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Abstract
Although rolling Nagoya mice carrying a mutation in the α1 subunit of the Cav2.1 channel demonstrate severe ataxia, heterozygous rolling Nagoya (rol/+) mice seem 
no apparent behavioral abnormalities. However, in our previous study, aged rol/+ mice show deficits with regard to spatial short-term memory in the object location 
test. These results indicate that onset of phenotypes in rol/+ mice is age dependence. However, it is not yet clear whether nociceptive transmission deficits accompany 
accelerated aging in rol/+ mice. To assess whether rol/+ mice exhibit an age-related abnormality of nociceptive transmission, we examined a battery of tests using 
the von Frey test for mechanically induced response, the hot plate test for thermally induced response, and the formalin paw test for chemically induced response. In 
the von Frey test and the hot plate test, although 2-month-old rol/+ and +/+ mice had similar responses, 22-month-old rol/+ mice showed nociceptive transmission 
deficits. In the formalin paw test, 2-month-old rol/+ and +/+ mice had similar responses, while 22-month-old rol/+ mice exhibited attenuated Phase 2 response, but 
normal Phase 1 response. These findings indicate that the rol/+ mice could be useful to delineate the involvement of age-related nociceptive mechanisms.

Introduction
Neuronal voltage-dependent Ca2+ channels (VDCCs) including 

Cav2.1 (P/Q-type), Cav2.2 (N-type), and Cav2.3 (R-type) channels 
mediate a number of neuronal functions including neuronal excitation, 
neurite outgrowth, synaptogenesis, neurotransmitter release, neuronal 
survival, differentiation, plasticity, and regulation of gene expression 
[1-3]. The VDCC is a molecular complex comprised of several 
subunits: α1, α2-δ, β, and γ [1]. The α1 subunit is essential for channel 
functioning and determines fundamental channel properties [1]. The 
α1 subunit of the Cav2.1 channel (Cav2.1α1) broadly expresses in the 
presynaptic terminals [1]. Thus, alterations in the Ca2+ current through 
Cav2.1α1 would induce neuronal and circuit dysfunction. 

Rolling Nagoya (rol/rol) mice carrying a mutation in the Cav2.1α1 
demonstrate severe ataxia [4,5]. It has been reported that Ca2+ influx 
through Cav2.1 decreases with aging [6]. In a previous study, we 
examined age-related cognitive alterations [7]. Although we found no 
difference between 2-month-old heterozygous rolling Nagoya (rol/+) 
and wild-type (+/+) mice, 22-month-old rol/+ mice showed decreased 
spatial learning compared with age-matched +/+ mice. 

The aging brain shows age-associated abnormalities in peptidergic, 
cholinergic, monoaminergic, and amino acid neurotransmitter release 
[8-10], suggesting that changes in these domains might contribute to 
deficits in neuronal functions. The nervous systems express conspicuous 
signs of aging in the form of memory dementia, which commonly affect 
the elderly human population. Elderly people, especially those over 
eighty years of age, are the fastest growing segment of the population 
throughout the world, and this trend has important implications for the 
study of pain. It is important to understand the relationship between 
aging and pain, since it has been reported that the pain threshold is 
significantly increased in aged human subjects [11]. Several studies 

have examined age differences in nociceptive behaviors in the rat, and 
the results showed that older animals are less responsive than younger 
animals [12,13]. There are two different types of nociception: phasic and 
tonic nociception. Phasic nociception refers to a brief transient pain 
elicited by a brief noxious stimulus, and standard tests include the von 
Frey and hind paw pressure tests for mechanically induced response 
and the tail flick and hot plate tests for thermally induced response. 
Tonic nociception refers to continuous pain elicited by inflammation, 
and the standard test is the formalin paw test for chemically induced 
response. It was reported that 24-month-old rats were less sensitive 
than 3-month-old rats in terms of pain responsiveness in the hind paw 
pressure test, tail flick test, hot plate test [12], and formalin paw test 
[13]. The expression level of Cav2.1α1 in synapses decreases with aging 
[14]. Given that the precise regulation of Ca2+ signaling is important for 
functions of neurons and circuits, alterations in Ca2+ current through 
Cav2.1 in aged rol/+ mice would affect nociceptive behaviors. However, 
it is not yet clear whether nociceptive transmission deficits accompany 
accelerated aging in rol/+ mice. 

In this study, we examined age-related nociceptive responses 
of rol/+ mice by using the von Frey test for mechanically induced 
response, the hot plate test for thermally induced response, and the 
formalin paw test for chemically induced response. 
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of 2-month-old (rol/+, +/+: n=10, 10) and 22-month-old (rol/+, +/+: 
n=8, 8). The animals’ responses, such as licking or biting the left hind 
paw, were recorded between 0 and 15 min (phase 1) and 15 and 60 min 
(phase 2) after the injection. 

Statistical analyses 

Data are presented as the means ± SEM. Statistical analysis was 
conducted by using Excel Statistics 2006 (SSRI, Tokyo, Japan). Data 
were analyzed using Dunnett’s test or by analysis of variance (ANOVA) 
followed by Bonferroni’s correction for multiple comparisons between 
groups, if appropriate The results were considered significant if the 
probability of error was 5% or less.

Results
There was no apparent morphological abnormality of the DRG, 

lumbar spinal dorsal horn and laternal ventroposterior nucleus of 2- 
and 22-month-old rol/+ mice on HE staining (data not shown).

The nociceptive responses to mechanical stimuli were measured 
using the von Frey test. No significant difference was observed 
between 2-month-old rol/+ (0.7 ± 0.08 g) and +/+ (0.6 ± 0.09 g) mice 
(F(1,22)=0.025, P>0.05). On the other hand, there was significant 
difference between 22-month-old rol/+ (1.6 ± 0.11 g) and +/+ (1.0 ± 
0.17 g) mice (F(1,14)=5.232, P<0.05). 

Thresholds for noxious heat stimuli were measured using the hot 
plate test. Although no significant difference was observed between 
2-month-old rol/+ (14.3 ± 0.94 s) and +/+ (13.9 ± 0.67 s) mice 
(F(1,22)=0.108, P>0.05) at 50°C, thermal nociceptive threshold was 
significant difference between 22-month-old rol/+ (29.7 ± 1.81 s) mice 
and +/+ (22.1 ± 1.73 s) mice of the same age (F(1,14)=5.561, P<0.05).

Nociceptive responses to chemical stimuli were measured using the 
formalin paw test in the 2-month-old (Figure 1A) and 22-month-old 
(Figure 1B) mice. Saline injection in the formalin test did not induce 
a pain response in any of the mice (data not shown). Subcutaneous 
injection of formalin produced a characteristic biphasic licking/biting 
response consisting of an initial, rapidly decaying acute phase (phase 1, 
0–15 min after injection) and a long-lived tonic phase (phase 2, 15–60 
min after injection). In phase 1, injected formalin directly stimulated 
the peripheral nociceptors and elicited pain responses, while in phase 2, 
inflammation induced by formalin injection elicited the response. There 
was no significant difference in licking/biting time in phase 1 between 
2-month-old rol/+ and +/+ mice (F(1,18)=0.017, P>0.05) or between 
22-month-old rol/+ and +/+ mice (F(1,18)=0.016, P>0.05). On the 
other hand, although the total licking/biting times of phase 2 responses 
in 2-month-old rol/+ and +/+ mice were similar (F(1,18)=0.014, 
P>0.05), the total licking/biting time of phase 2 responses in 22-month-
old rol/+ mice was significantly decreased compared with that of age-
matched +/+ mice (F(1,14)=8.657, P<0.01). 

Discussion
In this study, nociceptive responses were examined using the von 

Frey test for mechanically induced response, the hot plate test for 
thermally induced response, and the formalin paw test for chemically 
induced response in rol/+ mice of different ages. 

The pain signals produced by the von Frey test enter DRG where 
the primary afferents are located, leading to excitation of the lumbar 
levels of the spinal cord [17]. The pain signals produced by the hot plate 
test and formalin paw test stimulate the DRG and then this information 
is conveyed to the lumbar levels of the spinal cord and supraspinal 

Materials and methods
Mice 

All animal procedures were approved by the Animal Experiments 
Committee of Shanghai Jiao Tong University and RIKEN. The Rolling 
Nagoya strain, with a mixed C57BL/6J and SIII genetic background, 
was provided by the RIKEN BRC with the support of the National 
BioResource Project of the Ministry of Education, Culture, Sports, 
Science, and Technology in Japan. Rolling Nagoya was backcrossed 
with C57BL/6J mice for 12 generations. Male rol/+ and +/+ F1 progeny 
were derived from a cross between rol/+ mice and genotyped by PCR 
using tail DNA [7]. The mice were given free access to water and food 
pellets (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) and were kept 
under a 12/12-h light/dark cycle (lights on from 08:00 to 20:00) at 
23 ± 1°C and 55 ± 5% humidity. We used 2-month-old (young) and 
22-month-old (aged) rol/+ and +/+ mice and all tests were performed 
during the light phase on male mice only.

Histologic examination 

Sections of the dorsal root ganglion (DRG), lumbar level of the 
spinal cord, and thalamus from 2-month-old (rol/+, +/+: n=6, 5) and 
22-month-old (rol/+, +/+: n=5, 5) were fixed in 4% buffered formalin 
and embedded in paraffin. Paraffin sections 4 µm thick were stained 
with hematoxylin and eosin (HE).

Assessment of nociceptive behavior

Experiments including the von Frey test, the hot plate test, and the 
formalin paw test were performed according to our previous report 
[15]. We used separate groups of mice for each of three behavioral tests. 
The von Frey test and the hot plate test were conducted between 10:00 
AM and 4:00 PM by a well-trained experimenter who was blinded as to 
the mouse strains. The formalin paw test was conducted between 10:00 
AM and 12:00 PM by a well-trained experimenter who was blinded as 
to the mouse strains, because it has been reported that there is a marked 
decrease in tonic pain response in the afternoon [16]. 

In the von Frey test, 2-month-old (rol/+, +/+: n=12, 12) and 
22-month-old ((rol/+, +/+: n=8, 8) were placed individually in plastic 
cages (11 x 18 x 15 cm) with a wire mesh bottom. After an acclimation 
period of at least 60 min, von Frey hairs (Touch Test Sensory Evaluator, 
North Coast Medical, San Jose, CA, USA) of different bending forces 
(0.02, 0.04, 0.07, 0.16, 0.40, 0.60, 1.00, 1.40, 2.00, 4.00 g) were pressed 
perpendicularly against the plantar skin until they slightly buckled. 
Enough pressure to just bend the hair was used and maintained for 6 
sec on the left hind paw. If the mouse withdrew its foot, the next lowest 
force hair was tested. If the mouse did not withdrew its foot, the next 
highest force hair was tested. Once the mouse responded, a total of six 
stimulations of the same intensity was applied to the left hind paw at 
intervals of 6 sec. The minimum force (g) at which mice exposed six 
times to the same stimulus showed at least four instances of paw-lifting 
was recorded. 

In the hot plate test, 2-month-old (rol/+, +/+: n=12, 10) and 
22-month-old (rol/+, +/+: n=8, 8) were placed on a hot plate (Hot plate 
Analgesia Meter, OTS40, Medizintechnik, Burgdorf, Germany) heated 
to 50 °C. The cut-off time was 30 sec. The latency until mice showed 
the first sign of discomfort (forepaw or hind paw licking/biting) was 
recorded. 

In the formalin paw test, 20 µl of 3% formalin solution was 
injected subcutaneously under the dorsal surface of the left hind paw 
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levels (e.g., thalamus) [17]. Therefore, we examined the structure 
of the DRG, lumbar spinal dorsal horn and laternal ventroposterior 
nucleus of 2- and 22-month-old rol/+ mice. There was no apparent 
morphological abnormality on HE staining. It is therefore unlikely 
that morphological changes during development led to impairment of 
nociceptive response. 

In the von Frey test, significant difference was observed between 
22-month-old rol/+ and +/+ mice. In the hot plate test, significant 
difference was also observed between 22-month-old rol/+ and +/+ 
mice. Nociceptive information from mechanical stimuli is modulated 
by a simple spinal reflex and by descending pathways [17,18]. 
Thermally induced pain behavior is known to be associated with both 
spinal and supraspinal involvement in nociception [17, 19]. The rol/+ 
mice showed age-related nociceptive transmission deficits in the von 
Frey test and the hot plate test. These results indicate that alterations in 
Ca2+ current through Cav2.1 in aged rol/+ mice would affect inputs via 
primary afferents from mechanical and thermal stimulus, or spinal and 
supraspinal reflexes. 

In the formalin paw test, rol/+ mice at the age of 22 months 
exhibited attenuated phase 2 response, but normal phase 1 response. 
It has been reported that Cav2.1 channel plays a role in the regulation 
of glutamate release [20,21]. Gene knockdown with intrathecal small 
interfering RNA of N-methyl-D-aspartate (NMDA) receptor NR2B 
subunit inhibits phase 2 of formalin-induced nociception [22]. These 
results indicate that aged rol/+ mice would affect glutamate release 
leading to nociceptive nociceptive transmission deficits.

The decrease in pain response could be related to motor deficits 
rather than pain response. However, because phase 1 of formalin paw test 
were normal in rol/+ mice at 22 months of age, this could be considered 
as evidence of intact motor response in the nociceptive behavioral tests. 
Although we would need to study age-related functional changes by 
means of electrophysiological analysis to examine the relationship 
between the Cav2.1 channel and neurotransmitter release in rol/+ 
mice, the present results indicate that age-related change in nociceptive 
response to mechanical, thermal, and chemical stimuli in rol/+ might 
arise from alterations of neurotransmitter mechanisms underlying the 
deterioration of depolarization-induced Ca2+ influx through the Cav2.1 
channel. 
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significant difference from age-matched +/+ mice (**, P<0.01). 
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