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ABSTRACT

A number of studies have demonstrated that sex differentially affects responses to stress and pain. In this study,
sex-related differences in pain responding were investigated in a gravity-induced analgesia model, where the effects of
stressful high-gravity loading (1.5G or 2.0G for 10 min) on nociceptive behavior in male and female rats were investi-
gated. In each rat, eight sites (nose, both forepaws, upper and lower back, both hind paws and tail) were selected to ap-
ply noxious stimuli using a von Frey-type needle stimulator. The threshold values of the withdrawal responses were
measured. In order to confirm the involvement of endogenous opioids in gravity-induced antinociceptive effects, na-
loxone-HCI (an opioid antagonist) was used. Effective analgesic effects could be induced by strong (2.0G) gravity
loading, and clear sex differences were observed. Gravity-induced analgesic effects were more effective in males than
in females, indicating that males are more sensitive to stress than females judging from nociceptive modulation. Nalox-
one-HCI produced a more pronounced suppression of nociceptive behavior in male rats, suggesting that gravity loading
may activate endogenous opioids more readily in males than in females.
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1. Introduction thalamus-pituitary-adrenal axis of the anti-stress system
[17], hypergravity stimulation is thought to be a biologi-
cal stressor that can alter nociceptive responses. Further-
more, gravity stimulation has been shown to increase plas-
ma concentration of ACTH [18], supporting the view that
gravity-loading is stressful and may alter the endocrine
and central nervous systems.

Recently, sex has been increasingly recognized as one
of the major variables to affect the sensitivity to stress
[19-21]. For example, in response to stress, changes in
feeding behavior, taste preference, and body weight are
different between males and females [22,23]. Using cold-
water swimming as a stressor, females tend to exhibit
lower SIA than males [24]. However, there are no quan-
titative studies on sex differences in gravity-induced an-
algesia in experimental animals.

Considering above-mentioned background, it is inter-
esting whether sex-related differences exist in the grav-
ity-induced analgesia. Therefore, in the present study, we
investigated the SIA induced by hypergravity loading and

Stress activates multiple neuronal and endocrine systems
that modify pain sensation [1]. In particular, stress-in-
duced analgesia (SIA) is well known to exist in various
species of animals [2]. Various external stimuli, such as
cold-water swimming [3-5], glucoprivation [6,7], foot-
shock [8,9] and vaginal stimulation [10] can induce ef-
fective behavioral antinociception in rats. In human stu-
dies, it is reported that SIA is provoked by trauma [11],
cold immersion [12] and psychological stress [2,13].

One of our previous studies [14] indicated that acute
hypergravity stimulation can induce clear SIA in male
rats; withdrawal threshold values in response to mecha-
nical stimulation increased after 10 min of 2.0G (earth G
+ 1.0G) gravity loading. Kumei et al. [15] reported that
high gravity exposure upregulated Fos protein production
in the hypothalamic arcuate nucleus of rats. Increased
Fos expression in the central nervous system indicates a
change in the excitability of synaptic transmission [16].

Because the arcuate nucleus is a key site for the hypo-

"Corresponding author.

Copyright © 2013 SciRes.

compared the patterns of SIA between male and female
rats.

JBBS



180 M. KIMOTO ET AL.

PC
= =y Q 43
Z|||=
I
6 7
Strain gauge
]—=ﬂ”’w Amp
|
{ o o ||
B L= 8
@) (b)
100 -
________ — — —Threshold

von Frey needle (mN)
w
S

(=]
L

(©) 1s

Figure 1. (a) Schematic drawing of the experimental setup.
Noxious stimuli were applied with a von Frey-type needle
attached to a strain gauge. The threshold values for a with-
drawal reflex were measured and stored in a computer; (b)
Stimulating site for evoking withdrawal responses (1: nose,
2: left forepaw, 3: right forepaw, 4: upper back, 5: lower
back, 6: left hindpaw, 7: right hindpaw, 8: tail); (c) Exam-
ple of strain gauge signal and measurement of threshold of
withdrawal.

2. Method
2.1. General

The methods described here follow the ethical guidelines
and received approval by the Animal Welfare Committee
of Nagasaki University. Forty Wistar albino rats (male:
20, female: 20, Kyudo Animal Laboratories, Saga, Japan)
weighing 130 - 146 g were randomly assigned to eight
different groups (in each group, n = 5 rats): 1) 1.5G male
group, 2) 1.5G female group, 3) 2G male group, 4) 2G
female group, 5) Naloxone + 2G male group, 6) Nalo-
xone + 2G female group, 7) saline + 2G male group, 8)
saline + 2G female group. In the case of female rats, we
used animals in the stage of proestrus. Vaginal impedance
was checked by inserting bipolar electrodes (interpolar
distance: 3 mm) into vagina to determine proestrus, oes-
trus, metoestrus or dioestrus stage. According to Bartos

Copyright © 2013 SciRes.

[25], vaginal impedance values over 3 KQ indicate that a
female rat is in the proestrus stage.

It is generally accepted that repeated stress loading
easily induces summation effects on the physiological re-
sponses [26,27]. To avoid these summative effects of
gravity loading, each rat received gravity loading only
once.

2.2. Nociceptive Test and Gravity L oading

In each rat, eight sites (nose, both forepaws, upper and
lower back, both hindpaws and tail) were selected for the
application of noxious stimuli by a von Frey-type needle
stimulator [14] (Figure 1). The stimuli were applied ran-
domly at each site in order to avoid sensitization of the
skin. Measurements of mechanical force were performed
with a force transducer (FORT-100, World Precision In-
struments, Sarasota, FL, USA) attached to a von Frey-
type fine wooden needle. The signal of the mechanical
force was amplified by a strain-gauge amplifier (TBM-
4M, World Precision Instruments, Sarasota, FL, USA)
and stored in a personal computer through a CED inter-
face (CED1401, Cambridge Electronic Design, Cambri-
dge, UK). When animal escaped from the mechanical sti-
mulus, a force curve showed a peak amplitude which re-
presented the threshold of the withdrawal response. This
value is regarded as a behavioral nociceptive threshold.

Before mounting in the centrifugal apparatus (AL-1,
Kokusan Kogyo, Tokyo, Japan), the initial threshold va-
lues (baseline) required to evoke withdrawal responses
were measured. Immediately after the baseline data was
collected, the rats were loaded into the centrifugal appa-
ratus for hypergravity stimulation. The rats were loaded
individually into a mesh box (160 x 100 x 65 mm) facing
the center of the centrifuge and stimulated an additional
0.5G (total 1.5G) or 1.0G (total 2.0G) for 10 min. After
cessation of gravity stimulation, the withdrawal thresh-
olds were measured at fixed intervals for 90 min.

2.3. Naloxone Effects

In order to confirm whether endogenous opioids were
involved with the gravity-induced antinociceptive effects,
naloxone-HCI (Sigma-Aldrich, St. Louis, MO, USA) was
injected intraperitoneally in a dose of 0.1 mg/kg. This
dose of naloxone was reported to effectively antagonize
stress-induced analgesia induced by peripheral nerve
stimulation [28]. Naloxone was prepared at 0.1 mg/ml
and injected at a dose of 1 ml/kg. As a control, another
group of rats received a volume of saline at Iml/kg injec-
tion. Five min after naloxone or saline injection, the
baseline threshold in the naloxone and in the saline
groups was measured. After that, 1.0G (total 2.0G) grav-
ity loading was applied for 10 min.

JBBS



M. KIMOTO ET AL. 181

2.4. Data Analysis

A time series of withdrawal thresholds was obtained be-
fore and after (base line and six time points from 0 to 90
min) after G exposure. Time series data were analyzed
using a split-plot ANOVA with a within-subjects factor
of time (7 levels) and a between-subject factor of sex
(male, female); in sites where statistically significant dif-
ference was found, one-way repeated measures ANOVA
with Bonferroni post-hoc were used to determine differ-
ences in threshold between base-line and each time point,
and differences between male and female at each time
point. Naloxone time series was analyzed using a two-
way repeated measures ANOVA with a within-subjects
factor of time (7 levels) and a between-subject factors of
sex (male, female) and drug (saline, naloxone). The ratio
of antagonization, calculated as [AUC of the threshold
values in Saline group from 0 to 90 min]/[AUC of thre-
shold values in Naloxone group from 0 to 90 min], was
compared between male and female by the unpaired t-
test. In all tests, we considered the significance level of
5%. All data are expressed as means + SE.

3. Results
3.1. Threshold Values before Gravity L oading

Withdrawal threshold values before gravity loading are
shown in Figure 2, where baseline data from all groups
were pooled together (male, n = 20 and female, n = 20).
Control threshold value in the nose was significantly
lower than that in the other seven sites both in males and
females (F(7,152) = 14.711, p < 0.0001 in one-way fac-
torial ANOVA followed by Bonferroni post-hoc test). No
significant differences in baseline threshold values were
observed between males and females at all stimulating
sites. Therefore, sex differences in withdrawal threshold
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Figure 2. Baseline thresholds for withdrawal responses. On
the horizontal axis are the sites of stimulation, from 1 to 8,
as shown in Figure 1. No statistically significant differences
wer e found between male and female in any of the sites of
stimulation before gravity-loading. Asterisk shows statisti-
cally significant difference between body stesin the one-way
ANOVA with Bonferroni post-hoc.
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under physiological conditions were not detected.

3.2. Weak (1.5G) Gravity Effects

Time course of the threshold changes after 1.5G (+ 0.5G)
gravity loading is shown in Figure 3. Differences in the
threshold of the withdrawal responses were detected be-
tween males and females over time. Split-plot ANOVA
showed small but significant differences in threshold
values in the left hindpaw (F(6,48) = 2.770, p = 0.021),
right hindpaw (F(2.692,21.535) = 3.626, p = 0.033), and
tail (F(6,48) = 2.952, p = 0.015). In both hindpaws and
tail, hyperalgesia was observed only in males (Figure 3).

3.3. Strong (2.0G) Gravity Effects

Time course of the threshold changes after 2G (+ 1G)
gravity loading is shown in Figure 4. The split-plot
ANOVA showed significant differences in threshold
values between males and females in the nose (F(6,48) =
5.144, p < 0.001) and in the left hindpaw (F(6,48) =
2.751, p = 0.022). Although the mean difference was big
at several time points, the interaction between the effects
time and sex did not reach statistical significance in the
right forepaw (F(6,48) = 1.169, p = 0.339). There were
no significant sex differences in the threshold changes at
the upper and lower back, hindpaws of both sides and tail.
In general, gravity effects on the withdrawal responses
showed their maximum at 30 - 50 min after cessation of
stimulation and continued for 90 min. In females, there
was a significant increase in the withdrawal thresholds;
however, the degree of gravity loading effects was
smaller in females than in males. Changes in the thresh-
old values at nose and both sides of forepaws were lower
in females than in males. Particularly, sex difference was
most pronounced in the threshold of withdrawal response
induced by nose stimulation.

3.4. Naloxone Effects

There were no significant differences among baseline
thresholds in 2G gravity groups, in the saline-2G groups
or in the naloxone-2G groups. Therefore, naloxone alone
did not alter the threshold value of the withdrawal re-
sponses before gravity stimulation. The two-way repeat-
ed measures ANOVA showed significant interaction be-
tween sex and drug over the time course of observation
(F(6,96) = 2.357, p = 0.036). The antinociceptive effects
of the gravity loading were significantly antagonized by
naloxone pretreatment both in males and females. In the
nose, naloxone almost completely blocked antinocicep-
tive effects of 2G gravity loading in males; whereas in
females, naloxone antagonization was less effective as
compared to that in males (Figure 5(a)). Direct com-
parison in reduction rate of naloxone on the 2 G-induced
antinociception is shown in Figure 5(b). Antagonization
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ratio was significantly greater in males than that in fe-
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Figure 5. Naloxone effects on GIA. A: Time course of withdrawal threshold changes in nose after 2.0 G gravity loading. Sa-
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group from 0to 90 min]. "“shows significant difference (P < 0.0001) in the unpaired t-test.

4. Discussion

The present study is the first report sex differences in
SIA using gravity stress. Our results show that analgesic
effects induced by strong (2.0G) gravity loading had sig-
nificantly different magnitudes between male and female.
In case of weak (1.5G) gravity loading, the analgesic
effects were more diffuse and less pronounced, both in
males and females. In 2G loading, gravity-induced anal-
gesic effects were more effective in males than in females,
indicating that males are either more sensitive to stress
than females, or their SIA system is more readily acti-
vated after gravity stress. Naloxone-reversibility against
gravity-induced analgesia was clearer in males than in
females, suggesting that the non-opioid SIA system had a
greater influence in females than in males.

In human studies, there is controversy about possible
sex differences in pain perception, although it is gener-
ally accepted that women are more sensitive to pain than
men [29-31]. Nevertheless, females report more pain than
males at the first exposure to pain, but then experience
less pain than males as a painful stimulus is repeated.
Moreover, sex differences in pain sensation are not uni-
form across the various types of nociceptive stimuli, such
as heat, cold, and mechanical stimulation [32]. Therefore,
it remains unclear whether sex differences exist in pain
sensitivity in humans [33,34]. Like in human studies, sex
differences in the sensitivity to noxious stimulation were
observed in rats [35,36]. In rat studies, different methods
of experimental noxious stimulation, such as mechanical,
thermal, or chemical, may have produced inconsistencies
between studies in nociceptive sensitivity in males and
females. In the present study, we used quantitative mecha-
nical stimulation to evoke nociceptive responses. With-
out gravity loading, sex differences in the withdrawal re-

Copyright © 2013 SciRes.

sponses were not observed in any of the stimulated sites.

4.1. Weak (1.5G) Gravity Stress

In the present study, 1.5G gravity loading did not cause
analgesic effects. On the contrary, decreased withdrawal
thresholds were observed in males, but not in females. It
is reported that brief exposure to vibration-stress (4 Hz
for 5 min) causes hyperalgesia in rats, as evidenced by a
decrease in tail flick latency [37]. This kind vibration
may be regarded as a mild, non-noxious type of stressor.
The same study reported that, among male rats, about
50% show hyperalgesia, and the other 50% show a brief
hypoalgesia. It is conceivable that the 1.5G stress used in
the present study may have been a mild stressor, like
vibration, thus causing ambiguous results on the sensitiv-
ity to pain.

4.2. Strong (2.0G) Gravity-Stress

2.0G gravity stress had clear analgesic effects on the
withdrawal responses. The magnitudes of the analgesic
effects were stronger in males than in females. Sex dif-
ferences in withdrawal responses were seen in the nose
and in the forepaws on both sides.

There are several lines of evidence for sex differences
in pain perception induced by noxious stimuli in humans
and experimental animals. Generally, females are thought
to be more sensitive than males in response to pain [29,
38,39]. In the present study, sex differences were more
clearly in body sites where gravity-stimulation induced
greater analgesic effect. For instance, the nose, which is
innervated by the second branch of the trigeminal nerve,
was the most effective site for gravity induced analgesia
(GIA). Therefore, it is presumed that stress-modified tri-
geminal pain sensation may strongly depend on sex. A
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similar interaction has been reported in relation to taste
sensation during food intake [40].

4.3. Naloxone Effects

Analgesic effects induced by 2.0G gravity loading were
well antagonized by naloxone with clear sex differences.
The degree of antagonization was greater in males than
in females. It has been suggested that multiple neuronal
mechanisms are involved in endogenous pain modulation
[41]. SIA in particular comprises an opioid and a non-
opioid system. It has also been reported that both opioid
and non-opioid forms of SIA are elicited in rodents ac-
cording to the type of stressor and to the duration of ex-
posure to that stressor [4,42]. Although endogenous opi-
oids appear to be key mediators in the inhibition of no-
ciceptive response to stressful stimuli, recent studies now
support the existence of SIA mechanisms that do not de-
pend on the opioid system. It is apparent that a certain
type of SIA is not reversed by naloxone [9,42]. Thus,
evidence has accumulated that other neurohumoral net-
works including GABAergic, glutamatergic and mono-
aminergic systems play an important role in mediating
non-opioid SIA [2]. In addition, mechanisms of SIA in-
volve various neuroendocrine systems, most importantly
the hypothalamus-pituitary-adrenal system [43]. In fe-
males, ovarian hormones additionally act as a modulator
for SIA, which may be included in the non-opioid SIA
system [44]. Nevertheless, in this study, the gravity-in-
duced effects were completely antagonized by naloxone
pretreatment in both males and females, indicating that
the opioid system was mostly responsible for GIA in rats,
with a greater effect in males than in females. In conclu-
sion, it is suggested that gravity loading may activate the
endogenous opioids system more readily in males than in
females.
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