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Abstract
Operant methods that allow animals to avoid painful stimuli are interpreted to assess the aversive quality of pain; however, 
such measurements require investigator-initiated stimuli to animals. Here we developed a shuttle maze test to repeatedly 
assess activity associated nociception without forced stimulation. Rats ambulate back and forth between two treat feeders 
by taking either a short route with a prickly surfaced arch or a longer route with a smooth floor. L5–L6 spinal nerve ligation 
(SNL) reduced the preference for the short route with the arch, correlated with hypersensitivity in the hind paw. Oral gabap-
entin restored the short route preference and reduced hypersensitivity in SNL rats, and blockade of spinal α2-adrenoceptors 
reduced gabapentin’s effects on hypersensitivity but not on preference index. These results suggest that SNL injury alters 
behavior in the shuttle maze test and that the shuttle maze test shows comparable results to reflexive hypersensitivity after 
SNL in magnitude and response to gabapentin.
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Introduction

Neuropathic pain arising from traumatic, metabolic, or onco-
logic injury to peripheral nerves is often accompanied by 
hypersensitivity to mechanical stimuli. The traditional meas-
urements of mechanical hypersensitivity in animals are sim-
ple reflexes or innate responses, such as withdrawing, shak-
ing, or licking the stimulated paw. These evoked responses 
mainly rely on spinal reflexes and are useful to assess the 
sensory component of hypersensitivity; however, they are 
unlikely to assess the affective component of hypersensi-
tivity [1] and cannot be used to infer a pain experience. In 
addition, stimulus delivery by the experimenter makes those 
measurements highly susceptible to experimenter bias [2].

The place escape avoidance paradigm (PEAP) has been 
useful in assessing the aversive quality of mechanical stim-
uli in rodents with unilateral neuropathic and inflammatory 

hypersensitivity [3, 4]. In the original PEAP [3], the animal 
is allowed to move between a light and a dark area, and 
receives repeated mechanical stimulations in the hypersensi-
tive paw when in the dark area and the non-hypersensitive 
paw when in the light area, so that the animal shows a prefer-
ence for either area based on a conflict of aversion between 
light and pain. The modified version of PEAP developed 
by Pratt et al. consists of two white areas with or without 
vertical black lines to which normal animals show no place 
preference, but animals with paw inflammation prefer the 
area without noxious mechanical stimuli as seen in the origi-
nal PEAP [4]. Although the PEAP has been an important 
methodological contribution to pain research, it involves 
stimulation delivery by the experimenter and can induce 
fear, anxiety, or stress in animals, all of which can affect 
nociceptive threshold or mask pain behaviors [5, 6].

Here we developed a new operant method, the shut-
tle maze test, to assess the aversive quality of mechanical 
stimuli in rats after L5–L6 spinal nerve ligation (SNL) 
without externally applied stimuli by the experimenter. 
The shuttle maze test is based on the motivation for choco-
late flavor cereal as a treat, and animals learn to associate 
alternate availability at opposite walls of a chamber with 
release of these treats. They can reach the feeders directly 
along a line of site or by an alternate corridor, and the floor 
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surface of the shorter, line-of-site route can be altered to 
presumably be aversive after nerve injury. The preference 
for taking the short route is a primary outcome measure of 
the test. The current study examined whether SNL surgery 
alters the primary outcome measure, whether this test can 
be performed repeatedly, whether behavioral disruption 
after SNL in the shuttle maze parallels that of mechanical 
hypersensitivity in the paw withdrawal test, and whether 
one of the first-line drugs for neuropathic pain, gabapentin, 
can restore behavioral disruption and mechanical hyper-
sensitivity similarly in both tests via activation of spinal 
α2-adrenoceptors.

Materials and methods

Animals

Eighty-three male Sprague–Dawley rats (Japan SLC, Hama-
matsu, Japan), 5 weeks old on arrival, were housed in pairs 
under a 12 h light–dark cycle (light cycle: 7 am-7 pm) with 
free access to food and water, and used for the study after 
a minimum of 5 days from arrival. All experiments were 
approved by the Animal Care and Use Committee at Akita 
University (Akita, Japan).

Shuttle maze apparatus

Prior to the current study, pilot experiments with 54 rats 
were performed to develop the shuttle maze apparatus (maze 
shape and object material) and to determine training and 
testing conditions. The shuttle maze consisted of two arms 
(30 cm length) and two routes (short and long) with vinyl 
chloride floors, which were surrounded by internal and 
external walls of 20 cm height (Fig. 1a, b). Treat feeders, 
made of 50-ml centrifuge tubes, were placed at the end of 
the direct long-axis corridor and a 20–25 mg piece of choco-
late flavor cereal (Coco Choco Crispy, Kellogg’s, Tokyo, 
Japan), as a treat, was dropped from the outside of the wall 
into the feeder through a pipe. An arch-shaped object (10 cm 
height, 40 cm length) with a prickly surface (San-step mat, 
F-131-1, The Yamazaki Corporation, Osaka, Japan) was 
placed on the short route, necessitating the use of all four 
limbs to go up and down the object to reach the other side. 
During the experiment, an acrylic glass was placed over 
the maze to prevent the animal from escaping, and animal 
behavior was monitored and recorded using a video cam-
era connected to a computer. The video data were analyzed 
after completion of each set of experiments. The person who 

analyzed the video data was blinded to drug treatments but 
not to surgery and floor conditions.

Shuttle maze training and testing protocols

Rats had free access to food and water prior to the training 
and experimental sessions, which were conducted one ses-
sion per day at 9:00 am-3:00 pm (during the light cycle) 
under low light (< 30 lumens) conditions. All rats were 
trained for 10–12 days prior to the experiments. During 
the training, the prickly surfaced object was randomly 
placed on the short or long route and the rat was placed 
in the arm of the shuttle maze facing toward the feeder 
with a piece of treat, and allowed to explore the maze 
for 20 min. When the rat ate the treat, another treat was 
dropped into the other side so that the rat learned to go 
back and forth between the treat feeders to obtain treats. 
To recruit animals with stable task performance during the 
experiments, only animals (76 of 83 rats) that took more 
than 15 treats at the last training session were used in the 
current study. On the day of the experiment, treats were 
alternately placed in the feeders and the number of times 
that the rat passed the short and long routes, with or with-
out the object, to obtain treats, was counted. The session 
was stopped at 20 min or when the rat had shuttled back 
and forth 20 times (counts). A preference index value for 
the short route, a percentage of counts that the rat chose 
the short route over the total counts, was calculated.

Fig. 1   Shuttle maze apparatus. a Dimension of shuttle maze: the 
walls of the maze are 20 cm high and the entire maze is covered dur-
ing the experiment with an acrylic glass. Black circles at the ends of 
both arms represent treat feeders. Treats are dropped from outside the 
wall into the feeder through a pipe. Animals pass through the short 
route or the long route when moving between the treat feeders. b 
Photographs of a prickly surfaced arch object (10 cm height × 40 cm 
length) and its surface, and upper view of the maze
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Spinal nerve ligation (SNL) surgery 
and measurements of withdrawal thresholds

Unilateral L5 and L6 SNL was performed to induce mechan-
ical hypersensitivity in the right hind paw as described pre-
viously [7]. Briefly, after the last shuttle maze training ses-
sion, 38 animals were anesthetized with 2.0% isoflurane in 
oxygen, the right L6 transverse process was removed, and 
the right L5 and L6 spinal nerves were tightly ligated using 
5-0 silk sutures. Eight rats underwent sham surgery with 
isoflurane anesthesia and surgical exposure without liga-
tion of the right L5 and L6 spinal nerves. Mechanical with-
drawal thresholds in the hind paw were measured with a 
Randall–Selitto analgesimeter (Ugo Basile, Comerio, Italy) 
as previously described [8]. A cutoff pressure of 250 g was 
used to avoid potential tissue injury. All animals were trained 
for 3 days with this apparatus prior to the experiment. In 
the current study, all animals showed less than 100 g post-
surgical withdrawal thresholds in the hind paw ipsilateral to 
SNL. The experimenter who measured withdrawal thresh-
olds was blinded to drug treatments and shuttle maze results 
but not to surgery.

Drug treatments

Gabapentin (100 mg/kg in 5 ml, Toronto Research Chemi-
cals Inc., Toronto, Canada) was dissolved in water and orally 
administered by a feeding tube. Idazoxan (30 μg/rat in 10 μl, 
Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline 
and injected intrathecally via the L5–L6 intervertebral space 
under brief 2.5% sevoflurane anesthesia using a 30-gauge 
needle as previously described [9]. The doses of gabapentin 
and idazoxan were determined from our previous studies 
[10, 11].

Experimental design

Withdrawal threshold values and shuttle maze video data 
were analyzed after completion of each set of experiments. 
A diagram showing the numbers of rats used in the different 
experiments is shown in Fig. 2.

1.	 Time course changes after SNL in the shuttle maze test 
with the object on the short route.

	   The experiments were performed in one cohort (total 
12 rats) including six normal and six SNL rats. Shuttle 
maze tests with the object on the short route were per-
formed once a week before and then once a week until 
4 weeks after SNL surgery.

2.	 Effects of object placement and oral gabapentin in the 
shuttle maze test.

	   The experiments were performed in two cohorts with 
a total of 32 rats. Animals in the first cohort (16 rats) 

were randomly assigned to normal and SNL groups 
(eight rats in each group), and shuttle maze tests were 
performed 2 weeks after SNL surgery for 3 days (day 
1: no object, day 2: object on short route, day 3: object 
on long route). Then, normal animals were randomly 
assigned to receive an oral administration of one of two 
treatments (vehicle and gabapentin 100 mg/kg) 2 h prior 
to shuttle maze testing with or without the object on 
the short route on two occasions separated by 4 days. 
SNL animals were randomly assigned to receive an oral 
administration of one of four treatments (vehicle, gabap-
entin 10, 30, and 100 mg/kg) 2 h prior to shuttle maze 
testing with or without the object on the short route on 
three occasions separated by 4 days. The same experi-
ments were performed in the second cohort (16 rats).

3.	 Effects of intrathecal idazoxan in SNL animals treated 
with oral gabapentin.

	   The experiments were performed in one cohort (16 
SNL rats). Animals randomly received oral vehicle or 

Fig. 2   Animal allocation in the current study. Eighty-three rats were 
trained in 10–12 sessions (20 min per session per day). The 76 rats 
that took more than 15 treats at the last training session were used 
for 4 sets of experiments and 7 rats that took less than 15 treats were 
excluded. (1) Time course changes after SNL with the object on the 
short route were examined in one cohort (total 12 rats) including 6 
normal and 6 SNL rats. (2) Effects of object placement and oral 
gabapentin in the shuttle maze test were examined in two cohorts of 
total 32 rats (16 rats/cohort). In each cohort, animals were randomly 
assigned to normal and SNL groups (8 rats in each group), and shut-
tle maze tests were performed starting from 2 weeks after SNL sur-
gery (see “Methods” for detail). (3) Effects of intrathecal idazoxan 
in SNL animals treated with oral gabapentin in the shuttle maze test 
were examined in one cohort of total 16 rats. (4) Influences of sham 
surgery on preference index and gabapentin’s effect in the shuttle 
maze test were examined in one cohort (total 16 rats) including 8 nor-
mal and 8 sham rats
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gabapentin (100 mg/kg) 2 h prior to and intrathecal 
saline or idazoxan (30 μg/rat) 30 min prior to shuttle 
maze tests with the object on the short route on two 
occasions separated by 4 days.

4.	 Influences of sham surgery in shuttle maze test.
	   The experiments were performed in one cohort (total 

16 rats) including eight normal and eight sham rats, and 
shuttle maze tests were performed 2 weeks after sham 
surgery. Animals were randomly assigned to receive an 
oral administration of one of two treatments (vehicle and 
gabapentin 100 mg/kg) 2 h prior to shuttle maze test-
ing with the object on the short route on two occasions 
separated by 4 days.

Statistical analysis

We determined the sample size for the preceding experi-
ments based on our experience in the pilot experiments 
and a priori power analysis was not performed. Unless 
otherwise stated, data are presented as mean ± SD. Shuttle 
maze time course data were analyzed by two-way repeated 
measures analysis of variance (ANOVA) using SigmaPlot 
software (Systat Software Inc, Chicago, IL, USA). Other 
data were analyzed by one-way or two-way ANOVA fol-
lowed by Dunnett’s post hoc test. p < 0.05 adjusted by Sig-
maPlot software was considered significant.

Results

Time course changes after SNL in the shuttle maze 
test with the object on the short route

There were main effects of surgery (F1,40 = 541.52; 
p < 0.01), time (F4,40 = 12.28; p < 0.01), and surgery × time 
interaction (F4,40 = 11.47; p < 0.01) on withdrawal thresh-
olds in the hind paw ipsilateral to surgery (Fig. 3a). There 
were main effects of surgery (F1,40 = 47.40; p < 0.01), time 
(F4,40 = 4.99; p < 0.01), and surgery × time interaction 
(F4,40 = 3.03; p = 0.03) on the preference index (Fig. 3b). 
Post hoc testing revealed that SNL resulted in mechanical 
hypersensitivity in the hind paw ipsilateral to injury and 
reduced the preference index for the short route with the 
object from 1 to 4 weeks after surgery. All normal and 
SNL rats completed 20 counts (treat deliveries) in all time 
points of this experiment. On the basis of these results, 
we selected a sample size of eight rats to examine effects 
of test drugs on the preference index and time points of 
2–3 weeks after SNL surgery for subsequent experiments.

Effects of object placement and oral gabapentin 
in the shuttle maze test

Effects of object placement

Neither SNL surgery nor object placement affected the 
total treat counts (Fig. 4a). In contrast, there were main 
effects of surgery (F1,90 = 6.65; p = 0.01), object placement 
(F2,90 = 64.54; p < 0.01), and surgery × object placement 
interaction (F2,90 = 24.16; p < 0.01) on the preference index 
(Fig. 4b). Post hoc testing revealed that SNL significantly 
reduced the preference index when the object was placed on 
the short route compared with the normal (p < 0.01) and that 
object placement on the short route significantly reduced the 
preference index compared with no object condition in SNL 
rats (p < 0.01).

There was a significant correlation between withdrawal 
thresholds in the hind paw ipsilateral to surgery and prefer-
ence index for the short route with the object in SNL rats 
(p = 0.01) but not in normal rats (p = 0.62) (Fig. 4c).

1.	 Effects of gabapentin in the presence of the object on the 
short route.

Fig. 3   Time course changes in withdrawal thresholds and preference 
index with the object on the short route after SNL. a Withdrawal 
thresholds in the hind paw ipsilateral to SNL were measured in nor-
mal and SNL rats 0–4 weeks after surgery. b Preference index values 
are presented as the percentage of counts that animals chose the short 
route over the total counts. Groups differ by two-way ANOVA for 
repeated measures. *p < 0.01 vs normal



773The Journal of Physiological Sciences (2019) 69:769–777	

1 3

	   In normal rats, the preference index with the object on 
the short route (p = 0.63) and the changes in withdrawal 
threshold values (p = 0.49) did not differ between vehi-
cle and gabapentin (100 mg/kg) treated groups (Fig. 5a, 
b). In SNL rats, there was a main effect of gabapen-
tin on the preference index with the object on the short 
route (F3.28 = 8.40; p < 0.01) (Fig. 5c, d). Post hoc test-
ing revealed that gabapentin significantly increased the 
preference index on the short route with the object at the 
doses of 30 mg/kg (p = 0.01) and 100 mg/kg (p < 0.01) 
compared to vehicle in SNL rats. Similarly, there was a 
main effect of gabapentin treatment on the changes in 
withdrawal thresholds in SNL rats (p < 0.01). Post hoc 
testing revealed that gabapentin at a dose of 100 mg/kg 
significantly increased withdrawal thresholds compared 
to vehicle in SNL rats (p < 0.01). In all treatment groups, 
all rats completed 20 counts during the shuttle maze 
testing with the object on the short route.

2.	 Effects of gabapentin in the absence of the object.

	   In normal rats, the preference index without the 
object (p = 0.57) and the changes in withdrawal thresh-
old values (p = 0.82) did not differ between vehicle and 
gabapentin (100 mg/kg) treated groups (Fig. 6a, b). In 
SNL rats, gabapentin significantly increased withdrawal 
thresholds (p < 0.01) but failed to affect the preference 
index without the object (p = 0.48) compared to vehicle 
(Fig. 6c, d). In all treatment groups, all rats completed 
20 counts during shuttle maze testing without the object.

Effects of intrathecal idazoxan in SNL animals 
treated with oral gabapentin

We and others previously demonstrated in rodents 
after peripheral nerve injury that gabapentin activates 
descending noradrenergic inhibition to reduce hyper-
sensitivity via stimulation of spinal α2-adrenoceptors, 
using paw withdrawal threshold measurements [11, 12]. 
We therefore examined whether the efficacy of gabapen-
tin on the preference index relies on activation of spinal 
α2-adrenoceptors by testing the effects of orally adminis-
tered gabapentin (100 mg/kg) with an intrathecal injection 

Fig. 4   Effects of object placement in shuttle maze test and relation-
ship between hypersensitivity and preference index after SNL sur-
gery. Shuttle maze measurements were performed in normal and SNL 
rats 2 weeks after surgery for 3 consecutive days (day 1: no object, 
day 2: object on short route, day 3: object on long route). a Total 
counts and b preference index with or without the object on the short 
or long route. Preference index values are presented as the percent-
age of counts that animals chose the short route over the total counts. 
*p < 0.01 vs no object. c The relationship between withdrawal thresh-
olds in the hind paw ipsilateral to nerve injury and preference index 
values with the object on the short route in normal and SNL rats 
2 weeks after surgery

Fig. 5   Effects of gabapentin on preference index with the object on 
the short route and hypersensitivity after SNL surgery. a, b Normal 
and c, d SNL rats 2–3 weeks after surgery received an oral admin-
istration of vehicle or gabapentin (GBP, 10, 30, or 100  mg/kg) 2  h 
prior to shuttle maze measurement with the object on the short route. 
Preference index values are presented as the percentage of counts that 
animals chose the short route over the total counts (a, c). Withdrawal 
thresholds in the hind paw ipsilateral to nerve injury were measured 
prior to the drug administration (baseline) and just after the shuttle 
maze measurement in normal and SNL rats (b, d). Data are presented 
as changes from the baseline
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of the α2-adrenoceptor blocker idazoxan (30 μg/rat) in 
SNL rats. Total treat counts did not differ among the 
treatment groups (Fig. 7a). In the preference index with 
the object on the short route (Fig. 7b), there were main 
effects of intrathecal idazoxan (F1,28 = 12.44; p < 0.01) 
and oral gabapentin (F1,28 = 17.70; p < 0.01), but no 
gabapentin × idazoxan interaction (F1,28 = 3.66; p = 0.07). 
In the changes in withdrawal thresholds (Fig. 7c), there 
were main effects of intrathecal idazoxan (F1,28 = 15.99; 
p < 0.01), oral gabapentin (F1,28 = 27.60; p < 0.01), and 
gabapentin × idazoxan interaction (F1,28 = 9.84; p < 0.01). 
Post hoc testing revealed that oral gabapentin signifi-
cantly increased withdrawal thresholds compared to oral 
vehicle in intrathecal saline treated groups (p < 0.01) and 
that intrathecal idazoxan significantly decreased gabapen-
tin’s effect on withdrawal thresholds compared to intrath-
ecal saline (p < 0.01).

Influences of sham surgery in shuttle maze test

Since the SNL procedure is invasive and likely to induce 
tissue inflammation, surgical intervention rather than nerve 
injury might have some effects on shuttle maze behav-
ior and affect the results of gabapentin experiments. We 
therefore examined whether sham surgery without nerve 
injury affects the preference index and whether gabapen-
tin alters that of sham-operated rats, by testing the effects 
of orally administered vehicle or gabapentin (100 mg/kg) 
in normal and sham rats. In all treatment groups, all rats 
completed 20 counts during the shuttle maze testing with 
the object on the short route. Withdrawal thresholds in the 
hind paw ipsilateral to sham surgery did not differ between 
normal (144 ± 13 g, n = 8) and sham (140 ± 15 g, n = 8) 
rats. In the preference index with the object on the short 
route (Fig. 8a), there was no main effect of sham surgery 
(F1,28 = 0.17; p = 0.68), gabapentin treatment (F1,28 = 1.91; 
p = 0.18), or sham surgery × gabapentin treatment interac-
tion (F1,28 = 0.31; p = 0.59). Similarly, in the changes in 

Fig. 6   Effects of gabapentin on preference index without the object 
and hypersensitivity after SNL surgery. a, b Normal and c, d SNL 
rats 2–3 weeks after surgery received an oral administration of vehi-
cle or gabapentin (GBP, 100 mg/kg) 2 h prior to shuttle maze meas-
urement without the object. Preference index values are presented as 
the percentage of counts that animals chose the short route over the 
total counts (a, c). Withdrawal thresholds in the hind paw ipsilateral 
to nerve injury were measured prior to the drug administration (base-
line) and just after the shuttle maze measurement in normal and SNL 
rats (b, d). Data are presented as changes from the baseline

Fig. 7   Role of spinal noradrenergic signaling in increased preference 
index and antihypersensitivity effect from oral gabapentin in SNL 
rats. Oral vehicle or gabapentin (GBP, 100  mg/kg) were adminis-
tered 2 h prior to and intrathecal saline (IT-Sal) or idazoxan (IT-Ida, 
30 μg/rat) were administered 30 min prior to the shuttle maze meas-
urement with the object on the short route in SNL rats 2–3  weeks 
after surgery. a Total counts during the shuttle maze measurement. 
b Preference index values are presented as the percentage of counts 
that animals chose the short route over the total counts. c Withdrawal 
thresholds in the hind paw ipsilateral to nerve injury were measured 
prior to the drug administration (baseline) and just after the shuttle 
maze measurement in SNL rats. Data are presented as changes from 
the baseline
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withdrawal thresholds (Fig. 8b), there was no main effect 
of sham surgery (F1,28 = 1.60; p = 0.22), gabapentin treat-
ment (F1,28 = 0.004; p = 0.95), or sham surgery × gabapentin 
treatment interaction (F1,28 = 0.36; p = 0.55). These results 
indicate no influence of sham surgery in the current shuttle 
maze study.

Discussion

Pain is a subjective experience which non-human animals 
cannot self-report and which cannot be unambiguously 
inferred by reflexive behaviors in response to stimuli. The 
current study presents a novel method that combines moti-
vated behavior and an environment which can be manipu-
lated to present stimuli which are presumed to be nociceptive 
only in the presence of injury, and which can be performed 
in the absence of investigator presented stimulation or exter-
nal stressors.

In the current study, the training failure rate was 8.4%. 
Since those rats were free-fed prior to the experiment, they 
presumably performed the shuttle maze task based on their 
motivation for the chocolate flavored cereal. Food restric-
tion would be expected to increase the motivation of rats to 
perform the task and thereby could reduce the number of 
excluded rats. However, since food restriction alters nocic-
eptive thresholds and increases stress hormone in rats [13, 
14], we chose a free-feeding condition in the current study. 
We did not perform a priori power analysis to determine 
appropriate sample sizes for the current experiments. Post 
hoc sample size calculation by SigmaPlot software using the 

current preference index results in SNL rats 2 weeks after 
surgery (SD:15%) shows that nine samples per group are 
required in order to detect a minimal difference of 20% in 
the preference index with an alpha level of 0.05 and power 
of 0.8.

A previous study in rats demonstrated that peripheral 
nerve injury reduced voluntary activity in wheel-running 
[15]. We therefore expected that SNL surgery might also 
reduce the activity in the shuttle maze assay. In contrast to 
our expectation, nerve injury failed to alter task activity of 
rats up to 4 weeks after surgery in the current study. This 
discrepancy may be due to differences in strength of motiva-
tion and reward (running vs chocolate flavored cereal) and 
sites of nerve injury (sciatic nerve vs spinal nerve).

Operant measurements of pain using conditioned place 
aversion, such as conditioned place avoidance [16] and 
the PEAP [3], have been used to assess aversion to nox-
ious stimuli. Particularly, the PEAP made a breakthrough 
in the assessment of the unpleasant component of evoked 
pain in rodents [3, 4]. However, during the PEAP, animals 
keep receiving forced stimulations to the paw by the experi-
menter and may perform the task based on fear or anxiety 
against pain or unpleasantness. The stress of this paradigm 
could affect nociceptive thresholds and mask pain behavioral 
expression [5, 6]. On the other hand, during the shuttle maze 
task, animals do not receive any forced stimulation and they 
have the choice of taking either the route with or without a 
prickly surfaced arch. Importantly, the animals do not have 
any painful consequences of not performing the task in the 
shuttle maze, and presumably this assay is less stressful than 
PEAP.

We chose an arch-shaped object rather than a flat experi-
mental surface so that animals had to bear weight on all 
four extremities to traverse the object. In the absence of the 
object, animals showed a similar preference for the short 
route in normal and SNL conditions, confirming that nerve 
injury does not alter natural behavior of animals to choose 
a short distance when moving between the places. When 
the object was placed on the short route, SNL resulted in a 
greater reduction of the preference index compared to the 
normal condition, correlated with mechanical hypersensi-
tivity. That this effect of SNL was reversed by gabapentin 
argues that the reason for this change in preference reflects 
an aversion to weight bearing on a prickly surfaced floor 
with the hypersensitive paw ipsilateral to injury. When the 
object was placed on the long route, both normal and SNL 
rats showed around 80% of the preference index for the short 
route, presumably indicating a ceiling of the preference 
index in the current experimental setting.

Gabapentin has been shown to reduce pain by its actions 
in the spinal cord, where it reduces primary afferent traf-
fic and excitation of spinal nociceptive neurons, via inter-
action with α2δ subunits of voltage-gated Ca2+ channels 

Fig. 8   Effects of gabapentin on preference index with the object on 
the short route and withdrawal thresholds after sham surgery. a Nor-
mal and sham rats 2  weeks after surgery received an oral adminis-
tration of vehicle or gabapentin (GBP, 100 mg/kg) 2 h prior to shut-
tle maze measurement with the object on the short route. Preference 
index values are presented as the percentage of counts that animals 
chose the short route over the total counts. b Withdrawal thresholds 
in the hind paw ipsilateral to sham surgery were measured prior to the 
drug administration (baseline) and just after the shuttle maze meas-
urement in normal and sham rats. Data are presented as changes from 
the baseline
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[17–19]. However, analgesic efficacy of gabapentin may not 
rely exclusively on its spinal mechanisms, since intrathe-
cal gabapentin shows no clinical efficacy in patients with 
chronic pain [20], despite the known efficacy of oral gabap-
entin in this patient population. We and others have proposed 
the role of descending inhibition for gabapentin’s efficacy 
by demonstrating in rodents after peripheral nerve injury 
that gabapentin activates noradrenergic neurons in the locus 
coeruleus to induce spinal noradrenaline release, and that 
spinal α2-adrenoceptor antagonism can nearly abolish the 
antihypersensitivity effect of gabapentin in the paw with-
drawal measurements [12, 21], consistent with the current 
result. In contrast, the intrathecal α2-adrenoceptor antagonist 
idazoxan failed to reverse the gabapentin’s effect on the pref-
erence index in SNL rats (p = 0.07). Unlike the paw with-
drawal response, which mainly relies on spinal reflexes, the 
shuttle maze behavior involves cognitive and motivational 
functions in the brain, where gabapentin has been shown 
to act for pain relief [22]. Therefore, not only descending 
inhibitory pathways but also multiple sites at the spinal and 
supraspinal levels may contribute to gabapentin’s efficacy in 
the shuttle maze test. In addition, the current results would 
raise a caution against the overestimation of paw with-
drawal measurements for studying therapeutic mechanisms 
of analgesics.

In summary, the current study demonstrated that SNL 
injury alters behavior in the shuttle maze test without forced 
stimulation and that the shuttle maze test shows comparable 
results to reflexive mechanical hypersensitivity after nerve 
injury in magnitude and response to gabapentin.
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