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Vasoactive Intestinal Peptide Enhances Its Own Expression in

Sympathetic Neurons after Injury

Robert P. Mohney and Richard E. Zigmond

Department of Neurosciences, Case Western Reserve University, Cleveland Ohio 44106-4975

Neurons in the adult rat superior cervical sympathetic ganglion
(SCG) dramatically increase their content of vasoactive intesti-
nal peptide (VIP) and its mRNA after axotomy in vivo and after
explantation. Because the VIP gene contains a functional cAMP
response element, the effects of cAMP-elevating agents on VIP
expression were examined. VIP, forskolin, or isoproterenol in-
creased cAMP accumulation in explanted ganglia. Secretin, a
peptide chemically related to VIP, or forskolin increased VIP
levels above those seen in ganglia cultured in control medium,
whereas treatment with VIP or secretin increased the level of
peptide histidine isoleucine (PHI), a peptide coded for by the
same mRNA that encodes VIP. VIP or forskolin also increased
VIP-PHI mRNA. In contrast, isoproterenol did not alter levels of
VIP, PHI, or VIP-PHI mRNA. Although VIP or forskolin increased
cAMP levels in both dissociated neurons and in non-neuronal
cells, isoproterenol significantly stimulated cAMP accumulation
only in the latter. VIP; ,g was an effective antagonist of the

actions of exogenous VIP on cAMP and VIP-PHI mRNA in
neuron-enriched cultures. When adult SCG explants were cul-
tured in defined medium, endogenous VIP immunoreactivity
was released. When VIPg_,5 was added to such cultures, it
significantly inhibited the increase in VIP-PHI mRNA that nor-
mally occurs. These data indicate that VIP, or a closely related
molecule, produced by adult neurons after injury can enhance
the expression of VIP. Such a mechanism may prolong the
period during which VIP is elevated after axonal damage. The
possibility is also discussed that, because VIP is present in
preganglionic neurons in normal animals, its release during
periods of increased sympathetic nerve activity could alter VIP
expression in the SCG.
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The adult rat superior cervical ganglion (SCG) contains low
levels of vasoactive intestinal peptide (VIP)- and peptide histi-
dine isoleucine amide (PHI)-like immunoreactivities (IRs) that
are localized in nerve processes and a few neuronal cell bodies
(Hokfelt et al., 1977; Sasek and Zigmond, 1989; Zigmond et al.,
1992). Dramatic increases in VIP-IR occur in SCG neurons, but
not in non-neuronal cells, after transection of the postganglionic
nerve trunks of the ganglion (Hyatt-Sachs et al., 1993). Axoto-
mized neurons also increase their levels of VIP-PHI mRNA
(Hyatt-Sachs et al., 1993; Mohney et al., 1994). These increases in
VIP expression have been shown to result, in part, from the
production and release of leukemia inhibitory factor (LIF) by
non-neuronal cells at the site of nerve injury and within the
axotomized ganglia (Rao et al., 1993a; Sun et al., 1994; Sun and
Zigmond, 1996).

VIP expression also increases, both at the level of mRNA and
peptide, when sympathetic ganglia are placed into explant culture
(Zigmond et al., 1992; Mohney et al., 1994). Although this alter-
ation in peptide expression is known to involve LIF (Rao et al,,
1993a; Sun et al., 1994), other factors also have been shown to
modulate VIP expression in vitro. For example, the increase in
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VIP-IR normally seen in organ culture is partially inhibited by
the synthetic glucocorticoid dexamethasone (Rao et al., 1993b)
and is increased by depolarizing agents (Sun et al., 1992).

The VIP gene contains a control element capable of regulating
VIP transcription in response to cAMP (Fink et al.,, 1988).
cAMP analogs and drugs that elevate intracellular cAMP levels
increase VIP gene transcription in bovine chromaffin, PC12, and
neuroblastoma cells (Eiden and Hotchkiss, 1983; Hayakawa et al.,
1984; Ohsawa et al., 1985; Fink et al., 1988; Tsukada et al., 1995)
and increase VIP-IR in cultured sensory neurons (Mulderry,
1993). Stimulation of cultured SCG with VIP or the chemically
related peptides secretin or PHI have been shown to increase the
accumulation of cAMP (Volle and Patterson, 1982; Ip et al.,
1985). Based on these data, the ability of VIP and secretin to
enhance VIP expression in the SCG was examined in culture.

Studies on the role of VIP in the SCG have been hampered by
the absence of an appropriate VIP antagonist. A previous screen
of VIP analogs that act as VIP antagonists in a number of other
tissues failed to identify an antagonist that acts on the SCG
(Schwarzschild et al., 1989). More recently, VIP,_,¢ proved to be
the most potent of a number of putative VIP receptor antagonists
tested for their ability to block VIP-stimulated and cAMP-
dependent release of amylase from acinar cells (Fishbein et al.,
1994). In addition, this truncated form of VIP binds to VIP
receptors in transfected chinese hamster ovary cells and inhibits
the binding of VIP to these receptors, without itself activating
adenylate cyclase (Gourlett et al., 1996). In the present studies, we
show that VIP,_,g is also an effective VIP antagonist in the SCG,
and results obtained using this analog indicate that endogenous
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VIP can participate in a positive feedback loop in injured sym-
pathetic neurons in which it enhances its own expression.

MATERIALS AND METHODS

Animals. Male Sprague Dawley rats (200-250 gm) and pregnant female
rats were purchased from Zivic-Miller (Zelienople Park, PA) and kept
on a 12 hr light/dark cycle with ad libitum access to food and water.

Materials. 3-Isobutyl-1-methylxanthine (IBMX) was purchased form
Aldrich (Milwaukee, WI); the random-primed DNA-labeling kit, the
[?H]cAMP competitive protein binding assay, and the '**I-cAMP radio-
immunoassay kit were purchased from Amersham (Arlington Heights,
IL); nerve growth factor (NGF) was purchased from Austral Biologicals
(San Ramon, CA); and VIP, VIP,_,4, and secretin were purchased from
Bachem (King of Prussia, PA). Positively charged nylon membranes,
dispase, aprotinin, leupeptin, and phenylmethylsulfonyl fluoride (PMSF)
were obtained from Boehringer Mannheim (Indianapolis, IN), forskolin
was obtained from Calbiochem (La Jolla, CA), and mouse laminin was
obtained from Collaborative Research (Bedford, MA). F-12 nutrient
medium and Leibovitz’s L-15 medium were purchased from Life Tech-
nologies (Gaithersburg, MD), and KT5720 was purchased from LC
Laboratories (Woburn, MA). '*°I-VIP, '*I-PHI, all radiolabeled nucle-
otides, and Reflection autoradiography film were purchased from New
England Nuclear Research Products (Boston, MA), and normal rabbit
serum, rabbit anti-VIP, and rabbit anti-PHI were purchased from Pen-
insula Laboratory (Belmont, CA). Isoproterenol hydrochloride was ob-
tained from Pfaltz and Bauer, Inc. (Stamford, CT), bicinchoninic acid
protein assay reagents from Pierce (Rockland, IL), SignaTect protein
kinase A (PKA) assay system from Promega (Madison, WI), and
L-ascorbic acid, B-D-arabinofuranoside, poly-L-lysine, EDTA, EGTA,
and B-mercaptoethanol from Sigma (St. Louis, MO). QuickHyb was
purchased from Stratagene (La Jolla, CA), RNAzol B from Tel-Test, Inc.
(Friendswood, TX), and collagenase from Worthington (Freehold, NJ).

Organ culture. Adult rats were killed by decapitation. The SCGs were
removed, desheathed, placed in organ culture as previously described
(Zigmond and Mackay, 1974), and maintained for 24 or 48 hr in F-12
defined medium equilibrated with 95% O, and 5% CO,. Some ganglia
were preincubated for 30 min in medium containing the VIP receptor
antagonist VIP,_,g, and then transferred for 24 hr to medium containing
both VIP,_,5 and an agonist. In experiments in which cAMP was to be
measured, ganglia were removed from animals and preincubated for 30
min in F-12 medium containing 500 uM IBMX to prevent the metabo-
lism of cAMP. Ganglia were then incubated for an additional 30 min in
F-12 medium with IBMX and the compound to be studied. When the
action of VIP,_,4 was examined, it was added to the medium during the
last 5 min of the preincubation and throughout the incubation. Ascorbic
acid (0.2 mg/ml) was added to cultures containing isoproterenol to retard
oxidation of the catecholamine. No significant differences in peptide
levels were detected between ganglia maintained in F-12 alone and those
cultured in medium containing ascorbic acid.

Cell culture. Cultures of rat sympathetic neurons were prepared as
described by Hawrot and Patterson (1979). Neurons from neonatal SCG
were enzymatically dissociated with dispase (5 mg/ml) and collagenase
(1 mg/ml) for 70 min at 37°C. To obtain neuron-enriched cultures, cells
were preplated for 4 hr on uncoated 35 mm tissue culture dishes in
Leibovitz’s L-15 medium containing penicillin (50 U/ml), streptomycin
(50 pg/ml), 5% heat-inactivated rat serum, and NGF (100 ng/ml). Many
non-neuronal cells attached to the plastic dish during this preplating
period. The nonadherent cells, which were primarily neurons, were then
removed by gentle shaking, collected, and plated onto 24-well poly-L-
lysine- and laminin-coated dishes. The cells were plated at a concentra-
tion of ~40,000 per milliliter of L-15 medium containing NGF (100
ng/ml) and the cAMP-elevating agent to be studied. Cytosine B-D-
arabinofuranoside (10 uM) was added to kill dividing cells. Cells were
harvested after 48 hr. To obtain ganglionic non-neuronal cell-enriched
cultures, the less adherent neurons were removed by gentle washing, and
the adherent cells were grown in L-15 medium without NGF until
sufficient numbers were obtained. The non-neuronal cells were then
removed with trypsin-EDTA, replated at ~40,000 cells per milliliter onto
uncoated dishes for 48 hr, and then stimulated with various agents.

Radioimmunoassays for VIP and PHI. Peptides were extracted from
adult ganglia or from neuron-enriched cultures prepared from neonatal
ganglia. VIP-IR was measured by radioimmunoassay as previously de-
scribed (Hyatt-Sachs et al., 1993). The sensitivity of the VIP assay was
~7 pg/tube. PHI-IR was assayed in a similar manner with an assay kit
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purchased from Peninsula Laboratories. The sensitivity of the PHI assay
was ~40 pg/tube.

Measurement of cAMP. cAMP levels in adult SCG explants were
measured using a competitive protein binding assay. Ganglia and the
medium used to culture them were transferred to microfuge tubes and
boiled for 5 min. EDTA was added (final concentration 4 mm), and the
ganglia were homogenized and lyophilized. The lyophilized samples
were reconstituted in Tris—-EDTA buffer (0.05 m Tris, pH 7.5, 4 mMm
EDTA), and *H-labeled cAMP was added to aliquots of the samples
followed by the addition of a cAMP-binding protein. After an incubation
period, unbound cAMP was removed by treatment with a charcoal
suspension and centrifuged. A sample of each supernatant was counted,
and the content of unlabeled cAMP was determined. The sensitivity of
this assay was ~50 fmol/tube. cAMP levels in dissociated neonatal SCG
cell cultures were measured by '*I-cAMP radioimmunoassay. Extracts
and cAMP standards were acetylated by treatment with a 1:2 ratio of
acetic anhydride and triethylamine for 1 min to increase the sensitivity of
the assay. Using this procedure, about 2 fmol/tube of cAMP could be
detected.

Measurement of cAMP-dependent PKA activity. Ganglia were removed
from adult rats and either immediately frozen on dry ice or cultured in
defined F-12 medium containing 500 um IBMX and the agent to be
studied. After 1 hr in culture, ganglia were removed and frozen on dry
ice. Individual ganglia were homogenized at 4°C with ice-cold extraction
buffer containing 25 mm Tris HCl, pH 7.4, 0.5 mm EDTA, 0.5 mMm
EGTA, 10 mM B-mercaptoethanol, 1 ug/ml leupeptin, 1 pg/ml aprotinin,
and 0.5 mMm PMSF. Lysates were centrifuged for 5 min at 4°C and
13,000 X g, and the supernatants were assayed for PKA activity using the
SignaTECT PKA assay system. The PKA activity ratio was calculated as
the activity in the absence of added cAMP divided by the activity in the
presence of 5 um cAMP.

Northern blot analysis. Ganglia were removed from culture, and total
RNA was isolated from groups of two SCGs by homogenization in
RNAzol B solution. Total RNA was separated on a 1.2% agarose—
formaldehyde gel, blotted onto a positively charged nylon membrane, and
UV-crosslinked. Blots were hybridized with cDNA probes for VIP (a gift
from Dr. J. S. Fink; Segerson et al., 1989) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; a gift from Dr. J. M. Blanchard;
Fort et al., 1985) labeled using a random-primed DNA labeling kit and
[**P]dCTP. Hybridization was performed in QuickHyb solution at 68°C
for 1 hr after 15 min of prehybridization. Blots were washed twice with
2X SSC containing 0.1% SDS for 15 min at room temperature followed
by a high stringency wash performed at 58°C for 15 min with 0.1x SSC
containing 0.1% SDS. After posthybridization washes, the membranes
were exposed to a storage phosphor screen overnight, and the data was
quantified using a Molecular Dynamics (Sunnyvale, CA) Storm 840
PhosphorImager. The membranes were also exposed to Reflection au-
toradiography film for visualization. The ratio of the signal of VIP-PHI
mRNA to GAPDH mRNA was used to determine changes in peptide
mRNA after the various culture treatments. Blots were stripped between
hybridizations when necessary.

Statistical analysis. Data are expressed as mean values = SEM. Statis-
tical significance was assessed by ANOVA followed by Bonferroni’s ¢ test
using the InStat program by GraphPad Software (San Diego, CA). p <
0.05 was considered statistically significant.

RESULTS

Stimulation of ganglionic cAMP levels and protein
kinase A activity in short-term cultures
The ability of VIP, isoproterenol, or forskolin to alter cAMP
levels in the rat SCG in vitro was examined in the presence of the
phosphodiesterase inhibitor IBMX. Because agonist-induced in-
creases in intracellular cCAMP are often rapid and transient,
ganglia were incubated for only 30 min with the agonist before
measurement of the cyclic nucleotide. Levels of cAMP were not
significantly different in ganglia cultured in defined F-12 medium
and in ganglia frozen immediately after being dissected (Fig. 14).
Incubation with VIP, isoproterenol, or forskolin (all at 10 um)
increased cAMP levels in the explanted ganglia 8.6-, 10-, and
21-fold, respectively.

The effects of VIP or forskolin on PKA activity were also
examined in SCG cultured for 1 hr. No significant difference was
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Figure 1. Stimulation of c(AMP levels and PK A activity in adult rat SCG.
A, VIP, isoproterenol, or forskolin increases cCAMP levels in SCG in
short-term organ culture. Control ganglia (7 = 0) were removed from
animals and processed immediately as described in Materials and Meth-
ods. Cultured ganglia were incubated for 30 min in medium containing
IBMX alone (Med) or IBMX together with 10 wm VIP (VIP), isopro-
terenol (Iso), or forskolin (Fsk). Data represent the mean = SEM of at
least 12 SCGs. B, VIP or forskolin increases PKA activity in SCG in
short-term organ culture. Control ganglia were removed from animals and
frozen until assayed (T = 0). Other SCGs were cultured for 1 hr in defined
medium containing IBMX alone (Med) or IBMX together with 10 um
VIP (VIP) or forskolin (Fsk). The data are expressed as the ratio of PKA
activity measured in the absence of added cAMP relative to that in its
presence. Data represent the mean * SEM of 10 SCGs. ***p < 0.001
compared with Med or T = 0.

found between PKA activity measured in ganglia frozen imme-
diately after dissection and in ganglia cultured in defined medium
containing IBMX (Fig. 1B). In contrast, stimulation of adult
explants with VIP or forskolin (10 uM each) caused a significant
activation of PKA activity. The addition of VIP to the culture
medium resulted in a 2.3-fold increase in PKA activity over
control levels, whereas forskolin, which caused the greatest in-
crease in cAMP levels in the SCG, stimulated PK A activity in the
ganglion by 2.9-fold (Fig. 1B).

Effects of cAMP-elevating agents on VIP-IR

To determine whether agents that elevate cAMP levels in the
SCG after short-term culture could also alter VIP expression,
adult ganglia were cultured for 48 hr in defined medium supple-
mented with IBMX. Consistent with previous observations, the
level of VIP-IR in adult SCG frozen directly after dissection was
low, but increased dramatically in culture (Zigmond et al., 1992).
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Figure 2. Stimulation of VIP or PHI-IR in cultured adult rat SCG.
A, Secretin or forskolin, but not isoproterenol, significantly increases
VIP-IR in SCG explants. SCGs were removed from animals and either
frozen immediately (7 = 0) or cultured for 48 hr in defined medium
containing IBMX alone (Med) or IBMX together with 10 um secretin
(Sec), isoproterenol (Iso), or forskolin (Fsk). VIP-IR was determined by
radioimmunoassay. B, Secretin or VIP, but not isoproterenol, increases
PHI-IR in SCG explants. SCGs were treated as described in part A except
that the agonists tested were 10 uM secretin (Sec), isoproterenol (Iso0), or
VIP, and PHI-IR was measured by radioimmunoassay. For both parts 4
and B, data represent the mean = SEM of four ganglia. *p < 0.05 and
**p < 0.01 compared with Med.

Because changes in endogenous VIP-IR could not be measured
accurately in ganglia cultured in the presence of exogenous VIP,
we examined the effect of adding another member of this peptide
family, secretin. VIP levels in ganglia cultured in the presence of
secretin or forskolin (10 um each) were elevated by 62% above
that seen in ganglia cultured in control medium alone (Fig. 2A4).
In contrast to these cAMP-elevating agents, isoproterenol (10
uM) did not significantly increase VIP levels in the SCG (Fig. 24).

Effects of cAMP-elevating agents on PHI-IR

To determine whether VIP itself altered neuropeptide levels in
the SCG, we examined the effects of VIP on PHI, a polypeptide
structurally similar to VIP that is coded for by the same mRNA
that encodes VIP (Tatemoto and Mutt, 1981; Itoh et al., 1983).
Previous studies have shown that PHI and VIP have nearly
identical distributions in both the central and sympathetic ner-
vous systems (Hokfelt et al., 1987; Sasek and Zigmond, 1989), and
both can be coexpressed in individual neurons of the SCG (Sasek
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Figure 3. VIP or forskolin, but not isoproterenol, increases the steady-
state levels of VIP-PHI mRNA in adult SCG explants. SCGs were
removed from the animal and either frozen directly (7' = 0) or maintained
in organ culture for 24 hr in defined medium containing IBMX (Med) or
in medium containing IBMX plus 10 uMm forskolin (Fsk), VIP, or isopro-
terenol (Iso). Total RNA was extracted from pairs of ganglia, and North-
ern blot analyses were performed using radiolabeled cDNA probes for
VIP-PHI or GAPDH mRNA.

and Zigmond, 1989). These results suggest that a change in PHI
levels can be a useful indicator of a change in the expression of
VIP. To examine the effects of cAMP-elevating agents on PHI
expression in the SCG, ganglia were cultured for 48 hr in medium
alone or in medium containing 10 um VIP, secretin, or isopro-
terenol, and changes in PHI-IR were measured. Consistent with
previous observations (Zigmond et al., 1992), levels of PHI-IR
increased significantly in sympathetic ganglia cultured in defined
medium alone when compared with levels in ganglia not placed in
culture (Fig. 2B). The addition of secretin or VIP to adult
explants increased levels of PHI-IR by 90% when compared with
ganglia cultured in defined medium alone (Fig. 2B). As was
observed when levels of VIP-IR were measured, levels of PHI-IR
in ganglia stimulated with isoproterenol were not significantly
different compared with levels in control cultures.

Alterations in VIP-PHI mRNA levels produced by
cAMP-elevating agents

To examine the effect of exogenous cAMP-elevating agents (no-
tably VIP) on VIP-PHI mRNA expression in adult SCG ex-
plants, changes in steady-state levels of VIP-PHI mRNA were
measured by Northern blot analysis. VIP-PHI mRNA was un-
detectable in adult rat SCG frozen immediately after dissection.
When ganglia were cultured in defined medium for 24 hr, how-
ever, steady-state expression of VIP-PHI mRNA increased dra-
matically (Fig. 3). Stimulation of sympathetic ganglia with either
10 um VIP or forskolin for 24 hr resulted in a 2.5-fold increase in
VIP-PHI mRNA compared with control cultures. Similarly, the
addition of 10 or 100 um dibutyryl-cAMP to adult SCG explants
increased steady-state levels of VIP-PHI mRNA by ~2- and
2.5-fold, respectively, compared with ganglia cultured in control
medium alone (data not shown). In contrast, the addition of
isoproterenol to the culture medium resulted in essentially no
increase in VIP-PHI mRNA levels (Fig. 3).
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Figure 4. VIP4_,¢ reduces the increase in cAMP levels measured in
adult SCG stimulated with exogenous VIP. Control ganglia were re-
moved from animals and processed immediately as described in Materials
and Methods (7' = 0). After a 30 min preincubation in the presence of
IBMX, cultured ganglia were incubated for an additional 30 min in
medium containing IBMX alone (Med) or together with 10 um VIP
(VIP), isoproterenol (Iso), or forskolin (Fsk). To examine the blocking
ability of VIP,_,5, ganglia were preincubated for 25 min in medium
containing IBMX, transferred to medium containing IBMX and 30 um
VIP,_,5 for 5 min, and then incubated for an additional 30 min in medium
containing 30 uM VIP,_,¢ alone or together with 10 um VIP (VIP,_ 55 +
VIP), isoproterenol (VIP,_,s + Iso), or forskolin (VIP,_,g + Fsk). Data
represent the mean = SEM of four SCGs. ***p < 0.001 compared with
T = 0, Med, or Ant, and Tip < 0.01 compared with VIP.

Release of VIP by the SCG in explant culture

The addition of exogenous VIP to cultures of adult rat SCG
increases VIP expression, raising the possibility that VIP pro-
duced by sympathetic neurons in culture may be released into the
medium and may enhance VIP expression via an autocrine—
paracrine feedback mechanism. To explore this possibility, indi-
vidual adult rat SCG were cultured in defined medium containing
IBMX and, 48 hr later, the presence of VIP in the ganglion and
in the culture medium was measured by radioimmunoassay. Con-
trol ganglia contained on average 5.6 = 0.7 pg of VIP-IR (n = 6),
whereas ganglia placed in organ culture for 48 hr contained 800 +
74 pg (n = 14). Moreover, after 48 hr in culture, 270 = 84 pg of
VIP-IR per SCG (n = 17) was detectable in the culture medium,
indicating that a significant amount of VIP-IR produced by
injured adult sympathetic neurons is released into the culture
medium.

VIP¢_,g is a VIP antagonist in the SCG

To test whether VIP released by injured sympathetic neurons in
culture enhances VIP expression, it was important to find an
agent that could specifically interfere with the actions of VIP in
the SCG. VIP,_,5, when added to short-term cultures of adult
SCG at a concentration of 10, 30, or 100 um, reduced the increase
in cAMP levels produced by stimulation with 10 um VIP by 52,
64, or 81%, respectively (data not shown). At any of these
concentrations tested, VIP, ,¢ by itself did not alter cAMP
levels. In contrast to its ability to reduce the VIP-stimulated
elevation in cAMP levels by 64%, the addition of 30 um VIP,_,4
to culture medium did not significantly alter cAMP levels mea-
sured after stimulation of adult ganglia with either isoproterenol
or forskolin (10 uM each; Fig. 4). Similar results on the ability of



Mohney and Zigmond ¢ VIP-Positive Feedback Loop

%%k

VIP-PHI/GAPDH mRNA
L

0-
® ¥ & R
Fge €
e
Q\

Figure 5. VIP_,4 reduces the effect of VIP but not LIF on VIP-PHI
mRNA expression in neuron-enriched cultures. Neuron-enriched cultures
were maintained for 48 hr in medium alone (Med) or stimulated with 100
uM VIPg 5 (VIPs_5), 10 uM VIP (VIP), or both. Other cultures were
stimulated with VIP, VIP,_,g, or both, and also exposed to 10 ng/ml LIF.
Total RNA was isolated and Northern blot analyses were performed.
Data represent the mean = SEM of five cultures. **p < 0.01 compared
with Med (£ LIF, as appropriate); fp < 0.05 compared with VIP (*+ LIF,
as appropriate).

VIP,_,s to block VIP-stimulated increases in cAMP levels were
obtained in neuron-enriched and in non-neuronal cell-enriched
dissociated cultures (data not shown).

To determine whether VIP,_,¢ can inhibit the VIP-inducing
actions of exogenously added VIP on sympathetic neurons,
neuron-enriched cultures derived from neonatal dissociated SCG
were isolated and stimulated with VIP (10 uM) in the presence or
absence of VIP,_,; (100 um). Forty-eight hours later, levels of
VIP-PHI mRNA were measured by Northern blot analysis. The
neuron-enriched culture preparation offers the advantage that a
direct action of VIP,_,5 on sympathetic neurons can be examined
in the relative absence of ganglionic non-neuronal cells, and,
therefore, the effects of non-neuronal cell-derived LIF can be
minimized. VIP,_,¢ did not affect VIP-PHI mRNA levels by
itself, but it did inhibit, by 60%, the VIP-stimulated increase in
VIP-PHI mRNA (Fig. 5).

The effects of VIP and VIP,_,4 were also examined in neuron-
enriched cultures in the presence of exogenous LIF (10 ng/ml).
As expected, LIF by itself increased levels of VIP-PHI mRNA.
Additionally, LIF had no apparent effect on the actions of exog-
enous VIP or the VIP antagonist. Thus, the addition of exoge-
nous VIP to cultures containing LIF increased VIP-PHI mRNA
expression further, whereas this VIP stimulation was blocked by
61% by the addition of the VIP antagonist (Fig. 5).

Having established the efficacy of VIP,_,¢ as a VIP antagonist
in the SCG, the ability of VIP,_,¢ to inhibit the increase in
VIP-PHI mRNA in ganglia cultured in defined medium alone
(i.e., medium without exogenous VIP) was examined. As already
shown, a pronounced increase in steady-state levels of VIP-PHI
mRNA were observed in ganglia cultured in defined medium for
48 hr (Fig. 6). The addition of increasing concentrations of
VIP,_,4 reduced steady-state levels of VIP-PHI mRNA com-
pared with ganglia maintained in defined medium alone. The
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Figure 6. VIP4_,5 reduces the elevation in steady-state levels of VIP—
PHI mRNA that result from placement of adult rat SCG into organ
culture for 48 hr in defined medium. Ganglia were removed from the
animal and frozen (7 = 0) or cultured in defined medium alone (Med) or
in medium supplemented with 0.1, 1, 10, or 100 uM VIP,_,s (VIP,_5s) for
48 hr. Total RNA was isolated and examined by Northern blot analyses.
Data represent the mean * range of two lanes that each contained RNA
from two ganglia.

maximal inhibition seen, at concentrations of 10 or 100 um
VIP,_,g, was ~50% (Fig. 6). Comparable decreases in VIP-PHI
mRNA were produced by the VIP antagonist in ganglia that were
maintained for only 24 hr in organ cultures (data not shown).

Isoproterenol increases cAMP levels in cultured non-
neuronal cells, but not in neurons

As noted, isoproterenol increased cAMP levels without increas-
ing VIP or PHI expression. This apparent discrepancy could
possibly arise from the B-adrenergic agonist increasing cCAMP
levels only in cells within the ganglion that do not express VIP
(i.e., nonneuronal cells; Hyatt-Sachs et al., 1993; Mohney et al.,
1994). To examine this possibility, neuron-enriched or non-
neuronal cell-enriched cultures derived from neonatal rat SCG
were stimulated with isoproterenol or other cAMP-elevating
agents for 30 min, and then cCAMP levels were measured. Stim-
ulation of both neuron-enriched and non-neuronal cell-enriched
populations for 30 min with VIP or forskolin significantly in-
creased cAMP levels compared with levels measured in cells
incubated with defined medium alone (Fig. 74,B; forskolin data
not shown). In contrast, stimulation of neuron-enriched cultures
with isoproterenol did not produce a significant increase in
cAMP levels (Fig. 74), but did significantly increase cAMP levels
in non-neuronal cell-enriched cultures (Fig. 7B).

DISCUSSION

The ability of cAM P-elevating agents, like forskolin, to increase
VIP expression has been demonstrated in a variety of cell types
(Eiden and Hotchkiss, 1983; Hayakawa et al., 1984; Ohsawa et al.,
1985; Fink et al., 1988; Mulderry, 1993; Tsukada et al., 1987). In
the SCG, we find that in addition to forskolin and dibutyryl-
cAMP, VIP, another cAM P-elevating agent, increases PHI lev-
els and the levels of VIP-PHI mRNA. These effects of VIP on
VIP expression in sympathetic neurons can be mimicked by
secretin, which also elevates cAMP levels in the SCG (Ip et al,,
1985). Interestingly, stimulation of PC12 cells with VIP stimu-
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Figure 7. The action of isoproterenol is cell-type specific. 4, VIP, but
not isoproterenol, increases CAMP levels in neuron-enriched cultures.
Neonatal SCGs were dissociated and cultured under conditions that favor
the survival of neurons but not non-neuronal cells. After 48 hr in culture,
neuron-enriched cultures were incubated for 30 min in medium contain-
ing IBMX alone (Med) or IBMX together with 10 uMm isoproterenol (Iso)
or VIP. The content of cAMP is expressed relative to levels measured in
cells cultured in control medium alone (Med). Data from several inde-
pendent experiments were pooled together and represent the mean *
SEM (n = 27). B, VIP or isoproterenol increases cAMP levels in
non-neuronal cell-enriched cultures. Neonatal SCGs were dissociated and
cultured under conditions that favor the survival and proliferation of
non-neuronal cells. After 48 hr in culture, non-neuronal cell-enriched
cultures were incubated for 30 min in medium containing IBMX alone
(Med) or IBMX together with 10 um isoproterenol (Iso) or VIP. The
content of CAMP is expressed relative to levels measured in cells cultured
in control medium alone (Med). Data from several independent experi-
ments were pooled together and represent the mean = SEM (n = 12).
*#¥p < 0.001 compared with Med.

lates PKA activity and increases TH activity, TH mRNA, and
NPY mRNA (Roskoski et al., 1989; Wessels-Reiker et al., 1993;
Colbert et al., 1994), indicating that the expression of a number of
genes in sympathetic neurons can be elevated by this
neuropeptide.

In sharp contrast to the other agents tested, isoproterenol did
not alter VIP or PHI expression in the SCG, although it in-
creased cAMP content as previously shown (Cramer et al., 1973).
Isoproterenol, unlike VIP, secretin, and forskolin, also does not
produce an activation of TH in the SCG, a process that involves
cAMP-dependent phosphorylation (Ip et al.,, 1985; Waymire et
al., 1991). One hypothesis that could account for the inactivity of
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isoproterenol in stimulating either TH activation or VIP expres-
sion is that the B-adrenergic agonist only increases cCAMP levels
in cells that do not express VIP or TH, possibly glial cells. This
hypothesis conflicts with that proposed by Otten et al. (1974) that
isoproterenol stimulation occurs in the SCG largely within the
principal neurons. These authors based their hypothesis on the
finding that the increase in cAMP content in response to isopro-
terenol was greatly reduced in SCG from animals neonatally
treated with the sympathetic neurotoxin 6-hydroxydopamine (Ot-
ten et al., 1974). Although their result could reflect a neural site
of action of isoproterenol, it could also reflect a change in
Schwann cell responsiveness to isoproterenol as a consequence of
extensive neuronal loss.

Other studies support our proposal that the main sites of the
action of isoproterenol on the SCG are non-neuronal cells. Im-
munohistochemical studies using an antibody directed against
cAMP have shown that a striking increase in cAMP-IR occurs in
satellite cells of the SCG when exposed to isoproterenol, with
only infrequent and small changes within principal neurons (Ari-
ano et al.,, 1982). Isoproterenol and other B-adrenergic receptor
agonists have been shown to elevate cCAMP in primary cultures of
astrocytes (Harden and McCarthy, 1982; Rougon et al., 1983),
Schwann cells (Yasuda et al., 1988), and cultured glial cells
derived from tumors (Gilman and Nirenberg, 1971). Further-
more, stimulation of adult rat SCG with isoproterenol results in
an increased content of proteins specific for glial cells (e.g., S-100
and the aa form of enolase) but does not alter certain neuron-
specific markers like neuron-specific enolase (Nagata et al., 1984),
although the upstream promoter region of this gene is known to
contain a cAMP response element (CRE; Sakimura et al., 1995).

The contribution of LIF and VIP to the induction of
VIP-PHI mRNA in culture

Our data indicate that at least two signals contribute to VIP-PHI
mRNA expression in sympathetic neurons in vitro (Fig. 8). One
signal, LIF, is known to activate a Janus kinase leading to the
phosphorylation of signal transducers and activators of transcrip-
tion proteins that bind to a cytokine-responsive element in the
promoter region of the VIP gene (Symes et al., 1994, 1995). The
second signal, VIP itself (and/or a VIP-related peptide), proba-
bly acts through elevation of cAMP levels, activation of PKA,
phosphorylation of a cAMP response element binding protein
(CREB), and the binding of phosphorylated CREB to a CRE in
the promoter region of the VIP gene (Fink et al., 1988). The
present data using VIP,_,q, together with previous studies from
our laboratory (Rao et al., 1993a; Sun et al., 1994), support the
idea that in SCG explants, LIF increases the expression of VIP,
which in turn is released and causes a further increase in VIP
expression via a positive feedback mechanism. The fact that, in
contrast, VIP,_,¢ produced no inhibition on VIP expression in
neuron-enriched dissociated cultures treated with exogenous LIF
probably results from the rapid dilution by the culture medium of
the released VIP under these conditions.

In addition to VIP, our data raise the possibility that two other
neuropeptides might be involved in regulating VIP expression.
Although secretin is more potent than VIP in stimulating cAMP
levels in the rat SCG (Ip et al., 1985), and although it causes an
elevation of both VIP and PHI-IR, there is currently no evidence
that secretin IR is present in the ganglion. A related peptide,
pituitary adenylate cyclase-activating peptide (PACAP), however,
may be involved in regulating VIP expression. Like VIP, PACAP
is present at low levels in the SCG under normal conditions and
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Figure 8. Hypothesized mechanism of feedback stimulation of VIP
expression in cultured sympathetic ganglia. Under normal conditions,
ganglia express only low levels of VIP-PHI mRNA and peptide. When
ganglia are placed into explant culture, LIF mRNA (and subsequently,
LIF protein) increases in non-neuronal cells as a result of injury-induced
factors (Sun et al., 1996). The release of LIF and its binding to receptors
on neurons cause the activation of Janus kinases (JAK) and the phos-
phorylation of signal transducers and activators of transcription (STAT')
proteins. Phosphorylated STAT proteins then translocate to the nucleus
and bind to and increase the rate of transcription of the VIP gene (Symes
et al.,, 1994, 1995). VIP is released by neurons in culture and binds to
VIP,_,¢-sensitive, G-protein-coupled receptors in neurons to elevate
cAMP levels. Elevations in cAMP levels activate PKA and lead to
increased VIP gene transcription.

at higher levels in culture or after axotomy in vivo (May et al.,
1996; R. E. Zigmond and V. May, unpublished observations).

Receptors, second messengers, and cell types
involved in the peptidergic regulation of

VIP expression

Signal transduction by VIP and PACAP can occur through at
least three distinct receptors. The PACAP1 receptor is highly
selective for PACAP and is coupled to the activation of both
adenylate cyclase and phospholipase C (Deutsch and Sun, 1992;
Spengler et al., 1993). By RT-PCR and in situ hybridization, SCG
neurons have recently been shown to express the mRNA encod-
ing this receptor (May and Braas, 1995; Nogi et al., 1997). VIP
and PACAP bind with similar affinities to two other receptors
known as the VIP1-PACAP and the VIP2-PACAP receptors.
The first of these receptors is coupled only to the activation of
adenylate cyclase (Ishihara et al., 1992), whereas the second can
activate either adenylate cyclase or phospholipase C (Inagaki et
al., 1994). Low levels of mRNA for the VIP2-PACAP receptor
are present in cultured sympathetic the VIP2-PACAP (V. May,
personal communication).

Although our data are consistent with the fact that VIP stim-
ulates VIP expression via cAMP, we cannot rule out the partic-
ipation of other signaling mechanisms. For example, VIP expres-
sion can also be stimulated in neuroblastoma cells by phorbol
esters either through a selective phorbol ester-response element
or through the CRE (Fink et al., 1991; Hahm and Eiden, 1996).
Exposure of adrenal medullary cells to VIP activates not only
adenylate cyclase, but also phospholipase C (Houchi et al., 1987;
Malhotra et al., 1988, 1989). In the rat SCG, VIP increases
inositol phosphate turnover, although secretin does not produce
such an effect (Audigier et al., 1986). An attempt to confirm that
the VIP-mediated feedback on VIP expression in neuron-
enriched cultures is mediated through a PK A-dependent pathway
using the selective PKA inhibitor KT5720 was unsuccessful be-
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cause of toxic effects of the inhibitor. At concentrations of
KT5720 that reduced both basal and VIP-stimulated levels of
VIP-PHI mRNA (2-4 uMm), a reduction in the number of viable
cells was also observed.

VIP elevates cCAMP levels not only in neurons but also in
non-neuronal cells (Fig. 7). The functional consequences of the
latter changes are currently unknown. One interesting possibility
is that VIP might enhance LIF expression in these cells. VIP has
been shown to elevate LIF expression in other cells in vitro,
including osteoblasts, mast cells, and astrocytes (Marshall et al.,
1993; Aloisi et al., 1994; Murphy et al., 1995; Greenfield et al.,
1996; Pollock et al., 1996). Furthermore, steady-state levels of LIF
mRNA expression are increased in a spontaneously immortalized
Schwann cell line in response to VIP or forskolin stimulation
(Nagamoto-Combs and Zigmond, 1997; K. Nagamoto-Combs,
unpublished observations). Because agents that elevate cAMP
also increase LIF mRNA expression in a cultured Schwann cell
line (Nagamoto-Combs and Zigmond, 1997), it is possible that
VIP affects LIF expression by increasing cCAMP levels in non-
neuronal cells and can increase neuronal expression of VIP
indirectly via this mechanism. Nevertheless, the fact that VIP
stimulates VIP expression in the virtual absence of non-neuronal
cells indicates that VIP also acts directly on SCG neurons to alter
its own expression.

In intact (i.e., unlesioned) rats, VIP-IR is present in the SCG
in nerve processes and in the thoracic spinal cord in preganglionic
neuronal cell bodies that project to this ganglion (Sasek and
Zigmond, 1989; Baldwin et al., 1991). Ligation of the cervical
sympathetic trunk near the SCG leads to a build-up of VIP-IR
proximal to the ligature, suggesting that the peptide is antero-
gradely transported to preganglionic nerve terminals in the gan-
glion (Baldwin et al., 1991). Furthermore, electrical stimulation of
the cervical sympathetic trunk has been shown to release a
noncholinergic transmitter with postsynaptic actions like those of
VIP (Ip et al., 1982, 1983). The effects of VIP reported in the
present paper, together with our earlier results, raise the possi-
bility that VIP released from preganglionic nerve terminals may
induce the expression of VIP in postganglionic sympathetic neu-
rons. An alteration of the peptidergic phenotype of sympathetic
neurons as a result of increased synaptic stimulation would be of
considerable interest (Zigmond et al., 1989).

An induction of VIP has been shown to occur in sympathetic
neurons after axotomy, and it has been proposed that VIP func-
tions as a neurotrophic factor under these conditions (Zigmond et
al., 1996; Zigmond, 1997). Previous studies have indicated that
VIP can function as an activity-dependent survival factor for
spinal cord neurons in culture (Brenneman et al., 1985; Brenne-
man and Eiden, 1986; Brenneman and Foster, 1987). VIP also
supports the survival and neurite outgrowth of sympathetic pre-
cursors in vitro (Pincus et al., 1990), and can function as an
autocrine growth factor for neuroblastoma cells (O’Dorisio et al.,
1992; Wollman et al., 1993). Moreover, VIP supports the survival
of a small population of NGF-dependent neurons when they are
deprived of NGF in culture (Tanaka and Koike, 1994). A positive
feedback mechanism for VIP, as suggested by our data, would be
expected to prolong the period during which VIP levels are
increased and available to the damaged neurons. If VIP functions
as a trophic factor for sympathetic neurons after nerve injury,
increasing the time that VIP is expressed may aid in survival and
regeneration of these neurons.
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