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FRYE, C. A. AND J. E. DUNCAN. Estradiol benzoate potentiates neuroactive steroids’ effects on pain. PHARMACOL
BIOCHEM BEHAYV 53(1) 27-32, 1996. — Progesterone (P), its metabolites, and other neuroactive steroids alter pain thresh-
olds consistent with their efficacies at modulating y-aminobutyric acid (GABA,) receptor complexes. We investigated whether
estradiol benzoate (EB) potentiates low dosages of neuroactive steroids’ effects on pain. Subcutaneous EB (10 ug) or sesame
oil vehicle was administered to ovariectomized Long-Evans rats (n = 40) 48 h before intracerebroventricular (ICV) infusion
of a neuroactive steroid (0.0, 0.1, 0.3, or 0.5 ug) in cyclodextrin vehicle. Neuroactive steroids (listed from greatest to least
efficacious at GABA, receptor complexes) were THP [Sa-pregnan-3a-o0l-20-one], THDOC [Sa-pregnan-3a, 21-diol-20-one],
DHP [5a-pregnan-3,20-dione], P [4-pregnen-3,20-dione], and DHEAS [S-androsten-33-ol-17-one sulfate]. Pain sensitivity
was assessed using the radiant heat tail-flick method before and 20 and 60 min following infusion. Estradiol benzoate
interacted with the neuroactive steroids to alter tail-flick latencies. In particular, EB potentiated the antinociceptive effect of
THP and DHP by significantly increasing tail-flick latencies above those of non-EB-treated animals. A similar pattern of
increased tail-flick latencies occurred in EB-primed animals that received THDOC. Estradiol benzoate less consistently altered
the pain threshold of animals administered P, which is less effective at modulating GABAergic activity. Conversely, EB
increased the nociceptive effect of the neurosteroid DHEAS, an allosteric antagonist of GABA, receptor complexes, by
significantly decreasing tail-flick latencies of EB- compared to vehicle-primed rats. Thus, EB priming potentiated neuroactive
steroids’ effects on pain threshold.
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FINDINGS from animal and human studies implicate proges-
terone (P) and its metabolites in pain modulation. Pain thresh-
olds over the estrous cycle (11,16,17,40,41,56,59), luteal func-
tioning (16,22), pregnancy (21,22), and following exogenous
P administration (16,41,52) indicate animals are more sensi-
tive to aversive stimuli when P levels are in flux, whereas
analgesia occurs when circulating P is stable in high levels.
The positive correlation between analgesia and independent
measurements of Sa-reduced P metabolites (26,27,49) over
endogenous hormonal milieu suggest that P’s effects on pain
may be mediated by the actions of its metabolites. Systemic
(6,18), intrathecal (8,64), and intracerebroventricular (ICV)
(18,31) administration of the S«-reduced P metabolite, Sa-
pregnan-3«-o0l-20-one (THP), rapidly and consistently pro-
motes analgesia in rats and mice. Women administered P,

which increases THP, also report enhanced positive affect and
mood (14).

The mechanism by which P and its natural metabolites
affect pain threshold is unclear. Whereas steroids can act ge-
nomically by entering cells, binding with intracellular recep-
tors to form steroid-receptor complexes, which then alter the
genome and subsequently increase RNA and protein synthesis
(15), some steroids can also act nongenomically by binding to
y-aminobutyric acid (GABA,) receptor complexes (38) lo-
cated on neuronal membranes. The latter may represent a
putative mechanism for hormonal modulation of pain as
THP, the most potent of the endogenous neuroactive steroids
at promoting analgesia and the most effective at increasing
GABA, receptor function (38), lacks a high affinity for intra-
cellular progestin receptors (PR) (28).
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Additional evidence that P and/or its metabolites mediate
pain via actions at GABA,, receptor complexes is as follows.
First, in the absence of steroids, increasing GABA, receptor
function in the ventromedial medulla with diazepam enhances
analgesia, whereas antagonizing GABA, receptor function
with bicuculline promotes nociception (42). Second, P and
its 3a-hydroxy derivatives, but not 38 metabolites, increase
vocalization threshold to tail shock when combined with sub-
analgesic dosages of GABA, agonist, muscimol (8). Third,
ICV THP’s analgesic effects can be attenuated by peripherally
administered GABA, antagonists bicuculline, picrotoxin, and
RO-15,788 (31). Finally, ICV implants or infusions (0.5-2.0
ug) of neuroactive steroids produce effects on pain that are
only discriminable by the GABAergic efficacy of the neuroac-
tive steroid administered; THP > THDOC > > DHP (Sa-
pregnan-3,20-dione) > P (4-pregnen-3,20-dione) > > 17 OH-P
(17-hydroxyprogesterone) > > PS  (5-pregnen-33-0l-20-one
sulfate > DHEAS (5-androsten-33-ol-17-one sulfate) (18).

Estradiol fluctuates concomitant with P and its metabolites
over reproductive cycles and can influence binding of GABA
receptor agonists (24,35,47,57). To discern potential priming
effects of estrogen, the following experiment examined the
effects of ICV dosages (0.0-0.5 ug) of neuroactive steroids
on pain in the presence and absence of estradiol benzoate
priming.

METHOD
Animals and Housing Conditions

We obtained 40 female Long Evans rats, weighing between
175 and 200 g, from Charles River Breeding Laboratories
(Wilmington, MA). Animals were housed individually in poly-
carbonate cages (36 X 18 x 18 cm) in a temperature and hu-
midity-controlled room (22 + 1°C) with a 12 L: 12 D cycle
(lights off at 1000 h).

Surgical Procedures

Ovariectomy and unilateral ICV cannulation were con-
ducted using sodium pentobarbital anesthesia (50 mg/kg or to
effect). Ovariectomies were performed via bilateral ventral
abdominal incisions. Cannulae were unilaterally implanted
into the lateral ventricle at coordinates from bregma AP
-1.0, DV —-3.6, LAT +1.6 (50). Following surgery, blank
30-ga stylets were inserted into implanted guide cannulae. In-
serts were subsequently removed and cleaned daily with 95%
ethanol to prevent clogging of the cannula (19), to reduce
handling effects at the time of testing (18), and to avoid stress-
induced elevations of Sa-reduced P metabolites (51).

Steroid Administration

Estradiol benzoate (10 pg; Sigma Chemical Co., St. Louis,
MO) was suspended in 0.2 cc of sesame oil and administered
48 h before neuroactive steroid infusion. THP, THDOC,
DHP, P, and DHEAS were obtained from Sigma and dis-
solved in 37% cyclodextrin/DH,0O vehicle (Molecusol; Phar-
matec, Alachua, FL). The infusion apparatus consisted of a
Hamilton syringe (Bonaduz, Switzerland) attached by 20-ga
polyethylene tubing to an 8-mm, 30-ga needle. Animals were
infused at a rate of 0.1 ul/10 s for 100 s. To prevent displace-
ment of infusate, the infusion needle remained in place for 30
s following administration. Animals were consistently infused
with a volume of 1.0 ul; all neuroactive steroids were sus-
pended in cyclodextrin vehicle to concentrations of 0.0, 0.1,
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0.3, or 0.5 pg/ul. Thus, the final dosages of all neuroactive
steroids were 0.0, 0.1, 0.3, or 0.5 ug.

Behavioral Testing

All animals were tested during the dark phase of the light
cycle, beginning at 1100 h. Behavioral testing consisted of
gently holding each rat in a towel while smoothing its tail into
the tail groove of the tail-flick apparatus (model 33; 1ITC,
Woodland Hills, CA). Prior to neuroactive steroid or vehicle
infusion, rats were tested three times on different parts of the
tail to obtain baseline measures of 2-4 s. In a small number of
instances (3.0% of observations), the median baseline mea-
surement for an animal exceeded the 4-s standard. In these
cases, the erroneous value was imputed (54) or randomly and
systematically replaced with data from a trial within the same
condition. To prevent tissue damage, maximum latency was
10 s throughout the testing period. Pain sensitivity was mea-
sured immediately, before, and then 20 and 60 min postneuro-
active steroid infusion of 0.0, 0.1, 0.3, or 0.5 ug.

Post-infusion tail-flick latencies (s) were converted to per-
cent maximum possible effect (%MPE) using the following
formula (3):

test latency — median baseline latency
maximum latency (10) — median
baseline latency.

% MPE =

x 100

A neurologic exam assessing righting response, hindlimb with-
drawal, and orientation to a stimulus was used to detect gross
neurologic impairment secondary to surgery (39). These re-
sponses were present in all animals at every behavioral test
session, suggesting the analgesic effects of the neuroactive ste-
roids were not confounded by anxiolytic or anesthetic effects.

Procedure

Ovariectomized/cannulated rats (n = 40) were randomly
assigned to receive one of the five neuroactive steroids (n =
8/neuroactive steroid). The eight rats assigned to each neuro-
active steroid were tested once per week, over an 8-week pe-
riod, during which all dosages of the assigned neuroactive
steroid were administered with subcutaneous (SC) EB and ses-
ame oil vehicle in a counterbalanced manner. Some cannulae
failed to remain patent throughout the entire 8-week testing
period (n = 10). For each neuroactive steroid, the total num-
ber of animals receiving all eight infusions and subsequent
behavioral testing were THP (n = 8), THDOC (n = 5), DHP
(n = 7), P = 4), and DHEAS (n = 6). Those animals un-
able to be infused because of occluded cannula continued to
be tested. These animals received only counterbalanced EB/
sesame oil injections; data from this group were analyzed as
an uninfused control group.

Statistical Analysis

Data were analyzed using three-way, repeated-measures
analyses of variance (ANOV A) with neuroactive steroid, neu-
roactive steroid dosage, and EB as variables. Estradiol benzo-
ate administration and dosage were treated as repeated mea-
sures, whereas 20 and 60 min time points were analyzed
separately so as not to wash out normal changes in the time
course of pain behavior (13). These overall analyses were fol-
lowed by two-way, repeated-measures (EB x neuroactive ste-
roid dosage) ANOVAs for each neuroactive steroid. Where
appropriate, these analyses were followed by Duncan new
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multiple range posthoc tests comparing EB and non-EB ef-
fects at each neuroactive steroid dosage. Only significant dif-
ferences at p < 0.05 are reported.

RESULTS

At 20 min postinfusion, there were main effects of neuro-
active steroid [F(4, 96) = 2.78, p < 0.05] and dosage [F(3,
96) = 8.11, p < 0.0001], as well as interactions between neu-
roactive steroid, dosage, and EB [F(12, 96) = 6.77, p <
0.001]. At 60 min postinfusion, there were main effects of
neuroactive steroid [F(4, 96) = 5.51, p < 0.001], dosage
[F(3, 96) = 9.27, p < 0.001], and EB [F(1, 96) = 4.01,p <
0.05], as well as an inferaction between these variables [F(12,
96) = 2.35, p < 0.01]. Separate examination of the neuro-
active steroids revealed that these interactions resulted from
EB priming enhancing each neuroactive steroid’s particular
antinociceptive (THP, THDOC, and DHP), nociceptive
(DHEAS), or inconsistent (P) effect.

As Fig. 1A illustrates, 20 min following THP infusion,
there was a main effect of THP dosage [F(3, 21) = 5.26,p <
0.05] but not EB. Only the 0.1-ug dosage of THP elevated
tail-flick latencies over the 0.0-ug control values. At 60 min
postinfusion, there were main effects of EB [F(3, 21) = 5.23,
p < 0.05). Overall, EB-treated animals had longer tail-flick
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FIG. 1. Mean + standard error of the mean percent maximum
possible effect 20 (left panels) and 60 min (right panels) following
infusions of Sa-pregnan-3«-ol-20-one (THP: top panel, A), Sa-
pregnan-3e,21diol-20-one (THDOC: middle panel, B) or Sa-pregnan-
3,20-dione (DHP: bottom panel, C). *Significant difference between
EB and non-EB-primed animals at indicated neuroactive steroid dos-
age, p < 0.05.
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FIG. 2. Mean * standard error of the mean percent maximum pos-
sible effect 20 (left panels) and 60 min (right panels) following infu-
sions of 4-pregnen-3,20-dione (P: top panel, A) or S-androsten-38-ol-
17-one sulfate (DHEAS: bottom panel, B). *Significant difference
between EB and non-EB-primed animals at the same neuroactive
steroid dosage, p < 0.05.

latencies compared with non-EB controls. Within the EB-
primed group, animals receiving 0.5 ug THP had significantly
lengthened tail-flick latencies compared with 0.0 ug THP.

As Fig. 1B illustrates, EB also potentiated THDOC’s ef-
fects on the pain threshold. Although not a statistically signifi-
cant effect, EB-treated animals consistently showed increased
pain thresholds compared with non-EB-treated animals 20
and 60 min post-THDOC infusion.

Estradiol benzoate also increased tail-flick latencies 20 and
60 min following DHP infusions (Fig. 1C). At 20 min, there
were main effects of EB [F(1, 18) = 5.98, p < 0.05] and dos-
age [F(1, 18) = 13.38, p < 0.0001], in addition to an interac-
tion between EB and DHP dosage [F(3, 18) = 23.53, p <
0.001]. EB significantly lengthened tail-flick latencies overall,
but particularly following 0.3 ug DHP. Similar effects were
noted 60 min post-DHP infusion as indicated by a trend for a
main effect of EB [F(1, 18) = 4.40, p < 0.08] and an interac-
tion between EB and DHP dosage [F(3, 18) = 3.04, p <
0.05]. Again, EB lengthened tailflick latencies overall; follow-
ing 0.3 ug DHP, tail-flick latencies were longer compared with
non-EB animals receiving 0.3 or 0.0 ug DHP.

It is interesting that EB’s effects on pain following P infu-
sion were variable before 60 min. This is consistent with the
time course of P implant and infusion effects (18). As Fig. 2A
illustrates, there was a main effect of P dosage [F(3, 30) =
14.87, p < 0.0001} and an interaction between EB and P dos-
age [F(3, 30) = 4.40, p < 0.01]. EB potentiated the analgesic
efficacy of 0.5 ug P, as indicated by significantly longer
tail-flick latencies compared with non-EB animals receiving
0.5pugP.

Estradiol benzoate potentiated the nociceptive effects of
DHEAS, an allosteric antagonist of the GABA , receptor com-
plex. EB-treated animals had significantly shorter tail-flick
latencies compared with non-EB-treated animals 20 min post-
DHEAS infusion [F(1, 15) = 16.12, p < 0.01}. Post hoc tests
indicated that EB significantly shortened tail-flick latencies
alone and following 0.3 ug DHEAS.
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Estradiol benzoate failed to alter nociception indepen-
dently of neuroactive steroids infusion at either the 20- or
60-min testing points (data not shown).

DISCUSSION

Estradiol benzoate potentiated neuroactive steroids’ partic-
ular effects on nociception. THP (0.5 pg), DHP (0.3 ug), and
P (0.5 ug) failed to induce antinociception in the absence of
EB. A similar pattern of results was seen for THDOC-infused
animals; tail-flick latencies were longer when animals were
EB-primed compared with non-EB-primed ones. Conversely,
EB increased the nociceptive effect of the neurosteroid
DHEAS (0.3 ug), an allosteric antagonist of the GABA, re-
ceptor (37). These data indicate that EB potentiates a neuroac-
tive steroid’s proclivity for affecting pain threshold. Thus, EB
and neuroactive steroids may produce orchestrated effects on
nociception.

These data confirm both the time course of maximuum
effect and the rank ordering of efficacy of the P metabolites
or precursors on GABA 4 receptor function and their ability to
alter pain threshold (THP and THDOC > DHP > P >>
DHEAS) (18). The present data reveal that 0.3-0.5 ug is the
threshold ICV dose at which neuroactive steroids produce dis-
cernable differences in tail-flick latencies that can be potenti-
ated by EB. These findings are consistent with differences in
hormonal milieu associated with changes in both estrogen and
neuroactive steroids (e.g., gender, gonadectomy, estrous, and
menstrual cycles) correlating with changes in seizure suscepti-
bility (1,2,12,25,45,62,63), GABA ,-receptor expression, and
function (61,62). In this experiment, EB-priming potentiated
neuroactive steroids’ (anti)nociceptive efficacy, just as with-
drawal from a low dosage of SC P (50 ug) only occurs in
estrogen-primed animals (20).

Although data strongly suggest that progestins’ effects on
nociception are mediated via actions at GABA ,-receptor com-
plexes, it is unclear how estrogen may potentiate neuroactive
steroids’ alteration of pain threshold. Evidence suggests that
estrogen can alter GABA ,-receptor complexes. For example,
in vivo (24,35) and in vitro (36), EB upregulates GABA, re-
ceptors and increases muscimol binding. Autoradiographic
studies reveal that estrogen can both increase and decrease the
expression of GABA, receptors depending on the brain site
(9,10,47,57). Although there are inconsistencies in the direc-
tion of estrogen’s effect on GABA, receptors, in the absence
of P, estrogen alone alters GABA ,-receptor complexes.

When P is administered to estrogen-primed animals,
GABAergic activity is also changed, and in some cases, estro-
gen and P’s effects can be opposite (57) or additive (35). A
recent report suggests that P may be metabolized and subse-
quently interact at neuronal membranes, whereas estrogen’s
effects may be limited to areas of the brain where GABA ,-
receptor complexes and intracellular estrogen receptors are
colocalized (10). That estrogen alone can affect GABA,-
receptor complexes but EB alone did not alter pain thresholds
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in this study suggests that EB’s present effects may be medi-
ated via a GABAergic mechanism that depends on intracellu-
lar estrogen receptors (ER). That administration of EB 48 h
before behavioral testing enhanced neuroactive steroids’ mod-
ulation of pain also supports this notion, as estrogen-mediated
effects via intracellular receptors are associated with much
longer latencies than membrane-mediated effects of estrogen.

Estrogen may not produce its effects directly via GABA-
receptor complexes or intracellular estrogen receptors/
GABA ,-receptor complex interactions, but rather through
priming effects on intracellular progestin (PR) and/or andro-
gen receptors (AR). It has long been recognized that estradiol
can increase the expression of intracellular PR’s and AR’s
(4,7,53). In vitro evidence indicates that the GABA, recep-
tor complex-mediated effects of some neuroactive steroids,
particularly neurosteroids, may require intracellular events.
Neurosteroids are synthesized by glial cells, and an estrogen-
inducible PR has been demonstrated in cultured oligodendroc-
ites of female rats (29). As well, both estrogen and P induce
dramatic morphologic changes in astrocytes and oligoden-
drocites (30). Furthermore, after influencing GABA-mediated
chloride currents, both THP and THDOC can activate intra-
cellular PRs without binding to them (55). These data and
others (23) which show that GABA ,-receptor complex chan-
nel functioning may be modified by agents that increase pro-
tein phosphorylation suggest that “crosstalk” between mem-
brane GABA-receptor complexes and intracellular events may
occur (34). Considering the long time course of estrogen’s
effects, the present data may reflect interactions between in-
tracellular (ER, PR, or AR) and GABA ,-receptor complexes.

Estrogen’s effects may not occur through intracellular or
GABA ,-receptor complex sites, but rather via other mem-
brane loci. Estrogen can alter pain sensitivity via the opiate
system [see (48) for review] by modifying morphine-induced
analgesia (5,46), reducing sensitivity to opioid antagonists
(43), and stimulating the release of 8-endorphin (60). Further-
more, 17«-estradiol and its metabolites show selective affinity
for opiate receptors (33), supporting the notion that estradiol
may have a direct impact on the opioid system. In humans,
estrogens reduce the incidence of cluster headache (32) and
increase endogenous opioid activity (58). Although the opiate
system is another possible site of EB actions, one cannot dis-
count the possibility that EB may effect another cell surface
receptor (44).

In conclusion, EB potentiates neuroactive steroids’ modu-
lation of pain, although the mechanism by which EB does so
remains unclear. Future studies will elucidate the mechanism
and CNS sites for these alterations in pain threshold.
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