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Abstract

We examined whether estrogen negatively modulates cannabinoid-induced regulation of food intake,
core body temperature and neurotransmission at proopiomelanocortin (POMC) synapses. Food
intake was evaluated in ovariectomized female guinea pigs abdominally implanted with thermal
Datal oggers and treated s.c. with the cannabinoid CB1/CB, receptor agonist WIN 55,212-2, the
CB; receptor antagonist AM251 or their cremephor/ethanol/0.9% saline vehicle, and with estradiol
benzoate (EB) or its sesame oil vehicle. Whole-cell patch clamp recordings were performed in slices
through the arcuate nucleus. WIN 55,212-2 produced dose- and time-dependent increases in food
intake. EB decreased food intake 8-24 h after administration, but rapidly and completely blocked
the increase in consumption caused by WIN 55,212-2. EB also attenuated the WIN 55,212-2-induced
decrease in core body temperature. The AM251-induced decrease in food intake was unaffected. The
diminution of the WIN 55,212-2-induced increase in food intake caused by EB correlated with a
marked attenuation of cannabinoid receptor-mediated decreases in glutamatergic miniature
excitatory postsynaptic current frequency occurring within 10-15 minutes of steroid application.
Furthermore, EB completely blocked the depolarizing shift in the inactivation curve for the A-type
K* current caused by WIN 55,212-2. The EB-mediated, physiologic antagonism of these presynaptic
and postsynaptic actions elicited upon cannabinoid receptor activation was observed in arcuate
neurons immunopositive for phenotypic markers of POMC neurons. These data reveal that estrogens
negatively modulate cannabinoid-induced changes in appetite, body temperature and POMC
neuronal activity. They also impart insight into the neuroanatomical substrates and effector systems
upon which these counter-regulatory factors converge in the control of energy homeostasis.
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1. Introduction

Estrogen exerts far-reaching effects on homeostatic functions including, but not limited to,
reproduction, food intake and body temperature regulation. For example, estrogen exerts
negative and positive feedback on the reproductive axis, which regulates ovarian
steroidogenesis, ovulation, endometrial thickness, breast development and sexual behavior
(Yuenetal., 1973;0wen, 1975;Sinchak and Micevych, 2001). Estrogen also decreases appetite
in several rodent species via peripheral (Palmer and Gray, 1986;McCaffrey and Czaja,
1989;Santollo et al., 2007), intracerebroventricular (Gao et al., 2007) and intrahypothalamic
(Butera and Czaja, 1984;Palmer and Gray, 1986) routes of administration, and in human
females energy intake is lowest during the periovulatory phase of the ovarian cycle, in which
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estrogen levels are at their highest (Johnson et al., 1994). In addition, core body temperature
is lower during the estrogen-dominated follicular phase (Cagnacci et al., 1997;Stephenson and
Kolka, 1999;Stachenfeld et al., 2000), and hot flashes represent the chief complaint among
women during reproductive senescence (Deecher and Dorries, 2007). These estrogenic effects
are largely related to the actions of the steroid on thermoregulatory centers in the preoptic area
(Silva and Boulant, 1986;Tsai et al., 1992), and on proopiomelanocortin (POMC) neurons in
the hypothalamic arcuate nucleus, where estrogen regulates synaptology (Gao and Horvath,
2008), POMC gene expression (Thornton et al., 1994;Cheung and Hammer, 1995;Roepke et
al., 2007) peptide release (Ferin et al., 1984), and alters the coupling of metabotropic receptors
to their effector systems (Kelly and Wagner, 1999;Nguyen and Wagner, 2006) to collectively
affect the excitability of POMC neurons and neurotransmission at POMC synapses.

Cannabinoids also impact these same homeostatic processes. For example, A%-
tetrahydrocannabinol decreases gonadotropin secretion, thereby depressing ovarian
steroidogenesis and disrupting ovarian cyclicity and pregnancy (Asch et al., 1981;Asch and
Smith, 1986). Endogenous cannabinoids have also recently been shown to tonically inhibit
sexual behavior in steroid-primed female rats (L6pez et al., 2009). By contrast, cannabinoid
CB; receptor agonists stimulate appetite in mice (Sinnayah et al., 2008), rats (Williams and
Kirkham, 2002) and guinea pigs (Ho et al., 2007;Diaz et al., 2009), and in humans dronabinol
and marijuana have been utilized as pharmacotherapeutic adjuncts to ameliorate body wasting
in cancer (Walsh et al., 2005) and HIVV/AIDS (Woolridge et al., 2005;Haney et al., 2005)
patients. These hyperphagic effects are due, in least in part, to cannabinoid-induced alterations
in both excitatory and inhibitory amino acid neurotransmission and thus the activity of cells
comprising the hypothalamic feeding circuitry such as melanin-concentrating hormone (Jo et
al., 2005;Huang et al., 2007) and POMC (Hentges et al., 2005;Nguyen and Wagner, 2006;Diaz
et. al., 2009) neurons. In addition, hypothalamic levels of endogenous cannabinoids are
influenced by feeding-relevant humoral factors such as leptin (Di Marzo et al., 2001) and
ghrelin (Kola et al., 2008). Finally, cannabinoid receptor agonists elicit hypothermia due to
activation of CB; receptors in the preoptic anterior hypothalamus (Fitton and Pertwee,
1982;Rawils et al., 2002).

In light of these convergent lines of evidence, we tested the hypothesis that estrogen would
pervasively modulate cannabinoid CB4 receptor agonist- and antagonist-induced changes in
energy homeostasis in a physiologically-pertinent way as measured via changes in food intake,
core body temperature and neurotransmission at POMC synapses. Since arcuate neurons,
including POMC neurons, receive convergent glutamatergic and GABAergic synaptic input
(Decavel and van den Pol, 1992;Hentges et. al., 2005;Nguyen and Wagner, 2006;Gao et. al.,
2007;Diaz et. al., 2009), we evaluated cannabinoid modulation of both miniature excitatory
postsynaptic currents (MEPSCs) and miniature inhibitory postsynaptic currents (mIPSCs) in
estrogen- and vehicle-treated hypothalamic slices. Given that POMC neurons also exhibit an
A-type K* current (1) that is enhanced by cannabinoid CB; receptor agonists (lbrahim et al.,
2003;Tang et al., 2005), and estrogen has been shown to attenuate the |5 in gonadotropin-
releasing hormone (GnRH) neurons (DeFazio and Moenter, 2002), we therefore examined the
modulatory effect of estrogen on CB; receptor-mediated augmentation of the |4.

2. Materials and Methods

2.1 Animals

All animal procedures described in this study are in accordance with institutional guidelines
based on NIH standards. Female and male Topeka guinea pigs (350-500 g) were obtained from
Elm Hill Breeding Labs (Chelmsford, MA, USA), kept under controlled temperature (69-73°
F) and light (12 h on: 12 h off), and provided with food and water ad libitum. They were
ovariectomized and implanted with a DataLogger (SubCue, Calgary, Alberta) into the
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abdominal cavity to monitor temporal fluctuations in core body temperature under ketamine/
xylazine anesthesia (33 mg/kg & 6 mg/kg, respectively; s.c.) at least 4 days prior to
experimentation. Following recovery, the animals underwent treatment with estradiol benzoate
(EB; 4 or 10 pg; s.c.), or with its sesame oil vehicle (0.1 ml; s.c.), as will be described
subsequently.

For the feeding studies, (R)-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo
[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone mesylate (WIN 55,212-2) and N-
(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-
carboxamide (AM251) were dissolved in cremephor/ethanol/0.9% saline (1/1/18; v/viv). For
the electrophysiological experiments, tetrodotoxin (TTX) with citrate was dissolved in
Ultrapure H,O to a stock concentration of 1 mM. Tetraethylammonium chloride (TEA) was
dissolved in UltraPure H,0 to a stock concentration of 500 mM. 4-Aminopyridine (4-AP) and
nickel chloride hexahydrate (NiCl,) were dissolved in UltraPure H,O to a stock concentration
of 100 mM. Arachidonyl-2'-chloroethylamide (ACEA) was dissolved in ethanol to a stock
concentration of 1 mM. cis-4-[Phosphomethyl]-2-piperidinecarboxylic acid (CGS 19755; 10
mM) was dissolved in 0.1N NaOH and then diluted to the final volume with UltraPure H-,0.
WIN-55,212-2, AM251 and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]lquinoxaline-7-
sulfonamide (NBQX) were dissolved in dimethyl sulfoxide to stock concentrations of 10 mM.
Stock solutions of 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid
hydrobromide (SR 95531) and w-conotoxin MVIIC (10 mM and 10 uM, respectively) were
prepared with UltraPure H,0O.

2.3 Feeding Behavior

The feeding studies were performed as previously described (Diaz et. al., 2009). Briefly, food
intake was monitored around the clock for seven days using a Comprehensive Lab Animal
Monitoring System (Columbus Instruments; Columbus, OH, USA). Each morning at 8:00 a.m.
the animals were injected with either the mixed cannabinoid CB1/CB, receptor agonist WIN
55,212-2 (0.1-1.0 mg/Kkg; s.c.), the CB; receptor antagonist AM251 (3 mg/kg; s.c.) or their
cremephor/ethanol saline (1/1/18; v/v/v) vehicle (1 ml/kg; s.c.). Every other morning they were
also injected with EB (4-10 pg) or its sesame oil vehicle.

2.4 Electrophysiology

Electrophysiological recordings from arcuate neurons were performed using an in vitro
hypothalamic slice preparation as previously described (Tang et. al., 2005;Nguyen and
Wagner, 2006). Briefly, electrode resistances varied from 3 — 8 MQ. Membrane currents were
recorded in voltage clamp with access resistances ranging from 8-20 MQ, and underwent
analog-digital conversion via a Digidata 1322A interface coupled to pClamp 8.2 software
(Axon Instruments). The access resistance, as well as the resting membrane potential and the
input resistance, were monitored throughout the course of the recording. If the access resistance
deviated greater than 20% of its original value, the recording was ended. To ascertain whether
estrogen could rapidly modulate cannabinoid receptor agonist-induced decreases in
glutamatergic mEPSCs or GABAergic mIPSCs, cells were perfused in artificial cerebrospinal
fluid in the presence of 500 nM TTX and 10 pM SR 95531, or 3 uM NBQX and 10 uM CGS
19755, to block GABA or ionotropic glutamate receptor-mediated synaptic input,
respectively, and also with 100 nM EB or its ethanol vehicle (0.00376% by volume), for 10—
15 minutes. Baseline recordings were performed from a holding potential of =75 mV (for
MEPSCs) or —30 mV (for mIPSCs) for 3—-4 minutes. Both EB-treated and vehicle-treated slices
were then perfused with varying concentrations of the cannabinoid receptor agonist WIN
55,212-2 (30 nM — 10 uM) or the cannabinoid CB receptor antagonist AM251 (1 uM), and
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3-4 more minutes of data were collected. Measurements were obtained from at least 100
contiguous MEPSCs or mIPSCs, and were analyzed to determine alterations in frequency and
amplitude prior to, and in the presence of, these compounds. To determine whether estrogen
could modulate the A-type K* (1) current prevalent in arcuate POMC neurons (lbrahim et.
al., 2003;Tang et. al., 2005), recordings were performed in slices perfused with EB or vehicle,
or occasionally in slices obtained from animals treated 24 h prior with either EB or vehicle.
Neurons that exhibited transient outward tail currents evoked immediately following a
hyperpolarizing voltage command (> 20 mV) from rest were selected for further analysis. The
cells were perfused for 6-7 min with 25 mM TEA, 100 uM 4-AP, 1 uM TTX, 10 uM SR 95531,
3 uM NBQX and 10 pM CGS 19755 to block other depolarization-activated K* channels
(except for the 1, which is resistant to TEA and to low concentrations of 4-AP (Storm,
1988), and to isolate the cells from synaptic input impinging upon it. Cells were then subjected
to baseline inactivation protocols. The inactivation of the 15 was evaluated by holding the
membrane potential at —60 mV and giving 10 mV pre-pulses (500 msec) from —110 to —40
mV, with each pulse followed by a depolarizing test command to —10 mV. The resultant
outward current elicited by the depolarizing test command was measured for each of the pre-
pulse potentials. After collecting the baseline measurements, slices were perfused with either
WIN 55,212-2 (1uM) or the anandamide analog ACEA (1uM) in the presence of TEA, 4-AP,
TTX, SR 95531, NBQX and CGS 19755 for 4-6 min, and then the inactivation protocols were
run again. The amplitude and voltage-dependence of the |5 were analyzed using p-Clamp and
SigmaPlot 8.0 software. We obtained estimates of the half-maximal voltage (V1) and maximal
peak current (Imax) from the inactivation curves generated by fitting the data (peak current vs.
membrane voltage) to the Boltzmann equation (Deadwyler et al., 1995). If we encountered
confounding Ca?* currents that were >10% of the I,ax, then we added 300 uM NiCl, and 100
nM w-conotoxin MVIIC to block T-, N- and P/Q-type Ca2* channels. After recording, some
slices were processed for immunohistofluoresence as described previously (Ronnekleiv et al.,
1990).

2.5 Statistics

3. Results

Comparisons between treatment groups were performed using the one-way or two-way
analysis of variance (ANOVA) followed by the Least Significant Difference (LSD) test.
Differences were considered statistically significant if the probability of error was less than
5%.

Cannabinoid effects on feeding behavior were assessed in ovariectomized female guinea pigs
co-treated with EB (4 or 10 pg; s.c.) or its sesame oil vehicle. These doses of EB per se
decreased daily food intake (Fig. 1A), caused uterine hypertrophy (Fig. 1B & 1C) and produced
concentrations of the steroid (4 ng: 41.2+16.6 pg/ml; 10 ug: 91.2+17.5 pg/ml; n=4-11)
commonly encountered over the follicular phase of the ovarian cycle (Owen, 1975). Fig. 2
depicts the effect of EB on the cannabinoid modulation of food intake and core body
temperature. The cannabinoid receptor agonist WIN 55,212-2 produced a dose- and time-
related increase in intake, with significant alterations initially observed as early as one h and
continuing out to 24 h post-administration (Fig. 2A). The decrease in food intake caused by
EB (10 pg) per se first manifested itself 8-16 h and persisted through 24 h after administration
of the steroid (Fig. 1A & 2B). Most importantly, EB rapidly and completely blocked the rise
in food intake produced by WIN 55,212-2 (Fig. 2B). In addition, it markedly attenuated the
drop in core body temperature elicited by WIN 55,212-2; manifested by a ~0.4 °C reduction
in the peak hypothermic response, and a ~6 h reduction in the duration of action (Fig. 2C).
Conversely, the cannabinoid CB receptor antagonist AM251 (3 mg/kg) produced a significant
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and persistent reduction in food intake that was first observed two h post-injection, and EB co-
treatment was without effect on this decrease in consumption (Fig. 2D).

We have demonstrated previously that cannabinoid CB receptor agonists presynaptically
inhibit amino acid neurotransmitter input onto anorexigenic POMC neurons in the guinea pigs
as evidenced by: 1) a reduction in the evoked E/IPSC amplitude, 2) an increase in the S2:S1
ratio and 3) a decrease in mE/IPSC frequency (Nguyen and Wagner, 2006;Ho et. al., 2007).
Therefore, we next sought to determine if the rapid estrogenic modulation of the hyperphagia
produced by WIN 55,212-2 could be attributed to attenuation of this cannabinoid-induced
presynaptic inhibition of transmitter release. Fig. 3A1 & 3B1 show glutamatergic mEPSCs
observed prior to, and in the presence of, WIN 55,212-2 in slices obtained from castrated female
guinea pigs that were perfused for 10-15 min with either EB (100 nM) or its ethanol vehicle.
As can be seen from the traces of membrane current in Fig. 3A1, and from the cumulative
probability plots in Fig. 3A2, bath application of WIN 55,212-2 (1 uM) produced a clearly
discernable increase in the interval between contiguous mEPSCs in this arcuate neuron that
was subsequently found to be immunopositive for cocaine- and amphetamine-regulated
transcript (CART; Fig. 3A3), and was without effect on mEPSC amplitude (not shown).
However, EB pre-treatment rapidly and markedly dampened the increase in mEPSC interval
produced by WIN 55,212-2 (Fig. 3B1 & 3B2); ultimately resulting in a rightward shift in the
dose-response curve for the cannabinoid receptor agonist to decrease mEPSC frequency (f;
Fig. 3B3) that is manifested by a ~20-fold reduction in potency (vehicle: ICgy = 46.1 nM; EB:
ICs50 = 919.9 nM) and a ~2-fold reduction in efficacy (vehicle: Afyay = 56.6%; EB: Afpax =
33.4%). WIN 55,212-2 also decreased mIPSC frequency (Fig. 4A), but EB application did not
affect this diminution (Fig. 4B & 4C). Likewise, as expected based on the results of Fig. 2D,
EB did not alter the AM251-induced increase in mEPSC frequency (Fig. 5).

We have also shown that cannabinoid CB receptor agonists positively modulate the I in
POMC neurons of the female guinea pig by eliciting a depolarizing shift in the voltage
dependence of its inactivation, with no effect on activation or peak current amplitude (Tang
et. al., 2005). Therefore, to determine whether the negative estrogenic modulation of
cannabinoid-induced hyperphagia may also involve an uncoupling of the CB; receptor from
the 15, we next examined the effects of WIN 55,212-2 and the anandamide analog ACEA on
the inactivation properties of the I 5 in slices treated with EB or its ethanol vehicle. Traces of
membrane current like those shown in Fig. 6A & 6B were used to generate inactivation curves
from which the voltage dependence of |5 inactivation was assessed. Both WIN 55,212-2 (1
uM) and ACEA (1 uM) right-shifted the inactivation curve for the | o in neurons from vehicle-
treated slices and/or animals, which was associated with significant, ~10 mV depolarizations
of the V1, (control: —82.2 + 2.1 mV; WIN 55,212-2: -73.8 £ 2.2 mV; ACEA: -69.3 + 3.3 mV,
p<.05; Fig. 6A) with no effect on the I ,ax (not shown). Short-term bath application of EB (100
nM; 10-15 min) per se did not alter basal values for the V4, or the I5x (not shown), but
completely reversed the rightward shift in the | 5 inactivation curve produced by WIN 55,212-2
(Fig. 6B), an effect that persisted at least 24 h in neurons from steroid-treated animals (not
shown).

Of the 77 cells from we obtained electrophysiological recordings, nine were immunopositive
for CART like the one shown in Fig. 3A3, eight were immunopositive for a-melanocyte-
stimulating hormone (a-MSH) and six were immunopositive for 3-endorphin. Ten of these
cells had somas which were observed in two adjacent sections, which enabled us to test with
an additional phenotypic marker. Of these, three neurons showed immunoreactivity for both
CART and a-MSH like the one shown in Fig. 7, two cells exhibited immunoreactivity for both
CART and B-endorphin and one other neuron displayed immunoreactivity for both a-MSH
and B-endorphin.
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4. Discussion

These data indicate that estrogen causes a rapid and pervasive attenuation of cannabinoid
CB; receptor-mediated changes in energy homeostasis via presynaptic and postsynaptic
actions on POMC neurons. These conclusions are based on the following observations: 1)
estrogen rapidly and completely abolished the cannabinoid-induced hyperphagia observed in
ovariectomized female guinea pigs, 2) estrogen rapidly attenuated the cannabinoid-induced
hypothermia, as evidenced by reductions in peak response and duration of action, 3) estrogen
rapidly diminished the cannabinoid-induced presynaptic inhibition of glutamatergic input onto
POMC neurons and 4) estrogen antagonized the cannabinoid-induced augmentation of the

I

Cannabinoid CB receptor activation increases appetite in both rodents (Williams and
Kirkham, 2002;Cota et al., 2003;Sinnayah et. al., 2008) and humans (Mattes et al.,
1994;Budney et al., 2001). Presently, WIN 55,212-2 exhibited an inverted U-shaped dose-
relationship concerning its ability to stimulate food intake in our guinea pig animal model,
which is consistent with previous reports in rats (Koch, 2001;Miller et al., 2004). Stimulation
of cannabinoid receptors also decreased mEPSC and mIPSC frequency in guinea pig POMC
neurons, which is in agreement with prior studies in transgenic mice whose POMC neurons
were genetically targeted with enhanced green fluorescent protein (eGFP; (Hentges et. al.,
2005). However, in these mice GABAergic but not glutamatergic synaptic input is tonically
inhibited by endogenous cannabinoids acting on the distal dendrites of POMC neurons, as
evidenced by the ability of CB1 receptor antagonists to increase mIPSC frequency (Hentges
et. al., 2005;Hentges, 2007;Sinnayah et. al., 2008). Exactly what impact this has on the appetite-
modulating properties of cannabinoids in mice is unclear, as it has been reported that
cannabinoid receptor agonists and antagonists respectively increase and decrease food intake
in both AY mice that over express agouti-related peptide (AgRP) and their wildtype controls
(Sinnayah et. al., 2008). AgRP overexpression in AY mice produces comparatively mild obesity
consisting of hyperphagia, hyperinsulinemia and hyperleptinemia (Cone, 2006), and while
Huszar and co-workers (1997) report increased daily intake in these mice, Sinnayah and
colleagues (2008) did not describe any change in basal intake in either fed or fasted AY mice
relative to wildtype controls. On the other hand, melanocortin 4 (MC4) receptor-deficient and
male B-endorphin knockout mice are hyperphagic, hyperglycemic, hyperinsulinemic,
hyperleptinemic; with the former also being resistant to lipopolysaccharide-induced cachexia
(Huszar et al., 1997;Appleyard et al., 2003;Marks and Cone, 2003). In addition, the double
knockout of both the MC4 receptor and B-endorphin results in a significantly greater amount
of food consumed than ablation of either one per se (Appleyard et. al., 2003). This raises the
possibility that the MC4 receptor and/or B-endorphin knockouts may produce a more consistent
and reliable disruption of POMC neuronal function. In any case, the AM251-induced decrease
in food intake encountered in the present study was associated with a ~30% increase in mEPSC
frequency at guinea pig POMC synapses. This is comparable to the increase in excitatory input
observed in parvocellular neurons of the paraventricular nucleus (Malcher-Lopes et al.,
2006), and suggests that the hypophagia produced by the cannabinoid CB; receptor antagonist
can be attributed, in part, to increased glutamatergic neurotransmission in hypothalamic
anorexigenic nuclei. Guinea pigs, like humans, do not manufacture vitamin C (Horton et al.,
1975;0dumosu, 1981), and have proven historically to be a very sensitive model than for the
development of anorectic serotonergic drugs such as fenfluramine (Mennini et al., 1991) and
fluoxetine (Anelli et al., 1992). Thus, in our guinea pig animal model of feeding, the appetite-
modulating properties of cannabinoids are consistent with changes in amino acid
neurotransmission — in particular glutamatergic neurotransmission — at POMC synapses.

The results of the present study clearly demonstrate that estrogen exerts powerful activational
influences on cannabinoid-induced increases in food intake. Our findings also demonstrate that
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estrogen profoundly disrupts the pleiotropic actions of cannabinoids at POMC synapses via
attenuation of the presynaptic inhibition of glutamate but not GABA release, and the
enhancement of the postsynaptic |a. Arguably the principal target of estrogen involved in the
hypothalamic control of homeostasis is the POMC neuron. Not only does estrogen increase
POMC gene expression (Thornton et. al., 1994;Cheung and Hammer, 1995;Roepke et. al.,
2007), but it also promotes asymmetric synapse formation (Gao et. al., 2007) and stimulates
the release of posttranslational POMC byproducts such as B-endorphin (Ferin et. al., 1984). In
addition, both the subcutaneous injection of estrogen and the intrascapular implantation of an
estrogen-filled silastic capsule have been previously shown to increase excitatory synaptic
input onto POMC neurons anywhere from 24—72 h following steroid administration (Nguyen
and Wagner, 2006;Gao et. al., 2007). Moreover, estrogen alters the coupling of metabotropic
receptors to their effector systems at POMC synapses to modulate cell excitability and
neurotransmission (Kelly and Wagner, 1999;Nguyen and Wagner, 2006).

It is well-recognized that estrogen rapidly impedes postsynaptic Gjj,-coupled receptors from
G protein-activated, inwardly-rectifying K* (GIRK) channels in POMC neurons (Eckersell et
al., 1998;Kelly and Wagner, 1999). This uncoupling is due to the membrane associated actions
of estrogen, whereby the steroid activates a phospholipase C (PLC)/protein kinase C (PKC)/
protein kinase A (PKA) pathway (Lagrange et al., 1997;Qiu et al., 2003;Qiu et al., 2006). This
effect occurs with an ECgq of 7.5 nM and is blocked by the competitive estrogen receptor
antagonist ICI 164,385 with a K, of <1 nM (Lagrange et. al., 1997). However, the diminishing
of GIRK channel function does not occur in estrogen receptor a (ERa) or ERB knockout mice
(Qiu et. al., 2006), which suggests that this rapid uncoupling is mediated by a putative
membrane estrogen receptor distinct from ERa or ERB. On the other hand, estrogen has been
reported to rapidly increase the amplitude of kainate-induced currents in dissociated
hippocampal neurons in a PKA-dependent manner (Gu and Moss, 1996), and activate
metabotropic glutamate receptors to modulate PLC-dependent intracellular signaling and
sexual behavior via a membrane associated ERo. (Boulware et al., 2005;Dewing et al., 2007).
However, all of these estrogenic effects are targeted to the postsynaptic neuron. Thus, this is
the first report to demonstrate that estrogen can thwart Gj;,-coupled receptors from
presynaptically inhibiting glutamate neurotransmission at POMC synapses within minutes
following its application. Such an effect would rapidly oppose the cannabinoid-induced
inhibition, and lead to a net increase in the excitatory glutamatergic tone onto POMC neurons.

By contrast, systemic estrogen was without effect on the hypophagia caused by AM251, and
transient bath application of the steroid failed to alter the cannabinoid CB; receptor antagonist-
induced increase in mEPSC frequency. This is inconsistent with our previous study
demonstrating that EB administered 24 h prior can block the AM251-induced increase in
glutamatergic synaptic input onto POMC neurons (Nguyen and Wagner, 2006), and suggesting
that more prolonged estrogen exposure may decrease endogenous cannabinoid expression, as
has been described for leptin (Di Marzo et. al., 2001). Indeed, estrogen stimulates leptin
secretion (Lin etal., 2005), and both estrogen and leptin receptors converge upon several signal
transduction elements such as STAT3, and phosphatidylinositol 3'-kinase (Roepke et. al.,
2007;Gao and Horvath, 2008;Schwarz et al., 2008). AM251 is considered both an antagonist
and inverse agonist at the cannabinoid CB; receptor, and as such can elevate intracellular levels
of CAMP and activate the PKA pathway (Pertwee, 2005). If the AM251-induced hypophagia
and increase in mEPSC frequency were due to its ability to antagonize the actions of
endogenous cannabinoid CB; receptor agonists, then estrogen should have been able to rapidly
mimic these actions due to its own ability to negatively modulate the coupling of the CBq
receptor to its effector systems at POMC synapses. However, if these effects of AM251 are
due to its inverse agonism of the cannabinoid CB receptor associated with decreased guanine
nucleotide binding and subsequent dissociation of the G/ heterotrimer, then as the data suggest
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the negative modulatory effects of estrogen on CB1 receptor/effector coupling would be
occluded.

Our findings also provide the first description of an estrogen-induced disruption of a Gjjo-
coupled receptor from A-type K* channels in POMC neurons such as the Kv4.1 (Roepke et.
al., 2007) or Kv4.2 (Tang et. al., 2005) subtypes. The |, is a depolarization-activated current
that increases the interspike interval between action potentials, thereby reducing firing
frequency (Rudy, 1988). Cannabinoid CB; receptor agonists augment the 15 in POMC and
dissociated hippocampal neurons by altering the voltage dependence of its inactivation
(Deadwyler et. al., 1995;Tang et. al., 2005). Hence, the estrogenic obstruction of the
cannabinoid CB; receptor-mediated depolarizing shift of the I inactivation curve means that
more of a hyperpolarizing stimulus would be required for deinactivation. It follows that at most
membrane potentials fewer channels would be available to help offset subsequent depolarizing
stimuli and slow neuronal firing. This is functionally similar to what happens in GnRH neurons,
where estrogen per se diminishes the 15 by decreasing peak current amplitude and density;
thereby lowering threshold and decreasing latency to neuronal firing (DeFazio and Moenter,
2002). Thus, the collective estrogenic attenuation of the cannabinoid CB, receptor-mediated
presynaptic inhibition of glutamate release and postsynaptic activation of the 15 would greatly
impair the ability of CB receptor activation to decrease POMC neuronal activity, and result
in increased release of the anorexic peptides a-MSH, p-endorphin and CART co-expressed in
these cells. This would account, in part, for the overt, estrogen-induced physiologic antagonism
of the hyperphagia presently observed following cannabinoid CB receptor activation.

These activational effects extend beyond appetite to include diminutions in the cannabinoid
CB;1 receptor-mediated hypothermia. While estrogen respectively decreases and increases the
expression of ay-adrenergic and Bsz-adrenergic receptors in cultured brown adipocytes, it
decreases mitochondrial cytochrome ¢ oxidase activity and norepinephrine-induced
thermogenesis, and does not affect lipolysis or uncoupling protein expression (Nava et al.,
1994;Puerta et al., 1998;Rodriguez et al., 2002;Monjo et al., 2003). In addition, thermogenesis
does not change over the estrous cycle (Puerta et. al., 1998). Alternatively, the silencing of
ERa in the hypothalamic ventromedial nucleus reportedly reduces diet-induced thermogenesis
(Musatov et al., 2007). Centrally, estrogen increases the firing of warm-sensitive neurons in
the preoptic area (Silva and Boulant, 1986), thereby decreasing the threshold for heat
dissipation and lowering body temperature (Stephenson and Kolka, 1999;Stachenfeld et. al.,
2000). Conversely, cannabinoid CB receptor activation directly decreases thermogenesis
(Perwitz et al., 2006), and also decreases the firing rate and increases the thermosensitivity of
the primary preoptic thermodetector units (Schmeling and Hosko, 1980). Warm-sensitive
neurons express an | like the one enhanced by cannabinoid CB; receptor agonists in this and
other studies (Deadwyler et. al., 1995;Tang et. al., 2005), whose amplitude is inversely
proportional to the ambient temperature (Boulant, 1998). Thus, it is certainly plausible that
cannabinoid CB; receptor activation augments an estrogen-sensitive | to affect a decrease in
the activity of warm-sensitive neurons that may be occluded by the steroid. Future studies will
determine if this is, in fact, the case.

5. Conclusion

In conclusion, these results reveal that estrogen rapidly exerts multiple, negative modulatory
influences on the cannabinoid regulation of food intake, core body temperature and
neurotransmission at POMC synapses. The data also offer new insight into the interaction
between estrogen and cannabinoids in the hypothalamic regulation of energy homeostasis.
Finally, they have implications for the therapeutic role of cannabinoids in appetite stimulation
in women.
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Fig. 1.

EB decreases food intake concomitantly with uterine hypertrophy. A, Composite bar graph
showing the EB-induced decrease in cumulative food intake over 24 h. B, Composite
photomicrograph of uteri and oviducts harvested from ovariectomized, vehicle- (left) and EB-
treated (right) female guinea pigs. C, Composite bar graph illustrating the EB-induced
hypertrophy of the female reproductive tract. Bars represent means and lines 1 S.E.M. of the
daily intake and uterine masses under vehicle- and steroid-treated conditions. *, Values from
EB-treated animals that are significantly different (one-way ANOVA/LSD; P<.05) than those
from vehicle-treated controls.
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Fig. 2.

EB rapidly modulates cannabinoid-induced changes in food intake and core body temperature.
A, The dose-response effects of WIN 55,212-2. *, VValues of food intake measured in animals
treated with WIN 55,212-2 that are significantly different (multifactorial ANOVA/LSD; P<.
05; n=4) than those measured in vehicle-treated controls. B, EB blocks the hyperphagic effect
of WIN 55,212-2. *, Values of food intake measured in animals treated with WIN 55,212-2
that are significantly different (multi-factorial ANOVA/LSD; P<.05; n=4-7) than those
measured in vehicle-treated controls. #, Values from EB-treated animals that are significantly
different (multi-factorial ANOVA/LSD; P<.05; n=4-7) than those from their vehicle-treated
counterparts. C, EB attenuates the hypothermic effect of WIN 55,212-2. *, VValues from animals
EB-treated animals that are significantly different (multi-factorial ANOVA/LSD; P<0.05;
n=4-7) than those observed in vehicle-treated controls. D, Estrogen is without effect on the
hypophagic effect of AM251. *, Values of food intake measured in AM251-treated animals
that are significantly different (multi-factorial ANOVA/LSD; P<.05; n=4-7) than those
measured in vehicle-treated controls. #, Values from EB-treated animals that are significantly
different (multi-factorial ANOVA/LSD; P<.05; n=4-7) than those from their vehicle-treated
counterparts. Columns represent the mean and vertical lines 1 S.E.M. of the food intake
measured at 1, 2, 4, 8, 16 and 24 h for seven days in animals treated daily (8:00 a.m.) with WIN
55,212-2 (0.1-1 mg/kg; s.c.), AM251 (3 mg/kg; s.c.) or its cremephor/ethanol/saline vehicle,
and every other day with EB (4-10 pg; s.c.) or its sesame oil vehicle. Symbols represent the
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means and vertical lines 2 S.E.M. of the core body temperature recorded every seven minutes
by DatalLoggers inserted into the abdominal cavity at the time of castration.
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Fig. 3.

EB rapidly attenuates the cannabinoid-induced presynaptic inhibition of glutamatergic
synaptic input onto arcuate POMC neurons. A1, Membrane current tracings showing the
spontaneous MEPSCs recorded in a vehicle-treated arcuate neuron at baseline (left) and
following exposure to 1 pM WIN 55,212-2 (right). The bottom traces represent excerpts from
expanded portions of their respective upper traces that are contained within the bracket. A2,
Cumulative probability plot illustrating the increase in interval (inverse of frequency) between
contiguous mEPSCs in the cell in ALl. WIN 55,212-2 elicited a ~30% decrease in mEPSC
frequency (1.4 Hz vs. 2.0 Hz under basal conditions). A3, Double-labeling of the cell in A1 &
A2 that is immunopositive for phenotypic markers characteristic of arcuate POMC neurons.
Left, Color photomicrograph of the biocytin-streptavidin-AF546 labeling seen in this arcuate
neuron. Middle, Color photomicrograph of the CART immunofluorescence in the perikarya
on the left as visualized with AF488. Right, Composite overlay illustrating the double labeling
in this arcuate neuron. B1, Membrane current tracings showing spontaneous mEPSCs in a cell
perfused with 100 nM EB at baseline (left) and following exposure to 1 uM WIN 55,212-2
(right). B2, Cumulative probability plot illustrating the interval between contiguous mEPSCs
that substantiates the lack of cannabinoid effect in the EB-treated slice containing the cell in
B1. B3, Composite dose-response curves for the decrease in mEPSC frequency produced by
WIN 55,212-2 in arcuate neurons from ethanol vehicle treated (o) and EB-treated (o) slices
(n=4-5). The curves were fit via logistic equation to the data points. Symbols represent means
and vertical lines 2 S.E.M. of the mEPSC frequency seen with varying concentrations of WIN
55,212-2 that were normalized to their respective control values.
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Fig. 4.

EB does not affect the cannabinoid-induced presynaptic inhibition of GABAergic synaptic
input onto POMC neurons. Membrane current tracings show the spontaneous mIPSCs recorded
in a control cell (A) and EB-treated cell (B) at baseline (left) and following exposure to 1 pM
WIN 55,212-2 (middle). On the right are the cumulative probability plots illustrating the
comparable increase in interval between contiguous mIPSCs. C, Composite bar graph
illustrating the decrease in mIPSC frequency produced by WIN 55,212-2 in arcuate neurons
from ethanol vehicle-treated and EB-treated slices (n=4-5). Bars represent means and vertical
lines 1 S.E.M. of the mIPSC frequency seen with 1 uM WIN 55,212-2 that were normalized
to their respective control values.
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EB is without effect on AM251-induced increase in glutamatergic synaptic input onto POMC
neurons. Membrane current tracings show the spontaneous mEPSCs recorded in cells from
vehicle-treated (A) and EB-treated (B) slices at baseline (left) and in the presence of 1 uM
AM251 (middle). On the right are the cumulative probability plots illustrating the decrease
in interval between contiguous mEPSCs. C, Composite bar graph illustrating the increase in
mEPSC frequency produced by AM251 in arcuate neurons from ethanol vehicle-treated and
EB-treated slices (n=4-5). Bars represent means and vertical lines 1 S.E.M. of the mIPSC
frequency seen with 1 pM AM251 that were normalized to their respective control values.
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Fig. 6.

EB antagonized the CB receptor-mediated shift in the voltage dependence of the I5. This
figure depicts the 15 evoked in arcuate neurons from vehicle-treated (A) and EB-treated (B)
slices during the inactivation protocol. The 14 is observed as a transient outward current
immediately following delivery of the test pulse (denoted by the arrow). On the left is the 15
observed under baseline control conditions. In the middle is the 15 evoked in the presence of
WIN 55,212-2 (1 uM). On the right are the composite inactivation curves for the 5. The
Boltzmann equation fits the curves to the corresponding data points. Symbols and
accompanying vertical lines represent means + 2 S.E.M. of peak currents normalized to the
Imax that were observed at the test pulse following a given pre-pulse. Symbols and
accompanying horizontal lines represent means + 2 S.E.M. of the V4, derived from the
inactivation curves prior to (vehicle: n=18; EB: n=6), and in the presence of, WIN 55,212-2
(vehicle: n=13; EB: n=6) or ACEA (1 uM; n=5). *, The estimated V4, derived from arcuate
neurons in the presence of WIN 55,212-2 and ACEA that is significantly different (P<.05; one-
way ANOVA/LSD) than that observed under baseline control conditions.
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Fig. 7.

POMC neurons express multiple phenotypic markers. A, Color photomicrographs of an arcuate
neuron whose electrophysiological recording is shown in Fig. 4B that illustrate the biocytin-
streptavidin-AF488 labeling (left), CART immunofluorescence as visualized with AF546
(middle), and the composite overlay of the double labeling in this neuron (right). B, Color
photomicrographs of the same arcuate neuron seen from an adjacent section that illustrate the
biocytin-streptavidin-AF488 labeling (left), a-MSH immunofluorescence as visualized with
AF546 (middle), and the composite overlay illustrating the double labeling in this same cell

(right).
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