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Abstract

Rodents rely heavily on odor detection, discrimination, and memory to locate food, find mates,
care for pups, and avoid predators. Estrogens have been shown to increase memory retention in
rodents performing spatial memory and object placement tasks. Here we evaluate the extent to
which 17p-estradiol modulates memory formation and duration in the olfactory system. Adult
CD-1 mice were gonadectomized (GDx) and given either systemic 17p-estradiol replacement,
local 17B-estradiol in the main olfactory bulb, or no replacement. Before performing the
behavioral task the mice were given saline or PHTPP (an estrogen receptor 3 (ER-f) antagonist)
via bilateral infusion into the main olfactory bulb. As the beta-type estrogen receptor (ER-f) is
more abundant than the alpha-type estrogen receptor in the murine main olfactory bulb, the current
study focuses on 17f-estradiol and its interactions with ERf. Habituation, a simple non-associative
learning task in which an animal is exposed to the same odor over successive presentations, was
used to evaluate the animals' ability to detect odors and form an olfactory memory. To evaluate
memory duration, we added a final trial of inter-trial interval time (30 or 60 minutes) in which we
presented the habituated odor. Neither surgical nor drug manipulation affected the ability of mice
to detect or habituate to an odor. After habituation, GDx 17B-estradiol treated mice retained
memory of an odor for 30 minutes while non-estradiol treated, 17p-estradiol + ER[} antagonist
(PHTPP), and untreated male mice did not remember an odor 30 minutes post habituation. The
results show that both systemic and local bulbar infusions of 17p-estradiol enhance odor memory
duration in mice.
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Introduction

Rodents rely heavily on odor detection, discrimination, and memory to locate food, find
mates, care for pups, and avoid predators (Sanchez-Andrade and Kendrick 2011; Pompili et
al. 2010). These functions are known to be modulated by classical neuromodulators such as
acetylcholine (ACh), noradrenaline (NE), and serotonin (Fletcher and Chen 2010), as well as
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by hormonal inputs (Tong et al. 2011; Martin et al. 2009; Doty and Cameron 2009). While
the effects of classical neuromodulators such as ACh and NE on non-social odor processing
have been studied (Escanilla et al. 2010; Chaudhury et al. 2010), effects of steroid hormone
inputs usually focus on social interactions (Kelliher 2007), sexual behavior (Koyama 2004),
or stress (Fujita et al. 2010).

Along with its well-known effect on the development of secondary sex characteristics,
reproductive behavior (Keller et al. 2009), and neuronal circuitry (reviewed in Maggi et al.
2004; see also Woolley 2007), 17p-estradiol (E2) has also been shown to increase memory
retention. E, improved performance in rodents performing hippocampus based spatial
memory and object placement tasks (Frye et al. 2007). In slices of hippocampus, beta-type
estrogen receptor (ER-B) activation (with -receptor agonist WAY 200070) increased
dendritic branching and the density of spines, and increased expression of AMPA receptor
subunit Glul and postsynaptic scaffold proteins found on glutamatergic synapses (Liu et al.
2008). There is a growing body of evidence that indicates acute increases in spine density
and dendrite outgrowth, increased intrinsic excitability, and increased long term potentiation
in the hippocampus are all initiated by estrogens. These hippocampal changes are correlated
to performance improvements in spatial memory tasks in rats and mice (reviewed in
Woolley 2007; see also Luine and Dohanich 2008). Physiological and behavioral processes,
both social and cognitive, and modulated by estrogens in male rodents also. For example,
Activation of ER-f} increased social aggression in male and female mice (Clipperton et al.
2010), castrated male rats regained mounting behavior when provided with an acute dose of
E, (Cross and Roselli 1999) and absence of aromatase, the enzyme responsible for the
conversion of testosterone to 17B3-estradiol, impaired coital behavior (mounting,
intromission, and ejaculation) in male mice, in conjunction with decreased olfactory
investigation of estrous females (Bakker et al. 2002). In addition to modulation of social
behaviors, effects on cognitive behaviors have been shown in male mice/ Among others, the
absence of aromatase impaired spatial memory in males and females subject to a Y-maze
spatial reference test (Martin et al. 2003), in a different study, blocking aromatase improved
spatial memory in male rats (Moradpour et al. 2006). This existing evidence of robust E;
effects in both sexes lead to the inclusion of males in the current study.

In the present study, we test how 17p3-estradiol (E,) affects olfactory memory via a non-
associative olfactory habituation and memory test. We find that 17p-estradiol modulates the
duration of olfactory memory via local mechanisms in the olfactory bulb: male and female
mice with either systemic E, replacement or acute local E, infusions into olfactory bulbs
remembered an odorant for a longer delay than mice with no E, treatment.

Materials and Methods

Subjects

A total of 26 female and 21 male CD-1 mice (Charles River Laboratories International,
Wilmington, MA, USA), aged 7 wks at the beginning of the study, served as subjects.
Eleven female mice were used for systemic 17p-estradiol behavioral tests (Experiments 1)
and 15 were used in cannulation studies (Experiment 2&3). Fourteen male mice were used
for systemic 17p-estradiol behavioral tests (Experiment 1) and 7 were used in cannulation
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studies (Experiment 3). Mice were housed singly in standard laboratory cages and kept on a
reversed 12:12 hr light:dark cycle. Food and water were provided ad libitum. All
experiments were carried out under protocols approved by the Cornell University
Institutional Animal Care and Use Committee and in accordance with NIH guidelines.

Experimental Groups

Table 1 shows the breakdown of experimental groups and treatments at each phase of the
study. The design focuses on the beta type ER because it is more abundant in the MOB than
both ER-a and the plasma-bound ER known as GPR30 (Shughrue et al. 1997; Shughrue and
Merchenthaler 2001; Mitra et al. 2003; Hazell et al. 2009).

Experiment 1—In Experiment 1, female mice were gonadectomized (GDx) and separated
into one of two experimental groups. Experimental group 1A was given systemic 17f3-
estradiol replacement via subcutaneous time-release pellet (Innovative Research of America,
Sarasota, FL, USA) at time of GDx. Experimental group 1B was given no E, replacement at
time of GDx. Male mice were also gonadectomized and separated into two groups:
Experimental group 1C consisted of GDx male mice given systemic 173-estradiol
replacement via subcutaneous time-release pellet, Experimental group 1D consisted of GDx
males given no E, replacement.

Experiment 2—In order to ascertain if any effect of 173-estradiol was due to local
modulation in the main olfactory bulb, we conducted a second experiment using mice with
infusion cannulae implanted into their olfactory bulbs. This experiment tested whether the
effect seen in Experiment 1 could be blocked by infusing the ERp antagonist 4-[2-
phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP) directly into
the olfactory bulbs. ERp antagonists were chosen because 3 receptors are highly expressed
in the OB as compared to other ERs (Shughrue et al. 1997; Shughrue and Merchenthaler
2001; Mitra et al. 2003; Hazell et al. 2009). Experimental groups 2A and 2B were subjected
to bilateral cannulation of the olfactory bulbs at time of GDx and given either systemic 17p3-
estradiol replacement via subcutaneous time-release pellet (group 2A) or given no E,
replacement (group 2B). During behavioral testing animals were bilaterally infused with
either saline or PHTPP.

Experiment 3—In Experiment 3 we tested if acute E, in the olfactory bulb was sufficient
to observe the effects seen with systemic E, replacement. Mice in Experiment 3 had bilateral
olfactory bulb cannulae implanted at the time of GDx. and were tested either with saline, E,
or Ex+antagonist infusions. The cannulated mice in phase 3 were given either saline, -
estradiol-3-sodium-sulfate (E3S), or a combination of E3S + PHTPP via bilateral infusion
through cannulae on experimental days.

Drug Delivery

All pharmaceutical drugs in this study were delivered to the mice either systemically or via
infusion cannulae. Systemic delivery in Experiments 1 and 2 was achieved using
subcutaneous implant of 0.1 mg 17p-Estradiol-cypionate in pellet form (21 day release;
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Innovative Research of America, Sarasota FL). This pellet concentration and release
schedule has been shown to mimic serum estrogen levels in mice (Gao and Dluzen 2001).

For local drug infusions via cannulation (Experiments 2&3), mice were briefly anesthetized
with 2% isoflurane gas in oxygen. In Experiment 2, one of two solutions was infused
bilaterally into the olfactory bulbs: 0.9% sterile saline vehicle or 120 uM PHTPP in vehicle.
In Experiment 3, one of three solutions was infused bilaterally into the main olfactory bulbs:
0.9% sterile saline vehicle or 0.25 mM E3S (Sigma Aldrich Corporation, St. Louis, MO,
USA) in vehicle (saline) or a mixture of 0.25 mM E3S + 100 uM PHTPP in vehicle. Drug
concentrations were chosen because of previous work done in brain slices of rats and mice
(Kelly et al. 1977) and evidence that circulating 17a- and 17f-estradiol levels in the brain
are higher than peripheral serum concentrations (Toran-Allerand et al. 2005; Woolley 2007).
For infusion studies E3S was used because it is soluble in saline, our control vehicle,
whereas 173-estradiol is highly soluble only in oil. A total volume of 2 L of each solution
was administered into each olfactory bulb at a rate of 0.2 uL per minute. Infusion cannulae
were left in place for 5 min after the infusion to allow for complete diffusion into the
olfactory bulbs. This lab has previously shown 2 L to be a sufficient volume to allow for
perfusion throughout the olfactory bulbs (Guerin et al. 2008; after Doucette et al. 2007).
Figure 1B depicts mouse olfactory bulbs after bilateral infusion of 2uL methylene blue dye
(Img/mL).

Cannulation Surgery

Mice were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (12 mg/kg)
(Sigma Aldrich Corporation, St. Louis, MO, USA) given via intraperitoneal injection and
placed in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA, USA). Anesthesia was
confirmed by reduced respiratory rate, lack of response to gentle foot pinch, and lack of
blink reflex. Double guide cannulae (26-gauge; Plastics One Incorporated, Roanoke, VA,
USA) were implanted into both olfactory bulbs for drug infusions. Cannulae placement
coordinates relative to bregma were +5.0 mm anteroposterior, 0.75 mm mediolateral, and
1.5 mm dorsoventral. Implants were secured in place with screws and dental cement, with
dummy cannulae placed inside the guides to protect against blockage and infection (Figure
1A shows a schematic picture of cannula locatin).

Gonadectomy Surgery

Gonadectomy (GDx) was performed directly following cannulation surgery; mice not
subject to cannulation underwent GDx as a single surgical procedure. Briefly, mice were
anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (12 mg/kg) (Sigma
Aldrich Corporation, St. Louis, MO, USA) given via intraperitoneal injection. A 1 cm
square area on the dorsal (females) or ventral (males) surface of the animal was shaved and
swabbed with 32% Novalsan (chlorhexidine diacetate; Fort Dodge Animal Health, Fort
Dodge, 1A, USA) and 2% Lidocaine hydrochloride (topical pain relief; Hi-Tech Pharmacal,
Amityville, NY, USA). In females, a single % cm incision was made on the dorsal surface
approximately 2.5 cm above the base of the tail. The skin was separated from the underlying
muscle. The ovaries were then pulled through the incision with blunt forceps and removed.
After removing the ovary and oviduct, the ovarian arteries are ligated to prevent excessive
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bleeding. In males, a single % cm incision was made on the ventral surface approximately
0.25 cm above the base of the tail. The skin was separated from the underlying tissue and the
testes were located. The testes were then pulled through the incision with blunt forceps and
removed. The inguinal canal was sutured with Vicryl 3-0 absorbable sutures (Ethicon Endo-
Surgery, Inc. Somerville, NJ, USA). The skin incision was then closed with VetBond Tissue
Adhesive (3M Animal Care, St. Paul, MN, USA). Mice were allowed to recover from
surgery for a minimum of seven days before they were subjected to behavioral testing

Behavioral Testing

Mice were tested between 1000 h and 1600 h each day, corresponding to the first half of
their dark cycle (active period), though they were tested in a lighted room. To minimize non-
test odors impinging upon the test environment, mice were tested in their home cages on
which micro-isolator cage lids, equipped with filters, replaced the standard cage tops.

A standard habituation paradigm was used to assess odor detection, memory formation, and
odor memory duration. Briefly, mice were presented with 1 drop (60 pL) of odor applied to
filter paper, placed in a tea ball, and then placed in the corner of the cage. Each odor
presentation lasted 50 seconds, after which the tea ball was removed from the cage. After the
presentation of a blank (mineral oil) tea ball, each odor was presented 4 times, with a 5
minute inter-trial interval between each presentation. The amount of time a mouse spent
actively investigating the odor (sniffing with its nose <1 cm from the tea ball) was recorded
with a stopwatch. Eleven different odors were used across three experiments (Table 2);
odorants were chosen based on previous experiments in our lab. All odors were diluted in
mineral oil to 0.01 Pa partial vapor pressure. Odors were presented in a pseudo-randomized
order such that no animal was presented with the same odor more than once per treatment.

In this habituation paradigm, a progressive reduction in investigation time over successive
trials indicates that the animal remembers its prior experience with the odor and no longer
investigates as though it were a novel stimulus. Animals that investigate the mineral oil
blank and the first odor presentation a similar amount have shown positive detection of the
test odor. Animals that exhibit a reduction in investigation times over the course of four
presentations of the same odor are demonstrating recognition of a previously experienced
odor, generally termed habituation, and regarded here as evidence of odor memory
formation.

Memory duration was evaluated by presenting the habituated odor at longer time points
following the end of the last habituation trial. The habituated odor was presented 30 and 60
minutes after the final habituation presentation (Figure 1B). Investigation times that did not
significantly differ from that of the last habituation trial indicate that the mouse treated the
odor as a non-novel stimulus (i.e. remembered the odor to which it was habituated). The 30
minute post habituation time point was established with a small pilot study, which tested
mice at 15, 30, 60, and 75 minutes post habituation. The pilot indicated a non-treatment
memory duration between 15 and 30 minutes, in agreement with results from a previous
study in our lab (McNamara et al. 2008).
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Statistical analysis

Results

All data were recorded as investigation time in seconds. Data were plotted using Microsoft
Excel (Microsoft Corporation, Bellevue, WA, USA) and are presented as mean + standard
error. Statistical analyses were performed with SPSS 20 (IBM Corporation, Somers, NY,
USA). Standard repeated measures analyses of variance (ANOVA) with trials as within-
subjects factors and treatment group as between-subjects factors were performed on all data
sets, followed by post hoc testing using Tukey's LSD criterion (a = 0.05) to assess the
differences between individual trials. Habituation was determined as a significant decrease
in investigation time between the first and last habituation trial (H1 compared to H4);
memory of an odor after the delay was determined as no significant increase between
investigation during the test trial and the last habituation trial (H4 compared to30m and H4
compared to 60m). For the summary shown in Figure 5, the relative investigation times to
the last habituation trial (H4) as compared to the test trial at 30 minute (30 min) was
calculated (“memory index”). This ratio approaches 1.0 if mice investigate similarly during
both trials, indicating that they remember the last habituation trial but approaches 0.0 if mice
investigate longer during the test trial indicating that the habituation odor had been
forgotten.

Overall response levels

Neither surgical nor drug treatment affected the ability of mice in any group to detect or
habituate to an odor presented dissolved in mineral oil to a standard vapor pressure of 0.01
Pa. All groups showed significant reductions in investigation time over four successive
presentations of the same odor, indicating successful acquisition of odor memory for the
presented habituation odor (H1-H4).

Experiment 1: Effect of long term E2 treatment on olfactory memory duration

In this experiment, female and male mice were gonadectomized and provided systemic E,
replacement or no E, replacement (Table 1). All mice were subjected to the habituation task
described above. Statistical analysis on investigation times during habituation and later test
trials revealed significant main effects of trial number (Fyia(3,165)=25, p<0.001) indicating
that mice behaved differently during different trials. There was also a significant interaction
between trial and treatment group (Fyria+7x(7,165)=3.3, p=0.003), indicating that treatment
affected the response pattern. All treatment groups responded significantly less on the last
habituation trial when compared to the first (p < 0.001), suggesting that habituation memory
formation occurred. Post habituation, female mice receiving systemic E, replacement (group
1A) retained the odor memory for at least 30 minutes, as indicated by a non-significant
difference in investigation time between H4 and the 30 minute presentation (p=0.203, n=8;
fig 2), but not as long as 60 minutes, as indicated by a significant increase in investigation
time at that delay (p<0.02, n=8). Non-estradiol treated females (group 1B) did not retain the
memory of an odor 30 minutes post habituation, as indicated by a significant increase in
investigation time at that delay (p<0.005, n=10). Male mice receiving systemic E,
replacement (group 1C) retained the odor memory for at least 30 minutes, as indicated by a
non-significant difference in investigation time between H4 and the 30 minute presentation
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(p=0.732, n=6), but not as long as 60 minutes (p<0.02, n=8). Non-estradiol treated males
(group 1D) did not retain the memory of an odor 30 minutes post habituation (p<0.005,
n=8). These results indicate that systemic E, treatment increases odor memory duration in
gonadectomized female and male mice (Figure 2).

Experiment 2

In order to ascertain if the effect of estradiol seen in experiment 1 was due to local
modulation in the main olfactory bulb, we tested whether the effect could be reversed by
infusing an E, antagonist (PHTPP) directly into the bulb of gonadectomized female mice
with or without systemic E, replacement. In this experiment, we found a significant main
effect of Trial (Fyiq(3,111)=39, p<0.001) with a significant interaction between trial and
treatment group (Fryiaxtx(3,111)=2.7, p=0.036). All treatment groups showed significant
habituation (p < 0.001) suggesting intact memory formation. Mice provided with no E,
replacement and infused with saline (group 2B) performed as in Experiment 1, with no odor
memory retention at 30 minutes as indicated by the increase in investigation time between
H4 and the 30 minute presentation (p<0.001). In contrast, mice provided with systemic E,
replacement and subject to bilateral infusion of physiological grade saline retained memory
of the habituation odor for at least 30 minutes (p=0.162), but not 60 minutes (p<0.001;
Figure 3). Administration of PHTPP, an ER-3 antagonist, directly into the olfactory bulbs
blocked the effect of systemic 17p-estradiol replacement. Mice given the antagonist prior to
behavioral tests show an odor memory duration of less than 30 minutes (p<0.02), similar to
those with no systemic E, replacement. The enhanced odor memory duration induced by
systemic E, replacement is at least counteracted by an ER-f antagonist infused directly into
the MOB, indicating that the modulation of odor memory duration is occurring, in part, in
the olfactory bulb itself.

Experiment 3

Experiment 3 tested the role of acute estradiol effects restricted to the olfactory bulb on the
observed modulation of memory duration. In this experiment all mice were cannulated and
subject to GDx. No systemic E, replacement was provided and all mice performed the
behavioral assay under each of 3 drug conditions (saline, E,, Eo+B-antagonist), administered
in random order and with at least 24 hours between behavioral runs. As in Experiments 1
and 2, a significant main effect of trial (Fiq(4,151)=82, p<0.001) and significant
interactions between trial number and treatment group (Frriai*Tx(8,151)=7.7, p<0.001) were
found. All treatment groups exhibited significant habituation (p < 0.001). Mice without E»
replacement were unable to retain memory of an habituated odor for 30 minutes (p<0.001;
Figure 4). Mice infused with E, exhibited memory retention of at least 30 minutes (p=0.583)
but not 60 minutes (p<0.001). When infused with E, and PHTPP together, the animals
performed similar to the non-estradiol saline infused group, showing a lack of odor memory
retention at 30 minutes post habituation (p<0.001). Without systemic E, available, odor
memory duration was enhanced via direct infusion of E, into the olfactory bulbs. This effect
is reversed when E, application occurs simultaneously with ER-f antagonist infusion
(Figure 4).
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Experiments 1 and 2 show that systemic estrogen exerts a memory enhancing effect upon
odor processing in gonadectomoized female and male mice. This odor memory
enhancement increases the performance of E; mice beyond the performance of non-E,
treated and non-GDx mice in an odor habituation memory duration task. The enhancement
of memory by systemic E, replacement can be blocked by blocking olfactory bulb ER-B
receptors. Experiment 3 shows that systemic (circulating) E; is not necessary for olfactory
memory enhancement as long as local infusion of E, occurs. Local acute E; infusion is
sufficient to induce an olfactory memory enhancement. Both systemic and locally induced
memory enhancement can be blocked with local application of an ER-B antagonist. The
overall results for all treatment groups are summarized in Table 1; Figure 5 shows the
summary of all results: the presence of E,, whether systemic or local to the olfactory bulb,
extends the duration of olfactory habituation memory and this effect can be locally blocked
by blocking ER-B receptors locally in the olfactory bulbs.

The overall results for all treatment groups are summarized in Figure 5, which graphs the
memory index for each group. The graph indicates a clear trend of groups with E, treatment
showing ratios closer to 1. Ratios of groups without E2 treatment hover near or below an
index of 0.4.

Discussion

Using an olfactory habituation paradigm, we find that the duration of an odor memory is
modulated by 17B-estradiol in the main olfactory bulb. In the present experiments, systemic
17p-estradiol, as well as local administration directly into the olfactory bulb, enhanced
memory duration in male and female mice. Mice provided with systemic E, replacement at
time of gonadectomy, or with local bulbar infusions, show enhanced odor memory duration
compared to males and females not treated with replacement 17-f3 estradiol or local
infusions. The effect of systemic 17-f estradiol could be blocked by blocking bulbar
receptors, and could be mimicked by local infusions into the bulb, suggesting that the site of
action in our behavioral paradigm is the olfactory bulb. Interestingly, while we originally
included male mice in the study as a control group, we found that both systemic and bulbar
17-b modulated odor memory similarly to the effects seen in female mice. Effects of ER-b
receptor modulation in male mice were also seen in at least one other study (Sanchez-
Andrade and Kendrick, 2011); this study used a knockout mouse model to manipulate
estrogen effects. Circulating aromatase in male mice has been described in several brain
areas (Roselli et al. 1984) and can therefore not be excluded in the male mouse OB.

Among all experimental groups, only the E, treatment groups exhibited enhanced memory
duration (positive odor memory at 30 minutes post habituation) during the behavioral tests,
independent of the method of E, delivery (Table 1; Figure 5). No group retained memory of
the odor for 60 minutes post habituation. In mice that received systemic E, replacement,
local bulbar infusion of an E, antagonist prior to testing abolished the enhancement in
memory seen in the non-antagonist group (Figure 3), strongly suggesting that the location of
action was in the MOB. This result was confirmed by experiment 3, in which animals
received E, replacement or Eo+ER-f antagonist locally in the OB (Figure 4). Though
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systemic E, replacement elicited a robust behavioral response (memory duration
enhancement) which could be modulated by local bulbar blockade, we cannot necessarily
assume that receptors the MOB are solely responsible for the observed modulation of
olfactory memory duration. Our data indicate, however, that acute local administration of Eo
into the olfactory bulb is sufficient to produce enhanced olfactory memory duration. The
MOB is the site of a primary step in odor processing, and modulation occurring therein can
directly affect the behavioral output of the animal in a variety of behavioral paradigms (see
Mandairon and Linster 2009 for review). Previous experiments have shown that bulbar
NMDA receptors are crucial to the formation of olfactory habituation memory (McNamara
et al., 2008) and that behavioral habituation is reflected directly in adaptation of mitral cell
responses in the OB (Chaudhury et at 2010). The present experiments further support the
notion that habituation memory is at least partially supported by bulbar networks (Wilson
and Linster, 2008).

Our present findings are complementary to the myriad of documented E, effects on the CNS
(reviewed in Maggi et al. 2004; see also Woolley 2007). E, has been shown to increase
memory retention in rodents performing hippocampus based spatial memory and object
placement tasks (Frye et al. 2007). In a food motivated task utilizing a radial arm maze,
proestrus females performed better than females at lower plasma E, stages of the estrus
cycle (Pompili et al. 2010). Our findings indicate that the memory enhancing function of E2
observed in spatial memory also extends to olfactory memory.

The current study focuses particularly on the beta type ER because it is more abundant in the
MOB than both ER-a and the plasma-bound ER known as GPR30 (Shughrue et al. 1997;
Shughrue and Merchenthaler 2001; Mitra et al. 2003; Hazell et al. 2009). GPR30 is found in
the mitral cells of the main olfactory bulb as well as in the glomerular layer, but not the
external plexiform or granule cell layers (Hazell et al. 2009). In contrast, ER-f is found in
the glomerular and granule cell layers, as well as in the fibers of the external plexiform
layer. ER-a is only very weakly detected in mouse olfactory bulb, and is localized to the
granule cell layer (Mitra et al. 2003). Some attempt has been made to determine if activation
of a single class of ER is responsible for the majority of learning enhancement seen in E,
studies, but results are largely contradictory (Gibbs 1999; Hammond et al. 2009; Liu et al.
2008). While the current study does not specifically address the mechanism by which E;
enhances olfactory memory, our results show that antagonizing ER-f in the MOB blocks the
memory enhancing effects of E,, indicating that the beta receptor is of primary importance
to estradiol modulation in the bulb.

Traditional genomic effects of E; modulation occur on the timescale of hours to days
because they rely upon the transcription of protein products instigated by activation of an
ER on the nuclear membrane (reviewed in Prossnitz and Maggiolini 2009). Heikkinen et al.
(2002) found that E, treatment would enhance learning in a radial arm maze spatial memory
task if treatment was consistent (ongoing rather than punctate) and long term (more than 7
days), indicating that the modulation taking place relies primarily on genomic effects. The
present study, in contrast, shows marked robust enhancement of olfactory memory in both
chronic (systemic E, replacement) and acute (local E, infusions) treatment paradigms, with
E, having a robust effect on the olfactory bulb after only 40 minutes. The results presented
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here support a growing body of research indicating that hormonal modulation, and 17-
estradiol modulation in particular, initiates both genomic and rapid responses (Srivastava et
al. 2011). The acute activational effects described in this study could be due to the binding
of E, to the recently identified ER known as GPR30. This receptor is found on the cell
surface as well as in the cytoplasm, where it has access to E; after it crosses the plasma
membrane (Prossnitz and Maggioloni 2009). Further experiments need to be performed to
clarify the effects of GPR30 in the MOB.

Both systemic 17p-estradiol treatment and local bulbar infusions enhance odor memory
duration in mice in our hands. These two treatments may modulate the olfactory bulb via
different mechanisms with respect to different cellular receptors, yet result in similar
functional effects.
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Figure 1.

A. Placement of infusion cannulae in the olfactory bulb. Guide cannulae are placed at about
0.5 mm above the center of the olfactory bulb in such a manner that injection cannulae,
protruding 0.5 mm beyond the guide cannulae target the approximate center of the olfactory
bulb. B. Sagittal view of CD-1 mouse olfactory bulbs after bilateral infusion of 2L
methylene blue dye (Img/mL). Perfusion throughout the bulbs is evident with very little
spread beyond the bulbs into the rest of the brain. C. Schematic depiction of the habituation
and memory behavioral trial experimental setup. MO is the mineral oil blank presented prior
to the habituation presentations (H1-H4). In the cannulation studies, the behavioral trials
were preceded by a 10 minute infusion and a 30 minute wait period. Mice are first presented
with mineral oil only (MO), followed by four presentations of the habituation odor (H1-H4)
at 5 minute ITIs. The habituation odor is presented again 30 or 60 minutes after the last
habituation trial.
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Figure 2. Experiment 1 tested the effect of systemic E2 replacement in female and male mice
Treatment groups consisted of non-cannulated females and males given either no E,

replacement at time of GDx or systemic E, replacement. Graphs show average (+/- standard
deviation) investigation times in response to odorized teaballs. Investigation time was
significantly reduced between H1 and H4 for all groups (p<0.001). A significant difference
between H4 and 30m trial indicates that the odor was treated as a novel odor rather than a
familiar odor. A non-significant difference between the H4 and 30m trials indicates the odor
was treated as a familiar odor and the animal retained the memory of that odor for at least 30
minutes. None of the groups exhibit memory duration of 60 minutes, as indicated by the
significant difference between the H4 and 60m presentation investigation times. Significant
differences between 30 or 60 minute test trials are indicated by *. The red arrows highlight
30 minute trials for treatment groups that did remember the odor at 30 minutes.
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Figure 3. Experiment 2 investigated whether effects of systemic E2 replacement could be blocked
by local bulbar blockade of E2 b receptors
Treatment groups consisted of cannulated GDx females given either no E, replacement at

time of GDx or systemic E, replacement. Each animal also received a local infusion of
saline or PHTPP (ER-p antagonist) before behavioral testing. Investigation time was
significantly reduced between H1 and H4 for all groups (p<0.001). This indicates that
surgical and drug treatments did not impair the animals' ability to detect an odor or form an
habituation to the odor. A significant difference between H4 and 30m trial in the non-
estradiol group indicates that the odor was treated as a novel odor rather than a familiar
odor. No significant difference between the H4 and 30m odor presentation indicates the odor
was familiar rather than novel. * indicates a significant difference between a 30 or 60 minute
test trial and the last habituation trial. Red arrows highlight the fact the female mice with E2
replacement remembered the odor at 30 minutes.
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Figure 4. Experiment 3: Local bulbar modulation
Treatment groups consisted of cannulated males and females given no systemic E,

replacement at time of GDx and receiving bilateral infusions of either saline (Non-
Estradiol), E, (Estradiol), or Eo;+PHTPP (ERp antagonist; Estradiol+PHTPP)
approximately 40 minutes before behavioral trials. Investigation time significantly reduced
between H1 and H4 indicates that surgical and drug treatments did not impair the animals'
ability to detect and odor or form an habituation to the odor. A significant difference
between H4 and 30m trial indicates that the odor was treated as a novel odor rather than a
familiar odor. * indicates a significant difference between a 30 or 60 minute test trial and the
last habituation trial. Red arrows highlight the fact the female mice with E2 replacement
remembered the odor at 30 minutes.
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Figure 5. Summary of experimental results
The graph shows the ratio between investigation during the last habituation trial and the 30

minute test trial. This ratio is an indicator for how well the odor is remembered after 30
minutes. The graph shows the average degree of odor memory for each treatment group at
the 30 minute delay for mice with E, (systemic or local), without E,, or with E; and local
blockers.
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Table 1

Details of group break, downexperimental treatments and summary of results. Gonadectomy (GDx) was
performed 7 days prior to infusions and behavioral trials. Systemic E, treatment was provided via

subcutaneous slow-release pellet inserted at time of GDx, or locally via bilateral infusion into the main
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olfactory bulbs.

Experimental Groups
Experiment 1
Experimental Group 1A 1B 1C 1D 1E
Sex Female Female Male Male Male
Surgical Tx GDx GDx GDx GDx Sham
Systemic Drug E, None E, None None
Local Bulbar Infusion None None None None None
Odor memory duration | >30min | <30min | >30min | <30min | <30 min
Experiment 2
Experimental Group 2A 2B
Sex Female Female
Surgical Tx GDx + Cannulation GDx + Cannulation
Systemic Drug E, None
Local Bulbar Infusion Saline PHTPP Saline
Odor memory duration | >30min | <30 min <30 min
Experiment 3
Experimental Group 3A 3B
Sex Female Male
Surgical Tx GDx + Cannulation GDx + Cannulation
Systemic Drug None None
Local Bulbar Infusion Saline E, PHTPP+E, Saline E, PHTPP+E,
Odor memory duration | <30min | >30min <30 min <30min | >30min <30 min
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Table 2

List of odors used. Odors (uL) were diluted in mineral oil (mL) to a concentration of 0.01 Pa vapor partial
pressure. This concentration has been previously shown to be easily detected by mice. Each odor was
presented to an individual mouse only once per experimental treatment.

Odor Quality or Synonym Formula | vol/vol dilution

Butyl Acetate Fruity, Diffusive CeH120, | 0.109uL/50mL

Butyl Propionate Propionic acid n-butylester C7H140, 0.302uL/50mL

Butyl Butyrate Butyl butanoate CgH1605 0.826uL/50mL

Butyle Penatanoate Butyle valerate C=H;30= | 0.286uL/50mL

Butyl Hexanoate n-Caproic acid n-Butyl ester | C1oH=0, | 0.813uL/50mL

n-Amyl Acetate Banana C7H140, 0.361pL/50mL
Hexanal Hexyl aldehyde CeH1,0 0.111uL/50mL
Propanoic Acid Propionic acid C3HgO; 0.166pL/50mL
Butanoic Acid Butyric acid C,4HgO, 0.636pL/50mL
Pentanoic Acid Valeric acid CsH1oO= | 0.225uL/50mL
Octanoic Acid Caprylic acid CgH160, | 6.871uL/50mL
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