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To clarify the vulnerability of spinal motoneurons to excitotoxicity, we analyzed the agonal current
induced by experimental ischemia in ventral lamina IX neurons of spinal cord slices from neonatal rats
by using whole-cell patch-clamp. Ischemia was simulated in vitro by oxygen/glucose deprivation. Super-
fusion with ischemia-simulating medium elicited an agonal inward current, which was initially slow and
then became rapid. We compared 8-, 9-, 10-, 11-, and 12-day postnatal rats and found age-dependent
shortening of the latency of the rapid inward current. Furthermore, the membrane capacitance (Cm) and
resting membrane potential (RMP) of the lamina IX neurons demonstrated significant negative corre-
lations with the latency of the rapid inward current. Logistic regression analysis showed that postnatal
age, Cm, and RMP were independent contributing factors to ischemic vulnerability. These results sug-
gest that not only cell volume and ionic balance but also early postnatal maturation of the intracellular
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environment is vital for developing vulnerability to excitotoxicity.

© 2011 Elsevier Ireland Ltd. All rights reserved.

Excitotoxicity is an important mechanism of neuronal death,
implicated in the pathogenesis of ischemia, trauma, and neurode-
generative disorders [8,10,15]. Excitotoxic injury is mediated by
glutamate, a major excitatory neurotransmitter. During patho-
logic insult, glutamate excessively accumulates in the extracellular
space and stimulates the neurons through ionotropic receptors
[9,11,14,20]; such stimulation leads to neuronal depolarization and
irreversible loss of function [17].

Specific regions of the central nervous system are susceptible
to developing neuronal damage after excitotoxic injury. In addi-
tion, such vulnerability critically depends on postnatal maturation
[16]. Spinal cord motoneurons are also known to be particularly
vulnerable during ischemia [17]; some of their molecular features
are known to play important roles in cell death in degenerative
motoneuron diseases [22]. However, factors contributing to the
vulnerability of spinal motoneurons to ischemia and changes in
susceptibility during maturation have not been well documented.

In vitro ischemia is mimicked by oxygen/glucose deprivation;
this preparation has been well established in electrophysiolog-
ical studies with spinal cord and brain slices [17,18,23-25]. In
the present study, we investigated the influence of experimen-
tal ischemia on ventral lamina IX neurons in spinal cord slices by
using the whole-cell patch-clamp method to clarify parameters
contributing to the vulnerability of developing spinal motoneurons.

* Corresponding author. Tel.: +81 25 227 2328; fax: +81 25 227 0790.
E-mail addresses: kohno-t@umin.net, kohno@med.niigata-u.ac.jp (T. Kohno).
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doi:10.1016/j.neulet.2011.03.003

All experimental procedures involving the use of animals were
approved by the Animal Care and Use Committee of Niigata Uni-
versity Graduate School of Medical and Dental Sciences (Niigata,
Japan).

Slices of rat spinal cord were prepared as previously described
[17]. In brief, neonatal Wistar rats (8-12days postnatal) were
anesthetized with urethane (1.2-1.5 g/kg, intraperitoneal). Dorsal
laminectomy was performed, and the lumbosacral segment of the
spinal cord was removed. The rats were immediately killed by
exsanguination. The spinal cord was placed in pre-oxygenated ice-
cold artificial cerebrospinal fluid (ACSF). After cutting all the ventral
and dorsal roots near the root entry zone, the pia-arachnoid mem-
branes were removed. The spinal cord was mounted on a metal
stage of a microslicer (DTK-1500; Dosaka, Kyoto, Japan) and cut
into 500-pm-thick transverse slices. Each spinal cord slice was
transferred to a recording chamber and placed on the stage of an
upright microscope equipped with an infrared-differential interfer-
ence contrast (IR-DIC) system (E600FN; Nikon, Tokyo, Japan). The
slice was fixed by an anchor and superfused at 4-6 ml/min with
ACSF solution equilibrated with a gas mixture of 95% 0, and 5%
CO; and maintained at 36 °C by using a temperature controller (TC-
324B; Warner Instruments, Hamden, CT, USA). The ACSF solution
comprised (in mM): 117 NaCl, 3.6 KCl, 2.5 CaCly, 1.2 MgCl,, 1.2
NaH; POy, 25 NaHCO3, and 11.5 p-glucose (pH 7.4).

Lamina regions were identified under low magnification (5x
objective lens) and individual neurons were identified using a 40x
objective lens with an IR-DIC microscope and monitored by a CCD
camera (C2400-79H; Hamamatsu Photonics, Hamamatsu, Japan)
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on a video monitor screen. The size of each recorded neuron was
calculated from the arithmetic mean length of the diameter of
the long and short axes of the soma intersecting at right angles.
Whole-cell voltage-clamp or current-clamp recordings were made
from large lamina IX neurons (size, 15-25 wm), which were gen-
erally observed in the ventral lateral or ventral medial areas.
Whole-cell patch pipettes were constructed from borosilicate glass
capillaries (1.5-mm OD; World Precision Instruments, Sarasota,
FL, USA). The resistance of a typical patch pipette was 5-10 M2
when filled with an internal solution composed of (in mM) 135
potassium gluconate, 5 KCI, 0.5 CaCl,, 2 MgCl,, 5 EGTA, 5 HEPES,
and 5 ATP-Mg (pH 7.2). After the whole-cell configuration was
established, voltage-clamped neurons were held at —70mV and
current-clamped neurons were held at 0 pA. Signals were amplified
with an Axopatch 200B amplifier (Molecular Devices, Union City,
CA, USA), filtered at 2 kHz, and digitized at 5 kHz. Data were stored
and analyzed using a pCLAMP 9.1 data acquisition program (Molec-
ular Devices). Membrane capacitance (Cm) and input resistance
(Rin) were measured by applying hyperpolarizing voltage pulses
(10mV) from a holding potential of —70mV with a duration of
20ms. Cm was measured by integrating the transient capacitative
currents evoked during the voltage-clamp steps. These measure-
ments were used to estimate membrane surface area [21]. We
considered the potential at which the holding current becomes zero
to be the resting membrane potential (RMP). Neurons with RMPs
above —50 mV were removed from the analysis [1,3].

Ischemia was simulated by superfusing the slices with ischemia-
stimulating medium (ISM) consisting of ACSF solution, equilibrated
with a gas mixture of 95% N, and 5% CO, in which glucose was
replaced with an equimolar concentration of sucrose. Drugs and
ISM were applied by perfusion via a three-way stopcock, without
changing the perfusionrate or temperature. The solution in the con-
nection tube and recording chamber having a volume of 2.5 ml was
completely replaced within 35 s of the initiation of ISM perfusion.
After applying the ischemia-simulating medium, we discarded the
slice.

Numerical data are represented as mean -+ SEM. One-way analy-
sis of variance (ANOVA) with post hoc Tukey's honestly significant
difference (HSD) test was used to compare the groups classified
according to age. Pearson’s correlation coefficients (r) were calcu-
lated between latency of rapid inward currents induced by ISM
and age or electrophysiological membrane properties. Multiple
regression analyses were performed to determine the relative con-
tribution of different variables, and F-test was used to evaluate
the significance of all independent variables. Statistical significance
was defined as P< 0.05.When referring to electrophysiological data,
n indicates the number of neurons studied.

Whole-cell voltage-clamp recordings were made from 69 neu-
rons of which 60 exhibited RMPs below —50 mV and were included
in analysis. Neuron bodies were round or multipolar, with an
average soma size of 20.5 + 0.3 wm; average Cm, 90.8 + 4.4 pF; aver-
age RMP, —58.1 +£ 0.3 mV, and average Rin, 152.4 +9.2MS2 (n=60).
Soma size demonstrated a significant positive correlation with Cm
(r=0.57,P<0.01).

The lamina IX neurons remained viable up to 12 h in slices per-
fused with pre-oxygenated ACSF solution. However, all recordings
in this experiment were obtained within the first 4h. When the
membrane potential was held at —70mV, superfusion with ISM
produced an outward current of 34.1 + 6.6 pA in 20% of the 60 neu-
rons examined (n=12); this was followed by an agonal inward
current (Fig. 1A). The remaining neurons (n=48) exhibited only
the inward current. Meanwhile, in the current-clamp mode, ISM
produced agonal depolarization followed by persistent depolariza-
tion (n=5, Fig. 1B). When ISM superfusion was continued after the
appearance of the agonal depolarization, synaptic activity disap-
peared, and it could not be returned to its previous state despite
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Fig. 1. Agonal current induced by ischemia-simulating medium (ISM) in a repre-
sentative lamina IX neuron. (A) In the voltage-clamp mode, perfusion with ISM
produced an outward current and, subsequently, an agonal inward current at
—70mV in 20% of the neurons examined (n=12). The agonal inward current con-
sisted of a slow and subsequent rapid inward current. The latency of the rapid
inward current was measured from the beginning of ISM perfusion to the onset
of the rapid inward current, which was estimated by extrapolating the slope of the
rapid inward current to the slope of the slow inward current. The current trace
shown was obtained from a neuron of an 8-day postnatal rat. (B) In the current-
clamp mode, perfusion with ISM produced an agonal depolarization. The resting
membrane potential was —61 mV. After the generation of rapid depolarization, the
membrane continued to depolarize to 0mV and synaptic activity disappeared. This
trace was obtained from a neuron of a 9-day postnatal rat.

ACSF reperfusion, indicating that ISM resulted in irreversible mem-
brane dysfunction (Fig. 1B). The agonal inward current consisted of
a slow followed by a rapid inward current [23]. The onset of the
rapid inward current was estimated by extrapolating the slope of
the rapid inward current into the slope of the slow current. The
latency of the rapid inward current was measured from the onset
of superfusion with the ISM to that of the rapid inward current
(Fig. 1A).Such a brief superfusion withISM is known to affect synap-
tic transmission for several hours in rat hippocampal CA1 neurons;
therefore, only the data obtained by its primary application were
included in the present study.

Twelve lamina IX neurons in each age group were exposed
to ISM. To estimate the influence of an initial outward cur-
rent, we compared the average age, size, Cm, RMP, Rin, and
latency of the rapid inward current. No significant differences were
observed in these results between neurons with (10.2 +£0.5days,
21.24+06pum, 102.1+7.7 pF, —-56.1+£1.5mV, 134.9+12.2MQ,
440+23s, n=12) and without (10.0+0.2days, 20.3+0.3 um,
87.9+5.1 pF, —-58.6+£1.0mV, 156.8 +11.1 M2, 454 £ 335, n=48)
ISM-induced outward currents (P=0.65, 0.24, 0.20, 0.23, 0.35,
0.80, respectively). The differences in soma size and electrophys-
iological membrane properties between the groups are listed in
Table 1. Average latencies of the rapid inward current in the lam-
ina IX neurons were 478 + 195, 448 £ 265, 4244+ 325, 391 4+ 28s,
and 377 + 18s on postnatal days 8, 9, 10, 11, and 12, respectively.
An obvious age-dependent shortening of the latency of the rapid
inward currents was observed (one-way ANOVA, P<0.05; post hoc
Tukey's HSD test, P8 versus P12, P<0.05) (Fig. 2). Because age was
not found to be a significant factor in the correlation between
membrane properties and latency of the rapid inward current,
we analyzed these results without grouping by age. Cm of the
lamina IX neurons demonstrated a significant negative correlation
with the latency of the rapid inward current (r=-0.41, P<0.01)
(Fig. 3A). Furthermore, RMP of the neurons also exhibited a sig-
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Table 1

Comparison of the soma size and electrophysiological membrane properties classified according to postnatal age.
Postnatal days P8 P9 P11 P12 Pvalue
n 12 12 12 12
Size (pm) 20.3+0.6 204+0.7 21.5+09 19.7+04 20.5+0.6 0.45
Cm (pF) 83.0+6.8 802477 107.2+154 872+72 96.3+9.4 0.30
RMP (mV) -60.8+2.1 -57.8+1.7 -57.2+2.1 -56.5+1.5 -58.2+19 0.56
Rin (M) 146.8 +19.9 139.5+18.6 150.8 £27.0 183.9+174 141.0+19.6 0.55

There was no significant difference in soma size and membrane properties by one-way ANOVA among the postnatal age groups. Cm: membrane capacitance; RMP: resting
membrane potential; Rin: input resistance. Data are shown as mean + SEM. n refers to the number of neurons studied.
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Fig. 2. Comparison of the latency of the rapid inward current induced by exper-
imental ischemia between the different age groups. An obvious age-dependent
shortening of the latency of the rapid inward current was observed (one-way anal-
ysis of variance P<0.05; post hoc Tukey’s honestly significant difference test, P8
versus P12, P<0.05).
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Fig. 3. Correlation between electrophysiological membrane properties and the
latency of the rapid inward current as generated by ISM perfusion in lamina IX
neurons (8-12 days postnatal, n=60). Membrane properties were measured prior
to ISM perfusion. (A) There was a negative correlation between membrane capac-
itance and latency (r=-0.41, P<0.01). (B) There was also a negative correlation
between resting membrane potential and latency (r=-0.30, P<0.05).

nificant negative correlation with the latency of the rapid inward
current (r=-0.30, P<0.05) (Fig. 3B). On the other hand, Rin did not
correlate with the latency (r=-0.11, P>0.05). Logistic regression
analysis showed that postnatal age, Cm, and RMPwere independent
contributing factors to vulnerability to ISM exposure (Table 2). The

Table 2

adjusted determination coefficient was 0.42, and the F-test showed
the fitted line to be significant (P<0.00001).

In this study, we reported three novel findings. First, we have
demonstrated age-dependent shortening of the latency of the rapid
inward current in the spinal lamina IX neurons. Surprisingly, this
vulnerability develops quickly over a short neonatal period. Second,
we found that RMP and Cm correlate with the latency of the rapid
inward current. Third, we confirmed that age, Cm, and RMP are
independent factors contributing to vulnerability.

It is generally accepted that ISM superfusion produces an
outward current followed by an agonal inward current, which com-
prises a slow and subsequently rapid inward current. Once ISM is
applied, intracellular ATP concentration decreases and intracellular
Ca?* concentration increases, which elicits an outward currentin a
portion of neurons because of the activation of both ATP-sensitive
K* channels and Ca?*-dependent K* channels [25]. Glutamate accu-
mulates in the interstitial space and partially mediates the slow
inward current viareceptor activation [23]. In addition, the increase
in intracellular Ca?* and extracellular K* concentrations due to
the inhibition of Na*/K*-ATPase activity contributes to the produc-
tion of slow current [23]. Meanwhile, the rapid inward current is
accompanied by a sudden increase in the intracellular Ca?* concen-
tration [23]. In addition to the action of glutamate receptors, the
increase in the intracellular Ca* concentration is associated with
Ca?* influx via voltage-dependent Ca2* channels, reversed opera-
tion of Na*/Ca?* transporters, and Ca2* release from intracellular
storage sites [7]. Furthermore, the rapid inward current is likely to
be due to a nonselective increase in neuronal permeability of all
participating ions; this will occur only in pathological conditions
such as ischemia [23].

In this study, we found that the latency of ISM-induced rapid
inward current drastically shortened between postnatal days 8 and
12. A parallel age dependency has also been reported in the spinal
lamina V dorsal horn neurons of rats [6]. These findings suggest that
maturation-dependent spinal neuronal vulnerability to ischemia is
determined in the early postnatal period. Because no significant
differences were found in soma size or passive electrophysiological
membrane properties among the age groups, we conclude that age-
dependent shortening of the latency is not because of the effects of
increase in cell size or alteration in membrane properties. Inter-
estingly, the number of ionotropic glutamate receptors is known
to initially increase during the first 7 postnatal days prior to a
decline to adult levels [4], which raises the possibility that glu-
tamate, which plays a major role in excitotoxic cell death, is not

Relationships between latencies of rapid inward current and contributing factors evaluated by multiple regression analysis.

Regression coefficient

95% CI for regression coefficient

Lower Upper Pvalue
Age (days) -0.345 -0.574 -0.115 0.004
Cm (pF) -0.015 -0.024 —-0.006 0.038
RMP (mV) -0.054 -0.104 -0.003 0.002

The adjusted determination coefficient was 0.42 and the F-test showed the fitted curve to significant (P<0.00001). Postnatal age, Cm and RMP were independent contributing

factors of vulnerability to ISM exposure.
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involved in the development of vulnerability to ischemia during
maturation.

Spinal motoneurons have large somas and long axonal pro-
cesses; these characteristics greatly differ from those of many
other types of neurons. Since these large neurons have high-energy
demands for maintaining cytoskeletal components, they may be
more susceptible to ischemic insult. Here, we demonstrated a sig-
nificant correlation between Cm and the latency of ISM-induced
rapid inward currents. Cm, which represents the surface areas of
the recorded neurons, correlated with soma size, suggested the pos-
sibility that latency might also correlate neuronal volume; indeed,
vulnerability to experimental ischemia with cell volume has been
reported in the spinal cord ventral horn neurons [17,19] and the
brain [13]. However, no significant correlation has been observed
between the Cm and latency of rapid inward currents in the spinal
dorsal horn neurons [17] while in the brain, large CA3 pyramidal
neurons display high tolerance to ischemia [12]. These inconsistent
findings implicate the involvement of other factors contributing to
neuronal vulnerability.

In addition, we found a weak but significant correlation between
RMP and current latency. In general, deprivation of oxygen and
glucose impairs mitochondrial ATP production, thus compromising
ionic gradients across the neuronal cell membrane [9]. In response
to ISM superfusion, the membrane is gradually depolarized, lead-
ing to the activation of voltage-dependent calcium channels. Ca?*
accumulates in the intracellular space, subsequently inducing neu-
ronal death [5,9]. Our finding suggests that lamina IX neurons
with a higher hyperpolarized RMP, distant from the threshold of
voltage-dependent CaZ* channels, are more resistant to ischemic
insults. However, the fact that all recordings were obtained at
—70mV raises doubts about RMP-dependent shortening of latency.
One explanation is that incompletely voltage-clamped membrane
distant from the patch electrode contributes to RMP-dependent
vulnerability.

Furthermore, with logistic regression analysis, the contribution
of postnatal age to susceptibility to experimental ischemia was
found to be independent of the electrophysiological membrane
properties. The determination coefficient (the squared value of the
multiple correlation coefficient) has a value of 0.42, indicating that
almost half of the variation in neuronal vulnerability for ischemia
is explained by these factors. It has been reported that the num-
ber of mitochondria increases 4-fold between postnatal days 1 and
21, and is paralleled by an increase in respiratory enzyme con-
tent per mitochondrion [2]. This raises the possibility that postnatal
development-dependent changes in the intracellular environment,
such as metabolism or mitochondrial function, are involved in neu-
ronal vulnerability.

Our study had certain limitations. First, we did not evaluate
the age-dependent effect in adult rats. In order to identify large
lamina IX neurons under IR-DIC microscope, it was necessary to
exclude older rats, whose spinal neurons are obscured by highly
developed fibrous tissue. Second, there was a possibility that the
presence of the ISM-induced outward current affected the estima-
tion of the slope of the slow inward current and thus the latency
of the raid inward current. However, because the slope of the rapid
inward current was quite precipitous, we considered that an error
in determining the slope of the slow inward current would not
greatly affect the estimation of the onset of the rapid inward cur-
rent. Third, because the spinal lamina IX neurons studied included
propriospinal interneurons, our observations may not exclusively
apply to spinal motoneurons. Further studies with adult rat spinal
motoneurons are required.

In conclusion, we determined that age, cell volume, and RMP
may independently contribute to the susceptibility of spinal ven-

tral lamina IX neurons to ischemia. These results emphasize that
each contributing factor must be taken into consideration while
evaluating spinal motoneuronal injury during development. We
further propose that early postnatal maturation of the intracellular
environment is an important factor affecting the development of
vulnerability to excitotoxicity.
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Abstract Complaints of patients with chronic pain may
increase when the weather changes. The exact mechanism
for weather change-induced pain has not been clarified. We
have previously demonstrated that artificially lowering
barometric pressure (LP) intensifies pain-related behaviors
in rats with neuropathic pain [chronic constriction injury
(CCD) and spinal nerve ligation (SNL)]. In the present
study, we examined the rate and magnitude of LP that
aggravates neuropathic pain. We measured pain-related
behaviors [number of paw lifts to von Frey hair (VFH)
stimulation] in awake rats after SNL or CCI surgery, and
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found that rates of decompression >5 hPa/h and >10 hPa/h and
magnitudes of decompression =5 hPa and >10 hPa augmented
pain-related behaviors in SNL and CCI rats, respectively.
These results indicate that LP within the range of natural
weather patterns augments neuropathic pain in rats, and that
SNL rats are more sensitive to LP than CCI rats.

Keywords Weather-sensitive pain - Decompression rate -
Decompression magnitude - Low pressure exposure - Rats

Introduction

Some meteorclogical factors, e.g., barometric pressure,
humidity, and temperature, influence chronic pain (Mitchell
1877; Hollander and Yeostros 1963; Kranzl 1977; Guedj
and Weinberger 1990; Hendler et al. 1995, Jamison et al.
1995; Verges et al. 2004). This symptom is called "weather-
sensitive pain”. Many patients with chronic pain from such
conditions as rheumatoid arthritis, low back pain, and
neuropathic pain complain that their condition is aggravated
by changes in the weather (Mitchell 1877; Hollander and
Yeostros 1963; Kranzl 1977; Guedj and Weinberger 1990;
Hendler et al. 1995; Jamison et al. 1995; Verges et al.
2004).

We have previously examined the effects of lowering
barometric pressure (LP) and lowering ambient temperature
(LT; by 7°C from 22°C) on pain-related behaviors in
animals in which psychosocial factors are considered
minimal (Sato 2003; Sato et al. 2004), and have demon-
strated that LP (27 hPa decrease in 8 min) or LT augment
pain-related behaviors of chronic constriction injury (CCI)
rats (Sato et al. 1999, 2000) and adjuvant-inflamed rats but
had no effect on sham operated rats (Sato et al. 2004). We
also showed that the inner ear played a pivotal role in this
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effect (Funakubo et al. 2010). Although the magnitude of
LP used was within the range of naturally occurring
changes, the rate of LP was much faster than that of natural
change. Since the changing rate of barometric pressure
might strongly influence the LP effect on pain, we
examined in this experiment the effects of a range of LP
at different rates and magnitudes using a newly constructed
decompression chamber that decreases the atmospheric
pressure much more slowly (0.2-150 hPa/h) than the
previous one (Funakubo et al. 2010).

Our previous study has also demonstrated the involve-
ment of sympathetic nerve activities in LP-induced pain
aggravation (Sato et al. 1999). In addition, there are reports
showing different contributions of sympathetic nerve
activities in different models of neuropathic pain, e.g., a
higher contribution in the spinal nerve ligation (SNL)
model than in the CCI model (Kim et al. 1997). From these
results, it would be reasonable to expect that different pain
models with different involvement of sympathetic nerve
activities might show some difference in LP sensitivity.
Therefore, in this experiment, we examined the effects of
LP in both SNL and CCI models.

Materials and methods

Thirty-four male Sprague-Dawley (SD) rats, 250-300 g
(Japan SLC) were used. The animals were housed two to
three per cage under a controlled temperature (24°C) and on
a 12-h light/dark cycle (7:00~19:00/19:00~7:00), and were
given free access to food and water. All surgical procedures
described below were performed under surgically clean
conditions and sodium pentobarbital anesthesia (50 mg/kg,
i.p.). All the experiments were conducted according to the
Regulations for Animal Experiments in Nagoya University,
and the Fundamental Guidelines for Proper Conduct of
Animal Experiments and Related Activities in Academic
Research Institutions in Japan.

SNL surgery

The left L5 spinal nerve was tightly ligated with silk thread
according to the method described by Kim and Chung
(1992), except that only the L5 spinal nerve was ligated in
the present experiment.

CCI surgery

CCI surgery was performed according to the method
previously described (Bennett and Xie 1988). Briefly, the
left sciatic nerve was exposed at the mid-thigh level, and
was then constricted with four loose ligatures using
chromic gut (4/0), each spaced about 1 mm apart.
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Measurement of pain-related behaviors

Behavior tests were carried out between 9:00 and 18:00
during the light phase.

Measurement of punctate hyperalgesia

Mechanical hyperalgesia developed 3 days after CCI or
SNL surgery. We confirmed that rats remained hyperalgesic
at least for 3 weeks thereafter (Jin et al. 2008, and
unpublished observation from our laboratory) while rats
with sham surgery were not hyperalgesic. Therefore,
experiments were done between 6 and 22 days after CCI
surgery or 5 and 21 days after SNL surgery.

Each rat was individually placed beneath an inverted
transparent plastic cage (11x17x11 ¢m) with a wire mesh
bottom. Pain-related behaviors induced by mechanical
stimulation were measured with home-made von Frey hairs
(VFHs; diameter: 0.5 mm, bending forces 34.3, 92.2,
197.2 mN). Each VFH was applied ten times (once every
2-3 s) to the plantar surface of the nerve-injured paw, and
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Fig. 1 Schema of the small pressure-controlled chamber used.
Barometric pressure in this chamber can be reduced at a variety of
rates (0.2-150 hPa/h), and can be maintained at a given value (960-
1030 hPa) by a vacuum pump (4). The chamber size is 1500x750x
550 mm (W/H/D). Its three sides are made of transparent acrylic resin,
and the experimenter can handle animals in the chamber and perform
pain tests through gloves (C) while directly observing the subjects,
The temperature and the humidity can be maintained at a constant
level (22+2°C, 50+10%) by a temperature-controlled bath (B). The
windows on both sides (D and D') are detachable, allowing
experimental animals and testing devices 1o be placed in and removed
from the chamber
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the number of foot withdrawals was then counted (Zhou et
al. 1996; Ta et al. 2000). Stimulation of normal human skin
with the weak (34.3 mN) and then stronger (92.2 and
197.2 mN) VFHs elicits a sensation of pressure and painful
pricking, respectively. An increased number of foot with-
drawals following mechanical stimulation of the foot skin
means hyperalgesia (Zhou et al. 1996; Ta et al. 2000).

Threshold measurement

VFHs were applied perpendicular to the plantar surface of
the left hind paw through the wire mesh with sufficient
force to cause slight bending against the paw. The hairs
were applied in the order of increasing bending force (10
steps from 18.1 to 387.1 mN in quasi-logarithmic scale),
with each applied five times at intervals of 2-3 s to
different parts of the midplantar glabrous skin. The strength
of the first hair in the series that evoked at least one positive

response among the five trials was designated the pain
threshold.

Low-pressure (LP) exposure

We examined the range of the rate and magnitude of
barometric pressure changes that aggravate neuropathic

Fig. 2 Recordings of barometric
pressure in the chamber.
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pain. For this, we used a pressure-controlled chamber,
newly constructed by Daikin Industries, Ltd. R & D Dept.,
as schematically shown in Fig, 1. This chamber is able to
lower the barometric pressure at a variety of rates and
ranges. Controllable pressure range is 960—1030 hPa, with
the rate 0.2-150 hPa/h. The chamber size is 1,500x750x
550 mm (W/H/D). The rats were handled and stimulated by
an experimenter through air-tight rubber gloves (C in
Fig. 1). On opening the cover of a glove attached to the
chamber wall, pressure increase occurred, and its magni-
tude depended on the pressure difference between the
inside and the outside of the chamber. Therefore, covers of
the gloves that were expected to be used during the experi-
ment were removed before starting pressure decrease.
When an experimenter inserted her hand into the gloves,
brief pressure increase <2 hPa was observed (marked with
an arrow in Fig. 2a-1). This small pressure increase did not
induce any visible change in rat behavior. Figure 2a-i, ii
show pressure recordings during, respectively, the fastest
and slowest pressure changes that were performed on
different days with different natural atmospheric pressure.
In spite of difference in their baselines, the pressure inside
the chamber was well controlled according to the demand
except when an experimenter inserts her hand into the
glove (arrow, described above). The temperature and the
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Fig. 3 Nerve injury-and low pressure exposure-induced changes in
number of paw lift to VFH stimulation. a An increased number of paw
lifis to VFH stimulation after SNL surgery was further increased
immediately after reaching the LP level (n=9). Ordinate number of
paw lifts responding to 10 applications of a certain VFH, abscissa
time point of testing. Grayv area period for LP exposure (same in b).
Solid diamond response to the weak von Frey hair (34.3 mN), solid
square response to 92.2 mN hair, sofid triangle response to 197.2 mN
hair. Before SNL mean value of 1 and 2 days before SNL operation,
Pre 60 min before LP exposure, Mid within 20 min after reaching LP,
Post 60 min after LP exposure. “P<0.05, compared with the value

humidity were maintained at a constant level (22+2°C, 50+
10%). Figure 2b shows actual recording of the atmospheric
pressure outside the chamber (solid line) and of the
controlled barometric pressure changes inside the chamber
(dotted line) on the day a major typhoon was coming.
During approach of the typhoon, the atmospheric pressure
decreased by 13 hPa while the barometric pressure inside
the chamber was maintained constant. From these results, it
is evident that the chamber used in the present experiment
is capable of maintaining its own barometric pressure
independent of atmospheric pressure changes outside.

Before the experiments, the rats were acclimated in the
chamber (ambient temperature 22+2°C, relative humidity
50+10%) for 60 min and then exposed to falling barometric
pressure (LP) of various magnitudes (3—20 hPa) at different
rates of pressure change (4-86 hPa/h). Except otherwise
noted, behavioral tests were carried out three times; before
(Pre), immediately after reaching the pre-set LP level (Mid)
and after (Post) barometric pressure fall. In the previous
study, we observed that rats showed an increased number of
paw lifts in response to noxious stimuli immediately after the
chamber pressure had reached its lowest level. However, the
increased paw lifts disappeared when tested again 60 min
afterwards under the same LP conditions (Sato et al. 1999).
Thus, the behavior test was carried out only once immedi-
ately after reaching the lowest barometric pressure.

A group of animals was placed in the chamber without
changing pressure, and nociceptive behavior was tested
using the same schedule as described above; this group
served as the control (CTR).
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before SNL, *P<0.05, compared with Pre value (Student-Newman-
Keuls Method). b Increased number of paw lifts to VFH stimulation
further increased after reaching the LP level in CCI rats (#=6). *P<
0.05, compared with Pre value (Student-Newman-Keuls Method). ¢
Cutaneous mechanical withdrawal threshold measured with von Frey
hairs in CCI rats decreased after reaching the LP level. Data are
presented as hox (median + interquartile range (IQR) and whiskers (10
and 90 percentile values). Ordinate withdrawal threshold in mN, abscissa
time point of testing. LP by 20 hPa at the rate of 10 hPa/h decreased the
mechanical threshold. TP<0.05, compared with Pre value (=6,
Wilcoxon’s signed rank test)

Statistical analysis

The results of LP exposure over a variety of magnitudes
and rates were expressed as the mean and standard errors
of the mean (SEM). Relative increases or decreases in the
number of paw lifts in response to VFH stimulation
(Anumber of paw lifts) were obtained from the value
before (Pre) and during (Mid) the exposure, and analyzed
using a Wilcoxon’s signed rank test except when otherwise
noted.

Results
Punctate hyperalgesia during LP exposure

Figure 3a shows the results of nociceptive aggravation
during LP exposure in the SNL rats (LP by 10 hPa at the
rate of 10 hPa/h). After SNL surgery, an increased number
of paw lifts was observed at all three stimulation intensities
(the upper, middle and lower lines) of VFH stimulation
when compared with the corresponding pre-surgery base-
lines. Upon exposure to LP (Mid), SNL rats showed a
further increase in the number of the paw lifts in response
“to VFH stimulation. The increased paw lift response
returned to its pre-LP baseline levels shortly after the
chamber LP was restored to its pre-LP levels (Post). It
could be noted that CCI rats subjected to the same LP
exposure gradation showed much the same responses of
aggravation of pain-related behavior (Fig. 3b). There was

—153—



Int J Biometeorol (2011) 55:319-326

323

il 0343 mN
@922 mN
3| @197.2mN
£
= gl
z
g
I.6 1b
g Tl
i
S ol MLIHL ]
3 iz ug il
o
|
2L
AP(Pa) [ 0 | 5|8 [10[20] 3|5 [10/20] 3|58 |20{10/20]3]5]|8[10]20
Rate | g 4 5 8 10 86
(hPa/h)
CTR A B Cc D E

Fig. 4 Effects of various rates and magnitudes of pressure change on
pain-related behavior of SNL rats. Each column shows the increase or
decrease in the number of paw lifts to VFH stimulation during LP at
various rates from ‘Pre’ value in the SNL rats (#=9, mean + SEM).
Control values obtained from the study in which animals were put in

no significant change in pain-related behaviors when
animals were placed in the chamber without a pressure
change (data not shown).

the chamber but without LP exposure, are also shown (CTR; n=12).
AP magnitude of barometric pressure decrease. *P<0.05 compared
with the ‘Pre’ value (Wilcoxon’s signed rank test). LP by >5 hPa at the
rate of >5 hPa/h increased the number of paw lifts in SNL rats

The threshold change was studied in CCI rats only,
because the threshold of SNL rats is too low to measure
with our VFHs. Figure 3¢ shows the results of this change

57 D34.3mN *
292.2mN
4f  @197.2mN
2 3
2
g 2f
S
(=]
1™
8 1
£
2
<a 0
At
2=
APPa)l O | 20 8 |10 20| 8 [ 10] 20| 20 20 10] 20
Rate
hpamy| © | 66 8 10 20 | 40 86
CTR A B ] D E F

Fig. 5 Effects of various rates and magnitudes of pressure change on
pain-related behavior of CCI rats. The manner of presentation is the
same as in Fig. 4 (n=6) except grouping. Control values obtained

from the study without LP are also shown (CTR; n=7). AP by
>10 hPa at the rate of >10 hPa/h increased the number of paw lifts in
CClI rats
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Fig. 6 Comparison between CCI and SNL rats in the rate and
magnitude of effective decompression for aggravating pain-related
behavior. Abscissa rate of pressure decrease in hPa/h, ordinate
pressure decrease in hPa. Open triangle pain-related behaviors are
significantly augmented in CCI rats (n=6), filled triangle without any
significant changes in CCI rats (n=6). Open circie pain-related

during LP exposure (by 20 hPa at the rate of 10 hPa/h) in
CCI rats. LP significantly decreased the withdrawal
threshold. The median values of the threshold was
92.2 mN (IQR: 92.2-140.8) and 52 mN (IQR: 52-52)
before (Pre) and after the pressure reached the bottom
(Mid), respectively.

Rate and magnitude of pressure decrease inducing
aggravation of pain-related response

In SNL rats, we varied the magnitude of the pressure
decrease between 3 hPa to 20 hPa, and the rate of changing
pressure between 3 to 86 hPa/h. At a rate of 4 hPa/h, none
of the pressure decreases ranging between 5 and 20 hPa
induced any significant increase in the number of paw lifts
(group A in Fig. 4). However at the rate 5 hPa/h or faster
(groups B-E in Fig. 4), pressure reduction in these ranges
induced a significant rise in the number of paw lifts
responding to VFH 92.2 mN and 197.2 mN, whereas a
3 hPa decrease was ineffective at any rate of pressure
decrease used. A stronger (10 and 20 hPa) and faster
pressure decrease (=8 hPa/h) induced increases in the
number of paw lifts also responding to the weakest VFH
stimulation. Thus, decompression rates of 5 hPa/h or
faster and pressure changes of 5 hPa or larger were
necessary to induce a significant increase in the number
of paw lifts responding to VFH stimulation in SNL rats.

In CCI rats, sensitivity to LP was somewhat less than
that in SNL rats: the level of decompression sufficient to
induce pain aggravation was 10 hPa or larger, and the
effective decompression speed was 10 hPa/h (Fig. 5) or
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behaviors are significantly augmented in SNL rats (#=9), cross
without any significant changes in SNL rats (#=9). LP at the rate of
>5 hPa/h increased the number of paw lifts in SNL rats. Dark gray
area range where aggravation of pain-related behaviors was observed
in CCI rats, gray area range where such aggravation was observed in
SNL rats

faster. An increase in the number of paw lifts in CCI rats
was mainly observed in response to the strongest VFH
(197.2 mN), whereas SNL rats showed an increased
response to the mid-strength VFH (92,2 mN), and even to
the weakest one as well at the stronger and faster drops in
pressure (Fig. 4). The difference in sensitivity to barometric
pressure changes between SNL and CCI rats is clearly seen
in Fig. 6. The dotted area denotes the magnitude (ordinate)
and the rate (abscissa) of decompression that induced
aggravation of pain-related behavior in CCI rats, while the
gray area denotes those in SNL rats. It is clear the SNL rats
are more sensitive to barometric pressure changes in both
magnitude and rate of decrease than the CCI rats.

Discussion

In our previous study, we examined the lowering pressure-
induced aggravation of pain-related behavior of neuropathic
pain models in a climate-controlled room installed in our
Institute (Sato et al. 1999, 2001, 2004). The slowest speed
and smallest magnitude for this chamber to decrease
atmospheric pressure was 27 hPa in 8 min. These
changes (27 hPa in 202.5 hPa/h) are far greater than
the naturally occurring changes. Therefore, in the present
experiment, we introduced a new pressure-controlled
chamber that enabled much smaller and much slower
pressure changes.

The present results demonstrated that decompression
rates >5 hPa/h and decompression magnitude >5 hPa
caused a significant augmentation of pain-related behavior
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