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Introduction:

SPINAL GLUTAMATERGIC N-methyl-D-aspartate (NMDA) receptordependent central
sensitization, a form of neural plasticity characterized by the responsiveness of noxious C
fibers to painful stimulation, may be dynamically enhanced following injury or inflammation
and is the neural basis for hyperalgesia and allodynia. The NMDA receptor is made up of
NR1-3 subunits. The NR2 subunit defines the electrophysiological properties essential for
NMDA-dependent neural plasticity. Four genes encoding NR2 subunits, i.e., NR2A-D
subunits, have been cloned. Evidence has revealed that NR2A- and NR2B-containing NMDA
receptors play crucial roles in the induction of neural plasticity.

Laterohypothalamic glucose-sensitive neurons, which produce orexin, orexin-A and orexin-B,
have been implicated in body mass regulation. Orexin exhibits physiological functions by
activating G protein-coupled orexin receptor-1 (OX-1) and OX-2, which are widely
distributed in the central nervous system. Hypothalamic orexinergic fibers not only project to
brain areas but also directly to the spinal cord. Although the relevance has yet to be
established, electrophysiological studies suggest that orexinergic fibers descending to the
dorsal horn might modulate pain processing. Electrophysiological studies suggest that
orexin-A may increase NR2A-containing NMDA receptors to inhibit the NMDAmediated
EPSC (excitatory postsynaptic current) or modulate trafficking of NR2A/NR2B-containing
NMDA receptors and, therefore, attenuate the induction of the NMDA-dependent form of
neural plasticity.

Recently, our laboratory has reported the spinal reflex potentiation (SRP), a novel
activity-dependent reflex potentiation that shares the glutamatergic NMDA receptordependent
mechanism with spinal central sensitization. However, NMDA receptor-specific orexin
modulation on SRP has not been thoroughly investigated. Therefore, we tested whether
orexin is involved in the NMDA receptor-mediated SRP and the possible receptor subunits
involved in the orexin-exhibited modulation.



MATERIALS AND METHODS

General Preparations

Animal care and experimental protocol were in accordance with the guidelines of the National
Science Council of Taiwan, and the experimental protocol was approved by the committee of
experimental animal research of Chung-Shan Medical University. All efforts were made to
minimize both animal suffering and the number of animals used throughout the experiment.
Fifty-three adult female Wistar rats weighing 180-350 g were anesthetized with urethane (1.2
o/kg ip). A PE-50 catheter (Portex, Hythe, Kent, UK) was placed in the left femoral vein for
administration of anesthetics as needed. A midline abdominal incision was made to expose
the pelvic viscera. Both ureters were ligated distally and transected proximally to the sites of
ligation. The proximal ends of the ureters drained freely within the abdominal cavity. A
wide-bore cannula was inserted into the lumen of the urinary bladder from a small incision
made on the apex of the bladder dome and was secured with cotton thread. The open end of
the cannula drained freely throughout the experiment (Fig. 1A). The right pelvic nerve was
carefully dissected from the surrounding tissues and was transected distally for stimulation.
The rats were monitored for a corneal reflex and a response to noxious stimulation to the paw
throughout the course of the experiment. If responses were present, a supplementary dose (0.4
g/kg iv) of urethane was given through the venous catheter. When the experiments were
completed, the animals were euthanized via an intravenous injection of potassium chloride
saturation solution.

Intrathecal Catheter

The occipital crest of the skull was exposed, and the atlantooccipital membrane was incised at
the midline with the tip of an 18-gauge needle. A PE-10 catheter was inserted through this slit
and passed along the dorsal surface of the spinal cord within the intrathecal space to the dorsal
intrathecal space at the L6-S1 levels of the spinal cord (Fig. 1A). The slit was then left open to
avoid accumulation of intrathecal pressure caused by the injection of agents or by flushing.
The volume of fluid within the cannula was kept constant at 10 ul in all experiments. A single
10-ul volume of drug solution was administered followed by a 10-ul flush of artificial
cerebrospinal fluid (ACSF). It takes ~2—4 s for each 10 ul of test agent or flush injections. The
location of the injection site was marked by an injection of Alcian blue (10 ul, 2%). At the
end of each experiment, a laminectomy was performed to verify the location of the cannula
tip. The volume of drug injected into the spinal cord in this experiment has been reported to
spread from 0.5 to 1.5 mm from the site of injection as described previously. The data
obtained from the experimental animals in which the cannula tip deviated by >0.5 mm from
the dorsal intrathecal surface of the L6-S1 levels of the spinal cord were excluded from the
statistical analysis.



Intraurethral Pressure Recording

In some experiments, to record the intraurethral pressure (IUP), two 4-0 nylon sutures were
placed around the bladder trigone and ligated. A wide-bore intraurethra catheter was inserted
into the urethra from the opening of the urethra. Two nylon sutures were placed above the
opening of the urethra to immobilize the intraurethra catheter. The IUP was recorded
continuously via the intraurethra catheter connected to a pressure transducer (P23 ID;
Gould-Statham, Quincy, IL), which was connected to a computer system (Biopac, MP30,
Santa Barbara, CA) through a preamplifier (Grass 7P1, Cleveland, OH).

Pelvic Nerve Stimulation

The right pelvic nerve was carefully dissected from the surrounding tissue and was transected
distally. Then the central stump of the transected nerve was mounted on a pair of bipolar
stainless steel wire electrodes for stimulation. Single shocks with pulse durations of 1 ms
were applied to the pelvic afferent nerve from a stimulator (Grass S88) through an isolation
unit (Grass SIU 5B) and a constant current unit (Grass CCU1A). Two stimulation frequencies
were used in this study. The test stimulation, which is characterized by a frequency of 1/30 Hz
for 180 min, was used for sampling baseline reflex activity because it did not result in
response facilitation. On the other hand, the repetitive stimulation, which is characterized by a
frequency of 1 Hz for 180 min, was used to induce reflex potentiation. Before the start of the
experiments, test stimulation was applied to the preparation, the intensity of the stimulation
was gradually increased, and a stimulus intensity that yielded a single spike action potential in
reflex activity was usually chosen to standardize the stimulation intensity throughout the
experiment.

Electromyogram Recording

Epoxy-coated bipolar wire electrodes (50 um; MT Giken, Tokyo, Japan) were placed
intra-abdominally. The placement of the electrodes was performed using a 30-gauge needle
with a hooked electromyogram electrode positioned at the tip (1.0 —=1.5 mm). To avoid the
external urethra sphincter activity being contaminated by the internal sphincter and to avoid
damage/obstruction in the urethra itself, the needle was inserted into the sphincter ~1-2 mm
lateral to the urethra, then withdrawn, leaving the electromyogram wire embedded in the
sphincter. The external urethra sphincter electromyogram (EUSE) activities were amplified
20,000-fold by a preamplifier (Grass P511AC) and then continuously displayed on an
oscilloscope (Tectronics TDS 3014, Wilsonville, OR) and a recording system with a sampling
rate of 20,000 Hz (MP30; Biopac, Santa Barbara, CA).

Application of Drugs
The drugs used included the following: D-2-amino-5-phosphonovalerate (APV, a
glutamatergic NMDA receptor  antagonist; 10 uM, 10 l; Sigma),



6-cyano-7-nitroquinoxaline-2,4-dione [CNQX, a glutamatergic -amino-3-hydroxy-5-methyl
-4-isoxazoleproprionate (AMPA) receptor antagonist; 10 uM, 10 ul; Sigma], glutamate (10
uM, 10 ul; Sigma), NMDA (10 uM, 10 ul; Sigma), orexin-A (an endogenous orexin receptor
agonist; 3, 10, and 30 uM, 10 ul; Sigma), N-(6,8-difluoro-2-methyl-4-quinolinyl)-N
-[4-(dimethylamino)phenyl] urea (SB-408124, a selective OX-1 antagonist; 10 uM, 10 ul;
Sigma), (2R,4S)-4-(3-phosponoproyl)-2-piperidinecarboxylic acid (PPPA, a selective NR2A
antagonist; 30, 100, and 300 nM, 10 ul; Tocris), and 4-hydroxy-1-[2-(4-hydroxyphenoxy)
ethyl]-4-(4-methylbenzyl) piperidine (Co-101244, a selective NR2B antagonist; 3, 10, and 30
nM, 10 ul; Tocris). Glutamate, NMDA, CNQX, APV, orexin-A, PPPA, and Co-101244 were
dissolved in ACSF, whereas SB-408124 was dissolved in DMSO and applied at a final
DMSO concentration of <1%. ACSF or solvent solution of identical volume to tested agents
was dispensed intrathecally to serve as the vehicle.

Experimental Protocols

The schematic diagram showing the dorsal view of the arrangement of EUSE recordings in
response to the afferent pelvic nerve stimulation is shown in Fig. 1A. The experimental
protocols were as follows.

Protocol I: test stimulation. Single shocks repeated at 30-s intervals (1/30 Hz) were applied
through the stimulation electrodes to the pelvic afferent nerve for 180 min to establish a stable
baseline reflex activity.

Protocol II: repetitive stimulation. After an equilibrium period (usually 30 min), the repetitive
stimulation (RS; 1 Hz, 180 min) with intensity identical to the test stimulation (TS) was
applied to the pelvic afferent nerve to induce SRP.

Protocol Ill: glutamatergic agonists/antagonists. After protocol 1 or Il was completed,
glutamatergic agonist, glutamate or NMDA, was tested intrathecally 150 min following TS
onset. On the other hand, glutamatergic NMDA or AMPA receptor antagonist, APV or
CNQX, was tested intrathecally 150 min following RS onset to elucidate the possible
neurotransmitters involved in SRP.

Protocol 1V: NR2A and NR2B subunit antagonists. NR2A or NR2B receptor antagonist,
PPPA or Co-101244, respectively, was tested intrathecally 120 min following RS onset to
explore the possible subunits involved in SRP induction.

Protocol V: orexin-A and OX-1 receptor antagonists. Orexin-A was administrated
intrathecally 30 min following RS onset. In the experiments, which tested the effect of OX-1
antagonist, SB-408124 was injected intrathecally before application of RS to elucidate the
possible receptors mediating orexin-A to modulate SRP.

Protocol VI: NR2A/NR2B antagonists and NMDA. PPPA and Co-101244 were injected
intrathecally 120 min following onset of RS. NMDA was tested intrathecally 150 min after
stimulation onset.

Protocol VII: orexin, NR2A/NR2B antagonists, and NMDA. Because there is, so far, no



specific NR2A- and NR2B-selective agonist available, we tested the role of NR2A and NR2B
by sequential application of orexin-A (30 min following stimulation onset), PPPA or
Co0-101244 (120 min following stimulation onset), and NMDA (150 min following
stimulation onset).

Immunohistochemistry

Immunohistochemistry was performed to assess the expression and localization of the NMDA
NR2B subunit in the lumbosacral spinal cord at L6-S1 levels. Rats receiving TS, RS, and RS
with an orexin-A injection (RS_OxA) were studied 180 min following stimulation onset.
While under deep anesthesia (halothane-O2), rats were perfused transcardially with saline
containing 100 units heparin/ml, followed by 4% paraformaldehyde in a 0.1 M phosphate
buffer (pH 7.4). Spinal segments were postfixed in 4% paraformaldehyde-0.1 M phosphate
buffer for 4-5 h at 4°C before being stored in a 0.1 M phosphate buffer at 4°C. Transverse
sections (70 _m) were initially incubated in normal serum from the species that donated the
secondary antibody, to block nonspecific binding. They were then incubated overnight at 4°C
in a rabbit anti-NR2B polyclonal antibody (Chemicon; 1:750). All sections were then
incubated in a biotinylated donkey-anti-rabbit IgG (1:200, 60 min; Chemicon), followed by
incubation for another 60 min with an avidin-biotin complex solution (ABC Elite, Vector
Laboratories; 1:50). After a single washing, sections were exposed to diaminobenzidine
tetrachloride (DAB; 0.2 mg/ml; Sigma) in the presence of 3% hydrogen peroxide (1 I/ml) to
enable visualizations of the precipitate. Then the sections were washed again and mounted
onto poly-L-lysine-coated microscope slides (BDH), air-dried, dehydrated through ascending
concentrations of alcohol, cleared in xylene (Sigma), and then mounted in DePeX (BDH). For
relative quantification of immunoreactivity, an Improvision 1.44 Image Analysis Package
(NIH) was used at a magnification of 40. Each image field was captured with the use of a
charge-coupled device video camera (Sony) mounted on a Zeiss Axioscope microscope. The
images were blank field adjusted to compensate for any artifacts in the camera apparatus. A
standardized region of interest (80- m-diameter circle) cursor was aligned and consecutively
centered on the mediolateral region of the lamina I-11. Arbitrary grey-scale units (in the range
of 1-200) were assigned to make optimal use of the range for the given sample.

Western Blotting

Animals were decapitated after the experimental procedures were finished. The dorsal half of
the spinal cord segments from L6-S1, ipsilateral to the stimulation site, was dissected, and the
amount of protein was quantified. Protein samples (20 ug) were separated on SDS-PAGE (6%)
and transferred to a nitrocellulose membrane. Membranes were blocked in 5% nonfat milk
and probed sequentially with antibodies against phosphorylated NR2B (1:1,000, Chemicon)
and an antibody against beta-actin (1:10,000, Santa Cruz). The blots were incubated with
horseradish peroxidase-conjugated antibody (1:2,000) for 1 h at room temperature and



visualized with enhanced chemiluminescence solution (5 min) followed by film exposure (2
min). Densitometric analysis of the polyvinylidene difluoride (PVDF) membranes was done
with Science Lab 2003 (Fuji).

Statistical Analysis

The reflex excitability was assayed by recording the EUSE resulting from the pelvic afferent
nerve stimulations. Since the single/oligounit recording technique used in this study can
differentiate each action potential in the reflex activity, we therefore counted the spike
number within 1 s following each shock applied instead of the integrated area under the
electromyogram activity. The responses at 1, 3, 5, 10, and 30 sand at 1, 5, 10, 15, 30, 60, 90,
120, and 180 min were then off-line analyzed and plotted as a line chart, and the evoked
activity at a specific time point was used to create the bar charts. Data from each specific time
point were averaged from three evoked events in each animal, and then the data from all the
animals in this experiment were averaged in the statistical charts. All data are presented as
mean values SE. Statistical analysis of the data was performed
by means of ANOVA. In all cases, a difference of P 0.05 was considered statistically
significant.




RESULTS

Baseline Reflex Activity and Reflex Potentiation

Initial experiments were performed in an attempt to establish a stable baseline reflex activity
and the RS-induced reflex potentiation (15, 16, 48, 49). As shown in Fig. 1C, single pulses of
pelvic afferent nerve TS (1/30 Hz, lasting for 180 min) evoked single action potentials,
whereas an RS (at the same intensity as the TS, delivered at 1 Hz, lasting for 180 min)
induced reflex potentiation in the EUSE activity. The summarized data in Fig. 1D show that
the spike number evoked by each impulse averaged from 180 min following stimulation onset
was significantly increased in RS compared with TS (P < 0.01, n = 35).

Glutamatergic Agonists and Antagonists

Next, we reexamined the role of glutamatergic neurotransmission in the induction of
RS-induced reflex potentiation by intrathecal applications of glutamate agonists or antagonists.
Because these drugs did not last for as long as 180 min, we injected these agents at 150 min
following stimulation onset to verify their effects (Fig. 1B). As shown in Fig. 1C, single
pulses of TS on the afferent nerve evoked single action potentials in the EUSE. Intrathecal
administration of both glutamate (TS+GLU, 100 uM, 10 ul) and NMDA (TS+NMDA, 100
uM, 10 ul) at 150 min following stimulation onset induced a longer-lasting potentiation in the
reflex activity. On the other hand, pelvic afferent nerve RS produced a long-lasting reflex
potentiation. Intrathecal administration of both CNQX (RS+CNQX, 100 uM, 10 ul) and APV
(RS+APV, 100 uM, 10 ul) at 150 min following stimulation onset inhibited the RS-induced
reflex potentiation. The summarized data in Fig. 1D show that intrathecal glutamate and
NMDA both significantly increased the spike number evoked by each pulse averaged from
180 min following the stimulation onset when compared with the TS alone (P < 0.01, n = 35).
In addition, when compared with RS, intrathecal CNQX and APV both significantly
decreased the spike numbers evoked by each stimulation (P < 0.01 to RS, n = 35).

NR2A and NR2B Antagonists

Studies have demonstrated that the subunit composition, particularly the NR2 subunits,
defines the receptor properties essential for NMDA receptors to mediate synaptic efficacy.
We evaluated the role of NR2A and NR2B in the induction of the RS-induced reflex
potentiation by intrathecal application of PPPA (30, 100, and 300 nM, 10 ul; all doses were
tested in each animal) and Co-101244 (3, 10, and 30 nM, 10 ul; all doses were tested in each
animal), NR2A and NR2B inhibitors, respectively (Fig. 2A). As shown in Fig. 2, B and C,
intrathecal PPPA slightly decreased the reflex activity evoked by the RS (RS+PPPA).
Co0-101244 also exhibited inhibition on the evoked activity (RS+Co), while the decrease in
reflex activity was more prominent than that caused by PPPA. The inhibition on the evoked
activity elicited by the RS caused by intrathecal PPPA or Co-101244 with various doses is



summarized in Fig. 2D. Intrathecal PPPA and intrathecal Co-101244 significantly decreased
the spike number evoked by each impulse averaged from 180 min following stimulation onset
when compared with RS alone (P < 0.05 and P < 0.01, n = 7 each). The decrease in spike
number caused by Co-101244 demonstrated a dose-dependent manner and was significantly
higher than the outcomes resulting from the PPPA (P < 0.05and P < 0.01, n =7).

Intrathecal Orexin-A

To elucidate the role of orexin in RS-induced reflex potentiation, we tested orexin-A
intrathecally to verify its effect. Because pilot studies have shown that intrathecal orexin-A
exhibited inhibition on the RS-induced reflex potentiation at ~30 min and obtained maximal
effects at 90 min following injection, we therefore injected orexin-A intrathecally 30 min
following the stimulation onset (Fig. 3A). While a stable baseline reflex activity with a single
action potential was evoked by the TS, RS on the pelvic afferent nerve induced potentiation in
the reflex activity. In addition, without affecting the baseline reflex activity elicited by the TS
(TS+OxA), intrathecal injection of orexin-A (30 nM, 10 ul) exhibited inhibitory effects on the
RS-induced reflex potentiation at 180 min following the RS onset (RS+OxA). To further test
the role of orexin-A, and to define the receptor mechanism involved in the inhibition
exhibited by it, we pretreated with SB-408124 (10 uM, 10 ul, it), a selective OX-1 receptor
antagonist, before the RS started. SB-408124 did not affect the RS-induced reflex potentiation
(data not shown); however, it reversed the blocking effect on the RS-induced reflex
potentiation exhibited by the orexin-A (RS+SB+OxA). Figure 3, C and D, summarizes the
mean spike numbers per stimulation evoked by the TS, TS+OxA, RS, and RS+OxA with
concentrations of 3, 10, and 30 nM as well as RS+OxA in association with SB-408124
pretreatment. Pretreatment with SB-408124 significantly reversed the blocking effect
exhibited by orexin-A on the RS-induced reflex potentiation [P < 0.01 to RS+OxA (30 nM), n
=T7].

Orexin-A and NR2A/NR2B Antagonists

The mechanism of the blocking effect of orexin-A on the RS-induced reflex potentiation was
further investigated. However, since there is, so far, no specific NR2A- and NR2B-selective
agonist available, we tested the role of NR2A and NR2B by pharmacological blockage using
NMDA NR2A or NR2B subunit antagonist. Because the effects of NR2A and NR2B
antagonists do not last as long as 120 min, which is the latency period during which
intrathecal orexin-A elicited maximal effects, we administrated these antagonists at 90 min
following orexin injection (120 min following stimulation onset), which is the latency period
during which the maximal effects of orexin-A were established. When compared, TS evoked
a baseline reflex activity with a single action potential, and RS induced a reflex potentiation
that was mildly attenuated by the NR2A receptor antagonist PPPA (RS+PPPA, 300 nM, 10 ul)
and was prominently inhibited by the NR2B subunit antagonist Co-101244 (RS+Co, 30 nM,



10 ul). Pharmacological activation of NMDA receptors by an intrathecal NMDA injection (10
uM, 10 ul) reversed the inhibition on RS-induced reflex potentiation caused by PPPA and
Co0-101244 (RS+PPPA+NMDA and RS+Co+NMDA, respectively), indicating that NMDA
may reverse the inhibitory effects exhibited by NR2A and NR2B antagonists by activating
NR2B- and NR2Acontaining NMDA receptors, respectively. Furthermore, in Fig. 4C,
co-administration of both orexin-A (30 nM, 10 I) with PPPA (RSOXAPPPA, 300 nM, 10 I)
and orexin-A with Co-101244 (RSOxACo, 30 nM, 10 I) inhibited the RS-induced reflex
potentiation. However, NMDA (10 M, 10 I) reversed the inhibitory effect exhibited by the
co-administration of orexin-A with Co-101244 (RSOXACONMDA) but not by the
coadministration of orexin-A with PPPA (RS+OxA+PPPA+NMDA). Figure 4D summarizes
the percentage of the spike numbers evoked by RS, RS+PPPA, PS+PPPA+NMDA, RS+Co,
RS+Co+NMDA, RS+OxA, RS+OxA+PPPA, RS+OxA PPPA+NMDA, RS+OxA+Co, and
RS+OxA+Co+NMDA. NMDA significantly reversed the inhibitory effect exhibited by
RS+OXA+Co but not by RS+OxA+PPPA (P < 0.01 to RS+OxA+Co, n = 7).

Immunohistochemistry

The involvement of the NR2B subunit in the orexin-mediated inhibition of the RS-induced
reflex potentiation was further investigated by immunohistochemistry studies. Figure 5 shows
the immunohistochemical location of the NR2B subunit in the superficial dorsal horn at the
L6, S1, and S2 segments, ipsilateral to the stimulation side, 180 min following stimulation
onset. When compared with TS, RS increased the NR2B immunoreactivity in the spinal
dorsal horn. This change took place selectively in the lamina I-11, ipsilateral to the stimulation
side, but not in the lamina Il or ventral horn. The mean optical density and the number of
NR2B immunoreactive neurons at the L6 level are summarized in Fig. 5, B and C. When
compared with TS, RS significantly increased the NR2B immunoactivity in both the staining
intensity and the labeling frequency. However, in rats subjected to RS+OxA (30 nM, 10 ul, it)
treatment, both the staining intensity and labeling frequency of NR2B immunoreactivity were
reduced noticeably.

Western Blotting

To confirm the role of NR2B phosphorylation in the orexinmediated inhibition of the
RS-induced reflex potentiation, spinal tissues (dorsal half of the L6-S1 level, ipsilateral to the
stimulated nerve) of rats received sham stimulation (Sham), TS, RS, RSOxA (30 nM, 10 ul),
and RS+OxA in association with pretreatment with SB-408124 injections and were harvested
at 180 min after stimulation onset for Western blot analysis. As shown in Fig. 6, A and C,
when compared with TS, RS increased the level of total and phosphorylated NR2B (tINR2B
and pNR2B, respectively); these levels had been abolished by intrathecal orexin-A. However,
such an increase in tNR2B and pNR2B levels was reversed by pretreatment with SB-408124.
The tNR2B and pNR2B levels induced by the sham stimulation, TS, RS, RS+OxA, and



RS+SB+OxA are summarized in Fig. 6, B and D (n = 4).

Changes in Intraurethra Pressure

To verify whether the modulation caused by orexin-A on the RS-induced pelvic-urethral
reflex potentiation did affect the physiological function of the urethra, we investigated the
IUP wave simultaneously with the evoked reflex activity in response to orexin-A injections.
As shown in Fig. 7A, TS evoked a baseline reflex activity with single action potentials, and it
was accompanied by a contraction wave in the IUP. RS produced potentiation in the reflex
activity; meanwhile, thecontraction wave of IUP was elongated parallel to the potentiated
reflex activity. Since the simultaneous recording was not easy technically, we correlated the
IUP contraction wave with the spike number evoked by stimulation. Figure 7B shows the
regression line between the integrated area under the ITUP wave and the spike number evoked
by each pulse of RS counted within 1 s following each pulse. The r2 of the regression line
was 0.96, indicating a good correlation between the IUP contraction and evoked reflex
activity. Intrathecal orexin-A (30 nM, 10 ul) exhibited no effect on the baseline reflex activity
and the 1IUP wave elicited by the TS (TS+OxA), while it abolished the RS-induced reflex
potentiation and elongated the IUP wave (RS+OxA). Pretreat ment with SB-408124, a
selective OX-1 antagonist, reversed the abolition of RS-induced reflex potentiation and the
elongated IUP wave caused by orexin-A (RSSBOxA). Summarized data in Fig. 7C show the
mean area under the IUP wave 1 s following each electric pulse in the TS, RS, TS+OxA,
RS+OxA, and RS+SB+OxA. Pretreatment with SB-408124 significantly reversed the
decrease caused by orexin-A in the area under the IUP wave evoked by the RS (P < 0.01 to
RS+OxA, n = 7).
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Fig. 1. Glutamate-dependent pelvic-urethral reflex potentiation. A: a schematic arrangement
of the dorsal view of the spinal cord and intraurethral pressure (IUP) and external urethra
sphincter electromyogram (EUSE) recordings in response to pelvic afferent nerve stimulation
(Stim). B: schematic diagrams showing the schedules of experiments testing glutamatergic
agonists and antagonist on the evoked activity. C: baseline reflex activity with single action
potentials was evoked by test stimulation (TS). Intrathecal glutamate (TS+GLU) and NMDA
(TS+NMDA) both induce potentiation in the reflex activity. Repetitive afferent nerve
stimulation evoked a longer-lasting reflex potentiation (RS) that was attenuated by CNQX
(RS+CNQX) and abolished by APV (RS+APV). The tracings, at left and right, show the
reflex activity at the onset of and at 180 min following the stimulation, respectively. D: mean
spike numbers (mean * SE, n = 35) evoked by each stimulation impulse averaged within 1 s
following each shock at 180 min after stimulation onset induced by TS, TS+GLU,
TS+NMDA, RS, RS+CNQX, and RS+APV. For additional abbreviation definitions, see
MATERIALS AND METHODS. **P and ##P < 0.01, significantly different from TS and RS,
respectively.
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Fig. 2. Effects of NMDA NR2A and NR2B subunit antagonists on the RS-induced reflex
potentiation. A: a schematic diagram showing the schedule of experiments testing NR2A and
NR2B subunit antagonists. B and C: sample trace obtained from one of the test animals
showing that pretreatment with PPPA (RS+PPPA) with concentrations of 30, 100, and 300
nM as well as pretreatment with Co-101244 (RS+Co) with concentrations of 3, 10, and 30 nM
attenuated the RS-induced reflex potentiation. Tracings show the reflex activity at 180 min
following stimulation onset. D: mean spike nos. (mean = SE, n = 7 each) caused by RS,
RS+PPPA, and RS+Co. For additional abbreviation definitions, see MATERIALS AND
METHODS. ##P < 0.01, significantly different from RS. ##P < 0.01, significantly different
from RS+PPPA.
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Fig. 3. Effects of orexin-A on the RS-induced reflex potentiation. A: top traces show the
schematic diagram demonstrating the schedule of experiments testing orexin-A without (left)
or with (right) SB-408124 pretreatment. TS evoked a baseline reflex activity with single
action potentials in the EUSE, while the RS induced a long-lasting reflex potentiation.
Intrathecal orexin-A (30 nM, 10 ul) exhibited no effect on the TS-evoked baseline reflex
activity, while it attenuated the RS-induced reflex potentiation (RS+OxA). An SB-408124
injection before RS onset reversed the attenuation on the reflex potentiation caused by the
orexin-A (RS+SB+0xA). Left, middle, and right tracings show the reflex activity at the onset
of and at 30 and 180 min following stimulation, respectively (1°, 30", and 180°). B: mean
spike nos. (mean * SE, n =7) averaged at 180 min following stimulation onset evoked by TS,
TS+0OxA, RS, RS+OxA, and RS+SB+0OxA. C: mean spike nos. (mean * SE, n =7) averaged
within 1 s following each shock during the stimulation period caused by TS, TS+OxA, RS,
RS+OxA, and RS+SB+OxA **P, ##P, and ++ P < 0.01, significantly different from activity
induced by TS, RS, and RS+OxA, respectively.
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Fig. 4. Effects of orexin-A and NMDA NR2A/NR2B subunit antagonists on the RS-induced
reflex potentiation. A: top traces show the schematic diagram demonstrating the schedule of
the experiments testing orexin-A, PPPA/C0-101244, and NMDA. TS evoked a baseline reflex
activity with a single action potential in the EUSE, whereas RS induced a long-lasting reflex
potentiation. Intrathecal PPPA (RS+PPPA, 300 nM, 10 ul) and Co0-101244 (RS+Co, 30 nM,
10 ul) both attenuated the RS-induced reflex potentiation. In addition, the attenuation in reflex
potentiation caused by the PPPA and Co0-101244 was reversed by an intrathecal NMDA (10
uM, 10 ul) injection (RS+PPPA+NMDA and RS+Co+NMDA, respectively). B: first tracing
shows the reflex activity at 180 min following the TS, and the second through fourth tracings
show the reflex activity at 30, 150, and 180 min following the RS onset, respectively.
Co-administration of orexin-A with PPPA (RS+OxA+PPPA) and co-administration of
orexin-A with Co-101244 (RS+OxA+Co) both abolished the RS-induced reflex potentiation.
However, NMDA reversed the abolition caused by the co-administration of orexin-A with
Co0-101244 (RS+OxA+Co+NMDA) but not orexin-A with PPPA (RS+OxA+PPPA+NMDA).
C: mean spike nos. (%RS, n = 7) within 1 s following each shock averaged at 180 min after
stimulation onset caused by RS, RS+PPPA, RS+PPPA+NMDA, RS+Co, RS+Co+NMDA,
RS+OxA, RS+OxA+PPPA+NMDA, and RS+OxA+Co+NMDA. ##P, ++P, $3P, and &&P <
0.01, significantly different from activity induced by RS, RS with intrathecal PPPA, RS,
RS+PPPA, RS+Co, RS+OxA+PPPA, and RS+OxA+Co, respectively.
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Fig. 5. Immunohistochemical analysis. A: photomicrographs showing the NR2B
immunoreactivity caused by TS, RS, and RS with orexin-A (RS+OxA 30 nM) in the L6, S1,
and S2 spinal cord superficial dorsal horn. In TS preparations, hardly any NR2B
immunoreactive neurons (indicated by arrows) were found in the dorsal horn region, whereas
in the RS group, both the staining intensity and the no. of NR2B immunoreactive neurons
were drastically upregulated in the region observed (B, E, H). Conversely, pretreated
orexin-A decreased the higher level of NR2B immunoexpression in spinal segments caused
by orexin-A. B and C: the mean (mean * SE) optical density of NR2B immunoreactivity and
no. of NR2B immunoreactive neurons in the L6 spinal cord dorsal horn in rats that received
TS, RS, and RS+OxA (30 nM). Note that RS significantly increased the NR2B
immunoexpression in both staining intensity and labeling frequency. However, in rats
subjected to RS+OxA treatment, both staining intensity and labeling frequency of NR2B
immunoreactivity reduced noticeably. Optical density of NR2B immunoreactivity correlates
well with the no. of NR2B immunoreactive neurons. *P < 0.05 compared with TS, and #P <
0.05 compared with RS (n = 7).



== actin T —. ———— (52 C tin
| r
"_. “Z
ey s Rs Rsxo, {'t’s,& " Shay TS Rg QS*OM:S‘S -
&
O,Mﬂ X« (‘?0;,@ %’.’4’} q{&oﬂ@

400

% of sham (tNR2B)

@))a’h

Fig. 6. Immunohistochemical and Western blotting analysis. A and C: representative Western
blot showing total (tNR2B, left) and phosphorylated (pPNR2B, right) NR2B expression in the
protein samples of the dorsal half of the spinal cord (L6-S1), ipsilateral to the stimulation site,
obtained from rats that had the sham operation (Sham) and TS, RS, RS+OxA (30 nM), and
RS+SB+OxA (30 nM). B and D: summarized data showinghat, when compared with pelvic
NR2B immunoreactivity, which was abolished by orexin. Intrathecal SB-408124 significantly
reversed the decrease in immunoactivity caused by the orexin *P < 0.05 compared with TS,
#P < 0.05 compared with RS, and +P < 0.05 compared with RS+OxA (n = 4).
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Fig. 7. Orexin-A abolished the elongation of the urethra contraction wave caused by the
RS-induced reflex potentiation. A: TS evoked a baseline reflex activity with a single action
potential in the EUSE in association with a contraction wave in the IUP, whereas RS induced
a long-lasting reflex potentiation with an elongated IUP contraction wave. Intrathecal
orexin-A exhibited no effect on the baseline reflex activity and the IUP wave evoked by the
TS (TS+OxA, 30 nM), while it abolished the RS-induced reflex potentiation and the
elongation of the IUP wave (RS+OxA, 30 nM). Pretreatment with SB-408124 reversed the
abolition of the RS-induced reflex potentiation and the elongated IUP wave caused by
orexin-A (RS+SB+OxA). Tracings show the reflex activity at 180 min following the
stimulation onset. B: regression line between the area under IUP wave and the spike no.
evoked by each pulse. The r2 of the regression line was 0.96. C: mean IUP contraction
intensity (mean * SE, n = 7) estimated by the area under the IUP wave 1 s following each
electric shock in TS, RS, TS+OxA, RS+OxA, RS+SB, and RS+SB+OxA. Pretreatment with
SB-408124 significantly reversed the decrease caused by orexin-A in the area under the IUP
curve evoked by the RS. **P, ##P, and ++P < 0.01 compared with TS, RS, and RS+OxA,
respectively (n =7).



DISCUSSION

The dynamic regulation of reflex strength by ongoing neural activities is one of the
fundamental components of central nervous system functions. In vivo studies have
demonstrated that NMDA-dependent neurotransmission underlies activity-dependent SRP,
and, so far, there is no other control point for SRP induction. The subunit composition of the
NMDA receptor defines the receptor properties essential for the NMDA-dependent
enhancement in synaptic activity. Particularly crucial are the NR2 subunits, which set the
voltage dependence of the pore Mg2+ block and the time course of the NMDA receptor
current. In the present study, pharmacological blockage using both NMDA NR2A and NR2B
subunit antagonists inhibited the RS-induced SRP. Moreover, the inhibition of evoked activity
exhibited by the NR2B antagonist was statistically higher than that of the NR2A antagonist.
These data indicate that both NR2A and NR2B subunits are involved in the RS-induced SRP,
and that NR2B seems to play a more crucial role in the induction of activity dependent SRP.
This proposal is further supported by immunohistochemical experiments in this study that
demonstrated that the RS significantly increased the expression of NR2B in the lamina I-11 of
the lumbosacral spinal cord. Our results concur with a recent study that investigated
NMDA-dependent long-term potentiation (LTP) and reported that NR2B subunits played a
distinct role in receptor endocytosis, which appears to be critical for the expression of
enhancement in  synaptic efficacy. In addition, pharmacological blockage of NR2B subunits
in spinalized animal preparations has also been shown to attenuate wind-up, a spinal model of
the development of central sensitization. However, a truly selective role of NR2B subunits in
central sensitization, that is, spinal activity-dependent reflex potentiation, may be
questionable. Following the induction of peripheral inflammation by injection of carrageenan
to the hind paw or nerve injury pain by partial sciatic nerve ligation, the NR1 subunit was
found to be phosphorylated on serine residues, while the NR2B expression was repressed in
the rat spinal cord. These results raise the question of whether NR2B subunits contribute to
spinal central sensitization. However, the data present in this study at least in part demonstrate
that the phosphorylation of NR2B subunit plays a relatively dominant role in the induction of
activity-dependent SRP at the spinal cord level.

Glucose-sensitive neurons in the lateral hypothalamic area produce orexin and send their
axons not only to the brain area but also to the spinal dorsal horn, the area mediating
nociception processing. An immunohistological study has shown that the dorsal horn area,
which or the traditional roles in ingestion, metabolism, and learning, orexin may also have
physiological relevance in the descending control of spinal afferent impulses triggering
autonomic or somatic reflex activity underlying hypergesia or allodynia. This implication is
supported by recent investigations on orexin projection, showing long descending orexinergic
axonal terminals coming from the lateral hypothalamic area, innervating the superficial dorsal



horn (lamina | and 1) of the spinal cord levels from the cervical to sacral segments. In
addition, whole cell recording of the superficial dorsal horn neuron has demonstrated that
orexin increases the spontaneous inhibitory postsynaptic current in dorsal horn neurons,
indicating that electric properties of the dorsal horn neuron may be affected by orexin.

The mechanism of how orexin modulates activity-dependent reflex potentiation is still unclear.
It has been suggested that orexin regulates NMDA receptor trafficking via a G proteincoupled
receptor. An in vitro study has demonstrated that orexin-A induces potentiation of
NMDA-mediated neurotransmission in the ventral tegmentum area via a PLC/PKC-dependent
insertion of the NMDA receptor. Pharmacological blockage of the NMDA receptor abolishes
the excitatory effect caused by orexin-A. In the present study, an intratheca
NMDA injection reversed the attenuation on RS-induced SRP caused by NR2A and NR2B
subunit antagonists, indicating that NMDA may reverse the inhibition by pharmacological
activation of NR2B and NR2A subunits containing the NMDA receptor, respectively.
However, in experiments where orexin-A was co-administrated with NR2A or NR2B
antagonists, NMDA reversed the co-administration of orexin-A with NR2B but not with the
NR2A antagonist. In the co-administration of orexin-A with NR2B antagonist, where the
NR2B subunit was blocked by Co0-101244, the subunit that was activated by the NMDA to
restore SRP should have been NR2A, indicating that orexin-A did not block the NR2A
subunit. On the contrary, NMDA failed to restore the SRP when there was a coadministration
of orexin-A with the NR2A antagonist. Since the NR2A subunit was blocked by PPPA, the
activity of NR2B should have been abolished by orexin-A. Therefore, we suggest that
orexin-A may exhibit its effects on the RS-induced SRP by inhibiting the NR2B subunit. This
proposal is supported by other investigations that suggest the alternation of the ratio of
NR2A/NR2B-containing NMDA receptors underlies the orexin-mediated modulation on LTP,
another well-known enhancement in synaptic efficacy. However, further investigation is
warranted on the detailed mechanisms involved in the orexinergic inhibition on SRP.

Although the relevance of orexin in the spinal cord is still in question, studies investigating
the role of orexin in pain modulation have demonstrated that orexin may attenuate headaches
as well as trigeminovascular, neuropathetic, and postoperative pain. When compared with
somatic pain, the complex mechanisms and pathways that contribute to the pathophysiology
of visceral pain make it difficult for clinicians to treat patients. Since the RS-induced SRP,
characterized by a progressive increase in responsiveness to afferent input, is quite similar to
the central sensitization underlying postinflammatory hypergesia and tactile allodynia, we
suggest that the descending orexingenic fibers on the spinal dorsal horn may play roles in
processing visceral pain of pelvic origin by affecting the activity-dependent SRP and urethra
dysynergia, hich is commonly seen in patients with interstitial cystitis. The orexinergic
inhibition of SRP provides an extension to the clinical situation, in which a variety of novel



targets for therapy for pelvic pain or a hyperactive urethra are now available.

The results in this study suggest that RS-induced SRP may share a glutamate
NMDA-dependent neurotransmission similar to the well-investigated LTP. However, there
are some obvious differences between LTP and the SRP present in this study. First, LTP is
induced by high-frequency tetanic afferent input that is usually beyond 100 Hz, whereas a
low-frequency stimulation paradigm (of 1 Hz) was used in this study. In addition, LTP lasts
for hours after tetanization, whereas SRP decays shortly after RS cessation. In our
unpublished data, the evoked activity usually recovered to the base- line level within 1 min,
even if the afferent fiber was continuously stimulated with the TS following the RS offset.
Furthermore, LTP applies to an increment in a single synaptic efficacy, which is typically
measured by a synaptic potential rather than by action potentials, which were recorded in this
study to reflect a reflex reactivity, not a monosynaptic event. Therefore, we suggest the
possibility that SPR, which was inhibited by descending orexinergic innervation in the present
study, is not an “LTP-like” synaptic transmission. It was noted that the SRP in this study was
characterized by a gradual increase in the evoked activity following the stimulation onset.
This phenomenon is similar to another well-known reflex potentiation occurring in the wide
dynamic neuron in the spinal cord called wind-up. We infer that there must be some common
characteristic between wind-up and SRP. However, windup, which presumably underlies
postinflammatory hyperalgesia and tactile allodynia, is caused by the repetitive activation of
nociceptive C fibers, while mechanical distension in the urinary bladder within the
physiological range might be induced by SRP, indicating that the afferent fibersinvolved in
these two phenomena seem to be different. In addition, wind-up is the enhancement in the
responsiveness of sensory neurons, whereas SRP is the potentiation of a spinal integrated
reflex activity that is recorded in the efferent pathway and the target of the reflex activity.
These differences suggest that there are some substantial differences between SRP and the
wind-up phenomenon. On the other hand, animal studies investigating the muscle spasticity
caused by a high level spinal cord injury demonstrated an enhancement in the motoneuronal
after-discharges in chronic sacral spinal cord transected preparations. Whether the SRP
presented in this study correlates with the pathological enhancement in spinal reflex activity is
an interesting topic that requires further investigation.

In summary, the results of this study imply that orexin, in addition to its traditional role in
ingestion, metabolism, and learning, may also have physiological and pathological relevance
in the descending control of spinal afferent impulses triggering autonomic reflex activity
underlying hypergesia or allodynia.
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