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Abstract
The aim of this study was to determine if progesterone modulates object and spatial memory
consolidation in young ovariectomized C57BL/6 mice. Object memory was tested in an object
recognition task using 24- and 48-hr delays. Spatial memory was tested in a 2-day version of the
Morris water maze in which retention was tested 24 or 48 hrs after training. Immediately after training
in each task, mice received a single intraperitoneal injection of vehicle or 5, 10, or 20 mg/kg water-
soluble progesterone. Mice were then tested 24 or 48 hrs later in the absence of circulating
progesterone. Post-training injections of 10 and 20 mg/kg progesterone enhanced object recognition,
but not memory in the spatial water maze. These findings suggest that object memory consolidation
in young female mice is more sensitive to the modulatory effects of progesterone than spatial memory
consolidation, at least using the tasks, doses, and delays tested. As such, these findings may have
important implications for the design of progesterone therapies intended to reduce age-related
memory decline.
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1. Introduction
Investigations into the effects of estrogen and progestin therapy on memory have yielded
conflicting results. Although some studies have reported that treatment with estrogen and
progestin improves spatial and verbal memory [10,25], other studies, including the Women’s
Health Initiative (WHI) Memory Study and WHI Study of Cognitive Aging, report little or no
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benefit of estrogen plus progestin therapy on measures of both global cognitive function and
specific memory abilities [23,33,34,40]. These inconsistencies highlight the need to more
clearly understand how estrogens and progestins (e.g., progesterone) influence cognitive
function.

In rodents, the preponderance of evidence suggests that the potent estrogen 17β-estradiol
promotes neural plasticity and improves certain types of memory (for reviews, see [8,42]).
However, fewer studies have investigated the effects of progesterone on memory and,
therefore, far less is known about how this important ovarian hormone modulates cognitive
function. Some studies suggest that, like 17β-estradiol, progesterone can enhance memory. For
example, a single injection of progesterone given immediately after training (i.e., post-training)
enhances object recognition, working memory, and inhibitory avoidance in young
ovariectomized rats [17,39]. However, chronic treatment with progesterone prior to training
(i.e., pre-training) impairs spatial working memory and footshock avoidance learning in young
ovariectomized rats and mice [2,13]. Further, a single injection of progesterone 4 hrs before
training has no beneficial effect on spatial memory in young ovariectomized rats [5,35].

Together, these studies suggest that the mnemonic effects of progesterone may depend on the
timing of administration. Studies reporting beneficial effects of progesterone on memory
administered the hormone post-training, whereas those reporting no effect or an impairing
effect administered progesterone pre-training. The difference in timing of treatment relative to
testing may be important because progesterone can have anxiolytic and analgesic effects [3,
16] which could adversely impact both mnemonic and non-mnemonic (e.g., motor activity,
motivation) aspects of task performance. As such, the results of pre-training progesterone
administration on performance in memory tasks may not accurately reflect the impact of this
hormone on memory, per se. In contrast, treatment immediately post-training, with training
and testing conducted in the absence of circulating progesterone, allows for direct observation
of the memory consolidating effects of progesterone in the absence of non-mnemonic
confounds during training.

To date, single post-training injections of progesterone have been shown to enhance novel
object recognition in young female rats [17,39]. However, previous post-training studies used
progesterone dissolved in oil, thus making it unlikely that hormone would be fully metabolized
by testing 4 [39] or 24 [17] hrs later. As such, it is unclear whether these effects should be
attributed to effects of progesterone on memory consolidation immediately after training or to
circulating progesterone during retention testing. In addition, prior studies used a version of
the object recognition task in which the total time to explore the objects was limited to 3 min
[12]. The primary disadvantage of this procedure is that intrinsic differences among mice in
motivation and neophobia may lead to differential exposure to the objects and, thus, influence
the time spent with the objects during retention testing. Further, circulating progesterone at the
time of retention testing in previous studies [17,39] may have also contributed to group
differences in total exploration time during testing. In general, the differential object
exploration confound can be eliminated using a protocol in which total exploration time, rather
than total trial time, is fixed. Such a protocol has been shown in previous studies to involve
the hippocampus [1,7]. Understanding the effects of progesterone on hippocampal memory is
particularly important, given that this type of memory is vulnerable to the detrimental effects
of aging [9]. Further, progesterone significantly alters hippocampal physiology by modulating
CA1 dendritic spine density [41], synaptic proteins [6], and intracellular signaling [27,28].
Interestingly, no previous study has examined effects of post-training progesterone on
consolidation of spatial memory, which is clearly dependent on the hippocampus [26]. Because
acute intraperitoneal injections of 17β-estradiol given immediately after spatial Morris water
maze training can significantly enhance spatial memory consolidation in young ovariectomized
rats [30] and mice [20], it is possible that post-training progesterone might also facilitate
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hippocampal-dependent spatial memory. Examining the effects of progesterone on tasks that
have been demonstrated to involved the hippocampus would help to clarify the role of this
hormone in modulating memory and could provide relevant information for future hormone
therapies in aging women.

To eliminate the potential impact of circulating progesterone and differential object exposure
on the effects of post-training progesterone, the present study examined effects of acute post-
training progesterone injection on object memory consolidation using a rapidly metabolized
water-soluble form of progesterone and an object recognition protocol in which total
exploration time is fixed. To provide comparison with another type of hippocampal memory
[26], spatial memory consolidation was also tested using the Morris water maze. Immediately
after training in each task, young ovariectomized mice progesterone were injected
intraperitoneally (i.p.) with vehicle or a progesterone-2-hydroxypropyl-β-cyclodextrin (HBC)
inclusion complex. HBC-bound hormones are metabolized within 24 hrs [32,37], allowing
retention to be assessed in the absence of circulating progesterone. Spatial memory was tested
24 or 48 hrs after training, and object recognition memory was tested both 24 and 48 hrs after
training. Although this post-training study design does not mimic either the natural secretion
of progesterone or the effects of chronic hormone treatment, it permits a determination of the
specific effects of progesterone on memory in the absence of non-mnemonic confounds during
training or testing inherent to circulating progesterone. Distinguishing between the effects of
progesterone on memory and other performance factors will be critically important for the
design and use of future hormone therapies in women.

2. Materials and Methods
2.1. Subjects

Subjects were C57BL/6 mice (n = 78) ovariectomized by Taconic (Germantown, NY) at 8
weeks of age and shipped to Yale at 9 weeks of age. Mice were housed in a room with a 12:12
light/dark cycle (lights on at 07:00). All behavioral testing occurred during the light phase.
Mice were housed up to 5 per shoebox cage and had ad libitum access to food (Harlan 2018
18% Protein Rodent Diet) and water. Prior to behavioral testing, mice were handled 5 times
for 5 min per handling session to familiarize them to being picked up by the experimenter. All
procedures were approved by the Institutional Animal Care and Use Committee of Yale
University, and conformed to the guidelines established by the National Institute of Health
Guide for the Care and Use of Laboratory Animals.

2.2. Hormone treatment
Upon arrival at the laboratory, mice were randomly assigned to one of the following four
treatment groups: vehicle control, 5 mg/kg progesterone, 10 mg/kg progesterone, or 20 mg/kg
progesterone. We have used the 10 and 20 mg/kg doses previously in aged ovariectomized
mice and these doses were estimated in physiological range [24]. The 5 mg/kg dose was used
in case young females were more sensitive to lower doses. Vehicle-treated mice received acute
intraperitoneal (i.p.) injections of 2-hydroxypropyl-β-cyclodextrin (HBC) dissolved in
physiological saline (Sigma, St. Louis, MO). Progesterone-treated mice received i.p. injections
of a progesterone-HBC inclusion complex dissolved in physiological saline. HBC enhances
the solubility for hydrophobic steroid hormones [31] and is metabolized within 24 hrs [32,
37].

An initial set of 42 mice was tested in both object recognition delays and the Morris water
maze task with a 24-hour delay. Each bout of testing was separated by two weeks. Samples
sizes for this set of mice were as follows: vehicle control (n = 10), 5 mg/kg progesterone (n =
12), 10 mg/kg progesterone (n = 10), or 20 mg/kg progesterone (n = 10). A separate set of mice
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was tested in the Morris water maze task with a 48-hour delay, with sample sizes as follows:
vehicle control (n = 10), 5 mg/kg progesterone (n = 9), 10 mg/kg progesterone (n = 7), or 20
mg/kg progesterone (n = 10).

2.3. Object recognition task
Non-spatial object memory was tested using a novel object recognition task previously shown
to involve the hippocampus [1,7]. The testing apparatus and procedures were conducted as
previously described [14,20]. The testing apparatus was a white open field box (58 cm long ×
58 cm wide × 46 cm high) in the center of a dimly lit room. Activity in the open field box was
recorded using a video monitor and computer (running custom-written software) located
outside of the room. Testing was conducted in three phases: habituation, sample, and choice.

During habituation, each mouse explored the empty open field for 5 min to habituate it to the
apparatus. No data were collected during habituation. During the sample phase, each mouse
was allowed to freely explore two identical objects in the open field until it had accumulated
30 s of time exploring the objects. Once the mouse spent 30 s exploring the objects, it was
removed from the box, injected immediately with vehicle or progesterone, and returned to its
home cage.

The choice phase took place 24 or 48 hrs after completion of the sample phase. Vehicle-treated
mice typically remember the original object after 24 hrs [19,22], but not 48 hrs [20,21].
Therefore, the 24-hr delay permitted observation of impairing effects of progesterone on object
recognition, whereas the 48-hr delay permitted observation of progesterone-induced
improvements in memory consolidation. At both delays, each mouse was placed in the field
with an object they explored during the sample phase (familiar object) and a new (novel) object.
The mice were allowed to accumulate a total of 30 s exploring the objects. Time (s) spent with
each object was recorded. Because mice inherently explore novel stimuli, more time than
chance (15 s) spent with the novel object indicated memory for the familiar object. One mouse
in the 20 mg/kg progesterone group did not accumulate 30 s of exploration time within 20 min
of the sample phase of 48-hr delay training and was excluded from the data analyses for the
48-hr delay only. Duration (time) of object exploration and elapsed time to accumulate 30 sec
of exploration (elapsed time) were recorded during the choice phase to assess treatment effects
on exploration.

2.4. Morris water maze
Spatial and non-spatial reference memory was assessed using a 2-day Morris water maze task
as previously described [20,24]. The apparatus was a white circular tank (97 cm in diameter)
filled with water (24°C ± 2°C) and made opaque with white nontoxic paint. The maze was
surrounded by various extramaze cues. Data were collected using an HVS 2020 (Hampton,
England) automated tracking system.

One day prior to testing, mice learned to find a platform using a shaping procedure. Shaping
was conducted over four consecutive trials in which a smaller ring (55 cm) was placed inside
of the larger (97 cm) ring to decrease the total swimming area. Mice were first placed on a 10
× 10 cm platform covered in red tape and raised just above the surface of the water. They were
allowed to sit on the platform for 10 s and then were removed. They were then placed at three
distances progressively further from the platform and allowed to swim to the platform. If the
mouse did not find the platform within 60 s, then it was led to the platform by the experimenter.
No data were collected during shaping.

2.4.1. Spatial trials—During the spatial trials, mice had to learn the location of a transparent
lucite platform (10 × 10 cm) submerged just underneath the surface of the water that remained
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in the same location for all trials. Eight consecutive spatial trials were conducted on Day 1 of
testing. Mice were placed in the pool at one of four different start positions, which varied for
each mouse on each trial, and given 60 s to find the platform. Once the platform was located,
the mouse was allowed to sit on the platform for 10 s. If the mouse did not find the platform
within 60 s, then the experimenter led it to the platform by its tail and let it sit on the platform
for 10 s. Upon removal from the platform, mice were placed in a holding cage on a heating
pad for an intertrial interval of 45 s. Mice received i.p. injections of vehicle or progesterone
immediately after trial 8 and then were returned to their home cages.

Memory for the platform location was assessed during four consecutive spatial trials on Day
2, which took place 24 or 48 hrs after injection. Spatial memory consolidation is most accurately
measured in the first trial of Day 2 because re-exposure to the platform in this trial serves as a
powerful reminder of the platform location [24,30]. The remaining three trials were used to
determine if mice could re-learn the platform location.

For all spatial trials, swim distance (m) and swim speed (m/s) were recorded. Lower swim
distances indicated better memory. Swim speed was recorded as a control for differences in
swimming ability.

2.4.2. Non-spatial (cued) trials—Four cued water maze trials began immediately after the
last spatial trial on Day 2. The cued task is a non-spatial water maze task conducted to control
for non-mnemonic aspects of task performance [20,24]. For these four trials, the platform was
made visible with yellow tape and a white circular cue attached to the side of the platform (7
½ cm in diameter). The platform was moved to a different location in the tank for each trial.
All other aspects of the procedure were the same as the spatial task. Swim distance (m) and
swim speed (m/s) were recorded.

2.5. Data Analysis
For object recognition, separate one-sample t-tests (SPSS, SPSS Inc., Chicago, IL) were
performed to determine if the time spent with the novel object differed from chance (15 s)
during the choice phase of the object recognition task, as previously described [14]. Elapsed
time was analyzed using one-way repeated measures analysis of variance (ANOVA) with
Treatment as the independent variable and Elapsed Time as the dependent variable
(SuperANOVA, Abacus Concepts; Berkeley, CA, USA).

Water maze data were analyzed using one-way ANOVAs with Treatment as the independent
variable and Trial as the repeated measure, as previously described [24]. Three separate sets
of repeated-measures analyses were performed for the eight trials of Day 1, the four spatial
trials of Day 2, and the four cued trials. In addition, to verify that the groups did not differ
immediately prior to hormone injection, a one-way ANOVA without repeated measures was
conducted on trial 8 of Day 1. Finally, additional repeated measures ANOVAs were performed
to compare performance in trial 8 of Day 1 (last trial before injection) to trial 1 of Day 2 (first
trial after injection) to examine progesterone effects on memory consolidation.

Following each ANOVA, Fisher’s Protected Least Significant Difference (PLSD) post-hocs
were performed on all significant main effects of Treatment. An alpha level of 0.05 was used
to reject the null hypothesis.

3. Results
3.1. Object recognition task

3.1.1. Twenty-four hour delay—All groups demonstrated intact memory for the familiar
object 24 hrs after the sample phase, as indicated by the fact that all groups spent significantly
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more time than chance with the novel object during the choice phase (vehicle, t(9) = 2.95, P
= 0.02; 5 mg/kg progesterone, t(11) = 2.60, P = 0.03; 10 mg/kg progesterone, t(9) = 3.33, P =
0.009; 20 mg/kg progesterone, t(9) = 5.20, P = 0.001; Figure 1A). The groups also displayed
similar levels of exploration during the choice phase, as the main effect of Treatment on elapsed
time was not significant (F(3,38) = 2.30, P = 0.09). Mean (± standard error of the mean; S.E.M.)
elapsed times (s) for each group were as follows: vehicle = 269.0 ± 21.4, 5 mg/kg progesterone
= 256.1 ± 34.5, 10 mg/kg progesterone = 210.6 ± 25.9, and 20 mg/kg progesterone = 173.9 ±
26.8.

3.1.2. Forty-eight hour delay—Forty-eight hrs after the sample phase, the 10 and 20 mg/
kg progesterone groups spent significantly more time with the novel object, suggesting that
these doses significantly enhanced object recognition (10 mg/kg progesterone, t(9) = 4.56, P
= 0.001; 20 mg/kg progesterone, t(8) = 3.62, P = 0.007, Figure 1B). The vehicle and 5 mg/kg
progesterone groups spent similar amounts of time with the novel and familiar objects (vehicle,
t(9) = 1.85, P = 0.10; 5 mg/kg progesterone, t(11) = 0.96, P = 0.36), suggesting no effect of
the 5 mg/kg dose on object recognition. Elapsed time to accumulate 30 s of exploration during
the choice phase did not differ among the groups (F(3,37) = 2.38, P = 0.09). Mean (± S.E.M.)
elapsed times (s) were as follows: vehicle = 364.2 ± 35.7, 5 mg/kg progesterone = 392.6 ±
51.8; 10 mg/kg progesterone = 260.7 ± 50.3; 20 mg/kg progesterone = 252.9 ± 41.6.

3.2. Morris water maze
3.2.1. Twenty-four hour delay
Spatial trials: Morris water maze data from training and 24-hour testing are presented in Figure
2. During training on Day 1, there were no group differences in performance, as illustrated by
non-significant main effects of Treatment for swim distance (Figure 2A) and swim speed
(Figure 2B). However, as expected, the main effects of Trial on Day 1 were significant for both
swim distance (F(7,266) = 2.45, P = 0.02) and swim speed (F(7,266) = 22.38, P = 0.0001),
indicating that distances improved and speeds decreased across trials. The Treatment × Trial
interaction was not significant for either measure, suggesting similar rates of acquisition among
the groups. All groups performed similarly on the final trial of Day 1, as demonstrated by non-
significant main effects of Treatment for swim distance (F(3,38) = 0.13, P > 0.05) and swim
speed (F(3,38) = 0.66, P > 0.05) in this trial. Therefore, vehicle and progesterone groups did
not differ in performance of the spatial task before progesterone treatment.

On Day 2, mice were re-tested in the spatial task to determine if post-training progesterone
injections enhanced memory for the platform location. One-way ANOVAs conducted on the
first trial of Day 2 indicated no significant differences among the groups (swim distance, F
(3,38) = 0.72, P > 0.05; swim speed, F(3,38) = 2.01, P > 0.05). A repeated-measures ANOVA
including the last trial of Day 1 and the first trial of Day 2 also indicated no differential change
in swim distances among the groups (Figure 2A), as suggested by non-significant main effects
and Treatment × Trial interaction. The same repeated-measures ANOVA for swim speed
indicated a significant main effect of Trial (F(1,38) = 34.88, P = 0.0001), but non-significant
Treatment and Treatment × Trial effects. The significant Trial effect was driven by the fact
that mice swam slower on the last trial of Day 1 than the first trial of Day 2. Swim distances
on Day 2 remained similar across trials and between groups, as suggested by non-significant
main effects and Treatment × Trial interaction for the four retention trials on Day 2. The main
effect of Trial was significant for swim speed on Day 2 (F(3,114) = 3.62, P = 0.02), but the
main effect of Treatment and Treatment × Trial interaction were not.

Cued trials: The main effects of Treatment were not significant for swim distance (F(3,38) =
0.11, P > 0.05) or swim speed (F(3,38) = 0.29, P > 0.05), indicating that all groups performed
similarly during the cued trials (Figure 2). The main effect of Trial (F(3,114) = 2.05, P > 0.05)
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and the Treatment × Trial interaction (F(9,114) = 0.75, P > 0.05) were also not significant for
swim distance. For swim speed, the main effect of Trial was significant (F(3,114) = 5.80, P =
0.001), but the Treatment × Trial interaction was not (F(9,114) = 0.59, P > 0.05), suggesting
that all groups swam faster as testing progressed.

3.2.2. Forty-eight hour delay
Spatial trials: Data from training and 48-hour testing are presented in Figure 3. Similar to
training with the 24-hour delay, there were no group differences in performance during training
on Day 1, as indicated by non-significant main effects of Treatment for swim distance (Figure
3A) and swim speed (Figure 3B). Although the main effects of Trial on Day 1 were significant
for both swim distance (F(7,224) = 4.12, P = 0.0003) and swim speed (F(7,224) = 9.88, P =
0.0001), the Treatment × Trial interactions were not significant for either measure, suggesting
similar rates of acquisition among the groups. Non-significant main effects of Treatment for
swim distance (F(3,32) = 0.63, P > 0.05) and swim speed (F(3,32) = 0.49, P > 0.05) in the
final trial of Day 1 suggested that the groups performed similarly this trial. Together, these
data indicate that the performance of the vehicle and progesterone groups did not differ prior
to progesterone treatment.

During the first trial of Day 2, no significant differences were observed among the groups in
swim distance (F(3,32) = 1.05, P > 0.05) or swim speed (F(3,32) = 1.18, P > 0.05). The
repeated-measures ANOVA comparing performance in the last trial of Day 1 with the first trial
of Day 2 also indicated no differential change in swim distances among the groups (Figure
3A), as suggested by non-significant main effects and Treatment × Trial interaction. Although
the swim distances of the vehicle and 5 mg/kg progesterone groups appeared to be higher than
those of the 10 mg/kg and 20 mg/kg progesterone groups in both trials, the Treatment effect
was not significant (F(3,32) = 2.47, P = 0.08) as described above. The repeated-measures
ANOVA for swim speed revealed a significant main effect of Trial (F(1,32) = 9.07, P = 0.005),
which was driven by the fact that all groups swam slower on the last trial of Day 1 than the
first trial of Day 2 (Figure 3B). However, non-significant Treatment and Treatment × Trial
effects suggested no effect of progesterone on performance during the first trial of Day 2.
Despite the anomalous increase in swim distance by the 5 mg/kg progesterone group on trial
2 of Day 2, swim distances on Day 2 remained similar across trials and between groups, as
suggested by non-significant main effects and Treatment × Trial interaction for the four Day
2 retention trials. Likewise, the non-significant main effects and Treatment × Trial interaction
observed for swim speed indicated that swim speeds remained similar among the groups
throughout Day 2 testing.

Cued trials: The main effect of Treatment and the Treatment × Trial interaction were not
significant for swim distance (Figure 3A) or swim speed (Figure 3B), indicating that all groups
performed similarly during the cued trials. Further, the non-significant main effect of Trial for
both measures indicated no overall change in swim distance or swim speed throughout testing.

4. Discussion
The present study demonstrates that a single i.p. injection of progesterone can enhance object
recognition memory, but not spatial memory in the Morris water maze, among young
ovariectomized mice. Specifically, 10 and 20 mg/kg progesterone facilitated memory
consolidation at a 48-hr delay in the object recognition task, whereas no dose affected memory
in the spatial water maze task at either delay. The 48-hr object recognition data are consistent
with a previous report indicating that a single post-training progesterone injection can enhance
object recognition tested 4 [39] or 24 [17] hrs after administration in young ovariectomized
rats. Although the 24-hr object recognition data would seem inconsistent with these previous
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studies, it is important to note that vehicle-treated mice were not impaired at this delay, so it
was not possible to observe an improvement by progesterone at this time point. Importantly,
the fact that these present study utilized a rapidly metabolized water-soluble form of
progesterone, and an object recognition protocol in which total exploration time is fixed,
eliminated the potential confounding influence of circulating progesterone and differential
object exposure on the results. As such, the present data point towards a specific beneficial
effect of progesterone on object memory consolidation, rather than on non-mnemonic aspects
of recognition task performance. In addition to object recognition, other work has shown that
post-training progesterone treatment can enhance memory consolidation in the Y-maze and
inhibitory avoidance tasks in young ovariectomized rats [17]. Together, the data from these
tasks and from object recognition suggest that single injections of progesterone administered
after training can enhance non-spatial memory consolidation in multiple tasks and in both rats
and mice.

In contrast, the present study reported no effect of post-training progesterone on spatial memory
in the Morris water maze tested after 24 or 48 hours. Although this finding is consistent with
previous reports demonstrating that pre-training progesterone treatment does not affect spatial
memory in the Morris water maze in young ovariectomized rats [5,11], it differs from the
beneficial effects of 17β-estradiol on spatial memory consolidation in female rats [30] and
mice [20] tested using this same protocol. However, a conclusion that the two hormones
differentially affect spatial memory in the water maze cannot yet be supported because
performance issues may have contributed to the apparent differences among studies. For
example, vehicle-treated mice in the present study did not forget the platform location overnight
after either delay like vehicle-treated mice in previous reports using the 2-day spatial Morris
water maze task with a 24-hour delay [20,24]; swim distances for vehicle-treated mice in
previous studies were about 6 m, whereas those in this study ranged from 3.56–4.62 m. This
relative lack of forgetting may have left less room for progesterone to improve memory in this
study relative to vehicle controls. One benefit of the strong performance of vehicle-treated
mice is that it allowed for detrimental effects of progesterone on spatial memory to be observed
at both delays. Interestingly, no such effects were found, indicating that progesterone does not
impair spatial memory in young female mice. Nevertheless, considerably longer delays beyond
48 hours may be necessary to observe beneficial effects of progesterone in this task. In addition,
higher doses of progesterone than those used in this study may have improved spatial memory
in the Morris water maze, as a recent study from our laboratory found that higher doses of
progesterone were necessary in aged ovariectomized mice to enhance spatial memory relative
to object memory [29]. Therefore, it is possible that progesterone administered at a dose greater
than 20 mg/kg may enhance spatial memory performance in young mice. Together, the present
results suggest that the effects of post-training progesterone on spatial memory may be more
sensitive to methodological factors than object memory.

When comparing between pre-training and post-training studies, it would appear that the timing
of progesterone administration is critical to the mnemonic effects of this hormone. This study
and others [17,39] have reported memory-enhancing effects of post-training progesterone
injections, whereas previous studies that have administered progesterone pre-training have
reported no effect or an impairing effect of the hormone on memory [2,13,35]. The differential
effects of pre-training and post-training progesterone treatment may be due to the fact that pre-
training progesterone can interfere with cognitive processes during training. For instance, pre-
training progesterone treatment in female human subjects impairs memory for faces and
reduces neural activity in the amygdala, fusiform gyrus, and prefrontal cortex during memory
processing [38]. Progesterone and progesterone metabolites may reduce neural activity by
binding to the GABAA receptor [4], thereby producing anxiolytic and analgesic effects that
may hinder cognitive performance [3,16]. As such, the effects of pre-training progesterone on
memory must be interpreted with these findings in mind. For studies in which the specific
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effects of progesterone on memory are of interest, post-training administration should be used
to enable the observation of the mnemonic effects of progesterone without confounds produced
by GABAA binding on training.

The object memory enhancements observed in the present study were likely due to the effects
of progesterone on the hippocampus given that the object recognition task used in this study
has been shown to depend on an intact hippocampus [36]. Indeed, progesterone is known to
produce numerous beneficial effects on hippocampal function, including enhanced
extracellular signal-regulated kinase (ERK) activation [27,28] and neuroprotection [18,27].
Further, preliminary data from our laboratory suggest that bilateral infusions of progesterone
into the dorsal hippocampus immediately post-training can enhance object memory
consolidation in young ovariectomized mice using the same object recognition protocol as in
this study (P. Orr, personal communication). Nevertheless, progesterone did not enhance
spatial memory in the Morris water maze, which is also a hippocampal task [26], and this
finding may suggest that the mnemonic effects of progesterone on hippocampal-memory are
specific to non-spatial object memory. Alternatively, the lack of effect on spatial memory may
indicate that the effects of progesterone in the water maze are disrupted by the greater stress
involved in water maze testing (e.g. immersion in water) compared to object recognition testing
(e.g., exposure to an open field). Indeed, a previous report from our laboratory has demonstrated
that the stress of water maze testing can disrupt estradiol-enhanced CA1 synaptic spine density
in ovariectomized rats [15]. As such, a higher dose of progesterone may be necessary to
counteract any negative effects of stress on water maze performance, and allow progesterone
to facilitate spatial memory consolidation.

The present data suggesting that progesterone treatment can beneficially affect memory may
have implications for cognitive function in young women taking contraceptives consisting of
progesterone only (i.e., the minipill and Depo-Provera). Future studies should assess whether
these treatments also confer a benefit to memory function. Results of this study may also have
implications for cognitive function in older women taking hormone therapy (HT). This study,
and others in mice, have demonstrated that the cognitive effects of estrogen and progesterone
vary by dose [20,24] and, therefore, identifying optimal doses for combination of these
hormones to be used in HT may be particularly important. Because some clinical studies have
reported beneficial cognitive effects of HT [10,25], whereas others report no effect of HT on
cognitive function [23,33,40], the particular doses used in combination treatment may have
influenced the success of various treatments in clinical research. Thus, future work should
investigate whether it is possible to identify dose combinations of estrogen and progesterone
that consistently enhance memory.

In conclusion, the present study demonstrates that a single post-training injection of 10 or 20
mg/kg progesterone, but not 5 mg/kg progesterone, can enhance object recognition memory
consolidation in young female mice. Importantly, these effects were seen with a water-soluble
form of progesterone tested in an object recognition task in which total exploration time was
fixed. This design, therefore, permitted observation of specific effects of progesterone on object
memory in the absence of confounds due to circulating progesterone and differential object
exposure. In contrast, progesterone treatment did not facilitate spatial memory consolidation
in the Morris water maze, although this may have resulted from a relative lack of forgetting in
vehicle-treated mice. Together, these findings may suggest that object memory consolidation
in young female mice is more sensitive to the modulatory effects of progesterone than spatial
memory consolidation, at least at the doses and delays tested. These data may have important
implications for memory in young women taking progesterone-based contraceptives and for
the design of hormone therapies intended to reduce age-related memory decline in menopausal
women.
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Figure 1.
(A) During the 24-hr choice phase of the object recognition task, all groups spent significantly
more time than chance (dotted line at 15 s) with the novel object (*P < 0.05), demonstrating
intact memory for the familiar object. (B) During 48-hr delay testing, the 10 and 20 mg/kg
progesterone groups spent significantly more time with the novel object (* P < 0.05), whereas
the vehicle and 5 mg/kg progesterone groups spent similar amounts of time with both objects.
Each bar represents the mean (± the standard error of the mean (S.E.M.)) time spent with the
novel object during each choice phase. Progesterone is abbreviated “P” on the X-axis.
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Figure 2.
Performance in the Morris water maze using the 24-hour delay, as assessed by swim distance
(A) and swim speed (B) during eight spatial water maze training trials on Day 1, four retention
trials on Day 2, and four cued trials on Day 2. Swim distance and swim speed decreased in all
groups across trials on Day 1. On the first trial of Day 2, vehicle- and progesterone-treated
groups performed similarly, indicating that post-training progesterone injections did not affect
spatial memory consolidation. Swim distance and swim speed did not differ among the groups
during the cued trials. Each point represents the mean (± S.E.M.) for one trial for each group.
The filled arrow indicates that injections were given immediately after testing on Day 1.
Progesterone is abbreviated “P” in the figure legend.
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Figure 3.
Performance in the Morris water maze using the 48-hour delay, as assessed by swim distance
(A) and swim speed (B) during eight spatial water maze training trials on Day 1, four retention
trials on Day 2, and four cued trials on Day 2. Vehicle- and progesterone-treated groups did
not differ in any phase of testing. Each point represents the mean (± S.E.M.) for one trial each
group. The filled arrow indicates that injections were given immediately after testing on Day
1. Progesterone is abbreviated “P” in the figure legend.
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