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Induction of Interleukin-6 in Axotomized Sensory Neurons

P. G. Murphy, J. Grondin, M. Altares, and P. M. Richardson
Division of Neurosurgery, McGill University and Montreal General Hospital, Montreal, Quebec, Canada H3G 1A4

RNA from rat dorsal root ganglia was analyzed in search
of potentially beneficial cytokines that are induced in dor-
sal root ganglia by nerve injury. By reverse transcription,
the PCR, and Southern blotting, interleukin-6 mRNA was
detected during development but not in normal adult dorsal
root ganglia, reappeared within 1 d of sciatic nerve tran-
section, was maximally increased after 2 and 4 d, and de-
creased below the threshold of detection within 1 week. By
RNase protection assay, interleukin-6 mRNA was consis-
tently present in RNA from dorsal root ganglia removed
from rats 4 d following transection but not in control dorsal
root ganglia. Interleukin-6 bioactivity was also present in
dorsal root ganglia following nerve injury. By in situ hy-
bridization, interleukin-6 mRNA was localized within large
and medium-sized axotomized neurons. In summary, some
sensory neurons respond to axotomy with a brisk transient
increase in synthesis of interleukin-6.

Injury to the sciatic nerve also induced mRNAs for inter-
leukin-18 and tumor necrosis factor-a in dorsal root gan-
glia. The inductions of interleukin-1g and tumor necrosis
factor-o mRNAs were later and more sustained than that of
interleukin-6 mRNA. The cellular sources of these two cy-
tokines have not been defined.

[Key words: interleukin-6, axotomy, tumor necrosis fac-
tor, interleukin-1, neuronal gene expression, sensory neu-
rons]

IL-6 is a pleiotrophic cytokine that stimulates the acute phase
response from hepatocytes (Gauldie et al., 1987), the differen-
tiation of B lymphocytes (Lee, 1992; Kopf et al., 1994), the
synthesis of metalloproteinase inhibitors by fibroblasts (Lotz and
Guerne, 1991), bone remodeling by osteoblasts (Poli et al.,
1994), and protein breakdown in muscle (Goodman, 1994).
Based on similarity in tertiary structure and sharing of receptor
subunits, IL-6 has been classified as a member of the cytokine
family which includes CNTF (ciliary neurotrophic factor), LIF
(leukemia inhibitory factor), IL-11, and oncostatin M (Bazan,
1991; Ip et al., 1992; Patterson, 1992; Davis and Yancopoulos,
1993, Stahl et al., 1994). Like other neuropoietic cytokines, IL-6
has putative functions in the nervous system as well as its clas-
sical actions in the immune system and liver. In vitro, IL-6 is
trophic for PC12 pheochromocytoma cells (Satch et al., 1988)
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and some cerebral neurons (Hama et al., 1991; Yamada and
Hataraka, 1994) and in transgenic mice, overexpression of IL-6
in astrocytes causes neurological dysfunction and neuronal and
glial abnormalities (Campbell et al., 1993).

Cells of many types can synthesize IL-6 usually at low basal
level with local induction in inflamed or traumatized tissue. In
the CNS, astrocytes and microglial cells are recognized sources
of IL-6 and expression of the IL-6 gene is increased by injury
(Woodroofe et al., 1991; Van et al., 1992; Kiefer et al., 1993;
Hariri et al., 1994; Shohami et al., 1994). IL-6 mRNA has been
described within hippocampal and cerebellar neurons of the
adult mammalian brain (Schobitz et al., 1993). Also, neurons
have been found to synthesize a several other cytokines, growth
factors, and neurotrophic factors. mRNAs for NGE brain-de-
rived neurotrophic factor (BDNF), acidic fibroblast growth fac-
tor (aFGF), platelet-derived growth factor (PDGF), glial growth
factor (GGF), and IL-1 all have been found in neurons. (Ernfors
et al., 1990; Bandtlow et al., 1991; Elde et al., 1991; Sasahara
et al., 1991; Yeh et al., 1991; Marchionni et al., 1993; Shah et
al., 1994).

The presence of macrophages in dorsal root ganglia is bene-
ficial to the regeneration of dorsal root axons (Lu and Richard-
son, 1991) and macrophages accumulate in appropriate dorsal
root ganglia after nerve injury (Lu and Richardson, 1993). In-
terleukin-6 (IL-6), interleukin-1p (IL-1B), and tumour necrosis
factor-a (TNF-a) are three cytokines that are strongly associated
with macrophages (Johnston, 1988; Northemann et al., 1989).
Accordingly, mRNAs for these three cytokines were analyzed
in lumbar dorsal root ganglia associated with normal and cut
sciatic nerves. Anticipating the presence of cytokine mRNAs in
macrophages, we were surprised to find interleukin-6 mRNA in
axotomized and embryonic sensory neurons.

Materials and Methods

Surgery. Fifty-seven adult female Sprague-Dawley rats weighing ap-
proximately 200 gm were anesthetized with pentobarbital (50 mg/kg,
intraperitoneally). Through a midline incision, the right sciatic nerve
was transected at its origin at the 1.4 and L5 level, while the left side
was uninjured. Ipsilateral and contralateral L4 and L5 (fourth and fifth
lumbar) DRG were removed from rats anesthetized 0, 1, 2, 4, 8, and
16 d after transection. DRG were also removed from embryonic (E15),
neonatal (P1 and P2), and five unoperated adult rats. Following removal,
DRG were either placed immediately in liquid nitrogen for RT-PCR or
frozen at ~60°C in 2-methyl butane for in situ hybridization.
RT-PCR. RNA was isolated from rat adult, embryonic, and neonatal
DRG by a modification of the procedure of Chomczynski and Sacchi
(1987). Following acid-phenol, phenol-chloroform, and chloroform ex-
tractions, plus ethanol precipitation, the RNA was resuspended in water,
digested with 5 U/pug RNA of RNase free DNase (Promega Corp.) at
37°C for 15 min, reextracted with phenol-chloroform, and precipitated.
RNA isolated from rat spleen tissue served as a positive control. The
RNA was then quantified with spectrophotometry and denaturing aga-
rose electrophoresis (Sambrook et al., 1989). Equal amounts (5 pg) of
RNA from ipsilateral and contralateral DRG were reverse transcribed



with random hexanucleotide primers (1 pg, Pharmacia LKB Biotech-
nology AB), 500 uM dNTPs (Pharmacia), 20 U of RNasin (Promega),
200 M dithiothreitol (DTT) (GIBCO-Bethesda Research Labs Life
Technologies Inc.), and 10 U of MMLV (Moloney murine leukemia
virus) reverse transcriptase (GIBCO-BRL) for 2 hr at 37°C. Following
this incubation, the samples were heated for 5 min at 95°C, diluted, and
aliquoted.

The PCR was performed with a thermal cycler (MJ Research Inc.)
and reaction mixture containing cDNA transcribed from 50 ng RNA
(typically), 100 um dNTPs, 1 uM of each primer, 1.5 mm MgCl,, and
2.5 U Taq polymerase (GIBCO-Bethesda Research Labs). Relative
quantities of starting material and efficiency of RT were controlled by
PCR (20 cycles) and Southern blotting with specific primers for rat
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primers
used were TGAAGGTCGGTGTCAACGGATTTGGC, CATGTAGG-
CCATGAGGTCCACCAC, corresponding to nucleotides 35-60 (sense)
and 994-1017 (antisense) and the hybridizing oligonucleotide was
CTGGCATGGCCTTCCGTGTTCCTACCCCCAATGTATCCGT, nu-
cleotides 710-750 (Tso et al., 1985). Approximately equal amounts of
c¢DNA were subjected to PCR (20 cycles: 1 min at 95°C, 1 min at 55°C,
2 min at 72°C) with specific primers within translated sequences of (1)
rat IL-6, TTCCCTACTTCACAAGTC and CTAGGTTTGCCG-
AGTAGA corresponding to nucleotides 134-154 (sense) and 684-—
700 (antisense) (Northemann et al., 1989); (2) rat IL-1B, ATAG-
CAGCTTTCGACAGTGAG, GTCAACTATGTCCCGACCATT corre-
sponding to nucleotides 33-51 (sense) and 759-780, (antisense) (Nish-
ida et al., 1988); and (3) rat TNF-o, AAGTTCCCAAATGGGCTC,
TCACAGAGCAATGACTCCAAAG corresponding to nucleotides
1492-1509 (sense) and 2424-2445 (antisense) of the rat genomic se-
quence (Shirai et al., 1989). Following PCR, the samples were electro-
phoresized through a 1.5% agarose gel and transferred to Nytran-+
membrane (Schleicher and Schuell). The membranes were prehybrid-
ized for 2-6 hr in a solution containing 20 mm sodium phosphate, 6X
SSC, 100 pg/ml salmon sperm DNA, 10% dextran sulfate, 5X Den-
hardt’s solution, and 0.5% SDS at 42°C (Sambrook et al., 1989). Internal
oligonucleotides for IL-6, TCACAGAAGGAGTGGCTAAGGACCAA-
GACCATCCAACTCATCTTGAAA, nucleotides 602-649 (Northe-
mann et al,, 1989); IL-18 TTCTATCTTGTTGAAGACAAACCGTTTT-
TCCATCTTCTTCTTTGGGTA, nucleotides 615-663 (Nishida et al.,
1988); and TNF-a GATCATCTTCTCAAAACTCGAGTGACAAGCC-
CGTAGCCCACGTCGTAG, nucleotides 1695-1742 (Shirai et al.,
1989) were labeled with *?P-dCTP (Amersham Corp.) to a specific ac-
tivity > 10° cpm/wg by random primer extension (Sambrook et al.,
1989), separated from unincorporated nucleotides by gel filtration (Stra-
tagene Cloning Systems), and added to the hybridization buffer at a
concentration of 10 ng/ml. Membranes were washed according to the
manufacturer’s specifications and exposed 24-48 hr for radioautogra-
phy. Specificity of the IL-6 PCR product detected in the DRG was also
confirmed with subcloning into pGEM-7Zf(—) (Promega) and dideoxy
DNA sequencing (Sequenase, Amersham) (Sambrook et al., 1989).

RNase protection. For RNase protection assays (Seniuk et al., 1992),
a 597 bp IL-6 cDNA product was obtained by RT-PCR from rat spleen
RNA, subcloned into the BamH]1 site of the pGEM-7Zf(—) plasmid
vector, and confirmed in identity by dideoxy sequencing (Sambrook et
al., 1989). IL-6 cDNA was linearized with HindIII and 250 ng of plas-
mid DNA were transcribed into an antisense RNA probe with SP6 RNA
polymerase (Stratagene), 100 pCi o*>P-CTP (Amersham) and 400 um
NTPs producing a 612 bp antisense riboprobe. After incubation of the
reaction mixture at 40°C for 2 hr, plasmid DNA was digested with
DNase, extracted with phenol-chloroform, and purified by gel filtration
(Stratagene). To control for RNA integrity and quantity (Jakubowski
and Roberts, 1992), a cyclophilin RNA probe of lower specific activity,
142 base pairs in length, was prepared from rat cyclophilin cDNA (kind-
ly donated by G. Kuchel, Montreal General Hospital). RNA from DRG
(2.5-30 pg) was incubated with 50,000 cpm of both IL-6 and cyclo-
philin antisense riboprobes overnight at 50°C. Following digestion with
RNase A (1.0 pg/ml) and RNase T1 (100 U/ml), the protected frag-
ments were separated by electrophoresis through a 4% urea-polyacryl-
amide gel and visualized by radioautography. DNA markers (GIBCO—
Bethesda Research Labs) were labeled with T4 DNA polymerase (GIB-
CO-Bethesda Research Labs) and **S-dCTP (Sambrook et al., 1989).
The expected protected fragment sizes for the IL-6 and cyclophilin
mRNAs are 597 and 117 bp, respectively.

In situ hybridization. For in situ hybridization, DRG were removed
from anesthetized rats, frozen immediately at —60°C in 2 methyl bu-
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tane, embedded in Tissue-Tek, (Miles Laboratory), and stored at —70°C.
Contralateral and ipsilateral DRG were embedded in the same block.
Frozen sections, 10 wm thick, were mounted on Probe-on slides and
hybridized 16-18 hr at 42°C with a solution containing 500,000 cpm
of »S-labeled IL-6 oligonucleotides, 50% formamide, 4 X SSC, dextran
sulfate (100 mg/ml), sarcosyl (1%) 500 pg/ml salmon sperm DNA,
and 200 mm DTT. Oligonucleotides were GGTGGTATCCTCTGT-
GAAGTCTCCTCTCCGGACTTGTGAAGTAGGGAA, TTTCAAGA-
TGAGTTGGATGGTCTTGGTCCTTAGCCACTCCTTCTGTAG
antisense to nucleotides 137-154 and 602-649 within the translaied
portion of the IL-6 mRNA (Northemann et al., 1989) and labeled by
the terminal transferase reaction (Sambrook et al., 1989). Following
hybridization, the slides were washed four times in 1X SSC at 55°C
for 15 min. The tissues were fixed briefly in 65% and 95% ethanol,
dried, dipped in emulsion (NTB2 Kodak), exposed for 4-6 weeks after
which they were developed, fixed, and then stained with 0.002% tolu-
idine blue.

PCR-enhanced in situ hybridization for the IL-6 mRNA was per-
formed with the primers used for PCR and a thermal cycler equipped
with a slide griddle. Cryostat sections, 10 pm thick, of unfixed tissue
were digested with DNase (1 U/ul final concentration) (Promega) over-
night at 37°C. After rinsing, reverse transcription was performed with
4 mm dNTPs, 1 U/pl RNAsin (Promega), 0.5 U/wl MMLV RT, and 1
M of 3’ primer at 37°C for 1 hr. Following RT, slides were heated at
95°C for 5 min and the PCR reaction was done (30 cycles with 1.25
M of both primers, 10 pm dNTPs, 1.5 mm MgCl,, and 2.5 U of Taq
polymerase). Following PCR, in situ hybridization with the internal IL-6
oligonucleotides was performed as described in the preceding para-
graph.

Neuronal labeling in situ hybridization was quantified with a com-
puterized image analysis system (Verge et al., 1990) for pairs of sections
on the same slide. Only cells with visible nucleolus were quantified.
Labeling index refers to the ratio of grain density over neurons to grain
density of non-neuronal portions of the DRG.

IL-6 bioactivity. IL-6 bioactivity was assayed with the IL-6 dependent
mouse B9 cell line (B lymphocyte hybridoma, Aarden et al., 1987)
kindly provided by Dr. J. Gauldie, McMaster University, Canada. Under
sterile conditions, ipsilateral and contralateral DRG were removed from
rats 3 or 4 d following sciatic nerve transection and frozen at —20°C.
Cells within the DRG were lysed by repeated freeze-thaw cycles. B9
cells, 2500 per microwell in 200 wl RPMI culture medium and 5% fetal
calf serum, were coincubated with either DRG or exogenous murine
1L-6 for 72 hr. DRG were then removed and B9 cells were counted in
representative high-power fields. To confirm specificity of the bioactiv-
ity, additional assays were performed in the presence of rabbit poly-
clonal antibody to IL-6 (kindly supplied by Dr. J. Gauldie) at a final
dilution of 1:250.

Results

RT-PCR

Analysis of IL-6 mRNA by RT-PCR and Southern blotting re-
vealed a PCR product of approximately 600 bp derived from
the RNA isolated from ipsilateral L4 and L5 DRG following
sciatic nerve transection (Fig. 1). In 10 assays under the same
conditions from two RNA preparations of two groups of contra-
lateral DRG and two groups of unoperated rats, no IL-6 PCR
product was detected (Fig. 1). IL-6 mRNA was detectable in the
ipsilateral DRG as early as 1 d following transection, peaked in
concentration at 2 and 4 d, and was undetectable at 8 d or 2
weeks (Fig. 1). Additional experiments indicate that IL-6 mRNA
is also undetectable 1 month following injury.

The failure to detect IL-6 mRNA in normal DRG is not due
to degradation of RNA or failure of reverse transcription because
GAPDH product could consistently be obtained with all four
batches of ¢cDNA. The IL-6 PCR product derived from DRG
after injury is not the result of amplification of genomic DNA
since PCR without reverse transcription did not yield any de-
tectable signal with Southern blotting. Also, the primers utilized
were designed to span exon—intron boundaries, therefore yield-
ing different sized products for cONA and genomic DNA. The
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Southern blots of RT-PCR samples analyzing the mRNA (50 ng) from L4 and L5 DRG associated with cut (¢) or normal (n) sciatic

nerves. Upper panels, Southern blot of RT-PCR products for IL-6 (20 cycles), TNF-a (22 cycles), and IL-1p (22 cycles) demonstrating a distinct
time course of induction for each mRNA. Lower panel, Southern blot for GAPDH RT-PCR product demonstrating approximately equal amounts

of product in all cDNA samples.
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Figure 2. Upper panel, Southern blot for IL-6 RT-PCR product (20
cycles) analyzing RNA (50 ng) from contralateral (n) and ipsilateral L4
and L5 DRG 2 d after nerve injury and from embryonic (e) (E15, 100
ng) and neonatal (P/ and P2, 100 ng) DRG. A band at approximately
600 bp is seen in ipsilateral, embryonic, and neonatal DRG but not in
contralateral DRG. Lower panel, Southern blot for the GAPDH PCR
product (20 cycles) demonstrating more starting cDNA in the devel-
oping DRG than adult DRG. Note that the amount of IL-6 PCR product
in embryonic and neonatal DRG is much less than that in ipsilateral
DRG even with twice as much starting sample.

GAPDH

IL-6 PCR product was also identified by sequencing of approx-
imately 300 nucleotides (Northemann et al., 1989).

IL-6 mRNA was also present in RNA isolated from DRG of
embryonic (E15) and neonatal (P1 and P2) rats. By Southern
blotting, the RT-PCR product from 100 ng of RNA isolated from
embryonic or neonatal DRG was less abundant than the RT-PCR
product from 50 ng RNA from adult DRG after nerve injury
(Fig. 2).

Axotomy also resulted in an induction of the mRNAs for IL-
1f and TNF-a in the ipsilateral DRG, although the time course
of induction for each mRNA was distinct. By RT-PCR (22 cy-
cles from 50 ng RNA) and Southern blotting, mRNA for TNF-a
was consistently detectable in DRG 2-16 d following transection
(Fig. 1). With an increase in cycle number (30 cycles) and in
the amount of starting cDNA (100 ng), TNF-a mRNA could be
detected in DRG 1 d after injury. The PCR product was ap-
proximately 660 bp in length and comigrated with a PCR prod-
uct from spleen (Fig. 1). A 750 bp PCR product for IL-1p
mRNA was first detected 4 d after nerve transection and re-
mained detectable for at least 16 d (Fig. 1). This product also
comigrated with a PCR product from spleen RNA. Occasionally,
IL-13 mRNA was detected in DRG contralateral to the side of
injury but not in DRG of control rats (data not shown). To detect
IL-1@ and TNF-a mRNAs in DRG after nerve injury, higher
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Figure 3. RNase protection assay of RNA from contralateral and ip-
silateral DRG 2 d following transection of the right sciatic nerve hy-
bridized simultaneously with a 612 bp IL-6 and a 142 bp cyclophilin
riboprobe and demonstrating a protected fragment for IL-6 of approx-
imately the expected size (597 bp) in the RNA from right (Cur) L4 and
L5 DRG but no detectable protection in RNA from left (Normal ) DRG.
In addition, this protected fragment comigrates with a fragment from
spleen tissue. Results of probing for cyclophilin mRNA (Cp) indicate
a protected band of approximately the expected size (117 bp) and dem-
onstrates that approximately equal amounts of RNA are present in the
contralateral and ipsilateral samples.

cycle numbers (22) were required than for IL-6 mRNA (20 cy-
cles).

RNase protection assays

Induction of IL-6 mRNA in DRG after nerve injury was con-
firmed by RNase protection assays. A protected fragment of ap-
proximately 597 bp was detected with 20 and 10 pg of RNA
isolated from the ipsilateral DRG but was not detected with the
same amount of RNA isolated from the contralateral DRG (Fig.
3). The protected fragment comigrated with a fragment from
spleen (Fig. 3). Sample differences are not due to degradation
of RNA or unequal amounts of RNA since the protected frag-
ments for cyclophilin mRNA (117 bp) in both samples are ap-
proximately equal in intensity (Fig. 3). In other experiments, an
IL-6 protected fragment was detectable with as little as 2.5 pg
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of RNA from ipsilateral DRG but was undetectable from 30 pg
of RNA from the contralateral DRG: therefore, the increase was
at least 12-fold (data not shown). The absence of protected frag-
ment in RNA from normal adult rat DRG and presence after
nerve injury were consistent observations in three RNase pro-
tection assays with two separate RNA isolations from two sep-
arate group of rats.

In situ hybridization

By conventional in situ hybridization with oligonucleotide
probes, IL-6 mRNA was detected in ipsilateral but not contra-
lateral L5 DRG (Fig. 44,B) 4 d after injury to the sciatic nerve.
The hybridization signal was most prominent within a subpop-
ulation (approximately one-half) of medium and large sized neu-
rons (Fig. 4). Similar results and specificity were obtained by in
situ hybridization with an antisense IL-6 RNA probe; no specific
hybridization was detected with the sense probe (Fig. 4C,D).

The detection of IL-6 mRNA was facilitated by PCR-en-
hancement of in situ hybridization (Fig. 4E,F). In control sec-
tions of DRG that were treated with RNase A before conven-
tional or PCR-enhanced in situ hybridization, no hybridization
signal was detected. Also, PCR-enhanced hybridization of sec-
tions treated with DNase but not reverse transcribed yielded no
detectable hybridization signal. In scatter diagrams where label-
ing index was plotted as a measure of cell volume for 147 in-
dividual neurons in one DRG, a strong correlation between grain
density for IL-6 mRNA and neuronal size was evident (Fig. 5).
Thus, axotomy increases IL-6 mRNA predominately in medium-
sized and large neurons (volume > 200,000 pm?).

By in situ hybridization, it was neither demonstrated nor ex-
cluded that IL-6 mRNA is also present in non-neuronal cells.

Bioactivity

IL-6 bioactivity was assayed by coculture of freeze-thawed DRG
with the IL-6 dependent B9 cell line (Fig. 6). Incubation with
ipsilateral DRG removed 4 d after nerve transection resulted in
increased survival and/or proliferation of B9 cells comparable
to that in the presence of 20 pm IL-6 (10-27 pM, three assays).
This bioactivity was completely inhibited by antiserum against
rat IL-6 at a final dilution of 1:250. By this assay, contralateral
DRG contained little or no IL-6. From these data, we estimate
that approximately 4 fmol of IL-6 bioactivity are present in DRG
after nerve injury.

Discussion

IL-6 mRNA is induced in axotomized sensory neurons

Transection of the sciatic nerve causes a rapid, substantial, and
transient increase in the concentration of IL-6 mRNA in neurons
of the corresponding lumbar DRG. Between | and 4 d after
sciatic nerve transection, IL-6 mRNA was consistently detected
in ipsilateral L4 and L5 DRG by multiple RT-PCR and RNase
protection assays. With the same assays, IL-6 mRNA was con-
sistently not detected in contralateral DRG or DRG from normal
rats. The identity of the PCR product with IL-6 mRNA was
confirmed by DNA sequencing. After nerve injury, IL-6 mRNA
was localized within a subpopulation of medium-sized to large
neurons by three different techniques of in situ hybridization: no
IL-6 mRNA was detected in neurons associated with uninjured
sciatic nerves. The observations are consistent with previous ev-
idence that IL-6 mRNA is induced within the facial motor nu-
cleus after nerve injury although cellular localization was not
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Figure 4. A and B, Conventional in situ hybridization with **S-labeled IL-6 oligonucleotides of sections from ipsilateral (4) and contralateral (B)
L5 DRG demonstrating labeling in two of four neurons from ipsilateral DRG but none from contralateral DRG. C and D, In situ hybridization of
ipsilateral DRG with *S-labeled riboprobes of antisense (C) and sense (D) orientation demonstrating one heavily labeled neuron. E, PCR-enhanced
in situ hybridization of ipsilateral DRG demonstrating strong labeling in a large neuron but background labeling only in an adjacent small neuron.
F, Labeling is not above background in the contralateral DRG. Magnification: A and E, 850x; B, 1100x; C, 800x; D, 900X; F, 700x.
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provided in the latter report (Kiefer et al., 1993). The induction
of IL-6 mRNA in injured neurons, representing either increased
transcription or increased stability of mRNA, is associated with
an increase of IL-6 bioactivity in the DRG.

The appearance of two other cytokines has been described in
sensory neurons after axonal injury. TGEF-$ (transforming
growth factor) bioreactivity is released by sensory neurons in
culture (Rogsiter et al., 1993). A molecule larger than interfer-
on-y but with similar immunoreactivity and biological properties
also appears in sensory neurons after nerve injury (Olsson et
al., 1994).

The virtual absence of IL-6 mRNA in DRG at 8 and 16 d
after nerve injury indicates that the many macrophages in the
ganglion (Lu and Richardson, 1993) are not then synthesizing
IL-6. However, it remains possible that macrophages or other
non-neuronal cells release IL-6 in the first few days after injury.
Because of technical difficulties in detecting small amounts of
mRNA in small cells, the negative results with in sizu hybrid-
ization do not exclude an additional source of IL-6 mRNA in
addition to neurons.

Aetiology of IL-6 induction

The early induction of IL-6 within 1 d of axotomy could reflect
a direct intraneuronal mechanism of induction initiated by in-
terruption of retrograde axonal transport or an indirect mecha-
nism involving perineuronal cells in the DRG. In other neurons,
expression of neurotrophin genes is strongly influenced by in-
creased electrical activity and glutamate receptors (Gall and Is-
ackson, 1989; Zafra et al., 1991) but these stimuli are unlikely
to be of major importance in axotomized sensory neurons. The
brevity of interleukin-6 induction in comparison with more pro-
longed inductions of GAP-43 (Woolf et al., 1990), c-jun (Jenkins
and Hunt, 1991), and some peptides (Verge et al., 1995) is fur-
ther evidence that signals to axotomized neurons are multiple
(Moix et al., 1991).

In monocytes and monocyte-derived cell lines, transcription
of the IL-6 gene is activated by synergistic actions of two tran-
scription factors NF-kB and ¢/EBP (also known as NF-IL-6,
IL-6DBP, or LAP) acting on consensus response elements in the
5’ flanking sequence of the IL-6 gene (Libermann and Balti-
more, 1990; Matsusaka et al., 1993; Stein et al., 1993). The
translocation of NF-kB from cytoplasm to nucleus is regulated
by the dissociation of NF-kB from a family of IkB proteins
(Baeuerle and Baltimore, 1988; Ghosh and Baltimore, 1990; Da-
vis et al., 1991; Inoue et al., 1992; Link et al., 1992). NF-«B is
constitutively expressed in neurons (Kaltschmidt et al., 1994)
where it presumably contributes to the regulation of IL-6 syn-
thesis.

The restriction of IL-6 mRNA to a subpopulation of sensory
neurons suggests some cell-specific gene regulation similar to
that which restricts the distribution of neurofilament and neu-
rotrophin receptors among sensory neurons (Verge et al., 1990;
Mu et al., 1993). The subpopulation of medium and large sen-
sory neurons containing IL-6 mRNA has not been characterized
yet but could include neurons containing calbindin, trkB, trkC,
or neuropeptide Y (Mu et al., 1993; Ernfors et al., 1994a,b;
Verge et al., 1995).

Possible functions of neuronal IL-6

IL-6 synthesized by neurons could conceivably act on neurons
and/or non-neuronal cells. The possibility that neuronal IL-6 has
autocrine actions is suggested by the autocrine actions of IL-6

in other cell types (Kawano et al., 1988; Tosato et al., 1990;
Rieckmann et al., 1991) and the autocrine actions of BDNF on
cortical neurons (Ghosh et al., 1994). Possible autocrine actions
of IL-6 in injured sensory neurons might include changes in the
synthesis of peptides, growth-associated molecules, or apopto-
sis-related molecules. IL-6 from neurons might possibly influ-
ence the synthesis of trophic molecules or glial fibrillary acidic
protein (Woodham et al., 1989) by satellite glial cells just as
IL-1 and TNF-« stimulate the synthesis of NGF and LIF by non-
neuronal cells in the CNS and PNS (Lindholm et al., 1987;
Yoshida and Gage, 1992; Shadiack et al., 1994). IL-6 synthe-
sized in sensory neurons presumably is transported in both cen-
tral and peripheral axons and therefore in position to act on
Schwann cells in the nerve and astrocytes or neurons in the
spinal cord. The chronologies of IL-6 induction and macrophage
hyperplasia are consistent with the hypothesis that IL-6 influ-
ences monocyte reactions in the DRG or spinal cord (Eriksson
et al., 1993).

In DRG, as in other tissues, higher concentrations of IL-6
mRNA have been detected during development than in mature
animals. IL-6 is likely to have similar functions in developing
or injured neurons perhaps related to growth of their axons.

IL-1B and TNF-«

In comparison with IL-6, TNF-« and IL-1$3 mRNAs are induced
with slower onset and longer duration, probably by different
mechanisms. In DRG, the interval between nerve injury and
appearance of IL-1 mRNA is also longer than in sympathetic
ganglia (Bai et al., 1994). The time course of appearance of IL-
1B and TNF-a mRNAs is consistent with the hypothesis that
they are synthesized in macrophages accumulating in the DRG
after nerve injury. However, the possibility that TNF-a and IL-
13 mRNAs arise from neurons or satellite glial cells has not
been excluded.
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