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Abstract
We hypothesize that beneficial effects of estradiol on cognitive performance diminish with age
and time following menopause due to a progressive decline in basal forebrain cholinergic function.
This study tested whether galanthamine, a cholinesterase inhibitor used to treat memory
impairment associated with Alzheimer’s disease, could enhance or restore estradiol effects on
cognitive performance in aged rats that had been ovariectomized in middle-age. Rats were
ovariectomized at 16–17 months of age. At 21–22 months of age rats began receiving daily
injections of galanthamine (5 mg/day) or vehicle. After one week, half of each group also received
17ß-estradiol administered subcutaneously. Rats were then trained on a delayed matching to
position (DMP) T-maze task, followed by an operant stimulus discrimination/reversal learning
task. Treatment with galanthamine + estradiol significantly enhanced the rate of DMP acquisition
and improved short-term delay-dependent spatial memory performance. Treatment with
galanthamine or estradiol alone were without significant effect. Effects were task-specific in that
galanthamine + estradiol treatment did not significantly improve performance on the stimulus
discrimination/reversal learning task. In fact, estradiol was associated with a significant increase in
incorrect responses on this task after reversal of the stimulus contingency. In addition, treatments
did not significantly affect hippocampal choline acetyltransferase activity or acetylcholine release.
This may be an effect of age, or possibly is related to compensatory changes associated with long-
term cholinesterase inhibitor treatment. The data suggest that treating with a cholinesterase
inhibitor can enhance the effects of estradiol on acquisition of a DMP task by old rats following a
long period of hormone deprivation. This could be of particular benefit to older women who have
not used hormone therapy for many years and are beginning to show signs of mild cognitive
impairment. Potential mechanisms for these effects are discussed.
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INTRODUCTION
Animal studies show that ovariectomy and estrogen replacement significantly affect the
structure and function of hippocampal and cortical circuits with corresponding effects on the
performance of wide variety of cognitive tasks (Daniel and Bohacek, 2010; Fernandez et al.,
2008; Sandstrom and Williams, 2001; Sandstrom and Williams, 2004; Spencer et al., 2008;
Wallace et al., 2006; Woolley, 2007). Studies in humans likewise have demonstrated
beneficial effects of estrogen therapy on specific cognitive tasks in younger surgically
menopausal and perimenopausal women, particularly in the realm of verbal memory and
executive functioning (Sherwin and Henry, 2008). A recent study also shows that women
who experience an early menopause are at significantly greater risk for age-related cognitive
decline and dementia, and this risk is mitigated by early estrogen therapy (Shuster et al.,
2010). Animal studies, however, suggest that many of the beneficial effects of estradiol on
cognitive performance diminish with age and time following ovariectomy when initiation of
therapy is delayed (Daniel et al., 2006; Gibbs et al., 2009; Markowska and Savonenko,
2002; Talboom et al., 2008). This is consistent with human trials reporting limited benefit
when estrogen therapy is initiated in older women. In fact, several large trials including the
very large Women’s Health Initiative Memory Study (WHIMS), have reported either no
beneficial effect or increased harm for women receiving hormone therapy (HT) in old age
(Resnick et al., 2006; Shumaker et al., 2004; Shumaker et al., 2003). These findings have
given rise to the critical period hypothesis, which proposes that estrogen therapy must be
initiated within a window of time following menopause in order to produce beneficial
effects on brain function and cognition (Daniel and Bohacek, 2010; Maki, 2006; Sherwin,
2009).

We hypothesize that this window of opportunity is defined, at least in part, by the function
of cholinergic projections originating in the septum and nucleus basalis magnocellularis, and
innervating the hippocampus and cortex (Gibbs, 2010). Acetylcholine release in the
hippocampus and cortex increases wakefulness and attention, plays a role in stimulus-
reward behavior, and has important effects on learning (Parikh and Sarter, 2008; Pepeu and
Giovannini, 2010; Schliebs and Arendt, 2006). The function of cholinergic afferents
declines with age (Baskerville et al., 2006; Fischer et al., 1992b) as well as with specific
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease (Lanari et
al., 2006; Linstow and Platt, 1999; Smith et al., 1999). This is demonstrated by decreases in
the number and size of cholinergic neurons in the MS, DBB, and NBM (Altavista et al.,
1990; Fischer et al., 1992a; Fischer et al., 1989; Mesulam et al., 1987; Stroessner-Johnson et
al., 1992), decreases in high affinity choline uptake (Kristofiková et al., 1992; Sherman and
Friedman, 1990), acetylcholine release (Araujo et al., 1990; Moore et al., 1996; Takei et al.,
1989; Wu et al., 1988), and cholinergic synaptic transmission (Taylor and Griffith, 1993).
These neurons also are adversely affected by loss of ovarian function as demonstrated by
decreases in ChAT and TrkA expression beyond the effects of normal aging (reviewed in
Gibbs, 2010). Studies also show that some of the increases in hippocampal plasticity and
cognitive performance that are produced by estradiol in young rats are lost or attenuated by
cholinergic deafferentation (Gibbs, 2007; Lam and Leranth, 2003; Rudick et al., 2003), or
by pharmacological inhibition of cholinergic receptors (Daniel et al., 2005).

Recently we showed that in rats that had been ovariectomized as young adults, treating with
donepezil (a cholinesterase inhibitor) at advanced age restored beneficial effects of estradiol
on acquisition of a delayed matching-to-position (DMP) T-maze task (Gibbs et al., 2009).
Likewise, the combination of donepezil + estradiol significantly enhanced acquisition as
well as delay-dependent memory in young rats with partial loss of septal cholinergic neurons
(Gibbs et al., 2011). These findings suggest that addition of a cholinesterase inhibitor can
enhance or restore beneficial effects of estradiol that have been compromised by a decrease
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in basal forebrain cholinergic function. The purpose of the present study was to extend these
findings by testing whether galanthamine, another cholinesterase inhibitor commonly used
to treat Alzheimer’s disease, can restore effects of estradiol on cognitive performance in
aged ovariectomized rats and to determine whether the behavioral effects are associated with
effects on cholinergic function.

MATERIALS AND METHODS
Animals

Forty-eight female Fisher/Brown Norway rats were purchased at 15 months of age from
Harlan Sprague-Dawley, Inc. out of the National Institute on Aging rodent colony. Rats
were maintained on a 12 hour:12 hour light/dark schedule with lights on at 0700 and with
free access to food and water. All procedures were consistent with PHS guidelines on the
care and use of laboratory animals, and with the approval of the University’s Institutional
Animal Care and Use Committee.

Treatments
At 16–17 months of age, rats were anesthetized with a combination of ketamine and
xylazine and the ovaries were surgically removed. Rats received ketofen (1 mg, 2x/day s.c.)
for three days following surgery to alleviate discomfort. At 21–22 months of age (5 months
after ovariectomy), rats began receiving daily injections of galanthamine hydrobromide
(Gal, 5mg/kg; Tocris, Inc.) or sterile saline delivered i.p. Injections continued until rats were
euthanized. Galanthamine (4aS,6R,8aS)-4a,5,9,10,11,12- Hexahydro-3-methoxy-11-methyl-
6H-benzofuro[3a,3,2-ef] [2]benzazepin-6-ol) is a competitive, reversible cholinesterase
inhibitor that is approved for the treatment of mild to moderate Alzheimer’s disease and
vascular dementia. Galanthamine inhibits acetylcholinesterase in the brain with an IC50 of
approximately 2.8–3.2 µM for the frontal cortex and the hippocampus (Thomson et al.,
1991) and has a half-life of approximately 7 hrs. In addition to its anticholinesterase activity,
galanthamine acts as an allosteric enhancer at multiple nicotinic receptor subtypes
(Samochocki et al., 2003; Schilstrom et al., 2006). The dose of 5 mg/Kg was selected based
on studies by Geerts et al. (2005) suggesting that doses in the range of 1.5–5.0 mg/Kg in rats
produce optimal brain concentrations for the allosteric enhancing effect, and on a study by
Woodruf-Pak et al. (2003) showing that a dose of 3 mg/Kg reversed the effects of the
nicotinic receptor blocker mecamylamine on conditioned eye blink response in rabbits.
Injections were administered at the end of the day (~5:00 PM) to avoid the effects of mild
stress on learning (Fitz et al., 2006). One week after the beginning of treatment, half of each
group (Gal or sterile saline) received a silastic capsule (6 mm length, 1.98mm I.D., 3.18 mm
O.D) packed with 3mm of 100% powdered 17ß-estradiol (Sigma-Aldrich, Inc.), implanted
s.c. The remaining rats received an empty capsule as a control.

DMP Training
One week after receiving the silastic capsule, rats were food restricted to 85% body weight
and then trained on a delayed matching to position (DMP) T-maze task as described
previously (Gibbs et al., 2011; Gibbs and Johnson, 2007; Gibbs et al., 2009). Rats were
trained to traverse the maze and enter the goal arms by using a series of 6 forced “choice”
trials per day for at least 4 days, each of which was rewarded with 4 food pellets (45 mg,
formula 5TUM, Test Diets, Inc.). Right and left arms were alternated randomly in order to
avoid the introduction of a side bias. DMP training was then performed in trial pairs. Each
rat received 8 trial pairs per day. The first trial of each pair consisted of a “forced” choice in
which one goal arm was blocked, requiring the rat to enter the open arm to receive a food
reward (2 pellets). The rat was then immediately returned to the start box. All arms of the
maze were wiped with 50% ethanol, and both goal arms were opened for the second trial. A
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choice was defined as an animal placing both front legs and at least one rear leg into a goal
arm. Returning to the same arm as the previous “forced” trial resulted in food reward (4
pellets). Entering the opposite arm resulted in no reward and confinement to the arm for 10
seconds. During each day of training, four arms on the right and four arms on the left were
selected in random order for the “forced” trials. After each trial pair, the rat was returned to
its cage for 5–10 min. Each rat continued to receive 8 trial pairs per day until it reached a
criterion of 15/16 correct choices over two consecutive days, or until it received 30 days of
training.

Post-criterion testing
All rats that reached criterion also received post-criterion testing. One day after reaching
criterion, animals received a probe trial during which the T-maze was rotated 180 degrees
(relative to extramaze cues) between the forced and open trials. This probe trial was done to
determine whether rats were utilizing a place strategy (i.e., were utilizing extramaze cues) or
a response strategy (i.e., were utilizing internal or kinetic cues) to perform the task. An
animal using extramaze cues is expected to turn in the opposite direction (i.e., enter the
opposite physical arm now located in the same position of the room as the goal arm during
the “forced” trial), while an animal using internal or kinetic cues would be expected to turn
in the same direction (i.e., enter the same physical arm as during the “forced” trial) even
though the arm occupies a different position in the room. Selecting the arm located in the
same position of the room as during the “forced” trial was assigned a score of 0, while
selecting the opposite arm was assigned a score of 1. One day after the probe trial, animals
received four days of additional DMP training to assess delay-dependent effects on
performance. On these days animals received 8 trial pairs/day and the delay between the
“forced” and “open” trial was increased each day (day 1=minimal delay as during training,
day 2=30 seconds, day 3=60 seconds, day 4=90 seconds).

Analysis of DMP Performance
Days to criterion (DTC) were analyzed by ANOVA using Treatment as the between factor.
The effects of rotating the maze 180° during the probe trial were analyzed by contingency
table and Chi-square test. Performance during increased intertrial delays was analyzed by
ANOVA with repeated measures on‘Delay’.

We have observed that after several days of DMP training, some rats adopt a persistent turn
whereby they consistently enter either the right or left arm of the maze. This behavior
increases significantly with age (Gibbs et al., 2009) and following septal cholinergic lesions
(Gibbs et al., 2011; Gibbs and Johnson, 2007). This was quantified by counting the total
number of days during training that an animal chose the same arm of the maze 15 out of 16
times over a two-day period. Any animal that met this criterion was defined as having
adopted a persistent turn. Chi-Square analysis was used to compare the number of animals
that adopted a persistent turn between groups, and ANOVA was used to compare the
number of days that this pattern persisted among the treatment groups. To evaluate the
contribution that the number of days engaged in a persistent turn made to effects on DTC,
the duration of the persistent turn was subtracted from DTC for each animal and the results
analyzed using ANOVA.

Operant Discrimination and Reversal Learning Task
After completing DMP training, all rats were trained on an operant discrimination/reversal
learning task. This task was chosen because (a) it is a non-spatial task, (b) it uses the same
food reward as the DMP task, (c) it requires the ability to discriminate between sensory
stimuli and to associate stimuli with food reward, and (d) it tests cognitive flexibility, i.e.,
the ability to alter behavior in response to a reversal of stimulus-reward contingency.
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Training was performed in operant chambers (Med. Associates, Inc., Georgia, VT)
connected to a computer running Med-PC software. Each operant chamber contained a dim
red house light, a ventilation fan, a 6W stimulus panel light, a speaker calibrated to present a
1500 Hz tone, a pellet dispenser, and a recessed food cup located immediately below the
panel light. Entry into the food cup was monitored by a photosensor. Rats were adapted to
the chamber by receiving one 60 min session during which they received a total of 16 food
pellets delivered at intervals ranging from 2 to 6 min. Testing began the following day. Each
rat received one training session per day for a total of 17 days. During the session, rats
received 30 presentations of a tone stimulus and 30 presentations of a light stimulus. Rats
were randomly divided into 2 groups and trained to respond to only one of the stimuli (either
tone or light). If the rat entered the food cup within 10 sec of the presentation of the
reinforced stimulus, a food reward (one 45 mg pellet) was delivered. If an animal entered the
food cup during the non-reinforced stimulus, the stimulus was discontinued, the house light
turned off for 60 sec, and no food was delivered. Stimuli were presented in random order
throughout the session and occurred at one of 30 randomly selected intertrial intervals
ranging from 12 to 70 sec. After 7 days of testing, the stimulus contingency was reversed
such that rats were now rewarded for responding to the initially non-reinforced stimulus.
Rats were trained using the reversed contingency for a total of 10 days.

The number of correct and incorrect responses committed on each day before and after
reversal was tabulated for each rat. These data were analyzed by ANOVA with repeated
measures on‘Day’. Post-hoc comparisons were made using a Tukey test.

In vivo microdialysis
At the completion of all behavioral training, six rats from each group were randomly
assigned to undergo in vivo microdialysis to assess effects on acetylcholine (ACh) release.
These rats were anesthetized with a combination of ketamine and xylazine, and a cannulae
(CMA 12 Elite Guides, CMA Microdialysis, Inc.) was inserted into the brain with the tip
positioned at the surface of the right hippocampus (−3.4 mm bregma, 1.18 mm lateral, −3.4
mm ventral based on Paxinos & Watson (Paxinos and Watson, 1986). The cannula was
fixed to the skull with dental cement.

Microdialysis was conducted on awake rats 3–5 days after cannula placement. Concentric, 3
mm microdialysis probes were used (CMA 12 Elite Probes, CMA Microdialysis, Inc.).
Probes were perfused at a rate of 1 µl/min with artificial cerebrospinal fluid (ACSF; 144.3
mM NaCl, 4.0 mM KCl, 1.2 mM CaCl2, 1.0 mM MgCl2, 1.7 mM Na2HPO4, 0.5 mM
NaH2PO4) containing 0.2 µM neostigmine bromide. This concentration of neostigmine has
been shown to facilitate the ability to detect increases in ACh release in rats during food-
rewarded T-maze training (Chang et al., 2006). On each day of microdialysis, probes were
first dialyzed for 30 minutes against a solution of ACSF containing 10 pmol ACh/25 µL.
This sample was used to calculate probe efficiency. The probe was then inserted through the
cannula into the hippocampus. The rat was placed into a large plastic container for the
duration of the experiment. Dialysate was collected continuously. Samples were collected
and frozen every 30 min. After waiting 90 minutes for basal ACh release to stabilize, two
additional samples were collected over one hour and were averaged to represent basal ACh
release. Rats were then given two 45 mg food pellets every 5 minutes for 15 minutes and
dialysate was collected for 30 minutes. This was done to assess ACh release in response to
the food reward. Next, probes were perfused with ACSF containing elevated levels of
potassium (60 mM) in order to assess potassium-stimulated release. These samples were
collected after 30 and 60 min.
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Tissue Collection
All rats were anesthetized with an overdose of ketamine and xylazine and then decapitated.
Blood was collected for the determination of serum estradiol levels. Brains were removed
and hippocampi were dissected and frozen at −80°C for analysis of choline acetyltransferase
(ChAT) and acetylcholinesterase (AChE) activities. All rats were included in the
neurochemical assays.

Estradiol assay
Serum levels of 17ß-estradiol (E2) were determined using a sensitive LC-MS/MS assay
recently developed in our department. Samples were spiked with internal standard
(2,4,16,16,17-d3–17ß-estradiol) and then extracted with n-butyl chloride. After
centrifugation and evaporation, the residue was derivatized in 0.1 mL buffered dansyl
chloride solution (pH 10.5). E2 was eluted from a Waters Acquity UPLC BEH C18, 1.7 um,
2.1 × 150 mm reversed-phase column, with an acetonitrile:water (0.1% formic acid)
gradient. Detection and quantitation were achieved in the positive mode with a Thermo
Fisher TSQ Quantum Ultra mass spectrometer interfaced via an electrospray ionization
(ESI) probe with the Waters UPLC Acquity solvent delivery system. Transitions used for
analysis were 506 → 171 for E2, and 511 → 171 for the deuterated internal standard. Area
under the peak was quantified and used to determine absolute levels of E2/mL of sample by
comparison with a series of standards. The limit of detectability for this assay is 2.5 pg/mL
Intra-assay statistics show errors below 8.1% and relative standard deviations below 10.4%.
Inter-assay statistics show errors below 5.0% with relative standard deviations below 7.4%.

ChAT Assay
ChAT activity in hippocampal tissues was analyzed as previously described (Gibbs and
Johnson, 2007). Tissues were dissociated by sonication in a medium containing EDTA (10
mM) and Triton X-100 (0.5%) and diluted to a concentration of 10 mg tissue/mL An aliquot
of each sample was used for the determination of total protein. Three 5 µl aliquots of each
sample were incubated for 30 min at 37°C in a medium containing 3[H] acetyl-CoA (Perkin
Elmer, Inc., 25,000–30,000 d.p.m./tube, final concentration 0.25mM acetyl-CoA), choline
chloride (10.0mM), physostigmine sulfate (0.2mM), NaCl (300mM), sodium phosphate
buffer (pH 7.4, 50mM), and EDTA (10 mM). The reaction was terminated with 4ml sodium
phosphate buffer (10 mM) followed by the addition of 1.6ml of acetonitrile containing 5mg/
ml tetrephenylboron. The amount of [3H] ACh produced was determined by adding 8ml of
Insta-Fluor scintillation cocktail (Packard Instruments, Meriden, CT) and counting total cpm
in the organic phase using an LKB beta-counter. Background was determined using identical
tubes to which no sample was added. For each sample, triplicates were averaged and the
difference between total cpm and background cpm was calculated. This was used to estimate
the total amount of ACh produced per sample. ChAT activity was then calculated for each
sample as pmol ACh manufactured/h/µg protein. This assay produced a linear response as a
function of sample dilution (i.e. protein content; see Supplemental Figure 1A). Treatment
effects were evaluated by ANOVA. Post-hoc comparisons were made using a Tukey test.

AChE Assay
AChE activity in the hippocampus was measured using a method adapted from Ellman et al.
(Ellman et al., 1961). Three 5-µL aliquots of each sonicate (see above) were placed into
separate wells of a 96-well plate containing 175 µL of reaction solution composed of sodium
phosphate buffer (pH 7.4, 50 mM), tetraisopropyl pyrophosphoramide (IsoOMPA, 0.03
mM), and 5,5’-dithiobis(2-nitrobenzoic acid) (0.33 mM). Plates were pre-incubated for 30
min at 37°C to inactivate non-specific esterases. The reaction was initiated by adding 20 µL
of acetylthiocholine iodide to a final concentration of 0.5 mM. Plates were immediately
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mixed and scanned at 410 nm using an Emax plate reader (Molecular Devices, Menlo Park,
CA, USA). Plates were incubated in the dark for an additional 30 min at 37°C, and then
scanned again at 410 nm. AChE activity for each sample was calculated as the average net
(OD410 × reaction volume) / (extinction coefficient (13.6 mmol/µL) × sample concentration
× sample volume × incubation time) and expressed as mmol/h/µg protein. Mean AChE
activity for each animal was then calculated. This assay produces a linear response as a
function of both incubation time and protein concentration for OD values less than 2.0 (see
Supplemental Figures 1B & 1C). Treatment effects were evaluated by ANOVA. Post-hoc
comparisons were made using a Tukey test.

HPLC analysis of ACh
Dialysates were analyzed using HPLC, enzymatic conversion, and electrochemical detection
as previously described (Rhodes et al., 1996). An ESA HPLC system was used. Flow rate
was 0.30 µL/min. Mobile phase consisted of 100 mM di-sodium hydrogen phosphate
anhydrous (Fluka, Inc.), 1-Octanesulfonic acid (Sigma-Aldrich, Inc.), Reagent MB (ESA,
Inc), and the pH was adjusted to 8.0 using phosphoric acid. Samples were passed through a
Shiseido Capcell Pak C18 MGII column, 100A, 3micron, 2.0 × 35 mm, and then through a
solid-phase reactor (ESA, Inc.) containing acetylcholinesterase and choline oxidase at 35 °C.
The resulting H2O2 was detected with a model M5041 electrochemical cell attached to a
Coulochem model 5300 detector (ESA, Inc.). Chromatograms were analyzed using
EasyChrome software. ACh standards were prepared in ACSF. Twenty-five microliters of
each sample was injected. All standards were run in duplicate. Quantity of ACh was
determined by measuring area under the ACh peak. This assay produced a linear response as
a function of ACh content, and was able to detect as little as 30 fmol of ACh per 25 µL
sample (see Supplemental Figure 1D). Values were expressed as picomoles ACh per 25 µl
sample. The two samples collected prior to presenting food were averaged as an estimate of
basal ACh release. Subsequent samples were used to calculate percent change in ACh
release relative to baseline for each rat. In this way, each rat served as its own control for
assessing effects on release. Percent change that was calculated from the two samples
collected over 60 minutes after switching to high potassium were averaged as a measure of
potassium-stimulated release. This was done for each rat. Average basal, food-stimulated
release and potassium-stimulated release were then calculated for each treatment group.
Effects of treatment on basal and potassium-stimulated release were analyzed using
ANOVA followed by a Tukey test.

RESULTS
Animal Attrition

Six rats died or had to be euthanized for health reasons prior to completion of the study. Five
rats would not run the T-maze. One rat in the Gal-treated group failed to reach criterion on
the task. All of these rats were excluded from the final analysis. Resulting group sizes are
Controls (n=10), Gal (n=8), E2 (n=9), and Gal+E2 (n=9).

Serum levels of estradiol
Levels of estradiol in non-E2-treated rats were below the level of detection. Mean serum
levels of estradiol in E2-treated rats were 39.1 ± 4.6 pg/mL and 28.4 ± 3.9 pg/mL for E2-
and Gal+E2-treated rats. These values did not differ significantly from each other.

Effects on DMP acquisition
Treatments significantly affected the number of days required to reach criterion on the DMP
task (F[3,32]=3.5, p<0.05). Results are illustrated in Figure 1. On average, controls took the
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longest number of days to reach criterion (16.6 ± 1.0). Post-hoc analysis revealed that rats
treated with Gal+E2 took significantly fewer days to reach criterion (12.6 ± 0.6) than
controls. Treatment with Gal or E2 alone produced intermediate results which did not differ
significantly from controls. These results demonstrate that treating aged rats that were
ovariectomized at middle-age with Gal+E2 significantly improved the rate of DMP
acquisition whereas treating with Gal or E2 alone did not.

Effects on Persistent Turn
Next we tested whether treatments affected the predisposition of rats to adopt and maintain a
persistent turn while performing the DMP task and whether this might account for the
effects of Gal+E2 on DMP acquisition. Most rats adopted a persistent turn at some point
during DMP acquisition. Within each group, the number of rats that adopted a persistent
turn were: Controls (9/10), Gal (4/8), E2 (7/9) and Gal+E2 (5/9). These ratios did not differ
significantly from each other (X2(3)=4.5, p>0.2). Nor was there a significant effect of
treatment on the number of days that rats engaged in a persistent turn (F[3,32]=1.8, p=0.16).
When analyzed for an independent effect of galanthamine, rats treated with Gal (Gal or Gal
+E2) were significantly less likely to adopt a persistent turn than rats that received vehicle or
E2 alone (X2(1)=4.1, p<0.05). There also was a trend for rats treated with Gal to spend
fewer days engaged in a persistent turn (2.6 ± 0.7 vs. 5.0 ± 1.0; t(32)=1.9, p=0.06). In
contrast, there was no evidence for an effect of E2 on the predisposition to adopt a persistent
turn or on the number of days that rats engaged in a persistent turn. Subtracting the number
of days that rats engaged in a persistent turn from DTC did not eliminate the significant
effect of treatment on performance (F[3,32]=2.9, p=0.05), and rats treated with Gal+E2 still
differed significantly from controls (p<0.05 by Tukey test). These data suggest that the
effects of Gal+E2 on performance were not due to an effect on the predisposition to adopt or
maintain a persistent turn.

Probe Trial
All rats that reached criterion received a probe trial in which the maze was rotated 180°
between the forced and open choice. As mentioned above, this probe trial was done to
determine whether, after reaching criterion, rats were utilizing a place strategy (i.e., were
utilizing extramaze cues) or a response strategy (i.e., were utilizing internal or kinetic cues)
to perform the task. An animal using extramaze cues is expected to turn in the opposite
direction (i.e., enter the opposite physical arm now located in the same position of the room)
as the goal arm during the “forced” trial, while an animal using internal or kinetic cues
would be expected to turn in the same direction (i.e., enter the same physical arm) as during
the “forced” trial even though the arm occupies a different position in the room. Likewise,
any rat engaged in persistent turning behavior would be expected to turn in the same direct
as during the ‘forced’ trial. After rotating the maze, 8/10 controls selected the arm located in
the same location of the room as was entered during the forced choice, consistent with using
a place strategy. In comparison, 5/8, 5/9, and 5/9 rats from the Gal-, E2, and Gal+E2-treated
groups selected the same physical arm of the maze that was entered during the forced
choice, even though the arm was located in a different position of the room. These ratios did
not differ significantly from chance (p>0.05 in all cases), and did not differ significantly
from each other (x2(3)= 6.0, p=0.11).

Delay-Dependent Performance
Following the probe trial, rats underwent testing with increasing delays between the forced
and open trials (Figure 2). ANOVA with repeated measures on delay revealed a significant
effect of delay (F[3,90]=20.7, p<0.0001) as well as a significant treatment × delay
interaction (F[9,90]=2.1, p<0.05). Post-hoc analysis showed that rats treated with Gal+E2
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performed significantly better than controls at the 90 second delay, indicating a beneficial
effect of Gal+E2 on delay-dependent performance.

Effects on Operant Discrimination and Reversal Learning
Numbers of correct and incorrect responses committed prior to and after reversal of the
stimulus contingency are illustrated in Figure 3. All rats demonstrated the ability to learn to
respond to the rewarded stimulus and not to the non-rewarded stimulus and to alter
performance in response to the reversed contingency. Treatments produced no significant
effects on the number of correct or incorrect responses committed prior to reversal, or on the
number of correct responses committed after reversal. Likewise, no significant effect of
treatment on the number of incorrect responses was detected following reversal; however,
when data were collapsed according to hormone status, a significant effect of E2 was
detected on the number of incorrect responses produced following reversal. ANOVA using
‘E2 treatment’ as the independent factor with repeated measures on ‘day’ revealed a
significant effect of E2 (F[1,39]=6.3, p<0.02), a significant effect of day (F[9,351]=90.4,
p<0.0001), and a significant E2 × day interaction (F[9,351]=2.6, p<0.01). Post-hoc analysis
showed that rats that received E2 made significantly more incorrect responses on days 4 and
6–9 after reversal than rats that were not treated with E2 (supplemental Figure 2).

Effects on Hippocampal ChAT and AChE activity and on ACh release
Mean levels of ChAT and AChE activity in the hippocampus of each treatment group are
summarized in Table 1. No significant effects of treatment were observed.

Effects of treatment on extracellular levels of ACh are summarized in Table 2. There was a
strong trend for Gal treatment to be associated with increased basal extracellular levels of
ACh (F[1,13]=4.1, p=0.06). In contrast, there was no evidence for an effect of E2
(F[1,13]=1.3, p=0.27), nor for an interaction between E2 × Gal (F[1,13]=1.2, p=0.29) on
basal extracellular levels of ACh. In response to food, E2-treatment, but not Gal, was
associated with a significant increase (~30%) in extracellular levels of ACh. ANOVA
revealed a significant effect of E2 (F[1,11]=7.4, p<0.02), no significant effect of Gal
(F[1,11]=0.04, p=0.85), and no E2 × Gal interaction (F[1,11]=0.09, p=0.77). In response to
elevated potassium, levels of extracellular ACh increased approximately 2-fold in all
treatment groups, with no differential effects of treatment.

DISCUSSION
DMP Acquisition

The primary finding of this study is that treating with a combination of Gal + E2
significantly enhanced the rate of DMP acquisition and improved short-term delay-
dependent spatial memory performance in aged rats that were ovariectomized at middle-age.
This was demonstrated by a significant decrease in the number of days required to reach
criterion and by significantly better performance at the 90 second inter-trial delay, relative to
vehicle-treated controls. The effects were task-specific in that no beneficial effect of Gal +
E2 was detected on the operant discrimination/reversal learning task. In fact, E2 alone had a
negative effect on reversal learning which was not attenuated by Gal. This is consistent with
other recent studies showing that sustained E2 replacement produces significant deficits on
other operant tasks including an operant delayed spatial alternation task, and a differential
reinforcement of low rates of responding task (Wang et al., 2009; Wang et al., 2008).
Notably, the effect of E2 on the operant delayed spatial alternation task is consistent across
age (Wang et al., 2009). In addition to being task-specific, the effects on the DMP task
likely are not due to affects on motivation since both the DMP task and the operant task
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were motivated by the same food reward. Nor are they likely due to effects on the ability to
detect and discriminate between sensory cues.

These findings are in agreement with two previous studies, one showing that donepezil + E2
enhances DMP acquisition in aged ovariectomized rats (Gibbs et al., 2009), and the other
showing that donepezil + E2 enhances DMP acquisition and delay-dependent performance
in young ovariectomized rats with partial loss of septal cholinergic neurons (Gibbs et al.,
2011). In addition, the findings are consistent with data showing that cholinergic inputs to
the hippocampus play an important role in mediating E2 effects on DMP acquisition (Gibbs,
2007) and other spatial learning tasks (Daniel and Dohanich, 2001; Daniel et al., 2005), and
with the hypothesis that reduced basal forebrain cholinergic function contributes to a
diminished beneficial effect of E2 on cognitive performance in aged ovariectomized rats.
Most important, the findings demonstrate that combining E2 with cholinesterase inhibitor
therapy is more effective at enhancing performance of aged ovariectomized rats on the DMP
task than either treatment alone.

Effects on Learning Strategy and Perseveration
ACh release in the hippocampus and striatum have been shown to be differentially
associated with the use of allocentric (relying on extramaze cues) vs. egocentric (relying on
intramaze or kinetic cues) learning strategies (Marriott and Korol, 2003; McIntyre et al.,
2003; Pych et al., 2005). In addition, cholinergic denervation of the hippocampus and cortex
significantly increase perseverative behavior on certain types of tasks (Cutuli et al., 2009;
Fitz et al., 2008; Gibbs and Johnson, 2007). For example, combined lesions of cholinergic
neurons in the medial septum and nucleus basalis cause rats to be far less likely to rely on
extramaze spatial cues to perform the DMP task (Gibbs and Johnson, 2007). Such lesions
also significantly increase the predisposition of rats to adopt a persistent turn during DMP
acquisition (Fitz et al., 2008; Gibbs and Johnson, 2007). Initially this increases performance
to chance levels, but then retards further improvement. Similar effects are observed with
age, such that middle-aged and aged rats show a progressive increase in persistent turn
during DMP acquisition which corresponds with an increase in the number of days required
to reach criterion (Gibbs et al., 2009). This is consistent with studies conducted over 30
years ago showing that aged rats are more likely to utilize a response strategy vs. a place
strategy than young rats, and to engage in repetitive choice sequences when solving various
spatial discrimination tasks (Barnes et al., 1980). The findings also are consistent with the
documented decline in basal forebrain cholinergic function that occurs in rats with advanced
age (Fischer et al., 1992b; Fischer et al., 1989; Kristofiková et al., 1992; Moore et al., 1996),
and with the significant increase in perseverative behavior observed in patients with
Alzheimer’s disease (Pekkala et al., 2008). These data suggest that changes in basal
forebrain cholinergic function can have a substantial impact on learning strategy and
perseveration in humans.

In the present study, results of the probe trial administered after reaching criterion suggest
that treatments did not significantly affect the degree to which rats relied upon spatial cues
to acquire the DMP task. Galanthamine did however produce a significant decrease in
persistent turn, suggesting a reduction in perseverative behavior. The effect on persistent
turn was not entirely responsible, however, for the beneficial effects of Gal + E2 on DMP
acquisition. This is demonstrated by the fact that a significant effect of Gal + E2 on days to
criterion was observed even after subtracting the number of days that rats engaged in a
persistent turn. This differs from the effects of donepezil + E2 on DMP acquisition observed
in our previous studies (Gibbs et al., 2011; Gibbs et al., 2009) and suggests that the effects
of Gal + E2 on performance involve slightly different mechanisms.
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Gal is a less potent cholinesterase inhibitor than donepezil (Thomson et al., 1991). Gal also
acts as an allosteric potentiating ligand (APL) at nicotinic acetylcholine receptors (nAChRs)
(Samochocki et al., 2003; Schilstrom et al., 2006). Many studies have shown that nicotine
has anti-amnestic effects both in animals and in humans (Cincotta et al., 2008; Levin et al.,
2006; Levin and Rezvani, 2002; Sarter et al., 2009), mediated by nACHRs. nAChRs are a
family of ligand-gated ion channels composed of α and ß subunits which can combine in
different conformations to produce receptors with distinct pharmacologies (Albuquerque et
al., 2009; Jürgensen and Ferreira, 2009; Taly et al., 2009). The α4ß2 and α7 subtypes are the
two most common nAChR subtypes in the mammalian brain (Lindstrom, 1997). The acute
effect of activating nAChRs is the fast opening of a cationic channel permeable to Na+, K+

and sometimes Ca2+ ions. Thus, when activated, nAChRs induce neuronal membrane
depolarization and directly or indirectly initiate calcium influx.

nAChRs receptors are located both postsynaptically and presynaptically, and presynaptic
nAChRs have been shown to play an important role in modulating neurotransmitter release,
including the release of glutamate and GABA (Albuquerque et al., 2000). Nicotinic APLs
are weak non-competitive agonists that do not induce nicotinic responses on their own, but
that potentiate nAChR activity induced by classical nAChR agonists (Maelicke et al., 2000).
Recent studies show that Gal, acting as an APL on presynaptically located nAChRs that are
weakly tonically activated, can induce long-lasting facilitation of glutamate and GABA
transmission at CA1 neurons in rat hippocampal slices (Santos et al., 2002). These effects
were not produced by other ChEIs that do not have nicotinic APL activity. This suggests
that enhancing nAChR activity could be one mechanism by which Gal influences cognitive
performance and perhaps facilitates positive effects E2.

Taylor & Maloney (Taylor and Maloney, 2010) recently showed that treating
ovariectomized rats with nicotine + E2 was particularly potent at improving performance on
a visuo-spatial orientation task. Sapronov et al. (Sapronov et al., 2006) reported that chronic
treatment with a selective α4ß2-nicotinic receptor agonist in combination with E2
significantly improved performance in a rat model of Alzheimer’s-type dementia. This
effect was blocked by mecamylamine, a nicotinic receptor antagonist. These data show that
nicotinic receptor activity can interact with E2 to significantly enhance cognitive
performance in normal rats and in a rat model of Alzheimer’s disease. Hence, the beneficial
effects of Gal + E2 on DMP performance may be due to the nicotinic enhancing effect of
Gal, rather than to the inhibition of cholinesterase. This may account for the ability to
enhance performance independently of an effect on persistent turn.

Effects on Cholinergic Measures
One of our goals also was to assess the effects of treatment on measures of hippocampal
cholinergic function. No significant effects of Gal or E2 on hippocampal ChAT or AChE
activity were detected. This is in contrast to studies showing that short-term treatment with
E2 alone increases ChAT activity in the hippocampus and frontal cortex of young adult rats
(Gibbs, 1997; Luine, 1985; Singh et al., 1994). This effect appears to be dependent on both
dose and duration of treatment (Gibbs, 1997) and may be disappear after long-term (8
weeks) treatment (Gibbs, 2000). This is despite the fact that effects on ACh release persist
even after long-term treatment (Gabor et al., 2003). Recent studies also show that the effects
of E2 on ChAT in the hippocampus are lost with age and time following ovariectomy
(Bohacek et al., 2008; Gibbs et al., 2009). The reasons for these changes currently are
unknown; however, they are consistent with the lack of effect on ChAT activity observed
here. The ability of Gal to inhibit cholinesterase activity in the brain following short-term
treatment is well documented. The failure in the present study to detect a reduction in
hippocampal AChE activity in rats treated for over two months with Gal is somewhat
surprising but not unprecedented. Other studies have demonstrated that up-regulation of

Gibbs et al. Page 11

Horm Behav. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



AChE can occur in the brain in response to long-term cholinesterase inhibitor therapy
(Darreh-Shori et al., 2006; Davidsson et al., 2001; Nordberg et al., 1999). This up-regulation
of AChE may be one factor limiting the long-term effectiveness of cholinesterase inhibitor
therapy in people with dementia. A compensatory up-regulation of AChE also may account
for the lack of effect on hippocampal AChE activity in the current study.

Gal alone produced a modest increase in basal extracellular levels of ACh (P=0.06);
however, no significant effects of treatment on potassium-stimulated ACh release were
observed. Again, this is in contrast to studies showing that E2 increases potassium-
stimulated ACh release in young ovariectomized rats (Gibbs et al., 2004; Gibbs et al., 1997;
Marriott and Korol, 2003). This suggests that that, like the effect on ChAT, the effect of E2
on potassium-stimulated ACh release is lost with advanced age and long-term loss of
ovarian function. Furthermore, these data show that the effects of E2 on ACh release are not
restored by Gal.

E2 (but not Gal) did significantly increase ACh release in response to the food pellets that
were used as a reward in both the DMP and operant discrimination tasks. This suggests that
in E2-treated rats, food reward was associated with ACh release in the hippocampus. Other
studies have demonstrated increased ACh release in the hippocampus, as well as in other
cortical areas, during learning associated with food-reward (Chang et al., 2006; Iso et al.,
1999; Orsetti et al., 1996; Pych et al., 2005). Parikh et al. (Parikh et al., 2007) recently
showed that ACh release in the prefrontal cortex is associated with successful performance
on a cue detection task. In that study, release specifically correlated with the timing of the
expected delivery of a food reward, suggesting that ACh release plays a role in connecting
the benefits of food reward with a particular behavioral context for subsequent use during a
decision making event. In the current study, food reward increased ACh release only in rats
treated with E2. It is possible that the effect of food reward on ACh release is diminished
with age and ovariectomy and that this response is restored by E2. This in turn would
contribute to beneficial effects on cognitive performance. A possible explanation for this
could be effects on orexin-containing fibers originating from cells in the lateral
hypothalamus.

Potential Role of Orexins
Orexins are recently discovered neuropeptides that are produced in the hypothalamus and
play an important role in regulating energy balance, reproduction, sleep-wake cycle, and
vigilance (de Lecea, 2010; Nishino, 2011; Sakurai et al., 2010; Szekely et al., 2010). Orexins
also are important for reward processing (Aston-Jones et al., 2010). Orexin-containing fibers
project to many areas of the brain; however, studies suggest that the basal forebrain is a key
site through which orexins activate cortical areas and promote behavioral arousal (Arrigoni
et al., 2010). Studies show that orexin-positive fibers synapse onto both cell bodies and
distal dendrites of cholinergic neurons located in the septum and substantia innominata
(Espana et al., 2005; Fadel and Frederick-Duus, 2008; Peyron et al., 1998; Wu et al., 2004).
Local infusion of orexins excites basal forebrain cholinergic neurons, and induces cortical
release of ACh and promotes wakefulness (Eggermann et al., 2001; Espana et al., 2001;
Fadel et al., 2005; Thakkar et al., 2001). Importantly, in rats conditioned to anticipate food,
lesions of orexin neurons reduces cortical ACh release in anticipation of food (Frederick-
Duus et al., 2007), suggesting a role for orexins in connecting food reward with a particular
behavioral context. Studies also show that hypothalamic levels of orexins vary across the
estrous cycle, are highest on proestrus, and are reduced in aged non-cycling rats (Porkka-
Heiskanen et al., 2004). This suggests that orexin levels are regulated in part by E2. It is
possible that E2 influences orexin signaling on the cholinergic neurons to enhance ACh
release in association with food reward. This could result in a stronger association between
the food reward and the behavioral context, resulting in a faster rate of learning on the DMP
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task. This mechanism may be impaired with age and compensated in part by the direct
nAChR enhancing effect of Gal. This could account for the beneficial effect of E2 + Gal on
DMP acquisition in aged rats.

Summary
Our data show that administering Gal + E2 to aged rats that were ovariectomized at middle-
age significantly enhanced the rate of DMP acquisition and improved short-term delay-
dependent spatial memory performance. Treatment with Gal or E2 alone were without
significant effect. This is the third of a series of studies showing that combining E2
treatment with a cholinesterase inhibitor used to treat Alzheimer’s disease can significantly
enhance cognitive performance in aged rats and in young rats with partial septal cholinergic
lesions. These data support our hypothesis that beneficial effects of E2 on cognitive
performance diminish with age and time following loss of ovarian function due to deficits in
basal forebrain cholinergic function, and suggest that beneficial effects can be enhanced or
restored by combining E2 with an appropriate cholinergic medication. Similar effects in
people may be particularly beneficial for older women who have not used hormone therapy
for many years and are beginning to show signs of mild cognitive impairment.
Galanthamine may offer added benefits compared to other cholinesterase inhibitors such as
donepezil or rivastigmine due to its ability to act as an allosteric enhancer at nAChRs.
Galanthamine also may have added benefit due to its short half-life and the ability to
maintain diurnal variations in cholinergic activity (Davis and Sadik, 2006). Clinical studies
are needed to evaluate these effects. In addition, we propose that effects of E2 on cholinergic
function and cognition may be due in part to effects on orexin signaling in the basal
forebrain. Orexins have been shown to regulate cholinergic projections to the hippocampus
and cortex in association with arousal and reward and may play an important role in
mediating E2 effects on cholinergic function and cognitive performance. This hypothesis
has not yet been tested and needs to be evaluated.

Highlights
>Hypothesize that beneficial effects of estradiol on cognition are reduced in older women
due to decline in basal forebrain cholinergic function. >Galanthamine + estradiol
enhanced acquisition of a spatial task as well as delay-dependent memory performance in
aged ovariectomized rats. >Suggests that combining cholinesterase inhibitor with
estrogen therapy can benefit cognition.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Plot summarizing the effects of treatment on acquisition of the delayed matching-to-position
task. Values indicate the number of days required to reach criterion. Each dot represents one
rat. Lines indicate group mean ± s.e.m. Rats treated with Gal+E2 required significantly
fewer days to reach criterion than controls (*p<0.05).
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Figure 2.
Effects of increasing the intertrial delay on performance. Note that increasing the intertrial
delay reduced performance accuracy. Rats treated with Gal+E2 performed significantly
better that controls at the 90 second delay (*p<0.05).
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Figure 3.
Effects of treatment on the number of correct responses (A) and incorrect responses (B) on
each day of the operant discrimination and reversal learning task. Symbols indicate group
means ± s.e.m. The arrow indicates the day on which the stimulus-reward contingency was
reversed. Note that rats in all groups quickly learned to respond to the reinforced stimulus
and to suppress responses to the non-reinforced stimulus. No significant effects of treatment
were detected prior to reversal. Following reversal, no effects of treatment on the number of
correct or incorrect response were detected; however, when data were collapsed according to
hormone status, E2 treatment was associated with a greater number of incorrect responses
on days 4 and 6–9 following reversal compared with rats that did not receive E2 (see
supplemental Figure 2 and text for details). A similar analysis of Gal revealed no effect.
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Table 1

Summary of Hippocampal Choline Acetyltransferase (ChAT) and Acetylcholinesterease (AChE) Activity by
Treatment

Tx N ChAT Activity
pmol ACh produced/h/µg protein

AChE Activity
mmol ACh degraded/h/µg protein

Controls 10 26.2 ± 1.5 1.4 ± 0.15

Gal 8 26.6 ± 1.3 1.3 ± 0.11

E2 9 26.2 ± 2.0 1.2 ± 0.12

Gal+E2 9 24.4 ± 2.1 1.3 ± 0.13

Horm Behav. Author manuscript; available in PMC 2012 November 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Gibbs et al. Page 24

Table 2

Effects of Treatment on ACh Release in Hippocampus

Tx N Basal Release
(pmol/25 µL)

Release Stimulated by
Food

(% Change from Basal)

Release Stimulated by
Elevated Potassium

(% Change from Basal)

Controls 6 0.29 ± 0.06 −16.6 ± 10.0 149.4 ± 49.9

Gal 4 0.44 ± 0.07 −0.5 ± 7.7 107.8 ± 36.4

E2 4 0.26 ± 0.10 33.3 ± 17.5* 124.6 ± 1.6

Gal+E2 5 0.31 ± 0.04 28.5 ± 12.4* 114.2 ± 28.1
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