Int J Clin Exp Med 2014;7(10):3467-3472
www.ijcem.com /ISSN:1940-5901/1JCEM0001986

Original Article

Ovariectomy modulation of morphine analgesia

of neuropathic pain is associated with the change of
K*-CI cotransporter 2 protein level in spinal dorsal horn

Weijun Shen®*, Liang Shen?*, Guogiang Chen?, Fen Wang?, Cheng Li%, Fuging Lin?, Xiaohu Yang?, Shukun Fu?!

1Department of Anesthesiology, Shanghai Tenth People’s Hospital, School of Medicine, Tongji University, Shanghai
200072, China; ?Department of Anesthesiology, Ruijin Hospital Luwan Branch, School of Medicine, Shanghai
Jiaotong University, Shanghai 200020, China. *Equal contributors.

Received August 19, 2014; Accepted September 20, 2014; Epub October 15, 2014; Published October 30, 2014

Abstract: Sex differences in opioid analgesia have been confirmed both in clinical and experimental studies. Gonadal
hormones (estrogens in particular) have a great role in this process. However, the mechanisms that underlie these
sex differences are not very clear. In this study, we used K*-CI cotransporter 2 (KCC2) as a molecule target to inves-
tigate the mechanism underlying the phenomenon. Sprague-Dawley rats were randomly assigned to ovariectomy
(OVX)+morphine group, OVX+Saline group, sham surgery (OVX-sham)+morphine group and OVX-sham+saline group.
All the rats received SNI surgery three weeks after ovariectomy. We used von Frey values as a sign of neuropathic
pain. On PO day 14, 1 ug morphine or the vehicle saline was administered intrathecally via a PE-10 catheter formerly
implanted. Hindpaw withdrawal threshold was determined before and 30, 60, 90, 120, 150, 180 min after drugs
injection. The L4-L5 segments of the spinal cord were removed and immunoblotted for KCC2 protein at the time of
2 and 3 h after drugs administration. We find that ovariectomy can regulate the sensitivity to morphine analgesia of
neuropathic pain and KCC2 protein level will change in the spinal dorsal horn.
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Introduction gesting that estrogen can modulate opioid
activity [7]. Behavioral studies have also proved
that estradiol (E2) dose- and time-dependently
reduced morphine-induced antinociception

compared with ovariectomized (OVX) rats [8].

Opioids are considered the gold standard for
post-operative and many other forms of severe
pain [1-3]. Although the efficacy of opioids for
neuropathic pain remains controversial [4, 5],
many experiments have indicated that intrathe-
cal injection of morphine can produce remark-
able antiallodynic effect on neuropathic pain.
Clinical studies suggest that women require
more morphine than men to achieve an identi-
cal degree of analgesia after surgical proce-
dures [6]. These sex differences in morphine
analgesia can be attributed to multiple factors,
from hormones and genes to socio-culture and

Outwardly directed K*-CI- cotransporter 2 (KC-
C2) is expressed in spinal cords and function to
regulate intracellular CI- concentration [9, 10].
Decreased expression of KCC2 results in a shift
of the transmembrane anion gradient such that
GABA binding to post-synaptic GABA-A recep-
tors no longer causes an influx of chloride ions
and membrane hyperpolarization, but rather an

environment. Gonadal hormones, especially
estrogens, have been indicated as the major
determinants of the differences. A growing
body of evidence suggests estrogens may mod-
ulate opioid receptor activity and therefore con-
tribute to sex differences in opioid analgesia. In
the spinal cord, many enkephalinergic neurons
co-express estrogen receptor-alpha (ERx), sug-

outflow of chloride ions and subsequent depo-
larization [11]. A large amount of evidence sug-
gests that changes of KCC2 expression play an
important role in inflammatory and neuropathic
pain [12-14]. Our hypothesis is that ovariectomy
modulation of morphine analgesia in neuro-
pathic pain is via changing the level of KCC2
protein in spinal dorsal horn.
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Materials and methods
Animals

Female Sprague-Dawley rats weighing 180-
200 g (180 to 200 g at the time of ovariecto-
my; approximately 250 to 280 g at the time of
experiment) were used. Rats were placed in
plastic cages with sawdust bedding and were
maintained in a climate-controlled room under
a 12 h-12 h light-dark cycle with food and water
available ad libitum and were housed for a mini-
mum of one-week prior to use. Particular efforts
were made to minimize animal suffering and to
reduce the number of animals used. All animal
experiments were performed in accordance
with the national legislation, and with the
National Institutes of Health Guide regarding
the care and use of animals for experimental
procedures. Rats were randomly assigned to
either sham operation (OVX-sham, n=13) or
bilateral ovariectomy (OVX, n=13). On the first
day of the research, ovariectomies were per-
formed under sodium pentobarbital anesthesia
(50 mg/kg i.p.) The ovaries were removed
through bilateral incisions in the dorsal flank.
For sham surgery, the ovaries were exposed
but not removed. Ovariectomized animals were
further divided into 2 groups: OVX given mor-
phine (OVX+morphine, n=7), OVX given saline
(OVX+saline, n=6). And the rats with sham
operation were further divided into 2 groups
too: OVX-sham given morphine (OVX-sham+
morphine, n=7), OVX given saline (OVX-sham
+saline, n=6).

Intrathecal catheterization

The method for intrathecal catheterization is
modified from that previously reported. Briefly,
14 days after the OVX or OVX-sham surgeries,
all rats were anesthetized with sodium pento-
barbital (50 mg/kg, i.p.). A 15-20 mm longitudi-
nal incision was made through the skin right on
the dorsal midline and 20-25 mm upper to a
line between the two anterior iliac spines. With
the L4 processus spinosus removed, a 20
gauge needle was used to prick a hole in liga-
menta flava, and a PE-10 catheter (length, 19
cm) was inserted through the hole and between
the L3 and L4 vertebra into the intrathecal
space with 2 cm. The correct intrathecal local-
ization was confirmed by a tail flick or a paw
retraction. The catheter was tied in a loose knot
and sutured on the back under the skin. The
external end of the tube was passed subcuta-
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neously and secured to the back of the neck.
The external end of the tube was closed by
plug. 5 days after the PE-10 tube was implant-
ed, 10 pL lidocaine (2%) was administered to
confirm whether the catheter was in the correct
position. Lidocaine induces a transient paraly-
sis of the hind paws when injected into the lum-
bar enlargement; if paralysis did not occur with-
in 30 seconds, data from the rat were excluded
from the study.

Spared nerve injury

Three weeks after OVX or OVX-sham surgeries,
a SNI of the common sciatic nerve was per-
formed on all rats according to the method
described by Decosterd and Woolf [15]. Briefly,
rats were anesthetized with sodium pentobar-
bital (50 mg/kg, i.p.) for surgery, the common
peroneal and tibial branches of the left sciatic
nerve were ligated with 5.0 silk sutures and
transected, leaving the sural nerve intact. A 2
mm portion of the nerve was removed. Muscle
and skin were sutured in two distinct layers.
Rats were used for experiments only when the
left hind paw withdrawal threshold less than
1.0 g in response to von Frey filaments stimula-
tion on PO day 4. In rats matching these crite-
ria, it was considered that the mechanical allo-
dynia was produced.

Drug administration

Two weeks after SNI, rats were gently under
restraint, and a 10 uL microsyringe was insert-
ed into the PE-10 catheter about 1 mm after
the plug was removed. Drug dissolved in nor-
mal saline were then slowly infused into the
tube within 60 s and the microsyringe was left
in place for an additional 15 s to minimize the
drug solution flowing back into the injector
track. Drug used in this study was morphine (1
pg in 10 pl saline with 7 pL saline flush). The
same volume of 0.9% saline was injected in
control groups (OVX given saline and OVX-sham
given saline).

Behavioral measures

In the present study, mechanical allodynia rath-
er than thermal hyperalgesia was used as index
of the nociceptive responses, because it was
more constant in SNI model. The hind paw with-
drawal threshold was tested blindly by an
experimenter one day before SNI surgery, and
the rats with von Frey values below 8.0 g were
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Table 1. The rat hind paw withdrawal threshold responded to von Frey

filaments at each time point (g, X+Sy)

in the homogenates was
determined with a comer-

cially available kit (Prod,

Time OVX group OVXcsham group #23236). The homogena-
OVX+M OVX+S OVX-sham+M OOVX-sham+S ’ )

P.0.D.-1 15.00+0.00 14.17+0.83 15.000+0.00 15.00+0.00 tes were boiled and the

proteins separated by S-
P.0.D.4 0.35+0.08 0.45+0.13 0.31+0.08  0.35%0.07 DS-PAGE electrophoresis
P.0.D.14 0.17£0.04 0.16£0.05 0.20%0.05 0.17+£0.05 (10 pg of total protein per
Afterinjection 30 min  8.29+0.52 0.35+0.07° 9.29+1.08  0.31+0.07* well), and transferred onto
60 min 15.00£0.00 0.30+0.08" 15.00+0.00 0.21+0.06"  PVDF membranes (Milli-
90 min 15.00+0.00 0.31+0.07* 14.29+0.71  0.39+0.08* pore corporation). The me-
120 min 13.57+0.92 0.19+0.05" 10.14+0.88* 0.23+0.06*  Mbranes were placed in a
150 min 11.25+1.25 0.31#0.15° 6.00+1.41% 0241008  Plocking solution (Tris-bu-
180 min 8504096 013+003° 3.5040.50¢ 021+010+ Hered saline containing

0.1% Tween and 10% non-

Note: Compared with OVX+M group at the same time point: “P < 0.01; compared with
OVX-sham+M group at the same time point: *P < 0.01; compared with OVX+M group at

the same time point: P < 0.01.

obviated from subsequence procedures. And
this threshold in response to mechanical stimu-
lation (von Frey filaments) was measured again
before and 30, 60, 90, 120, 150, 180 min after
drug or saline administration on PO day 14. The
rat was placed in transparent plastic box
(280%x250%x210 mm) with a metal wire mesh
floor that allowed full access to the paws from
underneath. The plantar side of the paw ipsilat-
eral to the surgery was stimulated with calibrat-
ed von Frey monofilaments. Monofilaments
were perpendicularly applied to the glabrous
skin with sufficient force to cause filament
bending. The threshold was taken as the lowest
force that evoked a brisk withdrawal response
to two of ten repetitive stimuli, and no further
monofilaments were applied. In the cases
where continuous negative responses were
observed all the way out to the end of the stim-
ulus spectrum, values 15.0 g were assigned.
120 and 180 min after drug or saline injection,
rats were deeply anesthetized by sodium pen-
tobarbital, and the L4-L5 segments of the spi-
nal cord were removed and immunoblotted for
KCC2 protein [16].

Western blot

The collected ipsilateral spinal dorsal horn
quadrants to SNI were homogenized in a pro-
tein extraction reagent and centrifuged at
14000 rpm for 20 min at 4°C. The protein
extraction reagent contains inhibitors (to 1 ml
protein extraction reagent, add 5 pl protease
inhibitor cocktail, 5 pl PMSF, and 5 pl phospha-
tase cocktail; Kangchen). Total protein content
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fat dry milk)at room tem-
perature(22-25°C) for 2 h,
and incubated overnight in
primary antibodies to KC-
C2 (1:1000; Chemicon), or
GAPDH (1:20000; Kang-chen) at room temper-
ature for 2 h. The membranes were washed
with Tris-buffered saline containing 0.1% Tween
and incubation in appropriate peroxidase-con-
jugated anti-rabbit 1gG (1:2000; Cell Signaling)
for 1 h, and washing again, the proteins of inter-
est were detected by chemiluminescence.
Protein levels were estimated from optical den-
sity measurements of scanned images of the
respective bands using Image Pro Plus 5.1.

Statistical analysis

All values were presented as meanzSEM.
Differences in drug effects among groups were
tested statistically by two-way repeated mea-
sures of analysis of variance (two-way RM
ANOVA) with a post hoc multiple comparison
(Bonferroni t test) for analysis of the differenc-
es in entire observation time or at each time
point among different groups, and Mann-
Whitney rank sum test was applied where nec-
essary. In the Western blot study, one-way
ANOVA followed by Levene’s post hoc test was
used to test the differences both within and
between groups. A P value < 0.05 was consid-
ered to indicate statistical significance.

Results

Effects of ovariectomy on morphine analgesia
of SNI-evoked allodynia

Before the drugs were administered, the base-
line withdrawal thresholds had been deter-
mined using von Frey hairs, and there was no
significant difference between each group, so
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Figure 1. The effects of intrathecal 1 yg morphine on the withdrawal threshold to

both OVX+morphine group
and OVX-sham+morphine
group across times, com-
pared with their corres-
ponding vehicle control gr-
oup (OVX+saline group or
OVX-sham+saline group),
and there was significant
difference of the paw with-
drawal threshold between
this two groups 120, 150
and 180 min after mor-
phine microinjection. Whe-
reas, there was no signifi-
cant difference of the paw
withdrawal threshold bet-
ween OVX+saline group
and OVX-sham+saline gro-

—a— OVX+M
-+=QVX+S
--8- OV X-sham+M
-A- OVX-sham+S

SNI in OVX and OVX-sham rats. **P < 0.01 compared with OVX-sham+morphine ~ UP across times (Figure 1).
group at those time points. (Post hoc Bonferroni t test). The withdrawal thresholds

have significant difference between morphine-treated groups (OVX+morphineand ~ Western blot of KCC2 in
OVX-sham+morphine group) and their vehicle control group (OVX+saline group or  spinal dorsal horn

OVX-sham+saline group) after drug injection.
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At the time of 2 h and 3 h
after morphine injection,
the expression of KCC2
protein in OVX-sham+mor-
phine group was signifi-
cantly lower than that in
OVX+morphine group. And
the expression of KCC2
protein was remarkably
decreased at 3 h after mo-
rphine injection, compared
with 2 h within each mor-
phine-treated group. Wh-
ereas there was no statisti-
cal difference of KCC2 pro-
tein level between OVX+
saline and OVX-sham+sa-
line group (Figure 2).

Figure 2. Ovariectomy enhances the analgesic potency of morphine associat-
ed with KCC2 protein level change in ipsilateral dorsal horn to SNI. *P < 0.01 Discussion
compared with OVX+morphine group, at 2 h and 3 h. P < 0.05 compared

with the some group. P < 0.05 compared with OVX+S group. OVX+M means
OVX+morphine group; OVX-sham+M means OVX-sham+morphine group; OVX+S
means OVX+saline group; and OVX-sham+S means OVX-sham+saline group.

the baseline data were pooled for comparison.
The von Frey values on PO day -1 (one day
before SNI), PO day 4 and PO day 14 (time pre-
injection) were 14.81+0.19 g, 0.36+0.04 g and
0.18+0.02 g respectively (Table 1).

Intrathecal injection of 1 pg morphine remark-
able increased the paw withdrawal threshold in
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The present study demon-
strates that the analgesic
effect of intrathecal injec-
tion of morphine in a neu-
ropathic pain model is gonadal hormones
(estrogens in particular) dependent. Further-
more, our experiment suggests that this phe-
nomenon is mediated by changing KCC2 ex-
pression in the spinal dorsal horn.

Sex differences in pain have been confirmed
both in clinical and experimental studies [17-

Int J Clin Exp Med 2014;7(10):3467-3472



Ovariectomy with the K*-ClI- cotransporter 2 protein level

20]. Gonadal hormones, especially the female
gonadal hormones, have been indicated as the
major determinants of the differences. Many
previous studies have indicated ovariectomy
could decrease nociception to noxious stimula-
tion, compared with intact female rats, and
estradiol replacement in OVX rats could reverse
it [21]. Furthermore, previous studies have
shown a sex difference in the analgesic poten-
cy of morphine to nociceptive stimuli and estra-
diol had a tendency to decrease opioid antino-
ciception, suggesting a modulatory effect of
estradiol on the analgesic potency of morphine
[22]. Our current study reveals that compared
with the intact female rats, ovariectomy can
enhance the analgesic potency of morphine at
the time of effect fadeaway in SNI, a neuropath-
ic pain model, on PO day 14. However, the
baseline response to innocuous mechanical
von Frey hair stimulation has no statistical dif-
ference between OVX and intact female rats
across times.

The current study also examined the role of
KCC2 in modulating morphine’s efficacy on
chronic neuropathic pain following SNI in OVX
and OVX-sham rats. Many experiments have
shown that reduced expression of KCC2 pro-
tein contributed to the reverse of GABA-A inhibi-
tory to nociception. Moreover, inhibition of
KCC2 activity in vivo reduces mechanical and
thermal nociceptive thresholds in control, and
uninjured animals [23]. All of this evidence sug-
gests KCC2 plays an important role in neuronal
excitability and pain signaling. Immunoblotting
showed a significant down-regulation of KCC2
protein in spinal dorsal horn 2 h and 3 h after
intrathecal injection of morphine in intact
female rats, compared with OVX rats. And the
expression of KCC2 protein had a significant
difference within each morphine-treated group
at the same time. This was in line with our
behavioral result. However, the paw withdrawal
threshold of morphine-treated intact female
rats was much higher than it of saline-treated
intact female rats, but we have seen the con-
verse results in western blot of KCC2 protein.
The reason underlying this phenomenon was
quite confusing. It looked as if the difference of
KCC2 level was not matching the behavioral
manifestation very much. Furthermore, a
recent study reported that a decrease in
expression of KCC2 in the spinal dorsal horn
accompanied the initial stage of formalin-
evoked hyperalgesia [24]. And another experi-
ment show that the expression level of KCC2
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would recover 7 days after CCl (a neuropathic
pain model similar to SNI) [25]. In consideration
of our experiment condition (rats were adminis-
tered with drugs and killed 14 days after SNI),
We surmise KCC2 may be only an important
early step in the transition from normal to
pathophysiological processing, The rapid down-
regulation of KCC2 could quickly cause a loss
of the all important GABA inhibition before
slower but more permanent changes in the
overall circuitry can take place. And it will come
back to the normal level after the early stage of
pain process. To further address the phenom-
enon, we need more investigations to find out
the underlying mechanism.

In conclusion, our findings suggest that ovariec-
tomy enhances the analgesic potency of mor-
phine by modulating the expression level of
KCC2 protein in ipsilateral dorsal horn to SNI.
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