ENDOGENOUS GONADAL HORMONES REGULATE FEMALES’ BEHAVIORAL RESPONSES
TO FORMALIN THROUGH PROSTAGLANDIN E2 RELEASE

Introduction: This study aimed to determine if
endogenous gonadal hormones affect the
intracellular mechanisms in the spinal cord
that control inflammatory pain responses.

Methods: We analyzed behavioral responses
to, and changes in, serum levels of prostaglan-
din E2, estradiol, progesterone, and cortico-
sterone after administration of 5% formalin in
intact and ovariectomized (OVX) female rats.

Results: OVX females displayed significantly
more flinching than did intact females during
Phase |, and after formalin administration their
corticosterone levels were significantly lower.
No differences were seen across COX-1 and
COX-2 protein expression in the spinal cord of
either naive or formalin-treated rats. However,
subsequent to formalin a main effect of
gonadectomy was seen in prostaglandin E2
levels; OVX animals had significantly lower
prostaglandin E2 levels than intact animals.

Conclusions: These results indicate that in
female rats nociceptive responses to formalin
are regulated through the levels of prostaglan-
din E2, an important mediator in inflamma-
tion, whereas protein levels of COX-1 and
COX-2 play a more limited role. (Ethn Dis.
2010;20[Suppl 1]1:51-55-51-59)
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INTRODUCTION

Sex differences in responses to
inflammatory pain have been attributed
to gonadal hormone effects that are
most evident during fluctuations in pain
sensitivity across the female estrous cycle
and after gonadectomy.l’G Although the
role of endogenous hormones in acute
pain responses has been extensively
studied and reviewed in the literature,
the few studies that have examined the
role of endogenous hormones during
inflammatory and chronic pain have not
always been consistent. Ovariectomy
had no effect on behavioral responses
to 2% formalin during Phase I and L4
but it significantly increased subject’s
time spent licking its injected paw after
10% formalin.> On the other hand,
ovariectomy decreased thermal hyperal-
gesia after exposure to capsaicin.”

Prostaglandins, especially prosta-
glandin E2 (PGE2), are important
mediators of inflammatory responses
in that after a nociceptive stimulus they
are released at the site of injury.'”
Moreover, PGE2 levels closely follow
formalin-induced behavioral responses.8
Cyclooxygenase (COX) is the rate-
limiting enzyme involved in prostaglan-
din metabolism during inflammatory
responses.’” Both isoforms of COX
(COX-1 and COX-2) mediate respons-
es to inflammatory stimuli including
formalin administration.'” For example,
indomethacin (a nonselective COX-1
and COX-2 inhibitor), diclofenac and
FR122047 (selective COX-1 inhibi-
tors), and celecoxib (a selective COX-2
inhibitor) attenuate flinching responses
after formalin administration.'®'® Fur-
thermore, it has been postulated that
anti-inflammatory responses after in-
flammatory stimuli involve the activa-
tion of COX enzymes by corticosterone,
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an inhibitor that in turn decreases
PGE2 release. The aim of this study
was to determine if gonadal hormones
contribute to the reported sex differenc-
es in response to inflammatory pain
through endogenous differences in
COX activation, COX protein levels,
and/or release of prostaglandins.

METHODS

Animals

Eight-week-old intact and ovariec-
tomized (OVX) female Sprague-Dawley
rats were purchased from Taconic
(Germantown, NY). Rats were double-
housed with a 12-hour light/12-hour
dark cycle (lights on 8 AM) with food
and water ad libitum. Animals were
randomly assigned to experimental
groups (n=8-10 per group) and run
in two separate cohorts. Animal care was
in accordance with the Guide for the
Care and Use of Laboratory Animals
(NIH Publication 85-23, Bethesda,
MD) and approved by the Institutional
Animal Care and Use Committee at
Hunter College of The City University
of New York. All chemicals, unless
otherwise stated, were purchased from

Sigma Aldrich (St. Louis, MO).

Nociceptive Testing

An automated nociceptive analyzer
was used to determine overall behavioral
activity after formalin administration as
defined by—all movement of the hind
paw including flinches, paw licks and
any other motion.'” Prior to formalin
injection, a soft metal band was placed
on the right hind paw with the opening
positioned at the plantar surface of the
paw as previously described.”'®'" The
formalin assay was always carried out

between 9:00 AM and 3:00 PM. Rats
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were placed inside the testing chamber
for a total of 30 minutes before the
formalin injection to minimize novelty
of the testing environment and the
band. Five percent formalin was inject-
ed intra-plantar on the banded right
hind paw in a volume of 50 pL. Rats
were then returned to the testing
chamber, and data were collected at 1-
minute intervals for a total of 60 min-
utes.

Radioimmunoassay and
Enzyme Immunoassay

Sixty minutes after formalin injec-
tion rats were sacrificed by decapitation,
after a brief exposure to CO, (20 sec-
onds), and trunk blood was collected,
centrifuged (3,000 RPM for 30 minutes
at 4°C), and stored at —80°C. Serum
was analyzed using Coat-A-Count ra-
dioimmunoassay kits for corticosterone,
progesterone, and estradiol (Diagnostic
Products Corporation, Los Angeles,
CA).

PGE2 concentration with use of an

Serum was also analyzed for

enzyme immunoassay kit from Cayman
Chemical (Ann Arbor, MI). Results for
these assays were determined by means
of a log-logit analysis within GraphPad
Prism Software (San Diego, CA). Intra-
assay coefficients of variation averaged
10.0% = 1.0%.

Western Blots

After decapitation of the rats, the
lumbosacral region of their spinal cords
was rapidly dissected and stored at
—80°C until use. Protein levels of
COX-1 and COX-2 were analyzed
using Western blot techniques as previ-
ously described.” Briefly, 30 pg of
protein samples were resolved in gradi-
ent SDS-PAGE gels (4%-15%) and
transferred to nitrocellulose membranes.
Membranes were then blocked with 5%
nonfat dry milk for 30 minutes and
incubated with COX-1 or COX-2
antibodies (1:1000; Cayman Chemical,
Ann Arbor, MI) for 1 hour at room
temperature or overnight at 4°C, re-
spectively. After washing in TBST,
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Fig 1. (A) Total sum number of flinches (=SEM) across phase I (0-9 min) and phase
Il (10-60 min) in intact and OVX female rats after 5% formalin administration (n=8/
group). (B) Formalin-induced responses across time (n=8/group). (C) COX1-COX2
protein levels in the spinal cord in intact and OVX female rats, basal and after 5%
formalin administration (n=4/group). COX-1 and COX-2 protein levels are plotted as
the ratio of protein levels over a-tubulin levels across treatment groups. (D)Typical
immunoband. *Denotes significant difference to respective control (P<.05). [For:
formalin; OVX: ovariectomized; Int: intact.]

membranes were incubated with appro-
priate secondary antibodies (1:1000) for
1 hour at room temperature. Band
intensities were detected with an en-
hanced chemiluminescence kit from
Amersham (Piscataway, NJ) and quan-
tified with a Molecular Dynamic Com-
puter Densitometer and Image Quant
Program. o-tubulin antibody (1:1000;
Sigma Aldrich, St. Louis, MO) was used

to normalize protein concentrations.

STATISTICS

Consistent with Yaksh et al,’® data
were analyzed as the mean number of
flinches (=SEM) during Phase I (0-
9 min) and Phase II (10-60 min) of the
nociceptive response to formalin. Two-
way ANOVAs were used to test for
significant differences in the sum of the
flinching responses across groups for
Phase I and Phase II. Fisher’s least
significant difference post-hoc testing
was done when appropriate. To deter-
mine significant differences in serum
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levels of corticosterone, estradiol, pro-
gesterone, or PGE2 for each treatment
(formalin vs. no formalin), ANOVAs
were done. Linear regressions were run
comparing PGE2 levels with each of the
hormones and with flinching behaviors.
To determine if significant differences
were observed in COX-1 or COX-2
protein levels among groups, indepen-
dent sample #tests were used (for each
protein in each experimental manipula-
tion comparisons were made between
intact vs OVX rats). For all compari-
sons, significance was at the .05 level.

RESULTS

Nociceptive behavior during Phase 1
was greater in OVX rats than in the
respective intact groups (F (1, 40)
=5.18; P=.02; Figure 1A, B). An
interaction between gonadectomy and
corticosterone serum levels was observed
(F (1, 40)=15.47; P<.01; Table 1);
after formalin, corticosterone serum
levels were lower in OVX than intact
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. - attenuated with the administration of
Table 1. Progesterone, estrogen, corticosterone, and prostaglandin E2 serum levels

in OVX vs. intact female rats the glucocorticoid dexamethasone.

More recently, Zhang et al demonstrat-

Progesterone Estradiol Corticosterone ed that endogenous glucocorticoids

Treatment Group (ng/mL) (pg/mL) (ng/mL) PGE2 (pg/mL) .
exert a powerful suppressive effect on
Vehicle Intact 12.24 £ 2.26 39.17 = 18.84 59.71 £ 6.23 224.85 = 50.89 complete Freund’s adjuvant—induced
OVX 2.44 = 1.23*% 9.55 + 30.79* 58.14 £ 12.44 57.96 = 8.16* infl h loesia 20 T deed
Formalin  Intact ~ 22.90 + 0.82  77.58 + 58.92  713.47 + 28.26 1 196.16 + 108.28 ~ !'Mtammartory hyperaigesia. — Indeed,
OVX 6.74 = 1.61*  23.67 * 6.83*  552.73 + 58,57t 71.74 = 15.60*  we found that OVX females displayed

* Indicates main effect of gonadectomy. a hlgher nociceptive response than

t Indicates main effect of formalin treatment. intact females during Phase I, and they

Bold indicates significant differences to intact-formalin treated rats (P<.05). had signiﬁcantly lower corticosterone

levels. Furthermore, a significant nega-
tive correlation was found between

females (P<<.05). In both naive and responses were seen only during Phase I. flinchine in Phase T and corticosterone
formalin-treated animals, intact females Previous studies have demonstrated no & o
had significantly higher progesterone ffect or an increase in behavioral These data further suggest that cortico-
g y higher prog effec o .
and steroidal serum levels than did all responses after ovariectomy in rats. stero.ne’ may P lay ? significant role in
other groups (P<.05; Table 1). Fur- Although ovariectomy had no effect on mec%mtmg flO.ClceR tive responses to for-
thermore, in both naive and formalin- behavioral responses to 2% formalin malin admmlstratlon'.
treated animals, PGE2 levels were during Phase I and IL* i significantly Although _bOth isoforms of CQX
significantly lower in OVX female rats increased subject’s time spent licking its were present in the lumbosacral region
than in intact groups (F (1, 40)=8.23; injected paw, but not the number of of the spinal cord 'and, as expected,
P<.01; Table 1). As shown in Table 2, flinching responses, after 10% forma- COX-1 levels were hl.gher than COX-2,
significant correlations between behav- lin.> However, female rats in that study the p atcern of ex[? rCSSlOfl was affected by
ioral responses during Phase 1 and had been ovariectomized for 6 months ovariectomy. This finding Suggests t}.lat
progesterone (P=.0171) as well as before formalin testing,3 whereas in this the ovariectomy effects in formalin-
between these behavioral responses and study they had been ovariectomized for induced behavior were not the result
corticosterone (P=.039) were observed. only 2 weeks. Thus, it is feasible that the of either basal or formalin effects on
However, no significant correlations rat’s age and/or length of time since COX-1 or COX-2 protein levels. Thus,
between serum levels of PGE2 and any ovariectomy may contribute to the endogenous gonadal hormone regula-
of the measured hormones were ob- observed differences. Alternatively, it is tion of COX-protein levels may play a
served in any of the experimental groups feasible that the direction of effects from limited role in the regulation of sex
(Table 3). COX-1 and COX-2 protein gonadectomy is affected, in part, by the differences in inflammatory nociceptive
levels in the spinal cord did not intensity of the painful stimuli and/or responses. However, COX-2 protein
significantly differ basally or after for- pain model used. synthesis has been shown to remain
malin administration in any of the Gonadectomy decreased corticoste- unaltered up to 4 hours after formalin
experimental groups (Figure 1C, D). rone levels in females, a finding consis- administration, and this may explain, in
tent with previous reports.13 Corticoste- part, the lack of a significant ﬁnding~7’14
rone is known to exert anti-inflammatory Furthermore, observed changes in
DI1SCUSSION actions, and evidence indicates that PGE2 levels after ovariectomy suggest
inflammation contributes to the noci- activation, and not change in protein
Our results demonstrated that en- ceptive responses in the formalin test.'” levels, of COX-1 and COX-2 may in
dogenous gonadal hormones alter For example, the inflammation associ- part mediate the effects of gonadectomy
flinching responses to 5% formalin. ated with the injection of complete on formalin-induced behavioral re-
However, the OVX-induced flinching Freund’s adjuvant was significantly sponses. Indeed, activation of COX-1/

Table 2. Correlation of flinching behavior and PGE2, corticosterone, progesterone and estradiol serum levels

Phase PGE2 Corticosterone Progesterone Estradiol
I R?=.004; m=.004 = .018 R?=.269; m=—1.817 * .799 R%=.343; m=—.066 = .024 R?=.023; m=.190 = .327
I R?=.006; m=.001 = .003 R?=0.075; m=—.192 * .179 R?=.029; m=-.003 *+ .005 R?=.021; m=.036 * .065

Bold indicates significant correlations (P<.05); m=slope.
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Table 3. Correlation of PGE2 and endogenous steroid serum levels

Treatment Corticosterone Progesterone Estradiol
Vehicle R’=.025; m=—1.443 *+ 2.388 R*=.028; m=.195 * .331 R?=.011; m=1.109 * 2.717
Formalin R*=.088; m=26.79 + 22.93 R*=.187; m=1.260 * .701 R*=.039; m=6.337 * 8.355
m=slope.

COX-2 has been shown to be an
important step in the cascade of intra-
cellular responses to formalin. For
example, Tegeder et al demonstrated
that after 5% formalin administration,
PGE2 release coincided with nociceptive
behavioral responses, which returned to
baseline levels approximately 2 hours
after formalin injection.' Moreover,
formalin-induced PGE2 increases and
nociceptive behavioral responses were
reduced after administration of a COX-
1 inhibitor, SC560, whereas the admin-
istration of a COX-2 inhibitor, cele-
coxib, affected neither PGE2 release nor
nociceptive behaviors."* Previous stud-
ies, however, have shown the effective-
ness of COX-2 in both
formalin and other nociceptive mod-

inhibitors

els."*'%"8 It is important to note that in
this study, levels of PGE2 were analyzed
60 minutes after formalin administration
rather than during the Phase I or Phase IT
behavioral responses, when behavioral
sex differences were observed. Thus, a
more detailed time course determination
is needed to further elucidate if sex
differences in PGE2 release occur at
those times during inflammation-in-
duced behavioral responses.
Endogenous hormones have been
shown to directly alter the synthesis of
prostaglandins in non-central nervous
system tissue, eg, progesterone increased
but estrogen decreased PGE2 synthesis.”
Our study failed to find a significant
correlation between PGE2 and either
estradiol or progesterone (PGE2 and
progesterone correlated negatively with
a significance of .08). However, behav-
ioral responses during Phase I displayed
a significant negative correlation with
serum levels of progesterone. The same
negative correlation was found between
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behavioral responses during Phase I and
levels of corticosterone. Since cortico-
sterone is derived from progesterone,12
these results further suggest a possible
correlation of HPA activation and
formalin-behavioral responses.

IMPLICATIONS FOR
IMPROVING
HEALTH DISPARITIES

Female rats display greater nocicep-

tive responses to persistent and inflam-

matory pain stimuli than male rats."”

On the basis of our findings and those
of others, we postulate that sex differ-
ences in response to inflammatory pain
are, in part, mediated through influenc-
es of gonadal hormones on inflamma-
tion-mediated responses.
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