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Nitric oxide release from trigeminal satellite glial cells is
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Abstract: Nitric oxide (NO) is suggested to play an important role in primary headaches. It has been proposed that
release of NO from satellite glial cells (SGCs) of the trigeminal ganglion (TG) could contribute to the pathogenesis
of these headaches. The principal aim of this study was to investigate if the phosphodiesterase inhibitor Ibudilast
(Ibu) and 1a,25-dihydroxyvitamin D, (Vit D,) could interfere with NO release from trigeminal SGCs. Since glutamate
is released from activated TG neurons, the ability of glutamate to alter NO release from SGCs was also investigated.
To study this, we isolated SGCs from the TG of adult male Sprague-Dawley rats, provoked NO release from SGCs
with forskolin (FSK; 0.1, 1, 10 uM), and examined the effect of graded concentrations of lbu (1, 10, 100 uM), Vit
D, (5, 50, 500 nM), and glutamate (10, 100, 1000 pM). Our results indicate that both lbu and Vit D, are capable
of attenuating the FSK-mediated increased NO release from SGCs after 48 hours of incubation. Lower glutamate
concentrations (10 and 100 pM) significantly decreased NO release not only under basal conditions after 24 and
48 hours, but also after SGCs were stimulated with FSK for 48 hours. In conclusion, NO release from SGCs har-
vested from the TG can be attenuated by glial modulators and glutamate. As NO is thought to increase TG neuron
excitability, the findings suggest that targeting SGCs may provide a novel therapeutic approach for management of
craniofacial pain conditions such as migraine in the future.
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Introduction The NOS enzymes are broadly divided into two
categories; the constitutive type expressed by
neurons (NNOS) and endothelial cells (eNOS),
and the inducible type (iNOS) expressed upon
stimulation in a variety of tissues [7]. While
nNOS and eNOS rapidly produce small amounts
of NO, iNOS produces copious amounts for
days, which can give rise to tissue damage and

pain [8]. It has been suggested that NO release

Nitric oxide (NO) is a volatile free radical and an
important messenger that is considered a
putative key molecule in the pathophysiology of
primary headaches, such as migraine head-
ache [1]. Evidence that NO plays a key role in
the pathogenesis of headaches includes the
observations that intravenous infusion of NO

donors in migraine patients leads to the devel-
opment of a headache with characteristics
similar to migraine attacks [2, 3] and that
increased levels of NO are found in the blood of
migraineurs during spontaneous attacks [4].
Furthermore, inhibition of the enzymes respon-
sible for NO production, the nitric oxide syn-
thases (NOS), has been shown to be efficacious
in the treatment of migraine patients and in
preclinical migraine models [5, 6].

from glial cells that reside in the central ner-
vous system (CNS), and also in the peripheral
nervous system (PNS), could contribute to pain
[9, 10].

There is increasing focus on glial cells of the
PNS, most notably satellite glial cells (SGCs),
which now are considered potential contribu-
tors to abnormal pain processing [11]. The
SGCs are non-neuronal cells found in sensory


http://www.ijppp.org

NO release from TG satellite glial cells

and autonomic ganglia, where they completely
surround and ensheath neuronal cell bodies
[12]. It has been demonstrated that SGCs of
the trigeminal ganglion (TG) respond to periph-
eral noxious stimuli with an increased expres-
sion of e.g. glial fibrillary acidic protein (GFAP),
purinergic receptors, and gap junction proteins
[13-15]. Some responses seen in SGCs may be
caused by local neuronal release of neuropep-
tides such as calcitonin gene-related peptide
(CGRP). In fact, CGRP, which is involved in
migraine pathophysiology [16], was shown to
increase production and release of NO from tri-
geminal SGCs in vitro [10, 17]. This has been
suggested to be an important factor for the
development of peripheral sensitization not
only because NO can act on both neurons and
SGCs to further increase the release of neuro-
and gliotransmitters [18, 19] but also because
NO directly affects excitability of neurons [20].
Collectively, observations like these have refo-
cused attention on the trigeminal SGCs as
potential contributors to the underlying cause
of peripheral sensitization as seen in e.g.
migraine headache and it has been speculated
that SGCs could be novel therapeutic targets
[19, 21]. Nevertheless, only a few investiga-
tions of NO release from SGCs and its modula-
tion by application of compounds that can
affect glial activity have been undertaken.

The aim of the current study was to determine
whether NO release from isolated trigeminal
SGCs can be attenuated by agents that are
known to suppress/modulate certain proper-
ties of glial cells; namely the phosphodiester-
ase inhibitor Ibudilast (lbu) [22] and 1«,25-
dihydroxyvitamin D, (Vit D,) [23]. Since TG
neurons release Glu [24] and SGCs express Glu
receptors [24-26] the release of NO from the
SGCs following stimulation with Glu was also
investigated.

Materials and methods

The experimental protocol was approved by the
University of British Columbia Animal Care
Committee (approval number A11-0279). The
study was performed in accordance with the
guidelines established by the Danish Animal
Experiments Inspectorate, Canadian Council
on Animal Care, and the International As-
sociation for the Study of Pain.

Satellite glial cell isolation

Trigeminal ganglia were excised from adult
male Sprague-Dawley rats (Charles River, CA
and Taconic, DK; n = 14, body weight of 265-
305 g) and SGCs were isolated based on a pre-
viously described method with only minor modi-
fications [19]. Initially, rats were deeply
anaesthetized with 4% isoflurane (Baxter
Corporation, CA) and the circulatory system
was flushed with 100 mL cold (4°C) heparinized
isotonic saline using a transcardial perfusion
technique. Both ganglia were aseptically
removed, cut into smaller pieces of tissue, and
immediately suspended in 5 mL ice-cold PBS
without Ca2?* and Mg?* (Sigma Aldrich, USA) sup-
plemented with 1% penicillin and streptomycin
(Invitrogen, CA) and glucose (6 g/L). Next, tis-
sue was digested in a collagenase solution (5
mg/mL; Sigma Aldrich, USA) for 15 min at 37°C
and then for 10 min at 37°C in 0.125% trypsin
(Invitrogen, CA), where a DNAse solution
(Ambion, CA) was added during the last 5 min of
incubation. After centrifugation for 5 min at
1300 RPM, the pellet was resuspended in 5 mL
Ham’s F12 medium (Invitrogen, CA) supple-
mented with 10% endotoxin-free heat-inactivat-
ed fetal calf serum (Invitrogen, CA) and 1%
penicillin and streptomycin (complete growth
medium). The tissue digests were mechanically
dissociated using a syringe, transferred to 25
cm? culture flasks, and incubated for three
hours at 37°C to separate SGCs from neurons.
Thus, the SGCs remained attached to the bot-
tom of the culture flask, while neurons and the
remaining tissue debris were floating in the
medium, which then was decanted. Finally, 5
mL of complete growth medium was added,
which was renewed after 24 hours and every
second day from thereafter.

In all experiments of NO release from SGCs,
cells were counted with a haemocytometer and
seeded at a density of 200,000 cells/well in
uncoated 24 well-plates.

Nitric oxide release assays

Studies of evoked NO release from SGCs were
based on previously published methodologies
[10, 17, 24]. After reaching 80-90% confluence,
the SGCs were washed in PBS and treatment
medium was applied. Cells were treated with
serum and additive free Dulbecco’s Modified
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Figure 1. Concentration-response of FSK on NO re-
lease from isolated trigeminal SGCs. The SGCs were
treated with vehicle medium or graded concentra-
tions of FSK (0.1, 1, 10 uM) and incubated for 48
hours. Only 10 uM FSK significantly increased the
NO release from the SGCs compared to vehicle treat-
ment. Data are presented as mean + SEM (n = 3). *,
p < 0.05 vs. vehicle. FSK, Forskolin; NO, Nitric Oxide;
SGCs, Satellite Glial Cells.

Essential Medium (DMEM; Invitrogen, CA) con-
taining either graded concentrations of for-
skolin (FSK; 0, 0.1, 1, 10 uM; Sigma Aldrich,
USA) or Glu (0, 10, 100, 1000 uM; Sigma
Aldrich, USA), which were dissolved in dimethyl
sulfoxide (DMSQ) and DMEM, respectively. The
final DMSO concentration did not exceed 0.1%
when FSK was diluted into the culture medium.
Duplicate samples of 50 yL were withdrawn
after 48 hours of incubation for FSK-stimulated
SGCs and after 15 min, 4, 24, and 48 hours of
incubation for Glu-stimulated SGCs.

The NO concentration in each sample was
immediately determined by the colorimetric
Griess Reagent System (Promega, USA) accord-
ing to the manufacturer’s instructions. Briefly, a
50 uL cell-free sample was mixed with an equal
volume of sulfanilamide and incubated for 10
min at ambient temperature (20-22°C). After-
wards, 50 pL of N-1-napthylethylenediamine
dihydrochloride was added and the mixture
was re-incubated for 10 min. Finally, the absor-
bance at 525 nm was determined by spectro-
photometry using an Ultraspec 3100 Pro spec-
trophotometer (Biochrom, USA).

Nitric oxide inhibition assays

The effect of Ibu (Sigma Aldrich, USA), Vit D,
(Sigma Aldrich, USA), and Glu on FSK-evoked
NO release from SGCs was also investigated.

Both Ibu and Vit D, were dissolved as stock
solutions in DMSO, whereas Glu was dissolved
in DMEM. The final DMSO concentration did not
exceed 0.3% when the compounds were dilut-
ed into the culture medium for these assays.

The SGCs were washed with PBS, whereafter
treatment media were applied and the SGCs
were incubated for 48 hours at 37°C. Treatment
media consisted of DMEM alone (vehicle) and
DMEM containing 10 uM FSK alone or together
with lbu (1, 10, 100 pM), Vit D, (5, 50, 500 nM),
or 100 uM Glu. These concentrations were
based on preliminary results and previously
published work [27-29]. The NO content in each
sample was determined by the Griess Reagent
System as described above.

Western blot analysis

Western blot analysis was performed on whole-
cell lysates to investigate whether the FSK-
evoked increases in NO release and its modula-
tion by lou, Vit D,, and Glu were mediated by
regulation of the iNOS protein expression.

The SGCs were cultured in 25 cm? culture flasks
until 80-90% confluence was reached. At this
point, SGCs were washed in PBS and treated
with DMEM alone (vehicle) or DMEM containing
FSK (10 uM), FSK + Ibu (10 uM + 1 uM), FSK +
Vit D, (10 uM + 50 nM), or FSK + Glu (10 uM +
100 pM). After 48 hours of incubation, cells
were lyzed in 100 yl Radio-Immunoprecipitation
Assay (RIPA) buffer for 30 min on ice. The
lysates were then centrifuged at 10,000 RPM
for 20 min at 4°C and cell-free supernatants
were mixed with a reducing loading buffer (ratio
of 1:4) and heated to 85°C for 10 min. Samples
were loaded onto a 4% stacking/10% sodium
dodecyl sulfate (SDS)-Polyacrylamide separa-
tion gel together with a prestained standard
protein ladder (BioRad, DK). Electrophoresis
was performed for 10 min at 120 V and then for
40 min at 180 V and afterwards proteins were
transferred to nitrocellulose membranes using
an iBlot Gel Transfer Stack Mini kit and an iBlot
Gel Transfer device (Invitrogen, DK).

Membranes were blocked with 5% non-fat dried
milk (Fluka, Sigma Aldrich, DK) for 30 min,
washed with PBS, and then incubated over-
night at 4°C in 1% blocking buffer containing a
rabbit anti-iNOS antibody (1:200; Abcam, DK)
and a mouse anti-B-actin antibody (1:5000;
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Figure 2. Time- and concentration-dependent release of NO from trigeminal SGCs after stimulation with Glu. Treat-
ment with 10 and 100 uM Glu lowered the NO release in a time-dependent manner, whereas treatment with 2000
UM Glu did not affect the NO release, compared to vehicle treatment (A). After 24 (B) and 48 hours (C) of incubation
the NO release was significantly attenuated for SGCs treated with 10 and 100 uM Glu, compared to vehicle levels.
Data are presented as mean = SEM (n = 3). #, p < 0.05; ##, p < 0.01 vs. 15 min; o, p < 0.05 vs. 4 hours; *, p < 0.05;
** p<0.01; ***, p <0.001 vs. vehicle. Glu, Glutamate; NO, Nitric Oxide; SGCs, Satellite Glial Cells.

Sigma Aldrich, DK). The following day, mem-
branes were washed thoroughly with PBS and
iNOS bands were visualized with an anti-rabbit
horseradish peroxidase (HRP) conjugated anti-
body (1:5000; Sigma Aldrich, DK), whereas
B-actin bands (loading control) were visualized
with an anti-mouse HRP conjugated antibody
(1:5000; Dako, DK).

Images were obtained on a Kodak 4000 MM
Pro Image Station and band intensities were
quantified using ImageJ on a Macintosh com-
puter.

Cell viability assay

To determine whether application of the high-
est concentrations of inhibitors (Ibu and Vit D,)

231

might be toxic, a cell viability assay was per-
formed. Cells isolated from three different rats
were seeded at a density of 40,000 cells/well
in 96-well plates and incubated for 48 hours in
DMEM alone (vehicle) or DMEM containing 10
UM FSK alone or together with 100 uM lbu or
500 nM Vit D,. Afterwards, cells were washed
in PBS and fixed with 4% paraformaldehyde for
20 min on ice. Cells were then stained with the
nuclear dye Hoechst 33342 (1:5000; Invi-
trogen, DK) for 20 min at room temperature.
The average cell density, which was defined as
the number of cells/image field, was assessed
by capturing at minimum five non-overlapping
images from each treatment condition followed
by manual counting of the cell nuclei within
each field of view. Only clearly distinguishable
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Figure 3. Concentration-dependent decrease in NO
release from trigeminal SGCs after treatment with
Ibu and Vit D,. FSK stimulation facilitated a pro-
nounced and significant increase in the NO release
from the SGCs, which could be completely or partially
reversed by co-treatment with the lbu and Vit D, (A,
B). Data are presented as mean + SEM (n =5). *, p
< 0.05; **, p < 0.01 vs. vehicle; #, p < 0.05; ###,
p < 0.001 vs. FSK. FSK, Forskolin; Ibu, Ibudilast; Vit
D,, 1a,25-dihydroxyvitamin D,; SGCs, Satellite Glial
Cells.

nuclei were included in the data analysis. All
images were captured at 200x magnification
using an inverted fluorescence microscope
(Axiovert 40 CFL, Zeiss, DK) equipped with a
digital camera (Axiocam Cm1, Zeiss, DK).

Statistical analysis

Statistical analysis was performed in a blinded
fashion. Experimental procedures were repeat-
ed on cells isolated from at least three different
animals to ensure reproducibility. Data were
statistically analyzed by a one-way repeated
measures ANOVA using SigmaPlot v. 11 (Systat,
USA) for Microsoft Windows 7. When the ANOVA
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Figure 4. The effect of concomitant treatment with
10 uM FSK and 100 uM Glu on NO release from tri-
geminal SGCs. FSK alone caused a prominent and
significant increase in NO from the SGCs, however,
this increase could be completely antagonized when
100 uM Glu was added to the treatment medium.
Data are presented as mean £ SEM (n = 5). *** p
< 0.001 vs. vehicle; ###, p < 0.001 vs. FSK. FSK,
Forskolin; Glu, Glutamate; NO, Nitric Oxide; SGCs,
Satellite Glial Cells.

analysis reached the predefined significance
level, the Bonferroni post hoc multiple compari-
son test was used to identify significant
between-treatment differences. Data are pre-
sented as mean + standard error of the mean
(SEM). P < 0.05 was considered statistically
significant in all experimental assays.

Results
Nitric oxide release assays

The SGCs were initially treated with graded con-
centrations of FSK in an attempt to provoke NO
release into the culture medium. Application of
vehicle medium resulted in a baseline NO
release of 4.26 + 0.26 uM after 48 hours of
incubation. When the SGCs were treated with
either 0.1 or 1 uM FSK the NO release was not
significantly different from vehicle treatment
(4.05 + 0.32 pM and 3.96 + 0.14 pM, respec-
tively; p > 0.05 vs. vehicle). In contrast, 10 uM
FSK significantly increased the NO release to
5.37 £ 0.21 uM (p = 0.032 vs. vehicle) (Figure
1). Based on these results, 10 yM FSK was
used as the activating stimulus for subsequent
inhibition assays.

The effect of elevated Glu concentrations on
NO release from SGCs was investigated subse-
quently. Lower concentrations of Glu (10 and
100 uM) decreased NO release over time, com-
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Figure 5. Satellite glial cell viability after treatment with high concentrations of FSK, Ibu, and Vit D,.. Panels A-D show
representative florescence images of SGCs labeled with the nuclear stain Hoechst after 48 hours of treatment with
control medium (A), 10 uM FSK (B), 10 pM FSK + 100 pM Ibu (C), and 10 uM FSK + 500 nM Vit D, (D). There was a
notable drop in the number of viable cells in wells treated with the combination of FSK and Ibu (C, E), compared to
cells treated with control medium (A), FSK alone (B), or together with Vit D, (D). Data in (E) are presented as mean
+ SEM (n = 3). **, p < 0.01 vs. control; #, p < 0.05 vs. FSK alone and FSK + Vit D,. FSK, Forskolin; Ibu, Ibudilast; Vit

D,, 1a,25-dihydroxyvitamin D,; SGCs, Satellite glial cells.

pared with vehicle treatment, whereas 1000
UM Glu did not significantly alter NO release
over the 48-hour time-course compared to the
vehicle (Figure 2A). The bar plots in Figure 2B
and 2C provide a more detailed view of the con-
centration-response relationship for treatment
with Glu at the 24 and 48 hour time-points.

Nitric oxide inhibition assays

The effect of Ibu and Vit D, on NO release was
also investigated. Co-application of 1 uM lbu
resulted in a complete and significant reversal
of the FSK-mediated increased NO release
(reversed to 101.7 + 5.5% of vehicle; p = 0.035
vs. FSK alone). Treatment with 10 and 100 uM
Ibu appeared to interfere with the NO release
(103.8 + 9.2% and 107.3 + 4.8% of vehicle,
respectively), however, no statistically signifi-
cant difference between these treatments and
the FSK-stimulated SGCs could be established
(Figure 3A).

Application of 5 or 50 nM Vit D, completely
abolished the FSK-mediated increase in NO
release (returned to 96.5 + 5.8% and 97.3 +
4.7% of vehicle; p = 0.001). However, treatment
with a 500 nM Vit D, was found to bring about
only a partial non-significant inhibition of the

FSK-mediated increased NO release (to 110.1%
+ 7.1 of vehicle) (Figure 3B).

Because 100 uM Glu was found to suppress
the basal NO release in the release studies, we
asked whether the same concentration of Glu
also would interfere with the increase in NO
release facilitated by FSK. Indeed, when con-
comitantly treated with 10 uM FSK and 100 uyM
Glu the SGCs displayed a significantly lower NO
liberation (83.7 + 5.3% of vehicle), compared to
both FSK-stimulated SGCs (p < 0.001) but also
untreated SGCs (p < 0.001) (Figure 4).

Western blot of iNOS expression

The iINOS protein was detectable but the
expression was relatively low for all conditions
tested even when high protein content was
loaded (data not shown). These results indicate
that, at best, iINOS expression is rather low in
untreated SGCs and that the expression was
not considerably affected by either of the treat-
ments applied in the current experimental
setup.

Cell viability assay

The average cell density in control wells was
80.3 + 1.9 cells/image (Figure 5E). The cell
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viability was not significantly altered for SGCs
treated with FSK (74.4 + 7.6 cells/image) or
FSK + Vit D, (72.1 + 10.3 cells/image) (Figure
5E). On the contrary, the cell viability was sig-
nificantly lowered to 37.1 + 4.4 cells/image
when SGCs were treated with FSK + Ibu (p <
0.01 vs. control; Figure 5C and 5E). This indi-
cates that the combination of FSK + lbu, but
not FSK alone or FSK + Vit D, is toxic to SGCs
under the culture conditions of this study.

Discussion
Nitric oxide release assays

Nitric oxide, which is an important messenger
molecule that is considered integral to the
pathophysiology of migraine [1], was released
from trigeminal SGCs after stimulation with the
adenylyl cyclase activator FSK. In agreement
with this, Li et al. [17] showed that NO release
could be evoked from SGCs when treated with
FSK for 48 hours. Previously, it was reported
that agents that increase intracellular cyclic
adenosine monophosphate (CAMP), such as
CGRP or FSK, facilitated up-regulation of iNOS
in SGCs from the TG and that this up-regulation
was responsible for the increased NO liberation
[17]. Nevertheless, our western blot analysis
failed to verify this and instead indicated that
the iINOS expression was rather low and com-
parable in both the untreated SGCs and those
treated with FSK.

This observation raises the possibility that one
of the other NOS isoforms, i.e. nNOS or eNOS,
may be responsible for the increased NO
release as observed in our study. It is unlikely
that nNOS contributes to this process, since
treatment with a selective inhibitor of nNOS
was found not to affect the NO release from tri-
geminal SGCs previously [17]. Moreover, it is
unlikely that eNOS was responsible for the
release, since this isoform rapidly produces
small amounts of NO. Therefore, it is speculat-
ed that the FSK-mediated increased NO release
is facilitated through iNOS up-regulation, which,
however, was modest under the present experi-
mental conditions and therefore not picked up
in the western blot analysis.

The activation of SGCs within the TG is likely
coupled to and dependent on signals from the
neurons they surround. However, it still remains
uncertain which substances can be released

from the neuronal cell bodies located in the TG
in vivo and how these substances would affect
the SGCs. Nevertheless, it has been shown
that neurotransmitters such as Glu or adenos-
ine triphosphate (ATP) can be released locally
from the neurons in the ganglion [24, 30, 31]. It
has also been speculated that CGRP released
from trigeminal neurons within the TG could
interact with CGRP receptors on adjacent
SGCs, to increase intracellular cAMP levels,
and facilitate the release of NO [10]. NO is
known to promote both production and release
of CGRP from trigeminal neurons [18] and to
increase the secretion of pro-inflammatory sub-
stances from SGCs [19], which may initiate an
inflammatory loop within the TG. This could be
a contributing factor for the development of
peripheral sensitization, which hypothetically
could link such events to the pathophysiology
of migraine and other craniofacial pain
conditions.

Effect of glutamate on nitric oxide release

We also investigated the effect of Glu on the
NO release and found that application of lower
concentrations (10 and 100 uM) decreased NO
release from the SGCs and that 100 uyM Glu
attenuated the FSK-mediated increase in NO
release as well. These results cannot be fully
explained with the experiments conducted in
the present study, however, the data could be
interpreted as a negative feedback mechanism
given that NO released from SGCs could excite
TG neurons to release various neurotransmit-
ters, including Glu. This inhibitory action of Glu
may be elicited by activation of group Il and/or
Il inhibitory metabotropic glutamate receptors
(mGIluRs) expressed by the SGCs [24, 25].
Indeed it is known that activation of group llI
mGluRs leads to inhibition of FSK-induced
cAMP accumulation in e.g. microglia [32] and
accordingly, the Glu-mediated attenuation in
the NO release as observed in this study could
be interpreted as a response mediated by
inhibitory mGluRs. An alternative explanation is
that the decrease in NO result was a result of
decreased viability of SGCs, and consequently
a decrease in the cell number, after treatment
with 10 and 100 pM Glu. However, since a
recent study demonstrated that SGCs were
viable after treatment with 200 uM Glu [24], it
seems unlikely that cell toxicity can explain the
decreased NO release observed in the present
study.

234 Int J Physiol Pathophysiol Pharmacol 2013;5(4):228-238



NO release from TG satellite glial cells

Application of the highest concentration of Glu
tested in the current study (1000 uM), seemed
to facilitate a recovery in the NO release, return-
ing this to levels equivalent of control cells.
While the cause for this recovery is unknown at
present, it may be that, at higher concentra-
tions, Glu activates not only mGluRs but also
ionotropic glutamate receptors such as
N-methyl-D-aspartate (NMDA) receptors, which
are expressed on SGCs [24, 26, 33]. Since,
Ca?*-dependent NO formation has been report-
ed in glial cells previously [34], sufficient activa-
tion of NMDA receptors may lead to increased
NO production and release from the SGCs in
the current setup.

To our knowledge, it has not yet been docu-
mented whether Glu concentrations similar to
those used in vitro here are present in the TG.
However, Glu concentrations in the plasma
have been reported to increase to as much as
130 uM during for example migraine attacks
[35]. Moreover, since vesicular release of Glu
from TG neurons has been suggested to occur
within sensory ganglia as well [24], it is conceiv-
able that intraganglionic Glu levels can reach,
or even locally exceed, these plasma levels.
Therefore, the effects of Glu described on SGCs
here may be of pathophysiological relevance
for craniofacial pain conditions such as
migraine headache.

Nitric oxide inhibition assays

lou and Vit D, were found to significantly atten-
uate the FSK-mediated increase in NO release.
Ibu is a relatively non-specific phosphodiester-
ase inhibitor (PDEI) and glial attenuator that is
believed to exert its effects through inhibition
of the enzymes responsible for inactivation and
degradation of cAMP [36]. Previous studies
have reported concentration-dependent inhibi-
tion of NO release from glial cells in the CNS,
which might be due to down-regulation of the
iNOS expression upon treatment with lbu [27,
37]. Our results somewhat disagree with these
concentration-dependent effects of Ibu since
we found that only 1 uM Ibu was capable of sig-
nificantly affecting the NO release, whereas it
has previously been shown that 100 pM lbu is
the most efficacious in inhibiting NO release
[27, 37]. There may not be a straight-forward
explanation for this inconsistency, however, it
may be due to differences in the applied meth-
ods such as differences in the glial cell type

under study or the age and species of animals
used. In addition, we found that the combina-
tion of 10 uM FSK and 100 uM Ibu was toxic to
the SGCs. Thus, it may be that it is the combina-
tion of these two compounds that gives rise to
the results seen in the present study compared
with previous studies.

While the concentrations lbu used in this study
are in agreement with previous in vitro experi-
ments [27, 37, 38], they are ~2-200-fold higher
than the plasma concentrations reported in
animals [38] and ~4-400-fold higher than con-
centrations achieved in humans after repeated
Ibu administration [39]. Hence, whether similar
effects of Ibu on SGCs can be demonstrated in
vivo and if these effects are important for cra-
niofacial pain relief, remain to be determined.

The effect of Vit D, on the NO release was also
investigated and we found that while 5 and 50
nM Vit D, effectively attenuated the NO release,
treatment with 500 nM did not significantly
affect the NO release. This U-shaped bimodal
concentration-response relationship of Vit D, is
likely to represent non-specific, rather than
toxic, effects of Vit D, at higher supra-physio-
logic concentrations, since we did not detect
any significant decline in the number of viable
SGCs after treatment with a high concentration
of Vit D,. To the best of our knowledge, this is
the first study to investigate of the effects of Vit
D, on SGCs. It has, however, been reported that
similar concentrations of Vit D, were not toxic to
isolated neurons but that non-specific effects
occurred at higher concentrations [28]. This
information parallels well with the results of the
current study, showing that although not toxic
to the SGCs, 500 nM Vit D, was not as effective
as 5 and 50 nM in blocking NO release from
SGCs, potentially due to non-specific effects of
Vit D, at this concentration. However, the physi-
ologic importance of these non-specific effects
of Vit D, is not clear since achieving a plasma
concentration of 500 nM is highly improbable
due to dose limiting side effects of Vit D, in
humans [40].

The observation that Vit D, effectively reduced
NO release from the SGCs is in good agreement
with previous studies focusing on CNS-derived
glial cells, where Vit D, was found to decrease
iINOS expression in vivo and also decrease NO
release in vitro [23, 41]. However, it has also
been reported that the effects of Vit D, on NO
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release from astrocytes can be ascribed to up-
regulation of gamma-glutamyl transpeptidase
(y-GT) rather than down-regulation of iNOS [41],
which indicates that there may be more than
one mechanism by which Vit D, regulates the
NO release from glial cells.

There is an increasing interest and acknowl-
edgement of the neuroprotective effects of Vit
D, [42]. In addition, an association between Vit
D, deficiency and pain conditions, including
headaches has been found [43] and there are
sporadic reports on the role of Vit D, in head-
ache management [44, 45]. Based on the pres-
ent findings, Vit D, could offer an additional
protective role in the nervous system by inter-
fering with the release of NO from SGCs in the
TG, which in the present study was demonstrat-
ed in vitro using concentrations Vit D, (5-50
nM) that are achievable in the plasma of ani-
mals and humans [40, 46, 47].

Conclusion

Findings from the present study indicated that
FSK can evoke an increased NO release from
trigeminal SGCs, which could be modulated by
lou, Vit D,, and Glu. Given the putative role of
NO in craniofacial pain conditions such as
migraine, these observations may help in
understanding the role of SGCs in vivo and
could be relevant for the identification of new
therapeutic approaches in targeting these cells
in particular.
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