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Background and purpose: Spinal cord injury (SCI) has detrimental consequences that include chronic
neuropathic pain, which is seen in 40-50% of patients, and symptoms of anxiety and depression, which
affect 13-45% of SCI patients. The coexistence of pain, anxiety, and depression is known from other
neuropathic pain conditions, but the relationship between these symptoms is not clear and has not been
investigated in a preclinical model of SCI so far.

The aim of this study was to investigate anxiety-like behavior and at-level mechanical hypersensitivity
following experimental spinal cord contusion (SCC) in female Sprague-Dawley rats, and the effects of
analgesic and anxiolytic drugs.
Methods: Mechanical sensitivity and elevated plus maze (EPM) behavior were measured pre- and postin-
jury in SCC and sham animals. Pregabalin 30 mg/kg, morphine 3 mg/kg, midazolam 0.5 mg/kg, and 0.9%
NaCl were evaluated in a randomly allocated, blinded balanced design.
Results: SCC animals developed persistent at-level mechanical hypersensitivity and decreased open arm
activity in the EPM, which indicates an anxiety-like state. Pregabalin, a dual-acting analgesic and anxi-
olytic drug reduced both hypersensitivity and anxiety-like behavior, while the analgesic drug morphine
only reduced hypersensitivity. The anxiolytic drug midazolam in the dose used had no effect on either
parameter.
Conclusions: SCC animals developed long lasting coexisting at-level mechanical hypersensitivity and

anxiety-like behavior, but there was no evidence to support a causal relationship between pain and
anxiety following SCI.
Implications: The findings that at-level mechanical hypersensitivity and anxiety-like behavior develops
concomitantly in the spinal cord contusion models and that both symptoms is persistent provide basis for
further investigation of the mechanisms and connection behind these two clinically relevant symptoms

nerv
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after injury to the central
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. Introduction

A spinal cord injury (SCI) may have many detrimental conse-
uences including chronic neuropathic pain [1], which is seen in
0–50% of patients [2–4], and symptoms like anxiety and depres-
ion, which affect 13–45% of SCI patients [5–9]. Other serious
roblems include pareses, spasticity and spasms, decreased bladder

nd bowel function, and autonomic dysfunction. The coexistence
f pain, anxiety and depression is known from other neuropathic
ain conditions [10–15], but the underlying mechanisms are not

DOI of refers to article:10.1016/j.sjpain.2011.05.001.
Abbreviations: SCI, spinal cord injury; SCC, spinal cord contusion; EPM, elevated

lus maze.
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clear, although a common pathophysiological mechanism seems
unlikely [16–18].

The intensity of pain in SCI has been associated with increased
levels of anxiety [19], and Nicholson et al. found a significant dif-
ference in pain severity when comparing those with and without
possible clinical levels of anxiety and depression [8]. However, the
relation between pain and anxiety is complex, and anxiety lev-
els in SCI have also been shown to relate to, e.g., gastrointestinal
symptoms [20], autonomic dysfunction [21], severe complications,
and level of autonomy [6], and to be more affected by other conse-
quences of SCI than pain [22].

Given the unclear relationship between symptoms of anxiety
and pain in SCI, there is a need for additional research, and pre-

clinical studies may represent a novel approach. Preclinical pain
research has frequently utilized simple measurements such as paw
withdrawal or other reflexive behaviour as the only outcome mea-
sure, representing, at best, only the sensory component of the pain

blished by Elsevier B.V. All rights reserved.
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Table 1
Distance travelled in the open field and time spent in the EPM by animals with a 12.5 mm SCC at bone segment T10. Data is presented as average distance (cm) ± S.E.M.

Total distance (cm) open field Open arms (cm) elevated plus maze

SCC Sham SCC Sham

Preinjury 4009 ± 91 3942 ± 151 76.58 ± 9.74 74.73 ± 8.03
4 weeks 2277 ± 177* 2478 ± 213* 35.72 ± 11.83* 34.58 ± 8.10*

6 weeks – – 13.58 ± 5.16* 58.95 ± 8.49
12 weeks 854 ± 58* 969 ± 93 10.01 ± 3.66* 39.73 ± 8.28*

NaCl 2187 ± 179 2249 ± 261 8.35 ± 4.11 74.41 ± 16.93
Pregabalin 2139 ± 164 2597 ± 269 17.20 ± 8.42# 59.27 ± 16.64
Morphine 2249 ± 249 2765 ± 182 2.63 ± 1.87 56.46 ± 20.11
Midazolam 1895 ± 212 1712 ± 272## 10.10 ± 3.97 68.45 ± 11.28

The total distances for both SCC and sham animals were not different at any time point (Injury group: p = 0.564; mixed model) or between treatments (Injury group: p = 0.290,
mixed model). There was a significant effect of time (p < 0.001, mixed model) and treatment (p = 0.008, mixed model).
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* p < 0.05 compared with preinjury measurement.
# p < 0.05 compared with NaCl.

## p = 0.056 compared with NaCl-treated sham animals.

xperience [23,24]. In contrast, multiple different endpoints are
ecommended in clinical trials on pain conditions, including mea-
urements of anxiety, depression, sleep disturbances, and quality
f life [25]. Recently, focus on the importance of these comor-
idities as well as on the need to include measurements of the
ffective-motivational component of pain has increased in pre-
linical research. Methodology has been updated with novel pain
ssays developed to measure the affective component of pain
e.g., the place escape/avoidance paradigm and operant escape)
26–29], and endpoints that measure symptoms such as anxiety
re included (e.g., the elevated plus maze or the open field) [30,31],
hereby attempting to bridge the gap between preclinical and clin-
cal research.

Previous studies that have combined measurements of mechan-
cal hypersensitivity and anxiety-like behaviour in models of
europathic pain, e.g., partial nerve ligation [32,33], sciatic nerve

igation in mice [34] and rats [35], varicella zoster-associated pain
35], and HIV-associated neuropathic pain [36], have found signif-
cantly increased anxiety-like behaviour 0–4 weeks after injury.

oreover, analgesics reversed both mechanical hypersensitivity
nd anxiety, which supports the hypothesis that anxiety may be
consequence of persistent pain in these models. Other studies

sing the spinal nerve ligation model [37] and a mouse model of
ciatic nerve ligation [38] did, however, not find significant signs
f anxiety. No preclinical studies have so far investigated the rela-
ion between hypersensitivity and anxiety in a model of SCI or in
n extended period including the later more chronic stage.

We have previously characterized the central pain syndrome
ollowing spinal cord contusion (SCC) in rodents. This clinically
elevant model [39,40] resulted in persistent and robust evoked
t-level mechanical hypersensitivity [23,29,41].

The aim of the study was to investigate whether anxiety-like
ehaviour could be observed following SCC, and if the anxiety-

ike behaviour would be present concomitantly with evoked
t-level mechanical hypersensitivity. Furthermore, we compared
he antihypersensitivity and analgesic and anxiolytic properties of
classical anxiolytic drug (midazolam), an analgesic drug (mor-

hine), and a mixed anxiolytic and analgesic drug (pregabalin).

. Results

.1. General observations
A total of 42 animals were included in the study. The average
ime to a locomotor score ≥4 was 12 days for SCC animals and 1
ay for sham animals. Sporadic mild spontaneous spasms were

nitially observed in SCC animals, but the mobility, evaluated by
the total distance travelled in the open field, was similar for both
SCC and sham animals at all times tested (injury group: p = 0.564,
time: p < 0.001; mixed model) (Table 1). There were no signifi-
cant differences in general health (e.g., weight and fur coat) or
behaviour between the injury groups, nor were any signs of distress
observed (e.g., self-inflicted abrasions, spontaneous or handling-
evoked vocalization).

2.2. Development of mechanical hypersensitivity

The animals were tested for mechanical sensitivity preinjury
and 4, 6, and 12 weeks postinjury. Preinjury, no difference between
the injury groups was observed (p = 0.131, Student’s t-test) (Fig. 1a).
Following injury, SCC animals (n = 20) had significantly lower at-
level mechanical sensitivity thresholds than sham animals (n = 21)
(p < 0.001, mixed model excluding preinjury). At-level mechanical
sensitivity thresholds of SCC animals were, in contrast to the sham
animals (p = 0.156, mixed model), significantly decreased postin-
jury compared with preinjury (p < 0.001, mixed model) remaining
low throughout the test period. The thresholds were on average
decreased by 71% (8.51–2.46 g) in the SCC animals as compared
with preinjury, and at 6 and 12 weeks postinjury, SCC animals had
a 65% lower threshold than sham animals. One SCC animal did not
develop any mechanical hypersensitivity and was thus excluded
from the drug study.

2.3. Development of anxiety

Anxiety levels were determined by the time spent in the open
arms of the EPM. Preinjury, there was no difference between the
injury groups (p = 0.884, Student’s t-test) (Fig. 1b). An overall effect
of injury group was observed (p = 0.036, mixed model excluding
preinjury), and both SCC and sham animals experienced an initial
decrease in time spent in open arms 2 weeks postinjury (p < 0.001,
SCC and p = 0.003, sham; mixed model contrast), with a further
decrease in SCC animals at 6 weeks (p = 0.017, mixed model con-
trast) lasting throughout the test period. The decrease amounted
on average to 85% at 6 and 12 weeks compared with preinjury.
In sham animals, in contrast, there was no difference at 6 weeks
compared with preinjury (p = 0.101, mixed model contrast), nor
were the levels at 6 and 12 weeks significantly different (p = 0.067,
mixed model contrast). SCC animals spent less time (76% on aver-
age) in the open arms compared with sham animals at both 6 and

12 weeks postinjury (p < 0.001 and p = 0.003 respectively, Student’s
t-test). Repeating the mixed model analysis including the total dis-
tance travelled in the EPM as a covariate did not affect the above
conclusions.
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Fig. 1. Development of mechanical hypersensitivity (a) and anxiety (b) in animals
with a 12.5 mm SCC at bone segment T10. Data are presented as average at-level
mechanical sensitivity thresholds (g) ± S.E.M. *p < 0.05 compared with preinjury.
#p < 0.05 compared with sham group. (A) SCC animals had a lower threshold 4, 6, and
12 weeks postinjury as compared with preinjury (p < 0.001, mixed model). There is
no significant difference between 6 and 12 weeks postinjury (pre- and postpharma-
cological testing) (p = 0.191, mixed model contrast). (B) SCC animals spent less time
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Fig. 2. Treatment effect on mechanical hypersensitivity (a) and anxiety (b) in ani-
mals with a 12.5 mm SCC at T10. Data are presented as average at-level mechanical
sensitivity thresholds (g) ± S.E.M. *p < 0.05 compared with NaCl 0.9%. (A) SCC animals
had an increase in at-level mechanical sensitivity threshold after treatment with
30 mg/kg pregabalin IP (p < 0.001, mixed model contrast) and 3 mg/kg morphine IP
(p = 0.001, mixed model contrast) but no significant effect of midazolam 0.5 mg/kg
IP (p = 0.323, mixed model contrast). Sham animals had no treatment effect of either
drug (p = 0.178, mixed model). (B) SCC animals had a twofold increase in open arm
activity after treatment with 30 mg/kg pregabalin IP (p < 0.001, mixed model con-
trast), whereas 3 mg/kg morphine IP (p = 0.425, mixed model contrast) and 0.5 mg/kg
midazolam IP (p = 0.675, mixed model contrast) had no significant effect. Sham ani-
mals had no treatment effect of either drug (p = 0.710, mixed model). Data have been
n the open arms of the EPM 4, 6, and 12 weeks postinjury compared with prein-
ury (p = 0.036, mixed model excluding preinjury). There is no significant difference
etween 6 and 12 weeks postinjury (pre- and postpharmacological treatment). Data
ave been normalized to the mean value of the preinjury measurement.

.4. Correlation between mechanical sensitivity and anxiety

Linear correlation between mechanical sensitivity and anxiety
as evaluated based on the time spent in the open arms as a func-

ion of at-level mechanical sensitivity thresholds at 6 weeks postin-
ury. There was no apparent relationship (R2 = 0.378, p = 0.091,
pearman ranked correlation) between the two parameters.

.5. Effect of pregabalin, morphine, and midazolam on
echanical sensitivity
The effect on mechanical hypersensitivity of a single dose
f an anxiolytic and two analgesics was examined in a sub-
roup of animals (n = 23). In SCC animals, a statistically significant
normalized to the mean value of the saline measurement.

effect of pregabalin (p < 0.001, mixed model contrast) and mor-
phine treatment (p = 0.001, mixed model contrast) compared with
saline treatment was observed, whereas treatment with mida-
zolam resulted in no significant effect (p = 0.323, mixed model

contrast) (Fig. 2a). Pregabalin and morphine both increased the at-
level mechanical sensitivity thresholds to approximately the same
level as seen in the saline-treated sham animals, but not to prein-
jury level. The at-level mechanical sensitivity thresholds for sham
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nimals were not affected by either treatment (p = 0.178, mixed
odel).

.6. Effect of pregabalin, morphine, and midazolam on anxiety

The effect on anxiety of a single dose of one anxiolytic and
wo analgesic drugs was estimated in another subgroup of ani-

als (n = 18). Pregabalin increased the open arm occupation of SCC
nimals by twofold (p < 0.001, mixed model contrast), though the
bsolute level was still substantially lower than the saline-treated
ham animals (increase from 11% to 23%) and preinjury levels
Fig. 2b). The second analgesic drug morphine did not have any
reatment effect (p = 0.425, mixed model contrast), and it appeared
o decrease the open arm activity rather than increase it. The anxi-
lytic drug midazolam had no apparent effect compared with saline
p = 0.675, mixed model contrast). None of the pharmacological
rugs were effective in sham animals (p = 0.710, mixed model).
epeating the mixed model analysis including the total distance
ravelled in the EPM as a covariate did not affect the above conclu-
ions.

.7. Effect of pregabalin, morphine, and midazolam on mobility

Side effects of the drugs, e.g., sedation and somnolence, were
valuated by the total distance travelled in the open field following
dministration (Table 1). An overall treatment effect was observed
p = 0.006, mixed model), but no group difference (p = 0.290, mixed

odel). Midazolam treatment of sham animals resulted in bor-
erline significantly lower distances travelled than saline-treated
ham animals (p = 0.054, mixed model contrast), but this effect was
ot observed for SCC animals. None of the other treatments had a
ignificant effect on either group.

. Discussion

The current study demonstrated that a mild to moderate SCC in
ats resulted in the development of persistent at-level mechanical
ypersensitivity with a 71% decrease in thresholds throughout the
2-week study period compared with sham animals. This is con-
istent with other studies [41] and previous results from our group
sing a more severe contusion with a 25 mm weight drop [23].
urthermore, the mechanical hypersensitivity of SCC animals had
ecreased with a single dose of the analgesic drugs pregabalin and
orphine to levels comparable to those in saline-treated sham ani-
als, but not with the anxiolytic drug midazolam, which supports

hat the behaviour may be comparable to at-level SCI pain.
The inflicted injury furthermore resulted in significant and per-

istently decreased exploratory behaviour of SCC animals in the
pen arms of the EPM compared with sham animals, which may
ndicate the development of a chronic anxiety-like state. This result
s in concurrence with other similar studies using different injury

odels and of shorter duration [32,34–36], supporting that injury-
elated anxiety is a general phenomenon in animal models of
ypersensitivity. Treatment of SCC animals with a single injec-
ion of pregabalin significantly reduced the level of anxiety (by
early 100%); an effect that could not be seen after treatment with
ither morphine or midazolam. No effect of either treatment was
bserved in the sham group.

We saw no differences in the total distance travelled between
he groups or between the drug treatments in the open field, sug-
esting no bias from sedation, somnolence, or motor disability.
The results of the current study also provide evidence of the
alidity of the two applied methods. Two important questions can
e raised regarding the method specificity: Is the mechanical sen-
itivity method only measuring modulation of sensitivity or will
nal of Pain 2 (2011) 139–145

a modulation of anxiety also attenuate at-level mechanical sensi-
tivity thresholds? And is the EPM measuring anxiety, or can the
observed effect be a result of increased mobility due to pain relief?

Inhouse observations suggest that measurements of mechanical
sensitivity were biased by the current emotional state of the animal.
Thus, externally induced vigilance and state anxiety (due to noise,
handling, etc.) may be, at least partly, responsible for the observed
temporal interindividual differences. The small nonsignificant pos-
itive effect of midazolam on mechanical hypersensitivity in SCC, but
not sham animals, indicates that the method may be confounded
by more persistent emotional states such as anxiety induced by the
SCI rather than short-term state vigilance and anxiety. However,
the lack of effect of midazolam on anxiety prevents conclusions to
be made based on midazolam treatment of hypersensitivity. Fur-
ther studies are needed to clarify this. On the other hand, the ability
of morphine to almost completely reverse at-level mechanical sen-
sitivity thresholds in both SCC and sham animals (not significant)
combined with no effect on the anxiety component in the EPM sug-
gests that the effect in the sensitivity method may not be driven by
anxiety modulation.

There was no observation of behaviour to suggest that the SCC
animals preferred the closed arms of the EPM because the walls
offered them physical support to compensate for motor disability
and symptoms of the spastic syndrome. The effect of pregabalin, but
not morphine, on anxiety-like behaviour suggests that the explo-
rative behaviour in the open arms was not reduced because of pain
or motor disability-induced immobility. The total distance travelled
in the open field was not different between the groups, suggesting
no reluctance in general exploratory behaviour. Furthermore, none
of the applied drugs has any known effect on motor disability and
the spastic syndrome.

A limitation of the study is the lack of effect by midazolam in
the EPM. Midazolam has a strong immediate anxiolytical effect
after the first dose both in man and animals, and a single dose
should hence be sufficient to elicit an anxiolytic response [42–44].
Even though the same dosage and treatment time were used in the
Roeska study (different animal strain: Wistar) [32], the most likely
explanation remains that the applied dosage was outside the ther-
apeutic index. The lack of effect in the sham animals supports this
argument. Another possibility is that the midazolam dose caused
sedation and hence a decrease in the overall exploratory behaviour
of the animals, supported by a slight decrease (not significant) in
the distance travelled in the open field by the midazolam- versus
saline-treated sham animals. Further studies with both higher and
lower doses of midazolam need to be conducted in order to deter-
mine the actual cause.

The open arm activity of the sham animals in the EPM
4–12 weeks postinjury was significantly higher than that of the
SCC animals, but the activity was not as stable as preferable, which
would have strengthened the method validity. One possible expla-
nation may be test habituation or sensitization. The effect of period
was significant in both groups in the EPM, indicating that some
habituation, sensitization, or one- trial tolerance occurs [31,45,46],
even with repetitions of the EMP separated by 1 week, and thus
more frequent measurements or treatments cannot be recom-
mended. The conclusions are not sensitive to this, since a balanced
treatment design was used.

3.1. Pain and anxiety relationship

The relationship between pain and anxiety is still hypothetical.
Several explanations have been suggested [5].
The mediational model, i.e., development of anxiety leads to
increased pain perception or presence of anxiety may prevent the
ability to experience pain relief. Only one factor changes, but affects
the experience of the other.
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Linear causality model, i.e., pain and anxiety are directly cor-
elated; thus, either pain causes anxiety or anxiety causes pain.
hanging one will equally change the other.

Coexistence model, i.e., pain and depression are related to SCI
ut remain independent. Changing one, does not necessarily affect
he other.

In most of the previous studies it is hypothesized that anxiety
s a consequence of persistent hypersensitivity (linear causality),
upported by the fact that both morphine and gabapentin reversed
ain and anxiety-like behaviour without having an effect on anxiety

n the sham animals [35]. Furthermore, midazolam reduced anxi-
ty in both groups without affecting mechanical hypersensitivity
32,36].

In this study, however, pregabalin and morphine reduced
echanical hypersensitivity, while pregabalin, but not morphine,

educed anxiety-like behaviour in SCC animals. Since anxiety could
ot be attenuated by pain relief (morphine), but only by the dual-
cting pregabalin, this study supports the coexistence model: that
ollowing SCC, at least partly, anxiety-like behaviour develops inde-
endently of SCI pain. Since we did not observe the expected effect
f midazolam on anxiety, the lack of effect of midazolam on hyper-
ensitivity may be due to inadequate dosage.

The coexistence model is further supported by the fact that we
aw no significant correlation between postinjury time spent in
pen arms and at-level mechanical sensitivity thresholds, although
his may be due to an insufficient number of animals. The devel-
pment and level of pain have previously been reported to not be
elated to preinjury anxiety levels, but no reports on the relation to
ostinjury anxiety levels were included [47].

To the best of our knowledge all preclinical studies on pain and
nxiety correlation use evoked sensitivity as outcome for pain-like
ehaviour. Evidence from clinical research with SCI patients sug-
ests that anxiety may be correlated to spontaneous rather than
voked pain. Hence, patients with continuous pain had a higher
core on the Hospital Anxiety and Depression Scale than those with
ntermittent or without pain, and thus 33% of SCI patients with
ontinuous pain had probable clinically relevant anxiety compared
ith 21% of patients with intermittent and 6% without pain [48].

Finally, anxiety has also been related to a number of other con-
equences of SCI in humans [22], which highlights that anxiety may
e generated and maintained by multiple factors and mechanisms.

Our results are in concordance with findings in clinical trials of
CI pain, showing effect of pregabalin on pain and anxiety [49,50]
nd of the opioid tramadol on pain [51].

Even though pregabalin reduced the anxiety behaviour in the
CC animals, it was not reversed to the level of the saline-treated
ham animals (only to approx. 23%), whereas mechanical hyper-
ensitivity was decreased to the level of the saline-treated sham
nimals. This suggests that pregabalin is more effective in reduc-
ng the sensory pain experience than the anxiety component, at
east with the applied dosage. The observation is not likely caused
y dosage issues, since the recommended dose of pregabalin for
reatment of neuropathic pain and generalized anxiety is the same,
lthough we cannot exclude that a longer treatment period may be
equired to modulate anxiety behaviour.

. Conclusion

In conclusion, our study found a significant concomitant
evelopment of both at-level mechanical hypersensitivity and
nxiety-like behaviour following experimental SCI. The dual-acting

nalgesic and anxiolytic drug pregabalin reduced both behaviours,
hile the analgesic drug morphine only reduced mechanical hyper-

ensitivity, and the anxiolytic drug midazolam, in the dose used,
ad no effect on either anxiety or mechanical sensitivity. The results
nal of Pain 2 (2011) 139–145 143

did thus not support a causal relationship between pain and anxiety
following SCI.

5. Materials and methods

5.1. Animals

All experiments were performed according to the Ethical Guide-
lines of the International Association for the Study of Pain [52].
The study protocol and experimental design, animal housing, hus-
bandry, and handing were in compliance with European and Danish
legislation and approved by the Danish Animal Experiments Inspec-
torate (2006/561-1211).

In the experiment, 42 female Sprague-Dawley rats (200 g)
(Taconic Farms Inc., Borup, Denmark) were used. All animals were
housed in pairs in a temperature-controlled environment with a
12-h light/dark cycle. Food and water was available ad libitum.
Special soft bedding was used after surgery to minimize contact
pressure on the rat hind quarters. Animals were acclimatized to
the housing facility for one week upon arrival from the vendor.

5.2. Model of central neuropathic pain: spinal cord contusion
(SCC)

Animals were randomly assigned using random allocation soft-
ware [53] and allocated to one of two groups: SCC (SCI by contusion,
n = 21) and sham (laminectomy, but no contusion, n = 21).

The surgical procedure has been described in detail else-
where [23]. In short, surgery was performed in an isolated facility
intended for the purpose. Animals were anesthetized initially
with 1 ml/kg SC 1:1:2 Hypnorm® (0.315 mg/ml fentanyl/10 mg/ml
fluanisone)/Dormicum® (5 mg/ml midazolam)/NaCl 0.9% (w/w).
After laminectomy of bone segment T10, a 10 g rod was dropped
12.5 mm onto spinal cord segments T12-13 using the MASCIS
impactor (Rutgers, New Jersey)[39], generating a 1.0–2.0 mm verti-
cal compression of the cord (mild to moderate injury). The surgical
site was closed in two layers with 4.0 re-absorbable sutures. Fluid
replacement of 5 ml 0.9% NaCl was administered IP, and the ani-
mals were allowed to recover under a heating lamp. Average time
for the procedure was 1 h.

Postoperatively, animals required daily manual expression of
the bladder until self-voiding (4 days on average). Responses to
handling, fur condition, weight, porphyrin production (red tears),
and signs of bladder infections (urine pH, colour, and clarity) were
collected on daily inspections. A combination of sulfamethoxa-
zole and trimethoprim (200 + 40 mg/kg) (Tribissen®, Boxmeer, the
Netherlands) was administered prophylactically SC for 5 days post-
operatively to prevent bladder infections.

Locomotor recovery and presence of spastic syndrome were
evaluated regularly as described in Baastrup et al. [23]. A locomotor
score of 4 (walks with deficit (balance and foot positioning)) out of 6
(normal walking) was required for performance of the behavioural
testing.

Excessive grooming behaviour/autophagia was monitored [23]
and any score >0 (normal) prompted topical treatment with Clin-
damycin gel 1% and grade >3 (penetration through subcutaneous
layers) or refractory grade 2 (penetration through the dermis)
served as human endpoint.

5.3. Measurements of at-level mechanical sensitivity

Animals in groups of four were placed in individual

25 cm × 10 cm × 15 cm Plexiglas boxes with black opaque walls
(excluding the wall facing the investigator). A 30-min acclimatiza-
tion period to the testing facility was allowed. Von Frey filaments
(Semmes Weinstein nylon monofilaments, Stoelting, IL, USA)
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0.07, 0.17, 0.69, 1.20, 2.04, 3.63, 5.50 g) were applied approx.
cm lateral to the incision site on the thorax until bending of the
lament according to the up-down method [54]. Any brainstem
eflex response (licking, guarding, struggling, vocalizing, jumping,
nd biting) [55] indicated a positive response, and results were
onverted to an at-level mechanical sensitivity threshold. All test-
ng sessions were performed by the same trained investigator (CB).
n sessions including pharmacological treatment, a pretreatment
aseline threshold was measured.

.4. Measurement of motility: open field

The effect of locomotor dysfunction on normal spontaneous
xploratory behaviour, signs of spontaneous pain, and sedative side
ffects were evaluated in a black square 100 cm × 100 cm × 30 cm
pen field. All animals were in turn placed in the same corner of
he open field close to the wall and allowed to freely explore the
nvironment for a test period of 5 min. All trials were tracked and
ecorded using the Ethovision XT 4.0 software (Noldus Information
echnology b.v., Wageningen, The Netherlands). The total distance
ravelled was calculated and used as outcome measure. The open
eld was thoroughly cleaned with 70% ethanol between the testing
f each animal.

.5. Measurement of anxiety: elevated plus maze (EPM)

The elevated plus maze (EPM) (Stoelting, IL, USA) consists of
wo opposing open and two closed arms (50 cm × 10 cm) extend-
ng from a central platform (10 cm × 10 cm), all made of odourless
paque gray plastic. The maze was elevated 40 cm above floor level
nd equally illuminated. The animal was placed in the middle of
he EPM facing an open arm and allowed to freely explore the envi-
onment for a test period of 10 min. All trials were tracked and
ecorded using the Ethovision XT 4.0 software (Noldus Information
echnology b.v., Wageningen, The Netherlands). The time spent in
he open arms was calculated by the software (outcome measure).
fter each test, the maze was carefully cleaned with 70% ethanol.

.6. Experimental design

All 42 SCC and sham animals performed the anxiety, mechanical
ensitivity, and motility tests prior to injury, 4 weeks postinjury,
nd 1 week after completion of the treatment study (12 weeks
ostinjury) to monitor temporal development. Mechanical sensi-
ivity and anxiety tests were furthermore performed at 6 weeks
ostinjury.

SCC and sham animals were randomly allocated to two sep-
rate test groups: one was tested for anxiety behaviour (n = 18),
nd one for mechanical sensitivity and motility testing (n = 24). All
harmacological treatments were performed 7–11 weeks postin-

ury. Each animal was treated with single doses of all four drugs in
balanced design, with each test session separated by 1 week to

void carry-over effects and test habituation.
Testing was performed in an isolated testing facility to avoid

nauspicious and unfavourable visual, olfactory, and auditory cues,
inimize anticipatory hypervigilance and variations in stress levels

nduced by external factors [56,57]. Animals were tested in ran-
omized order to avoid group bias. Drug solutions were prepared
nd drawn from identical vials, and the investigator was blinded
oth to injury groups and pharmacological treatments.
.7. Drugs

Drug dosages were pregabalin 30 mg/kg, morphine 3 mg/kg,
idazolam 0.5 mg/kg, and 0.9% NaCl, based on previous studies

[

[
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with peripheral pain models. Pregabalin (pure substance) was sup-
plied by Pfizer Inc., CT, USA; morphine (Morfin “SAD” 1 mg/ml)
was obtained from SAD, Copenhagen, Denmark; and midazolam
(Midazolam “Hameln” 5 mg/ml) was obtained from Hameln Phar-
maceuticals, Hameln, Germany. All compounds were dissolved or
diluted in saline (0.9% NaCl) and administered intraperitoneally
1 ml/kg 45 min prior to testing.

5.8. Statistics

Data are presented as means ± SEM. Data for each test and each
injury group were analyzed for temporal development and treat-
ment effect with a linear mixed model including time/treatment
and test sequence as a fixed effect and animals as a random effect,
and for at-level mechanical sensitivity, the pretest threshold was
included as a covariate. Appropriate post hoc contrast testing was
predefined and performed. A p-value less than 0.05 indicates a sta-
tistical significance.

Results from the EPM test are graphically presented with data
normalized to the mean value of the sham group (vehicle or prein-
jury).
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