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Abstract

We hypothesize that the beneficial effects estradiol on cognitive performance may be mediated
through GPR30, a putative membrane target of estrogens. Recently we showed that administration
of a selective GPR30 agonist (G-1) to ovariectomized rats enhanced acquisition of a delayed
matching-to-position (DMP) T-maze task and increased potassium-stimulated acetylcholine
release in the hippocampus, similar to estradiol (E2) (Hammond et al., 2009). The present study
tested whether treating with a selective GPR30 antagonist (G-15) would impair spatial learning in
gonadally intact rats and in ovariectomized (OVX) rats treated with E2. As predicted, G-15 dose-
dependently impaired DMP acquisition both in gonadally intact rats and in OV X rats treated with
E2. G-15 specifically reduced the rate of acquisition, and this effect was associated with an
increased predisposition to adopt a persistent turn. In contrast, G-15 alone at the highest dose had
no significant effect on DMP acquisition in OV X controls. The effects were task dependent, as
similar effects of G-15 were not observed in gonadally intact rats tested on an operant
discrimination/reversal learning task motivated by the same food reward. This suggests that the
effects on DMP acquisition were not due to effects on motivation for food. Effects of G-15 on
DMP acquisition were similar to previously published work showing significant impairment
produced by selective cholinergic denervation of the hippocampus. These data suggest that GPR30
can play an important role in mediating the effects of estradiol on spatial learning, possibly by
mediating estradiol effects on basal forebrain cholinergic function.
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Introduction

Animal studies show that estrogens can have beneficial effects on the brain, improving
cognitive performance and preventing or slowing age-related cognitive decline (Daniel,
2006; Dohanich, 2002; Frick, 2009; Gibbs and Gabor, 2003; Gibbs, 2006). These effects are
selective and vary depending on the type of learning and memory tested (Davis et al., 2005;
Fader et al., 1999; Galea et al., 2001; Korol and Kolo, 2002). Our lab has repeatedly shown
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that 17p-estradiol (E2) enhances spatial learning on a delayed matching-to-position (DMP)
T-maze task in young and middle-aged rats (Gibbs et al., 2004; Gibbs, 2007; Gibbs et al.,
2009).

The mechanisms that underlie the effects of E2 on the DMP task remain unclear. A number
of studies implicate effects on basal forebrain cholinergic function (reviewed in Gibbs,
2010). For example, E2 increases the expression of choline acetyltransferase (ChAT) mRNA
and protein (Bohacek et al., 2008; Gibbs, 1996; McMillan et al., 1996) in the medial septum
and nucleus basalis magnocellularis, and increases both ChAT activity (Gibbs, 2000b;
Luine, 1985) and high affinity choline uptake (O’Malley et al., 1987; Singh et al., 1995) in
the hippocampus and cortex. E2 also increases potassium-stimulated acetylcholine (ACh)
release in the hippocampus (Gabor et al., 2003; Gibbs et al., 1997), which correlates with
effects on place learning (Marriott and Korol, 2003). Effects of E2 on acquisition of T-maze
and radial arm maze tasks are blocked by either cholinergic denervation of the hippocampus
(Gibbs, 2007), or by the inhibition of M2 muscarinic ACh receptors (Daniel and Dohanich,
2001). These findings demonstrate that E2 enhances basal forebrain cholinergic function,
and that the cholinergic projections play a critical role in mediating effects of E2 on
cognitive performance.

The mechanisms by which E2 affects the cholinergic neurons are unclear. Estradiol can
exert its effects via specific receptors. Estrogen receptors (ER) a and B are nuclear receptors
that belong to a large superfamily of nuclear receptors that regulate gene transcription and
which can activate specific second messenger signaling pathways such as MAPK, CamKI|,
and CREB (Kuiper et al., 1996; Manavathi and Kumar, 2006; McEwen, 2002; Toran-
Allerand, 2004). ERa has been implicated in mediating estrogen effects on object
recognition and spatial learning (Frye et al., 2007; Hammond et al., 2009). ERp also has
been implicated in mediating effects on spatial learning, as well as on anxiety-like behaviors
and depression (Rhodes and Frye, 2006; Walf et al., 2004; Walf et al., 2008).

GPR30 is a novel G-protein coupled estrogen receptor (Filardo et al., 2000; Filardo et al.,
2002; Revankar, 2005). It is structurally unrelated to ERa or ER, yet binds E2 with high
affinity (Thomas et al., 2005) and promotes rapid estrogen signaling in a variety of cell types
(Albanito et al., 2007; Filardo and Thomas, 2005; Thomas et al., 2005; Vivacqua et al.,
2006). GPR30 has been detected in many brain regions, such as the hippocampus,
hypothalamus, septum, frontal cortex, and regions containing basal forebrain cholinergic
neurons (Brailoiu et al., 2007; Hammond et al., 2010). Recently we reported that the vast
majority of cholinergic neurons in the medial septum, diagonal band of Broca, nucleus
basalis magnocellularis, and striatum contain GPR30-like immunoreactivity (Hammond et
al., 2010). Neurons in the septum and nucleus basalis magnocellularis are the primary source
of cholinergic inputs to the hippocampus and cortex (Mesulam, 1996; Woolf, 1991) and play
an important role in learning and memory processes (Baxter and Chiba, 1999; Everitt and
Robbins, 1997; Gibbs, 1994; Wenk, 1997). These neurons also are critical for estrogen-
mediated enhancement of a spatial learning task (Gibbs, 2002).

Recently we showed that G-1, a selective GPR30 agonist, enhances potassium-stimulated
acetylcholine release in the hippocampus and increases the rate of acquisition on a delayed
matching-to-position (DMP) spatial learning task similar to E2. This suggests that GPR30
may mediate the effects of E2 on basal forebrain cholinergic function with corresponding
effects on cognitive performance. The purpose of the present study was to test this
hypothesis further by evaluating the effects of G-15, a selective GPR30 antagonist, on
cognitive performance in gonadally intact rats and in OV X rats with and without E2
replacement. G-15 at concentrations below 1 mM has been shown to be a highly selective
antagonist of GPR30 in vitro (Dennis et al., 2009). G-15 has a similar binding affinity to
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GPR30 as G-1, displays minimal binding to ERs a and p (K; > 10 M), has been shown to
block estradiol-mediated intracellular calcium mobilization and PI3K activation in SKBR3
cells, and decreases estrogen-mediated epithelial cell proliferation (Dennis et al., 2009).
G-15 also has been shown to block the protective effects of estradiol against glutamate-
induced neurotoxicity in certain hippocampal cell lines (Gingerich et al., 2010). We
predicted that systemically administered G-15 would impair performance in gonadally intact
rats and would block the effects of E2 on performance in OV X rats while having no effect in
OVX controls. This would support the hypothesis that GPR30 plays a role in mediating
effects of E2 on spatial learning.

Materials and Methods

Animals

Treatments

A total of 75 3—-4 month old female Sprague-Dawley rats (300-350 g) were purchased from
Hilltop Laboratories. Thirty-seven rats were ovariectomized (OVX) by the supplier prior to
delivery. Rats were individually housed on a 12-hour day/night cycle (7 am to 7 pm) with
food and water freely available. Behavioral tests were conducted in the early afternoon
during the lights-on phase. All procedures were carried out in accordance with PHS policies
on the use of animals in research, and with the approval of the University of Pittsburgh’s
Institutional Animal Care and Use Committee.

Two weeks prior to treatment and testing, rats were handled daily for 5 minutes, food
restricted, and maintained at 85% of normal body weight during acquisition and testing on
both tasks. Handling consisted of picking up the rat and placing it on the handler’s arm or
holding it against the body for five minutes. The time interval between OV X and drug
treatment was at least 3 weeks. Rats were administered G-15 (a gift from Eric Prossnitz,
University of New Mexico, also purchased from Calbiochem, Inc.; La Jolla, CA) or vehicle
by Alzet model 2006 mini-osmotic pumps implanted s.c. in the dorsal neck region. The
pumps delivered a volume of 0.15 .l per hour over 42 days. G-15 was administered at a rate
of 5, 10, or 40 pg/day in a vehicle of 33.7% DMSO + 20% hydroxypropyl-p-cyclodextrin
(HPBCD). Doses were selected based on our previous work showing that 5 pg/day of the
selective GPR30 agonist G-1 enhanced learning on the DMP task similar to estradiol
(Hammond et al., 2009). Rats receiving E2 received silastic capsules (6 mm length, 1.98 mm
I.D., 3.18 mm O.D.) packed with 3 mm of powdered 173-E2 (Sigma-Aldrich, Inc.)
implanted s.c. in the dorsal neck region. The E2 capsules produce levels of E2 in the
physiologic range for up to 2 months post-implantation. These levels have been shown to
enhance DMP acquisition in young adult OV X female rats (Gibbs, 1999; Gibbs, 2002;
Gibbs et al., 2004). One week following implantation of pumps and/or capsules rats began
T-maze training.

DMP T-maze Testing

The DMP task is a spatial learning and memory T-maze task. The T-maze consists of an
approach alley (4 in. wide x 14 in. long) and two goal arms (4 in. wide x 12 in. long). The
walls of the maze are 5 in. high, and the doors are constructed of clear plexiglass, thus
allowing animals to view the surrounding room. Sliding doors are positioned 8 in. down the
approach alley and at the entrance to each goal arm.

Behavior training was performed as previously described (Gibbs, 1999). Rats were first
adapted to the maze by placing them in the maze with food (formula 5TUM 45 mg pellets
from Test Diets, Inc.) for 5 days. Starting on day 6 through 9 rats were trained to run to the
ends of the goal arms by using a series of forced choices and rewarding with four pellets.
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Right and left arms were alternated to avoid introducing a side bias. Next, rats began DMP
testing, which was performed as 8 trial pairs per day. The first trial of each pair consisted of
a forced choice in which one arm was blocked, forcing the rat to enter the unblocked arm to
receive the food reward. The rat was then returned to the approach alley for the second trial
in which both goal arms were open. A choice was defined as the rat placing both front legs
and part of both rear legs into a goal arm. Returning to the same arm as the forced choice
trial resulted in a food reward, while entering the incorrect arm resulted in no food reward
and confinement for 10 seconds. Forced choices were randomized and balanced to avoid
introducing a side bias. Rats were run in squads of 4 to 6. After each trial pair, the rat was
returned to its home cage for 5-10 min while other rats were tested. Rats received 8 trial
pairs per day until they reached the criterion of at least 15/16 correct choices over two days.

After reaching criterion, rats received a probe trial during which the T-maze was rotated
180° (relative to extramaze cues) between the forced and open trial. This was done to assess
whether rats were using a place strategy (relying on extramaze cues) or a response strategy
(independent of extramaze cues) to perform the task. Rats relying on extramaze cues are
expected to turn in the opposite direction (i.e. enter the opposite physical arm now located in
the same position of the room as the goal arm during the “forced” trial), while rats relying
on internal or kinetic cues would be expected to turn in the same direction (i.e., enter the
same physical arm as during the “forced” trial) even though the arm occupies a different
position in the room. After the probe trial, animals received 8 trial pairs per day for 4 days
with increased intertrial delays (10, 30, 60, 90 seconds on each of the 4 consecutive days) to
assess delay-dependent effects on performance.

Operant Discrimination/Reversal Learning (OD/RL) Task

Following DMP T-maze testing, a subset of rats were trained on the OD/RL task. This task
was chosen since it uses the same food reward, requires the ability to discriminate between
stimuli, and tests the ability to alter behavior in response to change in reinforcement
contingency. Four treatment groups were tested to evaluate the effects of G-15 treatment in
gonadally intact rats as well as the effects of ovariectomy and E2 replacement. Training was
performed in operant chambers (Med. Associates, Inc., Georgia, VT) connected to a
computer running Med-PC software. Each operant chamber contained a dim red house light,
a ventilation fan, a 6 W stimulus panel light, a speaker calibrated to present a 1500 Hz tone,
a pellet dispenser, and a recessed food cup located immediately below the panel light. Entry
into the food cup was monitored by a photosensor. Rats were adapted to the chamber by
receiving one 60 min session during which they received a total of 16 food pellets delivered
at intervals ranging from 2 to 6 min. Testing began the following day. Each rat received one
training session per day for a total of 14 days. During the session, rats received 30
presentations of a tone stimulus and 30 presentations of a light stimulus. Each treatment
group was randomly divided into 2 subgroups and trained to respond to only one of the
stimuli (either tone or light), which will be referred to as the reinforced stimuli. If the rat
entered the food cup within 10 sec of the presentation of the reinforced stimuli, the stimulus
was discontinued and the rat received a food reward (one 45 mg pellet). If the rat entered the
food cup during the non-reinforced stimulus, the stimulus was discontinued, the house light
was turned off for 60 sec. and no food was delivered. This is referred to as a time out. The
stimuli presentations were randomly distributed throughout the session and occurred at one
of 30 randomly selected intertrial intervals ranging from 12 to 70 sec. After 6 days of
testing, the stimulus contingency was reversed such that rats were now rewarded for
responding to the initially non-reinforced stimulus. Training continued for an additional 8
days.
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Estradiol Assay

Following training, rats were given an overdose of ketamine (40 mg/kg) and xylazine (28
mg/kg) injected i.p. and euthanized by decapitation. Trunk blood was collected for the
determination of serum estradiol levels, which were determined using a sensitive LC-MS/
MS assay recently developed by the Small Molecules Biomolecular Core Facility in our
department. Samples were spiked with internal standard (2,4,16,16,17-d3-17p-estradiol) and
then extracted with n-butyl chloride. After centrifugation and evaporation, the residue was
derivatized in 0.1 mL buffered dansyl chloride solution (pH 10.5). E2 was eluted from a
Waters Acquity UPLC BEH C18, 1.7 um, 2.1 x 150 mm reversed-phase column, with an
acetonitrile:water (0.1% formic acid) gradient. Detection and quantitation were achieved in
the positive mode with a Thermo Fisher TSQ Quantum Ultra mass spectrometer interfaced
via an electrospray ionization (ESI) probe with the Waters UPLC Acquity solvent delivery
system. Transitions used for analysis were 506 — 171 for E2, and 511 — 171 for the
deuterated internal standard. Area under the peak was quantified and used to determine
absolute levels of E2/mL of sample by comparison with a series of standards. The limit of
detectability for this assay is 2.5 pg/mL. Intra-assay statistics show errors below 8.1% and
relative standard deviations below 10.4%. Inter-assay statistics show errors below 5.0% with
relative standard deviations below 7.4%.

Data Analysis

DMP Task—Rate of acquisition was defined as the number of days to reach criterion
(DTC). DTC was analyzed for each treatment group by one-way ANOVA. Learning curves
were constructed by plotting the mean performance (percent correct) for each group across
Blocks of training. Each Block represented average performance across three consecutive
days of training. Upon reaching criterion, a value of 93.8% correct, reflecting the criterion of
15/16 correct choices over 2 days, was used in calculating group performance on subsequent
days. The learning curves were compared using a two factor (Treatment x Block) ANOVA
with repeated measures on Block. Performance on the probe trial was analyzed by
contingency table and Chi-square. Performance during the increased intertrial delays was
analyzed by ANOVA with repeated measures on Delay. Post-hoc comparisons were made
using a Tukey test. Significance was set at p < 0.05. All statistical analysis was performed
using JMP software for Macintosh.

OD/RL Task—Learning curves were constructed by plotting the number of correct and
incorrect choices for each treatment group across Days of training. The learning curves were
compared using a two factor (Treatment x Day) ANOVA with repeated measures on Day.
Significance was set at p < 0.05.

Effects of G-15 on estrous cycles and E2 levels—Partway through the study we
realized that E2 levels in many of the gonadally intact rats were relatively low. This was
likely due to the fact that rats were euthanized randomly at different points along the estrous
cycle. Nevertheless, we thought it best to test any potential effect of G-15 on the cycle and
on levels of E2. A separate cohort of gonadally intact rats were treated with G-15 (40 g/
day) or vehicle for a period of four weeks. Daily vaginal smears were collected beginning
several days following the initiation of treatment. Smears were stained with cresyl violet and
analyzed to determine cycle stage. After four weeks of treatment, rats were euthanized and
plasma was collected and analyzed to determine serum levels of E2 as described above.
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Results

Serum estradiol levels

Mean levels of E2 in the gonadally intact rats were 4.6 + 0.65 pg/ml, 1.9 + 0.14 pg/ml, and
2.32 £ 0.34 pg/ml in the vehicle-, G-15 (5 pg/day)- and G-15(10 pg/day)-treated rats.
Levels in many rats were below detectability and were assigned values of 0 for the purpose
of calculating averages. However, these low values are not unexpected given that rats were
euthanized randomly with respect to the estrous cycle. Group differences were not
statistically significant. E2 levels for all OV X rats were undetectable. Levels in the OVX
+E2 group were 50.7 + 1.52 pg/ml, with a range of 32.32 — 75.28 pg/ml. Levels in the OVX
+E2+G-15 group were 49.56 + 1.47 pg/ml, with a range of 34.52 — 77.31 pg/ml. These
levels are consistent with the reported peak levels obtained on the afternoon of proestrus
(McGinnis et al., 1981). In the separate cohort of rats whose cycles were monitored, mean
levels of E2 were 5.05 £ 4.40 pg/ml and 9.60 + 5.17 pg/ml for vehicle- and G-15-treated
rats. These differences were not statistically significant. Again, levels were undetectable in
some rats, consistent with the fact that some rats were sacrificed during diestrus or
metestrus. Analysis of the vaginal smears indicated that all rats in both the vehicle and the
G-15-treated groups experienced estrous cycles of 4-5 days in length.

DMP T-maze Acquisition

Effect of G-15 on DTC in Gonadally Intact Rats—G-15 dose-dependently impaired
performance in gonadally intact rats (Figure 1). Gonadally intact rats treated with 10 pg/day
of G-15 required significantly more days on average to reach criterion (13.3 £0.9 days for
rats treated with 10 pg/day G-15) than vehicle treated intact controls (10.0 + 0.3 days) and
performed similarly to OVX controls. ANOVA revealed a significant effect of Treatment
(F(2,23)=7.66, p < 0.01). Post-hoc analysis revealed that in intact rats treated with G-15 at a
dose of 10 pg/day differed significantly from gonadally intact controls.

Effect of G-15 on DTC in Ovx Rats

G-15 dose-dependently impaired performance in OV X+E2-treated rats (Figure 1). OVX rats
treated with E2 + 40 pg/day G-15 required significantly more days to reach criterion (14.0 =
0.9) than OV X rats treated with E2 alone (9.2 + 0.6). ANOVA revealed a significant effect
of Treatment (F(4,44)=5.64, p < 0.01). Among OV X rats, those treated with E2 learned
significantly faster than OV X controls, and OVX+E2+G-15 (40 pg/day) rats took
significantly longer than OV X+E2 rats (p<0.05 in each case). Rats treated with G-15 alone
did not differ significantly from OVX controls but differed significantly from OVX+E2-
treated rats.

DMP Learning Curves

Learning curves show that all groups performed similarly below chance at the start of
training and then improved at different rates. Among the gonadally intact rats, controls
acquired the task at a significantly faster rate than those that recevied G-15 at 10 pg/day
(Figure 2A). In analyzing Blocks 3-5, ANOVA revealed a significant effect of Treatment
(F(2,23)=3.43, p < 0.05) and a significant effect of Block (F(2,22)= 18.5, p < 0.01). Post-hoc
analysis revealed significant differences between the controls and the G-15 (10 p.g/day)
group (p < 0.01) on Block 4.

Among OV X rats, those treated with E2 acquired the task at a significantly faster rate than
all other OV X groups (Figure 2B). OV X controls did not differ significantly from any of the
G-15-treated groups. In analyzing Blocks 3-5 ANOVA revealed a significant effect of
Treatment (F(4,44)= 4.83, p < 0.01) a significant effect of Block (F(2,43)=44.2, p < 0.01),
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and a significant Treatment x Block interaction (F(8,86)=2.1, p < 0.05). Post-hoc analysis
revealed the OVX+G-15 (40 pg/day) and OVX+E2+G-15 (40 pg/day) groups were
significantly different from the OV X+E2 group on Blocks 3 and 4.

Effects on Persistent Turn

Previous studies show that some rats adopt a persistent turn early on during DMP training
and that this can affect DTC (Gibbs, 2007; Gibbs and Johnson, 2007). To quantify this, we
examined whether rats adopted a persistent turn, defined as entering the same arm at least
15/16 times during the choice trial over a two day period. Results show that ovariectomy
significantly increased the percentage of rats that adopted a persistent turn (28.6% of
gonadally intact controls vs. 83.3% of OV X controls). Treatments also affected the
percentage of rats that adopted a persistent turn. Among gonadally intact rats, G-15 dose-
dependently increased the percentage of rats that adopted a persistent turn (X2=6.9, p <
0.05) as well as the average numbers of days that rats engaged in a persistent turn (Table 1).
Among OV X rats, E2 significantly decreased the percentage of rats that adopted a persistent
turn and decreased the average number of days that rats engaged in a persistent turn.
However, G-15 at the highest dose blocked this effect. G-15 alone had no effect on
persistent turn on OV X rats (X2=23.1, p < 0.01, Table 1).

Effects of Probe Trial

After reaching criterion, rotating the maze 180° between the forced and open choices caused
a significant decrease in the percentage of rats within each group that selected the arm
located in the same physical location in the room. This percentage dropped from 93.8%
(criterion level) to 42% for intact groups and to 49% for all OV X groups. Analysis showed
no significant effects of Treatment on performance during the probe trial (X2=0.95, p > 0.6
for intact groups; X2=2.1, p > 0.7 for OVX groups). These findings suggest that a significant
number of rats in each group rely on extramaze cues (i.e., a place strategy) to solve the task
and that treatments did not differentially affect the degree to which rats relied upon place vs.
response strategy.

Effects on Short-Term Spatial Memory

During post-criterion testing, increasing the intertrial delay impaired performance for all
treatment groups (Figure 3). Treatments did not differentially alter this effect. For gonadally
intact rats, ANOVA revealed a significant effect of Delay (F(3,21)=5.7, p < 0.01), no
significant effect of Treatment (F(2,23)=0.11, p > 0.3) and no significant interaction
between Treatment and Delay (F(6,42)=0.71, p > 0.3). For OV X groups, ANOVA revealed
a significant effect of Delay (F(3,42)=13.4, p < 0.01), no significant effect of Treatment
(F(4,44)=0.46, p > 0.8), and no significant interaction between Treatment and Delay
(F(12,111)=0.77, p > 0.5).

OD/RL Testing

In contrast to effects on DMP acquisition, neither OVX nor E2 treatment had any significant
effect on OD/RL performance. Likewise, G-15 treatment had no effect on OD/RL
acquisition or reversal learning in gonadally intact rats (Figure 4). ANOVA revealed no
significant effect of Treatment on number of correct choices (F(3,29)=0.95, p > 0.4) (Figure
4A) or incorrect choices (F(3,29)=0.51, p > 0.7) (Figure 4B) during the acquisition or
reversal learning phases.
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Discussion
Effects of E2 and G-15 on DMP acquisition

Our findings corroborate previous work showing that ovariectomy slows the rate of DMP
acquisition in young adult rats, and that E2 can restore the rate of DMP acquisition to that of
gonadally intact controls (Gibbs, 1999; Gibbs, 2007). The present study showed that G-15
dose-dependently impaired acquisition in gonadally intact rats and blocked the effect of E2
on DMP acquisition in OV X rats. Rats treated with the higher doses of G-15 performed
comparable to OV X controls. Notably, the dose required to block the effect of E2 in OV X
rats was higher than that needed to affect performance in gonadally intact controls, possibly
because OV X+E2-treated rats had sustained elevated levels of E2 in the high physiological
range.

G-15 alone had no apparent effect on DMP acquisition in OV X rats, suggesting that results
were not due to a non-specific effect of G-15 on performance. Recent work from
Smejkalova et al. suggests that E2 synthesized in the brain may be important for neural
plasticity in the hippocampus (Smejkalova and Woolley, 2010). The finding that G15 fails to
influence learning or working memory in OV X rats also suggests that local release of E2
and subsequent signaling through non-nuclear means does not play a substantial role in the
observed effects of E2 treatment on this task. Moreover, there were no treatment effects on
delay-dependent performance once rats had reached criterion. This is consistent with
previously published work from our lab showing that E2 enhances the rate of acquisition but
not performance during increasing intertrial delays (Gibbs et al., 2004; Gibbs, 2007). These
finding are consistent with the hypothesis that the effects of E2 on DMP acquisition are task-
specific and may be mediated, at least in part, via GPR30.

Previous work from our lab showed that, like E2, DPN (ERp agonist), PPT (ERa agonist),
and G-1 (GPR30 agonist) were able enhance acquisition of this task in OV X rats (Hammond
et al., 2009), suggesting that E2 effects on this task may be mediated by multiple estrogen
receptors. In this study, G-15 impaired performance to that of ovariectomy, suggesting that
GPR30 is necessary for estradiol to enhance the rate of acquisition on this task.

Effects of G-15 were not due to effects on estrous cycles or ovarian function

E2 levels in the gonadally intact rats were low. This can be explained by the fact that rats
were killed randomly with respect to the estrous cycle. Nevertheless, we considered the
possibility that G-15 might affect performance by interfering with ovarian function. In a
separate cohort of rats, we observed no effect of sustained G-15 delivery on estrous cycles
or on serum levels of E2. This is consistent with the fact that in mice, knock-out of the
GPR30 gene does not impair normal reproduction (Otto et al., 2009). This suggests that the
effects of G-15 on DMP acquisition in gonadally intact rats were not due to an effect on
ovarian function or on circulating levels of E2.

Effects on learning strategy and persistent turn

Rats use various strategies to solve spatial tasks such as place strategies (use of extramaze
visual cues) and response strategies (use body positioning and kinetic cues) (Dudchenko,
2001; Korol et al., 2004). Learning strategy can vary across the estrous cycle (Korol et al.,
2004), and studies suggest that this is due to changes in circulating levels of estradiol.
Specifically Ovx has been shown to favor use of a response strategy whereas acute and
chronic E2 treatment improves the ability of rats to use a place strategy (Daniel and Lee,
2004; Davis et al., 2005; Korol and Kolo, 2002). In the current study, once rats had reached
criterion, rotating the maze 180° between the forced and open choices resulted in a
significant decrease in the percentage of rats within each group that selected the arm located
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in the same physical location in the room. There are two possible interpretations of the data:
(1) a proportion of rats in each group rely on extramaze cues and the remainder do not, or
(2) all rats rely on extramaze cues to some degree such that rotation of the maze causes all of
the rats to become confused, resulting in a random choice. Both possibilities are consistent
with the observation that within each treatment group, the percentage of rats that selected the
arm located in the same physical location in the room did not differ significantly from
chance during the probe trial. We cannot distinguish between these two possibilities;
however, what we can say is that by the time rats reach criterion, enough rats within each
group rely on extramaze cues to result in a significant effect on this measure during the
probe trial. Prior work shows that this change, the increase in reliance on extramaze cues,
occurs during the course of training and is impaired by cholinergic lesions (Fitz et al., 2008).
Since there was no main effect of treatment, we conclude that treatments did not
differentially affect the degree to which rats relied upon extramaze cues to solve the task.
The findings are consistent with prior observations showing little effect of ovariectomy and
estradiol treatment on performance during the probe trial despite seeing reproducible effects
on acquisition (Gibbs, 2002; Gibbs, 2007).

In the present study, gonadally intact rats treated with G-15, and OV X+E2-treated rats that
received G-15, were more likely to adopt a persistent turn during DMP acquisition than rats
that did not receive G-15. In fact, in cycling rats 8 out of 9 rats receiving 10 pg/day of G-15
adopted a persistent turn, in comparison with only 2 out of 7 vehicle treated controls. G-15
also increased the average number of days that rats engaged in a persistent turn. The same
trend was observed in the OV X+E?2 rats treated with the highest dose of G-15. This suggests
that G-15 impairs performance on this task by increasing the predisposition to adopt and
maintain a persistent turn. The effect is consistent with a predisposition to utilize a response
strategy during early stages of acquisition and agrees nicely with the studies cited above
describing effects of Ovx and E2 on learning strategy. On the DMP task, adoption of a
persistent turn limits performance to 50%; however, with additional training, the rats
ultimately were able to abandon the persistent turn and adopt a more effective strategy thus
enabling them to reach criterion. This accounts for the increased number of days required to
reach criterion. Notably, these same effects are produced by basal forebrain cholinergic
lesions (Gibbs and Johnson, 2007), suggesting that both G-15 and cholinergic lesions affect
response pattern, strategy selection, and the ability to alter strategy (i.e., cognitive
flexibility) in a similar way.

Role of Basal Forebrain Cholinergic Neurons

As mentioned above, cholinergic neurons in the medial septum and nucleus basalis
magnocellularis are the primary source of cholinergic inputs to the hippocampus and cortex
and play an important role in learning, memory, and attentional processes (Baxter and
Chiba, 1999; Everitt and Robbins, 1997; Gritti et al., 1997; Mesulam, 1996). Studies show
that selectively lesioning these cells produces an increase in the predisposition to adopt a
persistent turn during DMP acquisition (Gibbs, 2002; Gibbs, 2007). A similar effect is
observed in aged rats and can be reversed, in part, by treating with selective cholinesterase
inhibitors (Bohacek et al., 2008; Gibbs et al., 2009) (Gibbs et al., 2011a; Gibbs et al.,
2011b). This suggests that cholinergic inputs to the hippocampus and cortex have a strong
effect on perseveration and the adoption of a persistent turn during DMP training. Prior
studies show that E2 has a number of effects on basal forebrain cholinergic neurons
including increasing choline acetyltransferase MRNA and protein (Gibbs et al., 1997; Gibbs,
2000b; Singh et al., 1994), increasing high affinity choline uptake in the hippocampus and
frontal cortex (O’Malley et al., 1987; Tinkler et al., 2004), and increasing potassium-
stimulated acetylcholine release (Gabor et al., 2003; Gibbs, 1997). In addition, we have
shown that septal cholinergic neurons are essential for E2-mediated enhancement of DMP
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acquisition (Gibbs, 2002). Recently we showed that cholinergic neurons in the medial
septum and nucleus basalis magnocellularis also contain GPR30, and that G-1, a selective
GPR30 agonist, enhances potassium-stimulated acetylcholine release in the hippocampus
similar to E2 (Hammond et al., 2010). Collectively, these data suggest that E2 can enhance
basal forebrain cholinergic function via GPR30, and support the hypothesis that the effects
of G-15 on DMP acquisition are due, at least in part, to a blockade of E2 effects on basal
forebrain cholinergic neurons. Further studies will focus on testing this hypothesis.

Effects of estradiol and GPR30 antagonism on OD/RL learning

Conclusions

In contrast to effects on the DMP task, no effects of ovariectomy or E2 replacement were
observed on the OD/RL task. Likewise, G-15 had no effect on OD/RL learning in gonadally
intact rats. The OD/RL task is a non-spatial operant learning and memory task. Learning
requires that rats be able to distinguish visual and auditory cues and to associate individual
cues with a food reward. The fact that neither OVX, E2 nor G-15 had any affect on this task
suggests that treatments did not significantly impact these processes. In addition, as both the
DMP task and the OD/RL task utilize the same food reward, this suggests that effects on the
DMP task are not due to an effect on the motivation for food. Many studies have shown that
effects of E2 on cognitive performance are task selective. For example, E2 has been shown
to improve performance on spatial learning (Daniel et al., 1997; Gibbs, 1999), object
placement and recognition (Fernandez et al., 2008; Gresack and Frick, 2006), and fear
condition tasks (Jasnow et al., 2006), but not on specific reference or working memory tasks
(Fader et al., 1999; Galea et al., 2001), nor on a configural association operant conditioning
task (Gibbs and Gabor, 2003; Gibbs et al., 2009). Thus, our results agree with previous work
showing that the effects of E2 on learning and memory tasks are task-specific, and suggest
that the effects of G-15 are due to interference with the effects of E2, rather than to non-
specific effects on learning and memory processes.

In summary, our data show that G-15 impairs DMP acquisition in gonadally intact rats and
blocks the effects of E2 on DMP acquisition in OV X rats. Treatment with G-15 alone had no
significant effect. The effects of G-15 are similar to the effects of removing cholinergic
inputs to the hippocampus and frontal cortex. These findings support the hypothesis that
G-15 impairs DMP acquisition by blocking the effects of E2 on basal forebrain cholinergic
neurons that provide cholinergic inputs to the hippocampus and cortex. Studies are
underway to elucidate the cellular and neurobiological processes that underlie these effects.
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Figure 1.

Effects of G-15 on DTC in gonadally intact rats and in OV X rats. 1A shows G-15 dose-
dependently increased DTC in gonadally intact rats, similar to the effects of OVX. 1B shows
E2 treatment significantly decreased DTC in OV X rats and this was dose-dependently
reversed by G-15. G-15 alone had no significant effect on DTC in OV X rats. Bars indicate
mean number of days to react criterion £ s.e.m. *p < 0.05 relative to gonadally intact
controls or OV X+E2-treated rats. # p < 0.05 relative to OVX vehicle controls.
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Figure 2.

Learning curves showing acquisition of the DMP task over time. Values represent the mean
percent correct + s.e.m. within a 3-day block of training for each treatment group. Panel 2A
shows learning curves for all gonadally intact rats. *p < 0.05 for G-15 (10 pg/day) relative
to intact vehicles. Panel 2B shows learning curves for all OV X rats. *p < 0.05 for OVX
+G-15 (40 pg/day) and OVX+E2+G-15(40 pg/day) relative to OV X+E2-treated rats.
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Figure 3.

Bar graphs showing effects of increasing the delay between the forced and open trials to 30,
60, and 90 seconds on performance. Bars represent the percentage of correct choices +
s.e.m. for each group. Panel A shows results for gonadally intact rats. Panel B shows results
for OVX rats.
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Figure 4.
Learning curves showing number of correct choices (A) and number of incorrect choices (B)
made by rats during successive choice discrimination. Rats were trained to respond to either
light or sound for the first six days and then trained to respond to the opposite stimulus for

the next eight days. The arrow indicates the day on which the stimulus contingency was
reversed.
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Table 1

Effects of Treatments on Adoption of a Persistent Turn During DMP Training

Group Percentage that Adopted a Persistent Turn | Average Length of Persistent Turn (Days * s.e.m.)
Intact Vehicle Controls 28.6 06+04’

Intact+G15 (5ug/day) 50.0 20+0.8

Intact+G15 (10ug/day) 88.9* 36+07

OVX Vehicle Controls 833" 41+06"

OVX+G15 (40ug/day) 88.9% 3.4+0.6

OVX+E2 3337 20+037

OVX+E2+G15 (10ug/day) 1117 20+027

OVX+E2+G15 (40ug/day) 90.0% 54+12"

*
p<0.05 relative to Intact VVehicle controls;

7Lp<0.05 relative to OVX Ve

hicle Controls
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