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Involvement of Spinal IL-6 Trans-Signaling in the Induction
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Tumor Necrosis Factor-Alpha
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During peripheral inflammation, both spinal TNF-� and IL-6 are released within the spinal cord and support the generation of
inflammation-evoked spinal hyperexcitability. However, whether spinal TNF-� and IL-6 act independently in parallel or in a functionally
dependent manner has not been investigated. In extracellular recordings from mechanonociceptive deep dorsal horn neurons of normal
rats in vivo, we found that spinal application of TNF-� increased spinal neuronal responses to mechanical stimulation of knee and ankle
joints. This effect was significantly attenuated by either sgp130, which blocks IL-6 trans-signaling mediated by IL-6 and its soluble
receptor IL-6R (sIL-6R); by an antibody to the IL-6 receptor; or by minocycline, which inhibits the microglia. IL-6 was localized in neurons
of the spinal cord and, upon peripheral noxious stimulation in the presence of spinal TNF-�, IL-6 was released spinally. Furthermore,
TNF-� recruited microglial cells to provide sIL-6R, which can form complexes with IL-6. Spinal application of IL-6 plus sIL-6R, but not of
IL-6 alone, enhanced spinal hyperexcitability similar to TNF-� and the inhibition of TNF-�-induced hyperexcitability by minocycline
was overcome by coadministration of sIL-6R, showing that sIL-6R is required. Neither minocycline nor the TNF-�-neutralizing com-
pound etanercept inhibited the induction of hyperexcitability by IL-6 plus sIL-6R. Together, these data show that the induction of
hyperexcitability of nociceptive deep dorsal horn neurons by TNF-� largely depends on the formation of IL-6/sIL-6R complexes that are
downstream of TNF-� and requires the interactions of neurons and microglia orchestrated by TNF-�.
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Introduction
The proinflammatory cytokines TNF-� and IL-6 are widely
expressed in the CNS and fulfill numerous physiological and

pathophysiological functions (Erta et al., 2012; Santello and
Volterra, 2012; Rothaug et al., 2016). In the spinal cord,
TNF-� and IL-6 were particularly implicated in the spinal
mechanisms of neuropathic (Marchand et al., 2005; Latré-
molière et al., 2008; Milligan and Watkins, 2009) and inflam-
matory pain (Bao et al., 2001; Raghavendra et al., 2004;
Vazquez et al., 2012; König et al., 2014). Spinal cytokines are
released from activated glial cells (McMahon and Malcangio,
2009), but IL-6 is also produced by neurons (Cao and Zhang,
2008; Erta et al., 2012).
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Significance Statement

Both spinal TNF-� and IL-6 induce a state of spinal hyperexcitability. We present the novel finding that the full effect of TNF-� on
the development of spinal hyperexcitability depends on IL-6 trans-signaling acting downstream of TNF-�. IL-6 trans-signaling
requires the formation of complexes of IL-6 and soluble IL-6 receptor. Spinal TNF-� furthers the release of IL-6 from neurons in
the spinal cord during peripheral noxious stimulation and recruits microglial cells to provide soluble IL-6 receptor, which can
form complexes with IL-6. Therefore, a specific interaction between neurons and microglia is required for the full development of
TNF-�-induced hyperexcitability of nociceptive deep horsal horn neurons.
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The development of peripheral inflammation generates spinal
hyperexcitability. This process of central sensitization causes an
amplification and spreading of pain (Woolf and Salter, 2000).
Recently, we found that both spinal TNF-� and IL-6 signaling are
involved in the generation of spinal hyperexcitability evoked by
developing inflammation in the joint. Spinal application of etan-
ercept, which neutralizes TNF-�, or of an antibody to the TNF
receptor TNFR1 significantly attenuated the generation of spinal
hyperexcitability during the development of peripheral inflam-
mation (König et al., 2014). Similarly, spinal application of solu-
ble gp130 (sgp130), which inhibits IL-6 trans-signaling (see
below), attenuated the development of spinal hyperexcitability
upon peripheral inflammation (Vazquez et al., 2012). Con-
versely, spinal application of either TNF-� or IL-6, together with
its soluble receptor sIL-6R, enhanced the responses of nocicep-
tive spinal cord neurons to innocuous and noxious mechanical
stimulation of the knee joint (Vazquez et al., 2012; König et al.,
2014).

A crucial question is whether these cytokines act indepen-
dently or if their actions are connected functionally. Preliminary
experiments indicated that the effects of TNF-� and IL-6/sIL-6R
complexes on the neuronal responses are not additive, raising the
possibility that their actions are crucially linked. TNF-� activates
membrane-bound receptors TNFR1 and TNFR2. IL-6 signaling
in cells is mediated by the activation of the transmembrane-
signal-transducing subunit glycoprotein 130 (gp130), which is
expressed ubiquitously. To activate gp130, IL-6 can either bind to
membrane-bound IL-6 receptor (gp80) or form a complex with
sIL-6R and IL-6/sIL-6R complexes then activate gp130. The latter
process is called trans-signaling because it allows IL-6 signaling in
cells that do not express membrane-bound gp80. IL-6/sIL-6R
complexes are neutralized by sgp130, thus preventing the activa-
tion of gp130 (Jostock et al., 2001). Interestingly, endogenous
sgp130 is present at high concentrations in blood and CSF (Pad-
berg et al., 1999). Therefore, IL-6 trans-signaling is only possible
if the concentration of IL-6/sIL-6R complexes overcomes the
neutralization by sgp130. Conversely, an excess of sgp130, as pro-
vided by exogenous sgp130, prevents trans-signaling (Nowell et
al., 2003; Rose-John, 2012). IL-6 is either produced by neurons or
glial cells (Erta et al., 2012), whereas an endogenous source of
sIL-6R could be the microglia-expressing gp80 (Hsu et al., 2015).
Proteases capable of shedding gp80, such as ADAM10/17, are
widely expressed (Garbers et al., 2011). Therefore, a cooperative
action of neurons and glial cells may be a requisite for IL-6 sig-
naling. This question is of major interest because many pain
states, including those of arthritis and osteoarthritis, are charac-
terized by glial activation and cytokine involvement (Clark et al.,
2007; Milligan and Watkins, 2009; Christianson et al., 2010; Sagar
et al., 2011; Ji et al., 2013).

In the present experiments, we investigated whether the
sensitizing effects of TNF-� and IL-6 signaling depend on each
other. We performed electrophysiological recordings from
spinal cord neurons in vivo, which allowed us to apply agonists
and neutralizing compounds to the spinal cord surface at the
recording site. Furthermore, we measured the release of me-
diators in vivo and used a microglial cell line and primary
microglia to address specific questions on the effects of cyto-
kines on glial cells. Our findings suggest that spinal TNF-�
sensitizes spinal cord neurons, mainly by activating spinal IL-
6/sIL-6R signaling, and this depends on the cooperation of
neurons and glial cells.

Materials and Methods
Animals. Adult male Wistar rats (n � 95, 250 – 450 g) were housed under
12 h/12 h light/dark conditions in a temperature-controlled environ-
ment with ad libitum food and water. The study was approved by the
Thuringian Government (Reg. No. 02-008/13) and experiments were
performed in accordance with the Animals Protection Act of the Federal
Republic of Germany. For primary cell cultures, C57/B6J mice were
housed under the same conditions.

Recordings from spinal cord neurons. Rats were deeply anesthetized
with sodium thiopental (Trapanal, 100 –120 mg/kg, i.p.; Rotexmedica).
The trachea was cannulated and a gentle jet of oxygen was blown toward
the cannula to assist respiration. Catheters filled with Tyrode’s solution
containing the following (in mM): 140 NaCl, 2.7 KCl, 2.4 CaCl2, 2.3
MgCl2, 12 NaHCO3, and 0.24 NaH2PO4, pH 7.4, and 12.5 or 1 units
heparin (Heparin-Natrium-25000; Ratiopharm) were inserted into the
carotid artery to measure mean arterial blood pressure (usually �100 �
20 mmHg) and into the jugular vein. Body temperature was kept at 37°C
using a feedback-controlled thermostat. As necessary, additional injec-
tions of sodium thiopental were applied (12 mg/kg, i.p.) to maintain a
deep level of anesthesia, which was characterized by a stable blood pres-
sure during noxious stimulation and the absence of corneal reflexes.

The animal was fixed in a frame and lumbar segments L1–L4 were ex-
posed by laminectomy. The dura mater was opened. The surgical area was
stabilized with 3% agar in Tyrode’s solution, leaving uncovered a tightly
sealed trough (3 � 5 mm) on the surface of the spinal cord, which was
immediately filled with �50 �l of Tyrode’s solution to avoid drying of the
tissue.

Extracellular recordings from individual neurons with input from the
knee joint were performed with glass-insulated carbon filaments. For
data collection, neurons were selected that responded to pressure applied
to the ipsilateral left knee but did not respond to stroking and squeezing
of the overlying skin. Action potentials of a neuron were monitored
continuously on a digital oscilloscope and saved on PC for final offline
spike analysis using Dapsys version 8.42 software (Turnquist et al., 2004).

For mechanical testing, mechanical stimuli were applied to the medio-
lateral axis of the knee with a manometer (Correx) at innocuous (1.9
N/40 cm 2) and noxious (7.8 or 5.9 N/40 cm 2) intensity. Thereafter, the
ankle and the paw were stimulated with defined clamps (innocuous: 1.1
N/20 cm 2, noxious: 5.8 N/20 cm 2, respectively). Each stimulus lasted for
15 s, followed by 15 s without stimulation. The whole stimulation circle
was repeated every 5 min.

All recordings started by repetition of the stimulation sequence until sta-
ble responses of the neurons were obtained. According to experimental pro-
tocols, recombinant rat TNF-� (ImmunoTools), recombinant rat IL-6 (Life
Technologies), recombinant sgp130, recombinant human IL-6, and/or re-
combinant human sIL-6R (R&D Systems) were then applied directly in
Tyrode’s solution onto the spinal cord surface into the trough over the re-
cording site at a concentration of 1 �g/ml. In seven experiments, a neutral-
izing anti-IL-6R antibody (at 5 �g/ml) that binds to sIL-6R and gp80 of rat
(catalog #115807; BioLegend; see also Walker et al., 2008) was applied and
purified rat IgG2b, � isotype control (catalog #400621; BioLegend) at 5
�g/ml was applied as a control. Etanercept (Enbrel; Pfizer) was coapplied in
selected experiments at 12.5 �g/�l. In other experimental groups, the base-
line responses were established, minocycline (1 �g/ml; Sigma-Aldrich) was
applied onto the spinal cord, and stimulation and recording were continued
for 1 h. Next, combinations of minocycline and a test substance (see above)
were applied for another 2 h.

For data analysis, action potentials were evaluated offline by shape and
amplitude using Dapsys version 8.42 software. The action potentials during
each stimulus application (15 s) were counted. Mean neuronal responses to
a stimulus of consecutive time intervals of 30 min were compared with a 30
min baseline before application of substances.

Measurement of IL-6 in spinal supernatants. In rats in which superna-
tants from the spinal cord were collected, a spinal trough with a capacity
of 120 –140 �l was used. Tyrode’s solution (120 �l) was filled into the
spinal trough and completely redrawn after the indicated time points (see
Fig. 2A) and immediately frozen at �20°C. Samples were finally pro-
cessed with a commercial enzyme immunoassay for rat IL-6 (catalog
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#550319, BDset OptEIA; eBiosciences) and using a Tecan plate reader
with Magellan 3.0 software at 450 nm.

Measurement of sIL-6R in BV2 microglia cell culture supernatants and
preparations of primary mouse microglia. Mouse BV2 microglia cells (kind
gift from Reinhard Bauer, Center for Molecular Biomedicine, Institute of
Molecular Biology, Jena, Germany) were seeded at 5 � 10 4 cells/well into
12-well plates (Thermo Scientific) and cultivated in Dulbecco’s modified
Eagle’s medium (DMEM; Lonza) containing 10% heat-inactivated fetal
bovine serum (BioWest) for 24 h. After washing the cells with pure
DMEM, cells were stimulated with recombinant mouse TNF-� and re-
combinant mouse IL-6 (100 ng/ml each; ProSpec) in DMEM for 2 h. For
minocycline treatment, the inhibitor was applied at 1 �g/ml in DMEM
for 30 min before stimulation and was constantly present during the
cytokine stimulation. After 2 h, supernatants were collected and imme-
diately frozen on dry ice. Six independent experiments were performed
in duplicate.

Newborn mice [postnatal day 1 (P1)–P3] were decapitated and whole
brains were collected in Dulbecco’s PBS (D-PBS; Life Technologies).
After removal of meninges, cortices were separated and minced with a
scalpel and transferred to DMEM containing freshly supplied 2.5 mg/ml
Trypsin/EDTA (PAA) and 3.5 �g/ml DNase (Sigma-Aldrich) and incu-
bated for 20 min at 37°C. Cortices were gently triturated with a fire-
polished Pasteur pipette and transferred to cell culture flasks (Greiner)
with DMEM supplemented with 10% heat-inactivated fetal bovine se-
rum (BioWest) and 1% penicillin/streptomycin (Lonza). After 7 d, half
of the medium was refreshed. After observing a confluent astrocyte layer,
top-adhering microglia cells were shaken off at 500 rpm for 3 h at 37°C.
The suspension harvested from one flask was separated equally and
seeded into two wells of a 48-well plate (Greiner). After 24 h of culture,
microglial cells were stimulated with 100 ng/ml recombinant mouse
TNF-� (ProSpec) in pure DMEM for 2 h. The supernatants were col-
lected and immediately frozen on dry ice. To monitor the purity of
microglia, aliquots of harvested cells were seeded on poly-L-lysine
(Sigma-Aldrich)-coated coverslips, fixed, and stained with rabbit anti-
Iba1 (catalog #019-19741; Wako Chemicals) or rabbit anti-GFAP (cata-
log #18-0063; Life Technologies) detected with goat anti-rabbit coupled
to Alexa Fluor 488 (Life Technologies) always in the presence of DAPI
(Sigma-Aldrich) staining.

ELISA for mouse sIL-6R (catalog #rab0314; Sigma-Aldrich) was per-
formed following the manufacturer’s instructions and optical density
was measured at 450 nm using a Tecan plate reader.

Immunohistochemistry on rat spinal cord tissue. Rats were deeply anes-
thetized with sodium thiopental (�200 mg/kg, i.p.) and transcardially
perfused with ice-cold 4% (w/v) paraformaldehyde (PFA) in PBS con-
taining the following (in mM): 140 NaCl, 2.7 KCl, 1.5 KH2PO4, and 8.1
NaH2PO4. The lumbar spinal cord was removed, postfixed for 24 h in 4%
PFA, dehydrated, and embedded in Technovit 9100 methyl methacrylate
(Heraeus) according to the manufacturer’s instructions. Sections of 4
�m thickness were cut using a Polycut S microtome (Reichert-Jung). To
remove polymer, sections were treated with 2-methoxyethylacetate and
rehydrated in decreasing concentrations of alcohol. For antigen retrieval,
sections were autoclaved for 15 min in citric acid (100 mM C6H8O7, pH 6)
and then washed with TBS (Tris-buffered saline, 20 mM, pH 7.6) and
incubated with blocking solution (TBS with 10% normal goat serum and
1% Triton X-100) for 30 min. Next, sections were incubated with the
following primary antibodies: mouse anti-IL-6 monoclonal antibody (1:
250; catalog #ab9324; Abcam) recognizing human, rat, and mouse IL-6
from the brain (see also Neher et al., 2013), rabbit anti-PGP9.5 (1:500;
catalog #7863-0504; AbD Serotec), rabbit anti-Iba1 (1:200; catalog #019-
19741; Wako Chemicals), and rabbit anti-GFAP (1:100; catalog #18-
0063; Thermo Scientific) at 4°C overnight. For controls, primary
antibodies were omitted. Secondary antibodies, conjugated with Alexa
Fluor 488 or Alexa Fluor 568 (Life Technologies), were incubated for 2 h
in the dark. After additional washing, sections were mounted with cov-
erslips and ProLong Gold antifade reagent (Life Technologies). Immu-
nostaining was detected using the confocal laser scanning microscope
Leica TCS SP5.

Stimulation, SDS-PAGE, and Western blotting on BV2 and SH-SY5Y
cells. Mouse BV2 microglia cells and human SH-SY5Y neuroblastoma

cells (DSMZ) were seeded into 12-well plates and cultivated in DMEM
with 10% heat-inactivated fetal bovine serum for 24 h. Cells were washed
and starved for 18 h in pure DMEM before stimulation.

For signaling analysis, BV2 cells were treated with 100 ng/ml recom-
binant mouse IL-6 and SH-SY5Y cells were treated with the complex of
recombinant human IL-6 and sIL-6R (100 ng/ml each) for different time
periods with or without the presence of 1 �g/ml minocycline. If used,
minocycline was preincubated for 30 min before cytokine stimulation.
The reaction was stopped on ice, medium was aspirated, and cells were
scraped and harvested with RIPA lysis buffer containing the following
(in mM): 20 Tris-HCl, 150 NaCl, 2.5 Na4P2O7, 1 EGTA, and 1
�-glycerophosphate, along with 1% C24H39NaO4 and 1% NP-40, pH 7.4,
freshly supplemented with protease inhibitor cocktail tablets (Roche).
After a freeze–thaw cycle, cell lysates were centrifuged and 6� Laemmli
loading buffer was added to supernatants.

For protein analysis, protein samples were separated on 10% PAGE-
gels at 125 V and transferred to a PVDF membrane (Millipore). Immu-
noblotting followed with anti-Phospho-Stat3-Tyr705 (catalog #9145;
Cell Signaling Technology) and anti-Stat3 (catalog #4904; Cell Signaling
Technology). The signals were visualized with HRP-linked secondary
antibodies (KPL) and an enhancing chemiluminescence reaction
(Thermo Scientific) according to the manufacturer’s instructions using a
CCD camera system (Synoptics).

Statistics. In electrophysiological recordings in vivo, changes of re-
sponses within the groups were tested for significance with the Wilcoxon
matched-pairs signed-rank test. Intergroup comparisons were calculated
by Mann–Whitney U tests. For multiple comparisons, Bonferroni cor-
rection was applied. For comparison of ELISA measurements of super-
natants from spinal cord or cell culture, the Kolmogorov–Smirnov test
was used, followed by t tests (cell line) or Wilcoxon matched-pairs
signed-rank test (primary cell culture). Statistics were calculated with
SPSS. Significance was acknowledged if p � 0.05.

Results
Recording of neuronal activity
We performed in vivo extracellular recordings from 90 nociceptive
neurons with input from the knee joint in the deep dorsal horn of
rats in a depth of 894�239 �m (mean�SD) from the surface of the
spinal cord. All selected neurons were activated by compression of
the knee joint, but did not respond to brushing and squeezing the
skin overlying the knee joint. Typically, these neurons were also ac-
tivated by compression of the ankle joint and some of them were also
activated by compression of the paw and muscle bellies of the thigh
and lower leg. The sites for mechanical stimulation are shown in
Figure 1A. Substances were applied locally at the recording site. In
each animal, a single neuron was recorded.

TNF-�-induced spinal hyperexcitability and IL-6 signaling
To test whether the effect of TNF-� on the responses of spinal
cord neurons to stimulation of the knee and the ankle is altered by
interfering with IL-6 signaling, we applied either TNF-� or
TNF-� plus sgp130 to the spinal cord surface. The compound
sgp130 neutralizes IL-6/sIL-6R complexes and prevents IL-6
trans-signaling (Jostock et al., 2001). TNF-� caused a progressive
increase of the responses to innocuous and noxious pressure onto
the knee and the ankle joint, whereas such an increase was signif-
icantly smaller after spinal application of TNF-� plus sgp130.
Figure 1B displays the change of the responses from baseline
(mean set zero) in periods of 30 min; Figure 1C shows the abso-
lute numbers of action potentials of responses at baseline and
90 –120 min (2 h) after the application of TNF-� or TNF-� plus
sgp130. Asterisks label significant increases compared with base-
line; arrows indicate the first time period in which the responses
were significantly different from baseline (Wilcoxon matched-
pairs signed-rank test). Crosses indicate significant differences
between groups (Mann–Whitney U test). Similar to the experi-
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mental group with coapplication of TNF-� and sgp130, only a
small increase of the responses to stimuli was observed when
TNF-� was coadministered with a neutralizing anti-IL-6R anti-
body that binds to sIL-6R and gp80 of rat (Fig. 1D,E; in Fig. 1D,
the TNF-� group is the same as in Fig. 1B). In contrast, the
coapplication of TNF-� with a purified rat IgG2b for control did
not prevent the increase of the responses (n � 3, gray lines in Fig.
1D). The application of Tyrode’s solution (vehicle) to the spinal
cord did not enhance the spinal responses within 2 h (n � 3, data
not shown). The data in Figure 1 show that the application of
TNF-� to the spinal cord enhanced the responses to mechanical

stimuli progressively and that this effect was attenuated signifi-
cantly or even prevented by sgp130 or an anti-IL-6R antibody.
Together, the data indicate that the generation of hyperexcitabil-
ity of nociceptive deep dorsal horn neurons by TNF-� involves
IL-6 signaling.

The effect of sgp130 suggests that TNF-� may act via the for-
mation of complexes of IL-6 and sIL-6R. Therefore, we tested
first whether IL-6 was released from the spinal cord during the
experimental protocol shown in Figure 1B. We performed the
standard protocol of mechanical stimulation, applied TNF-� af-
ter the recording of the baseline, removed the supernatants after

Figure 1. Recording of neuronal activity and reduction of TNF-�-induced spinal hyperexcitability by sgp130 or anti-IL-6R. A, Experimental setup. Responses of spinal cord neurons in the deep
dorsal horn with knee and ankle input were recorded in vivo. Innocuous (innoc.) and noxious (nox.) pressure were applied to the knee, ankle, and paw. Each stimulus lasted for 15 s, followed by 15 s
without stimulation. Substances were applied to the surface of the spinal cord at the recording site. B, Comparison of the increases of the neuronal responses to innocuous and noxious mechanical
stimulation of the knee and ankle joints for 2 h after spinal application of TNF-� (n � 11) or TNF-� plus sgp130 (n � 8), shown as mean number of action potentials per 15 s (mean APs/15 s) �
SEM for intervals of 30 min. The baseline (BL) responses before TNF-� or TNF-� plus sgp130 are set to zero. C, Comparison of the neuronal responses to innocuous and noxious knee and ankle
stimulation in absolute values at baseline and 90 –120 min (2 h) after TNF-� treatment and TNF-� plus sgp130 treatment. D, Comparison of the increases of the neuronal responses to innocuous
and noxious mechanical stimulation of the knee and ankle joints for 2 h after spinal application of TNF-� (n � 11, same as in B) or TNF-� plus anti-IL-6R (n � 7). The gray lines display the effect
of TNF-� plus the isotype control antibody (n � 3, no statistics). E, Comparison of the neuronal responses to innocuous and noxious knee and ankle stimulation in absolute values at baseline and
90 –120 min (2 h) after TNF-� plus anti-IL-6R and TNF-� plus IgG2b. In B and D, asterisks with arrow indicate the start of a significant increase of responses or a significant increase of responses at
the specific time points ( p � 0.05 by Wilcoxon matched-pairs signed-rank test); plus signs indicate significant difference between the groups at the specific time point ( p � 0.05 by Mann–Whitney
U test). In C, asterisks indicate a significant increase ( p � 0.05, Wilcoxon matched-pairs signed-rank test).
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1 and 2 h after TNF-�, and measured the concentration of IL-6
using an anti-rat IL-6 ELISA. Within 2 h after spinal application
of TNF-�, IL-6 levels increased up to fourfold (Fig. 2A). The
concentration of IL-6 accumulated within 1 h increased from
171.7 � 60.3 pg/ml (mean � SEM) before TNF-� to 661.6 �
123.4 pg/ml within the second hour.

In the next step, we tested whether spinal application of IL-6
mimics the TNF-�-induced increase of neuronal responses. We
used the standard protocol of mechanical stimulation and applied
IL-6 after having established the baseline. As shown in Figure 2B,
even a large dose of IL-6 caused only a negligible and nonsignificant
increase of the responses to mechanical stimulation. However, the
application of both IL-6 and sIL-6R caused an increase of the re-
sponses similar to TNF-�. The IL-6 group and the IL-6/sIL-6R
group differed significantly at most time points. Therefore, although
IL-6 is released after TNF-� application, it does not mimic the effect
of TNF-� without adding sIL-6R. Therefore, if the TNF-� effect is
mediated by IL-6/sIL-6R, as suggested by the prevention of the

TNF-� effect by sgp130, then there must be an endogenous source of
sIL-6R.

Putative sources of IL-6 and sIL-6R in the spinal cord
According to the literature, IL-6 can be produced by neurons or
by glial cells (Erta et al., 2012). We used immunochemistry to
study the expression of IL-6 in the spinal cord. Figure 3A (with
enlargements of regions in Aa and Ab) shows the labeling of
neurons with PGP9.5 (red) and the labeling for IL-6 (green). We
found extensive colocalization of PGP9.5 and IL-6 (yellow). In
contrast, only very sparse colabeling was found for microglial
cells and IL-6 (Fig. 3B, red: Iba1-positive microglial cells, green:
IL-6; note: due to the thickness of the sections of 4 �m, the
microglial cells do not exhibit the typical pattern) and no costain-
ing was found for GFAP-positive astroglia and IL-6 (Fig. 3C, red:
GFAP, green: IL-6). Therefore, in the spinal cord of naive rats,
IL-6 is mainly localized in neurons.

The source of sIL-6R in the CNS is restricted. Microglial cells
express membrane-bound IL-6R (Rothaug et al., 2016) and en-
dothelial cells of the cerebrovascular system respond well to IL-6
(Campbell et al., 2014; Hsu et al., 2015). To test whether micro-
glia is a possible source of sIL-6R, we performed an anti-sIL-6R
ELISA of six independent stimulation experiments on BV2 cells,
a mouse microglial cell line that is a suitable model of microglia
(Henn et al., 2009). We detected a basal release of sIL-6R (26.0 �
3.9 pg/ml, mean � SEM, within 2 h). TNF-� increased the release
of sIL-6R into the supernatant of the BV2 cells by, on average,
77% to 46.1 � 7.1 pg/ml (p � 0.05, t test; Fig. 4A). The presence
of minocycline, a widely accepted inhibitor of microglia (Yrjän-
heikki et al., 1998; Garrido-Mesa et al., 2013), insignificantly re-
duced the basal release to 15.5 � 3.4 pg/ml, but significantly
inhibited the TNF-�-induced sIL-6R release, which reached only
26.6 � 3.4 pg/ml (p � 0.05, t test). IL-6 did not enhance the
recruitment of its own soluble receptor (21.1 � 3.1 pg/ml, similar
to the basal release). In microglial cells from primary microglial
cell culture, the enhancement of the release of sIL-6R by TNF-�
was confirmed. The microglial cells showed a basal release of
sIL-6R (15.1 � 3.8 pg/ml) and TNF-� increased the release of
sIL-6R by, on average, 52% to 24.1 � 7.2 pg/ml (Fig. 4B). The
immunocytochemical specimens in Figure 4B show that almost
all cells in the culture were identified as Iba1-positive micro-
glial cells (blue shows nuclear DAPI staining); only a very few
were GFAP-positive. For quantification, cell numbers of five
independent pictures from a coverslip either stained for Iba1
or GFAP were counted using DAPI staining and the percent-
age of either Iba1-positive cells (�90%) or GFAP-positive
cells was determined.

Minocycline affects mainly microglia. IL-6-dependent signal-
ing such as the acute phosphorylation of Stat3 is strongly reduced
by minocycline in the IL-6R-positive BV2 microglia cell line
within 30 min (Fig. 4C, left). Stimulation of the IL-6R-negative
neuronal cell line SH-SY5Y with the IL-6/sIL-6R complex also
showed a strong phosphorylation of Stat3, illustrating the effect
of IL-6 trans-signaling. However, the effect on neurons could not
be prevented by minocycline (Fig. 4C, right). Together, the data
show that the microglia are a source of sIL-6R and that TNF-�
can mobilize sIL-6R from microglial cells.

Involvement of glial cells in the induction of hyperexcitability
by TNF-�
In the next step, we tested in vivo whether the effect of TNF-� on
the neuronal responses is affected by minocycline. We used the
standard stimulation protocol and, after assessment of the baseline

Figure 2. Increase of spinal IL-6 release during peripheral stimulation in the presence of spinally
applied TNF-�and neuronal effects of IL-6 and IL-6/sIL-6R. A, Spinal IL-6 release (means�SEM) into
the spinal cord supernatant in the course of the stimulation protocol and spinal TNF-� application.
Samples were extracted after 1 h of baseline (control) and 1 and 2 h after TNF-�application (n�10).
*Significant increase after TNF-� compared with control before TNF-� ( p � 0.05 by t test). B, In-
crease of neuronal responses to knee and ankle stimulation after spinal application of IL-6 (n�10) or
of IL-6/IL-6 soluble receptor (sIL6-R, n � 6) within 2 h, shown as mean number of action potentials
per 15 s (mean APs/15 s) � SEM for intervals of 30 min. Baseline responses (in APs/15 s) in the IL-6
group: innocuous pressure knee 109.3 � 35.9, noxious pressure knee 395.1 � 75.3, innocuous
pressure ankle 75.2 � 28.9, noxious pressure ankle 483.0 � 126.0. Baseline responses (in APs/15 s)
in the IL-6/sIL6-R group: innocuous pressure knee 154.5 � 23.2 APs/15 s, noxious pressure knee
357.8�43.1, innocuous pressure ankle 67.0�28.7, noxious pressure ankle 470.4�80.7. Asterisks
with arrow indicate the start of significant increases of responses or significant increase of responses at
the specific time point ( p � 0.05 by Wilcoxon matched-pairs signed-rank test); plus signs indicate
significant difference between the groups at the specific time point ( p � 0.05 by Mann–Whitney U
test). BL, Baseline.
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responses, we first administered minocycline to the spinal
cord for 1 h. Then we added TNF-� in one experimental group
and TNF-� plus sIL-6R in the other group. Figure 5A shows
that the spinal application of TNF-� after minocycline did not
alter significantly the responses of the neurons to mechanical

stimulation. However, the addition of TNF-� plus sIL-6R in
the other group strongly increased the responses to mechani-
cal stimulation. Therefore, minocycline prevented the in-
crease of the responses by TNF-�, but the addition of
exogenous sIL-6R to TNF-� and minocycline restored the typ-

Figure 3. Immunostaining of the dorsal horn of the spinal cord of untreated rats for the localization of IL-6. A, Labeling of neurons with PGP9.5 (red) and labeling for IL-6 (green). Extensive colocalization of
PGP9.5 and IL-6 (yellow) showing IL-6 in neurons. Enlargements of two regions (squares) are shown in Aa and Ab. B, Labeling of Iba1-positive microglial cells (red) and labeling for IL-6 (green); there was only
very sparse colabeling (yellow). Note: due to the thickness of the sections of 4 �m, the microglial cells do not exhibit the typical pattern. C, Labeling of GFAP-positive astroglia (red) and labeling for IL-6 (green).
There was no costaining for GFAP-positive astroglia and IL-6.

Figure 4. TNF-� interacts with microglia to recruit soluble IL-6 receptor. A, Release of IL-6 soluble receptor (sIL6-R) into the supernatant of BV2 mouse microglia cells within 2 h of stimulation (n�6). Basal
release (control, 26.0 � 3.9 pg/ml, mean � SEM) decreased insignificantly in the presence of minocycline. TNF-� increased sIL-6R release significantly, an effect inhibited by minocycline. There was no
additional release of sIL-6R by IL-6. x indicates a significant difference between the indicated groups ( p � 0.05 by t test). B, Release of sIL-6R into the supernatant of primary mouse microglial cells within 2 h
(n�8). Basal release (control, 15.1�3.8 pg/ml, mean�SEM) increased significantly with TNF-� (24.1�7.2 pg/ml, p�0.05 by Wilcoxon matched-pairs signed-rank test). Right, Comparison of microglial
marker (Iba1) and astrocyte marker (GFAP) with all cells (DAPI) shows purity of microglial culture. C, Representative Western blot analysis (n � 3) on Stat3 activation (pStat3-Tyr705) in IL-6R-positive BV2
microgliacells(left)andIL-6R-negativeSH-SY5Yneuroblastomacells(right).BV2cellsshowedStat3activationafter IL-6(classicsignaling);SH-SY5YcellsexhibitedStat3activationafterapplicationof IL-6/sIL-6R
complex (trans-signaling). Minocycline inhibited Stat3 activation in BV2 cells, but not in SH-SY5Y cells.
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ical TNF-� effect. Neither minocycline
alone nor sIL-6R alone changed signifi-
cantly the responses of the neurons to
mechanical stimulation (Fig. 5B).

TNF-� induces spinal hyperexcitability
via IL-6/sIL-6R
Putting together all of the data from
the previous experiments, we developed
the hypothesis displayed in Figure 6A.
We propose that TNF-� furthers the
release of IL-6 from neurons and the re-
lease of sIL-6R from glial cells. This
leads to the formation of IL-6/sIL-6R
complexes, which act on the neurons
and mediate the TNF-�-induced hyper-
excitability. In this model, etanercept,
which neutralizes TNF-�, should pre-
vent the induction of hyperexcitability,
as shown previously (König et al., 2014),
whereas it should not prevent the effect
of IL-6/sIL-6R. Furthermore, the spinal
application of minocycline should not
inhibit the induction of hyperexcitabil-
ity induced by application of exogenous
IL-6/sIL-6R.

The spinal application of etanercept
did not influence the increase of the re-
sponses to mechanical stimulation evoked
by the spinal application of IL-6/sIL-6R
(Fig. 6B). Therefore, the IL-6/sIL-6R
complex acts independently of TNF-�.
Minocycline, preadministered for 1 h,
blocked the hyperexcitability evoked by
TNF-�, but did not block the hyperexcit-
ability evoked by exogenous IL-6/sIL-6R
(Fig. 6C). This indicates that IL6 trans-
signaling acts downstream of TNF-� and
microglia functions.

Discussion
The present study shows that the induction
of hypersensitivity of spinal nociceptive
neurons in the deep dorsal horn by TNF-�
depends significantly on IL-6/sIL-6R signal-
ing acting downstream of TNF-�. Sensitiza-
tion by TNF-� was strongly attenuated by
sgp130, which inhibits IL-6 trans-signaling,
or by an antibody to IL-6R, whereas sensiti-
zation by IL-6/sIL-6R was not blocked by
etanercept. Minocycline prevented TNF-�-induced sensitization,
indicating the involvement of microglial cells. IL-6 was localized in
neurons of the spinal cord and, during peripheral noxious stimula-
tion in the presence of spinal TNF-�, IL-6 was released spinally. IL-6
alone did not induce hyperexcitability, but required the coadminis-
tration of sIL-6R. The microglia may serve as an endogenous source
of sIL-6R. In a microglial cell line and in primary microglial cells,
TNF-� stimulated the release of sIL-6R. The conclusions are dis-
played in Figure 7.

Although the actions of either TNF-� or IL-6 on spinal neurons
have been explored previously, usually in slice preparations (see be-
low), the necessity of an interaction of cytokines has not been ad-
dressed. In the present study, the interaction of spinal TNF-� and

IL-6 was explored by using mainly extracellular recordings from
spinal cord neurons in vivo. This integrative approach allowed us to
monitor responses from single neurons to repetitive natural stimu-
lation at innocuous and noxious stimulus intensities for several
hours, to study the release of mediators from the intact spinal cord
during natural stimulation, and to apply compounds to an area in
which the neurons are recorded. We focused on neurons in the deep
dorsal horn because neurons with consistent responses to stimula-
tion of the joint can be identified there (Vazquez et al., 2012; König et
al., 2014).

A key finding was the attenuation of the TNF-� effect by sgp130
or an antibody to IL-6R, which binds to sIL-6R and gp80 of rat, thus
showing specifically the importance of IL-6 signaling. Although this

Figure 5. Effect of minocycline on TNF-�-induced hyperexcitability. A, There were no changes of neuronal responses to
mechanical stimulation after application of minocycline only and no increase after subsequent application of minocycline
plus TNF-� (n � 11), but there was an increase of the responses after TNF-� plus sIL-6R in the presence of minocycline
(n � 7). Data are shown as the mean number of action potentials per 15 s (mean APs/15 s) � SEM for intervals of 30 min.
Baseline values (in APs/15 s) in the minocycline/TNF-� group: innocuous pressure knee 288.3 � 105.2, noxious pressure
knee 636.8 � 113.0, innocuous pressure ankle 260.9 � 69.8, noxious pressure ankle 482.9 � 84.8. Baseline values (in
APs/15 s) in the minocycline/TNF-�/sIL-6R group: innocuous pressure knee 42.3 � 28.2, noxious pressure knee 326.1 �
98.7, innocuous pressure ankle 112.3 � 60.3, noxious pressure ankle 554.9 � 160.5. Asterisks with arrow indicate the
start of significant increases of responses or significant increase of responses at the specific time point ( p � 0.05 by
Wilcoxon matched-pairs signed-rank test); plus signs indicate significant difference between the groups at the specific
time point ( p � 0.05 by Mann–Whitney U test). BL, Baseline. B, Neuronal responses to knee stimulation before (baseline)
and 90 –120 min (2 h) after application of minocycline or sIL-6R alone.
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effect was strong, it was not complete because the responses to in-
nocuous pressure applied to the knee and ankle still showed a small
significant increase. This may reflect the activation of TNF receptors
expressed in neurons (Probert, 2015). In isolated spinal cord slices,
TNF-� increased the frequency of spontaneous EPSPs, as well as
AMPA- and NMDA-induced currents in dorsal horn neurons (Ka-
wasaki et al., 2008; Spicarova et al., 2011; Zhang et al., 2011), and
TNF-� was found to facilitate excitation by inhibiting superficial
inhibitory GABAergic dorsal horn neurons (Zhang and Dougherty,
2011; Zhang et al., 2011). Importantly, in the present in vivo study,
we found a significant increase of the spinal release of IL-6 during the
development of hyperexcitability evoked by TNF-�. We assume that
IL-6 was mainly released from neurons upon stimulation, a possibil-
ity suggested previously (Ringheim et al., 1995; Jüttler et al., 2002). In
the spinal cord of the healthy rat, we localized IL-6 mainly in neurons
(Arruda et al., 1998) and did not find IL-6 expression in microglial
cells, corroborating other studies (Guptarak et al., 2013). However,
in advanced pain states, IL-6 may also be released from activated glia
(Guptarak et al., 2013; Ji et al., 2013). Interestingly, in the liver, the
release of TNF-� from Kupffer cells caused a massive release of IL-6

within 2–3 h, thus also showing activation of IL-6 signaling by
TNF-� (Schmidt-Arras and Rose-John, 2016).

All IL-6 effects are mediated by activation of the signal transduc-
tion unit gp130, which is expressed ubiquitously. The gp130 trans-
duction unit is either activated by binding of IL-6 to IL-6R in the
membrane (gp80) or by IL-6/sIL-6R complexes, allowing IL-6 ef-
fects on cells without membrane-bound gp80 (trans-signaling). No-
tably, trans-signaling is only possible if IL-6/sIL-6R complexes reach
a concentration higher than that of endogenous sgp130 that neutral-
izes the complexes (Rose-John, 2012). Therefore, the actions of IL-6
on many cells depend on three factors: IL-6, sIL-6R, and endogenous
sgp130. In the present experiments, the administration of IL-6 alone
did not change the neuronal responses to mechanical stimulation,
indicating that not enough IL-6/sIL-6R complexes were formed to
overcome the neutralization by sgp130. IL-6 on its own could only
act on membrane-bound gp80, which is mainly restricted to micro-
glia or cerebrovascular endothelial cells (Lin and Levison, 2009;
Campbell et al., 2014; Rothaug et al., 2016). However, interestingly,
IL-6 itself did not enhance the release of sIL-6R from microglia in
vitro. Therefore, the availability of sIL-6R appears to be the limiting

Figure 6. Induction of hyperexcitability of deep dorsal horn neurons by TNF-� via IL-6/sIL-6R. A, Hypothetical flow chart of an upstream function of TNF-� initiating the release of IL-6 and sIL-6R
from different sources to form the downstream IL-6/sIL-6R complex for IL-6 trans-signaling. Indicated are the action sites of specific inhibitors. B, Increases of neuronal responses to mechanical
stimulation by spinal application of IL-6/sIL-6R (n � 6) and spinal application of IL-6/sIL-6R plus etanercept (n � 6) for 2 h, shown as mean number of action potentials per 15 s (mean APs/15 s) �
SEM for intervals of 30 min. Baseline values (in APs/15 s) in the IL-6/sIL-6R group: innocuous pressure knee 154.5�23.2, noxious pressure knee 357.8�43.1, innocuous pressure ankle 67.0�28.7,
noxious pressure ankle 470.4 � 80.7. Baseline values (in APs/15 s) in the IL-6/sIL-6R plus etanercept group: innocuous pressure knee 81.6 � 47.8, noxious pressure knee 298.3 � 84.6, innocuous
pressure ankle 53.8 � 44.0, noxious pressure ankle 322.7 � 135.4. C, Increases of neuronal responses to mechanical stimulation by spinal application of TNF-� plus minocycline (n � 11) or
IL-6/sIL-6R plus minocycline (n � 8) for 2 h, shown as mean number of action potentials per 15 s (mean APs/15 s) � SEM for intervals of 30 min. Baseline values (in APs/15 s) in the TNF-� plus
minocycline group: innocuous pressure knee 288.3 � 105.2, noxious pressure knee 636.8 � 113.0, innocuous pressure ankle 260.9 � 69.8, noxious pressure ankle 482.9 � 84.8. Baseline values
(in APs/15 s) in the IL-6/sIL-6R plus minocycline group: innocuous pressure knee 98.4 � 34.4, noxious pressure knee 292.5 � 53.1, innocuous pressure ankle 56.4 � 36.1, noxious pressure ankle
261.2 � 54.4. Asterisks with arrow indicate the start of significant increases of responses or significant increase of responses at the specific time point ( p � 0.05 by Wilcoxon matched-pairs
signed-rank test); plus signs indicate significant difference between the groups at the specific time point ( p � 0.05 by Mann–Whitney U test). BL, Baseline.
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factor to the formation of IL-6/sIL-6R complexes sufficient to
overcome the inhibition by sgp130. In contrast, the application of
IL-6/sIL-6R to the spinal cord caused spinal hyperexcitability, con-
firming our previous results (Vazquez et al., 2012) showing
that the IL-6 effects on neuronal excitability are mainly depen-
dent on trans-signaling.

The starting point of the present study was the observation
that the induction of hyperexcitability by TNF-� was blocked by
sgp130. Therefore, the experiments focused on the question of
how TNF-� is related to IL-6 signaling. We propose that TNF-�
furthers the release of IL-6 from neurons and stimulates the re-
lease of sIL-6R from microglia to overcome endogenous sgp130.
These conclusions are based on two sets of data. First, BV2 cells,
which express membrane-bound gp80 similar to primary micro-
glia (Hsu et al., 2015), and primary microglial cell cultures
showed a basal release of sIL-6R. The sIL-6R release was en-
hanced significantly by TNF-�. Minocycline, applied to BV2
cells, blocked the effect of TNF-�. The monitoring of Stat3 acti-
vation in BV2 cells and in the neuronal cell line SH-SY5Y showed
that minocycline inhibited Stat3 activation by IL-6 in BV2 cells,
but not in the neuronal cell line stimulated with IL-6/sIL-6R,
indicating that minocycline acted on microglia, but not on neu-
rons. Interestingly, IL-6 itself did not enhance the release of
sIL-6R from microglia. Second, the increase of the neuronal re-
sponses to mechanical stimuli by TNF-� was prevented by mino-
cycline, which inhibits microglia rapidly (Sorge et al., 2015),
indicating that microglial activation is involved in TNF-�-
induced sensitization. The application of minocycline alone did
not alter the magnitude of the neuronal responses to mechanical

stimulation significantly, showing that unspecific effects of mi-
nocycline were negligible. However, the induction of hyperexcit-
ability by TNF-� in the presence of minocycline was restored by
coapplication of exogenous sIL-6R, thus bypassing the block of
glial cell activation. It is important to note that the increase of the
neuronal responses by IL-6/sIL-6R was not blocked by minocy-
cline (corresponding to the failure of minocycline to inhibit Stat3
activation by IL-6/sIL-6R). Furthermore, the application of
sIL-6R alone had no effect on neuronal responses, supporting the
role of TNF-� in providing sufficient IL-6.

If IL-6/sIL-6R acts downstream of TNF-�, then etanercept
should inhibit the effect of TNF-�, but not the effect of IL-6/sIL-6R,
on neuronal responses. Indeed, coapplication of etanercept with
TNF-� prevented the increase of the neuronal responses (König et
al., 2014), but the spinal responses to knee stimulation were in-
creased upon coapplication of etanercept and IL-6/sIL-6R.

In a previous study, we found a rapid increase of the spinal
release of IL-6 during the development of kaolin/carrageenan
(K/C)-induced inflammation (Vazquez et al., 2012). Therefore,
the question arises of whether spinal TNF-� is at all necessary to
further spinal hyperexcitability. Importantly, either etanercept or
an antibody to TNFR1 prevented the generation of spinal hyper-
excitability during the development of inflammation (König et
al., 2014). Here, we show that TNF-� activates the microglia to
provide sIL-6R, which allows IL-6/sIL-6R trans-signaling. These
novel data explain why, in our previous studies, the spinal appli-
cation of either etanercept or sgp130 prevented the development
of spinal hyperexcitability during the development of acute in-
flammation in the knee joint. The endogenous source of TNF-�
is likely to be the microglia (Hanisch, 2002; Ji et al., 2013).

However, in the previous studies, neither spinally applied
sgp130 nor spinally applied etanercept reversed within 1–2 h the
established spinal hyperexcitability upon established K/C inflam-
mation (Vazquez et al., 2012; König et al., 2014). In primary
afferent sensory neurons, we found that mechanical hyperexcit-
ability induced by IL-6/sIL-6R is more difficult to reverse than
mechanical hyperexcitability induced by TNF-� (Brenn et al.,
2007; Richter et al., 2010). Therefore, the critical involvement of
IL-6/sIL-6R signaling in the spinal effects of TNF-� may explain
why neither sgp130 nor etanercept reversed the hyperexcitability
of deep dorsal horn neurons once established. This is also consis-
tent with the induction of nociceptive neuronal priming evoked
by IL-6 (Melemedjian et al., 2010).

In sum, the present study shows how two important cytokines
in the spinal cord interact in the generation of inflammation-
evoked spinal hyperexcitability, an important mechanism of clin-
ically significant pain, for example, in the musculoskeletal system
(see discussion in Phillips and Clauw, 2013). Because other
cytokines such as IL-1� are also expressed in the spinal cord
(McMahon and Malcangio, 2009), it is likely that further inter-
actions between cytokines may be identified. The understanding
of interactions of cytokines (and other mediators) could be im-
portant for the development of therapeutical strategies. Because
TNF-�, IL-6, and other cytokines are expressed throughout the
CNS (Erta et al., 2012; Probert, 2015; Rothaug et al., 2016), such
data may also be relevant in brain regions.
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