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Abstract
Premarin™ is the most commonly prescribed estrogenic component of hormone therapy, given
since 1942. The current study is the first examining cognitive effects of tonic Premarin treatment
in an animal model. Middle-aged ovariectomized (Ovx) rats received vehicle or one of three doses
of Premarin (12, 24 or 36 μg daily). Rats were tested on a spatial working and reference memory
maze battery. Both Medium- and High- dose Premarin enhanced memory retention, while Low-
dose Premarin impaired learning and memory retention. Correlations with serum hormone levels
showed that as the ratio of estrone:17β-estradiol increased, animals tended to show better working
memory performance. Taken together with the dissociation of dose-specific estrogenic profiles,
results suggest that higher levels of estrone, in the presence of 17β-estradiol concentrations higher
than that of Ovx levels, may be beneficial for memory. Moreover, Premarin exerted dose and
brain-region specific effects on BDNF and NGF protein levels, with most marked changes in
cingulate and perirhinal cortices. Hippocampal gene expression profiling demonstrated significant
Premarin-induced transcriptional changes in genes linked to plasticity and cognition. These
findings indicate that Premarin can impact memory and the brain, and that dosing should be
recognized as a clinically relevant factor possibly affecting the direction and efficacy of cognitive
outcome.
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1. Introduction
Conjugated equine estrogen, trade name Premarin (Wyeth Pharmaceuticals, Philadelphia,
PA), has been administered since 1942 and is the most widely used estrogenic component of
hormone therapy in North America (Segal, 1997; Sitruk-Ware, 2002). Premarin is given
unopposed to women who have undergone surgical menopause including uterus removal
(Farquhar et al., 2009; The North American Menopause Society, 2003). As well, Premarin is
the estrogenic component of Prempro, the most prescribed combination hormone therapy for
women with a uterus (Segal, 1997; Sitruk-Ware, 2002). Clinical findings assessing cognitive
effects of Premarin-containing therapies have been inconclusive. Premarin-containing
therapy has been reported to improve memory in case studies (Ohkura et al., 1995), non-
randomized small quasi-experimental designs (Carlson and Sherwin, 1998) and small
double-blind placebo-controlled studies (Campbell and Whitehead, 1977; Kantor et al.,
1973). Also, a randomized, double-blind placebo controlled crossover trial showed that
Premarin treatment altered brain activation patterns in women during memory task
performance (Shaywitz et al., 1999). Yet, findings from the large placebo-controlled WHI
Memory Study (WHIMS), conducted by the National Institutes of Health, showed that
Premarin treatment yielded a non-significant increased incidence of probable dementia and
mild cognitive impairment in women 65 and over (Espeland et al., 2004; Shumaker et al.,
2004). Further, there was an elevated probable dementia risk, and no effect on mild
cognitive impairment, in women taking Premarin+medroxyprogesterone (Shumaker et al.,
2003). This combination therapy also had a negative effect on verbal memory, but a trend
for positive effects on figural memory, in women 65 and over that were free of probable
dementia (WHI Study of Cognitive Aging, WHISCA, Resnick et al., 2006). Together, the
clinical studies indicate that Premarin-containing therapy can result in both beneficial and
detrimental actions on cognition in women.

Cognitive effects of estrogen replacement have been evaluated in animal models. In young
and middle-aged ovariectomized (Ovx) rodents, 17β-estradiol enhances spatial working
memory (Bimonte and Denenberg, 1999; Daniel et al., 1997; Daniel et al., 2005; Fader et
al., 1999; Gibbs, 1999; Hruska and Dohanich, 2007; Luine and Rodriguez, 1994) and spatial
reference memory (Bimonte-Nelson et al., 2006; El-Bakri et al., 2004; Feng et al., 2004;
Frick et al., 2002; Markham et al., 2002). Like the clinical findings testing Premarin, not all
animal studies testing 17β-estradiol have shown positive effects (Chesler and Juraska, 2000;
Fernandez and Frick, 2004; Galea et al., 2001; Galea et al., 2002; Holmes et al., 2002; Singh
et al., 1994). To date, 17β-estradiol has been the primary type of estrogen used to test
cognitive effects of hormone therapy in the animal model. 17β-estradiol is the most potent
naturally-circulating estrogen, followed by estrone and estriol, in order of receptor affinity
(Kuhl, 2005; Sitruk-Ware, 2002). Premarin is derived from the urine of pregnant mares, and
is comprised of a complex mixture of estrogen sulfates that have been conjugated by the
horse’s liver before excretion in urine; many of the estrogens present in Premarin are unique
to horses (Bhavnani, 1998). Premarin contains the sulfates of at least ten estrogens, is over
50% estrone sulfate, 20-25% equilin sulfate, and has only trace amounts of 17β-estradiol;
after metabolism, the resulting biologically active circulating hormones are primarily estrone
and, after estrone’s conversion, 17β-estradiol, as well as equilin (Bhavnani, 2003; Sitruk-
Ware, 2002). It is hypothesized that these three metabolites are primarily responsible for the
estrogenic effects of Premarin (Sitruk-Ware, 2002). It is noted that there are other estrogens
and related metabolites present in Premarin that could alter efficacy of 17β-estradiol effects,
and may initiate effects on their own; these hormones include, but are not limited to, delta
8,9 dehydroestrone, dihydroequilin-17β and equilenin (Kuhl, 2005). Therefore, the animal
studies done thus far testing the cognitive effects of 17β-estradiol cannot be directly
compared to potential effects of Premarin.
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Like the cognitive enhancements seen after 17β-estradiol treatment given via subcutaneous
injection (Bimonte-Nelson et al., 2006; Chesler and Juraska, 2000; Daniel and Dohanich,
2001; Luine et al., 2003; Sandstrom and Williams, 2001), we recently showed cognitive
enhancements after Premarin treatment given via cyclic, intermittent subcutaneous
injections in middle-aged Ovx rats (Acosta et al., 2009). Specifically, with this regimen
Premarin improved spatial working memory delayed-match-to-sample (DMS) plus-maze
performance and attenuated overnight forgetting on the spatial reference memory Morris
water maze (MWM). However, cyclic intermittent versus tonic estrogen administration may
influence realization of memory benefits. With tonic estrogen treatment, estrogen receptors
become downregulated, while with cyclic intermittent estrogen treatment, estrogen receptor
recycling and other physiological changes occur that may enhance ultimate responsiveness
for many parameters, including learning and memory (Blaustein, 1993; Brown et al., 1996;
Kassis and Gorski, 1981; Rosser et al., 1993). Women, including those enrolled in the WHI
study, typically take hormone therapy as a daily oral tonic regimen, not intermittent in
nature. The cognitive effects of tonic Premarin treatment have not been evaluated in an
animal model.

In vitro studies provide evidence that Premarin, or components thereof, has positive effects
on the brain. Premarin enhances neuronal growth and increases neuronal survival after
experimentally-induced insult in in vitro preparations, including in cognitive brain regions
(Brinton et al., 2000; Diaz Brinton et al., 2000; Zhao and Brinton, 2006). While these in
vitro experiments provide compelling evidence that Premarin could result in brain changes
ultimately leading to enhancement in brain functions such as learning and memory, direct
evaluations testing tonic Premarin’s effects on cognition have not been done in an animal
model.

Discerning the mechanism of the potentially cognitive enhancing effects of Premarin could
have wide implications for future research and treatments for optimizing hormone therapy.
Neurotrophins may be one mechanism of estrogen-induced neuroprotection or mnemonic
changes. Survival and maintenance of cholinergic neurons are dependent upon
neurotrophins, including nerve growth factor (NGF) and brain-derived neurotrophic factor
(BDNF); age-related neurotrophin changes have been reported in animal models, and NGF
and BDNF have been associated with cognitive function (Bimonte et al., 2003, Bimonte-
Nelson et al., 2008; Granholm, 2000; Hall et al., 2000; Kesslak et al., 1998; Ma et al., 1998;
Siegal and Chauhan, 2000). 17β-estradiol treatment significantly impacts neurotrophin
systems in young and aged Ovx rats, increasing neurotrophin and its receptor mRNA levels
in basal forebrain, frontal cortex and hippocampus (McMillan et al., 1996; Pan et al., 1999)
and elevating NGF and BDNF protein levels in cognitive brain regions (Bimonte-Nelson et
al., 2004). Whether Premarin induces cognitive change, and whether such changes are
related to neurotrophin alterations, has not yet been evaluated.

From a broader perspective, gene expression experiments can yield insight into mechanistic
and molecular processes involved in nootropic hormone therapies. Evaluations have been
performed to determine whether 17β-estradiol influences hippocampal gene expression.
While these constitute a small handful of studies, and work has only been done in young
mice, this nonetheless provides evidence that estrogens can impact gene expression
(Malyala et al., 2004), with effects most notably recognized within domains of synaptic
plasticity in the hippocampus (Aenlle et al., 2007; Pechenino and Frick, 2009). The present
experiment capitalized on similar gene expression array procedures in the hippocampus to
yield insight into potential mechanisms of action of Premarin in cognitively-characterized
middle-aged Ovx rats.
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The present study examined three Premarin doses in middle-aged rats after surgical
menopause. The doses were based on the 0.625 mg/day dose commonly prescribed to
women, and used in the WHI studies, altered only for body weight of the rat. We tested
whether Premarin altered learning and memory using a battery of tasks designed to tap
several memory domains, followed by BDNF, NGF and gene expression assays. Since this
is the first cognitive study to tonically administer Premarin to the rodent, we also obtained
vaginal smears, uterine weights and hypothalamic weights to confirm endocrine
responsiveness. Further, since 17β-estradiol and estrone levels are increased in menopausal
women after Premarin treatment (Sitruk-Ware, 2002), we measured 17β-estradiol and
estrone blood levels in our surgically menopausal rats. This allowed for treatment
verification and determination of circulating levels that could be correlated with maze scores
to aid in interpretation of potentially effective treatment regimens. Indeed, while higher
circulating 17β-estradiol replacement levels have been correlated with better spatial
reference memory MWM performance (Talboom et al., 2008), correlations have not been
evaluated for working memory. Furthermore, relationships between maze performance and
circulating estrone, or the ratio of estrone:17β-estradiol, have not been assessed in the
rodent, but have correlated with neuropsychological test scores in menopausal women
(Lebrun et al., 2005; Phillips and Sherwin, 1992; Sherwin, 1988; Wolf and Kirschbaum,
2002).

2. Materials and methods
2.1 Subjects

At the start of the experiment there were 37 thirteen-month old Fischer-344 female rats born
and raised at the aging colony of the National Institute on Aging at Harlan Laboratories
(Indianapolis, IN). Prior to surgery, rats were acclimated for several days, and were pair
housed with an identical treatment assigned cage-mate. Animals had access to food and
water ad lib, and were maintained on a 12-h light/dark cycle. All procedures were approved
by the local IACUC committee and adhered to NIH standards.

2.2 Ovariectomy and pump insertion surgeries
Fourteen days before behavioral testing, all rats were anesthetized with acute isoflourene
inhalation and received Ovx. Bilateral dorsolateral incisions were made in the skin and
peritoneum, and the ovaries and tips of uterine horns were ligatured and removed. The
muscle was then sutured and the skin stapled. At the time of Ovx, Alzet osmotic pumps
(model 2ML4, DURECT Corporation, Cupertino, CA) containing either proplyene glycol
(Ovx-Vehicle), or proplyene glycol plus one of three doses of Premarin (Ovx-Premarin-
Low, Ovx-Premarin-Medium, Ovx-Premarin-High), were implanted dorsally into the scruff
of the neck. Premarin was manufactured by Wyeth Pharmaceuticals (Philadelphia, PA) but
obtained from a commercial pharmacy via veterinary prescription. The doses used in the
current study were based on the daily 0.625 mg CEE dose commonly taken by women, and
used in the WHIMS. Using the average female weight of 70 kg (www.halls.md) for
calculations, resulting in 0.00893 mg drug/kg body weight woman, we determined the
Premarin-Medium dose (24 μg Premarin powder, which is 10.53% Premarin) to be the rat
body weight equivalent of what is clinically prescribed (Espeland et al., 2004; Shumaker et
al., 2003; Shumaker et al., 2004). To approximate the injected doses we previously found to
influence memory (Acosta et al., 2009), we included 12 μg (Ovx-Premarin-Low) and 36 μg
(Ovx-Premarin-High) doses as well. Upon completion of both surgical procedures, rats were
given rimadyl for pain and 2 ml of saline. Two weeks following initial pump insertion and
two days before behavioral testing began, the first pump was removed and a second pump,
filled with the identical substrate to that given previously, was inserted in each rat in the
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same manner as the first pump insertion. Behavioral testing began 16 days after hormone
administration was first initiated via the first pump insertion.

2.3 Vaginal smears and uterine weights
To confirm Ovx and Premarin treatment, vaginal smears were performed at various time
intervals throughout the study. Smears were classified as either proestrus, estrus, metestrus
or diestrus (Goldman et al., 2007). To examine the effects of Premarin on uterine and
pituitary tissues, at sacrifice the uteri of subjects were removed, trimmed of visible fat and
immediately weighed (wet weight), and pituitaries were collected and weighed (wet weight).

2.4 Water radial arm maze: testing spatial working and reference memory
Subjects were tested on the water radial arm maze (WRAM). This is a complex task which
requires spatial working and reference memory. This win-shift task utilizes water-escape
onto hidden platforms as the reinforcer (Bimonte and Denenberg, 1999,2000;Bimonte et al.,
2000,Bimonte et al., 2002;Hyde et al., 1998,Hyde et al., 2000). The 8-arm maze was filled
with room temperature water tinted black with nontoxic paint. Four arms had hidden
platforms at their ends. Each subject had different platform locations that remained fixed
throughout the experiment. A subject was released from the start arm and had 3 min to
locate a platform. Once a platform was found, the animal remained on it for 15 sec, and was
returned to its heated cage for 30 sec until its next trial. During the inter-trial-interval (ITI),
the just-chosen platform was removed from the maze. The animal was placed again into the
start alley and allowed to locate another platform. A daily session consisted of these events
repeated until all four platforms were located. Consequently, for each animal a daily session
consisted of four trials per session, with the number of platformed arms reduced by one on
each subsequent trial, and one more item of information to be remembered after every trial.
Hence, the working memory system was increasingly taxed as trials progressed.

Error quantification and blocking procedures are based upon previous studies using the
WRAM (Bimonte and Denenberg, 1999,2000;Bimonte et al., 2000,Bimonte et al.,
2002;Bimonte et al., 2003;Hyde et al., 1998,Hyde et al., 2000). Each subject was given one
session a day for 11 consecutive days. Day 1 was considered training because the animal
had no previous experience in the maze. Days 2-11 were testing sessions, blocked into two
phases: the initial phase (days 2-6), and the latter phase (days 7-11). Behavioral testing
took place between 0800 and 1400 h. An arm entry was counted when the tip of a rat’s snout
reached a mark delineated on the outside of the arm (11 cm into the arm). Errors were
quantified for each daily session using the orthogonal measures of working and reference
memory errors (Jarrard et al., 1984), as done previously in WRAM studies (Bimonte et al.,
2000;Bimonte et al., 2002;Hyde et al., 2000). Working Memory Correct (WMC) errors were
first and repeat entries into any arm from which a platform had been removed during that
session. Reference Memory (RM) errors were first entries into any arm that never contained
a platform. Working Memory Incorrect (WMI) errors were repeat entries into reference
memory arms. During initial and latter phases, performance was measured for each type of
error separately, as well as the 3 error subtypes combined (total errors). On day 12, a 4-hour
delay was imposed between trials 2 and 3 to assess retention of multiple items of spatial
information (Luine and Rodriguez, 1994). The dependent measure for performance on the
delay day was total errors on trials 3 and 4, the trials after the 4-hour delay.

2.5 Morris water maze: testing spatial reference memory
The MWM evaluates spatial reference memory. This win-stay task consisted of a round tub
(188 cm in diameter) filled with room temperature water made opaque with black non-toxic
paint, with a hidden platform (10 cm wide) (Bimonte-Nelson et al., 2006; Morris et al.,
1982). A video camera above the maze tracked the rat’s path during each trial and a tracking
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system (Ethovision, Noldus Instruments, Leesburg, VA) analyzed each path. The rat was
placed in the maze from any of four locations (North, South, East, or West) and had 60 sec
to locate the platform, which remained in a fixed location (Northeast quadrant). Once the rat
found the platform, the trial was terminated. After 15 sec on the platform, the rat was
removed from the maze and placed into its heated cage until the next trial. The rats were
given 5 trials a day for 3 days. The approximate ITI was 5-8 min. Swim distance (cm) was
the dependent variable for the testing, non-probe trial portion of this task. To evaluate
whether rats localized the platform to the spatial location, after all test trials were completed
on day 3, a sixth trial was given. This sixth trial was a 60 sec probe trial whereby the
platform was removed. Since rats that learned the platform location were expected to spend
the greatest percent distance in the target quadrant (Bimonte-Nelson et al., 2006), we
analyzed probe trial data by assessing group differences in percent distance (cm) in the
target (where the platform was previously located) and opposite (quadrant diagonally
opposite to where the platform was previously located) quadrants. To further evaluate search
strategy, the probe trial was divided into two 30 sec epochs. The platform crossings, e.g. the
number of times an animal swam over the previously platformed location, was quantified for
each epoch. This analysis strategy was chosen to yield insight into whether animals knew
the general vicinity of the platform location (via targeting the platform quadrant) and/or the
exact platform location (via crossing over the platform location, quantified as platform
crossings). Additionally, we assessed swim speed (distance swum/trial time) during both 30
sec epochs during the probe trial, as it could be a measure of motor ability and partially
account for group differences in performance.

2.6 Delayed-match-to-sample plus maze: testing spatial working and recent memory
After MWM testing, rats were trained in a water-escape DMS plus maze task, a task that
assesses spatial working and recent memory. The apparatus had four arms (each 38.1 cm
long and 12.7 cm wide) and was filled with room temperature water made opaque with
black non-toxic paint. The maze had a hidden escape platform at the end of one of the four
arms. The platform location changed every day, but was fixed within a day. Rats received
six consecutive trials within a daily session. The first trial was the information trial where
the rat was exposed to that day’s platform location, the second trial was the working
memory test trial, and trials three through six were recent memory test trials (Frick et al.,
1995). Rats were dropped off in a semi-randomly chosen start arm location, and were given
a maximum of 90 sec to swim to the platform. Once on the platform, the rat remained on it
for 15 sec, followed by placement into a heated cage for a 30 sec ITI. An arm entry was
counted when the tip of a rat’s snout reached a mark delineated on the outside of the arm (11
cm into the arm). Entry into an arm with no platform counted as an error, the dependent
variable. After four days of testing with a 30 sec ITI between all trials, rats were tested with
a 6-hour delay (day 5) between the information trial (trial 1) and the working memory test
trial (trial 2) to assess delayed memory retention. There were no additional trials after the
post-delay trial (e.g. trial 2). Errors were defined as entry into an arm with no platform, and
were quantified for trial 2. In addition, to determine whether each group was affected by this
delay test, performance of each group on trial 2 was compared to trial 2 at baseline (day 4
was used as baseline) via a repeated measures ANOVA with Day (test trial for delay day vs.
test trial for baseline day) as the repeated measure.

2.7 Brain tissue collection
All rats were sacrificed the day after testing ended. Animals were anesthetized with
isoflurane (Vetone, Meridian, Indiana) and decapitated according to NIH euthanasia
guidelines. Brains were rapidly dissected by the same experimenter who was blind to
treatment group status. Referring to Paxinos and Watson (1998), from the left hemisphere,
frontal cortex, cingulate cortex, entorhinal cortex, dorsal and ventral hippocampus (CA1/2),
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perirhinal cortex, and temporal cortex were dissected for neurotrophin quantification; from
the right hemisphere the dorsal hippocampus (CA1/2) was dissected for gene expression
profiling. ELISA procedures were carried out on the left hemisphere, and gene expression
profiling was carried out on the right hemisphere, to reduce potential inter-hemispheric
variability, a procedure used by our laboratory and others (Bimonte-Nelson et al., 2008;
French, et al., 2006; Gobbo and O’Mara, 2004). Tissues were placed in pre-weighed
microcentrifuge tubes, quickly weighed, frozen on dry ice and stored in at −70 °C until
analysis.

2.8 Hormone assays
After decapitation, serum was collected and stored at −4 °C until analysis. Estrone and 17β-
estradiol levels were determined by liquid chromatography-tandem mass spectrometry (LC-
MS/MS) according to previously published methods (Nelson et al., 2004). After dansyl
chloride derivatization, samples were separated by fast gradient chromatography and then
were injected in a tandem mass spectrometer after formation of positive ions with
atmospheric pressure chemical ionization. Limits of quantification for estrone and 17β-
estradiol were 0.2 and 0.5 pg/ml, respectively, with interassay CV’s of 15% or less at the
concentrations obtained for these steroids.

2.9 Neurotrophin level quantification
BDNF and NGF levels were assessed using commercially available assay kits from Promega
(Madison, WI). Neurotrophin assay procedures were done as previously described (Bimonte
et al., 2003; Bimonte-Nelson et al., 2003; Bimonte-Nelson et al., 2004; Bimonte-Nelson et
al., 2008; French, et al., 2006). In brief, flat-bottom plates were coated with the
corresponding capture antibody, which binds the neurotrophin of interest. The captured
neurotrophin was bound by a second specific antibody, which was detected using a species-
specific antibody conjugated to horseradish peroxidase as a tertiary reactant. All unbound
conjugates were removed by subsequent wash steps according to the Promega protocol.
After incubation with chromagenic substrate, color change was measured in an ELISA plate
reader at 450 nm. Using these kits, BDNF and NGF can be quantified in the range of
4.7-300 pg/ml and 7.8-500 pg/ml, respectively. For each assay kit, cross-reactivity with
other trophic proteins is < 2-3%.

2.10 Gene expression
These gene expression procedures have been used in previous studies (Basu, et al., 2006;
Long et al., 2009). For gene expression, dorsal hippocampal tissues from the Ovx-Vehicle,
Ovx-Premarin-Low and Ovx-Premarin-High rats that were used for maze testing were taken.
However, for the final data analysis, three subjects from the Ovx-Vehicle group, three from
the Ovx-Premarin-Low group and seven from the Ovx-Premarin-High group were used.
This was due to a number of samples not progressing forward to data analysis because of
stringent quality control measures. These samples did not meet the minimum cRNA
amplification requirements for expression profiling, or they were dropped after evaluating
quality control reports following array scanning. These samples did not pass at least one of
the following criteria: a maximum 3′/5′ GAPDH ratio of 3.0, at least 30% present calls, and/
or a maximum scaling factor of 5.0. Values falling outside of these thresholds are indicative
of sample degradation and thus a lower level of sample quality. Thus some groups suffered
more attrition than others and individuals represented in the groups compared varied. Total
RNA was isolated from dorsal hippocampal samples using the Qiagen (Germantown, MD)
RNeasy Mini Kit. Total RNA was eluted with 20 μL of RNase-free water. RNA was
precipitated by the addition of 1/10 volume 3M NaOAc (pH 5.2) and 2.5 volumes absolute
ethanol. After mixing and incubation at −20 °C for 1 hour, the samples were spun at
≥12,000 g for 20 m at 4 °C. The resulting pellet was washed twice with 80% ethanol and air
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dried. Pellets were resuspended in 9.1 μL of DEPC-treated water. Isolated total RNA from
each sample was amplified, cleaned, and biotin-labeled using Affymetrix’s (Santa Clara,
CA) GeneChip Once-Cycle Target Labeling kit with a T7 promoter as per manufacturer’s
protocol. Amplified and labeled cRNA was quantitated on a spectrophotometer and run on a
1% TAE gel to check for an evenly distributed range of transcript sizes. 20 μg of cRNA was
fragmented to approximately 35 to 200 bp by alkaline treatment (200mM Tris-acetate, pH
8.2, 500 mM KOAc, 150 mM MgOAc) and run on a 1% TAE gel to verify fragmentation.
Separate hybridization cocktails are made using 15 μg of fragmented cRNA from each
sample as per Affymetrix’s protocol. Two hundred μL of each cocktail was separately
hybridized to an Affymetrix Rat Genome 230 2.0 Array for 16 hours at 45 °C in the
Hybridization Oven 640. Arrays were washed on Affymetrix’s upgraded GeneChip Fluidics
Station 450 using a primary streptavidin phycoerythrin (SAPE) stain, subsequent
biotinylated antibody stain, and secondary SAPE stain. Arrays were scanned on
Affymetrix’s GeneChip Scanner 3000 7G with AutoLoader. Scanned images obtained by
the Affymetrix GeneChip Operating Software (GCOS) v1.2 were used to extract raw signal
intensity values per probe set on the array and calculate detection calls as absent, marginal,
or present. Assignment of detection calls was based on probe-pair intensities for which one
probe was a perfect match of the reference sequence and the other was a mismatch probe for
which the thirteenth base (of the 25 oligonucleotide reference sequence) was changed.
Signals are calculated using the One-Step Tukey’s Biweight Estimate and all raw chip data
was scaled in GCOS to 150 using MAS5.0 to normalize signal intensities for inter-array
comparisons.

2.11 Statistical analyses
Since our interest was to determine whether each dose enhanced performance relative to the
vehicle group, all of our two-group comparisons were planned. Uterine, serum, and brain
analyses were run via t-tests set a priori. Because the group comparisons represented a
priori planned contrasts, each comparison was evaluated using an alpha level of 0.05 except
when noted otherwise (Keppel and Wickens, 2004, p. 115). For behavior assessments, for
each dependent variable described above, data were analyzed separately for each maze with
an omnibus repeated measures ANOVA with Treatment as the between variable, and Days
and/or Trials as the within variable, as appropriate for the specific maze test.

Using Pearson r correlations, we correlated serum estrone and 17β-estradiol levels (pg/ml),
and the ratio of estrone:17β-estradiol (estrone divided by 17β-estradiol), with the following
measures: WRAM total errors for initial and latter phases, WRAM total errors on post-delay
trials, MWM swim distance (cm), target quadrant percent distance (cm) on the MWM probe
trial, DMS WM trial total errors on day 1-4, and DMS errors after the delay. We also
correlated these serum hormone levels to each other to aid interpretation of hormone
profiles.

Gene expression analysis consisted of two comparisons: (1) Ovx-Vehicle versus Ovx-
Premarin-Low animals, and (2) Ovx-Vehicle versus Ovx-Premarin-High animals. Within
each comparison, all samples in the comparison were first evaluated based on Affymetrix
detection calls. For comparison 1, those genes demonstrating at least one present call out of
a total of six (three Ovx-Vehicle animals and three Ovx-Premarin-Low animals) calls were
extracted in order to remove genes that did not show measurable levels of expression across
both sample groups. Similarly, for comparison 2, those genes demonstrating at least one
present call out of a total of ten calls (three Ovx-Vehicle animals and seven Ovx-Premarin-
High) were identified. Following this detection call filter, the average expression signals
were calculated for each group in both comparisons; those genes that have both average
expression signals less than 100 in a comparison are removed (e.g. if the Ovx-Vehicle
average signal and the Ovx-Premarin-Low average signal for a gene are both less than 100
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in comparison 1, the gene is removed) because changes at consistently low levels overlap
with background. The ratio of average expression signals for each probe represents the fold
change. The Student’s t-test (heteroscedastic, two-tailed) was used to calculate p-values for
transcriptomic changes for each gene. MetaCore GeneGo software was used for pathway
analysis of significant genes. This software takes an input list of genes and evaluates the
genes against an annotated database of genes/proteins and maps, which represent known
relationships between genes/proteins. The software database also incorporates Gene
Ontology (GO) processes under which the input list of genes can also be organized. This
tool supports the identification of processes and systems that are likely to be affected by
changes in expression of specific genes. In this study, genes that demonstrate the most
significant changes (p < 0.01) are input into the pathway analysis software to determine
what mechanisms are likely affected by respective transcriptomic changes. For comparison
1, 962 genes were input into GeneGo, whereas for comparison 2, 120 genes were evaluated.
The top ten processes for each comparison are listed in Table 2 and represent the processes
most likely affected by changes in gene expression. The numerator of the ratio represents the
number of genes from the input list that are contained in the process, while the denominator
represents the total number of genes in the process.

3. Results
3.1 Vaginal smears, uterine weights, pituitary weights and blood hormone levels

With the exception of one Ovx-Premarin treated rat, all Ovx-Premarin treated rats exhibited
estrous vaginal smears that had many cornified cells. The animal with the non-estrous smear
was excluded from the study. All Ovx-Vehicle rats showed continuous diestrus smears.
Ovx-Premarin-Low, Ovx-Premarin-Medium and Ovx-Premarin-High treatments increased
uterine weights relative to Ovx-Vehicle animals [Ovx-Vehicle vs Ovx-Premarin-Low
t(16)=8.52; p < 0.0001; Ovx-Vehicle vs. Ovx-Premarin-Medium t(15)=7.29; p < 0.0001;
Ovx-Vehicle vs Ovx-Premarin-High t(14)=8.77; p < 0.0001] (Figure 1a). Premarin also dose
dependently influenced pituitary weights (Figure 1b). Pituitary weights in the Ovx-
Premarin-High group were significantly elevated compared to the Ovx-Vehicle treated
group [t(13)=3.05; p < 0.01].

Premarin treatment dose-dependently increased circulating hormone levels. All doses of
Premarin increased estrone levels as compared to vehicle controls [Ovx-Vehicle vs Ovx-
Premarin-Low t(7)=3.23; p < 0.05; Ovx-Vehicle vs. Ovx-Premarin-Medium t(8)=6.92; p <
0.0001; Ovx-Vehicle vs. Ovx-Premarin-High t(8)=4.62; p < 0.005] (Figure 1c). Since there
appeared to be differences between the Premarin-dosed groups, and knowing whether these
groups differed would aid interpretation of the behavior findings, we performed post-hoc
comparisons comparing the three Premarin doses to each other for estrone and 17β-estradiol.
Both medium [Ovx-Premarin-Low vs Ovx-Premarin-Medium t(11)=5.66; p < 0.0001] and
high [Ovx-Premarin-Low vs Ovx-Premarin-High t(11)=3.69; p < 0.0036] Premarin doses
had higher estrone levels than low dose Premarin. Only the two higher doses significantly
increased circulating 17β-estradiol as compared to Ovx animals [Ovx-Vehicle vs. Ovx-
Premarin-Medium t(10)=5.54; p < 0.0005; Ovx-Vehicle vs. Ovx-Premarin-High t(10)=3.41;
p < 0.0001] (Figure 1d). For estrone, both medium (Ovx-Premarin-Low vs Ovx-Premarin-
Medium t(11)=4.11; p < 0.0017) and high (Ovx-Premarin-Low vs Ovx-Premarin-High
t(11)=2.37; p < 0.037) Premarin doses elevated 17β-estradiol levels significantly more than
low dose Premarin. Post-hoc comparisons indicated that Ovx-Premarin-Medium and Ovx-
Premarin-High groups did not differ from each other for estrone or 17β-estradiol levels.

Estrone and 17β-estradiol levels were positively correlated when all animals were included
[r (24) =.885, p < 0.0001] (Figure 1e), as well as when the correlation was run with only the
three Premarin treated groups [r (19) =.894, p < 0.0001]. To ensure that this significant
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correlation was not attributable to group differences in estrone and 17β-estradiol levels due
to the experimental manipulations, we centered the data by subtracting each animal’s score
from the mean of the treatment group to which they belonged (Enders and Tofighi, 2007;
Hallahan and Rosenthal, 2000). We then replaced the original serum hormone measures
with the centered values in the correlation analyses. The correlation remained significant [r
(24) =.710, p < 0.0001], suggesting that the relationship between estrone and 17β-estradiol
was not being carried by group membership (Figure 1f).

3.2 Water radial arm maze
For the Initial (Figure 2a) and Latter (Figure 2b) phases, there were no Treatment main
effects, nor were there interactions with Treatment for any variable (WMC, RM, WMI,
Total Errors). On day 12, after all animals had been trained on the task, a four hour delay
was instilled between trials 2 and 3, placing a higher memory demand for trials 3 and 4. The
Ovx-Premarin-High group exhibited better performance than the Ovx-Vehicle group for
total errors committed across the post-delay trials [t(16)=2.86; p < 0.05] (Figure 2c). No
other Premarin treated group differed in post-delay performance compared to animals
receiving vehicle.

3.3 Morris water maze
Figure 3a shows the mean distance scores±SE for each treatment group across the three days
of MWM testing. Premarin treatment did not alter overall spatial reference memory
performance; there was no main effect of Treatment, nor did Treatment interact with Days
or Trials for any comparison. For the probe trial, there was a Quadrant main effect for each
Ovx-Premarin-treated vs. Ovx-Vehicle comparison, with a higher percent distance spent in
the target quadrant versus the opposite quadrant [Ovx-Vehicle vs Ovx-Premarin-Low:
F(1,1)=81.79; p < 0.0001; Ovx-Vehicle vs. Ovx-Premarin-Medium: F(1,1)=180.42; p <
0.0001; Ovx-Vehicle vs Ovx-Premarin-High: F(1,1)=109.87; p < 0.0001] (Figure 3b),
thereby indicating that all groups, regardless of hormone status, localized the platform
location by the end of testing.

The frequency of platform crossings was dose dependently influenced by Premarin
treatment. Ovx-Premarin-Low treated rats made fewer platform crossings than the Ovx-
Vehicle controls [Treatment main effect: (15)=2.36; p < 0.05], suggesting that Ovx-
Premarin-Low animals were less able to localize the platform location on the probe trial.
However, neither the Ovx-Premarin-Medium nor High groups differed from Ovx-Vehicle
controls in number of platform crossings. To assess potential changes in platform search
strategy across the 60 sec probe trial, we divided the probe trial into two 30 sec epochs and
assessed the frequency of platform crossings across these epochs (Figure 3c). A significant
Treatment × Epoch interaction was found between the Ovx-Vehicle and Ovx-Premarin-Low
groups [F(1,15)=6.54; p <0 .05]. For the first 30 sec epoch, Ovx-Premarin-Low rats made
fewer platform crossings than Ovx-Vehicle rats [t(15)=3.42; p < 0.01]; there were no group
differences on the second 30 sec epoch. Neither the Ovx-Premarin-Medium nor the Ovx-
Premarin-High animals differed from the Ovx-Vehicle animals during the first or second 30
sec epochs. There were no significant comparisons between any Premarin-treated group and
vehicle group for swim speed during the total 60 second probe trial, nor for the first or
second 30 sec epoch analyzed separately.

3.4 Delayed match-to-sample plus maze
For the working memory test trial (trial 2) collapsed across acquisition days (days 1-4), the
Ovx-Premarin-Low group made more errors than the Ovx-Vehicle group [Treatment main
effect: F(1,16)=6.24; p < 0.05] (Figure 4a). There were no group differences between the
Ovx-Vehicle group and either of the two higher Premarin dose groups for the working
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memory trial. For recent memory trials (trials 3-6), there was a Treatment × Day interaction
for the Ovx-Vehicle and Ovx-Premarin-Low comparison [F(1,3)=4.67, p < 0.01] (Figure
4a), an effect due to Ovx-Premarin-Low animals committing more errors than Ovx-Vehicle
animals on day 3 [Treatment effect for Day 3: F(1,16)= 5.23; p < 0.05], but not on days 1, 2,
or 4.

For the 6 hour delay, Ovx-Premarin-Medium rats committed fewer errors after the delay
than Ovx-Vehicle rats [t(15)=2.41; p < 0.05], and Ovx-Premarin-High rats made somewhat
fewer errors than Ovx-Vehicle rats, with a marginal effect [t(14)=1.94; p = 0.07; Figure 4b].
When animals receiving the two highest Premarin doses were combined, this Ovx-Premarin-
Medium+High group committed significantly fewer errors on the test trial after the 6-hour
delay compared to the Ovx-Vehicle group [t(22)=3.05; p < 0.01] (Figure 4b). When we
evaluated baseline performance (trial 2 of day 4, the day before the delay) relative to post-
delay performance (trial 2 of day 5) to determine which groups were affected by the delay, it
became clear that low-dose Premarin treatment impaired performance independent of the
delay. Indeed, on this baseline day Ovx-Premarin-Low rats made more Total errors than
Ovx-Vehicle rats [t(16)=2.94; p < 0.01] and performance of the Ovx-Premarin-Low group
did not change with the delay (pre-delay Total errors on trial 2 vs. post-delay Total errors on
trial 2: p > .36). In contrast, Ovx-Vehicle rats were impaired by the delay [pre-delay Total
errors on trial 2 vs. post-delay Total errors on trial 2: F(1,8)=6.00; p < 0.05], while the delay
did not impair performance in Ovx-Premarin-Medium and -High rats (ps > .59).

3.5 Circulating estrogens correlate with maze performance
Premarin-treated animals that had higher levels of estrone [r = −0.672, p = .0008](Figure
5a), or a higher estrone:17β-estradiol ratio [r = −0.483, p = .03] (Figure 5b), tended to make
fewer errors on the working memory trial of the initial block of DMS testing. These
significant correlations were not due to mean differences between treatment groups, as
correlations each held up after data were centered to obviate effects of group membership [r
= −0.470, p = .04; r = −0.499, p = .023, respectively](Figure 5c and 5d). There were no
other significant relationships between estrone, 17β-estradiol and maze performance.

3.6 Neurotrophin levels
The effect of Premarin treatment on neurotrophins was assessed in cingulate cortex, frontal
cortex, entorhinal cortex, dorsal and ventral hippocampus, perirhinal cortex and temporal
cortex (Table I). All doses of Premarin significantly increased BDNF in the cingulate cortex
compared to vehicle [Ovx-Vehicle vs. Ovx-Premarin-Low t(16)=2.32; p < 0.05; Ovx-
Vehicle vs. Ovx-Premarin-Medium t(15)=2.39; p < 0.05; Ovx-Vehicle vs. Ovx-Premarin-
High t(14)=2.36; p < 0.05]. Similarly, the two highest Premarin doses increased NGF in the
cingulate cortex; Ovx-Premarin-Medium and Ovx-Premarin-High groups had higher NGF
protein levels in cingulate cortex as compared to the Ovx-Vehicle group [Ovx-Vehicle vs.
Ovx-Premarin-Medium t(15)=3.80; p < 0.01; Ovx-Vehicle vs Ovx-Premarin-High
t(14)=4.00; p < 0.01]. Premarin-High treatment, but no other dose, significantly decreased
BDNF levels in the perirhinal cortex compared to vehicle controls [t(14)= 2.20; p< 0.05].
No dose of Premarin altered perirhinal NGF levels, or BDNF or NGF levels in frontal
cortex, temporal cortex, entorhinal cortex, dorsal hippocampus or ventral hippocampus.

3.7 Gene expression
Expression profiling analysis of dorsal hippocampi led to identification of genes that were
differentially expressed across treatment groups. In a comparison of the Ovx-Vehicle and
the Ovx-Premarin-Low groups, 962 genes demonstrated statistically significant (p < 0.01)
changes, whereas in a comparison of the Ovx-Vehicle and the Ovx-Premarin-High groups,
only 120 genes showed significant (p < 0.01) changes. Top genes are shown in Table II. For
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the Ovx-Premarin-Low group, primarily uncharacterized or predicted genes demonstrated
the greatest changes (Table II: List 1). For the Ovx-Premarin-High group, top genes (p <
0.01, greatest folds) include Homer1 (homer homolog 1), Pdk2 (pyruvate dehydrogenase
kinase, isoenzyme 2), and Prkd2 (protein kinase D2) (Table II: List 2). MetaCore GeneGo
pathway analysis of significant genes also pinpointed cellular processes that may be affected
by transcriptomic changes. The top 10 processes for each comparative analysis are listed in
Table III.

4. Discussion
The current study is the first to evaluate tonic Premarin treatment for memory and
potentially associated brain variables using the rodent model. Here, we demonstrate that
tonic Premarin treatment affects memory, neurotrophin protein and gene expression in the
middle-aged Ovx rat. Confirming peripheral endocrine responsiveness, all three Premarin
doses resulted in positive estrous vaginal smears and increased uterine weights, and the
highest Premarin dose increased pituitary weights. There were also dose-related increases in
serum estrone and 17β-estradiol levels. These levels were within low physiological range for
ovary-intact young and middle-aged rodents (Lerner et al., 1990; Page and Butcher, 1982).
Accordingly, estrone and 17β-estradiol levels increased to the low physiological range in
women after 0.625 and 1.25 mg/tablet daily oral Premarin treatment (O’Connell, 1995).
Premarin is largely estrone sulfate, which gets converted to estrone, and then to 17β-
estradiol. Therefore, the Premarin-induced elevations in 17β-estradiol correspond with the
expected sequence of steroid conversion, even though Premarin itself contains only trace
amounts of 17β-estradiol (Kronenberg et al., 2008). In the current study, circulating estrone
levels significantly increased with low-, medium- or high- dose Premarin treatment, while
17β-estradiol levels significantly increased only after the medium- and high- dose
treatments. Further, the medium- and high- dose regimens resulted in estrone and 17β-
estradiol levels that were significantly higher than the low-dose regimen. This suggests that
the ratio of these two estrogens varies with Premarin dose, and provides a dissociation of
hormone profiles of the subjects in this study. This affords us the opportunity to evaluate
whether the ratio of estrone:17β-estradiol correlates with the assessed cognitive and brain
variables.

The dose-dependent cognitive effects of Premarin in this study are likely related to the
resulting circulating hormone levels. Relative to vehicle, the lowest dose tested, 12 μg daily,
impaired spatial learning on two maze tasks, even though the tasks evaluated different types
of spatial memory. Specifically, low-dose Premarin treatment impaired learning the MWM
(spatial reference memory) and the DMS plus maze (spatial working memory), but had no
effect on the WRAM (spatial working and reference memory). These effects are especially
noteworthy given that the low-dose Premarin regimen was the only treatment that did not
elevate circulating 17β-estradiol levels relative to Ovx-Vehicle animals, while it did increase
estrone (Figure 1). These estrone levels were very low physiological (Lerner et al.,
1990;Page and Butcher, 1982); significantly lower than those resulting from the medium- or
high- doses of Premarin given in the current study. It is therefore plausible that these low
circulating estrone levels, in the presence of very low 17β-estradiol levels (comparable to
that of Ovx animals), impairs performance on tasks that assess only reference memory place
learning, or only working memory place learning, but not a task that is more complex such
as the WRAM. This more difficult WRAM task likely challenged the Ovx group more so
than the tasks solely testing reference or working memory, resulting in less discrimination of
low-dose Premarin effects. The positive correlation we found between performance on the
DMS working memory trial and estrone, and with the estrone:17β-estradiol ratio, further
supports this tenet. Indeed, as levels of estrone increased, and the ratio of estrone:17β-
estradiol increased, animals tended to show better working memory performance on this
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measure. Taken together with the dissociation of dose-specific estrogenic profiles, results
suggest that higher levels of estrone, in the presence of 17β-estradiol concentrations higher
than that of Ovx levels, are beneficial for memory. To our knowledge there is no animal
study evaluating the cognitive effects of circulating estrone levels, neither endogenous nor
exogenous after hormone treatment, although some work has been done in humans in this
regard. Higher circulating estrone and 17β-estradiol levels both correlated with better verbal
recall scores in oopherectomized women given estrogen-containing hormone therapy
(Phillips and Sherwin, 1992), and several cognitive measures improved after estrogen or
estrogen-androgen therapy in oopherectomized women, concordant with increases in
circulating estrone and 17β-estradiol levels (Sherwin, 1988). Other studies have correlated
estrone and 17β-estradiol with cognitive measures in menopausal women that have not been
given estrogen therapy. Findings range from higher estrone or 17β-estradiol levels
corresponding to better cognitive scores or a lower frequency of mild cognitive impairment
(Lebrun et al., 2005;Wolf and Kirschbaum, 2002) to no correlation (Almeida et al., 2005), to
higher 17β-estradiol levels corresponding to worse cognitive scores (Barrett-Connor and
Goodman-Gruen, 1999). Interestingly, in the latter study, higher endogenous estrone levels
were marginally related to better performance on a verbal memory test in menopausal
women not on hormone therapy (p=.07, Barrett-Connor and Goodman-Gruen, 1999, p.
1291). While these studies provide support that circulating estrone and 17β-estradiol levels
relate to cognition, there has been no methodical assessment of whether the balance between
estrone and 17β-estradiol impacts the direction or efficacy of estrone’s cognitive effects.
17β-estradiol’s presence should be presumed when referring to estrone, and vice versa, due
to interconversion of these two estrogens by oxidoreductase 17β-hydroxysteroid
dehydrogenase (Khan et al., 2004). Thus, it could be argued one can truly not dissociate
them. However, this does not preclude estrogenic effects on brain functions due to: (1) total
steroid level and/or (2) the balance of estrone and 17β-estradiol.

In vitro, Premarin induced neuroprotection against β-amyloid, hydrogen peroxide and
glutamate-induced toxicity in neurons derived from cognitive brain regions including the
hippocampus, basal forebrain and cortex; in several cases Premarin was effective at multiple
doses (Brinton et al., 2000). Other in vitro work showed that high nanomolar to micromolar
estrone concentrations exerted dose-dependent neuroprotective effects on cultured neurons
(Bae et al., 2000; Green et al., 1997; Regan and Guo, 1997; Zhao and Brinton, 2006; Brinton
et al., 1997), although other components of Premarin were more effective than estrone
(Brinton et al., 1997). We do not know the physiological concentrations of estrone or the
estrone:17β-estradiol ratio in the brains of our animals, or how the effects may be distributed
across various brain networks mediating our effects. However, collectively, the findings
suggest that estrone can exert neurotrophic properties and neuroprotection (Prokai and
Simpkins, 2007), which could translate to enhanced brain function, at least in the presence
of 17β-estradiol concentrations that are higher than Ovx levels.

Using 17β-estradiol treatment, dose dependent mnemonic effects are shown in rodent
studies. High physiological 17β-estradiol levels enhanced learning a place strategy on a plus
maze in young rats (Korol and Kolo, 2002) and on the MWM in young and middle-aged rats
(Talboom et al., 2008). The WRAM, MWM, and DMS tests used in the current study were
spatial tasks. While no Premarin dose used in this study enhanced learning of these tasks, it
is possible that a higher Premarin dose would have resulted in higher 17β-estradiol levels
that could have improved spatial task acquisition. Indeed, the 17β-estradiol levels resulting
from even our highest Premarin dose treatment were low physiological. The spatial learning
enhancements noted previously were seen with 17β-estradiol levels in the higher
physiological range (Korol and Kolo, 2002; Talboom et al., 2008). In the current study, the
two highest Premarin doses tested, 24 and 36 μg daily, enhanced memory retention when
subjected to an extended temporal challenge. Specifically, high-dose Premarin treatment
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improved retention of numerous items of information across a 4-hour delay on the WRAM,
and the two highest Premarin doses enhanced 6-hour retention of one item of information on
the DMS task. Both of these tasks require working- or short- term memory. There was no
effect of an overnight delay on the spatial reference memory MWM, suggesting that tonic
Premarin does not influence overnight forgetting. These findings suggest that the memory
enhancing effects of Premarin are task specific and moreover, require a mnemonic challenge
across hours to be manifested. Our findings that the two highest doses of Premarin improved
memory retention correspond with other studies showing that a higher 17β-estradiol dose
may be necessary to enhance memory, especially in rats approaching old age. Specifically,
we have shown that higher circulating 17β-estradiol replacement levels correlate with better
spatial reference memory in young and middle-aged Ovx rodents (Talboom et al., 2008).
The necessity of a higher dose during aging may be especially poignant for memory
retention (Foster et al., 2003). While findings are not yet reconciled, studies report that
higher levels of 17β-estradiol given via daily injection (Holmes et al., 2002), or an
intermediate, but not high, 17β-estradiol dose given via drinking water (Fernandez and
Frick, 2004), impairs spatial maze performance. Also of note, while it is hypothesized that
17β-estradiol and estrone are two Premarin components largely responsible for the
estrogenic effects of Premarin (Sitruk-Ware, 2002), there are other estrogens and
metabolites present in Premarin that could alter efficacy of estrone effects and/or initiate
effects on their own. Thus, although we found correlations between memory performance
and estrone, and the estrone:17β-estradiol ratio, cognitive effects due to Premarin treatment
could also be related to metabolites of Premarin such as delta 8,9 dehydroestrone,
dihydroequilin-17β or equilin (Kuhl, 2005).

Many factors other than dose likely also play a role in estrogenic effectiveness on memory
and the brain. The amount of time between hormone loss and subsequent treatment likely
impacts efficacy of estrogenic therapy. Women who participated in the WHIMS were
between 65-79 years old, and many had experienced ovarian hormone deprivation for a
substantial amount of time before receiving Premarin-containing treatment (Shumaker et al.,
1998). In the rodent, 17β-estradiol replacement initiated immediately after Ovx enhanced
spatial memory performance in middle-aged rats, but imparted no benefit when given 5
months after Ovx (Daniel et al., 2006). Age-related changes in responsiveness may also
influence the effectiveness of estrogen treatment. Aged Ovx rats were not responsive to the
17β-estradiol replacement regimen that was effective in young and middle-aged Ovx rats
(Talboom et al., 2008), concurring with Age × 17β-estradiol replacement interactions for
spatial memory shown by others (Foster et al., 2003). The current study controlled for these
factors since time after Ovx and age were constant for all groups. However, whether
Premarin-induced memory enhancements would have completely reversed any observed
age-related memory retention decrements cannot be determined from the current
experiment, as young animals were not assessed for comparison. Future studies
incorporating this comparison group would be helpful in determining extent of Premarin-
induced improvements during aging.

Interestingly, we have previously shown in middle-aged Ovx rats that 10 μg of Premarin,
given via two injections 24 hours apart, followed by 48 hours without injection, enhanced
learning of the DMS task used in the current study (Acosta et al., 2009). In contrast, the 12
μg tonic Premarin dose used herein impaired performance on this same measure.
Intermittent cyclic vs. tonic regimens are a plausible explanation for the difference in
findings. Differences in estrogen receptor expression, with cyclic estrogen treatment
facilitating estrogen receptor recycling, and tonic estrogen treatment down-regulating
estrogen receptors, indicate divergent neural mechanisms of action for cyclic and tonic
administration that likely impact learning and memory changes (Blaustein, 1993; Brown et
al., 1996; Kassis and Gorski, 1981; Rosser et al., 1993). There are age-related alterations in
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the number and activity of estrogen receptors, which could influence responsivity as aging
ensues (Chakraborty and Gore, 2004). The animals in our current and prior (Acosta et al., in
2009) Premarin studies were middle-aged. Data suggest an estrogen-receptor dependent
mechanism of 17β-estradiol-induced benefits on spatial memory (Zurkovsky et al., 2006).
Thus, changes in estrogen receptors with age and with type of estrogen regimen could
influence responsiveness to estrogen for spatial memory. Further, for 17β-estradiol, tonic
treatment only enhanced memory when cyclic treatment was initiated first in older Ovx rats
(Markowska and Savonenko, 2002).

In addition to Premarin-induced dose-dependent effects on cognition, we found dose-
dependent effects on neurotrophin protein levels in the cingulate and perirhinal cortices. In
the cingulate cortex, all Premarin doses increased BDNF, while only the two highest doses
increased NGF. In the perirhinal cortex, only the highest Premarin dose affected
neurotrophin levels, decreasing BDNF. BDNF and NGF proteins are implicated in learning
and memory (Backman et al., 1996; Fischer et al., 1987; Frick et al., 1997; Mizuno et al.,
2000. Scali et al., 1994). Neurotrophins may play a role in estrogenic-induced memory
changes, as indicated by the current study using Premarin and prior studies using 17β-
estradiol. 17β-estradiol replacement increased BDNF and NGF proteins in the entorhinal
cortex in aged Ovx rats (Bimonte-Nelson et al., 2004) and increased levels of TrkA, the
high-affinity neurotrophin receptor, in the basal forebrain (McMillan et al., 1996; Singer et
al., 1998). The neurotrophin findings in the current study also implicate the cingulate gyrus
and perirhinal cortex as potential sites of action for Premarin treatment. These brain regions
play critical roles for cognition in rodents, including for spatial and object memory
(Bachevalier and Nemanic, 2008; Cain et al., 2006; Ennacuer et al., 1997; Lee et al., 2006;
Lukoyanov et al., 2005; Ramos, 2008), and in humans as shown for spatial tasks
(Kindermann et al., 2004; Moffat et al., 2006) and for degenerative changes with
Alzheimer’s disease (Hirono et al., 1998; Liang et al., 2008; Reiman et al., 2004). It is
currently unknown how or whether Premarin-induced growth factor changes are related to
the altered memory functions seen after treatment. Hypotheses set forth include
compensatory relational changes in the hippocampal/basal forebrain retrograde transport
system, which could account for upregulation in some brain regions, but downregulation in
others (Granholm, 2000).

In the current report, gene expression profiling of dorsal hippocampus identified
mechanisms possibly involved with Premarin-induced memory changes. The dorsal
hippocampus was chosen as the region of analysis since it has well-known links with
learning and memory, especially regarding spatial navigation (Morris et al., 1982; Jarrard,
1993). While implications of gene expression changes identified in the current study have
yet to be determined, the genes listed in Table I represent molecular clues about the
processes relating to Premarin-effects on the rat hippocampus. Of these, it is noted that high-
dose Premarin treatment increased Homer1 expression. Homer1, which binds metabotropic
glutamate receptors (Brakeman et al., 1997), is particularly interesting due to its previously
implicated role in memory functions (Jaubert et al., 2007; Lominac et al., 2005; Szumlinski
et al., 2005). Since this study is the first to assess Premarin effects on gene expression in the
brain after cognitive testing, it is recognized that further studies are necessary to distinguish
those transcripts that may be altered by Premarin treatment alone, versus those transcripts
that are regulated by a physiological cascade of the improved memory due to Premarin
treatment.

In conclusion, this is the first study testing tonic Premarin, the estrogen component of the
most commonly utilized hormone therapy given to women since 1942, on a cognitive
battery in an animal model. We found that Premarin can affect cognition, with divergent
effects depending on dose. In middle-aged Ovx rats, Premarin enhanced memory retention
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on two tasks at higher doses. Low-dose Premarin impaired some aspects of performance,
specific to spatial platform localization and learning a working memory task, but had no
effect on memory retention. Premarin-induced cognitive changes may relate to the ratio of
estrone to 17β-estradiol, with higher levels associated with better performance, although it is
recognized that other components of Premarin could account for Premarin-induced memory
changes. Gene expression profiling identified Premarin-associated transcriptomic changes,
which likely includes Homer1, and provides a foundation for delineating the molecular
processes affected by Premarin. These findings suggest that Premarin can impact memory
and the brain, and that dosing should be recognized as a clinically relevant factor possibly
affecting the direction and efficacy of cognitive outcome.
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Figure 1.
Physiologial measures of Premarin stimulation. a) Mean (±SEM) uterine weights (g). All
doses of Premarin increased uterine weights relative to untreated controls (p < 0.0001). b)
Mean (±SEM) pituitary weights (g). The highest dose of Premarin increased pituitary
weights as compared to all other groups (p < 0.05). c) Mean (±SEM) serum estrone (pg/ml).
All doses of Premarin increased serum estrone levels relative to controls (p < 0.05). Medium
(dashed lines: p < 0.0005) and high (dashed lines: p < 0.01) Premarin doses produced
significantly higher estrone levels than the low dose. d) Mean (±SEM) serum 17β-estradiol
(pg/ml). Medium and high, but not low, dose Premarin increased serum 17β-estradiol as
compared to vehicle controls (p < 0.05). Medium (dashed lines: p < 0.01) and high (dashed
lines: p < 0 .05) Premarin doses produced significantly higher 17β-estradiol levels than the
low dose. e) Scattergram of serum estrogens. 17β-estradiol and estrone were significantly
correlated (r = 0.885, p < 0.0001). f) Centered scattergram of serum estrogens. The
correlation remained significant after mean group differences were removed, suggesting that
the significant correlation was not due to group membership (r = 0.710, p < 0.0001).
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Figure 2.
a) Mean (±SEM) number of errors for total errors (WMC, WMI, and RM combined) on the
initial phase (D2-6) of the WRAM. No dose of Premarin affected performance. b) Mean
(±SEM) number of errors for total errors on the latter phase (D7-11) of the WRAM. No dose
of Premarin affected performance. c) Mean (±SEM) number of total errors on WRAM post
delay trials, after a four hour delay was imposed between trials two and three. High-dose
Premarin animals made fewer errors than Vehicle-treated animals on the post-delay trials (p
< 0.05).
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Figure 3.
a) Mean (±SEM) swim distance (cm) during Morris maze testing. There were no differences
between Premarin- and vehicle- treated groups on learning across days. b) Mean (±SEM)
probe trial percent distance in the target and opposite quadrants. All animals, regardless of
treatment, swam a higher percent distance in the quadrant where the platform had been
previously located, indicating that all animals localized the platform location (p < 0.0001).
c) Mean (±SEM) platform crossings on the probe trial. During the first 30 seconds of the
probe trial, animals given low dose Premarin made fewer platform crossings than those
given vehicle (p<0.01). During the second 30 seconds, there were no group differences in
number of platform crossings.
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Figure 4.
a) Mean (±SEM) total errors during DMS testing. Animals given low dose Premarin made
more working memory errors than those given vehicle or medium dose Premarin (ps <
0.05). There were no group differences for recent memory. b) Mean (±SEM) errors on trial
two of the baseline day (day 4) and on trial two after the six hour delay (day 5). Animals
given low dose Premarin were impaired on day 4 compared to those given vehicle (p <
0.01), and thus were not further impaired by the added challenge of a delay (day 4 compared
to day 5, p > 0.36). While all Premarin groups were unchanged from day 4 to day 5
suggested they were not affected by the delay, the Ovx-Vehicle group was significantly
impaired after the delay (p < 0.05). On the post-delay trials, the combined Medium and High
group made significantly fewer errors compared to the Vehicle group (p<0.01).
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Figure 5.
a) Estrone levels were negatively correlated with DMS errors on the working memory trial
(r = −0.672, p < 0.001), indicating that animals with higher estrone levels tended to exhibit
better working memory scores. b) The ratio of estrone:17β-estradiol was also negatively
correlated with DMS performance on the working memory trial. c) Centered scattergram of
estrone and memory. The correlation of estrone and total DMS errors committed on the
working memory trial remained significant after mean group differences were removed,
indicating that the significant correlation was not due to group differences in hormone levels
or maze scores. (r = −0.470, p < 0.05). d) Centered scattergram of the estrogen ratio and
memory. The correlation of the estrone:17β-estradiol ratio and total DMS errors committed
on the working memory trial remained significant after mean group differences were
removed, suggesting that the significant correlation was not due to group membership (r =
−0.499, p < 0.05)

Engler-Chiurazzi et al. Page 27

Neurobiol Aging. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Engler-Chiurazzi et al. Page 28

Table I

NGF and BDNF protein levels for each treatment group, in each brain region analyzed.

BDNF
(pg/ml; mean±standard error)

NGF
(pg/ml; mean±standard error)

Cingulate
Gyrus

Frontal
Cortex

Ovx-Vehicle = 0.97±0.10
Ovx-Prem-Low = 1.05±0.09
Ovx-Prem-Med= 1.01±0.09
Ovx-Prem-High= 0.98±0.11

Ovx-Vehicle = 0.72±0.06
Ovx-Prem-Low = 0.78±0.05
Ovx-Prem-Med= 0.74±0.04
Ovx-Prem-High= 0.69±0.05

Entorhinal
Cortex

Ovx-Vehicle = 1.88±0.23
Ovx-Prem-Low = 1.67±0.17
Ovx-Prem-Med= 2.17±0.39
Ovx-Prem-High= 1.80±0.23

Ovx-Vehicle = 0.89±0.15
Ovx-Prem-Low = 0.71±0.06
Ovx-Prem-Med= 0.88±0.08
Ovx-Prem-High=0.73±0.08

Dorsal
Hippo

Ovx-Vehicle = 4.93±0.85
Ovx-Prem-Low = 5.44±0.80
Ovx-Prem-Med= 5.26±0.56
Ovx-Prem-High= 5.26±0.83

Ovx-Vehicle = 2.50±0.27
Ovx-Prem-Low = 2.98±0.34
Ovx-Prem-Med= 3.11±0.32
Ovx-Prem-High= 2.71±0.31

Ventral
Hippo

Ovx-Vehicle = 1.64±0.19
Ovx-Prem-Low = 1.94±0.12
Ovx-Prem-Med= 1.93±0.22
Ovx-Prem-High= 1.66±0.12

Ovx-Vehicle = 1.12±0.13
Ovx-Prem-Low = 1.44±0.14
Ovx-Prem-Med= 1.44±0.13
Ovx-Prem-High= 1.27±0.10

Perirhinal
Cortex

Ovx-Vehicle = 1.15±0.14
Ovx-Prem-Low = 1.13±0.22
Ovx-Prem-Med= 0.88±0.12
Ovx-Prem-High= 0.92±0.12

Temporal
Cortex

Ovx-Vehicle = 0.34±0.11
Ovx-Prem-Low = 0.25±0.04
Ovx-Prem-Med= 0.26±0.02
Ovx-Prem-High= 0.25±0.04

Ovx-Vehicle = 0.58±0.06
Ovx-Prem-Low = 0.56±0.08
Ovx-Prem-Med= 0.54±0.05
Ovx-Prem-High= 0.57±0.05

*
P < 0.05, significantly different from Ovx-Premarin-Vehicle

**
P < 0.01, significantly different from Ovx-Premarin-Vehicle
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Table II
Significant transcriptomic changes in the dorsal hippocampi (right hemisphere) of low
and high Premarin dosed treatment groups

Gene expression profiling was performed on dorsal hippocampi collected from the Ovx-Vehicle group, Ovx-
Premarin-Low group, and Ovx-Premarin-High group. Comparative analyses led to the generation of multiple
gene lists: (1) Ovx-Vehicle group versus Ovx-Premarin-Low group and (2) Ovx-Vehicle group versus Ovx-
Premarin-High group. The statistically significant genes (P<0.01) demonstrating the greatest fold changes are
shown.

List 1: Ovx-Vehicle group versus Ovx-Premarin-Low group

Probe Set ID Gene Symbol Gene Title P-value Fold

1370751_at LOC257642 rRNA promoter binding protein 4.61E-03 19.21

1375422_at --- ---- 5.48E-03 14.07

1398594_at --- Transcribed locus 9.88E-03 12.10

1375212_at Ankrd52_pred ankyrin repeat domain 52 (predicted) 8.72E-03 8.75

1379101_at Dhx36_pred DEAH box polypeptide 36 (predicted) 2.87E-03 6.32

1376707_at C1qtnf4_pred C1q and tumor necrosis factor related
protein 4 (predicted)

7.66E-05 −2.53

1368465_at Accn1 amiloride-sensitive cation channel,
neuronal (degenerin)

8.38E-03 −2.59

1368701_at Atp1a3 ATPase, Na+/K+ transporting, alpha
3 polypeptide

4.71E-03 −3.22

1371376_at RGD1565596 similar to Gene model 461 (predicted) 6.50E-03 −3.57

1385825_at RGD1559930 similar to mKIAA0256 protein
(predicted)

5.25E-03 −3.69

List 2: Ovx-Vehicle group versus Ovx-Premarin-High group

Probe Set ID Gene Symbol Gene Title P-value Fold

1377532_at RGD1305020 similar to Hepatocellularcarcinoma-
associated antigen 58 homolog

7.08E-05 1.83

1370454_at Homer1 homer homolog 1 (Drosophila) 3.95E-03 1.73

1392319_at RGD1564983 similar to leucine rich repeat containing
10 (predicted)

5.36E-03 1.57

1386975_at Pdk2 pyruvate dehydrogenase kinase,
isoenzyme 2

8.82E-04 1.46

1390647_at Phtf2_pred putative homeodomain transcription
factor 2 (predicted)

2.90E-03 1.36

1392613_at --- Transcribed locus 5.98E-03 −1.29

1373092_at --- Transcribed locus 5.84E-04 −1.31

1391605_at --- Transcribed locus 5.06E-03 −1.34

1372702_at PRP-2 proline-rich protein 9.12E-04 −1.36

1375122_at LOC690262 similar to YY1-associated factor 2 4.52E-04 −1.40
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Table III
Genego pathway analysis of significant genes

Metacore Genego pathway analysis was performed on significant (P<0.01) genes from the following
comparisons: Ovx-Vehicle group versus Ovx-Premarin-Low group & Ovx-Vehicle group versus Ovx-
Premarin-High group. The top ten processes identified for each comparison are listed. ‘Ratio’ represents the
number of genes from the significant list compared to the total number of genes in the process database.

Ovx-Vehicle group versus Ovx-Premarin-Low group

Process Ratio P-value

Cellular component organization & biogenesis 255/3593 5.50E-13

Protein metabolic process 271/3921 1.48E-12

Transport 220/3124 1.28E-10

Synaptic transmission 62/557 4.12E-10

Translation 64/595 8.69E-10

Establishment of localization 224/3262 8.82E-10

Cellular protein metabolic process 242/3602 1.04E-09

Macromolecule localization 97/1092 1.46E-09

Protein localization 94/1046 1.50E-09

Cellular macromolecule metabolic process 243/3660 3.01E-09

Ovx-Vehicle group versus Ovx-Premarin-Highgroup

Process Ratio P-value

Behavioral fear response 4/25 1.05E-05

Behavioral defense response 4/25 1.05E-05

Detection of abiotic stimulus 6/93 1.31E-05

Fear response 4/31 2.54E-05

Negative regulation of glucose import 3/11 2.68E-05

Locomotory behavior 9/317 6.70E-05

Regulation of synaptic transmission 5/81 8.83E-05

Regulation of transmission of nerve impulse 5/86 1.17E-04

Intracellular signaling cascade 24/1966 1.28E-04

Negative regulation of protein catabolic process 3/20 1.79E-04
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