
Rapid Effects of Estrogen Receptor � and � Selective

Agonists on Learning and Dendritic Spines in

Female Mice

Anna Phan, Karla E. Lancaster, John N. Armstrong, Neil J. MacLusky,

and Elena Choleris

Departments of Psychology (A.P., E.C.), Biomedical Sciences (A.P., K.E.L., J.N.A., N.J.M.), and Molecular

and Cellular Biology (J.N.A.), University of Guelph, Guelph, Ontario, Canada N1G 2W1

Estrogen receptor (ER) agonists rapidly affect neural plasticity within 1 h, suggesting they play a

functional role in learning and memory. However, behavioral learning experiments on such a rapid

time scale are lacking. Therefore we investigated whether the ER� agonist propyl pyrazole triol

(PPT) and ER� agonist diarylpropionitrile (DPN) could affect social recognition, object recognition, or

object placement learning within 40 min of drug administration. At the same time, we examined their

effects on CA1 hippocampal dendritic spines. Ovariectomized female CD1 mice were administered a

range of PPT or DPN doses (0, 30, 50, 75, or 150 �g/mouse). PPT at the middle doses improved social

recognition, facilitated object recognition and placement at a dose of 75 �g, and increased dendritic

spine density in the stratum radiatum and lacunosum-moleculare. In contrast, DPN impaired social

recognition at higher doses, did not affect object recognition, but slightly facilitated object placement

learning at the 75-�g dose. DPN did not affect spines in the stratum radiatum but decreased spine

density and increased spine length in the lacunosum-moleculare. This suggests that rapid estrogen-

mediated learning enhancements may predominantly be mediated through ER�, while the effects of

DPN are weaker and may depend on the learning paradigm. The role of ER� and ER� in learning and

memory may vary depending on the timing of drug administration, as genomic studies often implicate

ER� in enhancing effects on learning and memory. To our knowledge, this is the first report of estro-

gens’ effects on learning within such a short time frame. (Endocrinology 152: 1492–1502, 2011)

Estrogens affect many physiological and behavioral

processes including reproduction, feeding, mood, and

learning and memory (see 1). The classical mechanism of

action for intranuclear estrogen receptors (ER), ER� and

ER�, is to regulate transcription of target genes, requiring

hours to affect protein expression (reviewed in Ref. 2).

However, estrogens also have nongenomic actions initi-

ated at the cell membrane that influence cell signaling cas-

cades within minutes (reviewed in Ref. 3). While there are

many studies on estrogens’ genomic effects, their rapid,

nongenomic effects and the functional behavioral impli-

cations thereof are not well understood.

The natural estrogen, 17�-estradiol, rapidly modulates

cell signaling, synaptic transmission,anddendritic spineden-

sity within 1 h of administration. Signaling cascades (4–7)

and excitatory transmission (4, 8–10) were enhanced in cul-

tured neurons or hippocampal sections within 30 min of

17�-estradiol or estradiol benzoate application. 17�-estra-

diol facilitatedlong-termpotentiation(8,11,butseeRef.12),

affected long-termdepression (12,13), andrapidly increased

dendritic spine density and synapse number as quickly as 15

min after drug application, thereby enhancing neuronal con-

nections in brain regions critical for learning and memory (6,

12, 14, 15). Thus estrogens rapidly modulate synaptic plas-

ticity in a way that suggests they play an important role in

learning and memory (reviewed in Ref. 16).

Both ER� and ER� were localized to neuronal cell

membranes in vivo (17–20) and can rapidly affect synaptic
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plasticity. ER� agonist propyl pyrazole triol (PPT) and

ER� agonist diarylpropionitrile (DPN) both affect cell sig-

naling, synaptic transmission, and long-term depression in

hippocampal sections within 1.5 h of application (4, 10,

12). Rapid estrogen-mediated spinogenesis may occur

through ER� in the hippocampus, because PPT increased

dendritic spines in rat CA1 hippocampal sections, while

DPN produced no effect after 2 h (12, 14). However, in

cultured cortical neurons, ER� agonist WAY-200070 rap-

idly increased dendritic spines within 30 min of applica-

tion (21). Therefore both ER� and ER� can mediate at

least some of estrogens’ rapid effects, and thus may mod-

ulate learning and memory functions.

Involvement of estradiol and its receptors in learning

and memory have been repeatedly shown (reviewed in

Refs. 1, 22) in experiments that typically assess estrogens’

effects hours to days after treatment, a time frame consis-

tent with their genomic mechanisms of action. However,

rapid behavioral effects have also been reported. Male

Japanese quails, rats, and California mice displayed in-

creased sexual behavior or aggression 15–35 min after

systemic 17�-estradiol administration (16, 23–25). En-

hanced object recognition and spatial memory consolida-

tion have been observed after 17�-estradiol, 17�-estra-

diol, and a selective ER� agonist when they are given

immediately (but not 45 min or 2 h) after learning acqui-

sition, with assessments of learning effects performed 4 h,

24 h, or 48 h after drug administration (26–32). These

studies suggest a role for estrogens in consolidation phases

of memory formation. Whether estrogens would affect the

acquisition phase of memory in a time frame similar to that

of rapid effects observed in neurons or for other behaviors

[generally within 1 h (16)] is unknown. Therefore, we

modified standard learning paradigms to be completed in

25 min (between 15 min and 40 min after drug injection),

when memory maintenance is transcription independent

(33–35). We chose the social recognition, object recogni-

tion and object placement paradigms because they are

spontaneous (i.e., do not require previous training) and

assess different memory systems (social information pro-

cessing, item recognition, and spatial, respectively), whose

underlying neuroanatomical mechanisms do not com-

pletely overlap (36–38).

Because both ER� and ER� can rapidly affect neurons,

we tested whether ER selective agonists could rapidly af-

fect learning within 40 min of injection. To detect both

learning improvements and impairments, we developed

“difficult” and “easy” versions of the three learning tasks,

respectively.Theeasyversionwasonlyadministeredwhen

improving effects were not found. In addition, we exam-

ined whether PPT and DPN produced dendritic spine

changes that were consistent with drug effects on learning

within 40 min.

Materials and Methods

Subjects
Subjects were 558 female CD1 mice (Mus musculus), pur-

chased ovariectomized at 2 months of age (Charles River, QC),
and tested 10–15 d later. An outbred mouse strain was used so
results would be more generalizable to other mouse strains. Eigh-
teen stimulus mice were randomly chosen for social recognition
paradigms, and 49 animals were used for dendritic spine anal-
yses. Remaining mice were tested in behavioral paradigms. Mice
were pair housed, then individually housed for 3d. Subjects were
housed with corncob bedding and environmental enrichment in
clear polyethylene cages (16 cm � 12 cm � 26 cm), on a 12:12-h
reversed light/dark cycle (lights off at 0800 h) and received ro-
dent chow (Teklad Global 14% Protein Rodent Maintenance
Diet, Harlan Teklad, WI) and water ad libitum. Ambient tem-
perature was 21 � 1 C. Research was conducted in accordance
with the Canadian Council on Animal Care and approved by
University of Guelph’s Animal Care and Use Committee.

Animals were moved into the experimental room the night
before testing, weighed, and vaginal smears taken and stained
with Giemsa (Sigma-Aldrich, ON) to ensure completeness of
ovariectomy. All behavioral tests were conducted in home
cage during the dark phase of the light cycle under red light
illumination.

Drugs
Mice were subcutaneously injected with 10 ml/kg of the se-

lective ER� agonist 1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-
pyrazole (PPT; Sigma-Aldrich, Oakville, ON, Canada) (39), or
ER� agonist 2,3-bis(4-hydroxyphenyl)-propionitrile (DPN;
Tocris Biosciences, Ellisville, MO) (40). PPT’s vehicle was ses-
ame oil. DPN�s vehicle was sesame oil with 2% ethanol. PPT and
DPN experiments each included five treatment groups: vehicle,
1 mg/kg, 1.67 mg/kg, 2.5 mg/kg, 5 mg/kg, corresponding to 30
�g, 50 �g, 75 �g, and 150 �g per average 30-g mouse, respec-
tively. Injection site was sealed using Nexcare liquid bandage
(3M Canada, London, ON, Canada) to prevent leakage. Drug
treatments were assigned using a random number generator.

PPT and DPN most likely produce rapid effects through in-
tracellular and/or membrane bound ER� and ER�. However, we
cannot exclude the possibility that they may activate other pu-
tative, not fully characterized membrane ERs such as ER-X (41).

Rapid learning paradigms
Animals were injected with PPT, DPN, or their vehicles 15

min before learning paradigms. Testing was completed 40 min
after injection to determine rapid effects of ER agonists on learn-
ing (paradigm-specific details below). Two versions of each
learning paradigm were developed. The “difficult” paradigm to
assess learning enhancements was designed such that control
animals would not learn because of limited learning opportunity
(i.e., fewer exposures to the stimuli). The “easy” paradigm has
greater learning opportunity (i.e., more stimuli exposures) and
was designed such that control animals would learn. Difficult
paradigms had two habituations followed by test (all 5 min in
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duration), with 5-min intertest intervals (Fig. 1). Easy paradigms
had three habituations followed by test (all 4 min in duration),
with 3-min intertest intervals (Fig. 1). Even though total habit-
uation time in the easy paradigm is only 2 min longer than in the
difficult paradigm, the greater number of habituations elicits
enhanced stimulus investigation, thus facilitating learning.
Treatment effects were first tested using the difficult paradigm.
Whenever improving effects were not observed, the easy para-
digm was used with different mice to assess learning impair-
ments. All experiments consisted of a unique set of mice; no mice
were tested on more than one learning paradigm. Habituations
and tests were video recorded under infrared light (8 mm
Handycam Nightshot, Sony, Cambridge, ON, Canada). Be-
tween exposures objects (stainless steel drain catchers, glass
cubes, plastic hairclips) and cylinders (described below) were
washed using odorless detergent and baking soda to remove odor
cues such that novelty of the stimuli remained consistent. Objects
were held in position using Velcro and removed during intertest
intervals. Pilot studies indicated mice did not prefer one type of
object to any other.

Social recognition learning paradigm
This paradigm was modified from Choleris et al. (44). Stim-

ulus mice (2–4 months old, ovariectomized CD1 mice) were
presented to a test mouse in clear Plexiglas cylinders with holes
at the bottom, allowing passage of olfactory cues, eliciting high
levels of investigation (42–44). During habituations, the test
mouse was exposed to the same two stimulus mice in consistent
positions within home cage. During test, one of the two stimulus
mice was replaced with a novel individual (the mouse that was
replaced was counterbalanced). Stimulus mice were replaced
with empty Plexiglas cylinders during intertest intervals.

Object recognition learning paradigm
During the difficult paradigm habituations, two different ob-

jects were used, while two identical objects were used during
habituations in the easy version. (Pilot studies indicated this was
necessary to make the paradigm ‘easy’.) One of the objects was
replaced by a novel object during test (the object replaced was
counterbalanced). Objects were held in consistent positions
throughout the paradigm.

Object placement learning paradigm
A test mouse was presented with two identical objects in con-

sistent positions (position A and position B) during habituations.
During test, one of the two objects was moved to a novel location
(position C). The object moved was counterbalanced.

Olfaction test
Mice were weighed, moved into the experimental room, and

food deprived the evening before testing (12–14 h) to increase
motivation to feed. Mice were administered sesame oil (vehicle;
n � 11), 50 �g (n � 11), or 75 �g (n � 9) of PPT. These doses
were tested to determine whether learning effects could be ex-
plained by changes in olfaction. Mice were given 1⁄4 chocolate
chip (Hershey’s, approximately 70–80 mg) 15 min after injec-
tion to familiarize them with the food item. Forty minutes after
injection, the mouse was distracted and 1⁄4 of a chocolate chip
was buried in a random location in the bedding of their home
cage. Latency to find the chocolate chip was recorded.

Behavioral data analysis
Numbers of mice tested in each treatment group are detailed

in investigation duration figure legends. Ten behaviors (listed in
Supplemental Table 1, published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org/) were
recorded for the learning paradigms using The Observer Video
Analysis software (Noldus Information Technology, Wagenin-
gen, Netherlands) by four trained observers, blind to drug
treatment.

Active sniffing of stimuli (nose twitching and within �1–2
mm of stimulus) was considered indication of investigation (36,
43). Because mice naturally investigate novel or displaced stimuli
more than familiar ones (36, 43), stimulus investigation was used
to determine whether mice recognized novel or displaced stim-
ulus during test. Therefore, for each mouse an investigation ratio
(IR) was calculated: IR � A/(A � B), where A is the investigation
duration of the novel or displaced stimulus during test (or during
habituations, of the stimulus to be replaced or moved at test), and
B is the investigation duration of the other stimulus. Significant
increases of investigation ratio from the average investigation
ratio over all habituations (IRHab) to test (IRTest) demonstrated
novel stimulus recognition. Mice spending less than 5% of test
duration investigating social stimuli (�15 sec in the difficult par-
adigm, �12 sec in the easy paradigm) or less than 3% of test
duration investigating object stimuli (�9 sec for the difficult
paradigm, �7 sec for the easy paradigm) were excluded from
analysis (�5% of total animals excluded). Individuals that spent
�5 sec investigating each of the two stimuli during habituations
(�1% of animals) and IRTest outliers (�2 SDs � mean; �1% of
individuals) were also excluded.

Dendritic spine analysis
Golgi-Cox staining followed methods described by Gibb and

Kolb (45). Mice were injected with PPT, DPN, or vehicle (num-
bers per groups are in figure captions) and returned to home cage.
Forty minutes after drug injection, as per institutional Animal
Care Committee guidelines, animals were sedated with CO2 then
decapitated. To limit potential effects of CO2 on brain cyto-
architecture, the asphyxiation was performed very rapidly (less
than 1 min on average) and similarly for all groups. Brains were
quickly extracted, placed into Golgi-Cox solution (1% potas-
sium dichromate, 0.8% potassium monochromate, 1% mercuric
chloride), then stored for 3–4 wk in the dark. Brains were placed
in 20% sucrose (48 h at 4 C), sectioned (200 �m) using a vi-
brating microtome (Leica VT1000s, Leica Microsystems, Rich-
mond Hill, ON, Canada), then stored in 6% sucrose (24 h at 4
C). Free-floating sections were placed in 4% paraformaldehyde
(15 min), 1% NH4OH (15 min), 1% Kodak rapid fixative

FIG. 1. A comparison of the time line of events for the difficult and

easy behavioral paradigms (H indicates habituations). Both learning

paradigms begin 15 min after drug injection and are completed within

40 min of injection.
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(15–60 min), then mounted on gelatin-coated slides. Slides were
air-dried at room temperature (1.5–2 h), dehydrated (50%,
70%, 95%, 100% ethanol twice, xylene twice, each for 1 min),
and coverslipped with Entallan.

Images of CA1 hippocampal neurons magnified with a �63
oil objective (Fig. 2 and Supplemental Fig. 1; Axio Imager D1
microscope, captured with AxioCam MRc5 digital camera and
AxioVision 4.6 software, Carl Zeiss, Toronto, ON, Canada) and
analyzed using Image J software (version 1.38x, National Institutes
of Health, Bethesda, MD) by an observer blind to the treatments.
Completely stained CA1 pyramidal neurons with intact whole api-
cal dendrites were chosen for analysis. Dendritic spine density and
length were measured on apical and distal dendrites in the stratum
radiatum and lacunosum-moleculare. Five CA1 neurons were an-
alyzed per animal. Samples from secondary dendrites (�10 �m) be-
tween40–60%(stratumradiatum)andfrom80–100%(lacunosum-
moleculare) the length of the apical dendrite were analyzed. Spine
density was calculated as number of spines per 10 �m of dendrite
length per dendritic subregion for each neuron. Spine lengths were
measuredfromthedistaltipofthespineheadtotheedgeofthedendrite
and calculated as average per dendritic subregion for each neuron.

Statistical analysis
Behavioral data were analyzed with two-way repeated mea-

sures ANOVAs with habituation and test as the repeated mea-
sures factor and dose treatment as a between groups factor. Spe-

cific a priori binary mean comparisons were
planned to reduce the risk of type I errors.
Paired t tests within each group assessed
whether preference for the novel stimulus
changed from habituation (IRHab expected
to be at 0.5) to test (IRTest expected to be
greater than 0.5 if learning has occurred).
One-way ANOVAs for each dose treatment
compared the preference for the novel stim-
ulus at test (IRTest) to that of the control
group. For statistical analysis of investi-
gation ratios, data were arcsin-trans-
formed (figures represent original ratio
data). The two-way repeated measures
ANOVA and planned comparisons were
performed for all experiments. For brev-
ity, only significant values are reported.
Latency data for olfactory test was ana-
lyzed with a one-way ANOVA. One-way
ANOVAs and Student-Newman-Keuls
post hoc tests were used to analyze differ-
ences in dendritic spine density and average
spine length, setting statistical significance
at P � 0.05. For all analyses SigmaStat ver-
sion 3.5, (Systat Software, Inc., Chicago, IL)
was used.

Results

ER� agonist PPT

PPT improved social recognition

learning at 50 �g and 75 �g, and

slightly improved object recognition

and placement learning at the 75 �g

dose, within 40 min of injection (Fig. 3). Because PPT

improved learning on all three tasks, easy versions of these

learning paradigms (used to detect learning impairments)

were not tested. PPT treatment did not enhance olfaction

in the chocolate chip test (Supplemental Fig. 2). PPT also

significantly increased dendritic spine density in the CA1

hippocampal lacunosum-moleculare (75 �g PPT) and

stratum radiatum (50 �g and 75 �g PPT; Fig. 4, A and B).

There were significant main effects of PPT treatment

(F4,59 � 3.12, P � 0.05) and test number (F1,59 � 48.48,

P � 0.001) on social recognition IRs as well as a significant

interaction of the main factors (F4,59 � 4.56, P � 0.01).

For the social recognition paradigm, planned comparisons

indicated a significant main effect of PPT treatment on

IRTest (F4,59 � 4.17, P � 0.01). Post hoc analysis revealed

IRTest values for 50 �g and 75 �g PPT were significantly

higher than vehicle (50 �g: q � 4.17, df � 25, P � 0.05,

75 �g: q � 3.45, df � 28, P � 0.05). In addition IRTest was

significantly higher than IRHab for groups treated with 50

�g (t � 4.70, df � 8, P � 0.01) and 75 �g of PPT (t � 7.09,

df � 13, P � 0.001; Fig. 3A). No other groups, including

FIG. 2. Images of hippocampus or CA1 hippocampal neurons. Pyr, pyramidal cell layer; rad,

stratum radiatum; l-m, lacunosum-moleculare. A, Nissl-stained hippocampus section. Scale

bar, 400 �m. B, Camera lucida drawing of Golgi stained hippocampal primary neuron. Scale

bar, 100 �g. C–J, Microscope images of Golgi-stained CA1 secondary dendrites in the

stratum radiatum and lacunosum-moleculare from animals treated with PPT vehicle, 75 �g of

PPT, DPN vehicle, or 150 �g DPN. Scale bars, 5 �m.
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vehicle controls, demonstrated a significant difference be-

tween IRHab and IRTest. All other behaviors analyzed, in-

cluding total investigation times (Fig. 3B), revealed no sig-

nificant effects of treatment.

Planned comparisons in the object recognition and ob-

ject placement paradigms indicated the 75-�g PPT group

exhibited object and place recognition, because IRTest was

significantly increased from IRHab (object recognition: t �

2.70, df � 9, P � 0.05, Fig. 3C; object placement: t � 2.82,

df � 11, P � 0.05, Fig. 3E). No other experi-

mental group, including vehicle controls, dem-

onstrated object recognition. PPT did not af-

fect total investigation times (Fig. 3, D and F)

or other behaviors recorded.

For all PPT learning paradigms, there was a

significant main effect of test number for total

investigation durations (all P � 0.001). Post

hoc analyses revealed significant differences

between habituation 1 and habituation 2 (all

P � 0.001), as well as habituation 1 and test (all

P � 0.001), indicating that animals habituated

to stimuli (Fig. 3, B, D and E), as normally

observed in these paradigms (22).

Administration of 50 �g or 75 �g PPT did

not affect their latencies to find a buried choc-

olate chip in the olfaction test (Supplemental

Fig. 2).

There was a significant main effect of PPT

treatment on dendritic spine density in the

lacunosum-moleculare (F4,115 � 3.22, P �

0.05) and stratum radiatum (F4,115 � 3.10,

df � 4, P � 0.05). Post hoc analysis revealed

PPT at 50 �g and 75 �g increased stratum

radiatum spine density compared with vehi-

cle (50 �g: q � 4.22, df � 43, P � 0.05, 75

�g: q � 4.16, df � 48, P � 0.05; Figs. 2, C and

D, and 4A and Supplemental Fig. 3A). Den-

dritic spine density in the lacunosum-mo-

leculare increased significantly with 75 �g of

PPT compared with vehicle (q � 4.60, df �

48, P � 0.05; Figs. 2, E and F, and 4B, and

Supplemental Fig. 3B). PPT did not affect

dendritic spine length (Fig. 4, C and D and

Supplemental Fig. 3, E and F).

ER� agonist DPN

DPN at 75 �g slightly improved object

placement learning (Fig. 7) but did not improve

social recognition or object recognition in the

difficult versions of these tasks (Figs. 5A and

6A). Therefore, we tested whether DPN im-

paired social and object recognition using the

easy versions of these paradigms. We found

that DPN slightly impaired social recognition at higher

doses (75 �g and 150 �g; Fig. 5C) but did not impair object

recognition (Fig. 6C). DPN did not affect spines in the CA1

stratum radiatum but decreased spine density (50 �g and

150 �g) and increased spine lengths at 30 �g in the lacu-

nosum-moleculare (Fig. 8).

No treatment groups demonstrated social recognition

in the difficult social recognition paradigm, because IRTest

FIG. 3. Rapid effects of PPT on learning paradigms. Asterisks above black bars in A,

C, and E represent a significant difference between the investigation ratio (IR) at

habituation vs. the IR at test for the treatment. A, PPT at doses of 50 �g and 75 �g

significantly improved social recognition above vehicle-treated animals (indicated by

an asterisk above lines over the 50 �g and 75 �g PPT and vehicle controls). B, Total

investigation times during the social recognition experiment were not affected by

PPT treatment. C, The group receiving 75 �g of PPT was able to successfully perform

the object recognition task. D, Total investigation durations for the object

recognition experiment did not differ with PPT treatment. E, Mice administered 75

�g of PPT were successfully able to perform the object placement task. F, PPT

treatment did not significantly affect total investigation durations for the object

placement experiment. Means and SE are depicted. *, P � 0.05; **, P � 0.01;

***, P � 0.001.
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and IRHab were not significantly different (Fig. 5A). In the

easy social recognition paradigm, planned comparisons

revealed vehicle, 30 �g, and 50 �g DPN groups exhibited

social recognition learning as IRTest was significantly

higher than IRHab (vehicle: t � 2.65, df � 9, P � 0.05, 30

�g: t � 4.10, df � 8 , P � 0.01, 50 �g: t � 2.94, df � 11,

P � 0.05; Fig. 5C). However, 75 �g and 150 �g did not

demonstrate learning on this task. There was no effect of

DPN treatment on any other behavior recorded, including

total investigation times, during either of these experi-

ments (Fig. 5, B and D). Hence, while DPN did not im-

prove social recognition, it slightly impaired it at higher

doses.

No groups displayed object recognition learning in the

difficult object recognition paradigm (Fig. 6A). All groups

exhibited learning in the easy object recognition para-

digm, showing significantly higher IRTest than IRHab (ve-

hicle: t � 2.50, df � 11, P � 0.05, 30 �g: t � 4.44, df �

11, P � 0.001, 50 �g: t � 3.43, df � 11, P � 0.01, 75 �g:

t � 3.73, df � 10, P � 0.01, 150 �g: t � 4.42, df � 11, P �

0.001; Fig. 6C). Therefore, DPN did not rapidly modulate

object recognition learning. Again, DPN did not signifi-

cantly affect total investigation times (Fig. 6, B

and D) or other behaviors during these two

experiments.

Only animals treated with 75 �g of DPN

demonstrated object placement learning in the

difficult object placement task, as planned

comparisons revealed IRTest was significantly

higher than IRHab for this group (t � 3.37, df �

11, P � 0.01; Fig. 7A). Therefore, DPN at 75

�g slightly facilitated object placement learn-

ing. There was no significant difference in total

investigation times (Fig. 7B) or other behaviors

recorded, except there was a significant main

effect of treatment on horizontal exploration

durations (F � 2.78, df � 4, P � 0.05). Post hoc

analyses revealed that the 50 �g DPN group

had significantly lower horizontal exploration

times than the vehicle group (q � 4.10, df � 23,

P � 0.05). However, these differences in hor-

izontal exploration were not paralleled by

changes on object placement performance.

For all DPN difficult and easy learning par-

adigms, there was a significant main effect of

test number for total investigation durations

(all P � 0.001). Post hoc analyses revealed

there were significant differences between ha-

bituation 1 and habituation 2 (all P � 0.001),

habituation 1 and habituation 3 in the easy

learning paradigms (all P � 0.001), as well as

habituation 1 and test (all P � 0.001; Figs. 5,

B and D, 6, B and D, and 7B) indicating normal

habituation of the test animal to stimuli (22). In the easy

object recognition paradigm, there was also a significant

increase in investigation durations at test when compared

with habituation 2 and to habituation 3 (all P � 0.001),

indicating a dishabituation caused by the novel object dur-

ing test (22). This dishabituation was not seen in the easy

social recognition paradigm, because greater habituation

may be necessary to reliably see dishabituation, as in the

original social recognition protocol (22).

DPN treatment did not significantly affect spines in the

stratum radiatum (Fig. 8, A and C, and Supplemental Fig.

3, C and G). However, there were significant main effects

of DPN on spine density (F4,120 � 5.78, P � 0.001) and

length (F4,120 � 3.742, P � 0.01) in the lacunosum-mo-

leculare. Post hoc analysis revealed mice treated with 50

�g or 150 �g of DPN had fewer spines compared with

vehicle controls (50 �g: q � 4.49, df � 48, P � 0.01, 150

�g: q � 4.73, df � 48, P � 0.01; Fig. 8B and Supplemental

Fig. 3D). Injection of 30 �g of DPN increased dendritic

spine length in the lacunosum-moleculare (q � 4.11, df �

48, P � 0.05; Fig. 8D and Supplemental Fig. 3H).

FIG. 4. Rapid effects of PPT on dendritic spine density and length in the CA1

hippocampus. All groups contain measures of 25 neurons from five animals, except

the 50 �g PPT group which contain measures of 20 neurons from four animals. A,

PPT at 50 �g and 75 �g increased spine density in the stratum radiatum. B, PPT at a

dose of 75 �g increased spine density in the lacunosum-moleculare. C, PPT does not

affect spine lengths in the stratum radiatum. D, Spine lengths in the lacunosum-

moleculare are also not affected by PPT treatment. Means and SE are depicted.

*, P � 0.05.
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Discussion

Rapid effects via ER�

ER� activation through PPT treatment improved social

recognition at doses of 50 �g or 75 �g within 40 min of

administration (Fig. 3A). Only groups administered 75 �g

of PPT exhibited object recognition and placement learn-

ing (Fig. 3, C and E). Therefore, 75 �g of PPT may facil-

itate novel object and novel place recognition. These re-

sults appear specific to learning, as PPT treatment did not

significantly affect any other behavior recorded from these

mice (e.g., horizontal exploration, rearing, total time spent

sniffing stimuli), nor did it affect their olfactory capabil-

ities (Supplemental Fig. 2). It also seems unlikely that drug

treatments increased interest in novelty per se, because

PPT did not increase investigation times during the first

habituation session when both stimuli were novel (Fig. 3,

B, D, and F).

Overall, effects of PPT appear greater for social recog-

nition than for object recognition or placement. This may

be attributable to greater salience of social stimuli, leading

to enhanced learning about the stimuli (22).

This explanation is supported by the fact that

investigation durations were approximately

doubled for stimulus mice compared with ob-

ject stimuli in all groups (Fig. 3, B, D, and F).

Because PPT rapidly improved performance on

all three behavioral paradigms, rapid ER� ac-

tivation may improve learning in general. Be-

cause we did not examine whether PPT im-

paired learning using the easy paradigms, we

cannot exclude the possibility that higher doses

of PPT may impair performance on these tasks.

Our results with PPT are consistent with

previous studies reporting 17�-estradiol and

17�-estradiol enhance object recognition and

placement memory consolidation when ad-

ministered immediately (but not 45 min or 2 h)

after the learning trial, when effects were as-

sessed 4–48 h after drug administration (28–

32). To our knowledge, this is the first study

including the acquisition phase in PPT’s rapid

effects. The timing of our experiments (40 min

after drug injection and within 25 min of ac-

quisition during the transcription-independent

phase of learning; 33–35) suggests that PPT

affects early memory mechanisms. Our recent

data indicate that, like PPT, 17�-estradiol im-

proves performance on all three learning par-

adigms described here (46), suggesting that es-

tradiol’s rapid effects during this timeframe

may predominantly be mediated through ER�.

Within 40 min of treatment, PPT (50 �g or

75 �g) increased dendritic spine density in the CA1 stra-

tum radiatum, while 75 �g PPT increased spine density in

the CA1 lacunosum-moleculare (Fig. 4, A and B). PPT was

reported to increase spine density 2 h after drug applica-

tion in hippocampal slices from male rats (12, 14). In cul-

tured cortical neurons, increases in spine density occurred

after 15 min of incubation with 17�-estradiol (6), sug-

gesting that estrogens may affect spine density within an

even shorter time frame than the 40 min used here. At the

same time, the later effects observed in hippocampal sec-

tions (2 h) (12, 14) suggest that PPT’s enhancing effects on

dendritic spines may be of sufficient duration to mediate

the effects on learning observed in the present study. In-

creases in spine density may reflect an increase in the num-

ber of synaptic connections (47) and therefore provide

new sites at which learning can occur.

To the best of our knowledge, these data provide the

most rapid in vivo evidence for a PPT effect on dendritic

spines and a PPT dose response relationship. Interestingly,

both learning and dendritic spine experiments demon-

FIG. 5. Rapid effects of DPN on social recognition. Asterisks above black bars in A

and C represent a significant difference between the investigation ratio (IR) at

habituation vs. the IR at test for the treatment. A, DPN treatment had no improving

effects on social recognition as assessed by the difficult social recognition task. B,

Treatment with DPN also did not affect total investigation durations for the difficult

social recognition experiment. C, Animals treated with vehicle, 30 �g, or 50 �g of

DPN were able to successfully recognize the novel conspecific at test in the easy

version of the social recognition paradigm. D, Investigation durations during the easy

social recognition experiment were not affected by DPN treatment. Means and SE are

depicted. *, P � 0.05; **, P � 0.01.
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strated PPT effects at middle doses of 50 �g and 75 �g, but

not at lower or higher doses forming an inverted U-shaped

dose-response curve, which has also been reported for

PPT’s longer term responses (e.g., Ref. 48). Thus, both in

terms of drug dose and timing, ER�-mediated

rapid learning improvements parallel those of

ER�-mediated increases in dendritic spine

density.

Rapid effects via ER�

Unlike ER�, rapid ER� activation had

mixed effects on learning. ER� agonist DPN

did not facilitate social recognition learning

at any dose (Fig. 5A). However, when tested

using the easy social recognition paradigm,

animals treated with vehicle or 30 �g or

50 �g of DPN exhibited social recognition

learning, while those administered 75 �g or

150 �g of DPN did not (Fig. 5C). This may

indicate that DPN at higher doses impairs

social recognition. Conversely, treatment

with DPN neither improved nor impaired ob-

ject recognition learning (Fig. 6, A and C),

while it facilitated object placement at a dose

of 75 �g (Fig. 7A). All treatment groups, in-

cluding vehicle controls, failed to demon-

strate object placement learning, with the ex-

ception of those animals treated with 75 �g

of DPN (Fig. 7A). Thus, the middle dose of

DPN enhanced object placement learning,

indicating a possible inverted U-shaped

dose-response curve similar to that re-

ported for the long-term effects of another

ER� agonist (48). As with PPT, it seems un-

likely that DPN�s effects are attributable to

changes in interest in novelty per se, because investiga-

tion durations were unaffected during the first habitu-

ation, when all stimuli were novel (Fig. 7B). Also, they

do not seem to be secondary to changes in other behav-

iors, because DPN treatment did not signif-

icantly affect other recorded behaviors. This

effect of DPN is unlikely to be attributable

to changes in olfaction because preacquisi-

tion DPN and WAY 200070 did not impair

performance on olfactory-based tasks (48).

Therefore, the small improvement of DPN at

75 �g in the object placement paradigm sug-

gests a specific role for ER� in spatial learn-

ing, while higher doses of DPN may impair

social recognition.

DPN did not rapidly affect dendritic spines

in the CA1 stratum radiatum, but it decreased

spine density in the CA1 lacunosum-molecu-

lare at middle and higher doses (50 �g and 150

�g; Fig. 8B) and increased lacunosum-molecu-

FIG. 6. Rapid effects of DPN on object recognition. Asterisks above black bars in A and

C represent a significant difference between the investigation ratio (IR) at habituation vs.

IR at test for the treatment group. A, DPN treatment did not rapidly improve object

recognition in the difficult version of this paradigm. B, DPN treatment also did not affect

the total investigation durations during the difficult object recognition experiment. C, In

the easy object recognition experiment, all groups (vehicle, 30 �g, 50 �g, 75 �g, and

150 �g of DPN) were able to successfully perform the task. D, Investigation durations for

the easy object recognition experiment were not affected by DPN treatment. Means and

SE are depicted. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG. 7. Rapid effects of DPN on object placement. Asterisks above black bars in A

represent a significant difference between the investigation ratio (IR) at habituation vs. IR

at test for the treatment group. A, The group administered 75 �g of DPN was able to

successfully distinguish the novel object placement in the difficult version of the object

placement task. B, DPN treatment did not affect total investigation durations during the

object placement experiment. Means and SE are depicted. **, P � 0.01.
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lare spine length at the lowest drug dose (30 �g; Fig. 8D).

There does not appear to be any parallel between this

increased spine length and performance on learning par-

adigms, because groups of mice treated with 30 �g of DPN

did not demonstrate learning effects. Similarly, the de-

crease in dendritic spine density caused by 50 �g and 150

�g of DPN does not seem to coincide generally with any

learning effects. It seems as though DPN�s effects on spine

density and length may be more complicated than those of

PPT. The ER� agonist WAY-200070 rapidly increased

spines in cultured cortical neurons (21), whereas DPN did

not rapidly affect male rat CA1 hippocampal dendritic

spines (12, 14). Thus, the roles of ER� and ER� in rapid

spinogenesis may differ depending on the brain region, the

species, or sex of the subjects. Clearly, literature on rapid

ER�-mediated dendritic spine changes and their conse-

quences for learning is incomplete and further investiga-

tions are needed.

Rapid vs. long-term effects

Rapid effects of PPT appear to be very different than

those of DPN. Whereas PPT slightly improved perfor-

mance on all three learning paradigms, DPN�s learning

effects were weaker and depended on the type

of learning paradigm used. PPT also increased

hippocampal spine density, whereas DPN ei-

ther had no effect or decreased spine density.

These differences resulting from selective ER�

and ER� activation are not surprising, because

differences in behavioral effects are commonly

seen for PPT and DPN�s long-term effects (re-

viewed in Refs. 1, 22). Studies with knock out

(KO) mice showed ER�KO mice were com-

pletely impaired in social recognition whereas

ER�KO mice, while impaired compared with

wild-type controls (43, 44), could still distin-

guish a novel from a familiar conspecific (44).

These KO studies and present results suggest a

greater role for ER� than ER� in social recog-

nition. In general, however, long-term experi-

ments implicate ER� in learning and memory

improvements, while ER� activation generally

has no effect or impairs learning and memory

(1, 49, 50). Thus the respective role of ER� and

ER� in rapid vs. longer-term effects on learning

and memory may be different.

Previous work on rapid effects of 17�-es-

tradiol or ER agonists on memory consolida-

tion appears consistent with long-term effects

of estrogens. Postacquisition 17�-estradiol

and DPN administration to wild-type but not

ER� KO mice enhanced both object recogni-

tion and placement memory consolidation when tested 4 h

or 48 h after drug administration (29, 31, 32). Conversely,

postacquisition PPT did not improve memory consolida-

tion in animals tested 48 h after administration (32). Our

study is the first to include learning acquisition when ex-

amining the rapid effects of ER agonists and to test animals

during a time when memory is transcription-independent

(33–35). Our results suggest the role of ER� and ER�

rapid effects may be different during different stages of

memory processing.

The long-term effects of ER� and ER� agonists on den-

dritic spine density and synapses are inconsistent. PPT, but

not DPN, increased synapses 48 h after application to

hippocampal cultures (51, 52; although DPN produced a

trend towards an increase in 51), while selective ER� ag-

onist WAY-200070 increased hippocampal spine density

of shorter, mushroom-type spines 48 h after drug admin-

istration (49). Increases in mushroom spines are consistent

with observations that ER� tends to improve learning and

memory in longer-term behavioral studies (1, 53, 54). Our

results and Kawato’s group reported PPT (but not DPN)

rapidly increases spine density in the CA1 hippocampus

(12, 14), mimicking the rapid effects of 17�-estradiol on

FIG. 8. Rapid effects of DPN on dendritic spine density and length in the CA1

hippocampus. All groups contain measures of 25 neurons from five animals. A, DPN

did not affect dendritic spine density in the stratum radiatum. B, Treatment with 50

�g and 150 �g of DPN decreased spine density in the lacunosum-moleculare. C,

DPN treatment did not significantly affect spine lengths in the stratum radiatum. D,

Treatment with 30 �g of DPN significantly increased spine lengths in the lacunosum-

moleculare. Means and SE are depicted. *, P � 0.05.

1500 Phan et al. ER� and � Effects on Learning and Dendritic Spines Endocrinology, April 2011, 152(4):1492–1502

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
5
2
/4

/1
4
9
2
/2

4
5
7
6
2
2
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



spine density (6, 12, 14, 15, 47). This rapid effect of PPT

increased thin and filopodia spine types (12, 14), thought

to be sites at which new memories are formed and stored

(53, 54). Therefore, while ER� seems to mediate estradi-

ol’s rapid effects on hippocampal spinogenesis, both ER�

and ER� may be involved in estradiol’s longer-term

effects.

Conclusions

To the best of our knowledge, this is the first report

demonstrating in vivo effects of estrogen receptor agonists

on CA1 dendritic spines and learning only 40 min after

drug injection. This time frame is consistent with the rapid

effects of estrogens on neuronal electrophysiology and cell

signaling mechanisms. Our results suggests both ER� and

ER� activation can rapidly influence learning and synap-

tic connections but that effects are dependent on the es-

trogen receptor and the type of learning studied. At the

time point studied, ER� seems to have a greater role in

promoting estrogen-mediated enhancements in learning

and memory processes and CA1 hippocampal dendritic

spine increases than ER�.

Studies on rapid learning effects of estradiol and ER

agonists may help to explain the often inconsistent lit-

erature on estradiol’s learning and memory effects (re-

viewed in Ref. 1), because physiologically, estradiol

would exert rapid and genomic effects at the same time

(3). It has been hypothesized that differential activation

of ER� and ER�, their involvement in different types of

learning, different stages in memory processing, could

all contribute to estrogen effects on learning and mem-

ory (1). Our study suggests that timing of estrogen ex-

posure (short- vs. long-term) and the specific cellular

mechanisms involved (nongenomic, genomic, and their

interactions; 3) may also be important determinants of

learning effects.

Acknowledgments

We thank Skot Koshowski, Alexandra Muller, Dana Munroe,

and Dima Saab for their help with data collection.

Address all correspondence and requests for reprints to:

Elena Choleris, Professor, Department of Psychology, MacK-

innon Building Room 3004, University of Guelph, Guelph,

Ontario, Canada, N1G 2W1. E-mail: echoleri@uoguelph.ca.

This work was supported by Natural Sciences and Engi-

neering Research Council of Canada Grants 400212 and

197293. J.N.A. was the recipient of a National Alliance for

Research on Schizophrenia and Depression Young Investiga-

tor Award.

Disclosure Summary: The authors have nothing to declare.

References

1. Choleris E, Clipperton AE, Phan A, Kavaliers M 2008 Estrogen

receptor � agonists in neurobehavioral investigations. Curr Opin

Invest Drugs 9:760–773

2. Nilsson S, Makela S, Treuter E, Tujague M, Thomsen J, Andersson

G, Enmark E, Pettersson K, Warner M, Gustafsson JA 2001 Mech-

anisms of estrogen action. Physiol Rev 81:1535–1565

3. Vasudevan N, Pfaff DW 2008 Non-genomic actions of estrogens

and their interaction with genomic actions in the brain. Front Neu-

roendocrinol 29:238–257

4. Zhao LZ, Brinton RD 2007 Estrogen receptor � and � differentially

regulate intracellular Ca2� dynamics leading to ERK phosphory-

lation and estrogen neuroprotection in hippocampal neurons. Brain

Res 1172:48–59

5. Lewis MC, Kerr KM, Orr PT, Frick KM 2008 Estradiol-induced

enhancement of object memory consolidation involves NMDA re-

ceptors and protein kinase A in the dorsal hippocampus of female

C57BL. Behav Neurosci 122:716–721

6. Srivastava DP, Woolfrey K, Jones KA, Shum CY, Lash LL, Swanson

GT, Penzes P 2008 Rapid enhancement of two-step wiring plasticity

by estrogen and NMDA receptor activity. Proc Natl Acad Sci USA

105:14650–14655

7. Sawai T, Bernier F, Fukushima T, Hashimoto T, Ogura H,

Nishizawa Y 2002 Estrogen induces a rapid increase of calcium-

calmodulin-dependent protein kinase II activity in the hippocampus.

Brain Res 950:308–311

8. Foy MR, Xu J, Xie X, Brinton RD, Thompson RF, Berger TW 1999

17 �-estradiol enhances NMDA receptor-mediated EPSPs and long-

term potentiation. J Neurophysiol 81:925–929

9. Rudick CN, Woolley CS 2003 Selective estrogen receptor modula-

tors regulate phasic activation of hippocampal CA1 pyramidal cells

by estrogen. Endocrinology 144:179–187

10. Smejkalova T, Woolley CS 2010 Estradiol acutely potentiates hip-

pocampal excitatory synaptic transmission through a presynaptic

mechanism. J Neurosci 30:16137–16148

11. Zadran S, Qin QY, Bi XN, Zadran H, Kim Y, Foy MR, Thompson

R, Baudry M 2009 17-�-Estradiol increases neuronal excitability

through MAP kinase-induced calpain activation. Proc Natl Acad Sci

USA 106:21936–21941

12. Mukai H, Tsurugizawa T, Murakami G, Kominami S, Ishii H,

Ogiue-Ikeda M, Takata N, Tanabe N, Furukawa A, Hojo Y, Ooishi

Y, Morrison JH, Janssen WGM, Rose JA, Chambon P, Kato S, Izumi

S, Yamazaki T, Kimoto T, Kawato S 2007 Rapid modulation of

long-term depression and spinogenesis via synaptic estrogen recep-

tors in hippocampal principal neurons. J Neurochem 100:950–967

13. Shiroma S, Yamaguchi T, Kometani K 2005 Effects of 17 �-estradiol

on chemically induced long-term depression. Neuropharmacology

49:97–102

14. Murakami G, Tsurugizawa T, Hatanaka Y, Komatsuzaki Y,

Tanabe N, Mukai H, Hojo Y, Kominami S, Yamazaki T, Kimoto T,

Kawato S 2006 Comparison between basal and apical dendritic

spines in estrogen-induced rapid spinogenesis of CA1 principal neu-

rons in the adult hippocampus. Biochem Biophys Res Commun 351:

553–558

15. MacLusky NJ, Luine VN, Hajszan T, Leranth C 2005 The 17 � and

17 � isomers of estradiol both induce rapid spine synapse formation

in the CA1 hippocampal subfield of ovariectomized female rats.

Endocrinology 146:287–293

16. Charlier TD, Cornil CA, Ball GF, Balthazart J 2010 Diversity of

mechanisms involved in aromatase regulation and estrogen action in

the brain. Biochim Biophys Acta 1800:1094–1105

17. Blaustein JD, Lehman MN, Turcotte JC, Greene G 1992 Estrogen-

receptors in dendrites and axon terminals in the guinea-pig hypo-

thalamus. Endocrinology 131:281–290

18. Milner TA, Ayoola K, Drake CT, Herrick SP, Tabori NE, McEwen

BS, Warrier S, Alves SE 2005 Ultrastructural localization of estrogen

Endocrinology, April 2011, 152(4):1492–1502 endo.endojournals.org 1501

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
5
2
/4

/1
4
9
2
/2

4
5
7
6
2
2
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



receptor � immunoreactivity in the rat hippocampal formation.

J Comp Neurol 491:81–95

19. Milner TA, McEwen BS, Hayashi S, Li CJ, Reagan LP, Alves SE

2001 Ultrastructural evidence that hippocampal � estrogen recep-

tors are located at extranuclear sites. J Comp Neurol 429:355–371

20. Hart SA, Snyder MA, Smejkalova T, Woolley CS 2007 Estrogen

mobilizes a subset of estrogen receptor-�-immunoreactive vesicles in

inhibitory presynaptic boutons in hippocampal CA1. J Neurosci

27:2102–2111

21. Srivastava DP, Woolfrey KM, Liu F, Brandon NJ, Penzes P 2010

Estrogen receptor � activity modulates synaptic signaling and struc-

ture. J Neurosci 30:13454–13460

22. Choleris E, Clipperton Allen AE, Phan A, Kavaliers M 2009 Neu-

roendocrinology of social information processing in rats and mice.

Front Neuroendocrinol 30:442

23. Cross E, Roselli CE 1999 17 �-estradiol rapidly facilitates chemo-

investigation and mounting in castrated male rats. Am J Physiol

Regul Integr Comp Physiol 276:R1346–R1350

24. Cornil CA, Dalla C, Papadopoulou-Daifoti Z, Baillien M, Baltha-

zart J 2006 Estradiol rapidly activates male sexual behavior and

affects brain monoamine levels in the quail brain. Behav Brain Res

166:110–123

25. Trainor BC, Finy MS, Nelson RJ 2008 Rapid effects of estradiol on

male aggression depend on photoperiod in reproductively non-re-

sponsive mice. Horm Behav 53:192–199

26. Packard MG, Teather LA 1997 Posttraining estradiol injections en-

hance memory in ovariectomized rats: cholinergic blockade and syn-

ergism. Neurobiol Learn Mem 68:172–188

27. Packard MG, Teather LA 1997 Intra-hippocampal estradiol infu-

sion enhances memory in ovariectomized rats. Neuroreport

8:3009–3013

28. Luine VN, Jacome LF, Maclusky NJ 2003 Rapid enhancement of

visual and place memory by estrogens in rats. Endocrinology 144:

2836–2844

29. Walf AA, Koonce CJ, Frye CA 2008 Estradiol or diarylpropionitrile

administration to wild type, but not estrogen receptor � knockout,

mice enhances performance in the object recognition and object

placement tasks. Neurobiol Learn Mem 89:513–521

30. Inagaki T, Gautreaux C, Luine V 2010 Acute estrogen treatment

facilitates recognition memory consolidation and alters monoamine

levels in memory-related brain areas. Horm Behav 58:415–426

31. Fernandez SM, Lewis MC, Pechenino AS, Harburger LL, Orr PT,

Gresack JE, Schafe GE, Frick KM 2008 Estradiol-induced enhance-

ment of object memory consolidation involves hippocampal extra-

cellular signal-regulated kinase activation and membrane-bound es-

trogen receptors. J Neurosci 28:8660–8667

32. Frick KM, Fernandez SM, Harburger LL 2010 A new approach to

understanding the molecular mechanisms through which estrogens

affect cognition. Biochim Biophys Acta 1800:1045–1055

33. Nguyen PV, Abel T, Kandel ER 1994 Requirement of a critical

period of transcription for induction of a late-phase of LTP. Science

265:1104–1107

34. Bourtchuladze R, Frenguelli B, Blendy J, Cioffi D, Schutz G, Silva AJ

1994 Deficient long-term-memory in mice with a targeted mutation

of the camp-responsive element-binding protein. Cell 79:59–68

35. Da Silva WC, Bonini JS, Bevilaqua LRM, Medina JH, Izquierdo I,

Cammarota M 2008 Inhibition of mRNA synthesis in the hip-

pocampus impairs consolidation and reconsolidation of spatial

memory. Hippocampus 18:29–39

36. Dere E, Huston JP, De Souza Silva MA 2007 The pharmacology,

neuroanatomy and neurogenetics of one-trial object recognition in

rodents. Neurosci Biobehav Rev 31:673–704

37. Broadbent NJ, Squire LR, Clark RE 2004 Spatial memory, recog-

nition memory, and the hippocampus. Proc Natl Acad Sci USA 101:

14515–14520

38. Petrulis A 2009 Neural mechanisms of individual and sexual rec-

ognition in Syrian hamsters (Mesocricetus auratus). Behav Brain Res

200:260–267

39. Stauffer SR, Coletta CJ, Tedesco R, Nishiguchi G, Carlson K, Sun

J, Katzenellenbogen BS, Katzenellenbogen JA 2000 Pyrazole li-

gands: Structure-affinity. J Med Chem 43:4934–4947

40. Meyers MJ, Sun J, Carlson KE, Marriner GA, Katzenellenbogen BS,

Katzenellenbogen JA 2001 Estrogen receptor-� potency-selective

ligands: Structure-activity relationship studies of diarylpropion-

itriles and their acetylene and polar analogues. J Med Chem 44:

4230–4251

41. Toran-Allerand CD, Guan XP, MacLusky NJ, Horvath TL, Diano

S, Singh M, Connolly ES, Nethrapalli IS, Tinnikov AA 2002 ER-X:

A novel, plasma membrane-associated, putative estrogen receptor

that is regulated during development and after ischemic brain injury.

J Neurosci 22:8391–8401

42. Kudryavtseva NN, Bondar NP, Avgustinovich DF 2002 Association

between experience of aggression and anxiety in male mice. Behav

Brain Res 133:83–93

43. Choleris E, Gustafsson JA, Korach KS, Muglia LJ, Pfaff DW, Ogawa

S 2003 An estrogen-dependent four-gene micronet regulating social

recognition: A study with oxytocin and estrogen receptor-� and -�

knockout mice. Proc Natl Acad Sci USA 100:6192–6197

44. Choleris E, Ogawa S, Kavaliers M, Gustafsson JA, Korach KS, Mug-

lia LJ, Pfaff DW 2006 Involvement of estrogen receptor �, � and

oxytocin in social discrimination: a detailed behavioral analysis with

knockout female mice. Genes Brain Behav 5:528–539

45. Gibb R, Kolb B 1998 A method for vibratome sectioning of Golgi-

Cox stained whole rat brain. J Neurosci Methods 79:1–4

46. Phan A, Gabor CS, Armstrong JN, MacLusky NJ, Choleris E 2010

Rapid Effects of 17�-estradiol on learning and dendritic spines. Ab-

str Soc Neurosci 40:296.19

47. Ogiue-Ikeda M, Tanabe N, Mukai H, Hojo Y, Murakami G, Tsu-

rugizawa T, Takata N, Kimoto T, Kawato S 2008 Rapid modula-

tion of synaptic plasticity by estrogens as well as endocrine disrupt-

ers in hippocampal neurons. Brain Res Rev 57:363–375

48. Clipperton AE, Spinato JM, Chernets C, Pfaff DW, Choleris E 2008

Differential effects of estrogen receptor � and � specific agonists on

social learning of food preferences in female mice. Neuropsychop-

harmacology 33:2362–2375

49. Liu F, Day M, Muniz LC, Bitran D, Arias R, Revilla-Sanchez R,

Grauer S, Zhang G, Kelley C, Pulito V, Sung A, Mervis RF, Navarra

R, Hirst WD, Reinhart PH, Marquis KL, Moss SJ, Pangalos MN,

Brandon NJ 2008 Activation of estrogen receptor-� regulates hip-

pocampal synaptic plasticity and improves memory. Nat Neurosci

11:334–343

50. Hammond R, Mauk R, Ninaci D, Nelson D, Gibbs RB 2009

Chronic treatment with estrogen receptor agonists restores acqui-

sition of a spatial learning task in young ovariectomized rats. Horm

Behav 56:309–314

51. Jelks KB, Wylie R, Floyd CL, McAllister AK, Wise P 2007 Estradiol

targets synaptic proteins to induce glutamatergic synapse formation

in cultured hippocampal neurons: Critical role of estrogen recep-

tor-�. J Neurosci 27:6903–6913

52. Ma XM, Huang JP, Kim EJ, Zhu Q, Kuchel GA, Mains RE, Eipper

BA 4 January 2010 Kalirin-7, an important component of excit-

atory synapses, is regulated by estradiol in hippocampal neurons.

Hippocampus 10.1002/hipo. 20780

53. Kasai H, Matsuzaki M, Noguchi J, Yasumatsu N, Nakahara H 2003

Structure-stability-function relationships of dendritic spines. Trends

Neurosci 26:360–368

54. Matsuzaki M, Honkura N, Ellis-Davies GCR, Kasai H 2004 Struc-

tural basis of long-term potentiation in single dendritic spines. Na-

ture 429:761–766

1502 Phan et al. ER� and � Effects on Learning and Dendritic Spines Endocrinology, April 2011, 152(4):1492–1502

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
5
2
/4

/1
4
9
2
/2

4
5
7
6
2
2
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2


