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Transverse	myelitis	(TM)	is	an	immune-mediated	spinal	cord	disorder	associated	with	inflammation,	demy-
elination,	and	axonal	damage.	We	investigated	the	soluble	immune	derangements	present	in	TM	patients	
and	found	that	IL-6	levels	were	selectively	and	dramatically	elevated	in	the	cerebrospinal	fluid	and	directly	
correlated	with	markers	of	tissue	injury	and	sustained	clinical	disability.	IL-6	was	necessary	and	sufficient	to	
mediate	cellular	injury	in	spinal	cord	organotypic	tissue	culture	sections	through	activation	of	the	JAK/STAT	
pathway,	resulting	in	increased	activity	of	iNOS	and	poly(ADP-ribose)	polymerase	(PARP).	Rats	intrathecally	
infused	with	IL-6	developed	progressive	weakness	and	spinal	cord	inflammation,	demyelination,	and	axonal	
damage,	which	were	blocked	by	PARP	inhibition.	Addition	of	IL-6	to	brain	organotypic	cultures	or	into	the	
cerebral	ventricles	of	adult	rats	did	not	activate	the	JAK/STAT	pathway,	which	is	potentially	due	to	increased	
expression	of	soluble	IL-6	receptor	in	the	brain	relative	to	the	spinal	cord	that	may	antagonize	IL-6	signaling	
in	this	context.	The	spatially	distinct	responses	to	IL-6	may	underlie	regional	vulnerability	of	different	parts	
of	the	CNS	to	inflammatory	injury.	The	elucidation	of	this	pathway	identifies	specific	therapeutic	targets	in	
the	management	of	CNS	autoimmune	conditions.

Introduction
Transverse myelitis (TM) is a focal inflammatory disorder of the spi-
nal cord and exists on a spectrum of neuroinflammatory conditions 
characterized by abrupt neurologic deficits associated with inflam-
mation, demyelination, and axonal damage (1). TM can exist as part 
of a multifocal CNS disease (e.g., MS), a multi-system disease (e.g., 
systemic lupus erythematosus), or as an isolated idiopathic entity. 
We investigated the diffusible immune derangements present in the 
spinal fluid of idiopathic TM patients and report our progress eluci-
dating the role of IL-6 in the pathogenesis of this disease.

IL-6 is a glycoprotein cytokine that mediates signal transduction 
between immune cells,  induces acute-phase protein synthesis, 
and controls growth and differentiation of cells of the immune 
and hematopoietic systems (2). IL-6 likely is a trophic factor that, 
under some circumstances, supports neuronal and glial differ-
entiation and survival (2). Introduction of members of the IL-6 
superfamily, including IL-6 itself, in some systems has been shown 
to ameliorate demyelination, perhaps by providing trophic sup-
port for oligodendrocytes (3).

In addition to these potentially beneficial effects of IL-6, there 
has been a growing appreciation of the destructive potential of 

elevated levels of IL-6 in the CNS (2). IL-6 levels in the adult CNS 
are usually low or undetectable under baseline conditions, but 
increase dramatically in response to injury, inflammation, and 
CNS disease. TNF-α, IL-1β, and neurotransmitters are among the 
most important stimulators of IL-6 production from astrocytes 
and microglia within the CNS (4). There is indirect evidence that 
elevated IL-6 potentiates neural injury in Alzheimer disease, Par-
kinson disease, HIV encephalopathy, MS, depression, and cogni-
tive impairment (4, 5). Transgenic mice that overexpress IL-6 with-
in astrocytes exhibit ataxia, seizures, and hind limb paralysis and 
have extensive neurodegeneration (6). Conversely, IL-6 KO mice 
are resistant to experimental allergic encephalomyelitis (EAE) (7), 
and IL-6–neutralizing antibodies reduce EAE in wild-type mice 
(8), suggesting a role for IL-6 in mediating autoimmune demy-
elination. Neutralization of CNS IL-6 attenuates traumatic spinal 
cord injury in rats and is associated with reduced iNOS activity 
(9). As has been seen in other tissues (10), IL-6 within the CNS may 
stimulate iNOS expression, resulting in the production of NO and 
leading to free radical–induced tissue injury (10).

IL-6 produces its effects by binding to IL-6 receptors (IL-6Rs), 
which form complexes with gp130. Once formed, the IL-6/IL-6R/
gp130 complex stimulates the following 2 main signal transduction 
cascades that lead to activation of a number of transcription factors 
responsible for IL-6–mediated effects: JAK/STAT and Ras/MEK/
MAPK (11).	IL-6–induced activation of the JAK2/STAT3 signaling 
pathway in cardiac myocytes results in activation of iNOS with sub-
sequent NO production and decreased cardiac contractility (10).

iNOS is normally expressed either minimally or not at all in 
the CNS, but in pathological conditions, iNOS levels can increase 
dramatically in glial cells or influxing macrophages in response 
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to  injury  or  inflammation  (12).  Compared  with  constitutive 
forms of NOS (neuronal and constitutive NOS), iNOS generates 
significantly greater, sustained amounts of NO (picomolar vs. 
micromolar levels, respectively) (13). Expression of iNOS causes 
delayed neurotoxicity in mixed neuronal-glial cortical cultures 
(14), and NO is directly cytotoxic to oligodendrocytes in culture 
(15). iNOS immunoreactivity is elevated in brains of MS patients 
relative to controls (16). Increased expression of iNOS mRNA is 
also found in EAE, and inhibition of iNOS protects animals from 

EAE (17). The destructive influ-
ence of  iNOS following spinal 
cord  trauma has been demon-
strated in iNOS KO mice, which 
had better functional outcomes 
from compression  injury  than 
wild-type controls (18).

Much of NO-mediated patho-
genicity depends on the forma-
tion of secondary intermediates 
such as the peroxynitrite anion 
(ONOO–) (19). ONOO– triggers 
DNA  single-strand  breakage 
that  activates  the  DNA-repair 
enzyme poly(ADP-ribose) poly-
merase (PARP) (20). PARP cata-
lyzes the transfer of ADP-ribose 
from its substrate NAD+ to vari-
ous proteins, including histones 
(21, 22). Excessive activation of 
PARP  in  response  to extensive 
DNA damage has been associat-
ed with the depletion of NAD+, 
which causes cell death through 
energy  depletion  (22).  It  was 
recently reported that ONOO–-
induced toxicity in spinal cord 
neurons is associated with DNA 
strand breakage and prevented 
by PARP inhibition (23).

In the current study, we found 
that  IL-6  was  elevated  in  the 
cerebrospinal fluid (CSF) of TM 
patients at the time of their acute 
clinical presentation and corre-
lated with the patients’ eventual 
long-term disability. By utiliz-
ing  organotypic  cultures  and 
developing an animal model of 
TM, we demonstrate that IL-6 is 
both necessary and sufficient to 
mediate the kind of spinal cord 
injury  found  in  patients  with 
TM. NO production is necessary 
to achieve  this  tissue damage. 
We  provide  evidence  that  the 
targets  of  this  IL-6–mediated 
injury are oligodendrocytes and 
axons, which result in demyelin-
ation and axonal injury. To our 
knowledge, this work provides 

evidence for the first time that a single signaling protein is the 
central mediator of tissue injury in an autoimmune CNS disease. 
We also describe the signaling pathway of IL-6–mediated spinal 
cord neural injury from JAK/STAT activation to iNOS expres-
sion to PARP activation and cell death. The regional specificity 
of the cytotoxicity of this IL-6 signaling pathway, which involves 
the spinal cord but not the brain, provides the beginning of an 
explanation for the selective involvement of different regions of 
the CNS in autoimmune spectrum diseases.

Figure 1
IL-6 is selectively upregulated in the CSF of TM patients and correlates with long-term disability. (A) 
Cytokine array was used to profile 42 inflammatory proteins in the CSF of 6 TM and 8 control patients. The 
mean value of each cytokine was defined for the control group, and fold induction was calculated for each 
TM patient. Inset: IL-6 immunohistochemistry was performed on the cervical spinal cord of a TM patient 
who died of respiratory failure; IL-6 expression colocalized with GFAP-positive astrocytes. Magnification, 
×60. (B) Quantitative IL-6 levels in the CSF and serum of control (Con) and TM patients were determined 
by ELISA. Box plots represent the interquartile range, and the outliers shown are outside the fifth and 
ninety-fifth percentiles. Mean ± SEM for each group is indicated above each box. (C) Among TM patients, 
acute CSF IL-6 levels strongly correlated with sustained disability (as measured by EDSS). (D) CSF IL-6 
levels strongly correlate with total NO metabolites during the acute phase of TM. (E) Total NO correlates 
with 14-3-3, a neuronal injury marker in TM patients. (F) Levels of 14-3-3 strongly correlate with sustained 
disability in TM patients. For panels C–F, correlation coefficients and statistical significance are shown. 
Intensity, chemiluminescent signal intensity.
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Results
IL-6 levels are selectively and dramatically elevated in the CSF of TM 
patients. A cytokine antibody array was used to simultaneously pro-
file 42 inflammatory proteins in the CSF of 6 TM patients who 
had not been started on immunomodulatory therapy prior to CSF 
sampling and 8 control patients (hydrocephalus, aseptic meningi-
tis, spinal cord infarct, and spinal cord tumors; n = 2 per group). 
Relative  to  controls,  arrays  from  the  TM  patients  showed  an 
approximately 300-fold mean induction of IL-6 (P < 0.05), while all 
other cytokines were altered less than 10-fold (P = NS; Figure 1A).  
Two TM patients died of respiratory failure, and we performed 
immunohistochemical staining of the spinal cord at autopsy in 
order to define the source(s) of IL-6. In both cases, we found that 
the predominant source of IL-6 secretion was from astrocytes in and 
around the area of inflammation within the spinal cord (Figure 1A, 
inset), while microglial cells and influxing immune cells exhibited 
less robust IL-6 staining (data not shown). To ascertain the abso-
lute levels of IL-6 in the serum and CSF of TM patients, we carried 
out quantitative ELISA in a larger series of TM (n = 25) and control 
patients (n = 16; Figure 1B). Mean CSF IL-6 levels in patients with 
acute TM were 262-fold higher than in control patients (TM, 654.3 
± 247.9 pg/ml, range 0–4209 pg/ml; control, 2.5 ± 0.72 pg/ml).  

Mean serum IL-6 levels in TM and control patients were not statis-
tically significantly different and were markedly lower than those 
seen in the CSF, suggesting that the IL-6 measured in the CSF was 
generated within the CNS. Further details on the clinical features 
of the TM and control patients used in this study are provided in 
Supplemental Table 1 (supplemental material available online with 
this article; doi:10.1172/JCI25141DS1).

IL-6 levels correlate with total NO production and tissue injury in the spi-
nal cord. We found a strong correlation between CSF IL-6 obtained 
at the time of acute clinical evaluation and long-term disability (as 
assessed by an expanded disability status scale [EDSS] at 6-month 
follow-up; Figure 1C). We found a significant correlation between 
acute CSF IL-6 levels and acute CSF total NO levels (Figure 1D) in 
TM patients and that total CSF NO correlates with 14-3-3, a pre-
viously reported marker of acute neuronal injury in TM patients 
(24) (Figure 1E). Further, we found that CSF 14-3-3 levels correlat-
ed with long-term disability (Figure 1F). These data are consistent 
with a direct role of NO in mediating spinal cord injury.

IL-6 is necessary and sufficient to cause spinal cord cellular injury by acti-
vating the JAK/STAT pathway, which results in increased iNOS activity. 
To test whether IL-6 is simply correlated with or is causative of 
cellular injury in the spinal cord, we carried out studies using rat 

Figure 2
IL-6 is necessary and sufficient to induce injury of oligodendrocytes and axons in spinal cord organotypic cultures by generating NO. (A) CSF 
(100 µl) from a TM or control patient was added to culture media of spinal cord organotypic cultures, and cellular injury was assessed by ethidium 
homodimer uptake with Hoechst counterstain (inset). IL-6 was immunodepleted by preincubating TM CSF with an IL-6 antibody and clearing the 
IL-6 antibody complex with protein A sepharose. Magnification, ×20. (B) Tissue lysates from spinal cord organotypics were generated at various 
times after the administration of IL-6 and subjected to SDS-PAGE followed by immunoblot analysis. (C) Quantification of the data shown in B by 
chemiluminescent signal intensity of 3 independent experiments. (D) RT-PCR analysis of RNA derived from spinal cord organotypic cultures at 
the indicated times after addition of IL-6 at 2,000 pg/ml. (E) Dual-color confocal microscopy was carried out with spinal cord organotypic cultures 
treated with IL-6 for 24 hours. Microglia were identified by incubating live cultures with DiI-Ac-LDL, which is endocytosed by phagocytosing cells. 
After fixation, iNOS immunohistochemistry was carried out, revealing the expression of iNOS within microglia. Scale bar: 50 µm. (F) NT and iNOS 
preferentially accumulated within the exterior white matter of spinal cord organotypic cultures. Scale bar: 200 µm. (G) Addition of IL-6 to a final 
concentration of 2,000 pg/ml to spinal cord organotypic cultures in the presence or absence of the iNOS inhibitor 1400W. *P < 0.05. (H) WT and 
iNOS-heterozygous and -KO spinal cord organotypic cultures were exposed to IL-6 and assessed for cellular death.
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organotypic culture spinal cord sections. We added CSF from a 
TM patient (with IL-6 of 1,997 pg/ml) or a control patient onto 
spinal cord organotypic culture sections and evaluated cell death 
by determining the percentage of cells that took up the red, vital 
dye propidium iodide. We found that CSF from the TM patient 
induced death of spinal cord cells (33% ± 12%), while CSF from a 
control patient with hydrocephalus did not (4% ± 2.4%, P < 0.01;  
Figure 2A, black bars and photomicrograph inset).	Immunodeple-
tion of IL-6 from the CSF prior to application (decrease in IL-6 
to 2 pg/ml; data not shown) abrogated the ability of the CSF to 
induce death, suggesting that IL-6 was necessary for this death		
(P < 0.01; Figure 2A). Immunodepletion of IgG or a control protein 
(14-3-3) did not abrogate the killing activity of TM CSF.	We found 
that IL-6 at a dose found in the CSF of TM patients (2,000 pg/ml)  
triggered a dramatic,  transient phosphorylation of STAT3 at 
Tyr705,  peaking  2  hours  after  the  application  to  the  culture 
medium of spinal cord organotypic cultures (total STAT levels 
were unchanged; Figure 2, B and C). We also saw a peak of iNOS 
expression at 4 hours after IL-6 administration. Nitrosylation of 
tyrosine residues (nitrotyrosine [NT]), a marker of NO excess (25), 
continued to increase at 7 hours after IL-6 administration. Actin 
and loading controls did not show any change over the examined 
period. Quantitative determination of phosphorylated STAT3, 
iNOS, and NT intensity of several representative immunoblots 
revealed a nearly 4-fold increase of phosphorylated STAT3 at 2–3 
hours, a nearly 4.5-fold increase of iNOS at 4 hours, and a pro-
gressive increase in NT immunoreactivity (greater than 8-fold) at 

7 hours after IL-6 administration (Figure 2C). RT-PCR analysis of 
spinal cord organotypic cultures confirmed a marked upregulation 
of iNOS RNA at 4 hours after IL-6 administration (Figure 2D), 
demonstrating that the upregulation of iNOS occurs at the level 
of transcription. Immunofluorescent examination of spinal cord 
organotypic cultures revealed a dramatic upregulation of iNOS 
within microglial cells (defined by the ability to phagocytose fluo-
rescent acetylated low-density lipoprotein [DiI-Ac-LDL]; Figure 2E)  
and the accumulation of both iNOS and NT immunoreactivity, 
especially within the peripheral white matter of the spinal cord 
(Figure 2F), in response to IL-6 administration.

Next, we investigated the consequences of iNOS induction in 
spinal cord organotypic cultures and found that iNOS is criti-
cal for IL-6–induced death (Figure 2G). We administered IL-6 
to the culture medium and found that the progressive cellular 
injury that occurs is completely blocked by 1400W (Figure 2G). 
Similarly, mouse organotypic spinal cord cultures from either 
iNOS-heterozygous or -KO mice were resistant to IL-6–induced 
death (Figure 2H). This suggests that IL-6 induces activation 
of STAT3, resulting in the upregulation of iNOS and cellular 
injury within the spinal cord.

Targets of IL-6–mediated spinal neural injury. We identified the tar-
get cells injured by IL-6 by examining the colocalization of NT, a 
commonly utilized marker of cellular injury due to excess NO (26), 
with other cellular markers and found that NT immunoreactivity 
was diffusely increased within IL-6–treated tissue (Figure 3, A, C, 
and E). Additionally, while astrocytes (defined by glial fibrillary 

Figure 3
Cellular participants in IL-6–induced injury. (A–E) We performed dual-color confocal microscopy using an antibody to NT as a marker of NO excess 
and the cell-specific markers GFAP, RIP, and neurofilament (NF). (F) Dissociated rat spinal neuron cultures were exposed to IL-6 either alone or 
2 days after plating 104 purified microglial cells in coculture with the dissociated neurons. (G) Purified, cultured microglial cells were exposed to 
either 500 or 2,000 pg/ml of IL-6. Twenty-four hours later, supernatants were harvested and examined for total nitrates produced by the culture 
cells. LPS, lipopolysaccharide. (H) Microglia were plated in a trans well, exposed to IL-6 for 2 hours, and then washed. They were then transferred 
to 24-well dishes with plated, dissociated neurons, and the neurons were assessed for cellular death up to 24 hours later. *P < 0.05.
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acidic protein [GFAP] immunoreactivity) did not accumulate NT 
in IL-6–treated cultures (Figure 3A), oligodendrocytes (defined 
by receptor interacting protein [RIP] immunoreactivity; Figure 3,  
B and C) and axons (defined by neurofilament immunoreactivity; 
Figure 3, D and E) did and were therefore preferentially susceptible 
to IL-6–induced injury. When we generated dissociated cultures 
of pure spinal neurons, we found that IL-6 did not induce cellu-
lar death at any of the studied time points or doses (Figure 3F).  
When we added microglia to the mixed neural culture either in 

cis (Figure 3F) or in trans (Figure 3H),  
we  restored  the  ability  of  IL-6  to 
induce  neural  injury,  confirming 
that microglial cells are critical in this 
pathway. Mixed cultures of neurons 
and astrocytes were also refractory to 
IL-6–induced cytotoxicity (data not 
shown).  Indeed,  purified  microglia 
were  induced  to  secrete high  levels 
of NO in response to IL-6 at 500 and 
2,000 pg/ml (Figure 3G). These results 
suggest that IL-6 activates microglia 
to produce NO, resulting in neural 
injury to spinal cord cultures.

Spinal cord from IL-6–infused rats and 
TM patients exhibit demyelination and 
axonal degeneration.  To  determine 
whether elevation of spinal  IL-6  in 
adult  rats  is  sufficient  to  induce 
weakness  and  cellular  injury,  we 
infused IL-6 or vehicle through a spi-
nal subarachnoid catheter. The cath-
eter was attached to a subcutaneous 
osmotic minipump that infused IL-6 
or vehicle at 0.5 µl/h for 7 days (24 ng  
IL-6  infused  per  day).  We  found 
that whereas saline-infused animals 
showed no change in hind limb grip 
strength over the 8-day observation 
period,  IL-6–infused  rats  became 
progressively weak (n = 10 per group; 
Figure  4A).  By  the  completion  of 
the study, IL-6–infused rats had lost 
nearly 50% of their baseline hind limb 
strength.  IL-6–infused  rats  treated 
with the iNOS inhibitor aminogua-
nidine did not exhibit weakness, sug-
gesting that iNOS is required for spi-
nal neural injury. Histologic analysis 
of the spinal cords from IL-6–infused 
animals  revealed  white  matter  dis-
ruption  (Figure  4B,  asterisks)  and 
the accumulation of neurofilamen-
tous  material  within  white  matter 
vacuoles (Figure 4C). Grey matter was 
largely spared (data not shown). The 
analysis of plastic-embedded 1-µm 
histologic sections from IL-6–infused 
rats revealed both axonal degenera-
tion, characterized by swollen, empty, 
myelin-encased chambers (Figure 4D, 

asterisks), and demyelination, characterized by intact axons with 
little or no surrounding myelin (Figure 4E, arrows).

This pathology in IL-6–infused rats was similar to the axonal degen-
eration and demyelination seen in the spinal cord of a patient with 
severe, fatal TM (the same patient with IL-6 levels of 1,997 pg/ml).  
Histologic analysis of the cervical spinal cord revealed focal areas 
of  demyelination  (Figure  4F,  arrows)  and  axonal  disruption  
(Figure 4F, asterisks). Pathologic analysis of this patient’s spinal 
cord also revealed amyloid precursor protein (APP) accumulation 

Figure 4
IL-6 induces weakness with axonal degeneration and loss of myelin when infused into the spinal 
subarachnoid space of adult rats. (A) We infused IL-6 via a subarachnoid spinal catheter into adult 
rats over a 7-day period. Control animals received saline through the spinal catheter, while another 
cohort of animals received intrathecal IL-6 and were also given the iNOS inhibitor aminoguanidine 
(AG) intraperitoneally for the length of the experiment beginning at day 0. *P < 0.05. (B) Pathologic 
specimens from IL-6–infused rat spinal cords exhibited reduced myelin staining and white matter 
vacuolation (asterisks). Scale bar: 20 µm. (C) White matter vacuoles (asterisks) were strongly NF 
positive, confirming the presence of axonal degeneration. Scale bar: 20 µm. (D and E) Plastic sec-
tions (1 µM) from IL-6–infused rat spinal cords revealed 2 pathologic features, seen principally in 
superficial white matter regions: (D) swollen axons with intact myelin (asterisks), consistent with 
axonal degeneration, and (E) demyelinated axons (arrows). Scale bar: 10 µm (D and E). (F) These 
pathologic features could also be seen in autopsy material from a patient with severe TM and high 
CSF IL-6 levels (1,997 pg/ml). Regions of demyelination (arrows) were seen throughout the cervical 
spinal cord both with H&E staining and with luxol fast blue (LFB), and there were areas of vacuolation 
within the white matter (asterisks), consistent with axonal degeneration. (G) Immunohistochemical 
analysis of the autopsy material also revealed axonal dysfunction as defined by disruption of NF 
staining and accumulation of APP, a marker of disrupted axonal transport.
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within axons, a marker of axonal dysfunction, and neurofilament 
disruption (Figure 4G, right), whereas in a control patient, no APP 
accumulation was observed within axons (Figure 4G, left).

Activation of PARP is necessary for cell death. We next examined 
whether PARP activation contributes to IL-6–induced neural injury 
by using spinal cord organotypic cultures and found that there was 
a robust increase in PARP activity in a biphasic manner: at 2 hours 
and again at 8–15 hours after IL-6 administration (Figure 5A).  
Since it has previously been shown that the excess production of 
NO leads to DNA strand breaks and PARP activation, we reasoned 
that the second peak of PARP activity may be a consequence of 
iNOS activity, which is initiated 2–3 hours following IL-6 induc-
tion. To test this hypothesis, we incubated organotypic cultures 
with IL-6 and the iNOS inhibitor 1400W and assessed PARP activ-
ity. As expected, the second peak of PARP activity was prevented 
when organotypic cultures were incubated with 1400W, confirm-
ing that iNOS activity is required. However, the first peak of PARP 
activity was not prevented by incubation with 1400W, indicating 
that this early peak is independent of iNOS activity. We confirmed 
these data by examining the activation of PARP in wild-type and 
iNOS KO animals (Supplemental Figure 1).

In order to define whether iNOS induction is dependent upon 
PARP activity, we carried out the converse experiment, in which we 
examined the extent of NT reactivity (a marker of iNOS activity) by 
ELISA in the presence and absence of PARP inhibition (Figure 5B). 
Here, we found that the IL-6–induced increase in NT immunoreac-

tivity was not blocked by the addition of PARP inhibitor 4-amino-
1, 8-napthalimide (4-ANI), confirming that iNOS activation is not 
dependent upon PARP activation and that iNOS induction occurs 
upstream of PARP activation. We examined the importance of 
PARP in IL-6–induced spinal cellular injury by incubating spinal 
cord organotypic cultures with IL-6 and either the PARP inhibitor 
4-ANI or vehicle and found that the PARP inhibitor completely 
prevented cellular death (Figure 5C). We examined the function 
of PARP in adult rats infused with IL-6 through a subarachnoid 
catheter draining into the low thoracic spinal cord and found that 
IL-6–infused rats demonstrated a dramatic increase in both the 
amount of nuclear PARP within the white matter (Figure 5D) and 
the activity of PARP (Figure 5E), suggesting that, as seen in vitro, 
PARP activation occurs within the spinal cord of IL-6–infused 
rats. Further, inhibition of PARP activity by concurrent treatment 
of adult rats with IL-6 and either of 2 PARP inhibitors (4-ANI or 
3-aminobenzamide [3-AB]) completely prevented IL-6–induced 
hind limb weakness (Figure 5F). These data suggest that PARP is 
activated in response to IL-6 by at least 2 distinct pathways and 
that inhibition of PARP activity is protective against IL-6–induced 
spinal injury both in vitro and in vivo.

Regional vulnerability of the spinal cord relative to the brain. We next 
sought to determine whether IL-6 at concentrations seen in TM 
patients is universally injurious to the nervous system or selective-
ly injurious to the spinal cord. To examine this, we incubated corti-
cal and hippocampal organotypic culture sections with increasing 

Figure 5
PARP activation is necessary for IL-6–induced toxicity. (A) PARP activity of IL-6–treated spinal cord (SC) organotypic cultures was assessed 
in the presence or absence of the PARP inhibitor 4-ANI or the iNOS inhibitor 1400W. (B) Spinal cord organotypic cultures were incubated 
with IL-6 in the presence or absence of the PARP inhibitor 4-ANI, and the amount of NT accumulation was assessed as a marker of iNOS 
activity. (C) Spinal cord organotypic cultures were incubated with IL-6 in the presence or absence of 4-ANI, and cell death was assessed by 
propidium iodide uptake. (D) PARP immunoreactivity was examined in the spinal cord of IL-6–infused rats 4 days after initiation of IL-6 infu-
sion. Magnification, ×20. (E) PARP activity was assessed in spinal cord tissue lysates generated from IL-6–infused rats, control rats, or rats 
both infused with IL-6 and given the PARP inhibitor 4-ANI intraperitoneally. Lysates were generated 4 days after initiation of IL-6 infusion. 
(F) IL-6 was infused into the spinal subarachnoid space of adult rats in the presence or absence of the PARP inhibitors 4-ANI or 3-AB given 
systemically. Hind limb grip strength was assessed daily for 7 days as described in Methods. *P < 0.05.
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concentrations of IL-6 and plotted fold induction of death rela-
tive to sections with no IL-6 administration (Figure 6A). Within 
hippocampal and cortical organotypic cultures, low levels of IL-6 
were protective against baseline cellular injury that occurs in these 
cultures, while higher doses were only slightly injurious. This con-
trasts starkly with spinal cord organotypic cultures, which showed 
an injurious response to even 50 pg/ml IL-6 and greater than 10-fold  
increase in cell death at all greater doses tested. In adult rats, infu-
sion of IL-6 (at the same dose previously infused into the spinal 
subarachnoid space) into the cerebral ventricles did not result 
in weakness (Figure 6B) or behavioral changes (Supplemental  
Figure 2), further supporting a regionally specific nervous system 
response to IL-6. We then repeated in cortical tissues a series of 

studies previously performed in the spinal cord in order to deter-
mine what limits IL-6–mediated injury in cortex organotypic cul-
tures. We found a small early peak in PARP activity within IL-6– 
treated cortical cultures, but did not see the second peak seen in 
spinal cord cultures (Figure 6C). Working further upstream, there 
was no accumulation of NT within cortical organotypic cultures 
treated with IL-6, while IL-6–treated spinal cord organotypic cul-
tures did accumulate NT (Figure 6D), and we did not see iNOS 
mRNA induction (Figure 6E). JAK2 and STAT3 phosphorylation 
could not be detected in IL-6–treated cortical organotypic cultures 
(data not shown), suggesting that the regional specificity to IL-6  
is even upstream of JAK and STAT. To determine the discrep-
ancy between brain and spinal cord, we examined the expression 

Figure 6
IL-6 induces regionally specific neural injury in the spinal cord. (A) IL-6 was administered to cortical, hippocampal, and spinal cord organotypic 
cultures at increasing doses, and cell death was assessed 36 hours later. Data is plotted as the fold induction of death relative to cultures with no 
IL-6 addition. (B) Adult rats were infused with IL-6 or saline through an intracerebroventricular (IC) cannula at the same rate (0.5 µl/h for 7 days) 
and concentration (2,000 pg/ml) as that previously administered via a spinal subarachnoid catheter and assessed for weakness. (C) Cortical 
organotypic cultures were treated with IL-6 and assessed for PARP activity up to 20 hours later. (D) Confocal microscopy of cortex and spinal 
cord organotypic cultures was performed after the administration of IL-6 to the culture. Scale bars: 50 µm. (E) RT-PCR analysis of iNOS from 
cortex or spinal cord organotypic cultures was performed at various times after the addition of IL-6. GAPDH serves as a PCR control. (F) Quan-
titative immunoblot of IL-6R expression from human autopsy tissue lysates. Spinal cord grey and white matter (SCGM and SCWM, respectively) 
and cortex grey and white matter (CoWM and CoGM, respectively) lysates were generated, subjected to SDS-PAGE, and probed for IL-6R 
immunoreactivity. (G) Quantitative immunoblot of sIL-6R from the same lysates (shown in chemiluminescent units). (H) Adult rats were infused 
with either IL-6 or IL-6 plus sIL-6R at a 1:1 molar ratio through a spinal subarachnoid catheter as before. Animals were assessed for hind limb 
grip strength for the 10-day duration of the experiment. *P < 0.05; **P < 0.04.
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of the membrane-bound IL-6R and the soluble IL-6R (sIL-6R) 
within human autopsy material. We found that IL-6R is similarly 
expressed within the brain and spinal cord, indicating that IL-6R 
density does not account for relative susceptibility of spinal cord 
tissue. There is markedly increased density of IL-6R within white 
matter compared to grey matter (Figure 6F), suggesting that the 
relative susceptibility of axons and oligodendrocytes may be medi-
ated by this gradient. We then examined the expression of sIL-6R 
and found significantly greater expression in cortical tissue lysates 
than in spinal cord tissue lysates (Figure 6G). If sIL-6R deficiency 
in the spinal cord mediates the enhanced susceptibility of the spi-
nal cord to IL-6, then co-infusion of IL-6 and sIL-6R should blunt 
the effects of IL-6 in spinal cord cellular injury. Indeed, we found 
that to be true, since adult rats infused with both IL-6 and sIL-6R  
did not get weak, while IL-6–infused animals did (P < 0.04 at days 
2–10; Figure 6H). We suggest, therefore, that IL-6–mediated sig-
naling is decreased in the brain relative to the spinal cord and that 
this impairment must be upstream of IL-6R. The observation of 
higher sIL-6R levels in the context of decreased IL-6 responsive-
ness in cortical lysates suggests that this molecule may act as an 
antagonist in this setting (27). Therefore, we propose that sIL-6R 
is a critical molecule that dampens the tissue response to IL-6. We 
conclude that spatially restricted responses to cytokines including 
IL-6 may underlie the restricted inflammation seen in a variety of 
CNS inflammatory disorders, including regionally limited forms 
of MS, TM, neuromyelitis optica, and optic neuritis.

Discussion
We hypothesized that cytokines play an important role in the patho-
genesis of TM and examined the diffusible derangements within 
the CSF of a group of TM patients with a cytokine antibody array. 
We found a virtually identical pattern in the CSF from all the TM 
patients examined in this manner, that is, dramatic elevations in IL-6 
levels. This uniformity in the pattern was surprising in that TM has 
widely been considered to be a heterogeneous disorder, and one may 
have expected the cytokine derangements to reflect this heterogene-
ity. However, it should be noted that recent nosologic strategies have 
attempted to categorize TM patients into various classifications, 
including monophasic vs. recurrent and idiopathic vs. those associ-
ated with systemic disease (28). For this study, we have limited the 
analysis to patients with idiopathic TM and have excluded those with 
identified systemic inflammatory disease. Therefore, this classifica-
tion scheme may have resulted in a more uniform patient population 
with relatively homogenous immune system derangements.

Though CSF IL-6 levels reported here are among the highest 
reported in any human disease (up to 4,209 pg/ml), related dis-
orders have also been found to have elevated IL-6 within the CNS. 
Acute disseminated encephalomyelitis, like TM, is a monophasic, 
inflammatory disorder of the CNS that is often post-infectious 
(29). Similarly, several reports have suggested that IL-6 is involved 
in the pathogenesis of MS, since patients have elevated IL-6 in the 
CSF (30) and within plaques (31, 32) and elevated numbers of IL-6– 
expressing monocytes within the blood and CSF (30).

There has been recent awareness about the dual role of IL-6 as 
both protective and injurious (2). In contrast to the view that IL-6  
may be purely injurious to the nervous system, several studies 
have shown that members of the IL-6 superfamily, including IL-6 
itself, may be neuroprotective (3). These disparate effects may be 
explained by differential involvement of the gp130 receptor among 
different members of the family (3, 33), by distinct inflammatory 

pathways activated in different injury models (7, 34), or by a dose 
effect wherein low doses of IL-6 or a family member are protective 
(35) while higher doses are injurious.

We found in pathological spinal cord specimens from patients 
with TM that astrocytes were the predominant source of IL-6 pro-
duction. Astrocytes have been shown to produce IL-6 in response 
to direct stimulation by proinflammatory cytokines (e.g., TNF-α 
and IL-1β), viral and bacterial pathogens, and neurotransmit-
ters. What triggers the initial biosynthesis of IL-6 in astrocytes is 
currently being investigated, but potential candidates include an 
immune response following vaccination or an antecedent infec-
tion that could involve mechanisms such as molecular mimicry or 
superantigen-mediated inflammation (36). Why some individuals 
mount a dramatic elevation of their IL-6 levels that results in the 
pathophysiological injury seen in TM is still unknown, but the 
potential contribution of genetic differences to CNS IL-6 produc-
tion has been previously described (37, 38).

Primary targets of IL-6–mediated cytotoxicity include oligo-
dendrocytes and axons. The finding of NT accumulation  in 
axons argues for a direct neuropathic effect of IL-6 in mediating 
neural injury, as opposed to axonal degeneration that is solely 
the result of demyelination. Our finding that APP axonal trans-
port was blocked in the spinal cords of TM patients is consistent 
with a recent report that microglial iNOS activation produces 
a breakdown in axonal transport (39). Both demyelination and 
axonal degeneration are hallmarks of CNS autoimmune demy-
elinating conditions, such as TM and MS, and these pathologi-
cal hallmarks were reproduced in adult rats in which IL-6 was 
infused into their spinal cords.

Excessive NO production can lead to cellular injury by sev-
eral mechanisms, including loss of membrane integrity through 
direct lipid peroxidation, altered protein function through NT 
formation, or energy depletion through PARP activation (40). 
Studies with PARP-1 KO mice and chemical PARP inhibitors 
have consistently shown that lack of PARP activation follow-
ing severe oxidative injury with NO, hydrogen peroxide, and 
ONOO– results in significantly reduced neuronal death (22). It 
was recently shown that ONOO– exerts toxic effects on spinal 
cord neurons at least in part through a PARP-dependent path-
way, as demonstrated by the ability of PARP inhibitors to pre-
serve neuronal viability in the presence of ONOO– (20).

Using spinal cord organotypic cultures, we observed a biphasic 
activation of PARP: the first peak, occurring 2 hours after addition 
of IL-6, was not dependent upon iNOS, while the later peak was. 
This suggests that NO production was necessary for the second 
peak of PARP activity, presumably by initiating DNA damage that 
resulted in increased PARP activation. The observation that PARP 
inhibition prevented IL-6–mediated spinal cord cell death both 
in organotypic cultures and in the adult rat spinal cord supports 
the importance of PARP as a final effector in the pathway of IL-6– 
mediated cellular injury in vivo.

The first peak of PARP activity after IL-6 administration coin-
cides  with  STAT  phosphorylation  and  not  NO  production. 
Since IL-6 is capable of mediating JAK/STAT signaling pathways 
other than JAK2/STAT3 and Ras/MEK/MAPK (11), we specu-
late that PARP has a role in signal transduction. Recent evidence 
from PARP KO mice suggests a  role  for PARP  in enhancing 
p38/MAPK signaling in response to inflammatory stimulation 
through lipopolysaccharide (LPS) (41). Perhaps the early-phase 
IL-6–mediated PARP activation we describe here plays a role in 
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the augmentation of p38/MAPK signaling. Spinal cord iNOS 
activation, however, is not due to early PARP activation, because 
it is unaffected by PARP inhibition.

Previous studies have implicated IL-6 family members in prevent-
ing cell death as well as potentially playing a causative role in neuro-
degenerative diseases (2). This discrepancy may result from differ-
ences in downstream signaling among IL-6 and its family members 
and differing effects in distinct experimental paradigms. The pro-
tective or destructive actions of IL-6 may also result from selective 
dose and regional effects. We observed that IL-6 causes preferential 
cytotoxicity in white matter compared to gray matter in the spinal 
cord. We also found that low doses of IL-6 prevented cell death in 
organotypic cultures of sections from the hippocampus or cortex, 
whereas higher doses had little effect on cell death. In contrast, no 
IL-6 dose tested in spinal cord sections was found to be protective, 
and higher doses were extremely cytotoxic. The observation that IL-6  
treatment of cortical organotypic cultures did not cause significant 
PARP activation, iNOS induction, or STAT phosphorylation sug-
gests that the regional selectivity of IL-6 response occurs at the level 
of IL-6R and not its downstream signaling pathway.

The increased abundance of IL-6R in white compared to grey 
matter, which may be due to increased abundance of IL-6R on 
oligodendrocytes, may account for the preferential white matter 
injury seen both in vitro and in vivo following IL-6 application. 
However, it is the higher concentration of sIL-6R that may explain 
the increased susceptibility of the spinal cord to IL-6. Alternative 
explanations for the role of sIL-6R in preventing cell death include 
the possibilities that IL-6 is bound and isolated by sIL-6R or that 
the IL-6/sIL-6R complex initiates signaling through alternative 
pathways in cells without IL-6R (42). Biological markers of region-
al selectivity within the CNS has been seen previously, such as the 
selective clearance of alphavirus from spinal cord relative to the 
cortex (43) and the selective vulnerability of spinal cord neurons to 
excitotoxic injury when compared to cortical neurons.

We have found in this study that a single signaling molecule is a 
critical determinant of patient outcome in TM. The implications of 
these findings are that therapeutic strategies capable of modulat-
ing this pathway may improve outcomes in TM patients. Although 
IL-6, iNOS, and PARP have each been indirectly implicated in the 
pathophysiology of neuroinflammatory disorders previously (2, 
12, 22), our work provides direct evidence for a signaling cascade 
involving these proteins that accounts for the clinicopathologic 
findings in inflammatory spinal neurodegeneration. Since spinal 
cord dysfunction is a major determinant of disability in several 
neurologic disorders including TM and MS, the elucidation of this 
pathway identifies important therapeutic targets for preventing 
this disability in the future.

Methods
Study subjects. All patients underwent a lumbar puncture at acute onset of dis-
ease as part of their clinical care and diagnosis prior to initiating treatment 
and consented to the withdrawal of additional CSF for research (approved 
by the Johns Hopkins Medicine Institutional Review Board). Idiopathic TM 
patients were defined according to previously published criteria (1). Those 
who did not meet the inflammatory criteria were classified as noninflamma-
tory controls. Spinal fluid was collected, immediately placed on ice, centri-
fuged at 1,000 g to remove cellular elements, and stored at –80°C.

Clinical assessments. Clinical and radiological data was collected: the pres-
ence of gadolinium enhancement; the location and extent of the lesion on the 
spinal MRI; and the levels of protein and number of white blood cells, if any, 

in the CSF during the acute phase (see Supplemental Table 1). Further, func-
tional status (acute and follow-up EDSS scores) were assessed by neurologists 
who were blinded to the immunologic assay results. The EDSS is a widely 
used neurological rating scale, ranging from 0 (normal) to 10 (death).

Immunologic assays. Cytokine antibody arrays were purchased (TranSignal 
RayBio Human Cytokine Antibody Array 3, catalog no. MA6020; Panomics 
Inc.) and used according to package inserts. For each blot, 1,000 µl of CSF 
was used. Signal was analyzed and quantitated by using a Fuji chemilumi-
nescent detection system. Quantitative IL-6 ELISA assay kits and total NO 
assay kits were purchased from R&D Systems and the LIVE/DEAD Viabil-
ity/Cytotoxicity Kit was purchased from Invitrogen Corp.; all were used 
according to the manufacturers’ instructions. All samples were measured 
in triplicate and average values were determined. Total nitrite concentra-
tions in supernatants collected from in vitro coculture experiments were 
determined by using the Total NO Kit (catalog no. DE1600; R&D Systems) 
as specified by the manufacturer. PARP activity was assayed using a PARP 
Activity Assay Kit (catalog no. 4667-50-K; Trevigen) according to the man-
ufacturer’s instructions. NT release in supernatants collected from in vitro 
coculture experiments was analyzed using the Nitrotyrosine ELISA Test 
Kit (catalog no. HK501; Cell Sciences) as directed by the manufacturer.

Reagents. Recombinant rat IL-6 (catalog no. 557008; BD Biosciences 
— Pharmingen) was made as a 2 µg/ml stock in 1 mg/ml BSA in PBS and 
used at final concentrations of 500 pg/ml and 2,000 pg/ml. iNOS inhibitor 
1400W dihydrochloride (catalog no. ALX-270-073; Alexis Biochemicals) 
was made at 100 mM stock in water and used at a final concentration of 
100 µM. We also dissolved 4-ANI (catalog no. ALX-270-250-M010; Alexis 
Biochemicals) in 10% DMSO and used this for in vitro studies at a final 
concentration of 5 µM from a 5.8-mM stock. We obtained 3-AB from 
Sigma-Aldrich (catalog no. A0788). Microglial identity was determined 
by incubation with DiI-Ac-LDL (Invitrogen Corp.). This marker identifies 
phagocytosing cells and has been reported to accurately identify microglial 
cells in the nervous system (44).

Antibodies and dilutions used in this study include the following: Phos-
phoPlus Stat3 (Tyr705) Antibody Kit (1:1,000; Cell Signaling Technology); 
iNOS/NOS Type II (1:10,000; BD Biosciences); anti-NT, clone 1A6 (1:1,000; 
Upstate); PARP antibody (1:75; Cell Signaling Technology), biotinylated 
anti-human IL-6R antibody (1:2,500; R&D Systems), RIP (SMI 91; Stern-
berger Monoclonals), neurofilament (NF), Heavy Chain (SMI 31/32; Stern-
berger Monoclonals), and GFAP (1:400, catalog no. MAB360, or 1:2,000, 
catalog no. AB5804; Chemicon). CSF samples from TM patients were 
immunodepleted with anti-human IL-6 antibodies (catalog no. ab6672; 
Novus Biologicals), precipitated with protein A-coated beads, and verified 
for IL-6 depletion by human IL-6 ELISA assay.

Immunoblots. Western blots were developed with SuperSignal West Femto 
Maximum Sensitivity Substrate (Pierce Biotechnology Inc.) and quantified 
with a Luminescent Image Analyzer (LAS-1000 plus camera) and Image 
Gauge software (Fuji). Protein expression in treated tissue was normal-
ized to levels in untreated controls by dividing measured band intensities. 
Supernatants were collected at each time point and centrifuged at 13.2 
rpm in a tabletop centrifuge for 5 minutes at 4°C. The clarified superna-
tant was then analyzed for the presence of total nitrites and NT.

Rat spinal cord organotypic cultures. All animal experiments were approved 
by the Johns Hopkins Animal Care and Use Committee, and mice were 
cared for and euthanized according to the guidelines of the committee. 
Spinal cord organotypic slice cultures were prepared from 8-day-old 
Sprague-Dawley rats as previously described (45). Growth media was 
changed 1 day after culturing and twice more before using. Cultures 
were used 7–10 days after culturing. Cultures were changed to serum-free 
organotypic culture media and treated with recombinant human IL-6, 
PBS, or 100 µl human CSF from TM patients.



research article

2740	 The	Journal	of	Clinical	Investigation	 	 	 http://www.jci.org	 	 	 Volume 115	 	 	 Number 10	 	 	 October 2005

Microglial cultures. Microglial cultures were isolated from adult rats as 
described by Babas et al. (44), with a few modifications. The cells were 
derived from the cortical regions of 3 adult Lewis rat brains. Processed 
tissues were passed through an 18-gauge needle on a 10-CC syringe and 
filtered over 70-µm nylon cell strainers (Falcon, catalog no. 352350; BD 
Biosciences) twice to ensure a single cell suspension. Cells were plated at a 
density of 4 × 106 cells/well. The next day, cells were washed and changed 
to fresh growth medium. Cells were maintained for a week before experi-
mentation. Microglial cell purity (at least 90%) was verified by fluorescent 
staining of microglia with Iba-1 (1:150, catalog no. 01-1974; Wako) and the 
absence of staining with GFAP.

Spinal cannulated rats. Adult Sprague-Dawley rats with spinal cannu-
las were purchased from Zivic Laboratories Inc. These rats had can-
nulas placed into the cisterna magna and extended caudally through 
the subarachnoid space with the cannula tip terminating adjacent to 
the T8 vertebral body. Cannulated rats were anesthetized with avertin, 
an incision was made behind the head, and the subarachnoid cannula 
was connected to an Alzet pump (1007D, 0.5 µl/hr for 7 days). Pumps 
were filled with 100 µl IL-6 at 2 µg/ml or saline. Animals were coded 
and housed individually. There were 10 rats per group, and each rat was 
scored for hind limb grip strength daily by a blinded examiner. Animals 
were perfused with 4% paraformaldehyde or 2% paraformaldehyde/2% 
glutaraldehyde 7 days after initiating IL-6 infusion, and spinal cords 
were harvested for immunohistochemistry or plastic sectioning. Plastic 
sections (1 µM) were generated of the lumbar spinal cord after osmium 
tetroxide embedding. Additional behavioral studies were carried out as 
described in Supplemental Methods.

Statistics. SPSS software (version 12.0; SPSS Inc.) was used for all statisti-
cal analyses. Box plots were used to represent the distribution of the data. 
The outliers shown are outside the fifth and ninety-fifth percentile. Cor-
relations were assessed by Spearman’s rank correlation coefficient due to 
the ordinal nature of the data. Group differences in EDSS and IL-6 levels 

and between CSF and serum IL-6 levels in the different patient groups were 
compared using the Mann-Whitney U test due to the non-Gaussian appear-
ance of the data. A P value less than 0.05 was considered significant. Due 
to the nonparametric nature of the data (as determined by using tests of 
normality), nonparametric equivalent tests of ANOVA and repeated-mea-
sures ANOVA were used to increase the robustness of the results. The Krus-
kal-Wallis test was performed to analyze differences among groups at each 
time point, and Friedman’s nonparametric repeated measures comparison 
was used to analyze differences across time within a group. The Mann-
Whitney U test was used for the comparison of 2 independent samples.
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