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Abstract
Development of cardiac sympathetic heterogeneity after myocardial infarction contributes to
ventricular arrhythmias and sudden cardiac death. Regions of sympathetic hyperinnervation and
denervation appear in the viable myocardium beyond the infarcted area. While elevated nerve
growth factor (NGF) is implicated in sympathetic hyperinnervation, the mechanisms underlying
denervation are unknown. Recent studies show that selective activation of the p75 neurotrophin
receptor (P75NTR) in sympathetic neurons causes axon degeneration. We used mice that lack
p75NTR to test the hypothesis that activation of p75NTR causes peri-infarct sympathetic
denervation after cardiac ischemia-reperfusion. Wild type hearts exhibited sympathetic
denervation adjacent to the infarct 24 hours and 3 days after ischemia-reperfusion, but no peri-
infarct sympathetic denervation occurred in p75NTR−/− mice. Sympathetic hyperinnervation was
found in the distal peri-infarct myocardium in both genotypes 3 days after MI, and
hyperinnervation was increased in the p75NTR−/− mice. By 7 days after ischemia-reperfusion,
cardiac sympathetic innervation density returned back to sham-operated levels in both genotypes,
indicating that axonal pruning did not require p75NTR. Prior studies revealed that proNGF is
elevated in the damaged left ventricle after ischemia-reperfusion, as is mRNA encoding brain
derived neurotrophic factor (BDNF). ProNGF and BDNF preferentially bind p75NTR rather than
TrkA on sympathetic neurons. Immunohistochemistry using Bdnf-HA mice confirmed the
presence of BDNF or proBDNF in the infarct after ischemia-reperfusion. Thus, at least two
p75NTR ligands are elevated in the left ventricle after ischemia-reperfusion where they may
stimulate p75NTR-dependent denervation of peri-infarct myocardium. In contrast, NGF-induced
sympathetic hyperinnervation in the distal peri-infarct ventricle is attenuated by p75NTR.
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Introduction
Myocardial infarction (MI) leads to increased risk of ventricular arrhythmias and sudden
cardiac death (Solomon et al., 2005), and altered sympathetic transmission in the heart is a
major contributor to the development of these arrhythmias (2000). Several types of changes
have been characterized in cardiac sympathetic nerves after MI including denervation of
viable peri-infarct myocardium (Barber et al., 1983; Inoue and Zipes, 1988; Li et al., 2004;
Minardo et al., 1988; Stanton et al., 1989), areas of nerve sprouting and hyperinnervation
(Cao et al., 2000; Hasan et al., 2006; Oh et al., 2006; Zhou et al., 2004), and regional
changes in neurotransmitter and peptide production (Alston et al., 2011; Li et al., 2004;
Parrish et al., 2009b). Heterogeneity of sympathetic transmission and subsequent electrical
remodeling of cardiac myocytes is thought to be a major contributor to arrhythmias in
humans (Rubart and Zipes, 2005). Two recent studies examined sympathetic innervation in
patients shortly after reperfusion by imaging uptake of the NE transporter substrate
iodine-123 meta-iodobenzylguanidine (123I-MIBG). Patients then received implanted
cardioverter defibrillators (ICDs), which allowed for long-term monitoring of cardiac
rhythm. Both studies concluded that a larger area of sympathetic denervation after MI
correlated with a higher risk for arrhythmias at later time points (Boogers et al., 2010;
Nishisato et al., 2010).

Given the clinical importance of peri-infarct denervation, we were interested in
understanding what caused the loss of sympathetic axons in viable myocardium. This was
particularly puzzling given that nerve growth factor (NGF) is increased in the heart after MI
(Abe et al., 1997; Hasan et al., 2006; Hiltunen et al., 2001; Meloni et al., 2010; Zhou et al.,
2004). NGF stimulates sympathetic axon growth into the heart through activation of the
TrkA receptor tyrosine kinase (Crowley et al., 1994; Glebova and Ginty, 2004; Smeyne et
al., 1994), and increasing cardiac NGF causes sympathetic hyperinnervation (Cao et al.,
2000; Hassankhani et al., 1995). One potential explanation for denervation comes from our
recent observation that proNGF, the uncleaved precursor to mature NGF, is elevated in
mouse and human heart after MI (Siao et al., 2012). Previous studies of NGF expression did
not distinguish between proNGF and mature NGF, which bind to different receptors and
elicit different biological actions. ProNGF binds a heteromeric receptor complex of the p75
neurotrophin receptor (p75NTR) and sortilin (Nykjaer et al., 2004), or the sortilin family
member, SorCS2 (Siao et al, 2012), through which it stimulates neuronal process retraction
(Al Shawi et al., 2007; Deinhardt et al., 2011) or neuronal cell death (Nykjaer et al., 2004).
A second potential explanation for peri-infarct denervation comes from the transient
induction of brain-derived neurotrophic factor (BDNF) mRNA at the border of the infarct
and intact tissue (Hiltunen et al., 2001). BDNF also binds p75NTR on sympathetic neurons,
inhibiting sympathetic outgrowth and stimulating axon degeneration (Kohn et al., 1999;
Krizsan-Agbas et al., 2003; Singh et al., 2008).

We hypothesized that proNGF and BDNF produced in the heart after MI caused the
pathological sympathetic denervation of peri-infarct myocardium via p75NTR. Here we
provide evidence that BDNF protein is present in the heart after MI, and peri-infarct
denervation requires p75NTR. Thus, our data suggest that peri-infarct denervation after
myocardial infarction, which is pathological in humans, is stimulated by p75NTR.
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Methods
Animals and Experimental Group

Wildtype C57BL/6J and p75NTR−/− mice (B6.129S4-Ngfrtm1Jae/J) (Lee et al., 1992) were
obtained from Jackson Laboratories. Homozygous Bdnf-HA mice in which the endogenous
Bdnf coding region was replaced with the murine Bdnf sequence fused to a C-terminal
hemagglutinin (HA) epitope tag were generated as described by Yang et al. (Yang et al.,
2009). Mice were kept on a 12h:12h- light dark cycle with ad libitum access to food and
water. Age and gender-matched male and female mice between 12–18 weeks old were used
for all experiments. The experimental groups used were sham-operated animals and animals
that underwent ischemia-reperfusion surgery. A minimum of four animals was assigned to
each group for each experiment, and tissue was processed together for each type of analysis.
All procedures were approved by the OHSU Institutional Animal Care and Use Committee
and comply with the Guide for the Care and Use of Laboratory Animals published by the
National Academies Press (8th edition).

Ischemia-Reperfusion Surgery
Anesthesia was induced with 4% inhaled isoflurane and maintained with 2% isoflurane.
Mice were then intubated and mechanically ventilated. Core body temperature was
monitored with a rectal probe and maintained at 37°C and two-lead ECG was monitored
throughout the surgery using a PowerLab data acquisition system. A left thoracotomy was
performed in the 4th intercostal space and the pericardium was opened. The left anterior
descending coronary artery (LAD) was reversibly ligated with a 8-0 suture for 30 minutes
and then reperfused by release of the ligature. Occlusion was confirmed with ST segment
elevation, regional cyanosis, and wall motion abnormalities. Reperfusion was confirmed by
return of color to the myocardium distal to the ligation and disappearance of ST elevation.
The suture remained within the wound for identification of the ligature site, and the chest
and skin were closed in layers. After surgery, animals were returned to individual cages and
given regular food and water for 24h, 3 days or 7 days before euthanasia and tissue harvest.
Buprenex (0.1 mg/kg) was administered as needed to ensure the animals were comfortable
following surgery. All surgical procedures were performed under aseptic conditions. Sham
animals underwent the procedure described above except for the LAD ligation.

Immunohistochemistry
All sections were incubated with NaBH4 and CuSO4 as described previously (Lorentz et al.,
2010) in order to decrease autofluorescence. Tyrosine Hydroxylase (TH)
immunohistochemistry was performed as described previously (Lorentz et al., 2010), using
rabbit anti-TH (1:300, Chemicon) and AlexaFluor 488-conjugated rabbit IgG-specific
antibody (1:300, Molecular Probes). Tissue from Bdnf-HA mice was fixed for 2h in 3%
paraformaldehyde rinsed in PBS, cryoprotected in 30% sucrose overnight and 10 μm
transverse sections were thaw-mounted onto charged slides. For HA immunohistochemistry
and HA/Mac2 double label, sections were blocked in 5% B.S.A/0.1% Triton X-100 in PBS
for 1 h followed by blocking with AvidinD blocking buffer (Vector Laboratories) for 15
min. Slides were briefly rinsed with PBS and blocked with Biotin solution (Vector
Laboratories) for 15 min. Slides were rinsed again with PBS and incubated with rabbit anti-
HA (1:500, Sigma), with or without rat anti-MAC2 (1:500, Accurate Scientific), overnight
at 4°C. Slides were then rinsed in PBS and incubated with biotinylated goat anti-rabbit
(1:400, Jackson ImmunoResearch), with or without anti-rat AlexaFluor 488, for 1h at room
temperature. Slides were washed with PBS and incubated with Cy3-streptavidin (1:800,
Jackson ImmunoResearch) for 45 min. Slides were rinsed with PBS, coverslipped and
visualized by fluorescence microscopy. For HA/Ly-6B.2 double label, sections were
blocked in 5% B.S.A/0.3% Triton X-100/5% goat serum in PBS for 1.5 h, and then
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incubated overnight at 4°C with rabbit anti-HA (1:50, Sigma) and rat anti-Ly-6B.2 (1:50,
AbD Serotec). Slides were then rinsed in PBS, incubated with species-specific secondary
antibodies for 1h at room temperature, rinsed again in PBS, coverslipped, and visualized by
fluorescence microscopy.

Innervation Density Analysis
Immunohistochemical staining was visualized on a Zeiss (Axiophot II) fluorescent
microscope with the 20X objective. Photos were taken of 11 fields of view (A–K) from each
section (Fig. 1A). Four sections approximately 150 μm apart were analyzed from each heart.
Each picture occupied an area of 710 μm × 530 μm, which was defined as one field of view.
Pictures A and B were taken in the right ventricle. Picture C was taken at the border between
the right ventricle and the left ventricle and each successive picture (D–J) was directly
adjacent to the previous picture without overlap. Picture K was taken from the
interventricular septum. P75NTR−/− mice lack subendocardial sympathetic innervation
(Lorentz et al., 2010). Therefore, all pictures from the left ventricle were confined to the
subepicardial layer of muscle. Innervation density was determined by threshold
discrimination (ImageJ) as previously described (Lorentz et al., 2010) and each image was
quantified by two independent observers and averaged together.

Pictures containing any infarcted myocardium were considered infarct. Peri-infarct 1 was
defined as the field of view adjacent to the infarct and peri-infarct 2 was defined as the field
of view adjacent to peri-infarct 1 (530 μm from the edge of the infarct). Analyzing these
three regions allowed us to control for variable positioning of the infarct within the
individual animals. Innervation density from the fields of view that corresponded to
proximal and distal peri-infarct regions were averaged together and were compared to the
corresponding region from sham-operated animals (regions E, D and H respectively, Fig.
1A, E). Because the infarct usually occupied more than one field of view, one representative
infarct picture from each section was chosen and averaged across the four sections from one
heart.

In vitro TH enzyme activity assay
Superior cervical ganglia (SCG) from neonatal rats were dissociated and grown in C2
medium supplemented with 10 ng/mL nerve growth factor (NGF, BD Bioscience), and 3%
fetal bovine serum (ATCC) as previously described (Pellegrino et al., 2011) and maintained
in a humidified 5% CO2 incubator at 37°C. Sympathetic neurons were grown in 24-well
plates pre-coated with 100 μg/mL poly-L-lysine (Sigma) and 10 μg/mL collagen (BD
bioscience), and non-neuronal cells were eliminated by treating the cultures with the anti-
mitotic agent, cytosine arabinoside (Ara C, 1 μM, Sigma) for 2 days. Neurons were then
treated for 0, 2, or 20 hours with 100 ng/ml NGF prior to analysis of TH activity.

Cultures (60,000 neurons/well) were homogenized in 150 μL of 5 mM Tris-acetate buffer
(pH 6.0) containing 0.1% Triton X-100, protease inhibitor cocktail (Roche) and sodium
orthovanadate (1 mM). TH enzyme activity was determined by measuring the rate of L-
DOPA production from L-tyrosine under standardized conditions (Acheson et al., 1984; Shi
et al., 2012). A 60 μL aliquot of the homogenate was combined with an equal volume of
reaction buffer and assayed for TH activity under the following conditions: 120 mM Tris-
acetate buffer (pH 6.0), 3 mM 6-methyl-5, 6, 7, 8 tetrahydropterin HCl (BH4), 10 mM 2-
mercaptoethanol, catalase (200,000 U/mL), 100 μM L-tyrosine, and the internal standard,
1.0 μM 3,4-dihydroxybenzylamine (DHBA). The reaction mixtures were incubated at 37°C.
Aliquots (20 μL) of the reaction mixture were removed at regular intervals (every 4 min)
and added to 1 mL of a chilled solution containing 0.5 M Tris-acetate buffer (pH 8.0), 0.1 M
EDTA, and 15 mg of alumina to stop the reaction. The L-DOPA and DHBA were purified
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by an alumina extraction procedure and measured by HPLC using electrochemical detection
as described previously (Li et al., 2004). Levels of TH protein were assessed by western blot
analysis and were found not to differ significantly between replicates within a treatment
group (n=4) or between treatment groups. We therefore express TH activity as the amount of
L-DOPA produced per culture (i.e. 60,000 neurons) with respect to time.

HPLC Analysis of NE
NE levels were measured by HPLC with electrochemical detection as described previously
(Parrish et al., 2009a). Below the site of LAD occlusion the left and right ventricles (LV,
RV) were separated and processed individually for NE analysis. Heart tissue was
homogenized in perchloric acid (0.1 M) containing 1.0 μM of the internal standard
dihydroxybenzylamine to correct for sample recovery. Catecholamines were purified by
alumina extraction before analysis by HPLC. Detection limits were ~0.05 pmol with
recoveries from the alumina extraction >60%.

Immunoblot Analysis
Cells were washed with ice-cold PBS and lysed at 4°C in homogenization buffer as
described above. Lysates were fractionated on SDS-polyacrylamide gels and transferred to
nitrocellulose membranes. Blots were incubated in 3% low fat milk in Tris-buffered saline
(pH 7.4) containing 0.1% tween-20 at room temperature. Membranes were subsequently
incubated at 4°C overnight with rabbit anti-TH (1:5000, Millipore), rabbit anti-pTH Ser31
(1:1000, Cell Signaling), or rabbit anti-pERK1/2 (Cell Signaling #9101). Immunoblots were
incubated with horseradish peroxidase HRP-conjugated secondary antibody and immune
complexes were visualized by chemiluminescence (Super Signal Dura, Pierce).

Statistics
Student’s t-test was used for a single comparison between two groups (WT vs. p75NTR).
One-way ANOVA with a Neuman-Keuls post-test was used to compare across multiple
groups within the same genotype. Two-way ANOVA with a Bonferroni post-test was used
to compare across genotypes and treatment groups.

Results
To quantitate sympathetic innervation after MI, we initially averaged each field of view (A–
K) across four sections from each heart in order to obtain an unbiased analysis of
sympathetic innervation density. Table 1 shows innervation density from WT hearts 3 days
and 7 days after ischemia-reperfusion surgery. However, the position of the infarct in the left
ventricle was not the same in all four sections analyzed from one heart (Fig. 1B), nor was it
the same between animals due to anatomical variability of LAD morphology and surgical
variability (Scherrer-Crosbie et al., 1997). Therefore, the data were re-analyzed segregating
the infarct from peri-infarct myocardium. Once the infarct was identified for each section
(Fig. 1C), three regions of the left ventricle emerged as areas of interest: the infarct, the
proximal peri-infarct region directly adjacent to the infarct (peri-infarct 1 or P1) and distal
peri-infarct region (peri-infarct 2 or P2; 450 μm from the infarct) (Fig. 1D).

Sympathetic innervation density was similar in sham- operated wildtype (WT) and
p75NTR−/− mice in regions corresponding to the infarct and peri-infarct in mice undergoing
cardiac ischemia-reperfusion (Fig. 1E, 3C–D). Sympathetic innervation densities of sham-
operated hearts collected 3 days and 7 days after surgery were identical and were pooled into
one sham group.
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To test the hypothesis that cardiac sympathetic denervation occurs through p75NTR we
analyzed sympathetic fiber density in wild type (WT) and p75NTR−/− mice 24 hours, 3 days
and 7 days after ischemia-reperfusion surgery. The infarct was significantly denervated in
both genotypes by 24 hours (Fig. 2), and this sympathetic denervation persisted through 3
and 7 days after surgery (Fig. 2). The infarct remained substantially denervated 7 days after
ischemia- reperfusion but occasional TH+ fibers were observed within the infarct of mice
from both genotypes (data not shown).

Innervation density in the peri-infarct ventricle was dynamic. Twenty-four hours after MI
sympathetic innervation density decreased significantly in the proximal peri-infarct region
of WT mice (Fig. 3A, C, E). This did not occur in the p75NTR−/− mice (Fig. 3B, D, F). No
change in sympathetic innervation density was detected in the distal peri-infarct region of
WT hearts 24 hours after ischemia-reperfusion (Fig. 3A, G) but significant sympathetic
hyperinnervation was present in the distal peri-infarct region of p75NTR−/− mice (Fig. 3B,
H).

Three days after MI significant sympathetic denervation was observed in the proximal peri-
infarct region in WT mice (Fig. 4A, C, E) but no decrease in innervation density was
observed in the same region from p75NTR−/− mice (Fig. 4B, D, F). At the same time,
significant hyperinnervation was observed in the distal peri-infarct region of WT mice (Fig.
4A, G) and p75NTR−/− mice (Fig. 4B, H). Sympathetic hyperinnervation was significantly
greater in the p75NTR−/− distal peri-infarct region compared to WT (p< 0.01, two-way
ANOVA with Bonferroni post-test).

Surprisingly, sympathetic innervation density was elevated in the p75NTR−/− right ventricle
3 days after MI compared to WT (Sham fiber density: WT 1.96±0.1, p75NTR−/− 1.9±0.3
and MI fiber density: WT 2.2±0.4, p75NTR−/− 3.8±0.5*; *p<0.05, mean±sem, n=6–8), but
NE content was similar to WT right ventricle (WT 1.8±0.2 pmol/mg, p75NTR−/− 1.6±0.1
pmol/mg, mean±sem, n=5). TH and NE are both elevated in control p75NTR−/− hearts
compared to WT (Habecker et al., 2008; Lorentz et al., 2010), and NGF is thought stimulate
TH activity by increasing TH content (Naujoks et al., 1982; Otten et al., 1977; Thoenen et
al., 1971). We recently found, however, that inflammatory cytokines that suppress TH
content in sympathetic neurons (Yamamori et al., 1989) also stimulate activity of the
remaining TH enzyme (Shi et al., 2012). Therefore, we asked if NGF regulated TH activity
in addition to its effect on TH levels. Treatment with high levels of NGF (100 ng/ml) for 2
or 20 hours did not alter TH activity, as assessed by measuring the kinetics of L-DOPA
production (Figure 5A). Consistent with the lack of affect on TH activity, phosphorylation
of TH on serine 31 was not changed by chronic treatment (2 or 20hrs, data not shown) or
acute treatment with NGF (Figure 5B, C).

One week after ischemia-reperfusion surgery, there were no significant differences in peri-
infarct innervation density compared to surgical sham animals. Sympathetic innervation in
the WT proximal peri-infarct region continued to trend low, although it was not significantly
different than sham (Fig. 6A). In addition, the sympathetic hyperinnervation observed 3 days
after myocardial infarction was no longer present in either genotype (Fig. 6A–B, RV data
not shown). Despite this, the distribution of the sympathetic fibers was altered compared to
sham-operated animals. Instead of the even distribution of sympathetic fibers throughout the
myocardium seen in the sham operated animals, sympathetic fibers were unevenly
distributed, with areas of denervation and adjacent areas containing clusters of TH+ fibers
(Fig. 6C).

The loss of sympathetic nerve fibers adjacent to the infarct required p75NTR, suggesting that
ischemia-reperfusion induced expression of a p75NTR ligand that stimulated axon
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degeneration outside of the infarct. Potential p75NTR ligands in the heart include proNGF
which is elevated in the left ventricle 24 hours and 3 days after reperfusion (Siao et al.,
2012) and proBDNF or mature BDNF (Hiltunen et al., 2001). BDNF mRNA is transiently
elevated at the peri-infarct border zone after ischemia-reperfusion (Hiltunen et al., 2001),
and we asked if that led to the production of BDNF protein. In order to localize BDNF
expression within the ventricle we used homozygous Bdnf-HA mice (Yang et al., 2009).
Immunohistochemistry to detect HA-tagged BDNF revealed increased HA
immunoreactivity 24 hours after MI compared to sham operated control animals (Fig. 7).
The HA staining was localized predominantly to the infarct. Interestingly, HA
immunohistochemistry revealed punctate staining, raising the possibility that one source of
BDNF was infiltrating immune cells. To determine if this was the case, we stained sections
for the HA tag as well as a marker to identify neutrophils or macrophages. Many HA-
positive cells co-stained for the neutrophil marker Ly-6B.2 (Fig. 7C), but no HA-
immunoreactive cells co-stained for the macrophage marker Mac2 (Fig. 7D). Similar results
were obtained with other macrophage markers (not shown).

Discussion
Previous studies examining innervation density in the heart after myocardial infarction have
analyzed only regions of sympathetic hyperinnervation or denervation, excluding large areas
from analysis (Hasan et al., 2006; Oh et al., 2006; Zhou et al., 2004). Here we carried out a
systematic analysis of innervation across the ventricle after ischemia-reperfusion. We found
that analyzing the same region at different levels of the ventricle was not the best way to
assess changes in cardiac nerves. Although infarct size is similar in p75−/− and WT hearts
24 hrs after MI (Lorentz et al., 2011), the shape of the infarct changes across the different
levels. Thus, we identified the infarct and analyzed innervation density based on proximity
to the infarct within that section. This method revealed significant sympathetic denervation
adjacent to the infarct, combined with significant hyperinnervation in the distal peri-infarct
myocardium. This is the first study to analyze total innervation density, and characterize
both hyperinnervation and hypoinnervation in the same heart after myocardial infarction.

We found that p75NTR was required for peri-infarct sympathetic denervation after ischemia-
reperfusion. Numerous studies have shown that sympathetic denervation occurs both in the
infarct and in the viable peri-infarct myocardium (Barber et al., 1983; Inoue and Zipes,
1987; Inoue and Zipes, 1988; Kammerling et al., 1987; Li et al., 2004; Minardo et al., 1988;
Stanton et al., 1989). The loss of functional sympathetic fibers in the viable myocardium
occurs minutes after ischemia (Inoue and Zipes, 1988) and can persist for years in humans
(Stanton et al., 1989; Vaseghi et al., 2012). Two independent studies recently linked the
amount of denervation detectable after MI to the probability of serious ventricular
arrhythmias occurring in the years after the injury (Boogers et al., 2010; Nishisato et al.,
2010). Although denervation of the infarct was not affected by the presence of p75NTR, the
loss of sympathetic fibers outside of the infarct was an active process that required p75NTR.
Thus, p75NTR might be an interesting target for pharmacological intervention, given the
detrimental effects of denervation in human studies. The lack of p75 has little effect on
cardiac function 3 days after MI (Lorentz et al., 2011), but it will be very interesting to
determine if peri-infarct denervation increases arrhythmia susceptibility. P75NTR−/− hearts
exhibit rhythm instability and high levels of spontaneous arrhythmias due to decreased
innervation of the subendocardium (Lorentz et al., 2010). Therefore, generation of an
alternative model such as an inducible p75NTR knockout, will be needed to test if peri-
infarct denervation contributes to arrhythmia generation.

Although p75NTR was required for peri-infarct denervation, it attenuated sympathetic
hyperinnervation in distal peri-infarct areas. This is consistent with the observation that NGF
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stimulates greater axon outgrowth in sympathetic neurons that lack p75NTR (Kohn et al.,
1999; Lorentz et al., 2010). P75NTR can functionally antagonize downstream TrkA signaling
(Hannila et al., 2004), and increased TrkA activation by NGF may explain the increased
axonal elongation in p75NTR−/− hearts. However, NT-3 can also bind to and activate TrkA
(Belliveau et al., 1997), and NT-3 activation of TrkA is significantly higher in the absence
of p75NTR (Brennan et al., 1999). Therefore, the exacerbated hyperinnervation in p75NTR−/
− mice could also be a result of neurons responding to both NGF and NT-3. Two lines of
evidence suggest that NGF, rather than NT-3, is the main trigger for peri-infarct sympathetic
regeneration. First, NT-3 mRNA is not increased in the myocardium after ischemia-
reperfusion (Hiltunen et al., 2001). Second, infarct-induced nerve sprouting in sympathetic
ganglion/heart co-cultures is blocked by anti-NGF antibodies (Gardner and Habecker, 2013;
Hasan et al., 2006). This suggests that cardiac NGF is the primary stimulus for nerve
regeneration in distal areas of peri-infarct myocardium.

Hyperinnervation was detected in both the left and right ventricles of p75NTR−/− hearts after
myocardial infarction. The increase in sympathetic fiber density did not result in higher NE
content in either the RV or the peri-infarct left ventricle (Lorentz et al., 2011), suggesting
that additional factors are regulating NE synthesis, release, or reuptake. The dramatic
depletion of NE in the peri-infarct left ventricle is caused by inflammatory cytokines
stimulating local proteasomal degradation of TH (Shi and Habecker, 2012). Since the right
ventricle is far removed from the damaged region of the left ventricle, it was surprising to
detect changes in innervation density and NE content that were similar to the peri-infarct left
ventricle. Inflammatory cells are an important source of NGF in the heart after MI (Hasan et
al., 2006; Wernli et al., 2009), as well as releasing inflammatory cytokines. Although it
remains unclear why NE levels are lower than expected in hyperinnervated left and right
ventricle 3 days after myocardial infarction, it is likely that infiltrating immune cells play an
important role.

A week after surgery peri-infarct innervation densities were not significantly different than
control animals in either genotype, but fiber densities in the proximal peri-infarct region
trended low in both genotypes. That was surprising in p75NTR−/− hearts, where proximal
innervation density trended higher than shams 24 hours after MI. The recent discovery that
the infarct is covered with chondroitin-sulfate proteoglycans that repel sympathetic axons
(Gardner and Habecker, 2013) may explain the p75NTR-independent decrease in fiber
density adjacent to the infarct. Farther away from the infarct, areas of hyperinnervation also
returned to control levels in WT and p75NTR−/− hearts, indicating that axon pruning in this
context does not require p75NTR. This is interesting, because activation of p75NTR together
with differences in nerve activity has been implicated in sympathetic axon pruning during
development (Singh et al., 2008). It is unlikely that decreased nerve activity plays a role in
post-infarct pruning, given the chronic activation of cardiac sympathetic neurons after
myocardial infarction (Dae et al., 1995; Du et al., 1999). However, several other factors that
are responsible for axon retraction during development, including ephrins and semaphorins,
are expressed in the heart (Ieda et al., 2007; Luo and O’Leary, 2005; Mansson-Broberg et
al., 2008) and may play a role in pruning hyperinnervated regions after ischemia-
reperfusion. Further studies will be required to elucidate the mechanisms of sympathetic
pruning in the peri-infarct ventricle.

BDNF activation of p75NTR can induce axon degeneration in cultured sympathetic neurons
(Singh et al., 2008), and BDNF mRNA is transiently elevated in myocytes at the infarct
border zone 2–5 hours after ischemia- reperfusion (Hiltunen et al., 2001). We examined
BDNF expression in the ventricle 24 hours after reperfusion using Bdnf-HA mice to
circumvent issues with BDNF antibodies. We found HA-tagged BDNF localized to cells
that resemble infiltrating immune cells rather than myocytes. Although we did not observe
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BDNF protein at the border zone 24 hours after injury, there may be an early phase of
BDNF expression in heart cells, followed by a later phase in which the source of BDNF is
infiltrating immune cells. An additional p75NTR ligand, proNGF, is also elevated in the post-
MI left ventricle (Siao et al., 2012). Although immunohistochemical analysis of BDNF-HA
expression allowed us to localize the protein, it did not allow us to distinguish proBDNF and
mature BDNF. Pro-neurotrophins preferentially bind p75NTR rather than TrkA on
sympathetic neurons (Lee et al., 2001), making proNGF and proBDNF candidates for
triggering p75NTR-dependent axon degeneration. Thus, proNGF, BDNF, or proBDNF are all
candidates to stimulate sympathetic denervation via p75NTR.

In conclusion, we found that p75NTR stimulates peri-infarct sympathetic denervation but
attenuates distal peri-infarct hyperinnervation. Pruning of hyperinnervated areas was not
impaired by the absence of p75NTR. We also found that a form of the p75NTR ligand BDNF
(either pro or mature) is localized to the infarct 24 hours after myocardial infarction. The
amount of sympathetic denervation after MI predicts the probability of serious ventricular
arrhythmias in humans (Boogers et al., 2010; Nishisato et al., 2010), making p75NTR an
interesting target for therapeutic intervention to prevent peri-infarct denervation.
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Highlights

p75NTR is required for peri-infarct sympathetic denervation after MI

p75NTR inhibits peri-infarct sympathetic nerve sprouting after MI

p75NTR has no effect on pruning in hyperinnervated regions after MI

A form of the p75NTR ligand BDNF is localized to the infarct after MI
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Figure 1.
Method for quantification of sympathetic innervation. A) Cartoon cross section of the left
and right ventricles showing the 11 fields of view analyzed (A–K). Pictures A and B were
taken from the right ventricle, C–J were taken from the subepicardium of the left ventricle,
and K was taken from the septum. B) Cartoon cross section of the left and right ventricles
showing the variable location of the infarct after ischemia-reperfusion. The proximal peri-
infarct region (P1) was defined as the field of view adjacent to the infarct and the distal peri-
infarct region (P2) was defined as the field of view adjacent to P1 (530 μm from the infarct).
C) Photomicrograph depicting the infarct 7 days after ischemia-reperfusion and the adjacent
viable myocardium. D) Cartoon cross section of the regions quantified. One representative
picture within the infarct was averaged over the four sections analyzed. E) Quantification of
sympathetic fiber density in sham-operated animals from WT (black bars) and p75NTR−/−
mice (white bars) from three fields of view (D, E, and H) that correspond to P2, P1, and
infarct regions after MI respectively, mean ± SEM, n=8.
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Figure 2.
Sympathetic denervation occurs in the infarct after ischemia-reperfusion. Quantification of
sympathetic fiber density in the infarct 24 hours, 3 days, and 7 days after ischemia-
reperfusion from WT (black squares) and p75NTR−/− mice (open squares) compared to
sham operated animals, mean ± SEM, ***p< 0.001, n=4 (24 hrs) or n=6–8 (sham, 3 day, 7
day).

Lorentz et al. Page 16

Exp Neurol. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Sympathetic innervation density 24 hours after ischemia-reperfusion in WT and p75NTR−/−
peri-infarct left ventricle. A) Quantification of sympathetic fiber density in the proximal
peri-infarct region (P1) and distal peri-infarct region (P2) 24 hours after ischemia-
reperfusion from WT (black squares) and B) p75NTR−/− mice (open squares), mean ± SEM,
*p< 0.05, n=4–8. C) Representative picture from WT sham operated left ventricle D) and
from p75NTR−/− left ventricle. E) Representative picture from the proximal peri-infarct
region (peri-infarct 1, P1) from WT mice and F) from p75NTR−/− mice. G) Representative
picture from the distal peri-infarct region (peri-infarct 2, P2) from WT mice and H)
p75NTR−/− mice. Scale bars= 100μm
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Figure 4.
Sympathetic innervation density 3 days after ischemia-reperfusion in WT and p75NTR−/−
peri-infarct left ventricle. A) Quantification of sympathetic fiber density in the proximal
peri-infarct region (P1) and distal peri-infarct region (P2) 3 days after ischemia-reperfusion
from WT (black squares) and B) p75NTR−/− mice (open squares), mean ± SEM, *p< 0.05,
**p< 0.01, ***p< 0.001, n=6–8. C) Representative picture from WT sham operated left
ventricle D) and from p75NTR−/− left ventricle. E) Representative picture from the proximal
peri-infarct region (peri-infarct 1, P1) 3 days after ischemia-reperfusion from WT mice and
F) from p75NTR−/− mice. G) Representative picture from the distal peri-infarct region (peri-
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infarct 2, P2) 3 days after ischemia-reperfusion from WT mice and H) p75NTR−/− mice.
Scale bars= 100μm
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Figure 5. NGF does not stimulate TH activity
A) Sympathetic neurons were treated with NGF (100ng/ml) for 2 or 20hrs and TH activity
was assessed by quantifying the rate of L-DOPA production. This graph shows a
representative experiment done in quadruplicate. Since TH protein levels did not differ
significantly between replicates or treatment groups, the data are expressed as the amount of
L-DOPA produced over time. B) Dissociated sympathetic neurons were treated with NGF
(100ng/ml) for 2, 5, and 15 minutes, and blotted for phosphorylated (pSer31) and total (TH)
tyrosine hydroxylase. Phospho-ERK1/2 (pERK1/2) was a positive control for NGF
stimulation. C) Quantification of phospho-Ser31 TH relative to total TH. Data are calculated
as percent of control and averaged across 3 independent experiments (mean ± SEM).
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Figure 6.
Sympathetic innervation density 7 days after ischemia-reperfusion in WT and p75NTR−/−
peri-infarct left ventricle. A) Quantification of sympathetic fiber density in the proximal
peri-infarct region (P1) and distal peri-infarct region (P2) 7 days after ischemia-reperfusion
from WT (black squares) and B) p75NTR−/− mice (open squares), mean ± SEM, n=6–8. C)
Representative picture from WT peri-infarct region 7 days after ischemia-reperfusion shows
heterogeneous sympathetic innervation with distinct regions of denervated myocardium next
hyperinnervated regions, scale bar= 100μm.
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Figure 7.
BDNF protein is elevated in the left ventricle 24 hours after ischemia-reperfusion.
Representative pictures of immunofluorescence detection of BDNF using an antibody to HA
in the left ventricle from Bdnf-HA mice 24 hrs after sham surgery (A) or ischemia-
reperfusion (B), scale bar A, B= 100μm. C, D) Co-immunofluorescence detection of BDNF-
HA (green), and in red the neutrophil marker Ly-6B.2 (C) or macrophage marker Mac2 (D).
Scale bar C, D= 25μm. Arrows highlight cells labeled for a single marker and arrowheads
highlight neutrophils positive for both HA and Ly-6B.2.
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Table 1

Ventricular Sympathetic Innervation Density

Region WT 3d MI (n=6) WT 7d MI (n=7)

A 118.5 ± 50.6 56.7 ± 31.2 *

B 106.1 ± 69.2 65.1 ± 46.1

C 111.7 ± 36.5 91.4 ± 42.9

D 84.8 ± 31.8 71.1 ± 34.0

E 72.8 ± 26.5 68.7 ± 48.4

F 57.8 ± 35.6 * 73.2 ± 38.6

G 33.1 ± 21.1 *** 53.4 ± 29.9 **

H 9.2 ± 12.7 *** 30.6 ± 36.1 ***

I 8.3 ± 8.4 *** 12.7 ± 16.9 ***

J 41.3 ± 36.1 * 17.9 ± 21.6 **

K 87.7 ± 28.4 93.4 ± 53.4

Values are % sham operated control, mean ± SD.
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