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Abstract
Nerve growth factor (NGF) and neurotrophin-3 (NT-3) are target-derived proteins that regulate
innervating sympathetic neurons. Here, we used western blot analysis to investigate changes in NGF
and NT-3 protein in several peripheral tissues following loss of sympathetic input. Following removal
of the superior cervical ganglion (SCG), large molecular weight (MW) NGF species, including
proNGF-A, were increased in distal intracranial SCG targets, such as pineal gland and extracerebral
blood vessels (bv). Mature NGF was a minor species in these tissues and unchanged following
sympathectomy. Large MW NGF species also were increased when sympathectomy was followed
by in vivo NGF administration. Mature NT-3, which was abundant in controls, was significantly
decreased in these targets following sympathetic denervation. The decrease in mature NT-3 was
enhanced following NGF administration. The trigeminal ganglion, which provides sensory input to
these targets, showed increased NGF, but decreased NT-3, in these treatments, demonstrating that
decreased NT-3 at the targets did not result from enhanced NT-3 uptake. Unlike pineal gland and
extracerebral bv, the external carotid artery, an extracranial proximal SCG target, showed no change
in NGF following denervation, and mature NT-3 was significantly increased. Following NGF
administration, NT-3 was significantly decreased. We provide evidence for sympathetic regulation
of NGF and NT-3 in peripheral targets and that elevated NGF can depress NT-3. The differential
response in distal and proximal adult targets is consistent with the idea that neurons innervating
proximal and distal targets may serve different roles in regulating neurotrophin protein. In addition,
we conclude that previous ELISA results showing increased NGF protein following sympathetic
denervation may have resulted from increases in large MW species, rather than an increase in mature
NGF.
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1. Introduction
The interactions of peripheral neurons and their target tissues are not well understood, although
the survival functions of target-derived neurotrophins such as nerve growth factor (NGF) and
neurotrophin-3 (NT-3) have been well-characterized. In the periphery, NGF and NT-3 are
produced by target tissues, internalized by the innervating sympathetic and/or sensory neuron,
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and retrogradely transported to the cell body (Thoenen and Barde 1980;Schwab et al.
1982;Zhou and Rush 1996;Zhou et al. 1997;Kuruvilla et al. 2004), where they carry out their
survival activities. NGF is essential for the survival of sympathetic neurons during
development (Gorin and Johnson 1980;Crowley et al. 1994) as well as in adulthood (Ruit et
al. 1990;Ghasemlou et al. 2004). NT-3 also is important for the survival of sympathetic neurons
(Zhou and Rush 1995;Rush et al. 1997;Francis et al. 1999). Severe deficits in sensory and
sympathetic neuronal populations have been demonstrated in NT-3 null mutant mice (Farinas
et al. 1994). A possible cooperative role between endogenous NGF and NT-3 in sympathetic
neuron survival has been suggested, and the administration of NGF during NT-3 antiserum
treatment, or vice versa, inhibited neuronal death (Tafreshi et al. 1998), although it is unclear
exactly how these two neurotrophins interact to regulate sympathetic neurons.

The exact role of sympathetic input in the regulation of target-derived NGF and NT-3 is
unknown. Humpel and colleagues (1993) showed that unilateral removal of the SCG resulted
in increased NGF mRNA levels in the submandibular gland. Consistent with these results, the
removal of the SCG resulted in increased NGF protein, determined using ELISA, in the
submandibular gland (Ekstrom and Reinhold 2004). In addition, the administration of 6-OHDA
resulted in increased NGF protein in the submandibular gland as well as in the iris (Korsching
and Thoenen 1985). These reports suggest a potential regulatory role by sympathetic input in
the expression of target-derived neurotrophins in the peripheral nervous system. Indeed,
norepinephrine (NE), the major neurotransmitter utilized by postganglionic sympathetic
neurons, was shown to decrease NGF content in cardiac myocytes (Qin et al. 2002).

In these previous reports, the changes in NGF following sympathetic removal were determined
using ELISA, which measures total NGF protein. With the recent findings that the mature NGF
species may not be the prevalent NGF form in most peripheral tissues (Bierl et al. 2005), it is
not clear which NGF species are altered in peripheral targets following sympathetic
denervation. In addition, there have been no studies examining the influence of sympathetic
innervation on NT-3 protein expression in peripheral targets. Thus, in the present study, we
carried out a detailed NGF and NT-3 western blot analysis of several peripheral targets
following a three week removal of the SCG. The effects of in vivo NGF administration
following the removal of the SCG also was examined.

2. Results
NGF protein expression in peripheral tissues: effects of denervation

NGF western analysis of peripheral targets from young adult Sprague Dawley rats revealed a
characteristic pattern of NGF protein expression similar to that described previously in the
Fischer strain of rats (Bierl et al. 2005). For example, the mature NGF species was only weakly
detected in the pineal gland, extracerebral bv, or the external carotid artery, though it was
evident that the NGF antibody readily recognized the mature NGF peptide from Harlan as well
as the mature NGF form that was abundant in the male mouse submandibular gland (smg; Fig.
1A). In the peripheral tissues examined, NGF species were present in varying abundance. The
22–24, 34, 55, and 75kDa NGF forms were observed in the pineal gland (Fig. 1A) while a
32kDa, rather than the 34kDa species, was predominant in the extracerebral blood vessels, and
a 150kDa band also was present (Fig. 1B). In contrast, the 75 and 150kDa NGF species were
prevalent in the external carotid artery (Fig. 1C). No specific staining was associated with the
trigeminal, the smg, or NGF Harlan peptide following the preadsorption of the NGF antibody
with excess NGF blocking peptide (Fig. 1D).

The removal of sympathetic input (gcont) resulted in specific changes in NGF species
associated with the pineal gland and extracerebral bv (Figs. 1, 2) that resulted in overall
increases in NGF protein expression (Fig. 3). For example, the 34kDa species in the pineal
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gland and the 32kDa species in the extracerebral blood vessels, both proA forms, were
significantly increased by 274% and 168% respectively following a 3 week sympathetic
denervation (Figs. 1, 2). The 75kda NGF species also was significantly increased in these two
tissues by 148% and 222% respectively (Figs. 1, 2). In the external carotid artery, there was
little change in NGF following sympathetic denervation with a significant increase in the 150
kDa species (Figs. 1 and 2).

A 2 week administration of NGF following the denervation procedure (gNGF; quantitative
analysis shown in Fig. 2) generally did not affect the changes in NGF species observed
following denervation only, although the 22–24 and 55kDa species in the extracerebral blood
vessels returned to control values in this treatment group (Fig. 2). As observed in the
denervation only cases, the 34kDa species in the pineal gland and the 32kDa species in the
extracerebral blood vessels both were increased in the gNGF treatment. One notable change
following the administration of NGF was a dramatic increase in the 75kDa NGF species in
both the pineal gland and extracerebral blood vessels when compared to controls as well as
when compared to the cases receiving denervation only (Fig. 2C). In contrast to the pineal
gland and extracerebral bv, in the external carotid artery, the 75 kDa species was unaffected
by exogenous NGF and the 150 kDa form was similar to controls, resulting in no significant
changes (compared with controls) when NGF administration followed the denervation
procedure (Fig. 2D).

NGF protein was examined in the trigeminal ganglion in order to determine whether increased
NGF protein at the denervated targets might result in changes in the intact sensory neurons in
the trigeminal ganglion. Following sympathetic denervation, levels of the 22–24 kDa species
of NGF significantly increased and levels of this species were dramatically increased when
NGF adminstration followed the denervation procedure (Figs. 6A and 6B).

Calculation of overall changes in NGF protein in peripheral targets
Because there were increases and decreases in individual NGF species following denervation
and also when exogenous NGF followed the denervation procedure, the overall NGF protein
levels in each case were determined by calculating the net change in NGF protein, taking into
account the changes in each species. As shown in Figure 3, a net increase in NGF protein was
observed in both the pineal gland and extracerebral bv in both the gcont and gNGF treatments.
No net change in total NGF protein was observed in the external carotid artery.

NT-3 protein expression in control animals and effects of denervation
NT-3 western analysis revealed an abundance of mature NT-3 at 14 kDa (Fig. 4). In addition,
a 50kDa NT-3 species was consistently detected in the pineal gland and extracerebral bv.
Because the detection of both NT-3 species was completely blocked following adsorption of
the NT-3 antibody with excess NT-3 blocking peptide (Fig. 4D), we concluded that they were
specific NT-3 protein forms. Others have described a 35kDa NT-3 species in neuronal tissues
and peripheral targets (Huff et al. 1997;Loudes et al. 1999;Reinshagen et al. 2002), but this
form was not detected in the current study using the NT-3 antibody from Santa Cruz.

Following a 3-week sympathetic denervation, the mature NT-3 species was significantly
decreased both in the pineal gland and extracerebral blood vessels (Figs. 4, 5). This is in contrast
to an increase in NGF protein in tissues from the same animals. In addition, though NGF was
unchanged in the external carotid artery, a significant increase in mature NT-3 was observed
following the removal of sympathetic input (Figs. 4 and 5). No significant changes following
denervation were observed in the 50kDa species, when present, in any of the tissues examined.
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The decrease in mature NT-3 in the pineal gland following denervation only was enhanced by
NGF administration (quantitative analysis shown in Fig. 5; p<0.05, gcont vs. gNGF). In the
extracerebral blood vessels, NGF administration following denervation produced results
similar to denervation alone (Fig. 5), with a significant decrease in mature NT-3 when
compared to controls. In the external carotid artery, NGF administration following the removal
of sympathetic input also resulted in a significant decrease in mature NT-3 (when compared
both with control and gcont cases).

In order to test whether the decrease in NT-3 at the peripheral targets might be the result of
enhanced uptake by intact sensory neurons following sympathetic removal, NT-3 protein in
the trigeminal ganglion was examined following sympathetic denervation with and without
NGF administration. Mature NT-3 was significantly decreased in the trigeminal ganglion
following the removal of the SCG with and without subsequent NGF administration. In
addition, NT-3 was reduced to only 40% of the control value following a 2 week NGF
administration without prior removal of the SCG (Fig. 6).

3. Discussion
NGF and NT-3 protein in peripheral tissues following denervation

The present findings, in agreement with previous results from our laboratory using Fischer rats
(Bierl et al. 2005), show that the mature form of NGF (13.5 kDa) is a minor species in the
peripheral tissues of young adult Sprague Dawley rats and that higher molecular weight (MW)
species are predominant. Furthermore, we provide documentation of changes in individual
high MW NGF species, but not in the mature NGF form, in several peripheral tissues following
sympathetic denervation. This is the first report of changes in specific NGF species in
peripheral tissues following the loss of sympathetic input. These results extend previous studies
that used NGF ELISA to show a significant increase in the submandibular gland following
sympathetic denervation (Korsching and Thoenen 1985;Ekstrom and Reinhold 2004). Our
current findings provide evidence that large MW NGF forms, particularly the proNGF-A
(34kDa and 32kDa) as well as the 75 kDa species, are increased following the removal of
sympathetic innervation. Furthermore, mature NGF, a minor species in the peripheral tissues
examined, does not appear to change when sympathetic input is removed.

To our knowledge, there has been no western blot analysis of NT-3 in peripheral tissues
following loss of sympathetic innervation. Our results show that, in contrast to NGF, where
the mature NGF species is rare, the mature NT-3 form is abundant in control tissues and is
dramatically affected by the loss of sympathetic input.

It is well established that target-derived neurotrophins such as NGF (Thoenen and Barde
1980;Schwab et al. 1982) and NT-3 (Zhou and Rush 1996;Zhou et al. 1997;Kuruvilla et al.
2004) are utilized by peripheral sympathetic neurons and that their ability to promote survival
is dependent upon retrograde transport to the cell body from their site of synthesis in the target
tissues. Therefore, it is possible that the increased NGF observed in the targets following
denervation may result from a simple buildup of neurotrophin due to loss of sympathetic input
(Korsching and Thoenen 1985). However, loss of any regulatory influences provided by
norepinephrine (NE), the neurotransmitter released by sympathetic nerve terminals, also may
contribute to the present findings. NE reduced NGF content in cardiac myocytes (Qin et al.
2002), suggesting that a loss of NE supplied to peripheral targets may result in increased NGF
protein.

Because various NGF species reportedly are secreted by sympathetic neurons (Hasan et al.
2003), it is possible that a loss of these secretory products could impact NGF protein in target
tissues. To address this possibility, we examined the effects of in vivo NGF administration on
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NGF and NT-3 protein following the loss of sympathetic input. Compared to denervation only,
NGF administration following the denervation procedure (gNGF) did not alter the overall
abundance of NGF species in the peripheral tissues examined, as the increase in total NGF was
similar in the two treatment groups. However, NGF administration did alter some of the
changes observed following denervation only. For example, in the pineal gland, the 22 and
55kDa species were decreased following denervation only when compared to controls. Yet,
the 55kDa species returned to control levels in the gNGF treatment. In addition, the 22 and
55kDa NGF species in the extracerebral bv, which were increased following denervation, were
similar to controls in the gNGF cases. Because exogenous NGF affected the distribution pattern
of NGF species in the target, it may be that NGF species released by the sympathetic neuron,
and which is lost following removal of sympathetic input, can influence NGF biosynthesis and/
or expression in peripheral targets. The 75kDa species was dramatically increased and accounts
for much of the net increase in NGF protein levels observed in the gNGF cases. Whether this
increase results from the loss of secreted NGF by innervating neurons, is the result of NGF
adminstration, and/or has biological significance remains to be determined.

Two different large MW NGF species (22 kDa and 75 kDa) were increased in the trigeminal
ganglion, which contains cell bodies of neurons providing sensory input to the same targets,
following sympathectomy and NGF administration as well as in the NGF only treatment. This
result suggests that these species may be retrogradely transported from target sites, a possibility
that is currently under investigation. For the purpose of this study, these increases indicate that
increased NGF at the target level results in increases in the ganglion. The fact that NT-3 was
not increased in the trigeminal in these treatments (see below) provides evidence that the
decrease observed in the pineal gland and the extracerebral bv was not the result of enhanced
NT-3 transport.

NT-3 protein expression was dramatically influenced by the loss of sympathetic input. Though
there are no studies on the role of NE in the regulation of NT-3 by target tissues, it is possible
that, in addition to regulating NGF production, NE influences the biosynthesis and/or release
of NT-3 by target tissues. Alternatively, the decrease in mature NT-3 may be the direct result
of increased NGF protein observed in the same tissues. This possibility is supported by
decreased NT-3 observed following NGF administration. A two week administration of NGF
following denervation resulted in decreased mature NT-3 levels in the pineal gland and
extracerebral blood vessels. In the pineal gland, the decrease in mature NT-3 was more
pronounced (compared to denervation only) when NGF administration followed the
denervation procedure. The decrease in NT-3 in the extracerebral blood vessels following
denervation was not enhanced by exogenous NGF, but NT-3 levels remained depressed,
supporting the idea that increased NGF depresses NT-3 protein levels. Further, the external
carotid showed increased NT-3 following denervation, which was reversed with subsequent
NGF administration and a decrease was observed.

There is previous evidence that NGF influences NT-3 expression. NGF levels were increased
(Heumann et al. 1987) and NT-3 levels were decreased (Cai et al. 1998) following sciatic crush
injury. In addition, total neurotrophic support appears to be more important in the survival and
maintenance of peripheral neurons than the influence of any one neurotrophin (Zhou et al.
1999). Thus, if loss of sympathetic innervation results in increased NGF protein, then decreased
NT-3 may indirectly result from denervation.

As stated above, it appears that the decrease in NT-3 at the targets following denervation was
not the result of enhanced NT-3 transport from the target sites. Although NGF protein was
significantly increased in the trigeminal, there was no increase in NT-3. In fact, mature NT-3
was significantly decreased following sympathectomy, with and without subsequent NGF
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administration. Interestingly, NT-3 levels were dramatically reduced in ‘NGF only’ cases,
providing evidence that increased NGF depressed NT-3 levels.

Variability in neurotrophin expression and responses across targets
The external carotid artery showed a very different pattern of NGF protein expression when
compared with the pineal gland and extracerebral blood vessels. In this tissue, 75 kDa and 150
kDa NGF species were predominant and there was little protein present in the 32 kDa or 22–
24 kDa range. The 75 kDa NGF form also was the predominant NGF form in the hair follicle
(Yardley et al. 2000), and there is evidence that this NGF species may influence hair
development (Peters et al. 2006). Interestingly, the 150 kDa species also was present in the
extracerebral blood vessels, but not the pineal gland, and it may be that this NGF species is
typically associated with the adult vasculature. The 150 kDa species also is abundant in the
SCG, where the sympathetic cell bodies are housed, and this form is significantly decreased
when the cell bodies are disconnected from their targets. Thus, the 150 kDa species (along with
the 22 kDa form that also is decreased following axotomy) could represent a target-derived
NGF species that is produced by vascular targets and then retrogradely transported to cell
bodies in the SCG. Though the 150 kDa NGF form was unchanged in the extracerebral blood
vessels following sympathetic denervation, this species was significantly increased in the
external carotid. This increase in the 150 kDa species, however, was not sufficient to produce
a net increase in total NGF protein in the following denervation.

The NT-3 response to denervation also was very different in the external carotid compared
with the pineal gland and extracerebral blood vessels. Following the loss of sympathetic
innervation, mature NT-3 was significantly increased in the external carotid artery in contrast
to significant decreases observed in other target tissues.

Our findings suggest that each peripheral target has a characteristic neurotrophin expression
pattern. It has been suggested recently that peripheral targets have variable NGF requirements
for sympathetic innervation (Glebova and Ginty 2004) and our findings support this idea as
the external carotid showed a very different NGF expression pattern and response to
sympathetic denervation compared with the pineal gland and extracerebral blood vessels. In
addition, it appears that proximal and distal targets serve different roles in their support of
axonal development, where NT-3 in the proximal targets serves to mediate axon extension only
and NGF in more distal targets stimulates branching as well as extension (Glebova and Ginty
2005). The results of the present study suggest that proximal and distal vascular targets may
serve different functions in supporting the maintenance of adult sympathetic neurons.

Function of NGF and NT-3 protein species
While the male mouse submandibular gland is a rich source for mature 2.5S NGF (Mobley et
al. 1976;Lakshmanan et al. 1989), most central and peripheral tissues appear to contain
relatively small amounts of mature (13.5 or 16kDa) NGF protein (Fahnestock et al. 2001; Bierl
and Isaacson 2005) and higher MW NGF precursor species predominate. The high MW species
have been shown to be predominant in non-neuronal tissues such as rat round spermatids
(Chen et al. 1997), human calf skin (Yiangou et al. 2002), and neuronal tissues such as the
dorsal root ganglion and spinal cord (Reinshagen et al. 2000), the cortex and hippocampus
(Fahnestock et al. 2001), the SCG (Hasan et al. 2003;Bierl et al. 2005) and the trigeminal
ganglion (Bierl and Isaacson 2005). Taken together, these findings suggest that high MW NGF
species are abundant in the nervous system and may have their own biological activity. Some
have suggested an apoptotic role for proNGF (Lee et al. 2001;Beattie et al. 2002;Harrington
et al. 2004;Pedraza et al. 2005), though proNGF also has been shown to have neurotrophic
activities (Dicou et al. 1997; Reinshagen et al. 2000; Fahnestock et al. 2004).
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Understanding the biological activities of the specific neurotrophin protein species has clinical
importance since there appear to be alterations in NGF species in disease states as well as in
aging. Indeed, subjects with Mild Cognitive Impairment (Peng et al., 2004) and Alzheimer’s
disease (Fahnestock et al. 2001) have shown an increase in the 32kDa NGF precursor species
in brain. Specific NGF species are altered in the development of early human diabetic
neuropathy (Yiangou et al. 2002) and tissues that show an age-related loss of sympathetic
innervation also show a dramatic increase in the 25kDa proNGF-B precursor (Bierl and
Isaacson 2005).

4. Experimental procedure
Animals and tissue processing

Young adult (3 months of age) female Sprague Dawley (Harlan Labs, Indianapolis, IN) rats
were housed in the Miami University Animal Facilities in a 12:12 light:dark environment at
regulated temperature. Three treatment groups were used: 1) cont: animals received no
treatment; 2) gcont: animals received a three-week bilateral ganglionectomy (removal of
superior cervical ganglion); 3) gNGF: animals received a one-week bilateral ganglionectomy
followed by a two-week infusion of NGF. Eight to ten animals per treatment were utilized. For
direct comparison, NGF and NT-3 western analysis were conducted using tissues from the
same animals. Three peripheral targets were examined: pineal gland, extracerebral blood
vessels from the Circle of Willis at the base of the brain inside the cranial vault, and the external
carotid artery just distal to the bifurcation of the carotid artery. All methods were approved by
the Miami University Institutional Animal Care and Use Committee.

Bilateral ganglionectomy
Animals were anesthetized using an intramuscular injection of a Ketamine (80 mg/kg):
Rompun (14 mg/kg) cocktail. A ventral midline incision, approximately 3.5 cm in length, was
made in the neck region and blunt dissection of the musculature exposed the SCG at the
bifurcation of the common carotid arteries. The post-ganglionic trunk of the SCG was gently
separated from the carotid artery, the pre- and post-ganglionic nerves were severed with
microdissecting scissors, and the SCG was removed. The remaining distal trunk was folded
under to prevent any reinnervation by the severed axons. The incision was closed with tissue
glue (Nexaband, Phoenix, AZ) and the animal was allowed to recover for three weeks.
Following the 3 week survival period, sympathectomized animals were sacrificed via
decapitation and tissue was collected. Some animals received a two week administration of
NGF into the lateral ventricle following the one week bilateral ganglionectomy.

Intracerebroventricular infusion of NGF
The protocol for NGF infusion was based on methods first described by Williams et al.
(1987), and modified for use in our laboratory (Isaacson et al. 1995;Isaacson and Billieu
1996;Isaacson and Crutcher 1998;Shoemaker and Isaacson 2002). Animals were anesthetized
and a small hole was drilled at a location 1 mm lateral to Bregma (Paxinos and Watson
1986). The dura mater was removed and a 27 gauge cannula attached to an Alzet #2002 osmotic
minipump reservoir (Durect) was inserted 4.4mm ventral from the brain surface (Paxinos and
Watson 1986) and secured using dental acrylic. The pump reservoir, which contained
approximately 220 μl of mouse NGF (100 μg/ml; Harlan Labs), was placed under the skin of
the back. The fluorescent marker bisbenzimide (Sigma) was added to the infusate to monitor
cannula placement (Isaacson et al. 1995;Isaacson and Billieu 1996).
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Western analysis for NGF and NT-3 protein
Animals were sacrificed using a Harvard guillotine apparatus, and tissue was removed, snap-
frozen in liquid nitrogen and stored at −80°C until further processing. The extracerebral bv
were pooled to include the anterior cerebral, internal carotid, posterior cerebral and middle
cerebral arteries. All other tissues were processed as individual samples. Total protein from
each sample was collected by sonication in 0.01 M Tris-HCl buffer (pH 7.4) containing 1%
SDS and 1% protease inhibitor cocktail (Sigma). Following centrifugation, protein
concentrations in the supernatant were determined using a BCA protein assay (Pierce). Samples
were prepared as described by Laemmli (1970).

Tissues (20 μg), 2.5S NGF peptide (10ng; Harlan; positive control for NGF blots) or human
recombinant NT-3 (10ng; Chemicon; positive control for NT-3 blots) were run on a 5% SDS-
polyacrylamide (PAGE) stacking gel and a 12% SDS-PAGE resolving gel. Protein isolated
from the male mouse submandibular gland (smg) frequently was loaded as a positive control
for mature NGF protein (See Figure 1). For determination of MW, Precision Plus protein
unstained standard (Bio-Rad Labs) was loaded on the outside lane of the gel. Protein was
transferred overnight at a total of 2,300–2,500mAmps to PVDF membrane in transfer buffer
(25 mM Tris, 192 mM glycine, 10% (v/v) methanol) at 4°C. Following transfer, the membrane
was placed in 100% methanol, allowed to dry, and the lanes containing standard were trimmed
and processed separately. All membranes were rehydrated in 100% methanol. Membranes
containing tissue protein were incubated in 8% non-fat dry milk diluted in Tris buffered saline
containing Tween-20 (TBST) for 4h at room temperature and incubated overnight at 4°C in
rabbit anti-NGF (H-20, 1:1,000; Santa Cruz Biotechnology) or rabbit anti-NT-3 (N-20, 1:1000;
Santa Cruz Biotechnology). Membranes then were rinsed in TBST, and incubated in goat anti-
rabbit HRP IgG (1:10,000 for NGF; 1:100,000 for NT-3; Chemicon) for 2 hours. The
membrane containing the standard was incubated separately in 8% non-fat dry milk diluted in
TBST for 4h at room temperature and overnight at 4°C in TBST, then rinsed in TBST, and
incubated in Precision Protein StrepTactin HRP (1:500,000; Bio-Rad Labs) for 2 hours. All
membranes were rinsed and covered with SuperSignal West Pico Chemiluminescent Substrate
(Pierce) for 5 min, and placed in an autoradiography cassette for development. Membranes
were then stripped and reprobed for either mouse anti-actin (1:150,000; Chemicon) or mouse
anti-gapdh (1:400,000; RDI Inc.) followed by a two hour incubation in goat anti-mouse HRP
IgG (1:80,000; Chemicon). Antibody specificity was determined by omission of primary
antibody from Western blot protocol. As an additional control for specificity, membranes were
incubated overnight at 4°C in a solution containing either NGF or NT-3 antibody with 10-fold
excess of appropriate NGF or NT-3 blocking peptide (Santa Cruz Biotechnology).

Films were scanned into ImageQuant 5.2 for analysis. For determination of individual band
differences, the intensity of each band was calculated from ImageQuant and a ratio of NGF or
NT-3 to either actin or gapdh was generated. The mean ratio from the controls was set at 100%
and treatments were expressed as percent of control. A Mann-Whitney test was performed to
determine any significant differences. Significance was reported at p<0.05. Figures presented
here are representative of 3–5 different animals for each tissue. To determine net change in
NGF protein, the sum of the densitometry readings for all NGF species present in individual
samples was calculated. For each sample, the total NGF was expressed as a ratio to the internal
loading control (actin or gapdh). The mean ratio for the gcont or gNGF treatments was
compared to the mean ratio generated from the control group.
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Figure 1.
NGF western blot analysis of pineal gland (A.), extracerebral bv (B.), and external carotid
artery (C.) reveal various molecular weight species but with no mature NGF species evident.
Following sympathetic denervation (-), significant changes in NGF isoforms were observed
when compared with control (C). 20 μg total protein loaded. NGF = 2.5S NGF (Harlan), smg
= male mouse submandibular gland (5μg loaded). No staining was observed when antibody
was incubated overnight with excess NGF peptide (D.).
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Figure 2.
Semi-quantitative analysis showed specific changes in NGF species. The 34 kDa species in
the pineal gland (A.) and the 32 kDa (B.) in the extracerebral bv, both proA forms, were
significantly increased by 274% and 168% respectively. The 75 kDa NGF species (C.) also
was significantly increased in these two tissues by 148% and 222% respectively. A 2 week
administration of exogenous NGF following the denervation procedure (gNGF) revealed
similar changes. One notable difference was the 75 kDa was dramatically increased both in
the pineal gland and extracerebral bv. (*p<0.05 compared with control)
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Figure 3.
The overall NGF protein levels in each case were determined by calculating the net change in
NGF protein, taking into account the changes in each species. The total amount of NGF protein
for each tissue was calculated as described in the Experimental Procedures. A net increase in
NGF protein was observed in both pineal gland and extracerebral bv, with no change in the
external carotid artery.
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Figure 4.
NT-3 western blot analysis of the pineal gland (A.), the extracerebral blood vessels (B.) and
the external carotid artery (C.) reveals the presence of mature NT-3 and a 50 kDa precursor.
No staining was observed when antibody was incubated overnight with excess NT-3 peptide
(D.). NT-3 = human recombinant NT-3 (Santa Cruz Biotechnology). Blots are representative
of 4 different animals.
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Figure 5.
Semi-quantitative analysis of NT-3 protein shows a significant decrease in mature NT-3 in the
pineal gland and extracerebral bv, and a significant increase in the external carotid. No
significant change in the 50 kDa precursor was noted following denervation only. When NGF
followed the sympathectomy, NT-3 levels remained depressed in the pineal gland and
extracerebral bv, and also were significantly decreased in the external carotid artery. Note the
lack of the 50 kDa precursor in the external carotid. 15 μg total protein loaded. NT-3 = human
recombinant NT-3 (Santa Cruz Biotechnology). (*p<0.05 compared with control)
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Figure 6.
NGF and NT-3 species in the trigeminal ganglion following sympathetic denervation (gcont),
2 week NGF administration (NGF), and denervation followed by 2 week NGF administration
(gNGF). A. Representative NGF western blot of trigeminal ganglion from gNGF animals
(gNGF) and control animals (cont) revealed the presence of the 22, 32, 55, and 75kDa NGF
proteins. B. Semi-quantitative analysis revealed a significant increase in the 22kDa NGF
species in all three treatment groups. The 75kDa species was decreased following denervation
but NGF administration resulted in an increase in this species. 20μg protein loaded per lane.
Each lane represents a different animal. C. Representative blot reveals the presence of the
mature NT-3 and a 50 kDa NT-3 species. The mature NT-3 form was decreased when
sympathetic denervation was followed by NGF administration (gNGF) when compared with
controls. B. Semi-quantitative analysis reveals a significant decrease in ‘mature’ NT-3 in all
three treatment groups, suggesting that the reduction of NT-3 at the targets was not a result of
increased transport to the trigeminal ganglion. The 50 kDa species was decreased in gcont
treatment only. 20μg protein loaded per lane. Each lane represents a different animal. (*p<0.05
compared with control)
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