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Abstract

To assess the relative importance of the isoforms of nitric oxide synthase (NOS) in inflammatory pain, we directly compared pain
behaviour and paw thickness after intraplantar injection of complete Freund’s adjuvant (CFA) in wild-type (WT) mice and in mice
lacking either inducible (iNOS), endothelial (eNOS) or neuronal NOS (nNOS). In mice deficient for nNOS, thermal hyperalgesia
was reduced by approximately 50% compared to wild type mice at 4 and 8 h after CFA injection, and mechanical hypersensitivity
was absent. The only change in pain behaviour in iNOS and eNOS deficient mice compared to WT mice was a more rapid recovery
from thermal hyperalgesia. A compensatory up-regulation of nNOS in dorsal root ganglia (DRG) and spinal cords of iNOS and
eNOS knockout mice was excluded using RT-PCR. However, an increase of iNOS gene expression was found in spinal cords of
eNOS and nNOS deficient mice. To study the downstream effects of nNOS deficiency on DRG neurones, we assessed their immu-
noreactivity for calcitonin gene-related peptide (CGRP) and cytokines. We found a significant reduction in the CFA induced
increase in CGRP immunoreactive neurones as well as in CGRP gene expression in nNOS deficient mice, whereas the percentage
of cells immunopositive for tumour necrosis factor-a (TNF-a) and interleukin-1b (IL-1b) was unchanged. These results support the
proposed role of nNOS in sensitization of DRG neurones, and might indicate that CGRP is involved in this process.
� 2007 Published by Elsevier Ltd on behalf of European Federation of Chapters of the International Association for the Study of
Pain.
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1. Introduction

Nitric oxide (NO) is involved in sensitization of
peripheral and central sensory neurones after noxious
stimuli (Meller and Gebhart, 1993). Due to its short half
life, the regulation of NO-production mainly depends on
the expression of nitric oxide synthases (NOS) and their
activity, which is, besides others, regulated by arginine
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and tetrahydrobiopterin (Krumenacker et al., 2004;
Tegeder et al., 2006). To date, three isoforms of NOS
have been identified. Neuronal NOS (nNOS) is localized
in a discrete population of neurones (Bredt et al., 1991)
and is dynamically regulated after peripheral inflamma-
tion (Herdegen et al., 1994; Wu et al., 1998; Dolan et al.,
2003). Inducible NOS (iNOS) is mainly absent in neural
tissues under normal conditions, but up-regulated in
inflammation (Mungrue et al., 2003), for example in
astrocytes in the spinal cord dorsal horn (Maihöfner
et al., 2000). Endothelial NOS (eNOS) is present in the
brain vasculature (Stanarius et al., 1997) and also in
eration of Chapters of the International Association for the Study of
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astrocytes (Wiencken and Casagrande, 1999). Thus, all
three NOS isoforms can act as sources of NO in the
CNS after inflammation. The non-selective NOS inhibi-
tor Nx-nitro-L-arginine methyl ester (L-NAME) reduces
thermal hyperalgesia in inflammatory pain models
(Semos and Headley, 1994; Osborne and Coderre,
1999), indicating a role of NO in inflammatory pain.
Furthermore, several reports indicated beneficial effects
of selective blockers for nNOS and iNOS in reducing
inflammatory and neuropathic pain, while baseline noci-
ceptive responses remained unaltered (Malmberg and
Yaksh, 1993; Sekiguchi et al., 2004; Tao et al., 2004;
LaBuda et al., 2006). In order to assess which of the iso-
forms is relevant in hyperalgesia, studies have been per-
formed on mice lacking iNOS, eNOS or nNOS, but their
results have been contradictory (Chu et al., 2005; Güh-
ring et al., 2000; Tao et al., 2003, 2004).

In this report we directly compared, for the first time,
the pain-related behaviour and the amount of paw swell-
ing of nNOS-, iNOS- and eNOS-deficient and wild type
mice after intraplantar injection of complete Freund’s
adjuvant (CFA) under identical conditions.

Furthermore, we investigated downstream effects on
the expression of the respective other NOS isoforms in
the knock-out mice and of calcitonin gene-related pep-
tide (CGRP) in spinal cord and DRG neurones as well
as on the proinflammatory cytokines tumour necrosis
factor-a (TNF-a) and interleukin-1b (IL-1b) in DRG.
2. Materials and methods

2.1. Animals

Behavioural experiments were performed on adult
(7–11 months, 22–26 g body weight) female mice of
C57BL/6J background. These included wild type mice
(n = 30, 10 littermate controls for each of the knockout
genotypes), mice deficient for iNOS (n = 10; Laubach
et al., 1995), eNOS (n = 10; Huang et al., 1995), and
mice deficient for nNOS of 129S4BL/6J background
(n = 9; The Jackson Laboratory, Bar Harbor, Maine,
USA; Huang et al., 1993). For RT-PCR, an additional
10 mice each of wild type, iNOS deficient and eNOS
deficient genotype were used. The animals were housed
on a light:dark cycle of 14:10 h with standard rodent
chow and water ad libitum. All experiments were
approved by the Bavarian state authorities and carried
out in accordance with the European communities
Council Directive of 24 November 1986 (86/609/EEC)
for the care and use of laboratory animals.

2.2. Testing protocol

For baseline testing, mice were examined for with-
drawal latencies to heat, withdrawal thresholds to
mechanical stimulation with von Frey hairs, and paw
thickness (see below) twice before treatment. Under a
short ether anaesthesia, animals were injected by an
experienced assistant with 20 lg of CFA diluted to a
volume of 10 ll into one dorsal hind paw in the L4 der-
matome. Animals were then divided into two groups
(each n = 5), one being tested 2, 4, 6 and 8 h after injec-
tion, the other being assessed at 12 and 16 h after
injection.

2.3. Behavioural tests

Thermal hyperalgesia was assessed with an algesime-
ter (Ugo Basile, Comerio, Italy) as described previously
(George et al., 2000). After accommodation of the ani-
mals to the testing device, three consecutive thermal
stimuli were applied to the hind paws with at least a 1-
min interval between stimulating left and right paws.
Means of latencies were calculated and used as a mea-
sure of the withdrawal threshold to heat. Mechanical
sensitivity was assessed using von Frey hairs with hair
values ranging from 1.65 to 5.46 and the up–down
method (Chaplan et al., 1994; Dixon, 1965) was applied.
The 50% probability withdrawal threshold (force of the
von Frey hair to which an animal reacts in 50% of the
stimuli) was recorded. All behavioural testing was done
by observers unaware of the respective genotype. Paw
thickness was measured after thermal latencies and
mechanical nociceptive thresholds were determined.
Here, mice were gently placed in a piece of cloth and,
after settling, a calibrated micrometer was used to mea-
sure the maximal dorso-ventral thickness of the paw.

2.4. Immunohistochemistry

Tissues were obtained immediately after the final test-
ing. Mice were anaesthetized using ether and eutha-
nized. Spinal cords at the levels of L4–L5 and the L4
dorsal root ganglia (DRG) from both sides and thoracic
ganglia were removed, embedded into OCT-medium
(optimal cutting temperature, TissueTek�) and snap-
frozen in isobutene placed in liquid nitrogen. Cryosec-
tions of 10 lm were prepared, thaw-mounted on Poly-
L-Lysin-coated coverslips (Superfrost�) and fixed in
4% paraformaldehyde for 30 min. Tissues were then
blocked for 30 min with 0.3% H2O2, diluted in metha-
nol. Sections were incubated over night at 4 �C with pri-
mary antibodies against activating transcription factor 3
(ATF3, Santa Cruz Biotechnology, Santa Cruz, USA),
calcitonin gene-related peptide (CGRP, Peninsula Labo-
ratories, San Carlos, USA), tumour necrosis factor-a
(TNF-a, Linaris, Wertheim, Germany), interleukin-1b
(IL-1b, Endogen, Woburn, USA) and, as positive
controls, Neurofilament-200 (Affiniti, Mamhead, UK)
for DRG sections, and glial fibrillary acidic protein
(GFAP, Chemicon, Temecula, USA) for spinal cord.
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Corresponding antibody diluents were used as negative
controls. On the following day, sections were incubated
with biotinylated secondary antibodies (Vector, Burlin-
game, USA) for 30 min. For signal enhancement, sec-
tions were treated with avidin–biotin solution (Vector)
for 30 min. Specific antibody binding was visualized
using a standard di-amino-benzidine (DAB) peroxidase
method. Between all steps sections were washed three
times in phosphate buffered saline (PBS).

2.5. Image analysis

For each genotype, sections of 10 DRG, ipsi- and
contralateral to CFA-injection, and of three thoracic
ganglia were analysed by light microscopy (Axiophot,
Zeiss, Jena, Germany). After sections were photo-
graphed, an average of 290 (range: 220–416 in four sec-
tions per specimen) neuronal profiles were counted for
each DRG. Cell sizes (area of profile in lm2) were mea-
sured using ImageProPlus software (Version 4.0, Media
Cybernetics, USA). Cells were considered immuno-posi-
tive when the staining signal was clearly above the back-
ground level. For size standardization, only cells with a
visible nucleus were considered for analysis. Analysis
was performed by an observer masked as to treatment
and genotype. For some specimens, sections were ana-
lysed by a second masked observer, showing an overall
inter-observer variability of less than 8%.

For spinal cord, two sections of the lumbar region
(L4/L5) of each animal were assessed. The obtained
immunohistochemical signal was speckled and covered
the superficial dorsal horn of the spinal cords. Intensity
of staining was measured after transferring photo-
graphed sections into gray scale mode and defining gray
scale values (scale 0–255) at 10 different sites of laminae
I and II using ImageProPlus software. To correct for
background activity, activity measured in the ventral
horn of the identical spinal cord was subtracted.

2.6. RT-PCR

Fresh spinal cord specimens at the L4/L5 level and
bilateral L4 and L5 DRG were harvested from wild
type, nNOS deficient, iNOS deficient and eNOS defi-
cient mice 24 h after injection of CFA or normal saline
(n = 5 for each genotype and treatment). Tissue homog-
enization and RNA isolation were performed as
described previously (Kleinschnitz et al., 2004). In brief,
total RNA from each tissue was prepared using the
TRIzol reagent� (Invitrogen, Germany) and was quan-
tified spectrophotometrically. Tissues were homogenized
using a Polytron� homogenizer (Kinematica, Germany)
at 39.000 rpm for 25 s.

Relative nNOS-, iNOS-, eNOS-, and CGRP-mRNA
levels were quantified with real-time PCR using the fluo-
rescent TaqMan technology. About 500 ng of total
RNA were reverse transcribed (TaqMan Reverse Tran-
scription Reagents, Applied Biosystems, Germany)
using random hexamers.

PCR primers and probes specific for murine nNOS,
iNOS and eNOS as well as CGRP and 18s rRNA were
obtained as TaqMan Predeveloped Assay Reagents for
gene expression (Applied Biosystems, Germany). 18s
rRNA was used as an endogenous control to normalize
to the amount of sample RNA. PCR was performed
with equal amounts of cDNA in the GeneAmp 7700
sequence detection system (Applied Biosystems, Ger-
many) using TaqMan Universal PCR Master Mix
(Applied Biosystems, Germany). Reactions (total vol-
ume 50 ll) were incubated at 50 �C for 2 min, at 95 �C
for 10 min followed by 40 cycles of 15 s at 95 �C and
1 min at 60 �C. Water controls were included to ensure
specificity. Each sample was measured in triplicate and
data points were examined for integrity by analysis of
the amplification plot.

The comparative Ct method was used for relative
quantification of gene expression (Winer et al., 1999).
The amount of nNOS mRNA, normalized to the
endogenous control (18s rRNA) and relative to a cali-
brator (tissue from healthy animals), is given by
2�DDCt, with Ct indicating the cycle number at which
the fluorescence signal of the PCR product crosses an
arbitrary threshold set within the exponential phase
of the PCR, and DDCt = [(Cttarget(unknown sample) �
Ctend.control(unknown sample))] � [(Cttarget(calibrator sample)

� Ctend.control(calibrator sample))].

2.7. Data analysis

Data obtained from behavioural testing were com-
pared using Mann–Whitney (U-) tests and underwent
Bonferroni correction because of multiple testing. Val-
ues obtained from all wild type control animals were
pooled for statistical analysis. Immunohistochemical
data were tested for statistical significance using two-
sided t-tests, as they showed normal distribution accord-
ing to the Kolmogoroff–Smirnoff test. For data from
RT-PCR, Mann–Whitney (U-) tests with Bonferroni
correction were applied. Statistical analysis was per-
formed using SPSS (Version 11.5, SPSS, Chicago, IL).
Data are presented as mean ± standard deviation (SD).
3. Results

3.1. nNOS deficient mice have reduced thermal

hyperalgesia and lack of mechanical allodynia after CFA

injection

Baseline values (before CFA injection) were not dif-
ferent between genotypes. Thermal withdrawal latencies
were approximately 10 s and withdrawal thresholds to
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von Frey hairs were approximately 0.6 g. Paw thickness
was generally 2 mm before injection.

Wild type mice showed reduced withdrawal thresh-
olds for thermal and mechanical stimuli in the CFA
injected paw and developed paw swelling, consistent
with previous reports on pain-related behaviour in a
CFA model (Iadarola et al., 1988; Hylden et al., 1989;
Ren et al., 1992).

In mice lacking nNOS, thermal hyperalgesia was
present, but was significantly reduced compared to
wild-type mice at 4 and 8 h after CFA-injection
(Fig. 1A). Withdrawal thresholds to von Frey hairs were
significantly less reduced in CFA injected nNOS-defi-
cient mice compared to wild type mice at all time points
measured, and were not different from baseline, indicat-
Fig. 1. A, D, G. Paw withdrawal latencies in seconds as a measure for therma
mice compared to nNOS- (A), iNOS- (D) and eNOS- (G) deficient mice. Pane
mechanical allodynia related to time after CFA injection, again comparing wi
C, F, J. Paw thickness in mm as a measure for swelling after CFA injection i
compared to wild type mice. Data presented as mean ± SD. * p < 0.05.
ing lack of mechanical allodynia (Fig. 1B). Paw thick-
ness did not differ between wild-type mice and mice
lacking nNOS (see Fig. 1C).

In mice lacking iNOS, withdrawal latencies to heat
were reduced early after CFA-injection, but were signif-
icantly longer than those in wild-type mice at 8 and 12 h,
indicating reduced thermal hyperalgesia (Fig. 1D).
Except for an increased mechanical allodynia after 2 h
in iNOS deficient mice, there was no difference between
groups in response to von Frey hair stimulation
(Fig. 1E). Paw swelling was significantly reduced in
iNOS deficient mice at several time points after CFA
(Fig. 1F).

Like iNOS deficient mice, mice lacking eNOS had a
more rapid recovery from thermal hyperalgesia than
l hyperalgesia related to time in hours after CFA injection for wild type
ls B, E and H present the force needed for flexion in g as a measure for

ld type mice with mice deficient for nNOS (B), iNOS (E) and eNOS (H).
s presented for mice lacking nNOS (C), iNOS (F) and eNOS (J), again
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wild-type mice (Fig. 1G). Mechanical allodynia did not
differ to wild-type mice (Fig. 1H) and. there was no dif-
ference in paw thickness after CFA injection compared
to wild type mice (Fig. 1J).
Fig. 2. Representative sections of dorsal root ganglia with mainly
small and medium sized neurons labelled for CGRP from wild type (A)
and nNOS deficient mice (B) on the side of CFA injection. The ratio of
cells immunopositive for CGRP was mildly increased in wild type mice
after CFA injection, but remained unchanged in mice lacking nNOS
(C). Examples for neuronal profiles considered immunopositive (!)
and immunonegative (c). Scale bars = 100 lm. Data in (C) presented
as mean ± SD. * p < 0.05.
3.2. Calcitonin gene related peptide (CGRP), but not
cytokine immunoreactivity, is lower in DRG neurones of

CFA treated nNOS deficient mice

Mainly small and medium sized DRG neurones
showed a dense cytoplasmic signal for CGRP (Fig. 2A
and B). In wild type mice CFA injection increased the
ratio of CGRP immunopositive cells from 37% to
47%, with a generalized increase of immuno-positive
neurones of all sizes. CGRP immunoreactivity remained
unchanged in mice deficient for nNOS (Fig. 2C). RT-
PCR analysis further revealed an increase of CGRP-
mRNA in DRG of CFA injected wild type mice
(2.3 ± 0.6; controls: 1.0 ± 0.5, p < 0.014), but not in
DRG of nNOS (1.0 ± 0.8), iNOS (1.5 ± 0.4) or eNOS
deficient mice (0.3 ± 0.3). In thoracic ganglia which were
examined as controls there was no change in CGRP
immunoreactivity after CFA in either wild type or
nNOS deficient mice (not shown).

In the spinal cord, laminae I and II of the superficial
dorsal were densely stained for CGRP (Fig. 3). Signals
as assessed using densitometry did not differ significantly
between CFA-injected and contralateral side nor
between wild type animals and mice deficient for nNOS
(not shown). mRNA for CGRP did not significantly dif-
fer between in spinal cords of wild type mice and any
NOS deficient mice (not shown).

About 44.1 ± 6.3% of DRG neurones showed dense
cytoplasmic staining for TNF-a in wild type controls.
After CFA, this ratio was slightly increased to
47.3 ± 8.6% (n.s.). In mice lacking nNOS, 41.6 ± 5.7%
of neurones were immunoreactive for TNF-a before,
and 49.3 ± 11.1% after CFA injection (n.s.).

About 54.3 ± 6.7% of DRG neurones from wild type
controls as compared to 61.2 ± 9.9% in nNOS deficient
mice showed cytoplasmic immunoreactivity for IL-1b
(p = 0.08). After CFA injection, ratios remained unal-
tered with 57.3 ± 3.1% for wild type and 58.6 ± 7.6%
for nNOS deficient mice.

ATF3 immunostaining was used to investigate
whether the injection of CFA induced neuronal injury
and to quantify possible cytotoxic effects of NO.
ATF3 immunohistochemistry resulted in dense nuclear
staining in a very small subset of DRG neurones on
the CFA-injected sides. An average of 1.9 ± 1.0% of
cells was immunoreactive for ATF3 on the CFA-
injected side as compared to 0.3 ± 0.8% on the contra-
lateral side (n.s.). There was no significant difference
between mice deficient for nNOS, iNOS, eNOS or wild
type mice (data not shown).



Fig. 3. Dense staining of the superficial dorsal horn (lamina I and II, indicated by arrowheads in A as an example) of spinal cords labeled with
antibodies specific for CGRP in wild type (A, B) and nNOS deficient mice (C, D) on the side of CFA injection (A, C) and on the contralateral side (B,
D). Images were transformed to gray scale for image analysis, which revealed no difference between CFA-injected and contralateral sides. Scale
bars = 100 lm.
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3.3. Lack of eNOS may be partially compensated by

upregulation of iNOS, but not of nNOS, in the spinal cord

Since mice deficient for eNOS and iNOS did not
show major behavioural differences to wild type mice
after CFA injection, we speculated that this might be
caused by compensatory upregulation of the remaining
NOS isoforms. We therefore measured relative gene
expression of the non-knocked out isoforms in DRG
and spinal cords of nNOS, eNOS and iNOS deficient
mice. When comparing DRG specimens obtained from
nNOS-, eNOS- or iNOS-deficient mice at 24 h after
injection of CFA to wild type controls, relative gene
expression of none of the different NOS isoforms was
Table 1
Relative gene expression of NOS isoforms in nNOS, iNOS and eNOS defici

Wild type nNOS�/�

(a) DRG

nNOS 1.0 ± 0.2 –
iNOS 1.1 ± 0.7 1.0 ± 0.8 (n.s.)
eNOS 1.1 ± 0.5 0.9 ± 0.4 (n.s.)

(b) Spinal cord

nNOS 1.0 ± 0.3 –
iNOS 1.1 ± 0.7 3.5 ± 1.4 (p < 0.009)
eNOS 1.0 ± 0.3 1.8 ± 0.6 (n.s.)

Relative gene expression of NOS isoforms in DRG (A) and spinal cords (B
eNOS�/�) 24 h after CFA injection as compared to wild type controls. n.s.,
significantly altered (see Table 1a). Tissues from the side
contralateral to injection of CFA also showed no differ-
ences in NOS mRNA levels (data not shown).

In spinal cord specimens, relative gene expression of
iNOS was significantly increased in nNOS and eNOS
deficient mice, while none of the other isoforms signifi-
cantly differed from wild type animals in any genotype
(see Table 1b).
4. Discussion

Comparing pain behaviour after CFA injection in
eNOS-, iNOS-, and nNOS-deficient mice under identical
ent mice

iNOS�/� eNOS�/�

1.5 ± 0.6 (n.s.) 0.6 ± 1.7 (n.s.)
– 1.1 ± 0.7 (n.s.)
2.2 ± 0.4 (n.s.) –

1.3 ± 0.4 (n.s.) 0.5 ± 0.4 (n.s.)
– 4.0 ± 1.0 (p < 0.008)
2.7 ± 0.8 (n.s.) –

) of mice deficient for nNOS, iNOS and eNOS (nNOS�/�, iNOS�/�,
not significant.
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conditions, we show that only nNOS-deficient mice have
a significant reduction in pain behaviour, whereas we
found no major differences to wild type mice in the other
genotypes. In addition to the recently described attenu-
ation of mechanical allodynia (Chu et al., 2005), our
experiments also revealed a reduction of thermal hyper-
algesia in nNOS-deficient mice. Since this reduction was
present at 4 and 8 h after injection of CFA, it indicates a
possible role for nNOS in hypersensitivity to heat in
early stages of inflammation.

The changes in pain responses we found in mice
deficient of eNOS and iNOS were less pronounced.
This is in accordance with the finding of an increase
in nNOS but not in the other NOS isoforms in mouse
spinal cord after CFA (Chu et al., 2005). Pain behav-
iour in iNOS deficient mice has been investigated pre-
viously, with variable results. Gühring and coworkers
reported a moderate decrease in early thermal hyperal-
gesia for iNOS deficient mice in a zymosan model
(Gühring et al., 2000). Tao et al. (2003) did not find
any difference in thermal hyperalgesia in mice lacking
iNOS in a carrageenan-induced inflammatory pain
model. In the present study, CFA induced hyperalgesia
was only reduced during the recovery phase. One pos-
sible explanation for these discrepant findings may be
the different time courses of the inflammatory models
used. While zymosan injection leads to a rapid onset
of symptoms in the first minutes (Meller and Gebhardt,
1997), injection of CFA or carrageenan produces a
prolonged effect, with onset of symptoms within hours
(Hargreaves et al., 1988; Ren et al., 1992). It is possible
that NO has a major effect at the onset of the zymosan
model and only later in the development of the CFA or
carrageenan model, although this has not been directly
experimentally assessed. In addition, the immune
response induced by the different agents that are used
in different inflammatory pain models might differ
significantly.

After a sciatic nerve lesion (chronic constrictive nerve
injury), iNOS deficient mice had a delayed development
of thermal hyperalgesia (Levy et al., 2001). Although
this may in part be due to the reduced NO production
directly, it was concomitant with delayed Wallerian
degeneration. Therefore, in the nerve injury model, the
delay in pain-related behaviour could also be explained
by an effect on nerve degeneration.

In our study, the major finding in mice lacking iNOS
was a reduction in paw swelling after CFA. Paw swelling
did not differ from wild type mice initially, but was sig-
nificantly decreased at 4 h, paralleled by a significant
reduction of thermal hyperalgesia being detectable from
8 h after CFA injection. Thus, in addition to pain,
another cardinal sign of inflammation, swelling, is
reduced. With iNOS being strongly expressed in macro-
phages and neutrophils (Chabrier et al., 1999) and due
to its immunomodulatory (Kahl et al., 2003) and pro-
inflammatory function (Tinker et al., 2003), these find-
ings might indicate a decreased NO production at the
actual site of inflammation. A recent study examining
selective iNOS-inhibitors found a significant reduction
of pain behaviour in different inflammatory and neuro-
pathic pain models (LaBuda et al., 2006). In the context
of our findings, these effects might be secondary to a
reduction of the inflammatory response with lower
amounts of inflammatory mediators being released, thus
leading to a diminished peripheral sensitization of
nociceptors.

After nerve injury, eNOS is increased in DRG neu-
rones and in injured axons and was thus suggested to
play a role in nerve injury induced hyperalgesia (Levy
et al., 2000). In our experiments using eNOS deficient
mice, we could neither find a difference for mechanical
allodynia, nor for paw thickness, but – similar to mice
lacking iNOS – a trend towards an increase of paw
withdrawal latencies after thermal stimulation (i.e.
reduced thermal hyperalgesia) at late testing points,
after 12 and 16 h. Apart from the mechanisms dis-
cussed above, the cause for a less significant reduction
of pain behaviour in eNOS- and iNOS-deficient mice
as compared to animals lacking nNOS might be a
compensatory up-regulation of nNOS in these animals,
which might restore NOS function and thus sensitiza-
tion at the spinal level. For instance, in carrageenan-
induced inflammation, spinal eNOS protein was
increased in nNOS deficient mice, thus partly compen-
sating the decrease of Ca2+/calmodulin dependent
NOS activity on the spinal level (Tao et al., 2004).
However, as we can show here, amounts of nNOS
mRNA were not increased in eNOS- and iNOS-defi-
cient mice in dorsal root ganglia and spinal cord. Still,
this does not rule out an increase in nNOS protein
synthesis or activity, which might still account for
the remaining behavioural changes seen in these ani-
mals. Furthermore, when looking at gene expression
for iNOS in the spinal cords of nNOS and eNOS defi-
cient animals, we could find a significant increase. In
the case of eNOS deficient mice, this might in part
explain the lack of change in pain-related behaviour
with iNOS possibly compensating eNOS function.
Yet, this upregulation does not seem to affect reduced
nociception due to nNOS deficiency. One possible rea-
son for this discrepancy might be the actual site of NO
production. While immunoreactivity for eNOS is lim-
ited to the endothelium and astrocytes and for iNOS
to the lining of the central canal, but also astrocytes
in the spinal cord (Wiencken and Casagrande, 1999;
Maihöfner et al., 2000; Ruscheweyh et al., 2006),
nNOS is mainly expressed in neuronal structures
(Bredt et al., 1991; Herdegen et al., 1994). Hence,
due to the overlap in expression, iNOS is more likely
to be capable of compensating the deficiency of eNOS
than of nNOS.
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Several mechanisms have been postulated by which
NO leads to neuronal sensitization, among them the
induction of spontaneous activity in DRG neurones
(Wiesenfeld-Hallin et al., 1993) and the stimulation of
prostaglandin synthesis (Gühring et al., 2000). Another
mechanism by which NO may further add to sensitiza-
tion is the activation of neighbouring cells with an
increase in their neuropeptide (Garry et al., 2000),
cytokine (Holguin et al., 2004) and amino acid release
(Fujita et al., 2004). Thus, in states of decreased NO
production one would expect an attenuated increase
of these substances following inflammation. Accord-
ingly, we found that the increase in CGRP-immuno-
positive DRG neurones as well as CGRP-mRNA
that was seen in wild type mice on the side of CFA
injection was missing in mice lacking nNOS. Thus,
our data add to the assumption that NO induces
CGRP expression in DRG. However, conclusions on
the role of this finding on hyperalgesia are limited by
the finding that also in mice with a deficiency for the
other NOS isoforms the CFA-induced increase of
CGRP mRNA in DRG was absent, although no
changes in pain-related behaviour were obvious in
these animals.

In addition to a direct role of NO as a neurotransmit-
ter, increased concentrations of NO can further lead to
direct neuronal cell damage (Minc-Golomb et al.,
1994). As damaged DRG neurones are liable to change
their immunohistochemical properties, it is important to
control for neuronal injury. Using immuno-labelling for
ATF3, a marker for injured neurones (Tsujino et al.,
2000), we found no difference between wild type mice
and animals lacking nNOS, eNOS or iNOS. The ratio
of ATF3 positive neurones was slightly higher on the
CFA sides than on the contralateral sides, but differ-
ences did not reach significance. Further, the number
of ATF3 immunopositive cells is too small as to account
for injury-induced changes after CFA injection or for
behavioural differences between genotypes.

Immunoreactivity for TNF-a and IL-1b was appar-
ent in approximately 45% and 60% of DRG neurones,
respectively, which is well in line with previous reports
(Copray et al., 2001; Schäfers et al., 2003). However,
there were no differences between wild type and nNOS
deficient mice, indicating that this postulated down-
stream mechanism, i.e. an increase in cytokine expres-
sion in inflammation as shown elsewhere (Holguin
et al., 2004), is not affected in our model.

In conclusion, our data add to the concept that
nNOS is the major NOS isoform in spinal sensitization
after noxious stimuli. Furthermore, the regulation of
CGRP expression in peptidergic DRG neurones may
be an additional factor in nNOS mediated hyperalgesia.
iNOS plays an important role at the site of inflamma-
tion, with its depletion leading to decreased extravasa-
tion-induced paw swelling.
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