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Plasticity of Signaling by Spinal Estrogen Receptor «, k-Opioid
Receptor, and Metabotropic Glutamate Receptors over the Rat
Reproductive Cycle Regulates Spinal Endomorphin 2
Antinociception: Relevance of Endogenous-Biased Agonism
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We previously showed that intrathecal application of endomorphin 2 [EM2; the highly specific endogenous w-opioid receptor (MOR)
ligand] induces antinociception that varies with stage of the rat estrous cycle: minimal during diestrus and prominent during proestrus.
Earlier studies, however, did not identify proestrus-activated signaling strategies that enable spinal EM2 antinociception. We now report
that in female rats, increased spinal dynorphin release and k-opioid receptor (KOR) signaling, as well as the emergence of glutamate-activated
metabotropic glutamate receptor 1 (mGIuR, ) signaling, are critical to the transition from an EM2 nonresponsive state (during diestrus) to an
analgesically responsive state (during proestrus). Differential signaling by mGluR, , depending on its activation by membrane estrogen receptor
o (mERoy; during diestrus) versus glutamate (during proestrus), concomitant with the ebb and flow of spinal dynorphin/KOR signaling, func-
tions as a switch, preventing or promoting, respectively, spinal EM2 antinociception. Importantly, EM2 and glutamate-containing varicosities
appose spinal neurons that express MOR along with mGluRs and mERq, suggesting that signaling mechanisms regulating analgesic effective-
ness of intrathecally applied EM2 also pertain to endogenous EM2. Regulation of spinal EM2 antinociception by both the nature of the endoge-
nous mGluR, activator (i.e., endogenous biased agonism at mGluR,) and changes in spinal dynorphin/KOR signaling represent a novel
mechanism for modulating analgesic responsiveness to endogenous EM2 (and perhaps other opioids). This points the way for developing
noncanonical pharmacological approaches to pain management by harnessing endogenous opioids for pain relief.
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The current prescription opioid abuse epidemic underscores the urgency to develop alternative pharmacotherapies for managing pain.
We find that the magnitude of spinal endomorphin 2 (EM2) antinociception not only varies with stage of reproductive cycle, but is also
differentially regulated during diestrus and proestrus. This finding highlights the need for sex-specific and cycle-specific approaches to
pain management. Additionally, our finding that spinal EM2 antinociception in female rats is regulated by both the ebb and flow of spinal
dynorphin/k-opioid receptor signaling over the estrous cycle, as well as the nature of the endogenous mGIuR, activator, could encourage
noncanonical pharmacological approaches to pain management, such as harnessing endogenous opioids for pain relief. /

ignificance Statement

Introduction

Nociception and opioid antinociception are profoundly influ-
enced by sex (Fillingim et al., 2009; Loyd and Murphy, 2014;
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Maurer et al., 2016) and reproductive cycle (Mogil et al., 2000;
Teepker et al., 2010; Ibironke and Aji, 2011). This is exemplified
by our recent finding in rats that during proestrus, spinal endo-
morphin 2 (EM2) analgesic responsiveness is prominent (com-
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parable to males), whereas it is minimal during diestrus (Liu and
Gintzler, 2013). Notably, diestrus corresponds to the time around
menses, when women experience the greatest severity of many
chronic pain conditions (e.g., fibromyalgia, migraine, temporo-
mandibular joint pain; Hassan et al., 2014), suggesting that
heightened nociception may be caused by compromised endog-
enous spinal EM2 antinociception.

Dependence of opioid antinociception on stage of reproduc-
tive cycle suggests a modulatory role for sex steroids, among
which estrogens has been the most studied (Acosta-Martinez and
Etgen, 2002; Micevych et al., 2003; Smith et al., 2006; Liu et al.,
2011b; Gintzler and Liu, 2012; Kumar et al., 2015). Consistent
with these reports, estrogen receptors (ERs) are extensively dis-
tributed throughout the CNS, in both spinal as well as supraspi-
nal areas involved in nociception and opioid antinociception
(Shughrue etal., 1997; Papka et al., 2001). The CNS also contains
the enzyme aromatase, which provides the CNS with an intrinsic
source of estrogens (Naftolin et al., 1996; Evrard and Balthazart,
2004; Hojo et al., 2004; Peterson et al., 2005; Evrard, 2006), which
can be produced independent of the reproductive cycle. Notably,
CNS aromatase is present in neuronal processes (Foidart et al., 1995;
Naftolin et al., 1996; Horvath et al., 1997; Saldanha et al., 2000; Ev-
rard etal., 2004), allowing locally synthesized estrogens to be released
atsynapses and activate ERslocated on neuronal plasma membranes
(Blaustein et al., 1992; McEwen and Alves, 1999; McEwen et al.,
2001; Beyer et al., 2003). Membrane ERs (mERs) endow neuronally
produced estrogens with neurotransmitter-like (also known as syn-
aptocrine) attributes (Saldanha et al., 2011).

We recently described an additional, subcellular modality of
neuronal estrogenic signaling that we term “oligocrine” (Liu et
al., 2017). This modality is enabled by the oligomerization of
aromatase with mERa as well as the p-opioid receptor (MOR)
and metabotropic glutamate receptor 1 (mGluR;; Liu et al., 2017).
The presence of these molecules in a common signaling complex
enables the subcellular compartmentalization of estrogenic signal-
ing, allowing it to be, at times, inversely related to circulating estro-
gen levels. For instance, during diestrus, when circulating estrogens
are low, spinally synthesized estrogens actively suppress EM2 anti-
nociception, whereas during proestrus, when circulating estrogens
are elevated, spinal EM2 antinociception is no longer subjected to
estrogenic suppression (Liu et al., 2017).

In the current study, we investigated whether the loss of spinal
estrogenic suppression of intrathecal EM2 antinociception is suf-
ficient for the emergence of spinal EM2 analgesic responsiveness
during proestrus, or whether additional signaling strategies are
also required. Since both dynorphin and k-opioid receptor
(KOR) activity are prerequisites for intrathecal EM2 antinocice-
ption in female rats (Liu and Gintzler, 2013), we investigated
whether spinal dynorphin/KOR signaling varied over the estrous
cycle and, if so, the relevance of this fluctuation to spinal EM2
analgesic responsiveness in diestrus versus proestrus. We also
explored the relevance of mGluR, (along with mGluR,,;) signal-
ing to the proestrus-associated emergence of intrathecal EM2
antinociception. This was based on initial findings that, in con-
trast to diestrus (when mGluR; signaling suppresses intrathecal
EM2 antinociception), the activity of mGluR, (along with mGluR, ;) is
actually required for the intrathecal EM2 antinociception that
emerges during proestrus.

Our findings revealed that the switch in spinal EM2 analgesic
responsiveness over the reproductive cycle depends on the ebb
and flow of dynorphin/KOR signaling and whether mGIuR, is
activated by glutamate or mER«. Facilitative versus suppressive
modulation of spinal EM2 antinociception by mGluR, signaling
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that depends on the endogenous activator of mGluR; most likely
reflects endogenous-biased agonism—agonist-induced stabiliza-
tion of receptor conformations that preferentially stimulate spe-
cific signaling pathways.

Materials and Methods

Experimental animals. We used female rats (Sprague Dawley, Charles
River; 225-275 g), which were maintained in an approved controlled
environment on a 12 h light/dark cycle. Food and water were available ad
libitum. All experimental procedures were reviewed and approved by the
Animal Care and Use Committees of the State University of New York
Downstate Medical Center.

Determination of estrous cycle stage. Histology of vaginal smears was
used to determine stage of estrous cycle. Predominance of small leuko-
cytes was indicative of diestrus; predominance of large round nucleated
cells indicated proestrus.

Implantation of intrathecal cannula. A permanent indwelling cannula
[polyethylene (PE-10) tubing] was inserted into the lumbar spinal cord
subarachnoid space under isoflurane anesthesia. In brief, a saline-filled
PE-10 catheter was inserted through an incision in the atlanto-occipital
membrane, slowly introduced into the spinal cord subarachnoid space
(8.0 cm), and secured in place. The cephalic portion of each catheter was
externalized through the skin above the skull area, where it was relatively
inaccessible to the paws. Only animals that appeared to be free of infec-
tion upon gross inspection were used. Motor integrity was assessed in all
experimental groups by using the righting reflex and the inclined plane
test. Those exhibiting motor impairment following surgery were elimi-
nated from the study. All experiments were initiated 1 week after surgery
and completed <2 weeks after surgery. To eliminate any possibility that
surgery confounded data interpretation by disrupting the estrous cycle,
diestrus and proestrus were defined by vaginal smear histology, rather
than predictions that assumed regularity of cycling.

In vivo perfusion of spinal intrathecal space and quantification of dynor-
phin release. We implanted two PE-10 catheters (8.25 cm inflow and 6.75
cm outflow) into the subarachnoid space as described above and rou-
tinely performed in our laboratory (Liu et al., 2011a). Immediately after
cannulation, the intrathecal space was perfused (5 nl per min) using a
push—pull method with Krebs—Ringer buffer prewarmed to 37°C. To
minimize EM2 degradation, the outflow tubing and collection tubes
were kept on ice. The intrathecal space was equilibrated via 10 min per-
fusion with Krebs—Ringer buffer before collecting perfusate samples.
Thereafter, two 10 min samples (one before and one after intrathecal
treatment) were collected from each animal to quantify dynorphin re-
lease. Intrathecal treatment was applied immediately following the first
sample collection; a 10 min waiting period was imposed before the sec-
ond sample collection.

The content of dynorphin in intrathecal perfusate was quantified
using a competitive enzyme immunoassay (Peninsula Laboratories) as
we previously described (Liu et al., 2011a, 2013). The anti-dynorphin
antibody used for immunoassay of perfusate is highly selective for dynor-
phin: it does not recognize dynorphin 1-13, dynorphin 1-8, a-neoen-
dorphin, B-endorphin, dynorphin B, or leu-enkephalin (Gintzler et al.,
2008). Biotinylated-dynorphin (6 pg/well; Peninsula Laboratories) was
used as tracer. Plates were counted by an Envision 2102 Multilabel Plate
Reader (PerkinElmer). A standard curve (2-32 pg/assay well) in which
the value of absorbance was plotted against the log concentration of
unlabeled dynorphin in the reaction well was generated in each assay.
Values of experimental samples were calculated from the standard curve
using the linear regression function of Prism (v5; GraphPad Software).

Intrathecal administration of drugs and behavioral testing. EM2 was
dissolved in 5 ul of 3% dimethyl sulfoxide; 1,3-bis(4-hydroxyphenyl)-4-
methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride
(MPP; an ERa-selective antagonist) and 6-amino-N-cyclohexyl-N,
3-dimethylthiazolo[3,2-a]benzimidazole-2-carboxamide hydrochloride
(LY341495; an mGluR, 5 antagonist) were dissolved in 3 ul of dimethyl
sulfoxide; riluzole (a glutamate release inhibitor), nor-binaltorphimine
(norBNI; a KOR antagonist), and anti-dynorphin antibody were dis-
solved or diluted in 5 ul of water. All drugs were obtained from Tocris
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Bioscience, except norBNI and anti-dynorphin antibody, which were
obtained from the National Institute on Drug Abuse and Bachem, re-
spectively. Drugs were applied to the spinal cord subarachnoid space over
a 60 s period via a permanent indwelling intrathecal cannula. Complete
delivery was ensured by flushing the cannula with an additional 10 ul of
saline. Doses of ER and mGluR antagonists were the same as those we
previously used (Liu et al., 2011b), calculated to be 1% of those reported
for systemic administration.

Assessment of tail-flick latency. Nociceptive response thresholds were
assessed using radiant heat as the nociceptive stimuli. Tail-flick latency
(TFL) was quantified by using a Tail Flick Analgesia Meter (IITC Life
Science). Intensity of the radiant heat was adjusted such that baseline
values were in the range of 3.0 to 4.5 s. A cutoff of 10 s latency prevented
any untoward consequences to the tail. Data were expressed as the abso-
lute TFL.

Membrane preparation, immunoprecipitation, and Western blot analy-
sis. Spinal cord membranes were prepared and solubilized as routinely
performed by this laboratory (Chakrabarti et al., 2010). Briefly, animals
were killed by decapitation; spinal tissue was homogenized in cold 20 mm
HEPES, pH 7.4, containing 10% sucrose, 5mMm EDTA, 1 mm EGTA, 2 mm
dithiothreitol, and multiple protease inhibitors [1 mm benzamidine, 0.2
g/L bacitracin, 2 mg/L aprotinin, 3.2 mg/L each of leupeptin and trypsin
inhibitor from soybean; 20 mg/L each of N-tosyl-L-phenylalanine chlo-
romethyl ketone, N *-p-tosyl-L-lysin chloromethyl ketone, and phenyl-
methylsulfonyl fluoride and cOmplete mixture protease inhibitor
tablet/50 ml (Roche Molecular Biochemicals)]. Supernatants from a low-
speed spin (1000 X g for 10 min, 4°C) were centrifuged at a higher speed
(30,000 X g for 40 min, 4°C) to obtain crude membrane pellets. Mem-
branes were solubilized in the above buffer without sucrose and dithio-
threitol but now containing 150 mm NaCl, 1% Nonidet P-40, 0.5%
Na-deoxycholate, 0.1% Na-dodecyl sulfate, and 10% glycerol, agitated
for 60 min at 4°C and centrifuged (16,000 X g for 40 min at 4°C). Im-
munoprecipitations (IPs) were obtained (overnight incubation at 4°C)
from equivalent solubilized membrane protein (measured by Bradford
assay; Bradford, 1976) using specific antibodies and protein A or G aga-
rose beads. IP samples were washed, eluted with heat in SDS sample
buffer, separated by SDS-PAGE, transferred onto nitrocellulose mem-
brane, and Western blotted.

Coimmunoprecipitates (co-IPs) to be compared were always obtained
and processed in parallel. Western quantification of the coimmunopre-
cipitated protein was always normalized against the protein targeted for
direct IP, which was also quantified by Western analysis using antibodies
against a different epitope. Moreover, Western blots of all immunopre-
cipitated proteins (those directly targeted as well as coimmunoprecipi-
tated) used antibodies raised in a host different from that used for the
generation of antibodies used for IP to avoid cross-recognition by sec-
ondary antibodies (which was confirmed in the current study). The
antibody—substrate complex was visualized using Supersignal West
Dura kit (Pierce). Chemiluminescence was captured via a G:Box CCD
camera (Syngene) and intensities quantified using Genetools software
(Syngene).

Specificity of Western blot signals [that of the directly immunopre-
cipitated protein as well as coimmunoprecipitated protein(s)] was vali-
dated by their absence when Western blotting using preadsorbed
antibody [antigenic peptide used for generation of the antibody was
diluted in 20 mm HEPES, pH 7.4, at five times excess to antibody and
covalently coupled to Affi-Gel 10 Gel matrix in accordance with the
manufacturer’s instructions (Bio-Rad). The desired antibody was added
in Tris-buffered saline (TBS) and allowed to preadsorb. Following incu-
bation, the flow-through was collected (“preadsorbed antibody”)]. This
was used to probe one of two identical nitrocellulose membrane strips
containing the protein of interest (the other strip was probed in parallel
with an equivalent amount of primary antibody and the difference in
signal intensity quantified).

Blue native PAGE/SDS-PAGE. Native sample buffer and the anionic
dye Coomassie Blue G-250 were added to solubilized spinal membrane
samples and electrophoresed using 3—12% blue native gels (Invitrogen).
Blue native PAGE was performed as previously described (Schigger and
von Jagow, 1991). The migration distances of individual bands relative to
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marker proteins were used to estimate masses of membrane proteins.
The ~360 kDa blue band was excised. Then, proteins contained therein
were eluted with 50 mm Tris-HCI containing 150 mm NaCl, and 0.1 mm
EDTA, pH 7.5, was separated using SDS-PAGE and immunoblotted for
KOR and mGluR,,, as previously described for aromatase, ERa, MOR,
and mGluR, (Liu et al., 2017).

Sequential IP. Membranes were solubilized in 20 mm HEPES bulffer,
pH 7.4, containing 1 mm EDTA, protease inhibitors as above, and 2%
mild detergent digitonin, incubated on ice (60 min), and centrifuged
(15,000 X g, 20 min, 4°C). Clear supernatants were used for protein
determination (Bradford assay; Bradford, 1976) and sequential IP, which
used antibodies against aromatase, ERa, mGluR;, mGluR,5, and KOR.
Samples were incubated with antibody cross-linked to protein A or G
agarose beads using disuccinimidyl suberate (Thermo Fisher Scientific),
washed, and gently eluted with 100 mm glycine, pH 2.5. Eluate was neu-
tralized (1 M Tris, pH 8.8) and incubated with the next antibody. The final
IP was eluted with 100 mm glycine. Native sample buffer and Coomassie
Blue were added to eluted final IP, which was followed by electrophoresis
using 3—12% blue native gels and electro-transfer onto polyvinylidene
difluoride membranes. Anti-MOR Western blot analysis was performed
as reported (Chakrabarti et al., 2010). Since we had previously demon-
strated the specificity of MOR and KOR Western blot signals in the spinal
cord (Chakrabarti et al., 2010), this control was not repeated in the
present study.

Immunocytochemistry. Proestrus female rats were deeply anesthetized
with a mixture of ketamine (68 mg/kg), xylazine (4.6 mg/kg), and
acepromazine (0.9 mg/kg) and perfused through the ascending aorta
with 100 ml of ice-cold oxygenated calcium-free Tyrode’s buffer (115 mm
NaCl, 5 mm KCl, 2 mm MgCl,*6H,0, 400 um MgSO,-H, 0, 3 mum glucose,
and 25 mm NaHCO;, pH 7.2) followed by 500 ml of freshly prepared
buffered formaldehyde (4% w/v formaldehyde, 14% v/v saturated aque-
ous picric acid, 75 mm KH,PO,, and 85 mm Na,HPO,7H,O, pH 6.9).
After fixation, the entire vertebral column, including the pelvis, was har-
vested, placed in cryoprotectant solution (15 mm sucrose, 30 mm
K,HPO,, and 70 mm Na,HPO,-H, O, pH 7.2), and shipped via overnight
air courier service to Minnesota on refrigerant gel packs.

Upon arrival, spinal levels were identified, tissue was quickly frozen,
and serial sections were cut to a nominal thickness of 5 um on a cryostat
(Bright Instruments). Sections were then thawed onto Probe-On Plus
microscope slides (Thermo Fisher Scientific) and stored at —20°C until
used. Heat-induced antigen retrieval was used to improve staining. Sec-
tions were rinsed in distilled water and immersed in citrate buffer (10 mm
trisodium citrate adjusted to pH 6.0) containing 0.05% Tween 20 and
autoclaved at 101°C for 30 min. The sections were allowed to cool to
room temperature, rinsed in TBS (135 mm NaCl and 25 mwm Tris-HCI,
pH 7.4), then incubated in permeabilization solution (TBS containing
0.2% Triton X-100 and 0.2% Tween 20) for 1 h atroom temperature. The
sections were then incubated with either guinea pig anti-dynorphin or
guinea pig anti-MOR1 (staining for which was not observed in MOR
knock-out mice), either mouse anti-mGluR, (generated against rat
mGluR, amino acids 1042-1160, highly divergent from the correspond-
ing sequence of mGluR;) or a mixture of mouse antibody against the
vesicular glutamate transporter (VGLUT) 1 (VGLUT1) and VGLUT?2,
and either rabbit anti-mGluR, 5 or rabbit anti-ER« [the staining speci-
ficity of which has previously been validated by preadsorption (Zeps et
al., 1998) and by confirming immunohistochemical results with a second
anti-ERa antibody generated against a different epitope (Shim et al.,
1999)]. Antibodies were diluted in blocking buffer (TBS containing 0.1%
Tween 20 and 0.2% casein). The sections were washed twice with TBS
and once with permeabilization solution over 1 h at room temperature.
The sections were incubated for 2 h at room temperature in blocking
buffer containing a mixture of 3 ug/ml each of donkey anti-rabbit IgG
conjugated to Cy3, donkey anti-guinea pig IgG conjugated to Cy2, and
donkey anti-mouse conjugated to Cy5 (Jackson ImmunoResearch Lab-
oratories). The sections were washed in three changes of TBS, rinsed in
distilled H,O, dehydrated in increasing concentrations of ethanol (50—
100%), and cleared in xylene. The slides were mounted with coverslips
using DPX Mountant (Fluka).
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Blockade of spinal mGluR, or mGluR, ;, but not mERe, inhibits spinal EM2 antinociception during proestrus. Antinociception was quantified using tail-flick test at the indicated times.

Intrathecal EM2 was administered 30 min after either blockade of spinal mGluR, [(via intrathecal 25 nmol YM298198 (YM)], mGIuR, ; [via intrathecal 25 nmol LY341495 (LY)], or ERcx (via intrathecal
10 nmol MPP) or DMSO vehicle control (Veh1). Inset shows the corresponding data from diestrus rats (Liu et al., 2017). Contribution of spinal mGluRs and ERcx to intrathecal EM2 antinociception is
specific to stage of estrous cycle. In proestrus, activity of both mGluR, and mGIuR,; is essential for spinal EM2 antinociception, while ERcx does not contribute. In contrast, in diestrus, the activity of
both mGluR, and mERc are required to suppress spinal EM2 analgesic responsiveness, whereas mGluR,; does not participate. n = 4 7. Veh2 was 3% DMSO0. Data are expressed as mean == SEM.

Microscopy. Images of labeling were collected using an Olympus Flu-
oview 1000 confocal microscope equipped with excitation at 488 nm
(Cy2), 543 nm (Cy3), and 635 nm (Cy5). Images were collected with 40X
1.3 numerical aperture or 60X 1.4 numerical aperture objectives and
pixel dimensions of =0.32 um; all images were made using sequential
scanning to avoid bleed-through. Adobe PhotoShop was used to apply
pseudocolor to images and to adjust brightness and contrast (Liu et al.,
2013).

Antibodies. The following antibodies were used: IP: anti-aromatase
(sc-14245; 3 ugper 800 g of total protein), anti-ERe (sc-71064; 3 g per
800 pg of total protein; Kumar et al., 2015), anti-KOR (raised against
amino acids 1-70; sc-7494; 2 ug per 800 ug of total protein; Chakrabarti
etal.,2010; Liuetal., 2011b, 2013), anti-mGluR, (sc-47131; 2 ug per 800
g of total protein), all purchased from Santa Cruz Biotechnology, and
anti-mGluR,,; (US Biologicals, M3884-76G; 3 ug per 800 ug of total
protein); Western blot: anti-mGlIuR, (US Biologicals, M3884-75C; 1:100),
anti-MOR (generous gift from Dr. Thomas Cote; 1:1000; Chalecka-
Franaszek et al., 2000), anti-mGluR,,; (US Biologicals, M3884-76G; 1:400),
anti-KOR (Pierce, generated against amino acids 262-275; 1:1000;
Chakrabarti et al., 2010; Liu et al., 2011b); immunocytochemistry (ICC):
anti-ERa (SCB, sc-542; 1:1000; Liu et al., 2011b), anti-MOR (raised in
guinea pig against amino acids 384—398 of MORI1; 1:1000; Arvidsson et
al., 1995b), anti-mGluR, (BD Biosciences, 610964; 1:1000; this antibody
was generated against a region of rat mGluR, that is highly divergent
from that of mGluRg; thus, it is unlikely to be cross-reactive with
mGluRg, as has been previously suggested for earlier reports of mGluR,
in laminae I-II; Alvarez et al., 2000); anti-mGluR,,; (US Biologicals,
M3884-76G); anti-preprodynorphin 235-248 (generated against prepro-
dynorphin 235-248, a cryptic portion of the dynorphin precursor that
serves as a marker peptide for dynorphin; Arvidsson et al., 1995a; Liu et
al., 2013), and anti-VGLUT (a mixture of antibodies against VGLUT1
and VGLUT2; Millipore Bioscience Research Reagents).

Statistical analyses. One-way ANOVA was used to analyze within-
group treatment effects while two-way ANOVA was used to compare
treatment by time effects on TFL between/among groups. Unpaired Stu-
dent’s ¢ test was used to analyze differences in Western blot signals of
coimmunoprecipitated proteins as well as spinal dynorphin release. p <
0.05 was considered significant. Statistical comparisons were made using
Prism 5 software.

Results
Altered functional interactions among spinal mER«,
mGluR,, and mGluR,,; underlie the transition from spinal
EM2 analgesically nonresponsive to responsive states
During diestrus, mERa and mGluR, activity restricts spinal EM2
analgesia (Liu et al., 2017). Using TFL, we investigated whether
the emergence of spinal EM2 antinociception during proestrus
results simply from the negation of this suppressive modulation
or the development of alternative facilitative signaling (Fig. 1).
Although spinal mER« blockade (via intrathecal MPP, 10
nmol, 30 min before EM2) unmasked EM2’s antinociceptive ef-
fect during diestrus (Liu et al., 2017), the same treatment during
proestrus did not alter intrathecal EM2 (45 nmol) analgesia
[F(1 33y = 0.112, p = 0.744, MPP-pretreated vs vehicle (DMSO)-
pretreated group; n = 6-7; Fig. 1]. Paradoxically, blockade of
spinal mGluR, (via intrathecal YM298198, 25 nmol, 30 min be-
fore EM2; which unmasks intrathecal EM2 analgesia during
diestrus) actually eliminated the spinal EM2 antinociception
during proestrus [F(, s, = 4.923, p = 0.046, YM298198-
pretreated vs vehicle (water)-pretreated group; n = 7]. Addition-
ally, blockade of mGluR,,; (via intrathecal LY341495, 25 nmol,
30 min before EM2, which did not alter the minimal antinocice-
ption produced by intrathecal EM2 during diestrus) also elimi-
nated proestrus-associated spinal EM2 antinociception [F, 53, =
5.012, p = 0.047, LY341495-pretreated vs vehicle (DMSO)-
pretreated group; n = 6—7]. Neither intrathecal YM298198 nor
LY341495, in the absence of EM2 but presence of EM2 vehicle,
altered TFL (F4 ,,) = 1.17,p = 0.372 for YM298198 and F, ,,, =
1.18, p = 0.368 for LY341495; n = 4). We did not test the effect of
intrathecal MPP in the presence of EM2 vehicle since intrathecal
MPP did not alter intrathecal EM2 antinociception in proestrus.
This indicates that the transition from being nonresponsive to
spinal EM2 (during diestrus) to being analgesically responsive
(during proestrus) resulted from the negation of suppressive
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Co-IP and coexpression of mGluR, and mGluR,; in proestrus versus diestrus. 4, solubilized spinal cord membrane fractions were immunoprecipitated using an antibody selective for

mGluR,. Immunoprecipitates were Western blotted using an antibody selective for mGIuR,; (+). The co-IP of mGluR, ; with mGluR, is markedly elevated in proestrus (P) versus diestrus (D).
Specificity of anti-mGluR, ; antibody was confirmed by the absence of the Western blot signal when the sample was incubated with preadsorbed (—) anti-mGluR, ; antibody. Bar graph in A shows
quantification of signal intensity after normalizing with the corresponding mGluR, that was directly immunoprecipitated. Specificity of the anti-mGIuR, antibodies was demonstrated by Liu et al.
(2017).*p < 0.05, D versus P, n = 6 for each group. B, left, Coexpression of mGIuR, (red; arrows) and mGluR,; (green; arrowheads) in a MOR-expressing neuron. Right, 23X higher-magnification
images of bottom-middle part of that neuron, showing expression in that region. MOR, Blue; mGluR;, red; mGIuR, 5, green. These data provide a cellular basis for the cooperative modulation of
intrathecal EM2 antinociception by mGluR, and mGIuR, ;. Data in bar graph are expressed as mean + SEM.

mERa-mGluR, modulation as well as the emergence of mGluR, -
mGluR,; facilitative modulation.

Association of mGluR, with mGluR, ; is augmented in spinal
cord of proestrus versus diestrus rats

Dependence of spinal EM2 antinociception on the concomitant
activation of mGluR, and mGluR, ; in proestrus (but not di-
estrus) suggested convergence of their signaling pathways con-
tingent on stage of estrous cycle. We investigated whether the
intersection of signaling pathways occurred at the level of the
receptors themselves, which would be reflected by their increased
co-IP during proestrus versus diestrus. Accordingly, we quantified
via Western blot analysis the content of mGluR,; in IP obtained
from spinal membranes using anti-mGluR, antibodies. mGluR, IP
obtained from proestrus rats contained small but demonstrable
quantities of mGluR, 5. In contrast, mGluR,,; was barely detectable
in mGIuR, IP obtained in diestrus rats (¢, = 6.09, p = 0.002, un-
paired ¢ test for proestrus vs diestrus; Fig. 2A). These results reveal
not only the physical association of mGluR, and mGluR, 5, but also
the plasticity of this association over the estrus cycle.

MOR-expressing spinal neurons coexpress mGluR, and
mGluR,;

Co-IP of mGluR,; and mGluR, 5 suggests but does not unequiv-
ocally establish their coexpression, which is critical for physiolog-
ical relevance. Neuronal coexpression of MOR, mGluR,, and
mGluR,,; in the superficial dorsal horn of S1 spinal cord in a
proestrus rat is illustrated in Figure 2B. mGluR,; immunoreactiv-
ity (arrows) and mGluR,,; immunoreactivity (arrowheads) are
found in or near the plasma membrane of a MOR-immuno-
reactive neuron (insets: a 2X higher magnification of the bottom
half of the neuron; arrowheads correspond to the arrowheads in
the main figure). This coexpression of mGluR,; and mGluR,,; in
MOR-expressing neurons not only provides a cellular context for
their co-IP, but also satisfies the requirement for their concomitant

activation for intrathecal EM2 antinociception to be manifest during
proestrus. Interestingly, although the intracellular distribution of
mGluR, and mGluR,,; within a MOR-immunoreactive cell over-
lapped, the majority did not. This suggests that interactions between
mGluR, and mGluR, 5 are not only dynamic and temporally regu-
lated, but that the coimmunoprecipitated mGluR, and mGluR,,;
represent a minority of their respective populations.

Spinal dynorphin release depends on stage of estrous cycle
We previously reported that spinal EM2 analgesia in proestrus
requires spinal dynorphin as well as KOR (in addition to MOR)
signaling (Liu and Gintzler, 2013). Based on this, we hypothe-
sized that the ability of spinal EM2 to produce antinociception is
influenced by variability in spinal dynorphin release, suppressed
in diestrus but enabled in proestrus.

To test this hypothesis, we quantified spinal dynorphin release
into spinal perfusate during diestrus and proestrus (Fig. 3). Dur-
ing diestrus, spinal dynorphin release was 1.70 * 0.20 fmol/10
min (n = 21), whereas during proestrus dynorphin release was
significantly higher (3.07 = 0.56 fmol/10 min; n = 18). The
nearly twofold increment in spinal dynorphin release during
proestrus versus diestrus (t;;) = 2.36, p = 0.024, unpaired ¢ test)
is consistent with our earlier pharmacological demonstration
that spinal dynorphin/KOR activity significantly affects intrathe-
cal EM2 analgesic responsiveness (Liu and Gintzler, 2013).

Spinal dynorphin/KOR activity is required for mER« or
mGluR, blockade to unmask intrathecal EM2 analgesic
responsiveness during diestrus

During proestrus, spinal EM2 antinociception depends on spinal
dynorphin/KOR signaling (Liu et al., 2013). This, in combination
with the current demonstration that basal dynorphin release is
higher in proestrus than diestrus, prompted us to investigate
whether spinal dynorphin release and/or KOR activation are also
essential for the spinal EM2 antinociception unmasked during
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Figure 3.  Basal spinal dynorphin release depends on stage of estrous cycle. Magnitude of
basal spinal dynorphin (Dyn) release is greater in proestrus versus diestrus (*p << 0.05;n = 18
and 21, respectively). This suggests a positive correlation between the magnitude of basal
spinal Dyn release and spinal EM2 antinociception. Data are expressed as mean + SEM.

diestrus by MPP (mERa blocker) or YM298198 (mGluR, blocker).
Accordingly, we investigated the effects of intrathecal anti-
dynorphin antibodies (DynAb; 300 ng, 30 min before EM2) or
intrathecal norBNI (KOR-selective antagonist; 26 nmol, 18 h be-
fore EM2) on the ability of MPP or YM298198 to unmask spinal
EM2 antinociception during diestrus. Strikingly, both intrathecal
treatments eliminated the intrathecal EM2 antinociception that
emerged after blocking either spinal mERa or mGluR; (Fig. 4A:
Fi 56 = 3.36, p = 0.09 for MPP+DynAb+EM2 vs vehicle+
EM2; F;s, = 0.39, p = 0.544 for MPP+norBNI+EM2 vs
vehicle+EM2; Fig. 4B: F,, 45, = 1.26, p = 0.283 for YM298198+
DynAb-+EM2 vs vehicle+EM2; F(, 50y = 0.88, p = 0.362 for
YM298198+norBNI+EM2 vs vehicle+EM2; n = 5-7). As ex-
pected, vehicle for DynAb/norBNI had no effect (F, 44, = 0.47,
p=0.514and F, 55, = 0.003, p = 0.954 for MPP and YM298198,
respectively; n = 4-7). Furthermore, as previously reported (Liu
et al., 2013), neither intrathecal DynAb nor intrathecal norBNI
altered TFL in the absence or presence of intrathecal EM2 in
diestrus.

These data suggest that during diestrus, unmasking spinal
EM2 antinociception by blocking spinal mERa or mGluR, re-
sults from disinhibiting spinal dynorphin release/KOR signaling.
This implies that a threshold level of endogenous spinal dynor-
phin/KOR signaling is a prerequisite for intrathecal EM2 antino-
ciception. This inference is supported by the ability of intrathecal
EM2 to produce analgesia during diestrus when rats are pre-
treated (30 min before EM2) with intrathecal dynorphin (Fig. 4C;
3 nmol dynorphin: F, ;,, = 3.98, p = 0.03; 5 nmol dynorphin:
Fi412) = 3.99, p = 0.03; both comparing TFL before vs after
intrathecal dynorphin+EM2, n = 5-6). In contrast, 1.5 nmol
intrathecal dynorphin was insufficient to unmask spinal EM2
antinociception (F4,¢ = 1.29, p = 0.312, n = 5). Intrathecal
dynorphin (5 nmol), in the absence of EM2 but the presence ofits
vehicle, did not alter TFL (F(, 5, = 0.39, p = 0.813, n = 4).

EM2 inhibits spinal dynorphin release, which requires mER«
and mGluR, activity in diestrus

The ability of spinal dynorphin/KOR antagonism to eliminate
the spinal EM2 analgesic responsiveness that emerges following
mERa or mGluR, blockade could indicate that during diestrus

Liu et al. @ EM2 Analgesia: Role of KOR and mGluRs

mERa and mGluR, are each able to suppress dynorphin release,
thereby curtailing spinal EM2 analgesic responsiveness. To test
this hypothesis, we determined the influence of blocking spinal
mER«a or mGluR, on spinal dynorphin release while in the pres-
ence of EM2 (Fig. 5), mirroring the behavioral experiments de-
scribed above.

An analgesically effective dose of intrathecal EM2 (45 nmol)
significantly inhibited (=53%) spinal dynorphin release during
diestrus (t.;) = 4.53, p = 0.003, paired ¢ test) as well as proestrus
(~45%; t(5) = 3.39, p = 0.019, paired ¢ test). During diestrus, in
the absence of EM2, dynorphin release was not altered by block-
ing mGluR; or mER« (¢, = 0.06, p = 0.956, unpaired ¢ test for
mGluR, blocker; t4) = 1.19, p = 0.265, unpaired ¢ test for ERa
blocker). Nevertheless, blocking either mGluR; or mER« (which
unveils intrathecal EM2 analgesic responsiveness during di-
estrus) eliminated the inhibition of dynorphin release produced
by EM2, i.e., EM2 failed to inhibit spinal dynorphin release fol-
lowing mGluR, or mERa blockade (t;) = 2.06, p = 0.078, paired
t test for mGluR, blocker; t¢) = 0.74, p = 0.488, paired t test for
ERa blocker). These data support the above inference that in
diestrus, either spinal mERa or mGluR, blockade restores anal-
gesic responsiveness to intrathecal EM2 by disinhibiting (and
thereby augmenting) spinal dynorphin release.

In contrast to diestrus, blockade of mGluR, (as well as mGluR,,;)
during proestrus failed to alter EM2-induced inhibition of spinal
dynorphin release, i.e., EM2 persisted in inhibiting spinal dynor-
phin release despite mGluR, (or mGluR, ;) blockade (.5, = 2.27,
p = 0.036, paired t test for mGluR, blocker; t,) = 2.31, p = 0.041
paired ¢ test for mGlIuR,,; blocker). The effect of blocking
mGluR,,; during diestrus or blocking mER« during proestrus on
the EM2 inhibition of dynorphin release was not determined
since these treatments did not alter spinal EM2 antinociception
(Liu et al., 2017).

Plasticity of spinal mGluR, functionality results from its
differential activation by mER« and glutamate

We hypothesized that the antithetical modulation by mGlIuR, of
spinal EM2 antinociception (reflected by the opposite effects of
mGluR, antagonism) in diestrus versus proestrus resulted from
switching the endogenous activator of mGluR, from mER« dur-
ing diestrus [as has been observed in cultured hippocampal neu-
rons (Boulware et al., 2005)] to glutamate during proestrus. In
other words, we postulated that the switch from suppressive to
facilitative modulation of spinal EM2 antinociception resulted
from biased agonism at spinal mGluR, by its two endogenous
agonists: mER« and glutamate.

To test this hypothesis, we determined whether blockade of
spinal glutamate release would blunt intrathecal EM2 antinoci-
ception during proestrus, as was observed following spinal
mGluR, blockade. Figure 6 illustrates that during proestrus, in-
trathecal riluzole [a glutamate release inhibitor (Mao et al., 2002;
Sung et al., 2003); 43 nmol, 1 h before EM2] eliminated intrathe-
cal EM2 antinociception (F; 49y = 8.16, p = 0.017, n = 5-7, for
Rilu+EM2 vs Veh1+EM2; F, ) = 0.98, p = 0.446, n = 5, for
TFL in the absence vs presence of intrathecal riluzole+EM?2).
Intrathecal application of riluzole, in the absence of EM2, but
presence of its vehicle, did not alter TFL (F(, ,,, = 1.25,p = 0.344
for riluzole; n = 4). As expected, during diestrus, intrathecal
riluzole had no effect on spinal EM2 nonresponsiveness (n = 4;
data not shown). Collectively, these data strongly suggest that
signaling via endogenous spinal glutamate is a prerequisite for the
spinal EM2 antinociception that emerges during proestrus,
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Figure 4.  Activity of endogenous spinal dynorphin/KOR is a prerequisite for the spinal EM2 analgesia unveiled by blocking mER« or mGIuR; in diestrus. A-C, Analgesic responsiveness to
intrathecal EM2 (45 nmol) was determined in diestrus following intrathecal pretreatment with either MPP (ERcx blocker; A), YM298198 (mGluR, blocker; B, YM), or dynorphin (C, Dyn). MPP (10
nmol) or YMwas administered alone or in combination with anti-dynorphin antibody (DyAb, 300 ng) or norBNI (BNI, 26 nmol). MPP, YM, or DyAb was administered 30 min preceding intrathecal EM2.
BNIwas administered 18 h before intrathecal EM2. TFL was determined at the indicated times. Either intrathecal DyAb or norBNI abolished the spinal EM2 antinociception unveiled by blocking either
spinal mERa or mGIuR,. In contrast, intrathecal Dyn unmasked intrathecal EM2 antinociception during diestrus. Pretreatment with the vehicle (water) for DyAb/BNI did not alter the ability of mERx
ormGluR, antagonists to unmask intrathecal EM2 antinociception. Furthermore, neither of the indicated treatments, in the absence of intrathecal EM2, butin the presence of its vehicle (3% DMS0),
altered TFL.n = 4 -7. Since BNl was added 18 h before intrathecal EM2, itsindicated TFL at zero time represents that obtained 17.5 h after the spinal application of BNI. Veh1, DMSO (vehicle for MPP);
Veh2, water (vehicle for DyAb/BNI/YM/Dyn); Veh3, 3% DMSO (vehicle for EM2). These data indicate that suppression of endogenous spinal dynorphin/KOR signaling is causally associated with the
absence of spinal EM2 analgesic responsiveness during diestrus. Data are expressed as mean = SEM.
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Figure5. Activity of mERcx and mGIuR, is necessary for EM2 inhibition of spinal dynorphin
(Dyn) release in diestrus but not proestrus. Intrathecal EM2 (45 nmol) inhibits spinal Dyn release
similarly in proestrus and diestrus, but regulation of this modulation by spinal mERcc or mGluRs
depends on stage of estrous cycle. In proestrus, blocking mGluR, (via YM298198, 25 nmol, 30
min), mGIuR, ; (via LY341495, 25 nmol, 30 min), or mERc (via MPP, 10 nmol, 30 min) fails to
alter the EM2 inhibition of spinal Dyn release. In contrast, YM298198 and MPP profoundly
attenuate EM2 inhibition of Dyn release during diestrus (n = 6 —8). The effect on EM2 inhibi-
tion of Dyn release of blocking mGIuR,,; during diestrus and mERcx during proestrus was not
determined since these treatments did not alter spinal EM2 antinociception. Although either
YM298198 or MPP attenuates EM2 inhibition of Dyn release, these blockers failed to increase
Dyn release in the absence of EM2 (butin the presence of its vehicle; data not shown). The ability
of mGluR, or ERax blockade to reduce EM2 inhibition of Dyn release during diestrus suggests
that spinal Dyn toneis a critical determinant of spinal EM2 analgesic responsiveness. *p << 0.05
for YM/MP-+EM2 versus EM2 in diestrus. YM, YM298198; LY, LY341495; MP, MPP; Veh, vehicle
(DMSO0). Data are expressed as mean + SEM.

which implies that deficiency of spinal glutamate signaling likely
underlies the lack of EM2 antinociception during diestrus.

In the spinal cord dorsal horn, spinal dynorphinergic neurons
coexpressing mERa and mGluR, are apposed by
glutamatergic terminals

The distribution of dynorphin, mERe, mGluR,, and glutamate
has been reported in the spinal dorsal horn (Cruz and Basbaum,
1985; Sweetnam et al., 1986; Miller and Seybold, 1989; Arvidsson
et al., 1995a; Williams and Papka, 1996; Yung, 1998; Tang and
Sim, 1999; Alvarez et al., 2000), as have the anatomical inter-
relationships among some of them (Gintzler etal., 2008; Liu et al.,
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Figure 6. Glutamateis required for the manifestation of spinal EM2 analgesia during proes-
trus. Analgesic responsiveness to intrathecal EM2 (45 nmol) was determined using TFL follow-
ing intrathecal pretreatment with riluzole (Rilu; glutamate release inhibitor, 43 nmol, 1h) orits
water vehicle (Veh1). Attenuation of spinal glutamatergic activity (via Rilu) eliminated spinal
EM2 antinociception. Intrathecal Rilu, in the absence of intrathecal EM2, but in the presence of
its vehicle, did not alter TFL. n = 4—6. Veh2, 3% DMSO. Data are expressed as mean + SEM.

2011b, 2017). However, it is still unclear whether the anatomical
organization exists that would allow spinal dynorphin release to
be modulated by ERa-activated and glutamate-activated mGluR
signaling, as our data suggest (and is critical to inferences pertain-
ing to endogenous regulation of EM2 antinociception in cycling
females). Accordingly, we investigated the anatomical relation-
ships among spinal dynorphin, mERa, mGluR;, and glutamate.
Figure 7 shows confocal images of two adjacent 5 uwm sections of
a single spinal neuron in the L6 superficial dorsal horn. This
neuron expressed a thin shell of dynorphin immunoreactivity in
its cytoplasm, as we have described earlier (Liu et al., 2013). This
neuron coexpresses mGluR; and ERa in or near the plasma
membrane (arrowheads) and within the cell soma. Notably, this
neuron is apposed by VGLUT-expressing (glutamatergic) termi-
nals (arrow; Fig. 7, right). This anatomical organization provides
a cellular basis for cycling between ERa-activated and glutamate-
activated mGluR, signaling over the estrous cycle. This organiza-
tion would also enable modulation of spinal dynorphin release by
glutamate, thereby coordinating glutamate activation of mGluR,
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Figure 7. A single spinal dynorphinergic neuron coexpresses ERcc and mGIuR, and is ap-
posed by glutamatergic terminals. The two images are from adjacent 5 um sections through
the same neuron. Left, mGIuR, (green; arrowheads), ERcx (blue), and dynorphin (Dyn; red) are
coexpressed in or near the plasma membrane in a single neuron in the spinal superficial dorsal
horn of segment L6 during proestrus. Right, Glutamatergic terminals (green; arrow, stained for
VGLUTs) appose the neuron expressing ERcx and Dyn.

with dynorphin release, both of which are prerequisites for spinal
EM2 antinociception during proestrus.

mGluR,,; and KOR oligomerize with MOR, mGluR,, ER«,
and aromatase in the spinal cord
ICC demonstration of coexpressed proteins does not establish
their intraneuronal biochemical organization. We previously
demonstrated that MOR, mER«, mGluR,, and aromatase are not
only coexpressed, but also exist, at least in part, as oligomers (Liu
etal.,2017). Given our earlier demonstration of the coexpression
of KOR with MOR and ERe in spinal neurons (Liu et al., 2011b)
and the dependence on spinal KOR activity for EM2 antinocice-
ption to be manifest (Liu and Gintzler, 2013), and given the cur-
rent demonstration that mGIuR, 5, in addition to mGluR,, is a
prerequisite for spinal EM2 antinociception to be manifest dur-
ing proestrus, we hypothesized that both KOR and mGluR,;
would also be present in this spinal oligomer. To test this, spinal
membranes were electrophoresed using blue native gels. The pre-
viously reported =360 kDa band (Liu et al., 2017; Fig. 8A) was
visualized with Coomassie Blue, excised, and eluted. Equal ali-
quots of the eluted band were subjected to reducing SDS-PAGE.
Western blot analyses using antibody against either mGluR,,; or
KOR revealed that, in addition to the previously demonstrated
aromatase, ERa, mGluR,, and MOR (Liu etal., 2017; Fig. 8B), the
~360 kDa band also contained mGluR,,; and KOR (Fig. 8E).
To differentiate between the presence of KOR and mGluR, ;
in a common oligomer versus different complexes that comi-
grated on native gels, we performed sequential IP as previously
described (Liu et al., 2017) using antibody against aromatase,
ERe, and mGluR, but now with the addition of antibody against
KOR and mGluR, 5. The final IP was electrophoresed using blue
native gels and Western blotted with anti-MOR antibody. A
~360 kDa band (Fig. 8D) analogous to that previously reported
(Liu et al., 2017; Fig. 8C) was obtained. This cross-validated the
presence of KOR and mGluR, 5 in a =360 kDa oligomer that also
contains aromatase, mERa, mGluR;, and MOR.

Discussion

This study investigated the physiological regulation of spinal
EM2 antinociception over the rat estrous cycle. Findings reveal
that fluctuating spinal dynorphin/KOR signaling and alternating
endogenous activators of mGluR,; are key elements of that
regulation. Specifically, we found the following: (1) mERa-
mGluR; suppression of spinal EM2 antinociception during di-
estrus results from their inhibition of spinal dynorphin release
and consequently diminished KOR activation (both of which are
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Figure 8.  Spinal KOR and mGluR,,; are present in an oligomer containing MOR, mGIuR,,
ERcy, and aromatase. Solubilized spinal cord membranes were electrophoresed using blue na-
tive (BN) gels. A, E, A =360 kDa band identified with Coomassie Blue (4) was eluted and
subjected to reducing SDS PAGE Western analysis using anti-KOR and anti-mGIuR, ; antibodies
(E). Since mGluR,; that coimmunoprecipitated with mGluR, appeared at the predicted molec-
ular mass (=110 kDa; Fig. 2), its detected Western blot signal (=200 kDa) derived from the
oligomer likely representsits dimerized form. B, Tovalidate the idea that the visualized KOR and
mGluR,; originated from the same oligomer as that previously shown to contain aromatase
(Aro), ERcr, mGluR,, and MOR, solubilized spinal membranes were subjected to sequential IP
using antibodies (in order) against Aro, ERcr, mGluR,, KOR, and mGluR,;. €, D, MOR Western
blotting of the final immunoprecipitate following BN gel electrophoresis revealed a ~360 kDa
band (D), as was obtained when using the same procedure but absent IP with anti-KOR and
anti-mGluR, ; antibodies (C). A-C [previously reported (Liu et al., 2017), reproduced with
permission from Pain) are included to integrate current findings with the previously defined
oligomer. The discrepancy between the apparent molecular mass of the oligomer and the sum
of its monomeric components (=360 vs ~450 kDa) likely results from the oligomer being
resolved using nonreducing and nondenaturing conditions (BN PAGE), maintaining structure
and charge density (shape, hydrodynamic diameter, and charge influence apparent molecular
mass). In contrast, oligomer components were resolved using SDS-PAGE, eliminating three-
dimensional structure, making electrophoretic mobility dependent predominantly on size. Ad-
ditionally, notwithstanding inaccuracies of molecular mass estimation using BN gels, summing
apparent molecular mass of oligomer components resolved on SDS PAGE exacerbates the com-
monly accepted 10 —15% variability of using this method for molecular mass estimation (Goetz
etal., 2004).

essential for spinal EM2 antinociception during proestrus; Liu
and Gintzler, 2013); (2) an analgesically effective dose of intra-
thecal EM2 inhibits spinal dynorphin release; (3) spinal dynor-
phin release in diestrus requires the activity of both mER« and
mGluR, (providing a basis for their blockade to unmask EM2
antinociception in diestrus); and (4) in proestrus, glutamate ac-
tivation of mGlIuR, (together with mGluR,,;) promotes spinal
EM2 analgesic responsiveness, notwithstanding that spinal EM2
antinociception is suppressed by mGluR, during diestrus, when
it is activated by mER« [which is stimulated by spinal estrogens,
whose production is inversely related to circulating estrogens
(Liu et al., 2017)].

We previously reported that spinal dynorphin activation of
KOR is a prerequisite for spinal EM2 antinociception in female
rats (Liu and Gintzler, 2013). Current findings indicate that in-
sufficient spinal dynorphin/KOR signaling is one basis for the
absence of spinal EM2 analgesic responsiveness during di-
estrus. Multiple observations support this conclusion: (1) mERa-
mGluR, suppression of spinal EM2 antinociception results from
their inhibition of spinal dynorphin release; (2) basal rates of
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of the ebb and flow of spinal dynorphin and glutamate signaling over the estrous cycle.

spinal dynorphin release were ~2-fold higher during proestrus
than diestrus, and (3) blockade of mERa or mGluR, during di-
estrus (which unmasks analgesic responsiveness to EM2) elimi-
nated intrathecal EM2 inhibition of spinal dynorphin release.
Thus, diestrus is associated with compromised functionality of
the spinal dynorphin/KOR opioid system, which in turn reduces
analgesic responsiveness to the spinal EM2/MOR opioid system.
To the best of our knowledge, this is the first direct demonstra-
tion that minimizing one endogenous opioid system compro-
mises another. Overall, our findings could underlie, at least in
part, observations of variable nociception across the reproductive
cycle (Teepker et al., 2010; Ibironke and Aji, 2011).

Paradoxically, mGluR; signaling, which suppresses spinal
EM2 antinociception during diestrus (Liu et al., 2017), is essential
for EM2 antinociception during proestrus. Since in addition to
glutamate, mGluR, can also be activated by mER«a [presumably
via protein—protein interactions (Dewing et al., 2007), which can
be blocked by mGluR, antagonists (Boulware et al., 2005)],
we hypothesized that the transition from negative to positive
mGluR,; modulation of EM2 antinociception resulted from (1) a
shift in the endogenous activator of mGluR, from mER« (during
diestrus) to glutamate (during proestrus) and (2) the partnering
of mGluR, with mGluR,,; (which are present in a common spinal
oligomer). Both changes, individually and in combination, could
alter downstream mGluR targets.

To test our hypothesis that mGluR, activation by glutamate
(instead of mER«) is critical to converting mGluR; modulation
of spinal EM2 antinociception from suppressive (during di-
estrus) to facilitative (during proestrus), we determined the effect
of inhibiting endogenous release of glutamate on spinal EM2
antinociception during proestrus. Acute blockade of spinal
glutamate release during proestrus substantially reduced EM2
analgesic responsiveness to that characteristic of diestrus (as
did spinal mGluR, blockade), supporting our formulation
that the shift from spinal EM2 nonresponsive to analgesically
responsive states results, at least in part, from opposing con-

Schematic of fluid interactions within the described signaling oligomer, hypothesized to underlie estrous cycle-
dependent analgesic responsiveness to intrathecal EM2. During diestrus, activation of mER-mGIuR, signaling via estrogens (E2)
synthesized within the oligomer (denoted by the dashed enclosure) suppresses analgesic responsiveness to intrathecal EM2 by
inhibiting Dyn/KOR signaling. The emergence of spinal EM2 antinociception during proestrus results from (1) the disengagement
of suppressive mERc-mGluR, signaling, (2) a shift from mER« to glutamate activation of mGluR,, which now signals in collabo-
ration with mGluR,5, and (3) augmented spinal Dyn/KOR signaling. Our data are consistent with an organizational framework in
which the spinal neurons coexpressing the relevant signaling proteins (oligomerized therein) are apposed by EM2-containing and
glutamate-containing varicosities. This organization would enable individual neurons to vary responsiveness to EM2 as a function

on EM2 antinociception (Fig. 9).

Suppression versus facilitation of spi-
nal EM2 antinociception by mGluR, that
depends on its activators suggests the im-
portance of endogenous-biased agonism
at mGluR,. Ligand bias refers to the pro-
pensity of agonists to activate or stabilize
receptor conformations that preferen-
tially stimulate specific signaling path-
ways. This is likely to be particularly
relevant to mGluR,; signaling, since
mGluR, couples not only to G, (Masu et
al., 1991), but also to G, (Aramori and Na-
kanishi, 1992; Miyashita and Kubo, 2000)
and G/, (Akam et al., 1997; Sharon et al.,
1997), the extent of which could be influ-
enced by mGluR, activation by mER«
versus glutamate. Our present finding that
spinal EM2 antinociception is both inhib-
ited and facilitated by spinal mGluR,, de-
pending on its activator, strongly suggests
that ligand bias pertains not only to exoge-
nous agonists, but can also be an endoge-
nous regulatory mechanism. Interestingly,
in this regard, EM2 itself has been reported
to be a biased agonist at MORs (McPherson et al., 2010; Rivero et al.,
2012).

The contribution of the increased mGluR, association with
mGluR,,; to the ability of mGluR, to act as a switch, shifting
from suppressing to facilitating EM2 antinociception, remains
unknown. Thisnotwithstanding, heterodimerization of G-pro-
tein-coupled receptors is known to alter the signaling of their
monomeric form (AbdAlla et al., 2000; Chakrabarti et al.,
2010). Interestingly, heterodimerization of mGluR; with
GABAj; receptors increases the sensitivity of mGluR, to gluta-
mate (Tabata et al.,, 2002). Association of mGIluR; with
mGluR,,; could similarly increase glutamate activation of
mGluR,, thereby promoting the dissociation of mERa from
mGluR, and thus the shift from mERa-mGluR, suppression
to glutamate-mGluR, facilitation of spinal EM2 antinocicep-
tion. Although decreasing glutamate release was able to block
EM2 responsiveness during proestrus, it is not clear whether
glutamate release is altered between proestrus and diestrus. It
is possible that glutamate release onto spinal MOR neurons is
suppressed by mERa-mGluR; signaling during diestrus,
which could be offset by the loss of such signaling during
proestrus, analogous to modulation of dynorphin release over
the estrous cycle.

The antinociception produced by EM2/MOR requires dynor-
phin, as well as the activity of MOR and KOR, both of which are
present in a common oligomer along with aromatase, mERq,
mGluR;, and mGluR,,;. Furthermore, during proestrus, MOR
and KOR form a heterodimer, the MOR and KOR protomers of
which can be occupied by EM2 and dynorphin, respectively. In-
teractions between mGluR, and mGluR,,;, and their facilitation
of MOR/KOR signal transduction would be aided by their pres-
ence in this common oligomer. Plasticity of interactions among
components of the defined oligomer within a neuron receiving
varying dynorphinergic and glutamatergic stimulation (inputs)
represents a novel mechanism for modulating analgesic respon-
siveness to endogenous EM2.



11190 - J. Neurosci., November 15, 2017 - 37(46):11181-11191

The relevance of current findings to spinal EM2 antinocicep-
tion in males remains to be determined. Since spinal dynorphin/
KOR signaling does not contribute to EM2 antinociception in
males (Liu and Gintzler, 2013), we expect the suppressive mERa—
mGluR, regulatory pathway (which limits dynorphin release) to
be absent from males. Additionally, if glutamate/mGluR, signal-
ing is indeed essential for intrathecal EM2 antinociception in
males, its contribution is highly unlikely to involve facilitation of
KOR/MOR heterodimerization since levels of KOR/MOR het-
erodimers are much lower in males than in proestrus females.
These differences underscore that mechanisms regulating spinal
EM2 antinociception in males should not be extrapolated directly
from females, but instead empirically determined.

The physiological trigger(s) for increasing responses to exog-
enous (intrathecal) EM2 could also be central to engaging endog-
enous EM2 antinociception. Our data (Liu et al., 2017; this study)
show that spinal neurons in pain-processing regions coexpressing
oligomer components (MOR, KOR, aromatase, mERa, mGluR;,
and mGluR,,;) are also apposed by EM2-containing and gluta-
mate-containing varicosities. Therefore, exogenous and en-
dogenous spinal EM2 antinociception are likely modulated by
common mechanisms.

The current prescription opioid abuse epidemic underscores
the imperative for finding alternative pharmacotherapies for
managing pain. The demonstration that endogenous opioids me-
diate placebo-induced antinociception (Levine et al., 1978; Zu-
bieta et al., 2005; Wager et al., 2007) provides proof of concept of
the potential utility of harnessing endogenous opioids for clinical
pain relief. Although exogenously administered EM2 is not clin-
ically relevant, it is a potent endogenous opioid. Our current
finding that spinal EM2 antinociception is regulated over the
estrous cycle by both the nature of the endogenous mGluR, acti-
vator as well as changes in spinal dynorphin/KOR signaling could
point the way for developing noncanonical pharmacological
approaches to pain management that enable harnessing endoge-
nous EM2 (and perhaps other endogenous opioids) for the sex-
specific management of pain.
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