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The Cytokine Interleukin-6 Is Sufficient But Not Necessary
to Mimic the Peripheral Conditioning Lesion Effect on
Axonal Growth
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Lesioning the peripheral branch of a dorsal root ganglion (DRG) neuron before injury of the central branch of the same neuron enables
spontaneous regeneration of these spinal axons. This effect is cAMP and transcription dependent. Here, we show that the cytokine
interleukin-6 (IL-6) is upregulated in DRG neurons after either a conditioning lesion or treatment with dibutyryl-cAMP. In culture, IL-6
allows neurons to grow in the presence of inhibitors of regeneration present in myelin. Importantly, intrathecal delivery of IL-6 to DRG
neurons blocks inhibition by myelin both in vitro and in vivo, effectively mimicking the conditioning lesion. Blocking IL-6 signaling has
no effect on the ability of cAMP to overcome myelin inhibitors. Consistent with this, IL-6-deficient mice respond to a conditioning lesion
as effectively as wild-type mice. We conclude that IL-6 can mimic both the cAMP effect and the conditioning lesion effect but is not an
essential component of either response.
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Introduction
After injury to the adult mammalian CNS, the ensuing failure of
axonal regeneration can be attributed to myelin-associated in-
hibitors of regeneration, the glial scar, and the neuronal intrinsic
growth status. Recent attempts to encourage regeneration by
adult neurons have centered around elimination of the inhibitory
signals via either blocking common receptors (Bradbury et al.,
2002; Wang et al., 2002a,b; Domeniconi et al., 2002; Wong et al.,
2002) or deletion of the inhibitory molecules themselves (Simo-
nen et al., 2003; Zheng et al., 2003). We and others have begun to
elucidate the signaling mechanisms that alter the intrinsic growth
state of the neuron such that axons will regenerate in the presence
of CNS inhibitors (Filbin, 2003).

Recently, cAMP levels were shown to have an integral role in
determining the extent of axonal regeneration in vitro and in vivo.
Elevation of neuronal cAMP with neurotrophins or with an an-
alog [dibutyryl-cAMP (db-cAMP)] was shown to overcome in-

hibition of regeneration by myelin in vitro in a transcription-
dependant manner (Cai et al., 1999; Gao et al., 2004). In addition,
evidence suggests that increased endogenous cAMP levels are
responsible for the observed spontaneous regeneration of neona-
tal CNS axons after injury (Cai et al., 2001). Also, in a known
situation in which spontaneous regeneration of adult spinal ax-
ons does occur, namely that of dorsal column axons subsequent
to lesioning of the peripheral branch of the same neurons (Rich-
ardson and Issa, 1984; Neumann and Woolf, 1999), application
of exogenous cAMP to dorsal root ganglia (DRGs) effectively
mimicked the conditioning lesion both in vitro and in vivo (Neu-
mann et al., 2002; Qiu et al., 2002).

Therefore, the question has become what genes are regulated
by this increase in neuronal cAMP? Recently, we have shown that
de novo synthesis of the enzyme arginase I (Arg I), a key enzyme in
polyamine synthesis, is initiated by elevated cAMP, in a cAMP
response element-binding protein (CREB)-dependent manner,
and that increased polyamine synthesis improves axonal regen-
eration on an inhibitory substrate (Cai et al., 2002; Gao et al.,
2004). Here, we report the identification of another gene that is
regulated by both elevating cAMP and by a peripheral condition-
ing lesion: the cytokine interleukin-6 (IL-6).

In the CNS, IL-6 is found in neurons, glial cells, and macro-
phages (Schobitz et al., 1992; Gadient and Otten, 1995), and,
although expression levels are low under normal conditions, in-
creases occur after brain injury, inflammation, and neuronal dis-
ease (Strauss et al., 1992; Tarkowski et al., 1995). Proposed roles
for IL-6 include glia proliferation, neuronal survival and differ-
entiation, and pro-inflammatory activities (Hama et al., 1991;
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Hirota et al., 1996; Klein et al., 1997; Marz et al., 1997; Loddick et
al., 1998). Now we show that this pleiotrophic cytokine can also
promote axonal regeneration in an inhibitory environment, both
in vitro and in vivo. In addition, IL-6 is sufficient, but not neces-
sary, to mimic cAMP and the conditioning lesion effects on re-
generation. We also show that this effect is dependent on inter-
action with a known signaling pathway.

Materials and Methods
RNA preparation. DRG neurons from postnatal day 5 (P5) rat pups were
isolated, and 3 � 10 4 neurons were incubated for 18 h at 37°C in the
presence or absence of 1.5 mM db-cAMP. The cells were then collected
and resuspended in TRIZOL solution (Invitrogen, San Diego, CA). The
samples were extracted with chloroform, and the aqueous phase was
adjusted to 35% ethanol and loaded onto an RNeasy (Qiagen, Chats-
worth, CA) column. RNA was then purified following the manufactur-
er’s protocol. Levels of IL-6 mRNA were normalized to those of
glyceraldehyde-3-phosphate dehydrogenase.

RNA was also prepared from DRGs after a peripheral lesion as follows.
P21–P23 rats were anesthetized by isoflurane inhalation, and a unilateral
sciatic nerve transection was performed at mid-thigh. Animals were
killed at 18 h after lesion, and lumbar 4 –5 DRGs were isolated and
immediately frozen on dry ice. The ganglia were then homogenized in
TRIZOL solution, and RNA was extracted using the RNeasy RNA isola-
tion kit (Qiagen) as per the manufacturer’s instructions.

Microarrays. The design, construction, and hybridization of microar-
rays has been described previously (Pan et al., 2002; Carmel et al., 2004).
Briefly, 65–70 nucleotide oligonucleotide probes were obtained from
Sigma-Genosys (Woodlands, TX) or custom synthesized. Our arrays also
include “alien” oligo controls (Stratagene, La Jolla, CA), for which we
have matching synthetic mRNA “spikes” to provide internal standard-
ization (Dudley et al., 2002). Microarrays were printed on poly-L-lysine-
coated glass slides using an OmniGrid microarrayer (GeneMachines, San
Carlos, CA) and quill-type printing pins (Telechem, Sunnyvale, CA).
RNA was prepared as described above. Hybridization probes are pre-
pared using the Genisphere (Montvale, NJ) 3DNA dendrimer system.
Automated hybridizations were performed using a Ventana Discovery
System (Ventana Medical Systems, Tuscon, AZ). After removal from the
instrument, arrays were washed, spin-dried in a centrifuge, and scanned
on a GenePix 4000B (Molecular Devices, Union City, CA). Data were
exported to GeneSpring (Agilent, Palo Alto, CA) for analysis.

Quantitative real-time PCR. Microarray results were confirmed by
comparison with mRNA levels obtained by quantitative reverse
transcription-PCR (Q-RT-PCR) using selected gene-specific primer
pairs. RNA was reverse transcribed with SuperScript II and random
primers as suggested by the manufacturer. The PCRs were performed
using 10 ng of cDNA, 50 nM of each primer, and SYBR Green master mix
(Applied Biosystems, Piscataway, NJ) in 10 �l reactions. Levels of Q-RT-
PCR product were measured using SYBR Green fluorescence (Ririe et al.,
1997; Wittwer et al., 1997) collected during real-time PCR on an Applied
Biosystems 7900HT system. A control cDNA dilution series was created
for each gene to establish a standard curve. Each reaction was subjected to
melting-point analysis to confirm single amplified products.

Western blot analysis and immunoassay for IL-6. DRG and hippocam-
pal neurons were isolated from P5 and P1 rat pups, respectively, as de-
scribed previously (Mukhopadhyay et al., 1994; De Bellard et al., 1996). A
total of 1 � 10 6 cells were plated onto each of the poly-L-lysine-coated
wells in 24-well tissue culture plates and incubated for 24 h at 37°C. The
supernatant was collected, and IL-6 levels were measured immediately
either via a competitive immunoassay kit (R & D Systems, Minneapolis,
MN) according to the manufacturer’s instructions or via Western blot
analysis as follows. Twenty milligrams of total protein were loaded and
separated by 10% SDS-PAGE. After electrophoresis, the separated pro-
tein was transferred onto polyvinylidene difluoride membrane (Milli-
pore, Bedford, MA) and probed with an antibody to IL-6 (Santa Cruz
Biotechnology, Santa Cruz, CA) overnight at 4°C. Blots were then further
incubated with an anti-animal IgG–HRP antibody (1:5000) for 1 h, and
detection was performed using the ECL (Amersham Biosciences) chemi-

luminescence system. Each condition was repeated in quadruplicate for
at least three separate experiments.

Electrophoretic mobility shift assays. Synthetic oligonucleotides con-
taining the CRE binding site (5�-TAAATGACGTCACAT-3�) derived
from the IL-6 promoter as well as an oligomer representing the consensus
CRE sequence (5�-GCCTGACGTCGTCAGAG-3�) were annealed and 5�
end-labeled with 32P (PerkinElmer, Wellesley, MA) using T4 polynucle-
otide kinase (Promega, Madison, WI). Binding reactions contained
50,000 –100,000 cpm of labeled probe, various amounts of phosphory-
lated recombinant CREB (Active Motif, Carlsbad, CA) [phosphorylated
by protein kinase A (PKA) using an in vitro kinase assay (Upstate, Char-
lottesville, VA)] in binding buffer (20 mM HEPES, pH 7.9, 25 mM KCl, 0.1
mM EDTA, 5% glycerol, 2 mM MgCl2, 0.5 mM DTT, 0.025% NP-40, and
0.1 mg/ml BSA) in a total volume of 20 �l, and a 20-fold mass increase
poly(dI�dC) over probe. For competition assays, 25-, 50-, and 100-fold
excess of unlabeled, annealed oligomer as well as unlabeled, mutated
CRE sequence (5�-ATATAAGGCCTCATA-3�) from IL-6 promoter were
included with corresponding labeled probe. Mixtures were then incu-
bated for 30 min at room temperature, loaded onto a 6% native poly-
acrylamide gel, and electrophoresed in 0.5� Tris-borate EDTA buffer at
100 V for 2 h. Gels were then dried and exposed to x-ray film.

Intrathecal delivery of IL-6 in rats before neurite outgrowth assay. P21–
P23 rats (Long–Evans, female) were anesthetized by inhalation of isoflu-
rane. Before implantation, Alzet (Cupertino, CA) 1002 osmotic mini-
pumps were filled with either 0 –20 ng/ml recombinant IL-6 (R & D
Systems) or saline, attached to a cannula, and incubated at 37°C for at
least 4 h before implantation. During implantation, the lumbar spinal
cord was exposed by laminectomy between L5 and L6. A prefilled can-
nula was inserted under the dura membrane along the dorsal surface of
the cord until the tip rested between L4 and L5. Either IL-6 or saline was
delivered at a flow rate of 0.25 �l/h. Twenty-four hours after initiation of
treatment, the animals were killed, and L4 and L5 DRGs were isolated
and dissociated.

Neurite outgrowth assay. The neurite outgrowth assay on MAG-
expressing Chinese hamster ovary (CHO) cells or myelin was performed
as described previously (Mukhopadhyay et al., 1994; Cai et al., 1999).
Briefly, 5 � 10 4 isolated P1 hippocampal neurons, P5 DRG neurons, or
P21–P23 rats after intrathecal delivery of IL-6 were plated onto confluent
monolayers of control and MAG-expressing CHO cells or purified mye-
lin (2 �g/well) in eight-chamber tissue culture slides (Lab-tek,
Christchurch, New Zealand). Where indicated, KT5720 (200 nM; Calbio-
chem, La Jolla, CA), 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole
(DRB) (5 �M; Sigma, St. Louis, MO), db-cAMP (1 mM; Calbiochem), or
recombinant IL-6 (10 – 400 ng/ml; R & D Systems) were added to the
cultures. The cocultures were incubated for 18 h at 37°C, fixed for 30 min
with 4% paraformaldehyde, permeabilized with ice-cold methanol, and
immunostained with a rabbit polyclonal antibody against GAP43 (1:
4000; from R. Curtis and G. Wilkins, Imperial College, London, UK).
The slides were coverslipped in Permafluor mounting medium (Immu-
non) and viewed under a fluorescence microscope. The length of the
longest neurite for each GAP43-positive neuron for the first 180 –200
neurons encountered when scanning the slide in a systematic manner
was determined using the Simple PCI image analysis program.

Dorsal column lesion. Eight-week-old female Long–Evans rats (n � 17)
were anesthetized by isoflurane inhalation, and a bilateral dorsal column
lesion (DCL) was performed at the T6 –T7 level, as described previously
(Qui et al., 2002). Intrathecal delivery of IL-6 (n � 7) or vehicle solution
(n � 5) was via a prefilled catheter, attached to an Alzet 1002 minipump,
inserted through the atlanta-occipital membrane so that the tip was im-
mediately rostral to the DCL. Intrathecal treatment persisted for 2 weeks,
after which the pump was removed and checked for residual volume (the
catheter was left in place to prevent further damage to the spinal cord),
and the animals were left for an additional 4 weeks before retrograde
tracing of the dorsal column axons with HRP applied via the left sciatic
nerve. All animals were overdosed with a ketamine/xylazine mixture and
perfused transcardially with a solution of 2% paraformaldehyde and
1.5% glutaraldehyde in phosphate buffer 5 d after the tracer injection.
Five control animals also received a conditioning lesion of the left sciatic
nerve 7 d before DCL and were allowed 6 weeks to recover, before being
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traced as described above. Fixed tissue was then frozen in OCT embed-
ding medium (Electron Microscopy Sciences, Hatfield, PA), and 30 �m
sections were cut on a cryostat (Leica, Nussloch, Germany). Sections
were stained for HRP (using tetramethylbenzadine) and visualized by
dark-field light microscopy. Axonal regeneration was measured as the
maximum fiber extension relative to the epicenter of the lesion site.

Conditioning lesion in IL-6-deficient mice. Eight-week-old male mice,
wild type (n � 15) and IL-6�/� (n � 21) (The Jackson Laboratory),
were used for this study. Both wild-type and IL�/� mice were genotyped
by genomic PCR analysis, using standard techniques. For conditioning
lesion, mice were anesthetized, and the right sciatic nerve was exposed at
the mid-thigh level and transected unilaterally. After 7 d, animals were
re-anesthetized and L4 and L5 DRGs were isolated and used for in vitro
neurite outgrowth assays, or animals were subjected to DCL for in vivo
regeneration studies. Briefly, laminectomies were performed at the mid-
thoracic vertebra to expose the spinal cord. The dorsal cord midline was
identified and incised to a depth of 1 mm. In some animals, DCL alone
was performed and used as controls. After 6 weeks, the regenerating
dorsal column fibers were labeled using a transganglionic retrograde
tracer, biotinylated cholera toxin � subunit (CTb) (List Biologic, Camp-
bell, CA). Animals were re-anesthetized, the sciatic nerve was re-exposed,
and 1 �l of CTb was injected into the right sciatic nerve at a site rostral to
the peripheral lesion using a 32 gauge Hamilton needle.

Three days after CTb injection, animals were perfused as described
above using 4% cold paraformaldehyde, thoracic spinal cords were dis-
sected out, and sagittal sections at 30 �m were cut through the lesion site.
The sections (floating) were immunolabeled using goat anti-CTb (1:
10,000; List Biologic) and Vectastain Elite ABC reagents (Vector Labora-
tories, Burlingame, CA). The sections were developed using hydrogen
peroxide (0.003%) and diaminobenzidine (0.02%). Axonal regeneration
was assessed by quantifying the CTb-immunolabeled fibers into and
beyond the lesion site using MetaMorph image analysis software (Uni-
versal Imaging, Downington, PA). Digital images of a series of three
sagittal sections showing maximum axonal growth per animal were cho-
sen. Blocks of 100 � 100 �m 2 areas were drawn at distances 0 – 0.6,
0.6 –1.2, 2.4 –3.6, and 3.6 – 4.8 mm rostral and 0 – 0.6 mm caudal to the
lesion along the dorsal column. We then set the optical density threshold
in each image and quantified the pixel area within each block. Data are
presented as mean � SEM axonal area (�m 2).

Results
IL-6 is upregulated after either a peripheral conditional lesion
or treatment of neurons with db-cAMP
Previously, we and others showed that the ability of db-cAMP
and of a peripheral conditioning lesion to block inhibition by
MAG and myelin were each transcription dependent (Smith and
Skene, 1997; Cai et al., 2002). Furthermore, we also showed that
Arg I was upregulated and was required to overcome inhibition
in response to either treatment. To identify other genes that may
be involved in the ability of neurons to grow on MAG and myelin,
we performed a microarray analysis with mRNA from DRG neu-
rons 18 h after treatment with db-cAMP (1 mM) or 18 h after a
conditioning peripheral lesion. The microarray was custom
made and consisted of 65–70-mer oligonucleotide sequences
found in known genes. A comparison of genes that changed more
than twofold in response to db-cAMP with a one-sided Student’s
t test p value of �0.05 revealed that 11 increased and 4 decreased.
Of the 11 genes that increased, the increase in mRNA for IL-6 was
the greatest (14.3 � 0.7-fold). Other mRNAs that increased in-
cluded neuropeptide Y, CREM (cAMP response element modu-
lator), VGF (nerve growth factor-inducible growth factor), and
Arg I. The observation that Arg I also increased under both of
these conditions is a good positive control, indicating that the
microarray analysis is a true representation of genes that have
increased under these conditions. However, to confirm that the
increases we observe are real, we performed Q-RT-PCR on

mRNA from DRG neurons treated with db-cAMP or after a con-
ditioning lesion. Figure 1A shows that by RT-PCR, similar in-
creases in IL-6 mRNA are observed to those seen using microar-
rary analysis after db-cAMP treatment and are also substantially
increased after a conditioning lesion.

Previously, we reported that the cAMP effect on regeneration
is dependent on activation of the transcription factor CREB (Gao
et al., 2004). Now we show that an IL-6 CRE sequence in the
promoter region of the gene binds to phosphorylated CREB
(pCREB). Figure 1B shows that when radiolabeled IL-6 CRE is
incubated with pCREB, a complex forms that migrates more
slowly through the gel compared with unbound probe. The bind-
ing of pCREB to IL-6 CRE is concentration dependent because as
the amount of pCREB increases, so does the amount of complex
formed. In addition, the binding of radiolabeled IL-6 CRE is
specific, because competition with unlabeled IL-6 CRE dimin-
ishes the amount of complex, whereas a mutant IL-6 CRE has no
effect (Fig. 1C). As a positive control, we show binding of pCREB
to an oligomer containing a consensus CRE sequence. These ob-
servations are consistent with our working model that cAMP
overcomes inhibition in a CREB-dependent manner.

To ensure that, as well as the mRNA, IL-6 protein secretion is

Figure 1. IL-6 increases in response to either elevated cAMP or a conditioning lesion. A,
Dissociated DRG cells were either treated in culture for 18 h with 1 mM db-cAMP or removed
from the animal 18 h after a peripheral lesion (CondLesion), and mRNA was isolated and sub-
jected to either microarray analysis or Q-RT-PCR for IL-6. The control was mRNA from untreated,
unlesioned animals. Each experiment was performed at least three times. B, Radiolabeled
consensus CRE (lanes 1– 4) and IL-6 CRE (lanes 5– 8) probes were incubated with 25 ng (lanes 2
and 6), 50 ng (lanes 3 and 7), and 100 ng (lanes 4 and 8) of PKA-phosphorylated recombinant
CREB. C, Unlabeled, annealed oligomers representing the CRE consensus (CRE wt) and IL-6 CRE
(IL-6 wt) sequences were added in 50-fold (lanes 3 and 8), 100-fold (lanes 4 and 9), and
200-fold (lanes 5 and 10) excess over labeled CRE consensus or IL-6 CRE probes to compete for
binding of 50 ng of PKA-phosphorylated recombinant CREB (lanes 2–5 and 7–12). A mutated
IL-6 CRE sequence (IL-6 mt) was also used to compete for binding of protein at 50-fold (lane 11)
and 100-fold (lane 12) excess over labeled probe. D, DRG cells were cultured with 1 mM db-cAMP
for the times indicated, after which the cells were lysed and subjected to immunoblotting for
IL-6. Recombinant IL-6 (rIL-6) was used as a positive control. E, Hippocampal neurons (HN) or
DRG neurons were cultured with (p) or without (f) 1 mM db-cAMP for 24 h, after which time
the supernatants were collected and subjected to an ELISA for IL-6. Results are expressed as the
picomole of IL-6 secreted from 10 6 cells in that time. Error bars indicate SE of at least three
experiments.
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also increased, dissociated DRG cells were treated for various
times with db-cAMP. The supernatant from the cultures was
collected and assessed for the presence of IL-6 either by Western
blotting or by ELISA. As can be seen from the Western blot im-
munostained for IL-6, secretion of the protein increases with
time and is highest at the latest time point, 44 h (Fig. 1D). This
suggests that the neurons are continually expressing IL-6 in the
time examined and that it is accumulating in the media. Recom-
binant IL-6 was used as a positive control. Similar results were
obtained using an ELISA for IL-6 in that the concentration of IL-6
increased in the media of both DRG and hippocampal neurons
after db-cAMP treatment. The increase, however, was greater for
DRG neurons (Fig. 1E). Together, these results show that expres-
sion of IL-6 is increased under two conditions, elevation of cAMP
and after a conditioning lesion, each of which allow neurons to
extend neurites on MAG and myelin.

IL-6 overcomes inhibition of neurite outgrowth by MAG and
CNS myelin
To determine whether IL-6 could indeed overcome inhibition by
MAG and myelin, as we had shown was the case for db-cAMP,
DRG or hippocampal neurons were cultured, in the presence of
various concentrations of IL-6, on MAG-expressing CHO cells or
purified CNS myelin as a substrate. As can be seen in Figure 2,
IL-6 overcomes inhibition by MAG and myelin in a dose-
dependent manner. Inhibition by MAG is completely blocked by
IL-6 at a concentration of 200 ng/ml (Fig. 2A,B), and the neurite
length on myelin with IL-6 is the same as from neurons grown on
poly-L-lysine (Fig. 2C,D). Even at the highest concentrations
used, IL-6 did not have any obvious effects on toxicity or cell
death. Although these are mixed cultures, the effect of IL-6 is
likely to be a direct effect on the neurons rather than an indirect

effect via glia. This is indicated by the observation that cerebellar
neurons, which express only very low levels of the IL-6 receptor
(IL-6R), do not respond to IL-6 in our neurite outgrowth assay
(data not shown).

The ability of IL-6 to overcome inhibition by MAG and
myelin is transcription dependent, cAMP independent, and
via the IL-6R/gp130 receptor complex
To begin to understand what mechanisms are involved in the
ability of IL-6 to overcome inhibition, we first asked whether
there was further activation of the cAMP/PKA pathway. To do
this, an inhibitor of PKA, KT5720, was included in the cultures
along with IL-6. KT5720, at a concentration that blocks the db-
cAMP effect, had no effect on the ability of IL-6 to overcome
inhibition of neurite outgrowth by MAG for both DRG and hip-
pocampal neurons (Fig. 3A,B, respectively). It is possible that
IL-6 induces another round of transcription to bring about its
effects. To determine whether this is the case, the transcription
inhibitor DRB was included in the cultures. Figure 3, A and B,
shows that for both DRG and hippocampal neurons, the ability of
IL-6 to overcome inhibition by MAG is blocked by DRB and
therefore is transcription dependent. DRB had no effect on the
ability of neurons to extend neurites when grown on control cells,
not expression MAG (data not shown). This shows that the DRB
effect on the IL-6 ability to block inhibition is not a consequence
of a general block of growth.

IL-6 has been shown to affect many cellular processes such as
transcription and differentiation by a signaling cascade that is
initiated by binding to its receptor, the IL-6R, and its coreceptor,

Figure 2. Exogenous IL-6 overcomes inhibition by MAG and myelin in a dose-dependent
manner. Isolated P5 rat pup DRG neurons (A, C) or hippocampal neurons (HN; B, D) were
dissociated and cultured on MAG-expressing CHO cells (p; A, B), on control CHO cells (f; A, B),
or on a substrate of myelin (p; C, D) or poly-L-lysine (f; C, D) in the presence or absence of
various concentrations of IL-6 overnight before being fixed and stained for �-III tubulin. Results
represent the average length of the longest neurite from 180 to 200 neurons � SEM from at
least three experiments.

Figure 3. IL-6 overcomes inhibition in a transcription-dependent, cAMP-independent man-
ner via the IL-6R/gp130 receptor complex. DRG neurons (A, C) or hippocampal neurons (HN; B,
D) were plated onto either MAG-expressing (p) or control CHO cells (f) in the presence or
absence of IL-6 (20 ng/ml), a PKA inhibitor (KT5720, 200 nM), an inhibitor of transcription (DRB,
5 �M), a JAK inhibitor (AG490, 0.2 or 2 �M), a soluble form of gp130 (gp130-Fc; 2, 10, or 50
�g/ml), or an antibody to gp130 (anti-gp130, 10 or 50 �g/ml) as indicated and cultured
overnight before being fixed and immunostained for �-III tubulin. Results represent the aver-
age length of the longest neurite from 180 to 200 neurons � SEM from at least three
experiments.
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gp130, which in turn activates the Janus-activated kinase (JAK)
family of tyrosine kinases (Heinrich et al., 1998). To first deter-
mine whether this same receptor complex and signaling pathway
is responsible for IL-6 overcoming inhibition of neurite out-
growth by MAG/myelin, we used the following: (1) an antibody
to block IL-6 binding to gp-130; (2) a soluble, chimeric form of
gp130 consisting of the extracellular domain of gp130 fused to Fc,
which functions as a dominant negative to compete with gp-130
for ligand binding; or (3) an inhibitor of JAK, AG490. Figure 3
shows that in a dose-dependent manner, the addition of any one
of these compounds blocks the ability of IL-6 to overcome inhi-
bition of neurite outgrowth by MAG for both DRG (Fig. 3C) and
hippocampal (Fig. 3D) neurons. These results provide strong ev-
idence that IL-6 is indeed binding to the IL-6R/gp130 receptor
complex and signaling through JAK to overcome inhibition by
MAG.

IL-6 is sufficient to overcome inhibition but not necessary for
the db-cAMP or conditioning lesion effects
Because we have shown that IL-6 is upregulated by cAMP and can
overcome inhibition by MAG/myelin, the next question is
whether activation of this IL-6R/gp130 receptor complex and
signaling through JAK is necessary for db-cAMP to overcome
inhibition. We found that neither gp130 antibody or gp130-Fc
nor inhibition of JAK with AG490 had any effect on the ability of
db-cAMP to overcome inhibition by MAG (Fig. 4A). These re-
sults indicate that although IL-6 is upregulated in response to
db-cAMP and is sufficient to overcome inhibition, it is not nec-
essary for the db-cAMP-induced blockade of MAG-mediated
inhibition.

To test this possibility further, we investigated the ability of
DRG neurons from IL-6-deficient mice (IL-6�/�) (Kopf et al.,
1994) to grow on MAG after a conditioning lesion. Our hypoth-
esis is that the conditioning lesion effect is brought about by a
transient increase in cAMP, which leads to an increase in IL-6. If
IL-6 is indeed sufficient but not necessary for cAMP to overcome
inhibition, as suggested by the results in Figure 4A, then the
absence of IL-6 should have no effect on the ability of a condi-
tioning lesion to allow DRG neurons to grow on MAG or myelin.
This is indeed the case. At 1 week after peripheral lesion, DRGs
from either wild-type or IL-6�/� mice were able to extend long
processes on MAG-expressing cells (Fig. 4B). Therefore, in the

absence of IL-6, a conditioning lesion still allows DRG neurons to
overcome inhibition by MAG.

The effect of a conditioning lesion on subsequent dorsal col-
umn regeneration was then compared between the wild-type and
IL-6�/� mice. Initially, when we used our established method of
transganglionic labeling of dorsal column axons by injecting
tracer into the sciatic nerve 4 weeks after the peripheral lesion, we
saw no labeled axons in or even near the DCL site. In animals that
received only DCL or nonlesioned controls, the tracer transport
was normal. Because it has been reported that there is retarded
peripheral nerve regeneration in IL-6�/� mice (Zhong et al.,
1999), we thought perhaps in these mice, at the time we inject the
tracer, the peripheral nerves may not have regenerated suffi-
ciently to take up the tracer. To determine whether this was the
issue, the tracer was injected into the sciatic nerve at 6 weeks
rather than 4 weeks after peripheral lesion. This resulted in good
labeling of dorsal column axons, suggesting that our prediction
was correct and the lack of labeling was a consequence of the
slowed peripheral nerve regeneration in IL-6�/� mice. A com-
parison of the extent of axonal regeneration after a conditioning
lesion revealed no difference between the IL-6�/� and wild-type
mice; the IL-6�/� mice responded to a conditioning lesion as
well as wild-type mice (Figs. 5, 6). It is of note, however, that the
conditioning lesion effect on dorsal column regeneration is less
robust in mice than in rats. Others also find a less robust condi-
tioning lesion effect in mice compared with previously published
results in rats (C. Ho and M. Tessier-Lavigne, personal
communication).

Figure 4. IL-6 is not necessary for db-cAMP or a conditioning lesion to overcome inhibition.
DRG neurons from unlesioned animals (A) or from animals 1 week after a conditioning periph-
eral lesion (B) were plated onto either MAG-expressing (p) or control (f) cells and cultured
overnight with or without db-cAMP (1 mM) in the presence or absence of AG490 (0.2 or 2 �M),
gp130-Fc (2, 10, or 50 �g/ml), or an antibody to gp130 (10 or 50 �g/ml) as indicated. The
cultures were fixed and stained for �-III tubulin. Results represent the average length of the
longest neurite from 180 to 200 neurons � SEM from at least three experiments.

Figure 5. IL-6 is not necessary for the conditioning lesion effect on dorsal column regener-
ation. Representative sagittal sections of the dorsal spinal cord showing CTb-immunolabeled
axons through the lesion site are shown. Many regenerating axons attempting to grow through
and beyond the lesion site were observed in both wild-type and IL-6�/� mice (A, B, arrows).
Without a previous conditioning lesion, most injured axons retracted from the injury site and
formed dystrophic ends in both wild-type (C) and IL-6�/� (D) mice. Asterisks indicate the
lesion site in the dorsal cord.
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Delivery of IL-6 intrathecally blocks inhibition of DRG
neurons by MAG in culture
As an initial assessment of whether IL-6 would be effective in
encouraging regeneration in vivo, we delivered recombinant rat
IL-6 intrathecally via osmotic mini-pumps, at various doses, for
24 h. DRG neurons from these animals were then removed and
cultured to determine whether their neurite outgrowth was still
inhibited by MAG. Figure 7 shows that DRG neurons from ani-
mals that received IL-6 intrathecally are not inhibited by MAG.
The IL-6 effect is dose dependent, and a complete block of inhi-
bition by MAG is observed with neurons from animals treated

with IL-6 at a dose of 2 pmol/kg/h. Therefore, IL-6 delivered
intrathecally reaches DRG neurons and allows them to grow on
MAG when subsequently cultured.

Delivery of IL-6 intrathecally promotes regeneration of dorsal
spinal axons
To assess whether IL-6 is sufficient to encourage spinal axonal
regeneration in vivo, a bilateral DCL was performed at T6/7 in
P21–P23 rats. At the same time as the animals were lesioned, an
intrathecal cannula, attached to an osmotic mini-pump, was in-
serted to continuously deliver IL-6 for 2 weeks at a concentration
of 2 pmol/kg/h, the optimal dosage as determined by the experi-
ment described in Figure 7. As a control, saline was delivered
intrathecally for the same length of time. After 2 weeks, the mini-
pumps were removed and the animals were killed 4 weeks later.
Five days before the animals were killed, the dorsal column axons
were backfilled with HRP for tracing. Figure 8B shows immuno-
staining of a typical control animal and, as has been reported
numerous times before, there are no regenerated fibers in the
lesion site. As is typically observed, the tracer-filled lesioned ax-
ons have retracted from the lesion site. In sharp contrast, in the
IL-6-treated animals, there are numerous fibers coursing into the
lesion site. In some instances, at the tip of the regenerating axons,

Figure 6. Quantitation of axonal regeneration in IL-6-deficient and wild-type mice. The
extent of axonal regeneration was assessed by quantifying the CTb-immunolabeled fibers
along the path of axon growth in the dorsal column using MetaMorph image analysis software.
There was no significant difference in the extent of regeneration of the injured dorsal column
axons between wild-type and IL-6�/� mice after a peripheral conditioning (Cond) lesion.

Figure 7. Intrathecal delivery of IL-6 overcomes inhibition by MAG when DRG neurons are
subsequently cultured. IL-6, at the doses indicated, was delivered to P60 rats for 24 h before the
DRG neurons were removed and cultured on either MAG-expressing (p) or control (f) CHO
cells for 24 h before being fixed and stained for �-III tubulin. Results represent the average
length of the longest neurite from 180 to 200 neurons � SEM from at least three animals under
each condition.

Figure 8. Intrathecal delivery of IL-6 is sufficient to promote dorsal column axon regenera-
tion in vivo. A DCL was performed on P60 rats at T6/7 and, at the same time, intrathecal mini-
pumps were inserted delivering IL-6 at a dose of 2 pmol/kg/h (A) or saline (B) for 2 weeks. After
an additional 4 weeks, the animals were perfused and sectioned. Five days before the animals
were killed, dorsal column axons were retrogradely traced with HRP. The images are longitudi-
nal sections of thoracic spinal cord. The asterisk indicates the lesion center.
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there are what appear to be flattened growth cones (Fig. 8A).
When the distance the axons regenerated was measured, for the
majority of animals treated with IL-6, the axons regenerated
closer to the epicenter of the lesion than for the control animals
( p � 0.03), and for a subset of IL-6-treated animals, axons passed
the lesion epicenter, which was never observed in the control
animals. This shows that IL-6 has a general improvement in re-
generation compared with control animals. In addition, delivery
of IL-6 to the animals for 2 weeks at 2 pmol/kg/h did not appear
to have any overt detrimental effects on the animals’ behavior.

Discussion
IL-6 has been reported to have both detrimental and beneficial
effects in the nervous system (Gadient and Otten, 1997). Al-
though the detrimental effects are usually attributed to its pro-
inflammatory actions of this cytokine and inflammation after
spinal cord injury is traditionally regarded as being detrimental,
we show here that exogenous IL-6 is beneficial for axonal regen-
eration: it not only overcomes myelin inhibitors of regeneration
in culture but, when delivered intrathecally, promotes spinal
axon regeneration in vivo.

These results are important because, first, exogenous IL-6 can
allow neurons to extend neurites in the presence of myelin inhib-
itors. Second, although not necessary, IL-6 can mimic the effects
of both a conditioning lesion and elevation of cAMP in culture
and in vivo. Third, exogenous IL-6, delivered intrathecally, is
sufficient to promote regeneration of central dorsal column ax-
ons. These findings are consistent with our working model in
which we propose that the peripheral conditioning lesion effect
on regeneration of subsequently lesioned dorsal column axons is
brought about by an increase in cAMP, followed by transcription
of specific genes (Filbin, 2003). Now we add to this model by
including IL-6 as one of the genes that is upregulated in response
to either cAMP or a conditioning lesion. However, although we
show that IL-6 is sufficient to mimic the cAMP-dependent, con-
ditioning lesion effect, we suggest that it is not necessary. We
reach this conclusion based on two observations. First, agents
that block the IL-6 effect (IL-6 antibodies or gp130-Fc) have no
effect on the ability of db-cAMP to overcome inhibitors of regen-
eration in myelin. Second, we find no difference between DRG
neurons from wild-type and IL-6�/� mice in their ability to
grow in an inhibitory environment either in culture or in vivo
after a conditioning lesion. This sufficiency of, but lack of neces-
sity for, IL-6 in the conditioning lesion/cAMP effect indicates
that more than one signaling pathway is activated simultaneously
by these treatments and that there is redundancy in these path-
ways in their ability to overcome myelin inhibitors and encourage
regeneration in vivo. Indeed, we have shown that upregulation of
the enzyme Arg I and the subsequent increased synthesis of poly-
amines is also a consequence of the conditioning lesion/cAMP
effect (J. Qiu, K. Deng, D. Cai, W. Mellado, and M. T. Filbin,
submitted for publication). However, because inhibiting synthe-
sis of polyamines blocks both the cAMP and the conditioning
lesion effect, we suggest that, unlike IL-6, upregulation of Arg I is
necessary as well as sufficient for this effect.

Although in the studies reported here we found no difference
in the IL-6 knock-out and wild-type mice in their response to a
conditioning lesion, others have reported impairment in the re-
sponse of the IL-6-deficient mice (Cafferty et al., 2004). In that
study, impairment in the general enhanced neurite outgrowth
after a conditioning lesion was reported. Here, we see no differ-
ence in the response of IL-6-deficient and wild-type neurons in
culture to a conditioning lesion in that there is not only a general

improvement in growth on a permissive substrate but also that
neither neuron genotype is inhibited by MAG. Consistent with
this, we also report no difference in the ability of dorsal column
axons of IL-6-deficient and wild-type mice to regenerate when
lesioned 7 d subsequent to a peripheral lesion. In contrast, Caf-
ferty et al. (2004) reported that even after a conditioning lesion in
the IL-6 knock-out animals, no dorsal column axons regenerated
to reach or cross the lesion site; they behave as if no conditioning
lesion had been performed. In contrast, in wild-type mice, they
report a conditioning lesion effect (distance regenerated) on dor-
sal column regeneration equivalent to what we observed in both
IL-6-deficient and wild-type mice. We have no explanation for
these differences in findings because, to our knowledge, the same
strain of mouse was used in both studies (Kopf et al., 1994) (stock
number 002254; The Jackson Laboratory). Also, the difference in
results does not seem to result from axonal tracing problems
because an abundance of dye-filled axons are obvious in all mice
in both studies. Furthermore, because the distance regenerated
we report for the IL-6 knock-out and wild-type mice is very sim-
ilar to that observed by Cafferty et al. (2004) for the wild-type
mice, it is unlikely that differences in surgical techniques can
account for the differences observed in the knock-out mice. Our
results, however, are consistent with our observation in rat neu-
rons, namely that IL-6 is sufficient but not necessary to mimic the
cAMP effect. Consistent with the suggestion that parallel path-
ways are activated, inhibition of the polyamine pathway has no
effect on the ability of IL-6 to block inhibition (data not shown).
However, cross talk between the polyamine and IL-6 pathways is
not yet fully understood.

The immune response and subsequent inflammation in the
nervous system in response to injury or disease has been sug-
gested to be “a double-edged sword” (Wyss-Coray and Mucke,
2002). Undoubtedly, after spinal cord injury, the secondary dam-
age caused by inflammation considerably exacerbates the deficits
resulting from the injury per se (Schwab and Bartholdi, 1996).
On the other hand, a controlled immune response has been re-
ported to be neuroprotective after optic nerve or spinal cord
injury (Rapalino et al., 1998; Lazarov-Spiegler et al., 1999). In
addition, a recent study shows that if reactive astrocytes are ab-
lated after injury, the ensuing damage after spinal cord injury is
much more pronounced (Faulkner et al., 2004). In a similar man-
ner, IL-6 has been reported to have contrasting effects in the CNS.
With time, in transgenic mice in which IL-6 is expressed under
the control of the GFAP promoter, there is considerable sponta-
neous neurodegeneration (Campbell et al., 1993). In sharp con-
trast, in these same mice after injury, which results in a dramatic
increase in IL-6 in the transgenics relative to the increase in wild-
type mice, there is increased wound healing and apparent neuro-
protection after trauma (Penkowa et al., 2003a,b). These studies
suggest that perhaps the timing and the levels of IL-6 expression
dictate whether there is a detrimental or beneficial effect. In the
uninjured transgenic, there is persistent expression of IL-6 that is
slightly above control levels; however, after injury, IL-6 levels
increase sharply and transiently, as opposed to wild-type animals
that exhibit a moderate, persistent increase. Consistent with the
hypothesis that slightly elevated levels of IL-6 are detrimental,
one study has shown that, after spinal cord injury, blockade of
endogenous IL-6, with an antibody to the IL-6R, induced a de-
crease in GFAP staining and a slight improvement in functional
recovery (Okada et al., 2004).

In another study, when fibroblasts genetically engineered to
deliver hyper-IL-6 (IL-6 fused to its � receptor) were grafted into
the lesion site, there was no improvement in regeneration (Lac-
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roix et al., 2002). There are at least two possible reasons why no
beneficial effects of IL-6 were seen under these conditions. First,
hyper-IL-6 activates all cells that express gp130 regardless of co-
receptor expression, and this could result in the activation of cells
that would not react to IL-6 itself. Second, we show here that
when delivered intrathecally, IL-6 must reach the DRG cell bod-
ies because when these neurons are subsequently removed and
cultured, they grow in an inhibitory environment. Therefore, it is
likely that IL-6 delivered intrathecally is promoting dorsal col-
umn regeneration by affecting the neuronal cell body as well as
perhaps having a direct effect at the lesion site. In the study in
which hyper-IL-6 is delivered via cells grafted at the lesion site, it
is very unlikely that IL-6 would diffuse far enough to reach the cell
body.

Here, we also begin to address the mechanism of action of IL-6
in overcoming myelin inhibitors. We have established that it is
through activation of the classic IL-6 trimeric receptor, resulting
in activation of the JAK signaling cascade. Importantly, we have
also shown that the IL-6 effect is transcription dependent. It now
remains to be determined which genes upregulated by IL-6 are
responsible for overcoming inhibition by myelin and promoting
regeneration in vivo. In addition, it will be of interest to assess
whether different genes are upregulated in response to high and
low concentrations of IL-6.

In summary, we have shown that IL-6 is upregulated in re-
sponse to both elevated cAMP and a conditioning lesion and that
this increase is sufficient to overcome the myelin-associated in-
hibitors as well as promote spinal axon regeneration in vivo.
However, we also show that although IL-6 is sufficient to over-
come inhibition, it is not necessary for cAMP or a conditioning
lesion to do so. This raises the possibility that a combination of
IL-6 with other treatments that we have shown to be effective in
encouraging axonal regeneration, such as elevation of Arg I and
polyamine synthesis, may be synergistic and result in greater
growth than any treatment alone.
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