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Abstract

One maladaptive consequence of inflammatory stimulation of the afferent somatosensory system is the manifestation of inflam-
matory pain. We established and characterized a neuroglial primary culture of the rat superficial dorsal horn (SDH) of the spinal
cord to test responses of this structure to neurochemical, somatosensory, or inflammatory stimulation. Primary cultures of the rat
SDH consist of neurons (43%), oligodendrocytes (35%), astrocytes (13%), and microglial cells (9%). Neurons of the SDH
responded to cooling (7%), heating (18%), glutamate (80%), substance P (43%), prostaglandin E, (8%), and KCI (100%) with
transient increases in the intracellular calcium [Ca”*];. Short-term stimulation of SDH primary cultures with LPS (10 pg/ml, 2 h)
caused increased expression of pro-inflammatory cytokines, inflammatory transcription factors, and inducible enzymes respon-
sible for inflammatory prostaglandin E, synthesis. At the protein level, increased concentrations of tumor necrosis factor-o
(TNF«) and interleukin-6 (IL-6) were measured in the supernatants of LPS-stimulated SDH cultures and enhanced TNFx and
IL-6 immunoreactivity was observed specifically in microglial cells. LPS-exposed microglial cells further showed increased
nuclear immunoreactivity for the inflammatory transcription factors NFkB, NF-IL6, and pCREB, indicative of their activation.
The short-term exposure to LPS further caused a reduction in the strength of substance P as opposed to glutamate-evoked Ca**-
signals in SDH neurons. However, long-term stimulation with a low dose of LPS (0.01 pg/ml, 24 h) resulted in a significant
enhancement of glutamate-induced Ca’* transients in SDH neurons, while substance P-evoked Ca®* signals were not influenced.
Our data suggest a critical role for microglial cells in the initiation of inflammatory processes within the SDH of the spinal cord,
which are accompanied by a modulation of neuronal responses.
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Introduction

Somatosensory information from peripheral nociceptors and
A commentary to this article is available online at https://doi.org/10.1007/ thermosensors is transmitted by afferent axons of dorsal root
500424-020-02479-x ganglia (DRG) to neurons in the superficial dorsal horn (SDH)
of the spinal cord, including /aminae I and II termed
substantia gelatinosa [1]. Inflammatory stimulation of the af-
ferent somatosensory system results in an enhanced sensation
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administration of bacterial lipopolysaccharide (LPS) or pro-
inflammatory cytokines, which is accompanied by
hyperalgesia in vivo [8—11].

Most of the primary afferent neurons are nociceptors or
thermoreceptors, especially those with thin myelinated or un-
myelinated fibers [12]. These neurons employ glutamate as
the principle transmitter to carry noxious or thermal informa-
tion to the second order neurons located within the SDH [1].
For the synaptic transmission from nociceptive fibers to SDH
neurons, also neuropeptides including substance P (SP) were
identified [13] and the neurokinin 1 receptor for SP is present
in projection neurons in lamina I of the spinal cord [14]. Using
acutely dissociated dorsal horn cells of neonatal rats, Heath
etal. [15] identified a population of neurons, which responded
to SP with a short transient increase of intracellular Ca** con-
centration ([Ca**])). Ca** imaging is thus an appropriate tool
to characterize the responsiveness of SDH neurons to the rel-
evant transmitters (glutamate and SP) involved in the trans-
mission of nociceptive signals into the spinal cord.

Using a primary culture of rat DRG, we could recently
show that glial elements of this structure, satellite glial cells
and resident macrophages, play a critical role in the inflam-
matory enhancement of responses of nociceptive DRG neu-
rons due to stimulation with capsaicin or noxious heat [16].
Therefore, the central goals of the present study were to es-
tablish and characterize a mixed neuroglial primary culture of
the rat SDH and to investigate whether an enhancement of
neuronal responses under conditions of experimentally in-
duced inflammation is also observed in putative second order
neurons of the nociceptive pathway. Studies on the effects of
transmitters or drugs on the SDH are usually performed with
acutely dissociated cells [15] or more refined with spinal cord
slice preparations, which preserve the cellular connections
within the structure [17, 18]. The mixed neuroglial primary
culture of the SDH, which we established for our experiments,
gives the opportunity to investigate single cells by means of
Ca** imaging, without being affected by adjacent cells. At the
same time, the interplay between all relevant cellular elements
of this structure (neurons, astrocytes, microglial cells, and ol-
igodendrocytes) can be investigated. Short- or long-term ex-
posures for hours or even days with inflammatory stimuli can
be performed and the effects of inflammatory stimulation can
be analyzed at a cellular level not only in neurons, but also in
glial cells. With regard to inflammatory and with some extent
to neuropathic pain, special attention was directed to spinal
cord microglial cells, which were called powerful modulators
of pain [19] and which are targets with therapeutic potential
[20]. Thus, our primary cell culture model strikes a balance
between the complexity of ex vivo slices and simplicity of
pure neuronal or glial cell line cultures and is therefore an
appropriate tool to study fundamental cellular processes of
neuroimmune interactions within the dorsal horn of the spinal
cord.
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By means of Ca>* imaging, we demonstrate neuronal re-
sponses to glutamate, SP, heating, or cooling, which are com-
patible with data obtained by other experimental approaches.
Using lipopolysaccharide (LPS) as a potent inflammatory
stimulus, we provide evidence for a critical contribution of
glial elements within the SDH primary cultures to the endog-
enous formation of various mediators of inflammation. We
further show that inflammatory stimulation of SDH primary
cultures influences stimulus-induced neuronal responses. We
suggest that the mixed neuroglial primary culture of the SDH
can be a tool to investigate complex neuron—glia interactions
at a cellular level and can be used for testing of drugs with the
aim to target a modulation of inflammatory pain.

Material and methods

Preparation and cultivation of SDH primary cell
cultures

Four- to 6-day-old male and female Wistar rats from an in-
house breeding colony were used for all experiments. Parent
animals originated from Charles River WIGA (Sulzfeld,
Germany). Animal care, breeding, and experimental setup
were performed according to the guidelines approved by the
Hessian Ethics Committee (approval number GI M_580).
Environmental conditions were constantly kept at a tempera-
ture of 22 °C=+1 °C and a relative humidity of 50% with
lighting from 7:00 AM to 7:00 PM.

For preparation of SDH primary cultures, rat pups were
killed by decapitation on days 4 to 6. The vertebral column
was removed and cut into slices of about 1 mm. Ten to 15
slices from each animal were collected in Petri dishes filled
with cold, oxygenated GBSS (Gey’s Balanced Salt Solution,
Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) sup-
plemented with 0.5% D-glucose (Sigma-Aldrich Chemie
GmbH). After removing the vertebral arch, dorsal parts of
the spinal cord, including mainly the laminae I and II
(substantia gelatinosa), were extracted, cleaned from sur-
rounding spinal meninges, and collected in cold, oxygenated
HBSS (Hank’s Balanced Salt Solution, without Ca®* and
Mg2+; Biochrom GmbH, Berlin, Germany) with 20 mM
HEPES (Sigma-Aldrich Chemie GmbH) at pH 7.4. All spinal
dorsal horn slices were transferred into an enzyme mix con-
taining dispase II (5 mg/ml; Sigma-Aldrich Chemie GmbH)
and collagenase (CLS II, 2.5 mg/ml; Biochrom GmbH) dis-
solved in oxygenated HBSS. After enzymatic digestion for
40 min, cells were dissociated mechanically and washed in
HBSS containing 1 mM EDTA (Sigma-Aldrich Chemie
GmbH) to stop the enzymes’ activity. After centrifugation
(2 min with 2000 rpm), the supernatant was removed and cells
were washed with complete medium, consisting of
Neurobasal A supplemented with 2% B27, penicillin
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(100 U/ml)/streptomycin (0.1 mg/ml) and 2 mM glutamine
(All from Life Technologies GmbH, Darmstadt, Germany).
Cells were centrifuged, re-suspended in complete medium
with a cell number of 100,000 cells/ml, and cultured on
poly-L-lysine (0.1 mg/ml; Biochrom GmbH)-coated glass
coverslips (Menzel, Braunschweig, Germany). For Ca®* im-
aging experiments, we used different coverslips with a laser-
etched grid (DRM-800 Gridded Coverslips, CELL-VU,
Millennium Sciences Inc., New York, USA) for later immu-
nocytochemical identification of all investigated cells.
Cultivation was performed in a humidified atmosphere of
5% CO, and 95% air at 37 °C.

Immunocytochemistry

After ~24 h of cultivation, primary cell cultures were fixed
with 4% freshly prepared paraformaldehyde (PFA) in
phosphate-buffered saline (PBS; both from Sigma-Aldrich
Chemie GmbH), pH 7.4, for 20 min. Cells were washed three
times in PBS and used for immunocytochemistry.

Immunocytochemistry was performed according the fol-
lowing protocol: After incubation in blocking solution con-
taining 10% fetal calf serum (FCS, Capricorn Scientific
GmbH, Ebsdorfer Grund, Germany) diluted in PBS-T con-
taining 0.05% Triton X-100 (Sigma-Aldrich Chemie GmbH)
for 2 h, cells were incubated with the primary monoclonal
antibodies or polyclonal antisera diluted in blocking solution
for 24 h at room temperature in a humidified atmosphere. To
remove unbound antibodies, cells were washed three times in
PBS-T. Fluorophore-coupled secondary antisera diluted in
blocking solution were added for 2 h. After three times wash-
ing with PBS-T, cellular nuclei were stained with 2-(4-
amidinophenyl)-1H-indole-6-carboxyamidine (DAPI, Life
Technologies GmbH) for 8 min. Again, cells were washed
three times and coverslips were embedded with a glycerol/
PBS solution (Citifluor Ltd., London, UK).

For identification of cell types, we used the following
monoclonal antibodies or polyclonal antisera directed against
cell type specific marker proteins: MAP2a + b for neurons
(mouse AP-20 anti-MAP2a + b; Sigma-Aldrich Chemie
GmbH, 1:600), GFAP for astrocytes (mouse anti-GFAP,
Merck, Darmstadt, Germany, 1:1000), CNPase for oligoden-
drocytes (mouse anti-CNPase, Sigma-Aldrich Chemie
GmbH, 1:1000), and ED1 for microglial cells (mouse anti-
ED1; AbD Serotec, Oxford, UK, 1:1000). Thereafter, cells
were incubated with Alexa Fluor 488 donkey anti-mouse
IgG (H + L) (Life Technologies GmbH, 1:500). All antibodies
have been used previously for cell type detection in several
studies [16, 21-23].

The number of immunopositive cells for each cell type was
counted in a 1-mm? field on coverslips with a laser-etched grid
for six experiments on 21 coverslips with a total number of
1825 cells. Figure 1 shows the percentages of immunopositive

Fig. 1 Cell type characterization in SDH primary cultures.
Immunocytochemistry was performed to identify neurons (MAP),
astrocytes (GFAP), oligodendrocytes (CNPase), and microglial cells
(ED1). Percentages represent the number of immunopositive cells of
each cell type referring to all investigated immunopositive cells. Scale
bar represents 25 pm

cells for each cell-type-specific antibody referring to all inves-
tigated immunopositive cells.

After Ca®* imaging experiments (see Fig. 2), we performed
immunocytochemistry for detection of functionally character-
ized neurons and astrocytes with antibodies/antisera specific
for MAP2a + b and GFAP (rabbit anti-GFAP; DAKO GmbH,
Hamburg, Germany). Furthermore, the secondary antisera
Cy3 goat anti-mouse IgG (H + L) (Dianova GmbH,
Hamburg, Germany 1:2000) and Alexa Fluor 488 donkey
anti-rabbit IgG (1:500) were applied.

In another experimental setup, we investigated effects of
stimulation with LPS on SDH primary cultures by means of
immunocytochemistry with regard to cytokine expression and
nuclear translocation of inflammatory transcription factors.
We therefore used the aforementioned antibodies for cell type
specific marker proteins (MAP2a + b, GFAP, CNPase, ED1)
in combination with antibodies against the cytokines tumor
necrosis factor alpha (TNFo; goat anti-TNFa, R&D
Systems, Wiesbaden, Germany; 1:200) and interleukin-6
(IL-6; goat anti-IL-6, Santa Cruz, CA, USA, 1:500) or the
transcription factors nuclear factor kappa B (NFkB; rabbit
anti-NFkB; Santa Cruz; 1:2000), nuclear factor interleukin-6
(NF-IL6; rabbit anti-NF-IL6, Santa Cruz; 1:4000), phosphor-
ylated cAMP responding element-binding protein (pCREB;
rabbit anti-Phospho-CREB (Ser133); Cell Signaling
Technology, Danvers, MA, USA; 1:1000), and signal trans-
ducer and activator of transcription 3 (STAT3; rabbit anti-
STATS3, Santa Cruz; 1:6000). To enhance the signal intensity
for cytokine detection, we used a secondary biotinylated anti-
body (biotinylated horse anti-goat, Vector Laboratories Inc.,
CA, USA, 1:200 for 2 h) and Cy3-conjugated streptavidin
(Jackson ImmunoResearch, Cambridgeshire, UK, 1:1000 for
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1 h). For investigation of inflammatory transcription factors,
we used the following combination of secondary antisera:
Alexa Fluor 488 donkey anti-mouse IgG (1:500) with Cy3-
conjugated donkey anti-rabbit IgG (Dianova, Hamburg,
Germany; 1:2000).

In all experiments, cells were examined and photographed
using a fluorescence microscope (BX-50, Olympus Optical,
Hamburg, Germany) equipped with appropriate filter sets and
the MetaMorph microscopic imaging software (Molecular
Devices, San Jose, USA). To quantify the immunoreactive
intensities of a signal in the area of the nucleus, stained with
DAPI (blue channel), it was marked as region of interest. The
gray level of each pixel in this region was measured in the red
channel, corresponding to the signal of the given transcription
factor. Results represent the mean of all investigated cells for
each cell type from 3 to 4 distinct experiments. In each exper-
iment, PBS- and LPS-treated cells were immunolabeled with-
in the same immunocytochemical procedure and
photographed and analyzed under the same conditions.
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Measurement of intracellular calcium

After ~24 h of cultivation in complete medium or complete
medium containing LPS or PBS, measurements of intracellu-
lar calcium were performed. Cells were loaded with 2 uM
fura-2-AM (Life Technologies GmbH) in complete medium
for 45 min in a humidified atmosphere of 5% CO,/95% air at a
temperature of 37 °C. Afterwards, coverslips were put in spe-
cially constructed Teflon© chambers under an inverted micro-
scope (IMT-2, Olympus GmbH) and superfused with Ca**
imaging buffer consisting of 5 mM HEPES, 130 mM NaCl,
5 mM KCl, 1.0 mM MgCl,, 1.25 mM CaCl,, and 10 mM D-
glucose (all: Sigma-Aldrich Chemie GmbH) at pH 7.4.
Temperature and superfusion rate were constantly kept at
37 °C and 2.0 ml/min. Fluorescence measurements were per-
formed using a filter wheel-based excitation system and ana-
lyzed with the MetaFluor 7.7.8.0. software (Visitron GmbH,
Puchheim, Germany). Regions of interest were defined for
single cells and emitted fluorescence (> 515 nm) was detected
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after alternating excitations at 340 and 380 nm, using a Spot
Pursuit digital CCD-camera (Model 23.0, Visitron GmbH)
every 5 s during the whole experiment. The 340/380 nm ratios
were computed and analyzed. The following stimuli were
used in different series of experiments: rapid cooling to
25 °C (240 s), rapid warming to 45 °C (200 s), the TRPV1
agonist capsaicin (1 uM, 180 s), glutamate (10 uM, 180 s)
substance P (1 uM, 180 s); all from Sigma-Aldrich Chemie
GmbH)), prostaglandin E, (PGE,; 10 uM, 180 s; Enzo Life
Sciences GmbH, Ldrrach, Germany), and buffer containing
50 mM KCI (180 s). All doses were chosen according to
previous recordings [ 16, 24] and pilot studies in which several
doses were tested. Drugs were stored as stock solutions at —
20 °C (capsaicin: 10 mM in 0.1% DMSO; glutamate: 100 mM
in H,O; substance P: 1 mM in 0.6% acetic acid + 1% bovine
serum albumin (BSA); PGE,: 1 mM in H,0) and diluted in
Ca** imaging buffer just prior the experiments. Final solvent
concentrations (0.1% DMSO, 0.6% acetic acid + 1% BSA)
have been tested in this or previous studies [16] and did not
result in changes of [Ca®*];.

LPS stimulation experiments

In one series of experiments, cells were used for short-term
stimulation experiments after cultivation in Neurobasal A me-
dium for 24 h. One group was incubated in complete medium
containing bacterial lipopolysaccharide (LPS) from
Escherichia coli O111:B4 (10 ug/ml or 100 pg/ml; Sigma-
Aldrich Chemie GmbH, No. L2630) and another group in
medium containing solvent (PBS) as a control. After
120 min of incubation in a humidified atmosphere with 5%
CO, and 95% air at 37 °C, all supernatants were removed,
transferred, and stored at —45 °C for later determination of
cytokines, while the cells were used for Ca®* imaging exper-
iments, immunocytochemistry, or real-time RT-PCR.

In another series of experiments, cells were incubated with
complete medium containing LPS (0.001, 0.01, 0.1, or
1 ug/ml) or solvent (PBS) for ~24 h in a humidified atmo-
sphere with 5% CO, and 95% air at 37 °C. After this long-
term LPS stimulation, supernatants were removed, trans-
ferred, and stored at —45 °C for later determination of cyto-
kines, while cells were used for measurements of intracellular
calcium.

Cytokine measurements

Concentrations of the cytokines TNFa and IL-6 in the super-
natants of SDH primary cultures were measured by means of
highly sensitive bioassays, which are able to detect even rather
low amounts of both cytokines. The TNF o bioassay is based
on the cytotoxic effect of TNFo on the mouse fibrosarcoma
cell line WEHI 164 subclone 13 [25]. IL-6 was determined by
a bioassay based on the dose-dependent growth stimulation of

IL-6 on the B9 hybridoma cell line [26]. To calibrate both
assays, we used international standards (murine TNF stan-
dard: code 88/532; human IL-6 standard: code 89/548;
National Institute for Biological Standards and Control,
South Mimms, UK). After considering the dilution of samples
into the assays, the detection level for TNFo was 6 pg/ml and
for IL-6 3 IU/ml. For detailed description also, see [22, 23].

Real-time RT-PCR

For determination of gene expression for selected inflamma-
tory target genes, we performed real-time RT-PCR in 4-5
independent experiments. For each experiment, 16 wells were
prepared as mentioned before. Eight wells were stimulated
with either LPS (10 pg/ml) or PBS for 2 h. After washing
with PBS, all cells from 8 wells were lysed in 200 ul RA1
buffer, which is a component of the NucleoSpin© RNA XS
kit (Macherey Nagel, Diiren, Germany). RNA was extracted
according to the manufacturer’s protocol and stored at — 20 °C
for later reverse transcription. About 200 ng total RNA were
employed for reverse transcription using 50 U of murine leu-
kemia virus reverse transcriptase, 40 uM random hexamers,
and 10 puM deoxynucleoside triphosphate (ANTP) mix
(Applied Biosystems, Foster City, CA, USA) in a reaction
volume of 20 pl. The StepOnePlus Real-Time PCR System
(Applied Biosystems) was applied for relative quantification
of all probes in duplicates using a primer/probe mixture
(TagMan Gene Expression Assay, Applied Biosystems) and
a TagMan PCR Master Mix (Applied Biosystems) with the
following cycling protocol: polymerase activation (50 °C for
2 min), initial denaturation (95 °C for 10 min), 40 cycles of
denaturation (95 °C for 15 s), and annealing/elongation (60 °C
for 1 min). We used the following gene expression assays
from Applied Biosystems: IL-6: Rn01410330 ml; TNFo:
Rn99999017 ml; IL-13: Rn00580432-m1; NF-IL6:
Rn00824635 s1; SOCS3: Rn00585674 s1; IkB:
Rn01473657 gl; COX-2: Rn01483828 ml; mPGES-1:
Rn00572047 ml; Tacrl: Rn00562004 ml.

For normalization of cDNA quantities, we used the house-
keeping gene [3-actin (Rn00667869 ml; Applied
Biosystems) as reference after comparison of different possi-
ble housekeeping genes. For relative quantification the
27 (AACY method was applied. Results represent the x-fold dif-
ference in relation to a control sample, which was given a
value of 1 within the same experiment for each gene.

Evaluation and statistics

Ca®* imaging results are presented as mean responses (Aratio
[340/380 nm]) + standard error of the mean (SEM) of all cells
that showed an increase of more than 0.05 from their baseline
to a distinct stimulus. Percentages within the bars represent
numbers of responsive cells in relation to all cells, which were
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investigated for a given stimulation. In experiments designed
to investigate the influence of LPS stimulation on cellular
responses, results for each stimulus (substance P or glutamate)
were compared by unpaired ¢ tests (PBS vs. LPS).

Results from RT-PCR experiments are shown as means +
SEM from 4 to 5 distinct preparations (n) and were compared
by an unpaired ¢ test.

Cytokine concentrations after short-term stimulation with
LPS are depicted as means + SEM from 16 to 19 samples ()
from at least 5 distinct experiments and results were analyzed
using a ¢ test to compare LPS-treated groups with the PBS
control group. Results of TNFo measurements after long-
term stimulation (~ 24 h) originate from at least 4 distinct
experiments and were analyzed using an unpaired ¢ test to
compare TNF« release of each LPS-treated group to the
PBS control group. Columns show the means + SEM of all
investigated samples (n).

To compare the mean immunoreactive intensities for dif-
ferent transcription factors within the area of the nucleus, the
intensities of 150 to 206 microglial nuclei (n) were evaluated
as mentioned above and analyzed by an unpaired ¢ test.
Results originate from 3 to 4 distinct preparations.

The software GraphPad Prism 5 (GraphPad Software Inc.,
La Jolla, CA, USA) was used for analysis and creation of
artwork.

Results

Ca’* responses of SDH neurons to thermal and
neurochemical stimuli (Fig. 2)

In a first series of experiments, we investigated neuronal re-
sponses to thermal and neurochemical stimuli by means of
Ca* imaging after ~24 h of cultivation. Changes in the Aratio
(340/380 nm), proportional to changes of intracellular calcium
([Ca**];), were analyzed and an increase larger than 0.05 was
interpreted as stimulus-induced neuronal response. Neuronal or-
igin of investigated cells was identified by MAP2a + b-specific
immunocytochemistry postexperimentally.

Thermal responsiveness of primary SDH neurons was in-
vestigated by changing the temperature of Ca®* imaging buff-
er from 37 °C to either 25 °C or 45 °C. Cooling from 37 to
25 °C resulted in increased [Ca*]; in 25 of 371 investigated
neurons (7%) with a mean Aratio (340/380 nm) of 0.2 +£0.04
(Fig. 2a, e, means + SEM). Fifty-two of 295 neurons (18%)
showed a peak response to warming from 37 to 45 °C (Fig. 2b,
e, mean: 0.19+0.03). We further investigated the neuronal
responses to glutamate (10 uM, 180 s) and substance P
(1 uM, 180 s), two important neurotransmitters within the
dorsal horn of the spinal cord involved in the transmission
of painful stimuli. About 80% of all investigated neurons
(993 of 1234) showed a transient increase of [Ca®*]; during
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stimulation with glutamate (Fig. 2a—e, mean: 0.19 +0.005).
Two hundred forty-two of 568 neurons (43%) responded to
SP with a mean Aratio (340/380 nm) of 0.15 +0.006 (Fig. 2c,
e). We further looked for a possible effect of co-stimulation
with substance P and glutamate at the same time. Co-
application of both neurotransmitters resulted in distinct re-
sponses with SP inducing a typical fast Ca®* peak and gluta-
mate causing a longer-lasting Ca®* response, which did not
overlap with the SP-evoked response (Fig. 2c). Stimulation
with prostaglandin E, (PGE,; 10 uM, 180 s), a mediator re-
leased during spinal inflammation [1, 19], also directly acti-
vated a population of neurons cultured from the dorsal horn of
the spinal cord. About 8% of all investigated neurons (23 of
271) showed an increase of [Ca**]; due to stimulation with
PGE, (Fig. 2d, e, mean: 0.18+0.03). The TRPV1 agonist
capsaicin (1 uM, 180 s) did not evoke Ca”* signals in neurons
from the SDH (data not shown).

Calcium imaging buffer containing high concentration of KCl
(50 mM) was used as a vitality test for neurons at the end of all
experiments, leading to a marked elevation of [Ca®*]; with mean
Avratio (340/380 nm) values of 0.32 +0.006 (Fig. 2a—¢).

Inflammatory response of SDH primary cultures to
short-term stimulation with LPS (Figs. 3, 4, 5, 6, and 7

After cultivation for ~24 h, we performed a short-term stim-
ulation (2 h) with LPS. To investigate the inflammatory re-
sponse of SDH primary cultures, RT-PCR (Fig. 3), specific
bioassays (Fig. 4), and immunocytochemistry (Figs. 5 and 6)
were applied. We further investigated stimulus-induced Ca**
responses after inflammatory stimulation by means of Ca**
imaging (Fig. 7).

After 2 h of stimulation with LPS (10 pg/ml), cultures were
washed with PBS. Cells from 8 cultures of each group were
lysed and pooled in 200 pl of lysis buffer. RNA was extracted
and after reverse transcription, real-time PCR was performed
to detect changes in the expression of genes of interest. LPS
stimulation led to a significantly increased expression of the
pro-inflammatory cytokines TNFo (1.49+£0.21 vs. 168.5+
23.14, p=0.0004), IL-6 (2.88+0.8 vs. 208.2+£20.37,
p<0.0001), and IL-1 (2.88+1.0 vs. 179.5+15.85, p <
0.0001) (Fig. 3a—c). We further observed an enhanced expres-
sion of NF-IL6 (1.47+£0.24 vs. 3.44+0.41, p=0.006),
SOCS3 (1.47+0.23 vs. 6.16+0.53, p=0.0002), and 1B
(1.24+0.13 vs. 5.01£0.7, p=0.002) (Fig. 3d—f). SDH pri-
mary cultures also showed an increased expression of COX-2
(2.08 £0.65 vs. 12.27 +3.14, p=0.026), while no significant
changes were detectable for mPGES-1 (3.3 +1.63 vs. 8.58 +
2.95, p=0.19) (Fig. 3g, h). Stimulation with LPS did not
affect the expression of NK-1, a receptor for substance P
(2.79 £ 1.24 vs. 2.64 = 1.14) (Fig. 3i).

Supernatants of SDH primary cultures were collected after
LPS stimulation (10 or 100 pg/ml). We performed specific
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Fig. 3 Effects of short-term stimulation with LPS on relative expression
of inflammatory marker genes in SDH primary cultures. a—c¢ After 2 h of
stimulation with LPS (10 pg/ml), mRNA expression of pro-inflammatory
cytokines (IL-6, TNFe, IL-1(3) is significantly increased compared to
PBS control groups (***p < 0.001). d—f Expression of NF-IL6, SOCS3,
and IkB is significantly enhanced due to inflammatory stimulation with

bioassays to investigate LPS-induced release of the cytokines
TNFx and IL-6. TNFx release was significantly increased
after stimulation with 10 pg/ml LPS (284.7 +72.54 pg/ml)
or 100 pg/ml LPS (433.5+87.63 pg/ml) compared to PBS
(31.25+6.14 pg/ml) (Fig. 4a). We further detected a signifi-
cantly increased release of IL-6 after LPS stimulation (PBS:
33.63 £5.45 TU/ml, LPS10: 186.1 +32.26 1U/ml, LPS100:
378.2+£59.67 IU/ml) (Fig. 4b).

We further investigated effects of short-term stimulation
with LPS (10 pg/ml) by means of immunocytochemistry.
Using antibodies to detect the cytokines TNFo and IL-6, we
were able to identify increased immunoreactivity for both cy-
tokines predominantly in microglial cells (ED1 positive) (Fig.
5), while other investigated cell types (neurons, oligodendro-
cytes, astrocytes) showed negligible signals (data not shown).

Inflammatory stimuli cause nuclear translocation of tran-
scription factors to activate specific target genes.
Accumulation of inflammatory transcription factors within
the nuclei of cells can be visualized by means of immunocy-
tochemistry. To determine activation of transcription factors

LPS (**p<0.01). g, h COX-2 and mPGES-1 are enzymes involved in the
synthesis of PGE,. Relative expression of COX-2 is enhanced due to
LPS-stimulation (*p < 0.05). i Relative expression of the receptor NK-1
was not affected by inflammatory stimulation with LPS for 2 h. Columns
represent the means + SEM of 4 to 5 independent experiments ()

involved in neuroinflammation, we used antibodies for NFkB,
NF-IL6, STAT3, and pCREB. NF«kB and NF-IL6 were pre-
dominantly detectable in microglial cells, while STAT3-
immunoreactivity occurred mainly in astrocytes. Nuclear sig-
nals of pCREB were observed in microglial cells and in a
population of large-sized neurons. Stimulation with LPS
(10 pg/ml) for 2 h resulted in increases of nuclear immunore-
activity for NFkB, NF-IL6, and pCREB in microglial cells
(Fig. 6). Measuring the mean staining intensities within the
area of microglial nuclei (ED1 + DAPI), we were able to show
that treatment with LPS results in significantly higher immu-
noreactivities for NFkB (21.59+0.7 vs. 34.22+£1.14,
p<0.0001), NF-IL6 (46.39+2.62 vs. 81.39 +3.64,
p<0.0001), and pCREB (11.17+1.02 vs. 55.43 +1.91,
p<0.0001) (Fig. 6¢, f, 1). No significant effects could be de-
tected in other cell types or for STAT3 (data not shown).

To investigate possible effects of short-term stimulation
with LPS (10 pug/ml) on neuronal responsiveness, we per-
formed Ca”* imaging experiments. Therefore, substance P
(1 uM) and glutamate (10 pM), two important excitatory
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Fig. 4 Release of the pro-inflammatory cytokines TNFx and IL-6 into
the supernatants of SDH primary cultures after short-term stimulation
with LPS. Concentrations of pro-inflammatory cytokines TNFo (a) and
IL-6 (b) are significantly increased after 2 h of stimulation with LPS in
different concentrations (10 and 100 pg/ml) compared to the PBS control
group (***p <0.001, **p <0.01). Columns represent the means + SEM
of 16 to 19 supernatants of SDH primary cultures (1) from at least 5
distinct experiments

neurotransmitters within the SDH, responsible for the trans-
mission of pain, were applied as stimuli.

Substance P-evoked Ca* signals, detectable in about 50%
of all investigated neurons, were significantly attenuated after
exposure to LPS (10 pg/ml) for 2 h (0.38+£0.01; n=213 vs.
0.31+0.01; n=197, p=0.0006). The responses to glutamate
in about 90% of all investigated neurons were not affected by
LPS stimulation (PBS: 0.2+0.01; n=357 vs. LPS: 0.18 +
0.01; n =343, p=0.07) (Fig. 7).

Effects of long-term stimulation with LPS on TNFa
release and neuronal Ca®* responses to substance P
and glutamate

In order to simulate a long-term low-grade inflammation [16],
we cultured SDH primary cell cultures in presence of LPS at
different concentrations (0.001, 0.01, 0.1, or 1 pg/ml) for ~
24 h. Afterwards, supernatants were collected for measure-
ments of TNFa concentrations, while cells were used for
Ca”* imaging experiments.

We tested concentrations from 0.001 to 1 pg/ml to identify
the lowest LPS dose showing an effect on TNFx release. A
significant increase could be observed in the group treated
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with 0.01 pg/ml LPS compared to PBS control (123.4 +
28.66 pg/ml vs. 49.35 £ 6.91 pg/ml, p = 0.005), while the low-
est dose (0.001 pg/ml) did not significantly affect TNFo re-
lease (47.88 + 15.94 pg/ml, p = 0.92). The groups treated with
higher LPS doses also showed significantly increased concen-
trations of TNFoc (LPS 0.1: 530.1 + 127.1 pg/ml, p <0.0001;
LPS 1: 2466 +234.7 pg/ml, p < 0.0001) (Fig. 8). For measure-
ments of intracellular calcium ([Ca®*];), we therefore worked
with the concentration of 0.01 pg/ml LPS.

After cultivation in presence of LPS (0.01 pg/ml, ~24 h),
we performed Ca?* imaging experiments to investigate chang-
es in the neuronal responses to the neurotransmitters SP and
glutamate. While there was no LPS-induced effect on the Ca”*
response of neurons to substance P (0.195+0.01 vs. 0.198 +
0.012, p=0.83), we observed a significantly increased mean
Aratio (340/380 nm) in glutamate-stimulated neurons after
long-term LPS pre-treatment (0.166 £0.007 vs. 0.211 +
0.012, p=0.0007) (Fig. 9).

Discussion

Neuronal responses of SDH primary cultures to
thermal or neurochemical stimulation

In previous studies, we employed mixed neuroglial primary
cultures of distinct peripheral [16, 27] and central [21, 22,
28-30] structures of the nervous system. In all these studies,
physiological or neurochemical properties of the cultures
share some characteristics obtained by other experimental
models, like brain slices or in vivo approaches. For example,
about 10% of cultured neurons from rat DRG respond to
cooling or menthol with a characteristic increase of [Ca”*];,
thereby suggesting their function as putative cold sensors [16,
31]. Similarly, pronounced Ca* signals can also be induced
by warming primary cultures from the rat preoptic anterior
hypothalamus [32] or the median preoptic nucleus (MnPO)
[21]. In this study, we aimed to investigate responses of SDH
cells to thermal and neurochemical stimuli. Interestingly,
cooling or warming of primary cultures from the rat SDH also
evoked Ca®* transients in subpopulations of neurons, the
number of warm-responsive being substantially higher than
the number of cold-responsive neurons (Fig. 2). This obser-
vation is in line with classical in vivo studies, showing that
selective heating or cooling of the vertebral canal evoked typ-
ical thermoregulatory heat or cold defense reactions in anes-
thetized animals [33, 34]. More than 25 years later, electro-
physiological in vitro studies on spinal cord tissue slices pro-
vided further evidence for the existence of a population of
warm-sensing and a few cold-sensing neurons in the spinal
dorsal horn [35]. More recently, ion channels from the tran-
sient receptor potential (TRP) family were identified as cellu-
lar correlates for neuronal thermoreception. The TRPMS
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Fig. 5 After short-term stimula-
tion with LPS immunoreactivity
of TNFa and IL-6 is predomi-
nantly induced in SDH microglial
cells. a, b Using antibodies
against TNF« (red) and ED1
(green, microglial marker), an in-
creased TNFx-immunoreactivity
is detectable in microglial cells
after stimulation with LPS

(10 pg/ml, 2 h). ¢, d LPS stimu-
lation results in increased immu-
noreactivity for IL-6 (red) in
microglial cells (green). Nuclei
are stained with DAPI (blue).
Scale bar represents 12.5 um

channel is activated by cold or menthol and was identified as
the principle cold sensor in DRG neurons [36]. The TRPM2
channel was characterized as the putative physiological warm
sensor in some DRG neurons [37] and in a population of
neurons from primary cultures of the preoptic anterior hypo-
thalamus [32]. With regard to thermoreception of neurons
within the spinal cord, there is one study suggesting a moder-
ate expression of the TRPMS cold sensor in the SDH [38]. A
neurochemical identification and a functional characterization
of the TRPM2 warm sensor within the SDH have to be per-
formed in future studies. Due to the lack of a Ca®* response to
stimulation with capsaicin (data not shown), we can exclude
the existence of TRPV1 in our culture [39, 40].

Glutamate and SP are important transmitters for the activa-
tion of neurons in the SDH by peripheral nociceptors [1, 14].
The distinct kinetics of glutamate- and SP-evoked Ca** sig-
nals allowed to distinguish between the respective responses
to both stimuli, even when they were administered at the same
time (Fig. 2¢). There are further transmitters released within
the SDH, which provide excitatory signals for the second-
order neurons in the nociceptive pathway including calcitonin
gene-related peptide (CGRP) or ATP [13]. The population of

neurons within the pain-related pathway in the SDH consists
of projection neurons sending ascending axons to the brain
and a majority of excitatory and inhibitory interneurons, the
axons of which remain in the spinal cord [12, 41]. The primary
culture of the SDH, which we employed for our experiments,
does not allow to differentiate between projection neurons and
interneurons. Still, since many projection neurons possess the
neurokinin-1 receptor for SP and are also activated by gluta-
mate [14, 42], we chose these transmitters to analyze a possi-
ble impact of experimentally induced inflammation on the
responsiveness of SDH neurons (see below).

Short-term stimulation of SDH primary cultures with a
high LPS dose

Intrathecally administered LPS or cytokines produce
allodynia and hyperalgesia [9]. We therefore characterized
the inflammatory response of mixed neuroglial primary cul-
tures of the SDH to a short-term stimulation for 2 h with an
established dose of LPS (10 pg/ml) [16, 28]. The expression
of those cytokines (TNF«, IL-13, and IL-6), which are in-
volved in the inflammation-evoked spinal hyperexcitability
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Fig. 6 Nuclear translocation of
transcription factors NFkB, NF-
IL6, and pCREB in microglial
cells of SDH primary cultures
after short-term stimulation with
LPS. Stimulation with LPS

(10 pg/ml) for 2 h leads to an in-
creased nuclear immunoreactivity
of transcription factors NFkB (a,
b red), NF-IL6 (d, e red), and
pCREB (g, h red) in microglial
cells (ED1, green). Measuring the
mean staining intensity within the
area of the nucleus (DAPI, blue)
in microglial cells a significantly
increased immunoreactivity can
be observed due to LPS stimula-
tion (¢, f, i ***p <0.001).
Columns represent the mean
staining intensities = SEM of all
investigated microglial cells ()
from at least 3 distinct experi-
ments. Scale bar represents

12.5 pm

[11, 43, 44] and amplification of pain [45], was strongly in-
creased after the LPS exposure (Fig. 3). Corresponding to the
cytokine response, we also detected enhanced expression of
inflammatory transcription factors. IkB expression indicates
activation of NFkB, which plays an important role in the
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Fig.7 Neuronal Ca>* responses to substance P and glutamate after short-
term stimulation with LPS. In Ca®* imaging experiments, the neuronal
responses due to stimulation with substance P (1 pM) and glutamate
(10 uM) were investigated. Short-term stimulation with LPS (10 pg/ml,
2 h) results in a decreased response to substance P (***p <0.001), while
glutamate responses are not affected significantly (p =0.07). Columns
represent the mean stimulus-induced increase of intracellular Ca*
(Aratio [340/380 nm]) + SEM of all responsive cells (r) from 4 distinct
preparations
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manifestation of hyperalgesia at the level of the spinal cord
by upregulation of NF«B-responsive genes including cyto-
kines and COX-2 (Fig. 3: G) [46, 47]. The expression of
SOCS3 is indicative of the mobilization of the IL-6-
activated transcription factor STAT3. A contribution of this
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Fig. 8 Release of TNF« into supernatants of SDH primary cultures after
long-term stimulation with LPS in different concentrations. TNFo release
of SDH primary cultures cultivated in presence of LPS (0.01, 0.1, or
1 pg/ml) for ~24 h is significantly increased compared to PBS
(***p <0.001, **p <0.01). The lowest dose of LPS used in this experi-
ment (0.001 pg/ml) does not result in enhanced TNFa concentrations in
supernatants. Columns represent the means of n investigated primary
cultures of at least 4 independent experiments
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Fig.9 Ca”* responses of neurons from SDH primary cultures after long-
term stimulation with LPS. After ~24 h of cultivation in presence of LPS
(0.01 ug/ml) Ca®* responses of neurons to glutamate are significantly
enhanced (**#p <0.001), while there is no effect on substance P re-
sponses. n represents the number of all responsive neurons to a stimulus
from 5 distinct experiments. Columns show the mean increase of [Ca®*;
+ SEM of all responsive neurons

transcription factor to spinal cord inflammation after brain
injury was suggested [48] and STAT3 contributes to the for-
mation of PGE, via induction of COX-2 (Fig. 3g) [49].
Specific data for NF-IL6, the third transcription factor show-
ing enhanced LPS-induced expression in SDH cultures (Fig.
3d), are scarce in the context of this study, but its pivotal role
in neuroinflammation has been demonstrated in several other
studies [50, 51]. However, one study described a potential role
for spinal NF-IL6 in the manifestation of neuropathic pain
[52]. We failed to demonstrate LPS-induced upregulation of
the neurokinin-1 receptor for SP in SDH primary cultures
(Fig. 31). Such an increase seems to occur in vivo 24 h after
the injection of Freund’s adjuvant into the hind paw of rats

Fig. 10 Proposed microglia—neuron interaction in SDH primary cultures.
The presented results provide evidence for the following scenario of
microglia—neuron interactions in SDH primary cultures: LPS acts on
TLR4, expressed by microglial cells, resulting in an increased transloca-
tion of transcription factors NFkB, NF-IL6, and pCREB. These transcrip-
tion factors modulate mRNA expression of pro-inflammatory target
genes (e.g., IL-6, IL-1§3, TNFx). Inflammatory mediators, like the cyto-
kines TNF« and IL-6, are released into the supernatants. Acting on their
receptors on neurons, they are able to modulate the responsiveness to
excitatory neurotransmitters. Neurons of SDH primary cultures exposed

[53]. This discrepancy to our result may be due to stimulus-
and time-dependent reasons.

At the protein level, we demonstrated a significant eleva-
tion of TNFo and IL-6 in the very small samples of SDH
culture supernatants of a few thousand cells (Fig. 4). The
production of these cytokines could predominantly be as-
cribed to microglial cells, which showed increased TNF o
and IL-6 immunoreactivities after LPS-stimulation (Fig. 5).

In line with the increased TNFo and IL-6 immunoreactiv-
ities in LPS-treated SDH microglial cells, a quantitative eval-
uation of the nuclear accumulation of inflammatory transcrip-
tion factors demonstrated the critical role for this cell type in
the perception and response to the LPS stimulus (Fig. 6).
Increased nuclear immunoreactivity of a given inflammatory
transcription factor is indicative of its activation [54]. We
demonstrated a LPS-induced increased nuclear translocation
of the transcription factors NFkB, NF-IL6, and pCREB in
microglial cells of SDH primary cultures (Fig. 6). Activation
of NFkB via phosphorylation of IkB by IkB kinase has been
shown to be involved in spinal hyperexcitability, especially in
the early phase of inflammation, and could be an interesting
target for pharmaceutical intervention [46, 47]. The role of
NF-IL6 in spinal mechanisms during inflammatory pain has
not been investigated in detail so far, but several studies clear-
ly revealed a crucial role of NF-IL6 in neuroinflammatory
processes by regulating the expression of inflammatory cyto-
kines TNFo and IL-6 [50, 51, 55, 56]. We also observed an
increased nuclear translocation of pCREB in microglial cells
of SDH cultures. There is growing evidence that activation of
the transcription factor CREB is involved in nociceptive

to a short-term stimulation with LPS (10 pg/ml; 2 h) show reduced Ca>*
responses to substance P, while a long-term stimulation for ~24 h with a
low dose of LPS (0.01 pg/ml) results in increased glutamate responses.
Abbreviations: Ca’*, calcium; Glut, glutamate; Glut-R., glutamate recep-
tors; IL-1f3, interleukin-1 beta; IL-6, interleukin-6; IL6R, interleukin-6
receptor; LPS, lipopolysaccharide; NF-IL6, nuclear factor interleukin-6;
NFkB, nuclear factor kappa B; NK1-R., neurokinin 1 receptor; pCREB,
phosphorylated cAMP response element-binding protein; SP, substance
P; TLR4, Toll-like receptor 4; TNF «, tumor necrosis factor alpha; TNFR,
tumor necrosis factor alpha receptors
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processing [57] and plays a pivotal role in experimentally
induced states of inflammatory [58] and neuropathic pain
[59-61]. Studies investigating a cell-type-specific activation
of CREB in these models promote its function mainly in neu-
rons [59, 62] and also in microglial cells [63, 64]. We also
observed nuclear CREB signals in a population of large neu-
rons, but failed to detect a significant LPS-induced effect.
Activation of spinal microglial cells in the dorsal horn there-
fore seems to play a critical role for a subsequent manifesta-
tion of neuronal hyperexcitability via release of cytokines and
other mediators of inflammation [45, 65, 66]. After 2 h of
stimulation with LPS (10 pg/ml), we were not able to show
such an effect on SDH neurons in response to substance P or
glutamate by means of Ca>* imaging. Instead the short-term
inflammatory stimulation resulted in an attenuated SP re-
sponse. One possible explanation for this finding is an acute
release of substance P upon inflammatory stimulation. In stud-
ies on sympathetic ganglia, stimulation with LPS or IL-1f3
resulted in an increased expression of SP only when neurons
were co-cultured with non-neuronal cells [67, 68]. Substance
P binds to the neurokinin-1 receptor, which is expressed by
SDH neurons [14] and activation of NK-1 promptly results in
its internalization [69, 70]. A reduced cell surface expression
after internalization can be an explanation for our findings of
attenuated SP responses due to short-term stimulation with
LPS. Further evidence for an internalization of NK-1 could
be observed in Ca>* imaging experiments, when SP was ap-
plied repeatedly, resulting in a singular SP response in a pop-
ulation of neurons, while others showed reduced SP responses
due to the second stimulation (Fig. 2¢).

LPS-induced enhancement of glutamate-evoked
Ca”*-signals: evidence for glial-neuronal interactions

We aimed to employ the SDH primary culture to estab-
lish a correlate for the glial-cytokine—neuronal interac-
tions [65, 66], which finally might lead to enhanced
neuronal responses upon inflammatory stimulation as
we previously documented for DRG primary cultures
[16]. We therefore cultured SDH cells in the presence
of a low-dose LPS for ~24 h, which was sufficient to
evoke an increased release of TNFx into the supernatant
(Fig. 8). The long-term stimulation with LPS, indeed,
resulted in enhanced neuronal Ca®* signals in response
to glutamate, but not to SP (Fig. 9). These data are in
line with results obtained by other experimental ap-
proaches. For example, previous studies reported that
cytokines TNF«x, IL-6, or IL-1{3 released from spinal
glial cells caused an increase of glutamatergic synaptic
transmission via AMPA or NMDA receptors [8, 45, 65].
A similar effect on NMDA receptors was evoked by
interferon-y [66].
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Possible scenarios for the impact of inflammation on
SDH primary cultures

The two scenarios for putative glial-neural interactions due to
short- or long-term stimulation with LPS can therefore be
summarized as follows (Fig. 10).

Short-term exposure to a high LPS dose is probably leading
to an acute release of substance P, resulting in an internaliza-
tion of the NK-1 receptor. Long-term stimulation with a low
LPS dose, on the other hand, results in sensitization of the
glutamate response. The activation of inflammatory transcrip-
tion factors and release of cytokines from LPS-stimulated
microglial cells might build the link to the observed modula-
tion of neuronal responses.

The mixed neuroglial primary culture of the SDH, which
we established and introduced in this study, might become an
appropriate tool to investigate inhibitors of inflammatory tran-
scription factors [71] or other drugs with proposed capacities
to reduce inflammatory pain.
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