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Sympathetic neurons innervate the heart early in postnatal
development, an event that is crucial for proper modulation of
blood pressure and cardiac function. However, the axon guid-
ance cues that direct sympathetic neurons to the heart, and the
neuronal receptors that recognize those cues, are poorly un-
derstood. Here we present evidence that interactions between
the �4�1 integrin on sympathetic neurons and vascular cell
adhesion molecule-1 (VCAM-1) in the heart plays a role in
cardiac innervation.

The �4 subunit was detected on postnatal rat superior cer-
vical ganglion (SCG) neurons in culture and in cryosections of
SCG and heart. VCAM-1 immunoreactivity was detected on
cardiac myocytes that associate with invading sympathetic

neurons. Purified recombinant soluble VCAM-1 (rsVCAM-1)
stimulated SCG neurite outgrowth at levels comparable with
laminin 2/4 and fibronectin (Fn), and outgrowth on rs-VCAM-1
and Fn was blocked by antibodies specific for the �4 and �1
integrin subunits. Intrathoracic injection of function-blocking
antibodies to �4 and VCAM-1, as well as a small molecule
inhibitor of �4 integrins, significantly reduced sympathetic in-
nervation of the heart. These results indicate that the interaction
between �4 integrin and VCAM-1 is important for sympathetic
innervation of the heart.
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Sympathetic neurons with cell bodies in the superior, middle, and
inferior cervical and thoracic sympathetic chain ganglia innervate
the heart and, during stimulation from higher centers, release
norepinephrine (NE) (Pappano, 1977; Ganguly and Sherwood,
1991), which increases the rate and strength of cardiac contrac-
tions. The path followed by developing sympathetic axons starts
at the ganglia and follows the basolateral surface of the common
carotid artery to the aorta, through the cardiac plexus down into
the heart. Growth cones begin to emerge from the ganglia at
approximately embryonic day 18 (E18) and innervate the myo-
cardium and precapillary arterioles during the first three postna-
tal weeks [postnatal day 0 (P0) through P22] (Berthoud and
Powley, 1996). Innervation of the heart starts with the right
atrium (P2), followed by the right ventricle (P4), blood vessels
(P8), and the left ventricle (P22) (Iversen et al., 1967; Lipp and
Rudolph, 1972; Nyquist-Battie et al., 1994).

Generally, axons are thought to find their way to targets via a
combination of attractive and repulsive soluble factors and extra-
cellular matrix and cell surface substrates in the microenviron-
ment of the growth cone (Tessier-Lavigne and Goodman, 1996).
ECM molecules that induce sympathetic axon outgrowth in vitro

include laminins (Lns), fibronectins (Fns), collagens, and throm-
bospondin 1 (Reichardt et al., 1990; Lein et al., 1991). Dendrite
outgrowth apparently relies on different factors, such as osteo-
genic protein-1 (Lein et al., 1995). Cell–cell interactions involved
in sympathetic neurite outgrowth are less well characterized, but
several cell adhesion molecules have been identified on sympa-
thetic neurons, including GP130/F11, N-cadherin, DM-Grasp,
Nr-CAM, and Thy-1 (Lustig et al., 1999). However, the mecha-
nisms responsible for axon outgrowth in vivo remain poorly
understood.

�4 integrins (�4�1 and �4�7) play crucial roles in inflammation
and hematopoeisis (Lobb and Hemler, 1994; Arroyo et al., 1996).
The �4�1 integrin binds multiple ligands, including vascular cell
adhesion molecule-1 (VCAM-1) (Osborn et al., 1989), connecting
sequence-1 of fibronectin (Guan and Hynes, 1990), thrombo-
spondin-1 (Yabkowitz et al., 1993), other �4 integrins (Altevogt
et al., 1995), the propolypeptide of von Willebrand factor (Isobe
et al., 1997), intercellular adhesion molecule-4 (Spring et al.,
2001), transglutaminase C (Isobe et al., 1999), and osteopontin
(Bayless et al., 1998). �4 integrins are also expressed by neural
cells, including neural crest cells (Kil et al., 1998), retinal cells
(Sheppard et al., 1994; Cann et al., 1996), and dorsal root gan-
glion neurons (Vogelezang et al., 2001).

VCAM-1, an IgG superfamily member, is best known as a
cytokine-induced protein expressed on vascular endothelium in
proximity to inflamed tissue in which it is recognized by lymphoid
cells via integrin �4�1 (Osborn et al., 1989; Aplin et al., 1998).
However, VCAM-1 is also expressed in early development in
many regions, including heart tissue that is contacted by sympa-
thetic neurons (Sheppard et al., 1994).

In this study, we show that recombinant soluble VCAM-1
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(rsVCAM-1) promotes robust sympathetic neurite outgrowth
that is dependent on �4�1integrins. We examine the expression
pattern of these counter receptors and demonstrate that immu-
nological blockage of both �4 integrin and VCAM-1 results in a
decrease in sympathetic innervation of the heart.

MATERIALS AND METHODS
Immunohistochemistry of rat superior cervical ganglion and heart tissue.
Superior cervical ganglion (SCG) and heart tissue were dissected from
P1 Long–Evans rats (Charles River Laboratories, Wilmington, MA) and
briefly fixed in 4% paraformaldehyde at 4°C (5 min for SCG and 30 min
for heart tissue). After rising in PBS for 20 min and overnight cryopro-
tection in 20% sucrose and 0.1 M sodium phosphate, pH 7.4, at 4°C, the
tissue was embedded in 15% gelatin in phosphate buffer, frozen on dry
ice, and 16 �m sections were cut using a Leica (Nussloch, Germany)
cryostat. SCG and heart sections were first blocked with 3% bovine
serum albumin (BSA), 1% goat serum, and 0.01% Triton X-100 in PBS
and then stained with the mouse monoclonal anti-rat �4 antibody TA-2
(10 �g/ml; Chemicon, Temecula, CA) or with the mouse monoclonal
anti-rat VCAM-1 antibody MR106 (10 �g/ml; PharMingen, San Diego,
CA). A polyclonal rabbit antibody against tyrosine hydroxylase (TH)
(1:100; Chemicon) was used to identify sympathetic neurons. Staining
was visualized using the following secondary antibodies: goat anti-mouse
Cy3 (1:800; Jackson ImmunoResearch, West Grove, PA) and goat anti-
rabbit Alexa-488 (1:200; Molecular Probes, Eugene, OR). The secondary
antibody alone was used as the negative control, and it produced no
detectable signal. Micrographs were captured on a Zeiss (Oberkochen,
Germany) microscope equipped for epifluorescence or on a Bio-Rad
(Hercules, CA) 1024 laser scanning confocal microscope.

SCGs were dissected from P1 and P6 rats and prepared for culture as
above. On the following day, the cells were fixed with 4% paraformal-
dehyde in PBS for 5 min at 4°C and then stained with one of the following
antibodies: TA-2 and HM�-1 (hamster anti-�1 integrin; PharMingen) or
the secondary antibody alone (goat anti-mouse or hamster; Jackson
ImmunoResearch). The cells were then mounted with Prolong (Molec-
ular Probes) and viewed with an epifluorescence microscope.

Western blot of P1 rat SCG tissue. SCGs from P1 rats were dissected and
frozen on dry ice-chilled glass, and crude membranes were isolated (0.5
�g/ganglia) (Bono et al., 1983). After determining the protein concen-
tration using the amido-schwarz assay (Schaffner and Weissmann, 1973),
equal amounts of protein (2.8 �g) from each sample were separated by
SDS-PAGE and transferred to nitrocellulose for Western blotting. The
rat �4 integrin antibody TA-2 (1 �g/ml) was used to detect the presence
of �4 integrins, and a goat-anti mouse-HRP secondary was used to
visualize bands using the ECL unit from Amersham Biosciences (Pisca-
taway, NJ).

Neurite outgrowth assay. Primary cultures of chicken lumbar sympa-
thetic ganglia (LSG) (embryonic day 12) and mouse and rat SCG (P1)
were isolated as before and plated on ECM-coated 96-well culture plates
(Corning-Costar, Acton, MA) and incubated as described by Choi et al.
(1994). Briefly, the cells were manually dissociated in media, trypsinized
(0.05% trypsin), and triturated to eliminate clumped cells. The cells were
cultured in serum-free media supplemented with insulin–transferin–
selenium (Invitrogen, Carlsbad, CA), penicillin–streptomycin–fungi-
zone (Invitrogen), and 100 ng/ml 7s-NGF (Sigma, St. Louis, MO). The
wells were coated overnight with either merosin (Ln-2/4; Invitrogen) as
a positive control, 1% BSA as a negative control, plasma Fn (Invitrogen),
or rsVCAM-1 (a kind gift from Roy Lobb, Biogen, Cambridge, MA).
The function blocking antibodies TA-2 (�4 integrin), 1 mM GRGDNP,
1 mM GRADSP (Biomol, Plymouth Meeting, PA) and HM�-1 (�1
integrin) were added to the culture media before incubation. (The
blocking activity of the RGD peptide was confirmed in assays of chick
embryo fibroblast adhesion to vitronectin.) Cells were incubated over-
night at 37°C in a humidified atmosphere containing 5% CO2. The
neurons and neurites were visualized by staining with the vital dye
calcein AM (fluorescein diacetate; Molecular Probes) and viewed with
an epifluorescence microscope (Culley et al., 2001). Three images of the
best neurite outgrowth from each condition were projected onto a
magnetized bit pad for analysis. The percentage of cells with processes of
any length and the neurite lengths were scored to quantify the response
(Burns et al., 1991; Choi et al., 1994; Culley et al., 2001). A neurite is
defined as a visible process emanating from the cell body. Statistical
analysis was performed using a Student’s two-tailed t test.

Intrathoracic injection of antibodies and �4 antagonist. At P1 and P3,

function-blocking antibodies against �4 (TA-2, 20 �g), VCAM-1 (5F10,
20 �g), or IgG isotype controls were injected intrathoracically into
Long–Evans rats. The isotype-matched IgG controls were injected into
littermates of those animals injected with blocking antibody. The �4
antagonist [similar to the Genentech (San Francisco, CA) example com-
pound shown by Jackson, 2002, his Table 12] was dissolved in 50%
PEG400 (Sigma) and injected into the intrathoracic cavity of rats at a
concentration of 40 mg/kg animal weight on postnatal days 2–4. This
concentration was �10-fold greater than the amount required for a
complete block of neurite outgrowth on rsVCAM-1 in vitro (data not
shown). The antagonist has been shown to be specific for �4 integrins in
binding assays using purified integrins and ligands and in cell adhesion
experiments as described by Jackson (2002). The drug carrier (50%
PEG400) was injected into littermates as a control. At P6, heart, SCG,
and spleen tissues were harvested and frozen immediately in liquid
nitrogen for biochemistry (TA-2, n � 23; animals, 5F10, n � 11; IgG1,
n � 18; IgG2a, n � 3) or fixed for sectioning (TA-2, n � 11; animals, 5F10,
n � 3; IgG1, n � 8; IgG2a, n � 3; G-016390, n � 6; PEG400, n � 7) as
before. Sections were stained with a goat anti-mouse secondary antibody
alone (to visualize the injected antibody) and with a primary goat
anti-TH described above. The number of TH-positive fibers in the
ventricles was quantified by directly counting in the microscope using a
double-blind procedure. From each animal, three 16 �m transverse
sections (246 �m apart) from the medial heart, at the depth of the
atrioventricular valves, were stained with anti-TH antibodies. TH-
positive fibers were counted two to three times for each microscopic field
of the section (�25 fields at 400�) by two to three observers. Fibers were
defined as linear, fine-caliber TH immunoreactivity longer than �5 �m.
Examples of what was and was not counted are shown in Figure 6. Fibers
per section were recorded for each condition. In some experiments,
digital images were captured, and pixel analysis was performed using the
Scion (Frederick, MD) Image program. The average � SEM value for
the control animals was 791 � 267 fibers per three sections. The amount
of NE in the heart was quantified by a radioenzymatic assay (Coyle and
Henry, 1973) and a radioimmunoassay (Analytics, Gaithersburg, MD).
For the first assay, catecholamines were labeled using catechol-O-
methyltransferase and S-adenosyl-L-[methyl- 3H] methionine and were
solvent extracted, and the counts were determined. For the second assay,
NE was quantified using the RIA kit from Alpco Diagnostics (Windham,
NH). A standard curve of NE allowed the calculation of nanograms of
NE per gram of heart tissue. Hematocrit measurement was performed as
described by Bozzini et al. (1989). Statistical analysis was performed
using a Student’s two-tailed t test.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling of SCG sections f rom TA-2- and �4 antagonist-treated animals.
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (TUNEL) of SCG sections was used to detect apoptotic
cells within the SCG. The assay was performed according to Johnson et
al. (1999). Briefly, 16 �m sections (160 �m apart) from the central
portion of the SCGs were collected. Sections were incubated in PBS (1
hr) and 70% ethanol (30 min), permeabilized, and incubated with dUT-
P–biotin and terminal transferase. TUNEL-positive nuclei were visual-
ized with avidin–Cy3 (1:250; Jackson ImmunoResearch), three sections
from two to six animals at P6 (TA-2, n � 9 sections; 5F10, n � 6 sections;
control IgG, n � 18 sections) were counted, and TUNEL-positive cells
per square millimeter were quantified.

SCG neuron numbers were counted as described by Smolen et al.
(1983), with modifications. Briefly, 16 �m serial cryosections were col-
lected from the entire SCG. Every 16th section was stained with meth-
ylene blue and eosin (HEMA 3 stain; Biochemical Sciences, Swedesboro,
NJ), and nuclei were counted in the entire section. Cell counts for the
entire SCG were then determined using the algorithm described by
Smolen et al. (1983).

RESULTS
�4 integrins are expressed by sympathetic neurons
To determine whether �4 integrins were expressed by SCG neu-
rons, cryosections of P1 SCG were immunolabeled with the
anti-�4 monoclonal antibody TA-2 (Fig. 1). Immunoreactivity
was observed on both cell bodies and processes (inset) of SCG
neurons, which were identified by staining for TH. Not all TH-
positive cells stained for �4, however (Fig. 1C, green). In addition,
non-neuronal TH-negative cells and processes within the ganglia
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also expressed �4. Judging from the morphology of these cells,
they include both glial cells and ED1-positive macrophages (data
not shown).

In cultured P1 SCG neurons, �4 immunoreactivity was ob-
served on cell bodies, neurites, and growth cones (Fig. 1D,F).
Flat non-neuronal cells also expressed �4 integrins (Fig. 1D,
curved arrow). The integrin �1 subunit, which we believe pairs
with �4, was also observed on cell bodies and processes on both
neurons and glia (Fig. 1E). Immunoblots of SCG membranes
probed with the same �4 antibody detected faint but reproducible
bands at 140 and 80 kDa, which is consistent with known �4
banding patterns under nonreducing conditions (Vogelezang et
al., 2001). These data show that integrins are distributed over the
entire surface of SCG neurons, including growth cones, in which
they could play a role in axon extension.

�4 integrins were also detected on SCG fibers in sections of rat
heart (Fig. 2A), which were identified by labeling for TH (Fig.
2B). In the first postnatal week, most of these fibers are restricted
to the atrial regions. In addition, local interneurons, with cell
bodies in the intracardiac ganglia, also displayed �4 immunore-
activity (Fig. 2D). These neurons, which relay electrical impulses
to control contractions, are TH negative (Fig. 2E) but do express
choline acetyl transferase (ChAT) and peripherin (Per) (Fig.
2G–I) (Horackova et al., 1999). Some �4 immunoreactivity was
also detected on myocardial cells, as has been reported for E13
mouse heart tissue (Sheppard et al., 1994). These experiments
show that �4 integrins are found in growing sympathetic axons, as
well as other cell types.

VCAM-1 is expressed in heart
To determine whether the �4 ligand–counter receptor VCAM-1
is expressed in regions of the heart contacted by sympathetic
axons, heart sections were double immunolabeled with anti-
VCAM-1 (MR106) and anti-TH (Fig. 2J–L). VCAM-1 immuno-
reactivity was observed throughout the myocardium but was
especially evident in regions surrounding blood vessels (Fig. 2J,
curved arrow). This is consistent with previous work that found
VCAM-1 to be expressed on the basolateral surface of the
smooth muscle lining around precapillary arterioles (Duplaa et
al., 1997). Both the precapillary arterioles and myocardium are
innervated by sympathetic neurons, and VCAM-1 immunoreac-
tivity could be detected in the vicinity of TH-positive fibers within
the myocardium (Fig. 2J–L, filled arrowheads). Thus, VCAM-1 is
expressed at the right time and place to play a role in sympathetic
innervation.

rsVCAM-1 induces neurite outgrowth by
sympathetic neurons
To see whether �4 integrins expressed by SCG neurons were
active, we cultured sympathetic neurons from rat, mouse, and
chick on a carpet of rsVCAM-1 and stained them with calcein
AM (Fig. 3). Neurons from all three species mounted a vigorous
response to rsVCAM-1, intermediate between the response elic-
ited by Ln-2/4 and Fn. Seventy percent of rat SCG neurons
extended neurites on rsVCAM-1 compared with 80% on Ln-2/4
and �50% on Fn.

The outgrowth on rsVCAM-1 was blocked by antibodies to the
integrin �4 and �1 subunits (Fig. 4). The anti-�4 antibody TA-2
inhibited neurite outgrowth on both rsVCAM-1 (Fig. 4D) and Fn
(Fig. 4F) but had no effect on outgrowth on Ln-2/4 (Fig. 4E).
MR�4–1 (a nonfunction-blocking �4 integrin antibody) did not
inhibit neurite outgrowth on any of the substrates (data not
shown). Outgrowth on Fn was not inhibited by 1 mM RGD
peptide (Fig. 4J). We confirmed that the RGD peptide was active
in assays of chick embryo fibroblast adhesion to vitronectin. The
�1 function-blocking antibody (HM�-1) inhibited SCG out-
growth on rsVCAM-1 as well (Fig. 4G,H). Because antibodies to
either �4 or �1 reduced the outgrowth to the minimal level
observed on BSA (�10%), we interpret this as a complete block.

Although the �4 subunit is capable of pairing with �7 as well as
�1, we were unable to detect any �7 immunoreactivity in sections
of mouse SCG tissue (data not shown). Although we cannot rule
out the presence of small amounts of �4�7, the blocking data
indicate that the integrin heterodimer �4�1 is responsible for
outgrowth on rsVCAM-1 by sympathetic neurons.

�4 integrin and VCAM-1 immunological blockade
in vivo
To test whether �4 integrins and VCAM-1 play a role in sympa-
thetic innervation of the heart in vivo, we injected purified,
function-blocking anti-�4 and anti-VCAM-1 antibodies into the
thoracic cavity of neonatal rats. As a control, we injected equiv-
alent amounts of isotype-matched non-immune IgG. After two
rounds of injections at P1 and P3, hearts, SCG, and spleen tissues
were processed for either histology or NE quantification. NE has
proved to be a reliable biochemical marker for sympathetic neu-
rons (Clegg et al., 1989).

To determine the distribution of injected antibodies, sections of
tissue were incubated with a goat anti-mouse secondary antibody
(Fig. 5). The anti-�4 antibody bound to TH-positive fibers in the
heart (Fig. 5A–C). We also saw a significant accumulation of the

Figure 1. Immunolocalization of �4 inte-
grins on SCG neurons. Cryostat sections
from P1 rat SCG were double immunola-
beled with the anti-rat �4 antibody TA-2
(red, A) and a polyclonal anti-TH antibody
( green, B). A composite image of A and B is
shown in C. Insets show a magnified neuro-
nal cell and process from a different micro-
graph. In cultured P1 neurons, integrin �4
(red, D) and �1 ( green, E) immunoreactivity
was observed on neuronal cell bodies and
neurites (arrowhead), as well as on non-
neuronal cells (curved arrow), and punctate
�4 staining was also observed on isolated
growth cones (F, open arrows). G, Immuno-
blot of P1 SCG membranes probed with the
anti-�4 antibody TA-2. Scale bars: A–E, 50
�m; insets in A–C, 25 �m; F, 10 �m.
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antibody on peripherin-positive intracardiac ganglion cells (Fig.
5D–F). Injected �4 antibody was able to penetrate into the SCG
as well (Fig. 5M,N). The injected anti-VCAM-1 antibody could
be detected in the atria, but we could not detect antibody in all
regions that contained TH-positive fibers (Fig. 5G–I). We do not
know whether this is attributable to poor penetration or retention
or whether it is attributable to inefficient detection of the anti-
body. This anti-VCAM-1 antibody does not work well for immu-
nochemistry (data not shown).

We assayed sympathetic innervation of the hearts of injected
animals by both immunohistochemical and biochemical assays.
First, we quantified the number of TH-positive fibers in heart
ventricles. Using a double-blind protocol, the numbers of fibers
were counted directly in the microscope for animals injected with
anti-�4, anti-VCAM-1, and control antibodies. Typical sections
for anti-�4-injected animals and controls are shown in Figure 6.
�4 blockade reduced ventricular TH-positive fibers by 33%, and
VCAM-1 blockade resulted in a 39% reduction (Fig. 7). The IgG
control antibody-injected animals were used to establish a base-
line of P6 ventricular innervation. The same results were obtained
when digital images were captured and subjected to pixel analysis
using the Scion Image software (see Materials and Methods).

A small molecule inhibitor of �4 integrins was also injected into
neonatal rats. This treatment reduced ventricular fibers to a
similar extent (43 � 5%).

As a biochemical measure of sympathetic innervation, we as-
sayed NE levels in injected hearts using two different NE assay
protocols. Blocking �4 integrins reduced cardiac NE by 33%, and
blockade of VCAM-1 resulted in a 39% reduction (Fig. 7). These
data agree with the fiber quantification above. Immunological

blockade significantly reduced the density of sympathetic fibers
and NE levels in the heart (95–99% confidence) (Fig. 7).

To determine whether the blockade of �4 and VCAM-1 caused
an increase in apoptosis in the SCG, we assayed tissue from
antibody-injected animals for the presence of TUNEL-positive
nuclei. An increase in SCG cell death could account for the

Figure 2. Immunolocalization of �4 integrins
and VCAM-1 in heart tissue. P1 (A–C, G–L)
and P6 ( D–F) heart cryosections were stained
with TA-2 (red, A, D) and anti-TH ( green, B, E,
I ). In A–C, a portion of the medial wall of the
right atrium is shown. C is a composite image
of A and B. TH-positive fibers express �4 (ar-
rows). In D–F, a section through an intracar-
diac ganglia is shown (F is a composite of D
and E). Cell bodies of TH-negative neurons
express �4 (open arrowheads, D). These local
interneurons also express ChAT (red, G) and
peripherin (blue, H ). J–L show a section of the
right atrium stained with the anti-VCAM-1
antibody MR106 (red, J ) and anti-TH ( green,
K ), with a composite of J and K shown in L.
VCAM-1 immunoreactivity was observed in
close proximity to TH-positive sympathetic fi-
bers ( filled arrowheads), which sometimes fol-
low VCAM-1-positive blood vessels (curved ar-
row). Insets show a magnified view of the blood
vessel indicated by the curved arrow. Scale bars:
A–L, 50 �m; insets, 25 �m. Ch, ChAT; VC,
VCAM-1.

Figure 3. rsVCAM-1 induces neurite outgrowth by sympathetic neurons.
E10 Chicken lumbar sympathetic ganglion neurons (A) and P1 mouse (B)
and rat (C) SCG neurons were visualized by calcein AM staining after
overnight culture on rsVCAM-1. Rat SCG neurite morphology on
rsVCAM-1 was similar to that on Ln-2/4 (E) and Fn (F). Neurite lengths
on rsVCAM-1, Ln-2/4, Fn, and BSA are quantified in D. Scale bar, 50 �m.
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decrease in sympathetic tissue in the heart. However, there was
no difference in the number of TUNEL-positive cells in the SCG
tissue from animals injected with the function-blocking antibod-
ies compared with the non-immune antibody controls (Fig. 8).
Because apoptotic cells might be too rapidly cleared to be de-
tected by TUNEL, we also counted total SCG neuron numbers in
animals treated with the �4 small molecule inhibitor. The treated
animals had an average of 24,264 � 2824 neurons per ganglia, and
the control animals had 22,670 � 5215 neurons per ganglia. Thus,
we could not detect any cell death induced by perturbation of
�4–VCAM-1 interactions.

As would be predicted from previous work (Arroyo et al.,
1996), blockade of the �4 integrin would be expected to cause
improper development of reticulocytes in the bone marrow and
lead to anemia. The TA-2-injected animals had a hematocrit of
16% compared with the control and anti-VCAM-1-injected ani-
mals, which had hematocrits of 35%. Thus, the reduction in
sympathetic innervation brought about by blockade of �4 could
be a secondary consequence of anemia. As a control, another
experiment was conducted to determine whether this reduction of
red blood cells contributed to the decrease in sympathetic fibers

in the heart. Animals were injected with phenyl hydrazine (25
mg/kg) to induce anemia at P1. This treatment resulted in a
hematocrit of 16% at P6, similar to the �4-injected animals (Chen
et al., 1986). Hearts were sectioned and stained for the presence
of TH-positive fibers that were quantified as before. There was no
apparent reduction in the TH-positive fibers within the hearts of
the anemic animals (data not shown). We do not think that the
anemia induced by the blockade of �4 integrins contributes to the
reduction of sympathetic tissue in the heart (see Discussion).

Consistent with this interpretation, treatment with the small
molecule inhibitor only marginally decreased hematocrit (from 35
to 29%) yet decreased sympathetic fibers as much as the antibody
treatments.

DISCUSSION
We demonstrated that �4 integrins on sympathetic neurons me-
diate neurite outgrowth on VCAM-1 in vitro and that this inter-
action is important in vivo during innervation of the heart. Al-
though many previous studies have implicated integrins in axon
outgrowth (Clegg et al., 2000), the involvement of �4 in sympa-
thetic outgrowth was unexpected. The �4�1 heterodimer is well
known for its role in inflammation, but experiments presented
here, along with several other recent studies, suggest a significant
role in neural development and regeneration.

Previous studies showed that �4 integrins are abundantly ex-
pressed on neural crest cells (Sheppard et al., 1994; Stepp et al.,
1994; Kil et al., 1998). This expression is maintained on devel-
oping sensory neurons into adulthood, in which it can mediate
interactions with Fn fragments that are upregulated during injury
(Vogelezang et al., 2001). As shown here, expression is also
maintained on neonatal sympathetic neurons. �4 integrins were
detected all over the SCG neuronal surface, including on growth
cones, in which they are positioned to play a role in axon out-
growth. We could detect �4 immunoreactivity on sympathetic
fibers in the heart at P1 and P6, during a time of active sympa-
thetic axon extension. Furthermore, we show that the �4 integrins
are active in that they mediate outgrowth on Fn and rsVCAM-1.
Our data suggest that neuronal �4 is pairing with the �1 subunit
on neurons, because �7 expression has not been detected on
neurons (Brezinschek et al., 1996; Wagner et al., 1996) and
because anti-�1 antibody completely blocks �4-mediated neurite
outgrowth (Fig. 4). Thus, �4�1 is present at the right place and
time to mediate sympathetic axon extension.

The �4�1 integrin is a multifunctional receptor capable of
binding a number of ECM and cell surface ligands. In considering
growth cones that enter heart tissue, a number of these ligands
might be potential binding partners. Fibronectin and transglu-
taminase C are both expressed in heart tissue during early devel-
opment (Sheppard et al., 1994; Rongish et al., 1996; Lee et al.,
2000). Fibronectin is localized primarily in the atria in the adult
rat (Mamuya and Brecher, 1992). The expression pattern of
transglutaminase C in postnatal heart has not been examined.
Osteopontin has been detected around macrophages and fibro-
blasts but only during wound healing (Murry et al., 1994). Here
we show that VCAM-1 is expressed in heart tissue, especially on
blood vessels that are followed by sympathetic growth cones.
Although apical expression of VCAM-1 by endothelial cells in
vessels would be expected from previous studies, it has also been
shown to be on the basolateral side of smooth muscle (Duplaa et
al., 1997). The staining we observed was on the outside of the
vessels, and it coincided with staining for smooth muscle actin

Figure 4. Neurite outgrowth on rsVCAM-1 is mediated by �4�1 inte-
grins. P1 rat SCG neurons were cultured on rsVCAM-1 (A, D, G, H ),
Ln-2/4 (B, E), Fn (C, F ), and BSA ( I ). Neurites were visualized by
staining with calcein AM. Cultures were treated with the anti-�4 antibody
TA-2 at 50 �g/ml (D–F), anti-�1 antibody at 5 �g/ml ( G) or 10 �g/ml
(H ), or 1 mM RGD or RAD peptide ( J). Scale bar, 50 �m. Percentage of
cells with neurites for each condition is indicated in J. The level of
outgrowth on BSA was �10% (data not shown). * indicates 95% confi-
dence level; ** indicates 99% confidence level; Student’s two-tailed t test.
No AB, No antibody.

10776 J. Neurosci., December 15, 2002, 22(24):10772–10780 Wingerd et al. • �4 Integrin and VCAM-1 in Sympathetic Innervation



(data not shown). This VCAM-1 would be accessible to sympa-
thetic growth cones.

We showed that a genetically engineered form of the seven IgG
domain VCAM-1 (lacking the transmembrane and cytoplasmic
domains) possesses a neurite outgrowth-promoting activity for
sympathetic neurons in vitro. To our knowledge, this is the first
demonstration of such an activity for VCAM-1. Alternatively,
spliced mRNAs encode transmembrane forms of VCAM-1 with
six, seven, and eight extracellular IgG domains, and a three-
domain glycosylphosphatidylinositol-linked form is also known
(Osborn et al., 1989; Hession et al., 1991; Moy et al., 1993). The
seven-domain form is the most abundantly expressed (Hession et
al., 1991). This form of VCAM-1 was able to induce outgrowth
from 70% of P1 SCG neurons, a level intermediate between
Ln-2/4 and Fn. The morphology of processes and growth cones
on these substrates was indistinguishable. VCAM-1 is expressed
in other locations during early development and may support
outgrowth by other neurons (Sheppard et al., 1994). We found
that retinal neurons and DRG neurons can also respond to
rsVCAM-1 in vitro (data not shown).

�4 integrins also mediate neurite outgrowth on Fn (Fig. 3). The

almost complete block of neurite outgrowth by anti-�4 antibodies
was surprising, because other integrins, such as �5�1, which bind
the RGD site in Fn, might be expected to play a role. However,
RGD peptides did not inhibit the outgrowth of sympathetic
neurons on Fn. The full range of integrins expressed by SCG
neurons is not yet clear.

Because mice lacking �4 or VCAM-1 die at early embryonic
times (Gurtner et al., 1995; Kwee et al., 1995; Yang et al., 1995),
it has been difficult to study their functions in later development,
and, as with other inquiries, genetic strategies and other pertur-
bations have given conflicting results. For example, peptide and
antibody perturbation experiments suggest a role in neural crest
cell migration (Kil et al., 1998). However, �4 null crest cells
appear to migrate normally (Haack and Hynes, 2001). Crest-
derived glial cells lacking �4 do show increased apoptosis, how-
ever, indicating a role in glial cell survival. We used function-
blocking antibodies to investigate functions of �4 and VCAM-1
in sympathetic innervation. Antibodies to both proteins inhibited
the formation of fibers and the resulting accumulation of NE
within the heart. Although only a 30–40% reduction was ob-
served, these results are significant, and even a bit remarkable,

Figure 5. Penetration of injected antibodies.
Heart (A–L) and SCG (M–O) of animals that
received intrathoracic injections were stained
with goat anti-mouse secondary antibody to
detect injected antibodies. Injected anti-�4
antibody (red, A, D) bound to fibers in the
atrium and ventricles of the heart that were
positive for TH ( green, B, E) and peripherin
(blue, F ) immunoreactivity. The VCAM-1
antibody localized to the atria in heart tissue,
but not all areas with the TH-positive fibers
were stained ( G–I). Injected mouse IgG1 or
IgG2a control antibodies did not bind to TH-
positive fibers ( J–L). Injected anti-�4 anti-
body diffused to the SCG, in which it bound
to TH-positive cell bodies ( M ) and fibers
(N). Injected mouse IgG control antibody
was not detected in the SCG (red, O). (The
background green fluorescence in O is attrib-
utable to background staining of the goat
anti-rabbit IgG secondary that was included
in the experiment). Scale bar, 50 �m. ab,
Antibody; VC, VCAM-1.
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given the wide number of adhesive interactions that might con-
tribute to axon extension. Sympathetic neurons express a number
of integrins, including the �1 and �3 subunits, and many integrin
ligands and cell adhesion molecules are present in pathways
followed by sympathetic axons (Reichardt et al., 1990; DeFreitas
et al., 1995; Murase and Hayashi, 1998).

The mechanism of inhibition in these experiments is still under
investigation. One possible explanation was that the neurons were
simply not surviving, because �4 and other integrins have been
implicated in preventing apoptosis (Haack and Hynes, 2001).
However, we could not detect any increase in TUNEL-positive
neurons in the SCGs of treated animals, nor were any differences
in neuronal numbers or pyknotic nuclei observed (data not

shown). Another explanation was that the anemia caused by
anti-�4 antibodies decreased sympathetic innervation by some
secondary means. However, induction of anemia using phenyl
hydrazine did not decrease sympathetic innervation. Further-

Figure 6. Injection of anti-�4 reduces sympathetic fiber density in the
heart. Cardiac cryosections from animals injected with anti-�4 (B, D, F,
H ) or mouse IgG1 control (A, C, E, G) were stained with anti-TH to
reveal sympathetic fibers. Filled arrowheads indicate examples of TH
immunoreactivity scored as a fiber; open arrowheads indicate examples of
faint immunofluorescence that was not scored as a fiber. Scale bar, 50 �m.

Figure 7. Intrathoracic injection of anti-�4 and anti-VCAM-1 antibodies
reduces sympathetic innervation of the heart. Cardiac norepinephrine
levels (black bars) from animals injected with anti-�4 and anti-VCAM-1
antibodies showed a 33 � 9% (n � 23 animals) and 39 � 5% (n � 9
animals) reduction compared with controls. Quantification of the TH-
positive fibers within the ventricles (average number of fibers per section
of the experimental animal divided by the average number of fibers per
section of the control animals; white bars) revealed a 33 � 7% (n � 11
animals) and 30 � 9% (n � 3 animals) reduction, respectively. Treatment
with the �4 antagonist (n � 6 animals) yielded a 43 � 5% reduction of
fiber density compared with control animals injected with carrier (n � 7
animals). Error bars represent the SEM. * indicates 95% confidence level;
** indicates 99% confidence level; Student’s two-tailed t test.

Figure 8. Injection of anti-�4 and anti-VCAM-1 does not alter apoptosis
in the SCG. No difference was detected in the number of TUNEL-positive
nuclei (arrowhead) within SCG tissue of animals injected with anti-�4,
anti-VCAM-1, or control antibodies. Scale bar, 50 �m. Results were not
significantly different, as analyzed using the Student’s two-tailed t test.
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more, the anti-VCAM-1 antibody decreased sympathetic density
but did not cause anemia. Because �4 integrins are expressed on
cardiac myocytes, the blocking antibody could affect these cells in
some way that would lead indirectly to an alteration in innerva-
tion. It is possible that the axons are not growing at all, or are
rerouted to a different location, or are not maintained once
reaching the target. Experiments are underway to further inves-
tigate this question.

Our data support a role for �4�1–VCAM-1 interactions in
sympathetic innervation of the heart. By studying the molecules
involved in the proper development of the sympathetic nervous
system, it may be possible to elucidate the origin of pathologies
involving overdevelopment and underdevelopment of these neu-
rons (Chen et al., 2001).
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