 (AnalySis,

Soft Imaging System). T cells associated with the infarct

were assessed by counting TCR a/b-ir cells per each of the

four fields and expressed as the average numbers of cells

per mm2.

NGF and cytokine content

The content of NGF protein in infarct tissue was quantified

by western blots. Infarcted hearts from three saline lipo-

some and four clodronate liposome rats were snap frozen

and the border region with adjacent intact myocardium was

dissected out and homogenized in Ripa buffer (50 mM

Tris–HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.25%

sodium deoxycholate, 1 mM EDTA) with 10% protease
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inhibitor (Sigma) and 1% phosphatase inhibitor (Sigma).

Fifty micrograms of protein was loaded on a gel and

western blot was performed according to protocol (Invit-

rogen). The membrane was stained overnight with rabbit

anti-NGF (1:500, Santa Cruz) in 5% goat serum and 2 h in

goat anti-rabbit HRP (1:5,000, Sigma). After revealing the

bands with SuperSignal West Pico Stable Peroxide Solu-

tion (Thermo Sc., Rockford, IL, USA), their intensities

were analyzed using a Chemi Doc XRS and quantification

was performed using Quantity One software (BioRad,

Hercules, CA, USA). Total protein stained with India ink

was used to verify that equal amount of proteins were

loaded on the gel and transferred to the membrane. The

total density assessed by India ink was constant between

samples and was used to normalize the density of the NGF

bands.

The contribution of each cell type to the NGF content

within the infarct was assessed in samples co-stained for

the cell-selective markers and for NGF. For both CD68-ir

and TCRa/b-ir cells, numbers of cells co-expressing both

proteins were counted in each of the four sample regions

and normalized to 1 mm2. In addition, for both markers the

total field area occupied by NGF-ir/CD68-ir macrophages

and NGF-ir/TCRa/b-ir T cells was measured by threshold

detection (Metamorph, Molecular Devices) and the average

area for the four fields expressed as lm2/mm2. The con-

tribution of myofibroblasts to NGF expression within the

infarct was assessed by superimposing a stereological grid

(30 lm line interval, AnalySis, Soft Imaging System) over

captured images and counting intersections overlying

regions of NGF/a-SMA-ir colocalization (i.e. yellow in

merged images), dividing by the total number of sample

area intersections, and normalizing to 1 mm2.

The effect of clodronate liposomes on the infarct content

of mRNA encoding the inflammatory cytokines interferon-c
(IFN-c), tumor necrosis factor-a (TNF-a) and macrophage

chemotactic protein-1 (MCP-1) was evaluated in the sam-

ples obtained from the same specimens used for NGF

western blot analysis. Dissected regions were homogenized

in ice cold trizol and total RNA (1 lg) reverse transcribed

using the iScript kit (Biorad). Amplification of cDNA was

conducted using specific primers for IFN-c, TNF-a, MCP-1

and GAPDH. Conditions for the PCR were 94�C for 40 s,

60�C, 57�C, 53.7�C, and 60�C for 30 s, and 72�C for 1 min

for 30, 32, 31, and 28 cycles, respectively, for IFN-c,

TNF-a, MCP-1, and GAPDH, with a final extension at 72�C

for 5 min. The primers were 50-ATGGATGCTATGGAA

GGAAAG-30 (sense) and 50-TATTGGCACACTCTCTAC

Fig. 1 Infarct assessment. a Six

sections taken at *1.7 mm

intervals through the entire

ventricle stained with Masson’s

trichrome. Collagen is lightly

stained and cardiomyocytes are

darker. Arrow in the schematic

diagram shows where the left

coronary artery was ligated, and

dotted lines show the levels

from which each of the

representative sections was

taken. RV right ventricle, LV left

ventricle, LA left atrium. Boxes
show the regions sampled for

the analysis sympathetic

innervation and inflammatory

cells. b Higher magnification of

area shown in section 3. Boxes
in b show fields within the left

lateral posterior aspect of the

infarct sampled for

quantification. Scale 1 mm.

c Approximately 2 mm section

through a CAL heart stained

with TTC. Large arrow shows

the suture. Thin arrow shows

the infarct, which fails to stain

with TTC
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CC-50 (antisense) for IFN-c; 50-CTTATCTACTCCCAGGT

TCTC-30 (sense) and 50-ACTTCAGCATCTCGTGTG-30

(antisense) for TNF-a; 50-ACTCATTCACTGGCAA

GATG-30 (sense) and 50-GGTCAAGTTCACATTCAAA

GG-30 (antisense) for MCP-1; 50-CTCTACCCACGGCA

AGTTC-30 (sense), and 50-CTCAGCACCAGCATCACC-

30 (antisense) for GAPDH. Five microliters of PCR product

was analyzed by electrophoresis (1.5% agarose gel with

ethidium bromide). Bands were visualized under UV

transillumination using a Chemi Doc XRS and quantified as

above.

Statistics

Data are expressed as mean ± SEM. Data were analyzed

using one-way ANOVA followed by a Student-Newman-

Keuls test or Student t test (SigmaStat 3.11, Systat Soft-

ware, Inc., San Jose, CA, USA). Statistical significance was

accepted at P B 0.05. No statistically significant differ-

ences were evident in any of the measurements obtained

from groups receiving CAL followed by saline or by sal-

ine-containing liposomes, and these groups were therefore

pooled into a single ‘saline’ group for subsequent analyses.

Results

Infarct characterization

No post-operative deaths occurred in the sham-ligated

subjects (N = 4 in each sham group), while mortality was

21% (3/14) in the group receiving CAL plus saline and

27% (3/11) in the group receiving CAL plus clodronate

liposomes. Characterization of the infarct by TTC and light

microscopic analysis showed that left CAL consistently

produced an extensive area of necrosis that was confined to

the left ventricle with minimal septal or right ventricular

involvement (Fig. 1). Following exclusion of hearts that

did not meet the transmural and size criteria, infarcts

occupied 38.7 ± 4.5% of the left ventricle in the saline

CAL group and 42.3 ± 10.1% of the left ventricle in the

clodronate liposome CAL group.

Innervation and inflammatory cell composition

of uninjured hearts

Ventricular tissue from rats receiving a sham ligation dis-

played morphological features similar to those we have

reported previously for control animals [26]. DBH-ir nerves

were sparse (Fig. 2a) and present mainly in association with

ventricular cardiomyocytes. Quantitative analysis showed

that DBH-ir sympathetic innervation occurred with a den-

sity of 0.84 ± 0.07% throughout the six ventricular sample

regions. In rats with a sham ligation, treatment with clodr-

onate liposomes had no effect on DBH-ir sympathetic

innervation density relative to saline controls (Fig. 2a, d).

In sections apical to the untied ligature, essentially no

CD68-ir macrophages were observed (Fig. 2e, h). We

occasionally encountered a-SMA-ir cells resembling

myofibroblasts but their incidence was low (Fig. 2i, l).

Similarly, TCR a/b-ir T cells were encountered infre-

quently (Fig. 2m, p).

Effect of infarction on innervation and inflammatory

cell composition

Seven days following CAL, DBH-ir sympathetic axon

density at the border region of the infarct was increased

twofold relative to that of control ventricular tissue

(Fig. 2b, d). Consistent with previous findings [26], this

was associated with a dramatic increase in macrophage

density to about 1,200 cells/mm2 (Fig. 2f, h). Area occu-

pied by a-SMA-ir myofibroblasts area was increased

approximately 40-fold to about 130,000 lm2/mm2 (Fig. 2j,

l). T cells also increased from negligible numbers in con-

trols to about 39 cells/mm2 (Fig. 2n, p).

Effect of clodronate liposomes on innervation

and inflammatory cell composition following CAL

In rats receiving CAL followed by intravenous injections

of clodronate liposomes, DBH-ir sympathetic innervation

density was reduced by 66% relative to untreated CAL

ventricles, and was comparable to that of unligated ven-

tricles (Fig. 2c, d). To confirm that this reduction was not

simply due to DBH depletion within structurally intact

sympathetic axons, we immunostained adjacent sections

for the intermediate filament protein peripherin, which

labels all intact unmyelinated axons, and TH as an alter-

native noradrenergic marker. Staining patterns for DBH-ir

axons in saline-injected rats with CAL were comparable to

those of TH and peripherin (Fig. 3a–c). Similarly, the

reduction in numbers of DBH-ir fibers in rats with CAL

and clodronate liposome treatment was comparable to that

observed for TH and peripherin (Fig. 3d–f).

Clodronate liposome treatment also reduced numbers of

macrophages by 69% (Fig. 2g, h) and macrophage size by

21% (41.5 ± 2.2 lm2 with saline treatment and

32.7 ± 2.3 lm2 with clodronate treatment, P = 0.015),

although they remained significantly more abundant than in

control ventricles. Consistent with previous findings,

macrophage depletion was associated with reduced IFN-c
gene expression (Fig. 4a) in the infarct [49, 59], while

TNF-a and MCP-1 were unchanged [38, 58] (Fig. 4b, c).

The wound area occupied by myofibroblasts was also

significantly reduced by 22% relative to untreated CAL
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tissue but remained elevated relative to unligated ventricles

(Fig. 2k, l). T cell numbers were not affected by clodronate

liposome treatment (Fig. 2o, p).

Effect of clodronate liposomes on infarct NGF

expression

Previous studies have implicated NGF in post-infarct

sympathetic sprouting [9, 65] and we have shown in culture

that NGF neutralization eliminates sprouting induced by

the infarcted myocardium [26]. Accordingly, we assessed

the extent to which clodronate liposome treatment altered

infarct NGF.

In the infarct border region of saline-treated rats, mature

NGF protein was 3.34 9 10-3 INT 9 mm2. After treat-

ment with clodronate liposomes, NGF was reduced by 67%

to 1.10 9 10-3 INT 9 mm2 (Fig. 5).

To determine the contribution of the predominant NGF-

expressing cell types in the vicinity of the infarct [8, 26, 27,

43], we analyzed the NGF expression of macrophages,

myofibroblasts and T cells. In ventricles with sham liga-

tions, no macrophages were observed below the untied

Fig. 2 Innervation and inflammatory cell composition of uninjured

and injured hearts. Immunostaining of ventricular tissue sections for

dopamine b-hydroxylase (DBH) as a sympathetic nerve marker (a–c),

CD68 as a macrophage marker (e–g), a-Smooth muscle actin (aSMA)

as a myofibroblast marker (i–k), and TCRa/b as a T cell marker

(m–o). Sections were obtained from rats receiving sham ligation and

saline injections (S?S, a, e, i, m), coronary artery ligation and saline

injections (C?S, b, f, j, n), or coronary artery ligations plus

clodronate liposomes (C?C, c, g, k, o). Scale bar 10 lm in c and

50 lm in g, k, and o. d Quantitative analysis of sympathetic

innervation density as determined by the percentage of section sample

area occupied by DBH-ir nerves. h Quantitative analysis of tissue

macrophages expressed as the number of CD68-ir cells per mm2.

l Quantitative analysis of tissue myofibroblasts as determined by the

section sample area occupied by a-SMA-ir. p Quantitation of tissue

T cells as determined by the number of TcRa/b cells per mm2.

* P \ 0.05, ** P \ 0.01, *** P \ 0.001
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ligature and therefore did not contribute to NGF expression

in the control ventricle (Fig. 6a–c). Following CAL, all

CD68-ir macrophages expressed NGF-ir (Fig. 6d–g). After

clodronate liposome treatment, CD68-ir macrophages that

remained continued to express NGF-ir at intensities com-

parable to untreated CAL (Fig. 6d, i–k). To assess how

macrophage depletion affected NGF tissue content, we

computed section area occupied by NGF-ir macrophages.

While macrophages did not contribute to NGF-ir in control

tissues, section area occupied by NGF-ir macrophages was

*50,000 lm2/mm2 in the saline CAL group, and this was

reduced to *13,000 lm2/mm2 by clodronate liposome

treatment (Fig. 6h).

In ventricles of rats with sham ligations, NGF-ir was

observed in only 17 ± 3% of myofibroblast a-SMA-ir

cytoplasmic area (Fig. 7a–d) and this was unchanged by

clodronate liposome injections (Fig. 7d). Section area

occupied by NGF-ir and aSMA-ir colocalization was about

1,300 lm2/mm2. Due to the limited numbers of myofi-

broblasts, the contribution of myofibroblasts to NGF

expression in sham-ligated ventricles was negligible

(Fig. 7h). Following CAL, the percentage of a-SMA-ir

cytoplasm occupied by NGF-ir increased to 37 ± 2%

(Fig. 7d–g), and total NGF-ir?aSMA-ir area increased

97-fold (Fig. 7h). Clodronate liposome treatment did not

alter the percentage of a-SMA-ir cytoplasm with NGF-ir

(Fig. 7d, i–k), but the total area occupied by these colo-

calized markers decreased in concert with the reduction in

myofibroblast content (Fig. 7h).

In ventricles with sham ligations, 8 ± 8% of TCR a/b-ir

T cells showed NGF-ir (Fig. 8a–d), and these occupied

32 ± 19 lm2/mm2 (Fig. 8h). In ventricles of sham-ligated

rats receiving clodronate liposomes, the percentage of T

cells with NGF-ir was greater than in saline-injected con-

trols (Fig. 8d) and area occupied was 517 ± 207 lm2/mm2

(Fig. 8h). CAL increased the percentage of T cells

expressing NGF and their area relative to saline-injected

sham controls (Fig. 8d–h). In addition, in CAL rats

receiving clodronate liposomes, the number of TCR a/b-ir

T cells expressing NGF-ir was increased, as was the area

occupied by NGF-ir within these cells (Fig. 8h–k).

Discussion

Prolonged myocardial ischemia leads to extensive cardio-

myocyte necrosis, which results in both a reduction in

cardiac performance and a thinning of the myocardial wall.

Accordingly, it is important that cellular debris be removed

and tissue repair initiated quickly in order to maintain

cardiovascular homeostasis. In association with this dam-

age, locally produced chemokines and cytokines initiate an

inflammatory response that attract and activate circulating

macrophages. These cells perform an important role in

removing debris left by the necrotic cells [16]. Addition-

ally, they are essential for tissue repair [15, 19, 41, 64].

Growth factors released by these cells promote prolifera-

tion of endothelial cells, fibroblasts and myofibroblasts,

which are important in revascularization, forming extra-

cellular matrices, and providing tensile strength to the scar.

Proinflammatory cytokines are present in experimental

models of MI [12, 17, 18] and are produced by many

cells types [2, 10, 20, 23, 57]. These cytokines, activate

macrophages [25] and promote T cell activation and

Fig. 3 Changes in sympathetic

innervation after clodronate

liposome treatment are reflected

by multiple markers. Adjacent

sections from hearts receiving

coronary artery ligation plus

saline (C?S) or ligation plus

clodronate liposomes (C?C)

were immunostained for DBH,

which characterizes

noradrenergic neurons (a, d),

the intermediate filament

protein peripherin which stains

intact unmyelinated axons
(b, e), and tyrosine hydroxylase

that is a marker for

catecholaminergic axons (c, f).
Levels of innervation density

were comparable under

different treatments with all

markers. Scale bar 10 lm
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proliferation [42]. NGF also plays important roles in dif-

ferentiation and proliferation of inflammatory cells [4, 39,

42]. In addition to its role in inflammatory cell differenti-

ation, NGF is known to promote aggressive sprouting of

sympathetic nerves. By activating the trkA receptor present

on sympathetic axons, NGF promotes regeneration and

outgrowth. Hence, NGF is important in both the inflam-

matory response and in the remodeling of innervation

following infarction.

Previous studies have shown that, within the cardiac

ischemic wound, multiple cell types can synthesize NGF.

Both NGF mRNA and protein have been detected in post-

infarction macrophages and myofibroblasts, in T cells and

in surviving cardiac ventricular myocytes as well as vas-

cular smooth muscle [14, 26, 65]. Therefore, multiple cell

types may contribute to local NGF production. The extent

to which these various cell types contribute to sympathetic

axon remodeling after infarction is not clear. In the present

study, we focused on the role of macrophages. Macro-

phages have been implicated in neuronal sprouting after

wounds in the central nervous system [5]. In addition to

synthesizing NGF, macrophages release a variety of other

factors that may be important in orchestrating recruitment,

proliferation and differentiation of other wound cell types.

To selectively deplete macrophages, we used liposomes

containing clodronate [61]. Clodronate liposomes do not

cross blood vessel walls but are phagocytosed by circu-

lating monocytes where the accumulated clodronate leads

to irreversible toxicity and apoptosis [62]. Sustained

treatment is reported to effectively reduce tissue macro-

phage populations [22, 48], and our regimen reduced

CD68-ir macrophages by 69% in infarcted hearts, compa-

rable to that reported previously [60]. In addition, we

observed that the size of surviving macrophages was

modestly reduced. Consistent with this reduction, mRNA

encoding IFN-c, which is expressed mainly by macro-

phages, T cells and NK cells [20, 23, 44] was reduced by

31%, and this reduction is consistent with findings by

others [49, 59]. However, some other cytokines did not

show significant changes. Neither TNF-a, a cytokine

secreted by multiple cell types including macrophages,

Fig. 4 Effect of clodronate liposomes on IFN-c, TNF-a, and MCP-1

mRNA in the infarction border region. Infarct tissue was assessed by

RT-PCR for Interferon-c (IFN), tumor necrosis factor (TNF-a), and

macrophage chemotactic protein-1 in infarct tissue 7 days after CAL

in rats receiving saline-containing liposomes (C ? S) or clodronate-

containing liposomes (C ? C). RT-PCR product was analyzed

densitometrically (intensity/mm2) and normalized to GAPDH.

* P \ 0.05

Fig. 5 Effect of clodronate liposomes on NGF in the infarction

border region. Tissue was assessed by western blot for NGF 7 days

after CAL in rats receiving saline-containing liposomes (C?S) or

clodronate-containing liposomes (C?C). Product was analyzed

densitometrically and normalized to total protein. ** P \ 0.01
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neutrophils, mast cells, and cardiomyocytes [17, 29] nor

MCP-1, which is expressed by macrophages, endothelial

cells, fibroblasts, neutrophils, and cardiomyocytes [47],

were significantly decreased by clodronate liposomes.

While it is unclear how cytokine content is maintained in

the face of macrophage depletion, our findings are con-

sistent with others where these proteins were found to be

unchanged [38, 58]. These observations suggest that the

ability of clodronate liposomes to prevent sympathetic

hyperinnervation is probably not due to a generalized

suppression of inflammatory proteins within the infarcted

tissue.

While clodronate liposome treatment depleted wound

macrophages, effects on other cells were limited. Clodro-

nate liposome treatment did not affect T cell numbers,

although it did cause a modest reduction in wound area

occupied by aSMA-ir myofibroblasts. This effect appears

to be confined to the wound myofibroblasts, as treatment

did not alter the small numbers of myofibroblasts present in

non-infarcted hearts. Clodronate liposomes are known to

be highly selective for phagocytic macrophages [61], so it

seems unlikely that this is a direct effect on myofibroblasts,

which are not known to be phagocytic. Rather, it is likely to

have occurred secondary to the depletion in macrophages.

Myofibroblasts transdifferentiate from several cell types

including fibroblasts and pericytes [21, 27, 50]. Develop-

ment of the myofibroblast phenotype requires the presence

of various secreted proteins including TGF-b [11, 13],

which can be released by macrophages [3]. In addition,

macrophages can express aSMA [27] and may themselves

be precursors to myofibroblasts. Depletion of macrophages

by clodronate liposomes may thus account for some of the

reduction of aSMA-ir myofibroblasts as well. Accordingly,

clodronate-induced depletion appears to have a small but

significant effect in reducing myofibroblast contributions to

the ischemic wound as a result of an altered wound milieu,

reduced precursor cell numbers, or both.

Clodronate treatment produced a marked reduction in

the numbers of sympathetic nerves in the vicinity of the

infarct. Sympathetic hyperinnervation is well documented

in the infarct border zone [26, 63]. While sympathetic

nerves may play a role in tissue remodeling after injury

[31, 54, 56], a link between sympathetic hyperinnervation

and post-infarct arrhythmias is believed to underlie sudden

Fig. 6 Effect of clodronate liposomes on macrophage NGF expres-

sion. Immunostaining for CD68 as a macrophage marker (a, e, i), and

co-stained for NGF (b, f, j), merged images (c, g, k). Sections were

obtained from rats receiving sham ligation and saline injections (S?S,

a, b, c), coronary artery ligation and saline injection (C?S, e, f, g), or

coronary artery ligation plus clodronate liposomes (C?C, i, j, k).

Scale bar 10 lm. Quantitative analysis of the percentage (d) and the

area (h) of macrophages expressing NGF-ir as determined by the area

of CD68-ir coexpressing NGF-ir. *** P \ 0.001
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cardiac death [7]. While the present study provides strong

evidence that sympathetic hyperinnervation requires

increased numbers of macrophages, additional studies with

larger numbers of rats and a more protracted time course

will be required to assess any impact of clodronate lipo-

some treatment on post-infarct survival. Similarly, the

extent to which other factors reported to modulate infarct

sympathetic hyperinnervation, which include estrogen [33],

statin treatment [32], and glucocorticoids [14], affect

macrophage dynamics and NGF expression remain to be

elucidated.

The present findings show that, in the absence of normal

numbers of macrophages, sympathetic hyperinnervation

fails to develop at the site of the ischemic injury. This is not

likely to be due to an effect of clodronate liposomes on

sympathetic innervation as sympathetic nerve density was

unaffected in sham-ligation subjects. Because clodronate

liposomes directly affect macrophage numbers, this rep-

resents a probable cause for the reduced numbers of sym-

pathetic nerves. Moreover, macrophages are robust sources

of NGF, and this neurotrophin is required for post-infarct

sympathetic sprouting [26]. However, macrophages secrete

other factors that may modulate phenotype of other cell

types within the wound, including their NGF expression.

For example, treatments with clodronate liposomes were

found to reduce cytokines produced by macrophages such

as IFN-c [49, 59], which may indirectly reduce sympathetic

outgrowth by modulating NGF but is not known to directly

elicit sympathetic sprouting. Accordingly, we assessed

changes in NGF expression.

Clodronate liposome treatment decreased the expression

of NGF by 67% in the border region when compared

with saline liposome treatment suggesting that the decrease

of this neurotrophin could account for the suppression

of sympathetic hyperinnervation following clodronate

liposome treatment. To determine the contribution of the

different inflammatory cell types to this decrease, we

analyzed the cellular distribution of NGF.

In sham-operated hearts, NGF-ir was present at low

levels in cardiomyocytes and in a few CD68-ir myofibro-

blasts and TCR a/b-ir T cells. Following infarction, there

was a marked increase in NGF-ir in the infarct border

region, and most was colocalized with CD68-ir macro-

phages and aSMA-ir myofibroblasts; TCR a/b-ir T cells

Fig. 7 Effect of clodronate liposomes on NGF expression by

myofibroblasts. Immunostaining for a-SMA as a myofibroblast

marker (a, e, i), and co-stained for NGF (b, f, j), and merged images

(c, g, k). Sections were obtained from rats receiving sham ligation and

saline injections (S?S, a, b, c), coronary artery ligation and saline

injection (C?S, e, f, g), or coronary artery ligation plus clodronate

liposomes (C?C, i, j, k). Scale bar 50 lm. Quantitative analysis of

the percentage (d) and the area (h) of myofibroblasts expressing NGF-

ir as determined by the area of a-SMA-ir coexpressing NGF-ir.

* P \ 0.05, ** P \ 0.01, *** P \ 0.001
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showed intense NGF immunofluorescence but were rela-

tively few in number so that their contribution to overall

NGF expression was quite small (*1% of the tissue area

showing NGF-ir).

Clodronate liposome treatment elicited a marked

reduction in overall NGF immunostaining in the infarcted

tissue. Coincident with the reductions in macrophage

numbers (and to a lesser extent size), the total area occu-

pied by colocalized CD68 and NGF immunofluorescence

was reduced some 76% relative to saline treatment. Due to

the reduction of aSMA-ir myofibroblast area, NGF

expression by this cell population was also reduced after

clodronate liposome treatment. Although aSMA-ir myofi-

broblast area showed a modest reduction after clodronate

liposome treatment, the reduction in NGF content appeared

to be more marked, suggesting that the reduction in mac-

rophages may have also suppressed NGF expression in the

myofibroblasts. Interestingly, while NGF immunoreactivity

presented by both macrophages and myofibroblasts was

reduced, expression by T cells was increased, now

accounting for about 10% of NGF-ir cellular area. Overall,

however, macrophage depletion by clodronate liposomes

substantially reduced NGF in the region of the wound.

While some regions of the post-infarct heart show

hyperinnervation, other ventricular regions have a pro-

nounced loss of sympathetic nerves [35], suggesting that

the wound environment contains both attractive and

repulsive factors for sympathetic axons, which could

account for the inhomogeneity of sympathetic innervation

throughout the infarct. Indeed, while NGF within the

infarct was reduced markedly by macrophage depletion, it

remained at detectable levels but hyperinnervation was

prevented. It is known that cardiac tissue expresses

Sema3A, which acts to suppress cardiac innervation [28]. It

may therefore be the case that the abundance of NGF in the

infarct region induces sympathetic sprouting by overcom-

ing repulsive effects of semaphorins or other unidentified

proteins. Future studies aimed at determining how various

attractive and repulsive factors interact to regulate cardiac

innervation after injury may provide valuable insight into

new strategies aimed at preventing abnormal cardiac

excitability.
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