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Abstract

Mice lacking the serotonin-transporter (5-HTT-/- mice) develop reduced thermal hyperalgesia after nerve injury, concomitant
with reduced serotonin (5-HT) levels in nervous tissue. Here we investigated pain behaviour in 5-HTT-/- mice compared to their
wild type littermates after hind paw inflammation induced by complete Freund’s adjuvant (CFA). We used standard tests for pain
behaviour, high performance liquid chromatography for measurement of 5-HT, and immunohistochemistry of hind paw skin tissue
and L5 dorsal root ganglia (DRG) to measure local inflammation and nerve injury. After intraplantar CFA injection, hyperalgesia
to heat was attenuated in 5-HTT-/- mice compared to wild type mice. Their 5-HT levels in nervous and adrenal tissue were reduced.
An intraplantar injection of 5-HT four days after CFA transiently brought withdrawal latencies of 5-HTT-/- mice down to the level
of wild type mice, thus rescuing the phenotype and supporting the role of 5-HT in the development of CFA-induced thermal hyper-
algesia. The density of intraepidermal nerve fibres in plantar skin after CFA injection was reduced to a higher degree in 5-HTT-/-
mice than in wild type mice, suggesting greater peripheral nerve injury in the knock-out mice during hind paw inflammation.
Accordingly, a higher number of injured DRG neurons was identified by activating transcription factor 3 (ATF3) staining in 5-
HTT-/- mice after CFA. We conclude that the phenotype of 5-HTT-/- mice leads to reduced inflammatory pain due to reduced tis-
sue 5-HT levels and to greater peripheral nerve injury after inflammation. Human variants of the 5-HTT genotypes might be part of
the factors determining the extent of nerve injury and hyperalgesia in inflammation.
� 2007 European Federation of Chapters of the International Association for the Study of Pain. Published by Elsevier Ltd. All

rights reserved.
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1. Introduction

Serotonin (5-HT) has important functions in pain
processing and modulation (Eide and Hole, 1993). In
the periphery, 5-HT is released from platelets and mast
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cells after tissue injury (Dray, 1995) and exerts direct
actions on C-fibres (Kessler et al., 1992; Davis et al.,
1993; Moalem et al., 2005). The sodium-dependent, high
affinity 5-HT transporter (5-HTT) is responsible for the
removal of 5-HT from the extracellular space after its
release (Lesch et al., 1997; Bengel et al., 1998). Mice with
a deficiency of the 5-HT-transporter (5-HTT-/- mice)
have increased extracellular 5-HT levels (Fabre et al.,
2000; Montanez et al., 2003; Mathews et al., 2004) but
the overall tissue content of 5-HT is reduced (Bengel
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et al., 1998; Vogel et al., 2003; Kim et al., 2005). These
changes make 5-HTT-/- mice an interesting model to
study pain behaviour. We recently investigated
5-HTT-/- mice in a model of an experimental mononeu-
ropathy, the chronic constriction injury of the sciatic
nerve (CCI) (Bennett and Xie, 1988; Vogel et al.,
2003). We found that 5-HTT-/- mice, in contrast to wild
type littermates, did not develop thermal hyperalgesia
after CCI. CCI was associated with an increase in
5-HT levels in the sciatic nerve in wild type mice, which
was absent in 5-HTT-/- mice. We concluded that 5-HT
in the peripheral nerve is necessary for the development
of thermal hyperalgesia, thus confirming the role of
5-HT as a factor in the sensitization of nerve fibres. In
the present study, we used an inflammatory model,
intraplantar (i.pl.) injection of complete Freund’s adju-
vant (CFA) to further test the role of 5-HT in peripheral
sensitization. Peripheral sensitization is the product of
the action of inflammatory mediators on nociceptors
(McMahon et al., 2005). Thus, the two components
have to be present, the sensitizing mediators and func-
tioning C-fibres. Since CFA has been shown to hinder
nerve regeneration (Kato et al., 2003), we also investi-
gated whether the i.pl. CFA injections altered the inner-
vation of the hind paw skin and the integrity of the
primary sensory neurons. We hypothesised that the
functionality of the 5-HTT might be one of the factors
determining the extent of hyperalgesia and nerve injury
after peripheral inflammation.
2. Materials and methods

2.1. Animals and injections

Experiments were conducted in adult female mice of
24–37 g body weight. The mice were generated as previ-
ously described on a C57BL/6J background (Bengel
et al., 1998) and included homozygous knock-out
(5-HTT-/-) and littermate wild type control (5-HTT
+/+) mice. Mice were housed individually or in groups
of up to five in a temperature and humidity controlled
environment, on a 14/10 h light/dark cycle and with
standard rodent food pellets and water ad libitum.
Experiments were done during the light cycle. All
experiments were approved by the Bavarian state
authorities and performed in accordance with the Euro-
pean Communities Council Directive of November 24,
1986 (86/609/EEC) for the care and use of laboratory
animals.

In short ether anaesthesia, mice received 10 ll of
CFA, containing 20 lg of Mycobacterium tuberculosis

(Difco Laboratories, Detroit, Mi, USA) or 10 ll of
physiological saline into the plantar surface of the right
hind paw. Paw swelling was measured with a slide gauge
and was used as a sign of effectively induced inflamma-
tion (Ferreira et al., 2001; Zhang et al., 2004). Thermal
and mechanical sensitivity were tested as described
below. An additional group of 5-HTT-/- mice received
i.pl. injections into the same area previously injected
with CFA with 2 lg of 5-HT (Sigma Chemicals, Deis-
enhofen, Germany) in 5 ll of normal saline or normal
saline only on day 4 after CFA. In these mice, thermal
withdrawal thresholds were additionally tested at 12
and 60 min and at 24 h after the 5-HT injection.

2.2. Behavioural testing

The investigator was unaware of the genotype. Before
the injection of CFA, the mice were tested on two days
to determine baseline thresholds. After the injection, the
mice were tested at 4 h and then daily until day seven.
Before each test, the animals were allowed to acclimatize
for at least 5 min in the testing device. Both hind paws
were tested alternately with an interval of at least
2 min. Mechanical sensitivity was tested with von Frey
hairs with bending forces from 4 mg to 1.48 g. The
50% mechanical withdrawal threshold (the force of the
von Frey hair in g to which an animal reacts in 50%
of the presentations) was determined on the basis of
the up-and-down method of Dixon (1965) according
to Chaplan et al. (1994), modified for mice (Sommer
and Schäfers, 1998). The withdrawal latency to heat stim-
ulation was tested by using a device of Hargreaves et al.
(1988) purchased from Ugo Basile (Comerio, Italy). The
time until the animals reacted with withdrawal to the
stimulation by a radiant heat source was determined
automatically. Each testing period consisted of a mini-
mum of three presentations for each hind paw. If the
animal did not react within 12 s, the stimulation was
stopped manually to prevent tissue damage and the
value of 12 s was assumed.

2.3. Tissue harvesting

The tissue was collected from separate groups of mice
on day 2 and 7 after injection of CFA under deep barbi-
turate anaesthesia. At first a piece of each sciatic nerve
on both sides with a length of 1 cm located in the middle
of the thigh was harvested. After that the animal was
sacrificed by decapitation and the dorsal root ganglia
(DRG) L5 were dissected, a piece of the spinal cord
(cut just proximally to the L4 and distally to the L5
spinal root), the adrenal glands and three footpads were
prepared. The DRGs were embedded in Tissue Tek�

(Sakura Finetek, Zoeterwoude, Netherlands), frozen in
2-methylbutan cooled in liquid nitrogen, and stored at
�70 �C. The footpads were fixed in 4% phosphate-buf-
fered paraformaldehyde (pH 7.4) for 3 h, cryoprotected
in 10% sucrose overnight and then frozen as described
above. Tissue for 5-HT analysis was weighed and imme-
diately frozen at �70 �C.
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2.4. Immunohistochemistry

Cryosections (10-lm for DRG and spinal cord, 20-lm
for footpad immunohistochemistry and 40-lm for fluo-
rescence) were mounted on Super Frost�-Slides from
Langenbrinck (Emmerdingen, Germany) and stored at
�20 �C. Immunohistochemistry was performed as previ-
ously described (Schäfers et al., 2003) using primary anti-
bodies to activating transcription factor 3 (ATF3,1:200,
rabbit anti-human/rat/mouse, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), alpha-calcitonin-gene related
peptide (CGRP, 1:500, rabbit anti rat/mouse, Peninsula
Laboratories, San Carlos, CA, USA), mouse macro-
phages (MAC-1, 1:100, rat anti-mouse, Camon, Wiesba-
den, Germany), and protein gene product (PGP) 9.5
(1:500, rabbit anti-human/rat/mouse Ultra Clone,
Wellow, Great Britain). Stains were developed with an
ABC method (Vector Laboratories, Burlingame, CA,
USA) and 0.02% diaminobenzidine as chromogen,
except for PGP 9.5 and CGRP, which were developed
using immunofluorescence with Cy3 conjugated goat
Anti-Rabbit IgG (1:50, Jackson Immuno Research, West
Grove, PA, USA).

2.5. Morphometry

The fluorescence stains of the footpads were analyzed
as described before (Lindenlaub et al., 2000) by using an
Axiophot 2 microscope from Zeiss (Oberkochen, Ger-
many), a video camera (DXC 003P) from Sony (Tokyo,
Japan), and the software Image Pro Plus 4.0 for Win-
dows 98 from Microsoft (Media Cybernetics, Silver
Spring, USA). For determination of intraepidermal
nerve fibres (IENF) in PGP 9.5- and CGRP-stains, all
fibres in the epidermis in three sections per mouse were
counted and then expressed per mm of analyzed epider-
mal length. For determination of immunoreactive DRG
cells ATF3 stains, the number of immunoreactive nuclei
in % of all neuronal nuclei was determined.

2.6. Determination of 5-HT

Samples were taken from the mid sciatic nerve with a
length of 1 cm, from the L4/5 spinal cord (cut just prox-
imally to the L4- and distally to the L5-spinal root) and
the adrenal glands. These tissues were chosen to have
representative samples of the peripheral and central ner-
vous system, the adrenal glands (i.e. non-neuronal sero-
tonergic tissue) served as an internal control. Samples
were weighed and frozen at �70 �C. After thawing, sam-
ples were sonicated under argon in ice-cold 150 mM
H3PO4 and 500 lM DTPA and centrifuged at 35.000g

for 20 min at +4 �C. The supernatant was filtered
through Millipore Ultrafree-MC filter cups at 9.000g,
4 �C, for 1–2 h, and 50 ll of the filtrate was analyzed
for 5-HT by reverse-phase HPLC with electrochemical
detection. The HPLC system consisted of a AGILENT
1100 series (Bio-Rad, Munich, Germany), a Nucleosil
120-5 C18 reverse-phase (250 � 4.6 mm) analytical col-
umn (Machery-Nagel, Düren, Germany), an electro-
chemical detector (model 1640; Bio-Rad, Munich,
Germany), and a mobile phase (flow rate: 1.5 ml/min)
containing 0.1 M sodium phosphate buffer, pH 3.9,
84% (v/v) and 16% (v/v) methanol containing 0.1 mM
EDTA, 0.65 mM 1-octanesulfonic acid and 0.5 mM tri-
ethylamine. The detector potential was set at +0.75 V
relative to the Ag–AgCl reference electrode. The signal
from the detector was recorded and data analyses were
performed using an AGILENT Chem Statian for
LC9D (Bio-Rad, Munich, Germany). Concentrations
were calculated from the peak height with the aid of
an external standard. The investigator was blind to the
animals’ genotype.

2.7. Statistical analysis

For statistical analysis, SPSS (Version 10.0) was used.
Results are presented as means ± sd. To compare beha-
vioural data between groups and test days, a two-way
repeated-measures ANOVA was used for parametric
analysis, followed by a Student’s t-test. For nonpara-
metric analysis of the von Frey thresholds, a Mann–
Whitney-U-Test was used for comparison of data
between groups. Two-way ANOVA and Student’s t test
for post hoc analysis were used to compare 5-HT data
between the groups. A value of p < 0.05 was considered
to be statistically significant.
3. Results

3.1. 5-HTT-/- mice have reduced thermal hyperalgesia

after CFA injection

Baseline values for withdrawal latencies to thermal
stimuli and withdrawal threshold to mechanical stimuli,
as well as the paw thickness, did not differ between wild
type and 5-HTT-/- mice (n = 8 each). Both genotypes
developed significant paw swelling after i.pl. CFA,
which lasted until day 6, without differences between
genotypes (Fig. 1A).

Four hours after i.pl. CFA injection, both genotypes
showed a significant ipsilateral hypersensitivity to heat.
Twenty-four hours after CFA injection, the withdrawal
latencies to heat on the ipsilateral side decreased to a
minimum in wild type mice, whereas the values in 5-
HTT-/- mice had already increased again and reached
baseline values on day 2. The withdrawal latencies in
saline injected mice and on the contralateral sides (data
not shown) of both genotypes did not change compared
to baseline over the complete duration of the experiment
(Fig. 1B). Ipsilateral withdrawal thresholds to von Frey
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Fig. 1. (A) Mean ipsilateral paw thickness after injection of complete Freund’s adjuvant (CFA) or normal saline (saline) in wild type (WT) and 5-
HTT-/- mice (n = 4 for each genotype and treatment). Paw thickness was significantly increased in both genotypes after CFA injection from 4 h to
day 6, compared to saline injected mice. (B) Paw withdrawal latencies to heat after CFA or saline injection in WT and 5-HTT-/- mice (n = 4 for each
genotype and treatment). Paw withdrawal latencies to heat were significantly decreased in WT mice from 4 h to day 5 after CFA injection, compared
to saline injected mice. In 5-HTT-/- mice, differences between CFA and saline were only significant at 4 h and 1 day after injection. (C) Mechanical
withdrawal threshold after CFA or saline injection in WT and 5-HTT-/- mice (n = 4 for each genotype and treatment). Thresholds were significantly
reduced in both genotypes after CFA injection compared with saline injection. (D) Bar graph showing withdrawal latencies to heat after CFA
injection in 5-HTT-/- mice (n = 8). An injection of 5-HT (5 lg, n = 4) but not of normal saline (n = 4) led to reduced withdrawal latencies in the 5-
HTT-/- mice, indicating thermal hyperalgesia (*p < 0.05 vs. saline). Asterisks (*) indicate significant differences between CFA and saline injected mice
in A–C, and between 5-HT and saline injected mice in D, p < 0.05. # indicates a significant difference between CFA-treated wild type and 5-HTT-/-
mice in B.
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hairs decreased after i.pl. CFA injection without differ-
ences between genotypes (Fig. 1C).

3.2. 5-5-HTT-/- mice have reduced levels of 5-HT

After saline and CFA injection, 5-HT levels were
lower in the L4/5 spinal cord, in the sciatic nerve and
in adrenal glands of 5-HTT-/- mice compared with wild
type mice at all time points examined (p < 0.001, Fig. 2).
Thus, the difference between genotypes was independent
of the experimental treatment. 5-HT was further
reduced in the L4/5 spinal cord in both genotypes on
day 2 after CFA injection (Fig. 2A).

3.3. Thermal hyperalgesia after CFA can be reestablished

in 5-HTT-/- mice by i.pl. injection of 5-HT

To test the assumption that the reduced thermal
hyperalgesia in 5-HTT-/- mice was causally related to
the reduced tissue 5-HT levels, we injected 5-HT or sal-
ine into the hindpaws of CFA-treated 5-HTT-/- mice
(n = 4 each) on day 4, when withdrawal latencies were
back to normal. When tested 12 and 60 min after
5-HT injection, 5-HTT-/- mice had reduced withdrawal
thresholds to heat (p < 0.001), which had resolved by
24 h later (day 5). Saline injection on day 4 did not
change withdrawal thresholds (Fig. 1D).

3.4. Intraepidermal innervation is reduced after i.pl. CFA

in 5-HTT-/- mice

Having seen reduced pain behaviour upon thermal
stimuli in 5-HTT-/- mice after i.pl. CFA, we asked
whether this was associated with differences in the local
tissue reaction to CFA between genotypes. H& E stains
and immunostaining for macrophages revealed a
moderate amount of inflammatory cells in skin of
CFA-injected mice without differences between geno-
types (Fig. 3A and B). PGP 9.5 immunoreactivity was
used to visualize all intraepidermal nerve fibres (IENF).
Numbers of IENF/mm in saline injected animals were
not different between genotypes. After i.pl. CFA injec-
tion, fibre numbers were only slightly reduced in wild
type mice on day 7 (p < 0.05, Fig. 3C and E). In contrast,
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5-HTT-/- mice showed a marked reduction in IENF
density after i.pl. CFA on day 2 and 7 after CFA
(p < 0.0005, Fig. 3C and F). CGRP immunoreactivity
was used to identify the subgroup of peptidergic sensory
neurons. In saline injected mice, numbers of CGRP
immunoreactive IENF/mm were not different between
genotypes. After i.pl. injection of CFA, wild type mice
had unchanged CGRP immunoreactive fibre numbers
but those in 5-HTT-/- mice were significantly decreased
on day 2 and 7 after CFA (p < 0.05, Fig. 3D, G, H).

3.5. ATF3 expression in DRG neurons

Nuclear ATF3 staining was used to identify injured
neurons (Tsujino et al., 2000). In saline injected mice,
the rate of ATF3 immunoreactive DRG neurons was
very low. After i.pl. CFA injection, the number of
ATF3 positive nuclei increased significantly in both
genotypes on day 7, but considerably more in 5-
HTT-/- mice (p < 0.005, Fig. 4).
4. Discussion

Here we provide evidence that the 5-HTT-/- genotype
in mice modulates inflammatory pain and we explore
mechanisms underlying the behavioural characteristics
of this genotype. Following i.pl. CFA injection, thermal
hyperalgesia was reduced in 5-HTT-/- mice and could be
reestablished by the i.pl. injection of 5-HT. Mechanical
allodynia and paw swelling were unaltered in 5-HTT-/-
mice. 5-HT tissue levels after saline or CFA injections
were lower in 5-HTT-/- mice than in wild type mice,
and CFA injection reduced the spinal 5-HT content in
both genotypes. Innervation of the plantar skin was
reduced only in 5-HTT-/- mice after i.pl. CFA, which
was in accordance with a higher number of injured
DRG neurons as identified by ATF3 immunohisto-
chemistry.

5-HTT-/- mice have been regarded as a model of life
long administration of selective serotonin reuptake
inhibitors (SSRI) (Bengel et al., 1998). Although 5-HT
is widely accepted as an inflammatory mediator in the
periphery (for review see (Sommer, 2006)), data on
how SSRI influence 5-HT induced inflammation are
controversial. The administration of a SSRI reduced
inflammation in the carrageenan model (Bianchi et al.,
1995; Abdel-Salam et al., 2004), but accelerated it in
adjuvant arthritis (Harbuz et al., 1998). Here, we did
not see an overt effect of the 5-HTT genotype on paw
swelling. This may be due to the model (CFA vs. carra-
geenan) or to the fact that there are certainly many dif-
ferences between 5-HTT-/- mice and mice with SSRI
administration, including the long-term reduction in
intracellular 5-HT in the knock-out mice (Bengel
et al., 1998; Kim et al., 2001; Vogel et al., 2003).

As in previous studies, 5-HTT-/- mice had lower tis-
sue contents of 5-HT than wild type mice (Bengel
et al., 1998; Vogel et al., 2003). Low 5-HT in the periph-
eral nerve would be expected to lead to reduced thermal
hyperalgesia. Indeed, we could rescue the hyperalgesic
phenotype by exogenous application of 5-HT. The con-
sequence of lowered spinal 5-HT is more difficult to
interpret, since analgesic and pro-algesic spinal effects
of 5-HT have been described (Suzuki et al., 2004). It
was recently shown that depletion of endogenous spinal
5-HT attenuated hypersensitivity in a model of nerve
injury pain (Rahman et al., 2006). Thus, low spinal 5-
HT as observed in 5-HTT-/- mice in the present study
may also be related to the reduction in pain behaviour.
However, without having established an adequate
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method to reconstitute spinal 5-HT in an atraumatic
way, this assumption cannot be confirmed. Addition-
ally, one of the mediators of the indirect actions of
5-HT on pain, like prostaglandins (Tambeli et al.,
2006) might be involved and might be present to a lesser
degree in the inflammatory tissue of 5-HTT-/- mice.
Although we found no differences in paw swelling, and
thus no overt indication of a different degree of inflam-
mation between genotypes, this possibility cannot be
discarded.

As in our previous study using the CCI model of
nerve injury (Vogel et al., 2003), we did not find an
attenuation of mechanical withdrawal thresholds in the
5-HTT-/- mice. In contrast to thermal hyperalgesia,
mechanical allodynia is thought to be mediated by A-
delta-fibres and to depend on changes in spinal connec-
tivity (Field et al., 1999). Thus, the 5-HTT-/- genotype
appears to have more impact on peripherally generated
pain than on central pain modulation, at least in this
inflammatory model.
Nerve injury through CFA injection or through the
subsequent inflammation has been anecdotally
reported and nerve regeneration is impaired after pre-
vious CFA injection (Kato et al., 2003). We therefore
investigated possible nerve injury by quantitation of
IENFs and by ATF3 immunostaining of DRG neu-
rons. Since IENF density was only slightly reduced
and the number of ATF3 immunoreactive neurons
was unaltered in wild type mice, we could not confirm
a general nerve damaging action of CFA. However,
numbers of total and of peptidergic IENFs were
reduced after CFA in 5-HTT-/- mice, indicating a
greater vulnerability of distal nerve endings in this
genotype. This was corroborated by the finding of
increased numbers of ATF3 immunoreactive nuclei in
DRG neurons, showing that the peripheral insult
indeed had an impact on the neuronal somata,
although with a delayed time course. Thus, in 5-
HTT-/- mice sensory nerve fibres were more vulnerable
to inflammation of their target tissues but the animals
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were less susceptible to thermal hyperalgesia. It is pos-
sible that the presence of fewer heat reactive neurons
is one reason for reduced thermal hyperalgesia in the
5-HTT-/- mice. However, with the still large number
of remaining IENFs, it is unlikely to be the sole cause
of reduced heat pain, given that the correlation
between IENF density and thermal withdrawal thresh-
olds in mice is very low, at least in a nerve injury
model (Lindenlaub et al., 2000). The reason for the
increased axonal vulnerability is as yet unknown. It
may be due to a lack of a trophic factor such as BDNF.
BDNF expression is dependent on 5-HT function and is
decreased by lower levels of 5-HT (Zetterstrom et al.,
1999). Taken together, the 5-HTT-/- genotype protects
from inflammatory thermal hyperalgesia, but entails
greater peripheral nerve vulnerability upon inflamma-
tion. One might speculate that the human variants of
5-HTT genotypes (Murphy et al., 2004) might belong
to the increasing number of variables recently detected
to determine the extent of nerve lesions and the develop-
ment of pain under the situation of a given nerve injury
or inflammation (Tegeder et al., 2006; Üceyler et al.,
2007).
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