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Abstract

Because damage to sympathetic nerve terminals occurs in a variety of diseases, we tested the
hypothesis that nerve terminal damage per se is sufficient to impair ganglionic neurotransmission in
vivo. First, we measured the effect of nerve terminal damage produced by the sympathetic nerve
terminal toxin 6-hydroxydopamine (6-OHDA) on ganglionic levels of several neurotrophins thought
to promote neurotransmission. 6-OHDA-induced nerve terminal damage did not decrease the
expression of neurotrophin-4 or brain-derived neurotrophic factor mRNA in the celiac ganglia but
did decrease the ganglionic content of both nerve growth factor protein (nadir = -63%) and the mRNA
of the alpha-3 subunit of the nicotinic cholinergic receptor (nadir = -49%), a subunit required for
neurotransmission. Next, we tested whether this degree of receptor deficiency was sufficient to impair
activation of celiac ganglia neurons. Impaired fos mRNA responses to nicotine administration in the
celiac ganglia of 6-OHDA-pretreated rats correlated temporally with suppressed expression of
functional nicotinic receptors. We verified by Fos protein immunohistochemistry that this ganglionic
impairment was specific to principal ganglionic neurons. Last, we tested whether centrally initiated
ganglionic neurotransmission is also impaired following nerve terminal damage. The principal
neurons in rat celiac ganglia were reflexively activated by 2-deoxy-glucose-induced glucopenia, and
the Fos response in the celiac ganglia was markedly inhibited by pretreatment with 6-OHDA. We
conclude that sympathetic nerve terminal damage per se is sufficient to impair ganglionic
neurotransmission in vivo and that decreased nicotinic receptor production is a likely mediator.
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Studies of the effects of damage to sympathetic nerve fibers on their cell bodies have
traditionally relied on the extreme experimental maneuver of complete axotomy. Such studies
have proven valuable both for demonstrating the proof of principle that axonal damage can
produce cell body dysfunction and for exploring the mechanisms involved. It is possible to
extrapolate from these earlier studies that a less severe neural insult, such as damage restricted
to nerve terminals, would also impair ganglionic function, but this hypothesis has not been
directly tested. Furthermore, cell body dysfunction induced by axotomy has no influence on
neurotransmitter release from nerve terminals because by definition axotomy severs all
connection between the cell body and its terminals. In contrast, impaired cell body function
following incomplete nerve terminal damage can have functional consequences by impairing
neurotransmitter release from spared terminals. Thus, we thought it important to determine the
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effect of a less extreme and more disease-relevant sympathetic nerve fiber injury, nerve
terminal damage, on ganglionic neurotransmission.

Indeed, several diseases result in peripheral nerve damage restricted to sympathetic nerve
terminals. Chaga’s disease is characterized by loss of cardiac sympathetic nerve terminals
(Camargos et al., [2000]), as are myocardial infarction (Mathes et al., [1971]; Kozlovskis et
al., [1986]) and the more chronic syndrome of diabetic autonomic neuropathy (Langer et al.,
[1995]; Schmid et al., [1999]). Postural tachycardic syndrome is associated with sympathetic
denervation of the legs but not the arms (Jacob et al., [2000]), and some reports suggest loss
of sympathetic nerve terminals in the salivary glands of patients with Sjogren’s disease
(Konttinen etal., [1992]). Finally, we have shown a marked loss of sympathetic nerve terminals
selective to the pancreatic islet early in autoimmune diabetes (Mei et al., [2002], [2006a];
Mundinger et al., [2003]).

This islet-specific nerve terminal loss is associated with increased galanin expression in
sympathetic neuronal cell bodies in celiac ganglia (Mei et al., [2006b]), which project axons
to the pancreas (Quinson et al., [2001]). Similarly, myocardial infarction increases galanin
expression in the corresponding stellate ganglion (Habecker et al., [2005]). Although the
function of damage-induced galanin expression is unknown, such ganglionic neuropeptide
expression has been used simply as a marker of neuronal responses to axonal damage, and we
hypothesize that it may also be a marker of impaired function. For example, axotomy-induced
galanin expression in superior cervical ganglia (Hyatt-Sachs et al., [1996]; Zigmond, [1997];
Landry et al., [2000]) is associated with impaired ganglionic neurotransmission (Purves
[1975]; Purves et al., [1988]). However, axotomy has shown to produce much greater
neuropeptide expression in this ganglion than that induced by nerve terminal damage (Hyatt-
Sachsetal., [1996]). Therefore, the question of whether damage to sympathetic nerve terminals
per se can impair ganglionic neurotransmission remains open. If so, the diseases detailed above
may have an additional, unrecognized defect in the sympathetic pathway.

It should also be emphasized that although axotomy-induced impairment of ganglionic
neurotransmission is an accepted concept, the actual assessment of neurotransmission has been
based on in vitro measurement: reduced excitatory postsynaptic potentials to electrical
stimulation in explanted ganglia (Purves, [1975]; Purves et al., [1988]). Although it may be
assumed that axotomy would impair physiologically induced ganglionic neurotransmission in
Vvivo, this assumption has not been directly tested. Therefore, in the current study we thought
it important to employ an in vivo index of ganglionic neurotransmission.

We also sought to determine the mechanism by which damage to sympathetic nerve terminals
per se might impair ganglionic neurotransmission. Potential mechanisms of impaired
ganglionic neurotransmission include (1) reduced synaptic contact between preganglionic
nerve terminals and the dendrites of principal ganglionic cells, (2) reduced preganglionic
release of acetylcholine neurotransmitter, and (3) dysfunction of the nicotinic receptors on the
dendrites of ganglionic neurons. Because neurotrophins are thought to regulate these three
components of ganglionic neurotransmission (Purves et al., [1988]; Causing et al., [1997];
Zhou et al., [1998]; Roosen et al., [2001]), reductions in neurotrophins might ultimately cause
any of the dysfunctions we observed. Neurotrophin-4 (NT-4; Roosen et al., [2001]) and brain-
derived neurotrophic factor (BDNF; Causing et al., [1997]) are produced in sympathetic
ganglia, as judged by measurable ganglionic mMRNA, and both neurotrophins are thought to
have their trophic effects on the incoming preganglionic nerves. For example, both NT-4- and
BDNF-knockout mice have reduced preganglionic nerve terminals and axons (Causing et al.,
[1997]; Roosen etal., [2001]), and NT-4-deficient mice have reduced preganglionic cell bodies
as well (Roosen et al., [2001]). Therefore, NT-4 or BDNF deficiency could impair ganglionic
neurotransmission by reducing both the number of synapses and the amount of neurotransmitter
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released in the ganglia. However, this mechanism of ganglionic impairment remains
speculative because neither NT-4 nor BDNF deficiency has been demonstrated following axon
or terminal damage.

Although NT-4 and BNDF are synthesized in ganglia, neurotrophin 3 (NT-3) and nerve growth
factor (NGF) are target tissue-derived neurotrophins that are retrogradely transported to
ganglionic neurons after binding to terminal trk-C and trk-A receptors, respectively. There is
a decrease in the number of principal neurons in cultured ganglia of embryonic NT-3-knockout
mice (Wyatt et al., [1997]). Furthermore, because apoptosis is also increased (Wyatt et al.,
[1997]), it has been suggested that neuronal survival is codependent on NT-3 and NGF, at least
in neonatal development. However, ganglionic NT-3 protein content in rats drops below
detectable limits at about 6 weeks of age (Zhang and Rush, [2001]). Consequently, NT-3's role
in the maintenance of either neuronal number or neuronal function in adult rats is limited, and
looking for decreases in ganglionic NT-3 protein in adult animals after axotomy or nerve
terminal damage is not currently feasible.

In contrast, a decrease in the ganglionic concentration of the prototypic sympathetic
neurotrophin nerve growth factor has been observed after axotomy (Zhou et al., [1994]),
postganglionic nerve terminal damage (Korsching and Thoenen, [1985]; Schmidt et al.,
[20001]), and colchicine treatment (Korsching and Thoenen, [1985]). NGF is produced and
secreted constitutively by sympathetically innervated tissues (Korsching and Thoenen,
[1983a], [1985]; Wetmore and Olson, [1995]; Schmid et al., [1999]) and is taken up by trk-A
receptors on postganglionic sympathetic nerve terminals (Gatzinsky et al., [2001]), and the
complex is retrogradely transported to neuronal cell bodies residing in sympathetic ganglia
(Korsching and Thoenen, [1983b]). The decrease in NGF following both axotomy and axonal
crush is accompanied by impaired ganglionic neurotransmission in vitro, as demonstrated by
decreased excitatory postsynaptic potentials in postganglionic axons (Purves, [1975]).
Impaired neurotransmission is restricted to the axotomized neuron, as adjacent ganglionic
neurons with intact axons retain their function (De Castro et al., [1995]). Importantly, this
ganglionic impairment induced by axonal damage is partially reversed by NGF treatment (Nja
and Purves, [1978]). Thus, it is likely that impaired ganglionic neurotransmission following
axotomy is at least partly caused by a deficiency in NGF in ganglionic neurons; perhaps, the
same is true following nerve terminal damage.

Ganglionic NGF deficiency is associated with two specific postsynaptic defects that have the
potential to impair ganglionic neurotransmission. First, dendritic arborization in sympathetic
ganglia is reduced following axotomy (Yawo, [1987]; Purves et al., [1988]). This effect is
reproduced by treatment with antibodies against NGF (Ruit et al., [1990]), and more
importantly, NGF treatment markedly increases the surface area of dendrites (Purves et al.,
[1988]; Snider, [1988]). Second, ganglionic mMRNA transcripts (Zhou et al., [1998]) and the
protein content (Yeh et al., [2001]; Zhou et al., [2001]) of several subunits of the nicotinic
acetylcholine receptor, the classical mediator of ganglionic neurotransmission, are decreased
following axotomy. Oddly, administration of NGF antiserum does not decrease nicotinic
receptor subunit expression (Zhou et al., [1998]). However, adding NGF to the culture medium
of explanted superior cervical ganglia partially prevents a decrease in the level of alpha-3
subunit of the nicotinic acetylcholine receptor (A3-NR), a subunit required for
neurotransmission (Yeh etal., [2001]). Therefore, decreased NGF accumulation in sympathetic
ganglia neurons following postganglionic axotomy or nerve terminal damage may impair
ganglionic neurotransmission by reducing the dendritic surface area of the neuronal cell body
or possibly by decreasing the number of functional nicotinic receptors on those withdrawn
dendrites.
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The goal of the present study was to test the hypothesis that nerve terminal damage per se is
sufficient to impair ganglionic neurotransmission in vivo. First, we investigated the effect of
sympathetic nerve terminal damage on several potential mediators of impaired ganglionic
neurotransmission. We measured the time course of changes in celiac ganglia neurotrophins
(NGF, NT-4, and BDNF) in response to nerve terminal damage induced by the sympathetic
nerve terminal toxin 6-hydroxydopamine. Based on our NGF findings, we also measured the
time course of changes in A3-NR mRNA in celiac ganglia following nerve terminal destruction.
Next, we performed three separate investigations of ganglionic function to determine if A3-
NR deficiencies produced by nerve terminal damage were associated with impaired ganglionic
neurotransmission in vivo. To do so, we chemically activated nicotinic receptors and measured
celiac ganglia fos mMRNA and Fos protein responses, expecting impaired responses in rats
pretreated with 6-hydroxydopamine. We also activated celiac ganglia neurons reflexively by
central glucopenia, again expecting impaired responses in rats with nerve terminal damage.
Our results show that sympathetic nerve terminal damage can indeed impair ganglionic
neurotransmission in vivo and that decreased nicotinic acetylcholine receptor production is
one likely mediator. These data imply that diseases characterized by sympathetic nerve
terminal damage may also have an unrecognized defect in ganglionic neurotransmission that
contributes to the impairment of the sympathetic pathway.

MATERIALS AND METHODS

Animals and Pretreatments

All experiments were performed on male Wistar rats (280-350 g; Simonsen Labs, Gilroy, CA)
housed in groups under a 12-hr light/12-hr dark cycle. Rats had ad libitum access to pelleted
chow, and only those included in the glucopenia studies were subjected to an overnight fast to
minimize individual variability in basal plasma glucose levels. Water was available at all times.

6-Hydroxydopamine (6-OHDA,; Sigma, Kansas City, MO) was administered to several groups
of rats to selectively destroy sympathetic nerve terminals: five groups for the time course study
of nerve growth factor (NGF; n = 4-6 rats per group); six groups for the time course study of
the alpha-3 subunit of the nicotinic acetylcholine receptor (A3-NR), neurotrophin 4 (NT-4)
and brain-derived neurotrophic factor (BDNF) expression (n = 3-5 rats per group); six groups
for the study of chronic fos expression (n = 4 rats per group); two groups for the study of
impaired acute fos mMRNA response to nicotine (n = 6-8 rats per group); and one group each
for the study of impaired Fos protein responses to nicotine and 2-DG (n = 4-6 rats per group).

6-OHDA was dissolved in saline and ascorbic acid (10%) immediately before intraperitoneal
administration to rats (100 mg/kg), and care was taken to protect the solution from light in
order to prevent degradation. This dose/route of 6-OHDA destroys approximately 90% of
peripheral sympathetic nerve terminals (Mei et al., [2001]). Successful absorption of 6-OHDA
was verified by the appearance of a ruffled coat and lethargy 15 min after injection and by
weight loss 24 hr after injection. Acute, terminal studies were performed 1-9 days later.
Neurally intact control rats received a vehicle pretreatment of saline and ascorbic acid (10%,
2 mL/kg, ip).

All rats included in these studies were certified as healthy by the veterinary medical officer
and exhibited normal grooming and feeding behavior on the day of study. Research involving
animals was conducted in an AAALAC-accredited facility, and all protocols were approved
by the Institutional Animal Care and Use Committee of the Seattle VA Puget Sound Health
Care System.
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Experimental Design

First, we sought to determine the effect of sympathetic nerve terminal destruction on the
ganglionic content of NGF protein and the ganglionic expression of NT-4, BDNF, and A3-
NR, factors involved either directly or indirectly in ganglionic neurotransmission. Between 1
and 9 days following 6-OHDA pretreatment, rats were anesthetized with isofluorane, and a
midline laparotomy was performed to harvest the celiac ganglion. A second incision was
performed at the level of the bifurcation of the right carotid artery to harvest the superior
cervical ganglion, which was analyzed for BDNF only. Celiac ganglia for NGF protein content
measurement were snap-frozen on dry ice and stored at -80°C until assayed by ELISA (see
below). Ganglia for A3-NR, NT-4, and BDNF mRNA measurement were placed in RNA-later
(76104; Qiagen, Valencia, CA), placed in a refrigerator overnight, and then frozen at -80°C
until assayed by RT-PCR (see below).

We compared the temporal changes in A3-NR expression following sympathetic nerve
terminal destruction to the impaired ganglionic activation in response to a nicotine injection.
However, before we could use the index of fos MRNA in the celiac ganglia to quantify
successful neurotransmission in response to nicotine stimulation, we first needed to perform
two control studies. In the first control study, we determined the time of peak fos mMRNA
expression after acute nicotine (2mg/kg sc, in 0.5 mL/kg); rats were sacrificed for celiac ganglia
harvest either 15, 30, 45, or 60 min after nicotine injection. Successful nicotine absorption was
verified by an immediate and pronounced Straubtail reaction. Ganglia were frozen in RNA-
later for analysis of their fos mMRNA. In the second control study, we determined the chronic
effect of 6-OHDA alone on fos expression, independent of acute effects of nicotine stimulation.
We treated rats with 6-OHDA (100 mg/kg, ip) and sacrificed them for celiac ganglia harvest
either 1, 2, 3, 5, 7, or 9 days later. Again, ganglia were frozen in RNA-later and assayed for
fos mRNA.

To identify the cell type responsible for chronic fos expression due to 6-OHDA alone (see the
second control study, above), we harvested celiac ganglia 5 days after 6-OHDA; however, this
time the ganglia were fixed and analyzed by immunohistochemical staining for Fos protein
(described below).

Guided by the results of these two control studies, we sought to determine if the decrease in
A3-NR mRNA induced by nerve terminal destruction was associated temporally with impaired
ganglionic neurotransmission. Nicotine (2 mg/kg sc, in 0.5 mL/kg) was administered to
neurally intact, vehicle-treated control rats and to rats that had nerve terminal damage caused
by pretreatment with 6-OHDA, either 2 or 5 days previously; these 6-OHDA-pretreated rats
were separate from those studied for effects on NGF content and A3-NR and NT-4 expression.
Rats were anesthetized 30min after nicotine administration to capture the maximum increase
in fos MRNA, as determined in the first control study above. Acute fos response to nicotine
(fos) was calculated as the total fos mMRNA 30 min after nicotine stimulation minus the chronic
effect of 6-OHDA pretreatment to elevate fos mMRNA in satellite cells, independent of nicotine.

To verify that the impaired fos mMRNA response to nicotine following 6-OHDA was specific
to principal ganglionic neurons, we repeated the nicotine study 5 days after 6-OHDA, this time
using immunohistochemistry to localize and quantify successful neurotransmission in principal
ganglia neurons. Five days after pretreatment with either saline or 6-OHDA, overnight fasted
rats received a subcutaneous injection of nicotine (2 mg/kg in 0.5 mL/kg). After waiting 120
min for optimal production and nuclear translocation of Fos protein (>Koistinaho, [1991]),
animals were briefly anesthetized with isofluorane (4% induction, 2% maintenance in O,), and
the celiac ganglia were fixed in situ, as described previously (Mei et al., [2001]). Fixed ganglia
were harvested and placed in 25% sucrose (0.01M PBS, pH 7.4) for overnight dehydration.
The next day, the tissue was embedded in mounting medium (Tissue-Tek, Miles Inc., Elkhart,
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IN), frozen on dry ice, and stored at -80°C until it was sectioned and stained for nuclear Fos
protein (see below).

We have previously demonstrated that central glucopenia, induced by 2-deoxyglucose (2-DG),
reflexively activates pancreatic (Havel et al., [1988]) and hepatic (Mundinger et al., [1997])
sympathetic nerves, whose cell bodies reside primarily in the celiac ganglia (Quinson et al.,
[2001]). Therefore, 2-DG was used to physiologically activate celiac ganglia neurons (Mei et
al., [2001]), and we tested for impairment of that activation following sympathetic nerve
terminal destruction. Five days after pretreatment with either saline or 6-OHDA, overnight
fasted rats received an intraperitoneal injection of 2-DG (200 mg/kg). After waiting 120 min,
each animal was anesthetized, and a midline laparotomy was performed to expose the inferior
vena cava. Vena caval blood for epinephrine determination was drawn on a mixture (20pL/
mL blood) of EGTA (0.09 mg/mL) and glutathione (0.06 mg/mL). Samples were immediately
placed on ice and centrifuged (3,000 rpm, 20 min, 3°C), and the plasma was frozen (-80°C)
until assay. Immediately after blood sampling, celiac ganglia were fixed in situ, harvested,
dehydrated, and stored, as described above. Later, they were sectioned and stained for nuclear
Fos protein.

To demonstrate that ganglionic Fos responses to intraperitoneal 2-DG were due to central
glucopenia and resultant activation of preganglionic nerves of the celiac ganglia, two groups
of rats were given injections into the third cerebral ventricle via chronic catheter (Sipols et al.,
[1995]). On the day of the study, overnight fasted rats received either 2-DG or L-glucose, a
nonmetabolizable isomer of glucose, in the third ventricle (50umol in 10uL). The 10uL was
given over 6 min to minimize acute fluctuations in cerebral ventricular pressure. One hundred
and twenty minutes after injections, rats were anesthetized and laparotomized, a vena caval
blood sample was taken, and ganglia were fixed in situ, as described above. Celiac ganglia
were then harvested and stained for Fos protein, and blood was assayed for determination of
plasma epinephrine level.

Tissue and Plasma Analysis

The NGF peptide content in whole ganglia was determined by ELISA. The kit (Immunoassay
System #G7630, Promega, Madison, WI) uses a modification of the high-affinity two-site
immunoassay originally described by Korsching and Thoenen ([1983b]). Peptide extractions
and the assay were performed separately on each individual ganglion, without pooling.

The expression of mMRNA for NT-4, BDNF, A3-NR, and fos in sympathetic ganglia was
determined by RT-PCR. Individual celiac or superior cervical ganglia were homogenized-
frozen in 600 L of RLT buffer (RNeasy Protect Mini Kit 74124; Qiagen, Valencia, CA). The
tissue lysate was then centrifuged, and the supernatant was collected and applied to an RNeasy
minicolumn (Qiagen) to purify the isolated RNA. RNA extraction was performed separately
on each individual ganglion, without pooling. Total RNA from each ganglion was frozen at
-80°C for later RT-PCR.

To obtain cDNA for NT-4, A3-NR, BDNF, or fos, total RNA in the samples was reverse-
transcribed into single-strand cDNA using an Applied Biosystems (Foster City, CA) High
Capacity cDNA Archive Kit (product 4322171), as we have done previously (Mei et al.,
[2006b]). Quantitative RT-PCR was performed using an ABI Prism 7000 sequence detection
system (Applied Biosystems) and the Tagman MGB probe Assay on Demand for A3-NR,
BDNF, and fos geneexpression (Applied Biosystems Rn00583820_ml, Rn00560868 ml, and
Rn02396739_ml, respectively); the rat NT-4 mix was designed using Primer Express Software
(Applied Biosystems). Tagman rodent glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Applied Biosystems 4308313) was used as an endogenous control to ensure that 6-OHDA or
nicotine treatment affected only NT-4, BDNF, A3-NR, and fos mMRNA expression. The PCR
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reaction was performed at 50°C for 2 min and then at 95°C for 10 min, followed by 40 cycles
at 95°C for 15 sec and 60°C for 1 min. In an attempt to reliably measure BDNF mRNA, these
particular runs were extended to 50 cycles. The cycle threshold (Ct) for NT-4, BDNF, A3-
NR, or fos and their controls was determined using Tagman SDS software. NT-4, BDNF, A3-
NR, or fos mRNA was expressed relative to GAPDH as ACy for each ganglion to correct for
any differences in either size or extraction/purification/transcription efficiency between
ganglia. The difference in NT-4, BDNF, A3-NR, or fos expression between experimental and
control groups was calculated as AACy. The change in NT-4, BDNF, A3-NR, or fos expression
(relative to the control) in 6-OHDA rats was calculated as 22ACT using a method previously
described in detail (Livak and Schmittgen, [2001]).

Because the NT-4 primer/probe was designed specifically for these studies, we tested its
amplification efficiency. We found that the efficiency of the NT-4 amplification was
approximately half that of GAPDH; therefore, we corrected all NT-4 Cy values, as directed by
the producers of the primer/probe (Applied Biosystems). Although this correction factor had
a large effect on both absolute NT-4 Ct and ACy values in a sample, it had only a minor effect
on both the AAC+t value and the calculated NT-4 expression relative to the control.

Immunohistochemistry was performed to quantify nuclear Fos protein responses to ganglionic
stimulation by nicotine, 2-DG ip, or 2-DG 3cv. We have previously described in detail the
method of identifying and manually quantifying Fos-positive nuclei of principal ganglionic
cells in the celiac ganglia (Mei et al., [2001]).

In the two studies in which only two groups were compared, nuclear Fos and epinephrine
responses to 2-DG and nicotine in 6-OHDA-pretreated rats were compared to those of their
saline-pretreated controls using a two-sample t test. In all other studies, experimental values
were compared to controls using a one-way analysis of variance to test for an overall effect
and using a post hoc Dunnett’s test to determine significance between control and experimental
groups. All data are expressed as means + SEMs.

Nerve Terminal Damage Decreases Nerve Growth Factor Content But Not Neurotrophin-4 or
Brain-Derived Neurotrophic Factor Expression in Celiac Ganglia

To investigate the effect of nerve terminal damage on mediators of ganglionic
neurotransmission, we measured the effect of the sympathetic nerve terminal toxin 6-
hydroxydopamine (6-OHDA) on the ganglionic content of nerve growth factor (NGF) and
expression of neurotrophin-4 (NT-4) and brain-derived neurotrophic factor (BDNF). These
neurotrophins are thought to have post- and presynaptic trophic effects, respectively. NGF is
produced in and secreted by sympathetically innervated tissue. This prototypic neurotrophin
then binds the trk-A receptor on sympathetic nerve terminals, and the bound NGF/trk-A
complex is retrogradely transported to principal ganglionic cell bodies in sympathetic ganglia.
We therefore expected nerve terminal damage to decrease ganglionic NGF protein content.
Indeed, 6-OHDA decreased the NGF content in the celiac ganglia (P < 0.001 overall; Fig. 1):
NGF content in the celiac ganglion of neurally intact, vehicle-treated rats was 286 + 25 pg/
ganglion (n = 10), and this level was reduced to 136 + 22 pg/ganglion 1 day after treatment
with 6-OHDA (n = 6, P < 0.01 versus neurally intact). A nadir was reached 2 days after 6-
OHDA treatment (105 + 11 pg/ganglion, n = 4, P < 0.01), and significant reduction in NGF
content was still present 8 days after nerve terminal destruction (n =5, P < 0.01). Thus,
sympathetic nerve terminal destruction deprives the corresponding neuronal cell bodies in the
celiac ganglia of a trophic factor thought to maintain ganglionic neurotransmission.
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Although NGF is transported to neuronal cell bodies in peripheral sympathetic ganglia, NT-4
is produced there (Roosen et al., [2001]). We therefore measured NT-4 mRNA, not protein, in
the celiac ganglia, both in the presence and the absence of nerve terminal destruction. To our
surprise, 6-OHDA did not decrease NT-4 expression in the celiac ganglia. In fact, NT-4
expression was elevated in the celiac ganglia following 6-OHDA (P < 0.05 overall). One day
after 6-OHDA, NT-4 expression was increased 4-to 5-fold (P < 0.05 versus vehicle treatment;
Fig. 2), and it was also elevated 9 days after treatment with 6-OHDA (P < 0.05). Thus, if nerve
terminal damage impairs ganglionic neurotransmission, ganglionic NT-4 deficiency is unlikely
to be a mediator.

Because knocking out BDNF in mice produces effects similar to knocking out NT-4, we
measured BDNF mRNA in celiac ganglia, both in the presence and the absence of nerve
terminal destruction. To our surprise, BDNF mRNA expression was not consistently
measurable in celiac ganglia from control animals, even after extending the RT-PCR
amplification to 50 cycles: only 19% of the samples from rats pretreated with vehicle yielded
a value above background. In celiac ganglia from animals treated with 6-OHDA, however,
BDNF mRNA was more consistently measurable (100% and 75% above background in rats
pretreated with 6-OHDA 7 and 9 days earlier, respectively), suggesting that BDNF expression
probably increased, but certainly did not decrease, following nerve terminal damage. Using
the superior cervical ganglion as a positive control (data not shown), we demonstrated (1) the
ability to detect BDNF mRNA in peripheral sympathetic ganglia, (2) that BDNF expression
in superior cervical ganglia did not decrease following treatment with 6-OHDA, and (3) that
there was 50-to 100-fold less BDNF mRNA than NT-4 mRNA in control superior cervical
ganglia. With very low levels of celiac ganglion BDNF mRNA and no hint of a decrease in the
ganglionic content of either BDNF or NT-4 mRNA after 6-OHDA, trk-B-mediated impairment
in preganglionic innervation is unlikely to be produced by nerve terminal damage.

Nerve Terminal Damage Decreases Nicotinic Receptor Expression in Celiac Ganglia

Next, we sought to determine if the reduction of NGF content in the celiac ganglia was
associated with a decrease in functional nicotinic acetylcholine receptors, the classical
mediators of neurotransmission in sympathetic ganglia. First, we measured the effect of 6-
OHDA on the ganglionic expression of the alpha-3 subunit of the nicotinic acetylcholine
receptor (A3-NR) because this subunit is essential for neurotransmission in sympathetic
ganglia (Xu et al., [1999]); later, we measured the response of the ganglionic neuron to direct
activation of these receptors with nicotine. A3-NR expression in the celiac ganglia was reduced
following nerve terminal destruction (P < 0.001 overall; Fig. 3), but it was not significant until
the third day after treatment with 6-OHDA (-49%, P < 0.01 versus vehicle treatment).
Thereafter, A3-NR subunit expression remained low up to 7 days after 6-OHDA (P < 0.01)
and tended to be low at 9 days. It is likely that the decrease in the A3-NR message results in a
decrease in A3-NR protein, a critical protein for neurotransmission. If so, there is a rationale
for testing for impaired ganglionic neurotransmission following 6-OHDA.

fos Expression in Celiac Ganglia: Acute Stimulation by Nicotine and Chronic Stimulation by

6-OHDA

To directly test whether the observed deficiency in A3-NR expression following 6-OHDA was
sufficient to impair ganglionic neurotransmission, we directly activated those receptors with
subcutaneous injections of nicotine and measured the fos mMRNA response in the celiac ganglia.
However, we first had to determine the optimal time after nicotine administration to harvest
celiac ganglia for RT-PCR analysis. We did so by measuring fos mRNA every 15 min after
subcutaneous nicotine administration for 1 hr. Fos mRNA in the celiac ganglia increased 15
min after subcutaneous nicotine (n = 6, P < 0.01 versus saline treatment; Fig. 4A), peaked at
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30 min (P < 0.01), and then returned toward baseline levels after 45 and 60 min. Therefore, in
all subsequent studies, we harvested celiac ganglia 30 min after nicotine administration.

Second, we needed to determine the chronic effect of 6-OHDA treatment per se on fos MRNA
expression, independent of acute nicotine stimulation. We therefore measured fos mRNA in
rats treated only with 6-OHDA. 6-OHDA, in the absence of nicotine, chronically stimulated
fos mRNA in the celiac ganglia (P < 0.01 overall, Fig. 4B): fos mRNA increased 1 day after
nerve terminal destruction (9.51-fold + 4.00-fold over saline treatment, n = 4, P < 0.05),
remained elevated for 5 days, and tended to recover thereafter. Of note, fos MRNA expression
was elevated 8.92-fold + 2.66-fold and 9.13-fold + 2.41-fold over control 2 and 5 days after
6-OHDA, respectively. This chronically elevated fos MRNA was accounted for when
calculating fos responses to acute nicotine stimulation in 6-OHDA-pretreated rats (see below).

To determine the cell type responsible for the increased fos mRNA following 6-OHDA, we
stained celiac ganglia sections for Fos protein in rats with and without nerve terminal damage.
Rats treated with 6-OHDA 5 days previously had Fos-positive staining in small cells adjacent
to the large principal ganglia cells; presumably, these small cells were satellite cells. Rats
pretreated with vehicle had no such nonneuronal Fos staining (Fig. 5). Both saline-and 6-
OHDA-pretreated rats lacked positive Fos protein staining in principal ganglia cells. Therefore,
the chronic effect of 6-OHDA alone to increase fos mMRNA in rat celiac ganglia is likely a result
of increased fos expression restricted to nonprincipal ganglia cells.

Nerve Terminal Damage Impairs Celiac Ganglia fos mMRNA and Fos Protein Responses to

Nicotine

To determine if nerve terminal damage impairs ganglionic neurotransmission, a process that
requires functional nicotinic acetylcholine receptors, we calculated celiac ganglia fos mMRNA
responses to nicotine stimulation in rats with and without prior treatment with 6-OHDA.
Furthermore, to temporally relate impaired receptor activation to decreases of A3-NR
expression, we performed these nicotine studies both 2 and 5 days after 6-OHDA, when there
is normal and deficient A3-NR expression in the celiac ganglia, respectively (see Fig. 3). In
neurally intact rats, nicotine stimulation produced a 30.16-fold + 3.43-fold increase in fos
MRNA expression over saline-stimulated controls (n = 6; Fig. 6). Because these rats were not
pretreated with 6-OHDA, this increase was solely a result of acute stimulation by nicotine.
Two days after nerve terminal destruction with 6-OHDA, when A3-NR expression in the celiac
ganglia was not reduced (see Fig. 3), fos mRNA expression after nicotine stimulation were
increased 42.26-fold + 4.68-fold over saline controls. Subtracting the chronic effects of 6-
OHDA per se on satellite cell fos mRNA (8.92-fold, 2 days after 6-OHDA), the change in
fos MRNA because of acute nicotine stimulation of principal ganglia cells (fos) was 33.34-fold
+ 4.68-fold greater (n = 8; Fig. 6), a response not significantly different from the 30.16-fold +
3.43-fold increased response observed in neurally intact rats. Therefore, the fos response in
celiac ganglia to nicotine stimulation was not impaired during after 6-OHDA when A3-NR
expression was normal. However, 5 days after nerve terminal destruction, when A3-NR
expression in the celiac ganglia was reduced, fos mRNA expression after nicotine stimulation
was 26.82-fold £+ 1.88-fold greater than that of the saline controls. Subtracting the chronic
effects of 6-OHDA on satellite cells (9.13-fold, 5 days after 6-OHDA), the fos MRNA response
of principal ganglia cells to acute nicotine stimulation was 17.69-fold = 1.88-fold greater, a
marked impairment compared with the 30.16-fold + 3.43-fold greater response in neurally
intact rats, (P < 0.01; Fig. 6). Thus, activation of celiac ganglia neurons by nicotine was
impaired only when ganglionic A3-NR expression was suppressed, suggesting that A3-NR
deficiency contributes to impaired ganglionic neurotransmission seen after nerve terminal
destruction.

J Neurosci Res. Author manuscript; available in PMC 2008 October 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mundinger et al.

Page 10

To verify that the impaired fos mMRNA response to nicotine following 6-OHDA was specific
to principal ganglionic neurons, we repeated the nicotine study 5 days after 6-OHDA, this time
counting Fos-positive nuclei in principal ganglia neurons using immunohistochemistry. In
animals pretreated with vehicle 5 days previously, the acute Fos response to nicotine
stimulation was 5.21 + 1.50 Fos-positive nuclei/mm?2 (n = 5, Fig. 7). As expected, the acute
Fos response to nicotine stimulation was significantly reduced in rats pretreated 5 days earlier
with 6-OHDA (0.96 + 0.55 Fos-positive nuclei/mm2, P < 0.05, n = 6; Fig. 7). Thus, in two
separate experiments using two separate indices of principal ganglia activation by nicotine,
activation of principal ganglia neurons in the celiac ganglia was impaired 5 days after nerve
terminal damage, a time when A3-NR was suppressed.

Nerve Terminal Damage Impairs the Celiac Ganglia Fos Response to Neuroglucopenia

To determine if physiologically stimulated neurotransmission would also be impaired
following nerve terminal damage, we induced moderate neuroglucopenia and measured the
Fos responses in principal neurons of the celiac ganglia in rats with and without 6-OHDA
treatment 5 days previously. Rats pretreated with vehicle that received an acute intraperitoneal
injection of the glucopenic agent 2-deoxy-D-glucose (2-DG) had 9.71 + 2.43 Fos-positive
neurons/mm? (n = 5; Fig. 8), confirming the moderate activation of celiac ganglia neurons
during glucopenic stress we have shown previously (Mei et al., [2001]). In rats whose nerve
terminals were damaged by pretreatment 5 days earlier with 6-OHDA, the celiac ganglia Fos
response to 2-DG was reduced to only 2.34 + 1.08 Fos-positive neurons/mm?2 (n = 7, P < 0.005
versus vehicle pretreatment; Fig. 8). Thus, the ability of principal ganglia neurons to activate
during physiologic stimulation was markedly impaired following postganglionic nerve
terminal damage.

We assumed that this impaired ganglionic activation was a result of decreased responsiveness
of the ganglionic cell bodies. To rule out the alternative, namely, that 6-OHDA treatment had
suppressed sympathetic outflow from the brain, we measured epinephrine levels in peripheral
plasma during neuroglucopenia. Epinephrine levels in vehicle pretreated rats was 2,108 + 476
pg/mL following 2-DG, indicative of reflexive activation of the sympatho-adrenal system
during neuroglucopenia (Havel et al., [1988]; Cryer, [1993]; Veneman et al., [1994];
Mundinger et al., [1997]). As expected, the epinephrine response to 2-DG was not impaired in
rats pretreated with 6-OHDA (2,427 £ 610 pg/mL, P = NS vs. vehicle pretreatment), suggesting
normal sympathetic outflow from the brain to the abdomen in animals with peripheral
sympathetic nerve terminal damage.

To verify that activation of celiac ganglia neurons during intraperitoneal 2-DG was initiated
by central rather than peripheral ganglionic glucopenia, we measured Fos expression in the
celiac ganglia in response to intracerebral ventricular administration of 2-DG. 2-DG given in
the third ventricle of neurally intact rats produced 7.41 + 0.96 Fos-positive neurons/mm? in
the celiac ganglion (n = 8), a level similar to that achieved during our intraperitoneal 2-DG
administration. In contrast, an equiosmolar dose of L-glucose given in the third ventricle
produced no significant activation (0.16 + 0.16 Fos-positive neurons/mm?, n = 6, P < 0.001
versus 2-DG 3cv). Likewise, plasma epinephrine levels during third-ventricular 2-DG
administration (1,740 + 974 pg/mL) tended to be greater than during L-glucose (547 + 248 pg/
mL). Thus, central 2-DG administration increases sympathetic outflow to and results in the
activation of principal neurons in the celiac ganglia. It is likely that intraperitoneal 2-DG does
the same.

DISCUSSION

Both nerve terminal damage and axotomy increase neuropeptide expression in the nerve cell
body, but the effect of nerve terminal damage is smaller. We therefore asked if nerve terminal
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damage would be sufficient to produce impairment of ganglionic neurotransmission similar to
that produced by axotomy. The present study has demonstrated that damage to sympathetic
nerve terminals is indeed sufficient to impair ganglionic neurotransmission. Furthermore, we
found a decrease in the expression and function of ganglionic nicotinic receptors that suggested
a likely mechanism for this cell body dysfunction. These findings imply that diseases
characterized by partial loss of sympathetic nerve terminals (Mathes et al., [1971]; Kozlovskis
et al., [1986]; Konttinen et al., [1992]; Langer et al., [1995]; Schmid et al., [1999]; Camargos
et al., [2000]; Jacob et al., [2000]; Mei et al., [2002], [2006a]) may have a larger defect in the
overall sympathetic pathway than that estimated by the degree of peripheral nerve terminal
loss alone.

To investigate the effect of nerve terminal damage on mediators of ganglionic function, we
looked for 6-hydroxydopamine (6-OHDA)-induced deficiencies in ganglionic neurotrophins.
One such neurotrophin is neurotrophin-4 (NT-4), which is secreted constitutively (Hibbert et
al., [2003]) by sympathetic ganglionic neurons into the synaptic cleft, is bound by -trk-B
receptors (Ip et al., [1993]) on preganglionic nerve terminals, and is then retrogradely
transported to preganglionic cell bodies located in the intermediolateral horn of the spinal cord.
There, NT-4 supports not only spinal neuron survival but also their function by maintaining
the connectivity of preganglionic nerve terminals with the dendrites of sympathetic ganglia
neurons. We therefore reasoned that NT-4 deficiency could impair ganglionic
neurotransmission by reducing both the number of synapses and the amount of neurotransmitter
released by the preganglionic nerve terminals in the ganglia. However, to our knowledge, there
are no published studies demonstrating decreased ganglionic NT-4 expression following nerve
terminal damage. We found that NT-4 mRNA in the celiac ganglia was modestly elevated not
decreased following 6-OHDA. Thus, if nerve terminal damage does decrease preganglionic
innervation, it is not because of NT-4 insufficiency.

It could also be posited that there is a similar preganglionic role for brain-derived neurotrophic
factor (BDNF), another neurotrophin using the trk-B receptor to enter and influence
preganglionic spinal nerves. However, we found that the expression of BDNF mRNA in celiac
ganglia, located in the peritoneum, of our control animals was not consistently detectable,
despite extending the RT-PCR amplification. The frequency of detection increased in celiac
ganglia harvested from animals 5 or more days after 6-OHDA, suggesting increased not
decreased BDNF expression after nerve terminal destruction. To validate our ability to measure
BDNF expression, we sought to confirm earlier reports of BDNF mRNA in another sympathetic
ganglia, the superior cervical ganglia (Wetmore and Olson, [1995]). In this cervical
sympathetic ganglion, we consistently detected BDNF mRNA, suggesting that ganglionic
BDNF expression is regionally specific. We also found that BDNF expression in the superior
cervical ganglia tended to increase after 6-OHDA, supporting our finding in the celiac ganglia.
Because NT-4 and BDNF are taken up by trk-B receptors on preganglionic nerves and because
neither NT-4 nor BDNF decreases in the celiac ganglia after 6-OHDA, it is unlikely that nerve
terminal damage produces trk-B-mediated defects in the preganglionic cell bodies, axons, or
synaptic contacts sufficient to impair neurotransmission.

In contrast, trk-A-mediated defects in principal ganglionic neurons are likely because nerve
growth factor (NGF) is taken up into ganglionic neurons by this receptor on its terminals and
because the NGF protein content in the celiac ganglia was decreased following 6-OHDA.
However, the nadir of celiac ganglia NGF content was only 37% of the control, which is much
less than the 3% of the control found in the superior cervical ganglia following axotomy (Zhou
et al., [1994]). Thus, although it has been demonstrated that the near-total NGF deficit after
axotomy was sufficient to impair ganglionic function, studies were needed to determine if the
smaller NGF deficiency in the celiac ganglia following sympathetic nerve terminal damage
was sufficient to do the same.
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Ganglionic NGF deficiency has the ability to produce two specific postsynaptic defects that
could contribute to impaired ganglionic neurotransmission. The first is dendritic retraction
(Snider, [1988]), a mechanism not investigated in the present study. The second is down-
regulation of nicotinic acetylcholine receptors, which we did investigate. The near-total
decrease of NGF content in the superior cervical ganglia following axotomy and explantation
is associated with a decrease in both ganglionic mRNA (Zhou et al., [1998]) and ganglionic
protein content (Yeh et al., [2001]; Zhou et al., [2001]) of several subunits of the nicotinic
acetylcholine receptor. Furthermore, the in vitro addition of NGF to the media of explanted
ganglia partially prevents the decrease in the number of alpha-3 subunits of the nicotinic
acetylcholine receptor (A3-NR; Yeh et al., [2001]), a subunit required for neurotransmission
in sympathetic ganglia (Xu et al., [1999]; Yeh et al., [2001]). Our finding that expression of
A3-NR was decreased in the celiac ganglia following treatment with 6-OHDA suggests that
the less severe NGF deficit produced in the celiac ganglia following nerve terminal damage
was sufficient to decrease A3-NR production. However, our data show only an associative
relationship between decreased NGF and decreased A3-NR production, and an interventional
study demonstrating that ganglionic NGF treatment can prevent the decrease of A3-NR is
needed to prove causality. To determine if this degree of A3-NR deficiency actually impairs
celiac ganglia neurotransmission, we compared the acute responses of principal ganglia
neurons to nicotine-stimulated neurotransmission in saline- and 6-OHDA pretreated rats. We
chose fos MRNA expression as the index of neuronal activation in these studies, as opposed
to the more traditional Fos protein, because RT-PCR analysis of whole ganglia homogenates
can be more precisely quantified, is representative of the average response in a ganglia, and
avoids the subjective factors involved in quantifying immunohistochemical staining.

However, before we could use fos MRNA as an index of neuronal activation, we needed to
perform additional control studies to determine (1) the time course of acute fos MRNA
responses to nicotine and (2) the magnitude of chronic fos mMRNA responses to 6-OHDA
pretreatment per se, independent of acute stimulation. It is well established that the nuclear Fos
protein response in both the central and peripheral (Koistinaho, [1991]; Mei et al., [2001])
nervous systems occurs approximately 2 hr after neuronal activation. This interval includes
time for fos transcription and translation, as well as for translocation of Fos protein from the
endoplasmic reticulum to the nucleus. Because the appearance of fos mMRNA requires only
transcription, the maximum fos MRNA response to nicotine in our first control study was
reached earlier than that of Fos protein: fos mMRNA in the celiac ganglia increased rapidly to
and quickly recovered from its maximum 30 min following nicotine injection. Therefore, in
the remaining studies measuring acute fos mMRNA responses, we harvested ganglia 30 min after
stimulation. Our second control study showed that 6-OHDA alone has a chronic effect of
elevating fos mRNA in the celiac ganglia, independent of any acute stimulation. We then used
immunohistochemistry to identify the cell populations responsible for this increased fos
expression. 6-OHDA induced chronic Fos expression only in small, nonneuronal cells. In
theory, these could be satellite cells, Schwann cells, and/or macrophages. However, we
observed no Fos staining around axonal trunks exiting the ganglia, suggesting little if any
Schwann cell activation. Although macrophages migrate into sympathetic ganglia following
treatment with 6-OHDA (Schreiber et al., [1995]), it is not known if they express Fos at this
stage. Last, we regularly observed nonneuronal staining clearly “ringing” principal neurons,
suggesting that at least some of the activated cells after 6-OHDA are satellite cells. The finding
that 6-OHDA chronically elevates Fos in what we believe are satellite cells is consistent with
the known effects of distal axon injury to chronically elevate Fos protein production in
Schwann cells adjacent to the insult (Plantinga et al., [1994]); we extend this concept to include
satellite cells, the specialized Schwann cells surrounding principal ganglionic neurons. The
chronically elevated Fos in these presumed satellite cells following 6-OHDA is also consistent
with the finding that satellite cell protrusions grow into the synaptic cleft following axotomy,
finalizing the physical separation of sympathetic ganglionic neurons from their presynaptic
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innervation (Matthews and Nelson, [1975]). However, the most important point for our studies
is that Fos protein production following 6-OHDA alone was restricted to nonneuronal cells; it
was not elevated in principal ganglia neurons. Therefore, in later studies where rats received
acute nicotine stimulation after pretreatment with 6-OHDA, we subtracted the chronic
nonneuronal fos MRNA response because of 6-OHDA alone. In doing so, we generated an
index for acute fos MRNA responses that is specific to principal ganglia cells.

Having performed these necessary control studies, we tested our major hypothesis that nerve
terminal damage and the resultant A3-NR deficiency are sufficient to impair ganglionic
neurotransmission in vivo. To do so, we took advantage of the delay between treatment with
6-OHDA and the decrease in A3-NR mRNA observed in the celiac ganglia. Specifically, we
looked for impaired ganglionic neurotransmission 5 days after 6-OHDA, when A3-NR mRNA
was reduced, and a lack of impairment 2 days after 6-OHDA, when A3-NR mRNA was not yet
reduced. We chose to directly stimulate ganglia neurons with nicotine administration not only
to examine the function of their nicotinic acetylcholine receptors but also to avoid any
impairment because of dendritic retraction (i.e., increased synaptic distance) that may have
been produced by ganglionic NGF deficiency. As expected, fos mMRNA responses to nicotine
in the celiac ganglia were impaired only when A3-NR expression was reduced. Thus, we
conclude that nerve terminal damage impairs ganglionic neurotransmission, and it is likely that
nicotinic receptor deficiency is a mediator.

Although the index of fos mMRNA of whole ganglia homogenates has the benefits of precise
quantification and avoids intraganglionic variations, the alternative index of Fos
immunohistochemistry is superior in defining the cell type that has been activated. Therefore,
in our last two studies, we used Fos immunohistochemistry in principal ganglia cells to verify
impaired ganglionic neurotransmission following nerve terminal damage. Indeed, the degree
of impaired Fos protein response to nicotine following 6-OHDA was at least as large as that
defined using fos MRNA. In our last study, we chose the stimulus of 2-deoxyglucose (2-DG)-
induced glucopenia because it is known to reflexively activate the celiac ganglia (Mei et al.,
[2001]), especially those neurons projecting to the pancreas (Havel et al., [1988]) and liver
(Mundinger et al., [1997]), and because it is a physiological activator of principal ganglia cells.
The Fos protein response in the celiac ganglia to 2-DG-induced glucopenia was markedly
impaired by pretreatment with 6-OHDA 5 days earlier, a time when A3-NR is decreased.
Because the epinephrine response to peripheral 2-DG was equivalent in rats with or without
nerve terminal damage, we conclude that 6-OHDA did not impair central sympathetic outflow.
This conclusion is consistent with previous reports demonstrating that 6-OHDA does not cross
the blood-brain barrier. In addition, 6-OHDA does not damage either the adrenal medulla or
cholinergic nerves (Kostrzewa and Jacobowitz, [1974]), such as those innervating principal
neurons in sympathetic ganglia. In a separate experiment, we administered 2-DG into the third
cerebral ventricle and reproduced both adrenal medullary activation and the celiac ganglia Fos
response seen during peripheral 2-DG. Therefore, the Fos responses in the celiac ganglia to
glucopenia were a result of a central action of 2-DG that leads to activation of the preganglionic
nerves innervating the celiac ganglia. The impaired Fos response following nerve terminal
damage was a result of defective neurotransmission at principal nerve cell bodies. Our nicotine
studies suggest that nicotine receptor deficiencies contribute to impaired neurotransmission
during glucopenia, but further studies are needed to determine if decreased synaptic contact
secondary to NGF deficiency and dendritic retraction also contributes.

We conclude that damage to sympathetic nerve terminals is sufficient to impair ganglionic
neurotransmission in vivo and that this impairment is mediated, at least in part, by a decrease
in functional nicotinic acetylcholine receptors in the ganglia. Neither NT-4 nor BDNF
deficiency mediates this ganglionic impairment following nerve terminal damage. These
studies imply that the ial loss of sympathetic nerve terminals seen in several diseases (Mathes
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etal., [1971]; Kozlovskis et al., [1986]; Konttinen et al., [1992]; Langer et al., [1995]; Schmid
et al., [1999]; Camargos et al., [2000]; Jacob et al., [2000]) including autoimmune type 1
diabetes (Mei et al., [2002], [2006a]; Mundinger et al., [2003]) may induce an additional defect
in ganglionic neurotransmission that contributes to total sympathetic neuropathy.
Consequently, treatments designed to alleviate sympathetic dysfunction in these diseases may
benefit from treating the nicotinic receptor deficiency in their respective ganglia in addition to
treating the nerve terminal loss.
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Figure 1.

Nerve growth factor (NGF) protein content in the celiac ganglion (CG) was reduced following
treatment with 6-hydroxy-dopamine (6-OHDA). Each data point represents a separate group
of rats. In all figures, data are expressed as means + SEMs.
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Figure 2.

Neurotrophin-4 (NT-4) mRNA content in the CG was not reduced following treatment with
6-OHDA.
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Figure 3.
Alpha-3 subunit of nicotinic acetylcholine receptor (A3-NR) mRNA content in the CG was
reduced following treatment with 6-OHDA.
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Figure 4.
A: Time course of acute stimulation of fos mMRNA in the CG by nicotine. B: Time course of
chronic stimulation of fos mRNA in the CG by 6-OHDA.
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Figure 5.
A: Vehicle pretreatment does not produce a chronic Fos response in either presumed satellite

cells or principal neurons of the CG. B: 6-OHDA pretreatment produces a chronic Fos response
restricted to the nuclei of presumed satellite cells of the CG, with no Fos observed in the nuclei
of principal ganglion neurons. C: Acute nicotine stimulation induces Fos staining restricted to
the nuclei of principal ganglia neurons, with no Fos staining in presumed satellite cells. D: In
rats pretreated with 6-OHDA and given nicotine acutely, Fos is in the nuclei of both presumed
satellite cells and principal neurons.
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Figure 6.

Acute fos mMRNA response to nicotine in the CG (Afos) was impaired by 6-OHDA pretreatment
5 days, but not 2 days, earlier. Afos to nicotine per se in 6-OHDA pretreated rats was calculated
by subtracting the chronic effect of 6-OHDA on fos (see Fig, 4B) from the total fos seen 30
min after nicotine stimulation. See the Results section for further details of the calculation
(*significantly different from saline pretreatment).
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Figure 7.
Acute Fos protein response to nicotine in the nuclei of principal neurons of the CG was impaired
by 6-OHDA pretreatment 5 days earlier (*significantly different from saline pretreatment).
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Figure 8.
Acute Fos protein response to 2-deoxy-glucose (2-DG) in principal neurons of the CG was

impaired by 6-OHDA pretreatment 5 days earlier (*significantly different from saline
pretreatment).
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