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In this study the actions of NGF in regulating peptide ex-
pression were examined in vivo in adult rat primary sen-
sory neurons. The hypothesis that NGF might tonically in-
hibit expression of some peptides was tested specifically.
In situ hybridization and immunohistochemistry were used
to detect presence or absence of «-CGRP, B-CGRP, SP,
SOM, VIP, CCK, NPY, and GAL as well as their mRNAs. In
neurons in normal lumbar DRG «-CGRP, B-CGRP, SP, and
SOM are abundantly and heterogeneously expressed
whereas few neurons have detectable VIP, CCK, NPY, or
GAL. Two weeks following sciatic nerve transection, con-
centrations of «-CGRP, 3-CGRP, SP, and SOM plus their
mRNAs have decreased to background in all but a few neu-
rons. In contrast, VIP, CCK, NPY, and GAL are now synthe-
sized in many neurons. Delayed intrathecal infusion of NGF
(125 ng/pl/hr) for 7 d, starting 2 weeks after injury counter-
acted the decrease in expression of «-CGRP, B-CGRP and
SP expression, but not SOM. This lack of influence of NGF
on SOM is consistent with the absence of high-affinity NGF
receptors and trk mRNA in SOM-positive neurons. Delayed
infusion of NGF also reduced the number of neurons ex-
pressing VIP, CCK, NPY, and GAL after injury by approxi-
mately one-half in each subpopulation. Therefore, we sug-
gest that NGF suppresses expression of these four
peptides but only if the neurons also have NGF receptors.
The results show that NGF can regulate peptide expression
‘differentially and may also be part of the signal that allows
reversion to normal of responses to injury as axons regen-
erate.

[Key words: dorsal root ganglion, axotomy, neurotro-
phin, plasticity, trk, mRNA]

When a peripheral sensory neuron is injured, profound cyto-
chemical, functional, and morphological changes in the proximal
and distal portions of the neuron ensue (Lieberman, 1974; Graf-
stein and McQuarrie, 1978; Grafstein, 1983; Aldskogius, 1985).
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In this state, the cell body’s primary role shifts from one of
neurotransmission to one which focuses on surviving the insult
and mounting a vigorous regeneration program (Liebermann,
1971; Barron, 1983; Greenberg and Lasek, 1988; Hoffman and
Cleveland, 1988; Moskowitz et al., 1993). Responses to axoto-
my include dramatic changes in expression of peptides which
modify sensory function and serve as indicators of the physio-
logic state of the neuron (Henry, 1976; Salt and Hill, 1983;
Wiesenfeld-Hallin et al,, 1989a,b, 1990, 1992a; Verge et al.,
1993a; Xu et al.,, 1993). Sciatic nerve transection causes a
marked decrease in substance P (SP) (Jessell et al., 1979; Tessler
et al., 1985), somatostatin (SOM) (Noguchi et al., 1993), and
both a- and B-calcitonin gene related peptide (CGRP) (Shehab
and Atkinson, 1986a; Noguchi et al., 1990) in lumbar DRGs. In
contrast, dramatic upregulation of vasoactive intestinal peptide
(VIP) (Shehab and Atkinson, 1986a,b; Nielsh et al., 1989; No-
guchi et al., 1989; Villar et al., 1989), galanin (GAL) (Hokfelt
and Keen, 1987; Villar et al.,, 1989), neuropeptide tyrosine
(NPY) (Wakisaka et al., 1992; Zhang et al., 1993), and chole-
cystokinin (CCK) peptides (Verge et al., 1993b) are observed in
the same ganglia.

Although the exact signals which mediate the axotomy re-
sponse are poorly understood (Cragg, 1970; Aldskogius et al.,
1992), many of the changes in peptide expression following in-
jury are thought to be initiated by a reduction in the normal
retrograde transport of trophic molecules derived from the en-
doneurium or target (Raivich et al., 1991). In support of this
hypothesis, blockade of axonal transport in otherwise normal
animals is sufficient to induce expression of VIP and GAL and
reduce that of CGRP, changes normally observed after lesion
(Knyihar-Csillik et al., 1991; Kashiba et al., 1992). One such
retrogradely derived trophic molecule is NGF and it has served
as the prototypical neurotrophin (NT) due to its ready availabil-
ity. NGF, initially characterized for its effect on sensory neurite
outgrowth (Levi-Montalcini and Angeletti, 1968) is produced in
limited quantities by peripheral tissues (Korsching and Thoenen,
1983; Shelton and Reichardt, 1984; Goedert et al., 1986). NGF
mediates its effects on primary sensory neurons by binding to
high-affinity receptors expressed by approximately 40% of adult
rat primary sensory neurons (Richardson et al., 1986; Verge et
al., 1989a, 1992a), after which it is internalized and retrogradely
transported to the cell body (Stoeckel et al., 1975; Goedert et
al., 1981; Richardson and Riopelle, 1984). During development
NGF appears necessary for survival of small diameter sensory
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neurons projecting to laminae I and II of the dorsal horn, pre-
sumably subserving nociception and thermoreception (Ruit et
al., 1992) as evidenced by a severe deficit in these sensory func-
tions in mice with a null mutation in the gene encoding trk, the
signal transducing receptor for NGF (Smeyne et al., 1994). NGF
also influences the appropriate phenotypic development and reg-
ulation of cutaneous high threshold mechanoreceptors (Ritter et
al., 1991; Ritter and Mendell, 1992). In adult rat, the major role
for NGF shifts from dependency for survival (Gorin and John-
son, 1980; Lindsay, 1988; Schwartz et al., 1982; Carroll et al.,
1992; Lewin et al., 1992; Ruit et al., 1992) to maintenance of
differentiated phenotype, best exemplified by the ability of ex-
ogenous NGF to counteract loss of SP and CGRP following
injury (Fitzgerald et al., 1985; Inaishi et al., 1992) and to reg-
ulate their expression in vitro (Lindsay and Harmar, 1989; Lind-
say et al., 1989). Indeed, virtually all neurons expressing SP and
most expressing CGRP, display high-affinity NGF receptors and
are thus presumably responsive to NGE while somatostatinergic
neurons do not (Verge et al., 1989b). This tight colocalization
with specific peptidergic subpopulations suggests functions for
endogenous NGF in regulation of peptide synthesis within these
NGF-responsive neurons.

The present study demonstrates at a cellular level, the extent
to which NGF may be involved in the plasticity of peptide ex-
pression observed in sensory neurons after sciatic nerve injury.
More specifically, a role for NGF in peptide suppression was
addressed by examining whether exogenous application of NGF
following injury might be able to downregulate expression of
injury-induced peptides. Results show that delayed intrathecal
infusion of NGF counteracted injury-induced decreases in SP,
a-CGRP, and B-CGRP expression, but not SOM. They also sug-
gest a potential in vivo role for NGF in peptide suppression, as
exemplified by the ability of the NGF infusion to mitigate ex-
pression of the injury-induced peptides GAL, NPY, VIP, and
CCK.

This work has been previously reported in abstract form
(Verge et al., 1992b).

Materials and Methods

Animal surgery. Experiments were performed on adult Sprague—-Dawley
rats of either sex weighing approximately 200 gm and anesthetized for
surgery using sodium pentobarbital (50 mg/kg) or choral hydrate (350
mg/kg) intraperitoneally. In all rats, the right sciatic nerve was tran-
sected at its origin from the L4 and L5 spinal nerves and a 5 mm
segment resected so as to inhibit regeneration. Sixteen of the rats were
infused with B-NGE prepared from mouse submandibular glands by
cation exchange chromatography (Longo et al., 1989), for 1 week fol-
lowing a 2 week injury period. Infusion of NGF was via mini osmotic
pumps (Alza, 2001) inserted into the dorsal lumbar subcutaneous space
and attached to silicon tubing (0.3 mm o.d.) which was passed through
the dura and arachnoid at the lumbosacral junction so that a 1.5 cm
segment lay intrathecally. NGF was delivered at 125 ng/pl/hr in a so-
lution of phosphate buffered saline containing rat serum albumin (1mg/
ml), streptomycin (100 U/ml) and penicillin (100 U/ml). Five rats were
infused with vehicle alone, while an additional 16 rats underwent 2
week sciatic nerve transection alone. Special care was always taken to
assure the sterility of the pump contents and the silicon tubing. In order
to examine the plasticity of peptide expression within subpopulations
of DRG neurons, six rats underwent only a 2-3 d injury pertod. Rats
were allowed to survive for the designated transection periods or tran-
section plus delayed infusion of NGF or vehicle before processing for
either in situ hybridization or immunohistochemistry as described be-
low.

Preparation of probes. Oligonucleotide probes complimentary to and
selective for the following mRNAs were synthesized: rat GAL, base
pairs 152-199 (Vrontakis et al., 1987); rat VIP, base pairs 347-394
(Nishizawa et al., 1985); rat CCK, base pairs 298-341 (Deschenes et

al., 1984); rat SOM, nucleotides encoding aa 97-107 (Goodman et al.,
1983); rat NPY, base pairs 1671-1714 (Larhammar et al., 1987); rat SP,
base pairs 145-192 (Krause et al., 1987); rat a-CGRP, base pairs 664—
698 (Amara et al., 1985); rat B-CGRP, base pairs 656-690 (Amara et
al., 1985); rat GAP43, base pairs 70-117 (Karns et al., 1987); and rat
trk, which is the counterpart of base pairs 1198-1245 of the human trk
sequence (Merlio et al., 1992; Meakin et al., 1992). Oligonucleotides
probes were synthesized in an Applied Biosystems DNA synthesizer
381A (Foster City) and purified through OPC-columns (Applied Bio-
systems, USA) or synthesized by Scandinavian Gene Synthesis (Kop-
ing, Sweden). The probes were labeled at the 3'-end with «-**S-dATP
(New England Nuclear, Boston) using terminal deoxynucleotidyltrans-
ferase (Amersham, UK) in a buffer containing 10 mm CoCl,, | mm
dithiothreitol (DTT), 300 mm Tris base, and 1.4 M potassium cacodylate
(pH 7.2), purified through NENSORB-20 columns (New England Nu-
clear) and DTT added to a final concentration of 7 mm. The specific
activities obtained ranged from 2 to 5 X 10° cpm/ng oligonucleotide.

In situ hybridization. Deeply anaesthetized animals were perfused via
aorta with 50 cc of Ca** free Tyrode’s solution. Right and left L4 and
LS5 lumbar dorsal root ganglia were rapidly dissected and frozen in OCT
Compound (Tissue Tek, Miles Laboratories, USA) in a Cryomold (Tis-
sue Tek, Miles Laboratories, USA). Before sectioning, blocks contain-
ing pairs of dorsal root ganglia from control and experimental groups
were juxtaposed and fused by OCT compound to ensure processing of
both groups under identical conditions. Sections were cut at 5 um on
a Micron cryostat (Zeiss, Germany), thaw mounted onto Probe-ON
slides (Fisher Scientific, USA), and stored with desiccant at —20°C until
hybridization.

Hybridization was carried out according to published procedures
(Dagerlind et al., 1992). The sections were brought to room temperature,
air dried and, without any additional treatment, covered with a hybrid-
ization buffer containing 50% formamide (J. T. Baker Chemicals, Neth-
erlands) 4 X SSC (1 X SSC: 0.15 m NaCl, 0.015 M sodium citrate), 1
X Denhardt’s solution (0.02% bovine serum albumin and 0.02% Ficoll),
1% sarkosyl (N-laurylsarcosine), 0.02 M phosphate buffer (pH 7.0), 10%
dextran sulfate, 500 mg/ml heat-denatured salmon testis DNA, 200 mm
DTT, and 107 dpm/ml of probe. The slides were placed in a box hu-
midified with 50% formamide and incubated at 42°C for 18 hr. After
hybridization, the slides were washed four times for 15 min in 1 X SSC
at 55°C and then brought to room temperature over 30 min while in
the final rinse, dipped twice in distilled water, dehydrated in 60% and
95% ethanol, and dried with an airstream.

To generate radioautograms, the incubated slides were dipped in
NTB2 nuclear track emulsion (Kodak, USA) diluted 1:1 with distilled
water and stored in the dark with desiccant at —20°C. The sections
were exposed for 2—4 weeks, and then developed in Kodak D19 for 3
min, fixed, and mounted with glycerol and a coverslip for analysis on
a Nikon Microphot-FX microscope equipped with dark-field condenser
or stained with Toluidine blue, mounted with Entallan (Merck, Ger-
many) and a coverslip for viewing under bright field.

Analysis. Quantitative and qualitative analysis of NGF effects on pep-
tide expression in injured neurons was conducted only on series of
sections from fused experimental and control ganglia with virtually all
axons transected as indicated by a strong upregulation of GAP43
mRNA (see Fig. 8), a well-known marker of peripheral nerve injury in
sensory neurons (Skene and Willard, 1981; Tetzlaff et al., 1989; Van
der Zee et al., 1989; Verge et al., 1990a) in order to avoid the occurrence
of false-positives and -negatives. A few neurons appeared to be spared
the lesion and are believed to be some of those contributing to the dorsal
cutaneous nerve. Counts were performed under 100X oil immersion on
sections from L5 DRG stained with toluidine blue from three separate
NGF-infused rats paired with those with injury only. Cells were con-
sidered labeled if they had more than five times background levels of
silver grains, as determined by averaging grain counts over defined
areas of the neuropil devoid of positively labeled cell bodies. Percent-
ages were determined by dividing the number of labeled neurons by
the total number of toluidine blue stained neurons in a section.

Identification and characterization of a peptidergic subpopulation of
neurons which express VIP after injury. Photomontages of serial 5 pm
L5 DRG sections from 3 d injured rats and processed for in situ hy-
bridization to detect SP, VIP, and SOM mRNAs were prepared and
individual labeled neurons identified in the serial sections. Presence of
radiolabel in the neurons was confirmed under 100X oil immersion.
Coexpression of SOM and trk mRNAs was also examined using the



same approach on serial sections of L5 DRG associated with intact
sciatic nerve.

In situ hybridization control experiments. The specificity of hybrid-
ization signal for each probe used in the study was ascertained by hy-
bridization of adjacent 10 uM sections of paired L5 ganglia from a rat
with a 14 d right sciatic nerve injury. Series of sections were hybridized
with either labeled probe, labeled probe with a 400-fold excess of cold
probe, or labeled probe with a 400-fold excess of another, dissimilar
cold probe of the same length and similar G-C content. In addition, all
sequences of oligonucleotide probes were checked against all GenBank
entries just prior to submission of the article to verify that they still had
no greater than 65% homology with any known sequence. The strin-
gency used for in situ experiments were such that homologies greater
than 90% are required for hybridization of probe to transcript to remain
following the washes (Dagerlind et al., 1992)

Immunohistochemistry. Deeply anesthetized animals were perfused
via the aorta with warm 37°C Ca?*-free Tyrode’s solution followed by
a fixative containing 4% paraformaldehyde and 0.2% picric acid in 0.16
M phosphate-buffered saline (PBS; Pease, 1962; Zamboni and De Mar-
tino, 1967) for 6 min. The right and left L4 and L5 DRG were quickly
dissected out, postfixed for 30 min in the same fixative, and immersed
in 10% sucrose solution containing 0.01% sodium azide and 0.02%
bacitracin (Bayer, Germany) overnight. Paired experimental and control
ganglia were mounted in the same cryomold (to ensure processing un-
der identical conditions), covered with OCT compound and frozen in
cooled isopentane. Transverse 14 pm sections were cut on the cryostat
and processed according to the indirect immunofluorescence technique
of Coons and colleagues (see Coons, 1958). Briefly, the sections were
rehydrated in 0.1 M PBS and then incubated overnight at 4°C in a humid
chamber with either polyclonal rabbit antisera against Gal (1:400; Pen-
insula, USA), SP or NPY (1:400; kindly provided by Dr. L. Terenius)
or mouse monoclonal antisera against CGRP (1:400, Celitech, UK) or
SOM (1:400 Buchan et al., 1985). After several rinses in PBS, the
sections were incubated with either fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit antibodies (1:80, Boehringer Mannheim,
Germany) or sheep anti-mouse antibodies (1:10, Amersham), respec-
tively. The sections were mounted with a mixture of glycerol and PBS
(3:1), containing 0.1% p-phenylenediamine in order to retard fading
(Platt and Micheal, 1983) and a coverslip and examined on a Nikon-
Microphot-FX microscope.

The specificity of peptide antisera was tested by absorption with their
cognate synthetic peptides (Peninsula, USA) at a concentration of 1 pm
for 24 hr at 4°C, followed by immunohistochemistry.

Results

In situ hybridization—nerve injury and NGF infusion

Figures 1, 2, 4, 5, and 8 are all from the same experimental and
control animal series so as to qualitatively demonstrate the effect
of nerve injury with and without NGF infusion on the full range
of peptides without concern for animal to animal variations.

In intact neurons of DRG contralateral to injury a-CGRP, SP
and SOM mRNAs were abundantly and heterogeneously ex-
pressed, while a lower level of hybridization signal for 3-CGRP
was also readily detectable in many neurons (Figs. 1, 2). Only
a few small neurons in these ganglia were seen to express GAL
mRNA and only the rare neuron expressed detectable VIP, CCK
or NPY mRNAs (Figs. 4, 5).

Two weeks after sciatic nerve injury labeling with SP,
a-CGRP, 3-CGRP, and SOM probes in ipsilateral L5 DRG was
consistently diminished to background grain levels in all but a
few neurons (Figs. 1, 2). The diminution was evident as early
as 2 d after injury and continued for at least 9 weeks (data not
shown). In contrast, VIP, CCK, NPY, and GAL mRNA hybrid-
ization signal was dramatically upregulated in many neurons
(Figs. 4, 5).

Delayed infusion of NGF for 1 week following the 2 week
injury period counteracted the decrease in a-CGRP, 3-CGRP,
and SP expression in the injured neurons (Figs. 1, 2), but did
not appear to influence the SOM population (Fig. 2). Normally
approximately 10% of the intact neurons expressed SOM
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mRNA. Two weeks after injury the occasional SOM mRNA-
positive neuron was observed on ganglia ipsilateral to lesion in
both infused and noninfused animals, representing <1% of the
total remaining neurons, Whether this expression was in the few
neurons spared from the lesion was not determined; however,
similar low numbers of neurons expressing SP and CGRP were
also observed in ganglia ipsilateral to lesion. Intrathecal infusion
of NGF also appeared to increase concentrations of SP, a-CGRP
and B-CGRP to supranormal in contralateral uninjured ganglia
(Figs. 1, 2). More notably, exogenous NGF mitigated injury-
induced increases in GAL, NPY, VIP, and CCK mRNAs (Figs.
4, 5). The quantification of this effect is shown in Table 1. The
reduction in detectable mRNA peptide expression following
NGF treatment was most evident in the GAL subpopulation.
Similar but smaller reductions in the numbers of injured neurons
expressing detectable NPY, VIP, and CCK mRNAs, were also
recorded. Thus, it would appear that NGF infusion effected a
downregulation in peptide expression in neurons that represent
approximately one-half of injured neurons normally expressing
each of these peptide mRNAs. This pattern of downregulation
of peptide expression in some neurons after NGF infusion was
apparent in all NGF-infused animals examined, with the excep-
tion of one animal in whom the intrathecal catheter was found
to lie outside the intrathecal space at the time of sacrifice. Also,
the ability of NGF to downregulate peptide expression was not
complete because some neurons still displayed abundant hybrid-
ization signal for GAL, NPY, CCK, and VIP as though not in-
fluenced by the infusion (Figs. 4, 5).

In order to speculate that the inability of NGF to downregulate
injury-induced peptide expression in some injured neurons is
linked to the expression of these peptides in neurons which do
not display receptors for NGE it was necessary to demonstrate
the expression of the peptide in a subpopulation of neurons
which normally do not respond to NGE Thus, neuronal peptide
expression was examined shortly after axotomy while peptide
expression is still in a state of dramatic changes in expression.
At this point peptides normally abundantly expressed in intact
neurons are being downregulated and those whose expression is
upregulated in response to the injury are now at detectable lev-
els. Figure 7A-D shows VIP mRNA expression to be upregu-
lated in neurons still expressing detectable levels of SP or SOM
hybridization signal 3 d after injury, the former being expressed
in NGF-responsive neurons, while the latter is not (Verge et al.,
1989b). SOM and SP expression did not appear to colocalize
(data not shown). A lack of high-affinity NGF receptor expres-
sion in SOM neurons was confirmed in that a lack of coexpres-
sion of detectable SOM and trk mRNAs was observed in 52
SOM neurons examined in adjacent sections of L5 DRG from
normal rats (Fig. 7E,F).

None of the above mentioned effects of NGF infusion were
observed in animals with unilateral transection followed by ve-
hicle infusion when compared to their paired counterparts with
only unilateral transection (data not shown). Hybridization con-
trol experiments showed all specific hybridization signal to be
abolished in the presence of labeled probe plus a 400-fold excess
of unlabeled probe, while no change in hybridization pattern was
observed when a 400-fold excess of a dissimilar probe of equal
length and similar G-C content was added (Fig. 8E-G).

Immunohistochemistry—nerve injury and NGF infusion

The immunohistochemical analyses were entirely consistent with
in situ hybridization results. Intensely stained SP- and CGRP-
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intact

Figure 1. Dark-field photomicrographs of L; DRG sections processed for in situ hybridization using probes as indicated in the upper left corner
of each grouping of four photomicrographs. In intact DRG, many neurons express «-CGRP and B-CGRP mRNA . Two weeks after injury, the
expression of a-CGRP and B-CGRP is downregulated. Delayed intrathecal infusion of NGF for 7 d, 2 weeks after injury, was effective in
counteracting the decrease in neuronal expression for these two peptides and also increased levels in DRG neurons contralateral to lesion. Magni-

fication, 35x.
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injury, the E\prex\mn of SP and bO-M is dou\nreﬂu]attd Dt.la\.ed intrathecal mlu sion of NbF fnr 7 d_ 2 \\"eks afte m_]ur}r was efﬁctlve in
counteracting the decrease in expression of SP mRNA, but did not appear to influence SOM mRNA. Magnification, 35X.
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Figure 3. Immunofluorescence micrographs of L; DRG sections incubated with antisera as indicated in the upper left corner of each grouping of
four photomicrographs. In intact DRG, many neurons express CGRP or SP. Two weeks after injury, the expression of CGRP and SP is downregulated
in many neurons. Delayed intrathecal infusion of NGF for 7 d, 2 weeks after injury, was effective in counteracting the downregulation of these
two peptides as indicated by the increased number of immunopositive neurons. Magnification, 75X.
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intact

Figure 4. Dark-field photomicrographs of L; DRG sections processed for in situ hybridization using probes as indicated in the upper left co
of each grouping of four photom raphs. In intact DRG, few neurons express GAL and NPY mR NA. Two \weks dtter injury, the expres:
GAL and NPY is upreﬂulated in mdny neurons. Deldved mtrdthe(.il mfusi(ln of NGF tur 7 d 2 “t'ek clive
injury-induced increase:

Magnification, 3
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intact
£
NGF

Figure 5. Dark-field photomicrographs of Ly DRG sections processed for in siru hybridization using probes as indicated in the upper left corner
of each grouping of four photomicrographs. In intact DRG few neurons express VIP and CCK mRNA. Two s after injury, the expression of
VIP and CCK is upregulated in many small to medium sized neurons. Delayed intrathecal infusion of NGF for 7 d, 2 weeks after injury was
effective mitigating the injury-induced increases in mRNA expression for these two peptides, as indicated by the reduction in neurons now expressing
detectable message. Magnification, 35




Table 1. Effects of delayed NGF infusion on numbers of neurons
expressing detectable levels of mRNA for injury-induced peptides

Series % Cut % Cut + NGF
GAL i 77 (251/327) 41 (115/282)
it 79 (335/424) 30 (110/365)
iii 78 (318/410) 47 (204/437)
NPY i 51 (142/281) 26 (73/286)
it 47 (200/423) 29 (110/369)
iii 47 (151/319) 26 (102/399)
VIP i 30 (84/281) 14 (38/268)
ii 38 (181/468) 14 (45/318)
iii 33 (106/324) 16 (66/402)
CCK i 20 (71/364) 8 (24/297)
ii 15 (69/465) 5 (17/363)
iii 17 (69/417) 8 (30/397)

Data are percentages of neurons in paired individual sections of 2 week injured
DRG (cut) or 2 week injured DRG followed by one week of NGF infusion
(cut + NGF) expressing detectable levels of peptide mRNA as indicated in far
left column, with raw counts in parentheses. Effects of injury or injury plus
infusion were quantified on slides hybridized to detect mRNAs for each of the
injury-induced peptides from the same series of ganglia sections (i, ii, iii).

immunoreactive neurons were heterogeneously distributed
throughout the intact ganglia with a pronounced decrease in both
the number of immunoreactive neurons and intensity of staining
in response to sciatic nerve transection (Fig. 3). In contrast, only
a few GAL-immunoreactive neurons, primarily small neurons,
and only the very occasional NPY-immunoreactive neuron were
observed in ganglia contralateral to lesion. However, 2 weeks
after sciatic nerve lesion consistent and dramatic increases in
GAL and NPY peptide levels were evident, with many neurons
ipsilateral to lesion now positively stained (Fig. 6). NPY im-
munoreactivity was particularly prominent in mostly large and
many medium size neurons, while GAL was found in many
small, medium, and some large neurons. Delayed infusion of
NGF for 1 week following the 2 week injury period counter-
acted injury-induced decreases in SP and CGRP peptide levels
and reduced the number of intensely stained GAL and NPY
neurons (Figs. 3, 6). In agreement with the in situ results, NGF
infusion did not completely suppress NPY or GAL peptide ex-
pression. Individual neurons still immunoreactive for these pep-
tides were intensely stained, as though not influenced by the
infusion. A lack of GAL immunoreactivity was most evident in
small and medium-sized injured neurons following administra-
tion of NGF (Fig. 6) as compared to the noninfused ganglia
ipsilateral to lesion. There appeared to be no contralateral effect
of NGF infusion on GAL and NPY staining; however, SP and
CGREP staining in individual neurons was almost always more
intense (Fig. 3), consistent with the elevated mRNA levels ob-
served (Figs. 1, 2).

None of the staining described above was observed after in-
cubation with preabsorbed antisera.

Discussion

This study confirms and extends previous evidence that NGF
dynamically regulates peptide expression in adult rat primary
sensory neurons in vivo and supports a potential involvement of
NGF in suppression of peptide expression.

NGF can differentially influence peptide expression

The finding that delayed infusion of NGF counteracts decreases
in SP and a-CGRP following nerve transection was predictable
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from previous in vivo studies on mature rats showing NGF to
upregulate SP and o-CGRP following injury (Goedert et al.,
1981; Csillik at al., 1985; Fitzgerald et al., 1985; Wong and
Oblinger, 1991; Inaishi et al., 1992) or anti-NGF to downregu-
late SP in intact neurons (Schwartz et al., 1982). We know of
no study prior to this one which has addressed whether the reg-
ulation of CGRP by NGF also includes an influence on 3-CGRP
expression. This question was particularly intriguing as the ex-
pression of a-CGRP and B-CGRP are differentially altered in
axotomized spinal motor neurons, which would suggest the in-
volvement of separate regulatory mechanisms in these neurons
(Noguchi et al., 1990). However, Figure 1 clearly demonstrates
the consistent result that exogenous NGF can reverse injury-
induced decreases in B-CGRP mRNA following injury and thus
it appears that both CGRPs can be regulated in a similar fashion
by NGF in sensory neurons. Intrathecal NGF infusion also in-
creased expression of a-CGRP, 3-CGRP, and SP to supranormal
levels in ganglia contralateral to lesion (Figs. 1-3). This re-
sponse to NGF has already been described for SP and a-CGRP
(Goedert et al., 1981; Inaishi et al., 1992). Elevated levels of
NGF in inflamed tissue (Weskamp and Otten, 1987; Donnerer
et al., 1992) are thought to underlie both the increased levels of
peptides observed in sensory afferents in these regions and the
ensuing hyperalgesia (LLembeck et al., 1981; Kuraishi et al,
1989: Gillardon et al., 1991; Donaldson et al., 1992; Donnerer
et al., 1992). Functional studies employing several approaches
have demonstrated that elevated levels of NGF result in pro-
found mechanical hyperalgesia (Taiwo et al., 1991; Davis et al.,
1993; Lewin et al., 1993). The long latency observed in devel-
opment of mechanical hyperalgesia following NGF administra-
tion (Lewin et al., 1993) is consistent with initiation of peptide
synthesis. Indeed, the two sensory peptides positively regulated
by NGE SP, and CGRP elicit excitatory and algesic effects at
the level of the dorsal horn, the former on its own, while CGRP
appears to potentiate SP’s effects (Wiesenfeld-Hallin et al., 1984;
Gamse and Saria, 1986; Weisenfeld-Hallin, 1986; Woolf and
Wiesenfeld-Hallin, 1986; Mao et al., 1992).

The novel finding that the number of injured neurons express-
ing abundant mRNA for GAL, NPY, VIP, and CCK were dra-
matically reduced following delayed NGF infusion implicates
NGF in the suppression of these peptides in the intact state when
there is normal retrograde supply of the neurotrophin back to
the neuron. The role of NGF in peptide suppression has not been
previously examined in sensory neurons in vivo; however, an in
vitro study addressed how NGF might influence VIP expression
in mature DRG neurons (Mulderry and Lindsay, 1990). Here
NGF was found not to alter VIP levels, a finding previously
reported for both SP and VIP expression in cultured sympathetic
neurons (Zigmond et al., 1992; Kessler et al., 1981). While it is
difficult to reconcile the finding of Mulderry and Lindsay with
those of the present study, it is quite possible that the regulation
of VIP expression was different in the in vitro model. Only
~35% of the injured neurons expressed detectable mRNA for
VIP following proximal sciatic nerve transection in vivo (Table
1), while in the Mulderry and Lindsay study virtually all the
cultured neurons expressed VIP. In addition, proliferation of
non-neuronal cells was inhibited, thus eliminating or greatly re-
ducing a potential source of other regulatory molecules (see be-
low).

Exogenous NGF effected a reduction in detectable mRNA
expression for injury-induced peptides in only approximately
half of each representative peptidergic subpopulation. The neu-
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Figure 6. Immunofluorescence micrographs of L; DRG sections incubated with antiserum as indicated in the upper left corner of each grouping
of four photomicrographs. In intact DRG, few neurons express GAL or NPY. Two weeks after injury, the expression of GAL and NPY is upregulated
in many neurons. Delayed intrathecal infusion of NGF for 7 d, 2 weeks after injury, was effective in mitigating the injury-induced expression of
these two peptides as indicated by the reduced number of immunopositive neurons. Magnification, 75X.
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Figure 7. Photomicrographs of 5 pwm adjacent sections, A and B, C and D, E and F, of L; DRG processed for in situ hybridization with probes
as indicated. A-D, sections of DRG 3 d after axotomy show upregulation of VIP expression in some neurons still expressing detectable SP or SOM
mRNA (arrows), while others do not (asterisk). E and F, Normal DRG sections showing a lack of coexpression of SOM and trk mRNA, an
essential component of high-affinity NGF receptors (arrows). Magnification: A-D, 420x; E and F, 180X,

rons which continued to express these peptides did so in a robust
manner as though unaffected by the infusion. We propose that
the ability of NGF treatment to influence the injury-induced
plasticity in neuronal peptide expression is determined by
whether or not the neuron has high-affinity NGF receptors. In
past studies employing the same model, it has been shown that
exogenous NGF affected gene or protein expression only in neu-
rons displaying high-affinity binding sites (Verge et al., 1989a,
1990b, 1992a), despite the fact that two of the genes examined,
namely the low-affinity NGF receptor (LNGFR, p75) and the
medium neurofilament subunit, are expressed in many additional
DRG neurons lacking high-affinity NGF receptors. We therefore
demonstrated, using VIP as an example, that increased VIP
mRNA expression three days following injury is in neurons still
expressing detectable SP or SOM mRNA, representing NGF-
responsive and NGF-unresponsive neurons respectively. That
mature SOM neurons are unresponsive to NGF is inferred from

the lack of trk mRNA expression (Fig. 7) or high-affinity NGF
binding sites (Verge et al., 1989b) and the inability of NGF
infusion in this study to counteract the decreases observed in
SOM after injury. The lack of NGF influence on SOM neurons
is unlikely to be due to the selective death of these neurons
following injury. While approximately 20-30% of adult rat sen-
sory neurons can be expected to die 2-3 weeks following prox-
imal sciatic nerve lesion (Arvidsson et al., 1986; Himes and
Tessler, 1989; Verge et al., 1989a), there is no compelling evi-
dence for selective vulnerability of one subpopulation over an-
other (reviewed in Aldskogius et al., 1992). Additionally, at least
some SOM neurons appear capable of surviving proximal axo-
tomy. Regeneration studies were conducted with either crush or
transection plus resection injuries at the same distance from the
ganglia as in this study. In ganglia ipsilateral to lesion, SOM
hybridization signal is dramatically reduced to background lev-
els at the earlier time points examined (9, 14 d) in all but a few
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Figure 8. Dark-field photomicrographs of L, DRG processed for in situ hybridization with probes to detect GAP43 (A-D) or NPY (£-G) mRNA.
A-D (Transection control), DRG are associated with intact sciatic nerves (A, C) or sciatic nerves cut 2 weeks previously (B, D) with (C, D) or
without (A, B) infusion of NGF for 1 week following the 2 week injury period. Note the marked upregulation in expression of GAP43 in virtually
all neurons in response to the injury. £-G (Hybridization controls), 10 pm serial sections of a 14 d injured DRG were hybridized with labeled
NPY probe (E) plus either a 400X excess of cold unlabeled NPY probe (F) or a 400X excess of a dissimilar probe of similar G-C content (G).
Note that addition of cold NPY probe abolishes the hybridization signal, while addition of a dissimilar cold probe did not influence the pattern of

hybridization. Magnification: A-D, 35X; E-G, 42X,

neurons (which represent less than 1% regardless of the type of
lesion). However, at later time points SOM is once again ro-
bustly expressed in approximately 7% of the neurons which had
undergone the crush injury (29, 91 d postlesion; V.M.K. Verge,
unpublished data) and presumably regenerated.

Other signals correlated with peptide plasticity in injured
neurons

The immediate early gene and transcription factor, c-jun, is ex-
pressed in sensory neurons in response to injury (Jenkins and
Hunt, 1991; Leah et al., 1991; Herdegen et al., 1992). Recently,
Gold and colleagues (Gold et al., 1993) have shown that the loss
of target derived NGF may be responsible for induction of c-jun

in some neurons as its expression is induced with anti-NGF
treatment and reduced in injured neurons exposed to exogenous
NGE It has also been proposed that c-jun may serve to tran-
scriptionally regulate galanin expression due to the concomitant
posttraumatic elevation of the two molecules in the same neu-
rons (Herdegen et al., 1993). The ability of NGF to downregu-
late c-jun expression may be linked to the role of NGF as a
reverser of injury-associated changes in peptide expression.
However, the absence of retrograde supply of peripherally de-
rived neurotrophins following axonal disruption is not the only
alteration in trophic support that a neuron undergoes. There is
evidence emerging supporting the role of trophic molecules
whose expression is enhanced in DRG after injury as positive



regulators of some of the injury-induced changes in peptide ex-
pression. Leukemia inhibitory factor (LIF) expression is upre-
gulated in non-neuronal cells of both sympathetic and dorsal root
ganglia either in vivo, in organ explant cultures, or dissociated
non-neuronal cultures (Banner and Patterson, 1993; Sun et al.,
in press). In cultured adult sympathetic and neonate DRG neu-
rons LIF can upregulate VIP expression, while antibodies to LIF
partially blocked the induction in the sympathetic explants
(Nawa et al., 1990; Sun et al., in press). In addition, LIF-defi-
cient mice have compromised induction of neuropeptide expres-
sion in axotomized sympathetic neurons (Rao et al.,1993).

As NGF acts on only ~40% of adult sensory neurons, other
members of the NGF family of neurotrophins (NTs), namely
BDNF (Barde et al., 1982; Leibrock et al., 1989), NT-3 (Ernfors
et al., 1990a; Hohn et al., 1990; Kaisho et al., 1990; Maison-
pierre et al., 1990; Rosenthal et al., 1990), and NT-4/5 (Berke-
meir et al., 1991; Hallbook et al., 1991; Ip et al., 1992) may
influence neuropeptide synthesis in those neurons lacking NGF
receptors. The belief that these NTs are biologically important
for sensory neurons arises from in vitro evidence showing that
they promote survival and neurite outgrowth of subsets of DRG
neurons and nodose sensory neurons (Lindsay et al., 1985; Lei-
brock et al., 1989; Hohn et al., 1990; Maisonpierre et al., 1990;
Hallbook et al., 1991). The recent generation of mice with null
mutations in the genes encoding BDNF or the neurotrophin re-
ceptors support this belief as the mice all displayed sensory def-
icits (Lee et al., 1992; Klein et al., 1993; Ernfors et al., 1994;
Klein et al., 1994; Smeyne et al., 1994). Furthermore, exogenous
BDNF and NT-3 are retrogradely transported to what may be
overlapping as well as distinct subsets of adult DRG neurons
(DiStefano et al., 1992) which corresponds to a similar neuronal
distribution of the mRNA encoding their signal transducing re-
ceptor components (Verge et al., 1993c).

In conclusion, the ability of NGF to regulate peptide expres-
sion differentially in injured, mature sensory neurons supports
the hypothesis that it is responsible for the reversal of injury-
associated cell body responses, perhaps as regenerating axons
once again come in contact with an abundant source of neuro-
trophins in the Wallerian degenerating distal stump (Richardson
and Ebendal, 1982; Heumann et al., 1987; Meyer et al., 1992;
Funakoshi et al., 1993).
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