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Abstract

Ovarian hormone elevations are associated with enhanced learning/memory. During behavioral estrus or pregnancy, progestins, such as

progesterone (P4) and its metabolite 5a-pregnan-3a-ol-20-one (3a,5a-THP), are elevated due, in part, to corpora luteal and placental

secretion. During ‘pseudopregnancy’, the induction of corpora luteal functioning results in a hormonal milieu analogous to pregnancy,

which ceases after about 12 days, due to the lack of placental formation. Multiparity is also associated with enhanced learning/memory,

perhaps due to prior steroid exposure during pregnancy. Given evidence that progestins and/or parity may influence cognition, we

investigated how natural alterations in the progestin milieu influence cognitive performance. In Experiment 1, virgin rats (nulliparous) or

rats with two prior pregnancies (multiparous) were assessed on the object placement and recognition tasks, when in high-estrogen/P4

(behavioral estrus) or low-estrogen/P4 (diestrus) phases of the estrous cycle. In Experiment 2, primiparous or multiparous rats were

tested in the object placement and recognition tasks when not pregnant, pseudopregnant, or pregnant (between gestational days (GDs)

6 and 12). In Experiment 3, pregnant primiparous or multiparous rats were assessed daily in the object placement or recognition tasks.

Females in natural states associated with higher endogenous progestins (behavioral estrus, pregnancy, multiparity) outperformed rats in

low progestin states (diestrus, non-pregnancy, nulliparity) on the object placement and recognition tasks. In earlier pregnancy,

multiparous, compared with primiparous, rats had a lower corticosterone, but higher estrogen levels, concomitant with better object

placement performance. From GD 13 until post partum, primiparous rats had higher 3a,5a-THP levels and improved object placement

performance compared with multiparous rats.
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Introduction

In the natural environment, sexually receptive female
rodents will traverse complicated and potentially
dangerous terrain in order to access mating partners.
Among rats, the cyclical enhancement of estrogen (E2)
and progestins facilitate these reproductive behaviors in
a number of ways. Actions of E2, progesterone (P4), and
the P4 metabolite 5a-pregnan-3a-ol-20-one (3a,5a-THP)
are important not only for copulation but also for an
entire suite of behaviors relevant for successful repro-
duction, including cognition. When compared with non-
receptive rats, naturally receptive females demonstrate
increased exploratory and anti-anxiety behavior, as well
as attenuated social neophobia and intersex aggression
(Frye 2001, Frye et al. 2006). The systemic administration
or central infusions of 3a,5a-THP to sexually non-
receptive females can enhance the instatement of these
behaviors (Frye & Rhodes 2006a, 2008). As well,
performance in cognitive tasks can be better during
behavioral estrus. Corticolimbic tasks, such as eye-blink-
conditioning, passive avoidance, radial arm maze, and
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object recognition are enhanced among receptive,
compared with non-receptive, female rodents (Shors
et al. 1998, Bowman et al. 2001, Rhodes & Frye 2004,
Walf et al. 2006, Frye et al. 2007, Wood et al. 2001).
Such enhancements may be important, considering the
spatial and mnemonic requirements associated with
finding mating partners and successfully returning to safe
locations to rear pups.

Among both people and rodents, aging is associated
with a decline in ovarian hormones, reproductive
viability, and cognition. Reproductively senescent rats
have decreased ovarian hormone levels, poorer refe-
rence, and working memory on both spatial and non-
spatial tasks, and take longer to learn associations in a
conditioning paradigm compared with reproductively
viable rats (Pitsikas & Algeri 1992, Leblanc et al. 1996,
Walf & Frye 2006). Among postmenopausal women,
there are reports of age-associated decline in working
memory (Zelinski et al. 1993, Small et al. 1999, Sherwin
& Henry 2008). Thus, a natural decline in ovarian
hormones is associated with poorer cognitive perfor-
mance and decrements in learning.
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Models of hormonal decline, such as removal of the
ovaries, the primary source of endogenous hormones,
can produce behavioral and/or cognitive deficits among
rodents akin to those observed when cyclical hormone
levels are low. Ovariectomy (OVX) attenuates mating,
increases anxiety, and decreases social behavior (Frye
2001, Frye & Rhodes 2006b, Frye et al. 2006). The
administration of E2 alone or in conjunction with P4 or
3a,5a-THP reinstates these behaviors and can enhance
sexual motivation in a mate-finding task (Frye 2001, Frye
et al. 2006, Pazol et al. 2006, López et al. 2007). Further,
E2 alone or with P4 can produce mnemonic effects in
OVX rats (Gibbs 2000, Sandstrom & Williams 2001,
Markham et al. 2002, Markowska & Savonenko 2002,
Sato et al. 2004, Frye & Rhodes 2006a, Frye et al. 2006).
In particular, oral or systemic E2 administration can
reinstate object recognition performance in OVX
females to levels commensurate with that of sexually
receptive rats (Luine et al. 2003, Fernandez & Frick 2004,
Walf et al. 2006). Thus, behavioral and cognitive deficits
associated with hormonal depletion can be overcome by
E2 and/or P4 administration.

In contrast to the reduction in ovarian hormones,
pregnancy is associated with increases in steroids for
longer periods than are seen over the estrous cycle. In
particular, circulating and central levels of progestins,
including 3a,5a-THP, are greatly elevated during preg-
nancy (Majewska et al. 1989, Concas et al. 1998, Frye &
Walf 2004). This is due, in part, to the additional steroid
secretion by the corpora lutea and placenta. These levels
increase steadily throughout gestation and do not decline
until parturition is imminent (Concas et al. 1998). The
resulting endocrine milieu, as well as limbic morphology
and function, are altered following pregnancy, parturi-
tion, and/or pup rearing (Featherstone et al. 2000,
Tomizawa et al. 2003, Pawluski & Galea 2006). First,
oxytocin associated with motherhood enhances long-
term potentiation (LTP) of hippocampal tissue slices in
culture and central infusions of oxytocin enhance long-
term spatial memory in virgin mice (Tomizawa et al.
2003). Second, hippocampal spinal density is increased
in pregnant compared with non-pregnant rats and is also
altered by postpartum mothering (Kinsley et al. 2006,
Pawluski & Galea 2006). Third, neurogenesis in the
subventricular zone of mice and rats is enhanced during
pregnancy (Shingo et al. 2003, Furuta & Bridges 2005).
Thus, plastic changes in substrates and/or regions relevant
for cognition are associated with pregnancy.

Motherhood is associated with increased cognitive
performance among rodents. For instance, rats that have
had one or more litters outperform virgin rats in either
probe or competitive trials of a dry land maze (Love et al.
2005) and make fewer errors in a radial arm maze than
do virgins (Kinsley et al. 1999, Pawluski et al. 2006a,
2006b). These data are of particular interest because they
suggest that a prolonged exposure to steroids can have
long-lasting (even life-long) effects on cognition. Some of
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these effects may be due to trophic actions and/or
morphological factors associated with hormonal milieu.
3a,5a-THP is one such steroidogenic factor that is
enhanced throughout pregnancy and has demonstrated
neuroprotective and neuroproliferative effects (Rhodes
et al. 2004, Djebaili et al. 2005, Wang et al. 2005,
VanLandingham et al. 2006, Leonelli et al. 2007, Wang
et al. 2008). Of note, parity has been associated with
reductions in age-related cognitive decrement and
markers of neurodegeneration, as well as the increased
expression of brain-derived neurotrophic factor (Gate-
wood et al. 2005, Pawluski & Galea 2007, Macbeth et al.
2008). Whether 3a,5a-THP may underlie some of the
cognitive and/or trophic effects associated with repro-
ductive experience has not been systematically
investigated.

In order to further address the role that hormonal
factors, such as E2 and/or 3a,5a-THP, may play in
cognitive enhancement associated with parity, we
conducted three experiments utilizing natural variations
of hormonal milieu. We hypothesized that rats with more
reproductive experience would demonstrate greater
cognitive performance compared with rats with less
reproductive experience and that this enhancement may
be related to an increased production of 3a,5a-THP.
To test this, the following experiments were conducted:
(1) cycling rats that either had two prior pregnancies
(multiparous) or were virgin (nulliparous) were tested in
the object placement (OP) and object recognition (OR)
tasks when in the low-hormone phase of their cycle
(diestrus) and in the high-hormone phase of their cycle
(behavioral estrus); (2) multiparous and nulliparous rats
were mated resulting in some rats becoming pregnant,
some becoming pseudopregnant, and others not becom-
ing pregnant. First-time (primiparous) or third-time
(multiparous) dams that were pregnant, pseudopregnant,
or not pregnant were assessed on the object placement
and object recognition tasks between gestational days
(GDs) 6–12 and (3) virgin and multiparous rats were
mated and assessed on the object placement and object
recognition tasks daily across every day of gestation until
2 days post partum. The plasma hormone levels of E2, 3a,
5a-THP, and the stress hormone, corticosterone (CORT),
were also assessed daily.
Results

Experiment 1: endogenous hormonal variations in
virgin versus multiparous rats

Object placement

Parity (F(1,44)Z8.95, P!0.05) and estrous cycle phase
(F(1,44)Z4.42, P!0.05) influenced performance in the
object placement task. Multiparous rats spent a greater
percentage of time with the object in the novel location
(nZ24; 3.6G0.5 s with object in novel location versus
1.6G0.3 s with object in familiar location) compared
www.reproduction-online.org
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with nulliparous rats (nZ24; 3.4G0.5 s with object in
novel location versus 2.8G0.4 s with object in familiar
location). As well, rats in behavioral estrus spent a
greater percentage of time with the object in the novel
location (4.1G0.5 s with object in novel location versus
2.0G0.4 s with object in familiar location) compared to
diestrous rats (nZ24; 2.9G0.5 s with object in novel
location versus 2.4G0.4 s with object in familiar
location) (Fig. 1(i)).

Object recognition

Parity (F(1,44)Z5.38, P!0.05) and estrous cycle phase
(F(1,44)Z4.11, P!0.05) influenced performance in the
object recognition task. Multiparous rats spent a greater
percentage of time spent with the novel object (nZ24;
5.5G1.0 s with novel object versus 2.0G0.3 s with the
familiar object) compared with nulliparous rats (nZ24;
3.5G0.7 s with the novel versus 2.2G0.4 s with the
familiar object). In addition, rats in behavioral estrus
spent a greater percentage of time with the novel object
(5.7G0.8 s with the novel object versus 2.3G0.4 s with
the familiar object) compared with diestrous rats (nZ24;
3.4G0.8 s with the novel object versus 2.0G0.3 s with
the familiar object) (Fig. 1(ii)).
Experiment 2: variations in pregnancy status of
primiparous versus multiparous rats

Object placement

Parity (F(1,66)Z5.14, P!0.05) and pregnancy status
(F(2,66)Z7.70, P!0.05) influenced performance in the
object placement task. Multiparous rats spent a greater
percentage of time with the object in the novel location
(nZ36; 4.3G0.7 s with object in novel location versus
Figure 1 (i) Multiparous rats (nZ12/grp) significantly outperform
nulliparous rats (nZ12/grp) and rats in behavioral estrus significantly
outperform diestrous rats on the OP task. (ii) Multiparous rats
(nZ12/grp) significantly outperform nulliparous rats (nZ12/grp) and
rats in behavioral estrus significantly outperform diestrous rats on the
OR task. *Indicates significant difference, P!0.05.
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2.3G0.4 s with object in familiar location) than did
primiparous rats (nZ36; 3.6G0.4 s with object in novel
location versus 2.5G0.5 s with object in familiar
location). As well, pregnant rats spent a greater
percentage of time with the object in the novel location
(4.1G0.6 s with object in novel location versus
2.0G0.4 s with object in familiar location) than did
pseudopregnant rats (nZ24; 3.7G0.9 s with object in
novel location versus 2.4G0.6 s with object in familiar
location) and a significantly greater percentage of time
than non-pregnant rats (nZ24; 3.9G0.6 s with object in
novel location versus 2.9G0.5 s with object in familiar
location) (Fig. 2(i)).

Object recognition

Parity influenced (F(1,66)Z5.08, P!0.05), and preg-
nancy status tended to influence (F(2,66)Z2.61,
P!0.10), performance in the object recognition task.
Multiparous rats spent a greater percentage of time with
the novel object (nZ36; 6.5G0.8 s with novel object
versus 2.7G0.3 s with familiar object) than did primi-
parous rats (nZ36; 4.0G0.5 s with novel object versus
2.9G0.7 s with familiar object). Additionally, pregnant
rats (nZ24) spent a greater percentage of time with
the novel object (6.4G0.7 s with novel object versus
2.4G0.4 s with familiar object) than did pseudo-
pregnant rats (nZ24; 4.2G0.8 s with novel object versus
3.3G1.0 s with familiar object) or non-pregnant rats
(nZ24; 5.2G0.9 s with novel object versus 2.6G0.3 s
with familiar object) but this difference did not reach
statistical significance (Fig. 2(ii)).
Experiment 3: hormonal variations across gestation in
primiparous versus multiparous rats

Object placement

Parity (F(1,180)Z21.30, P!0.05) and day of gestation
(F(10,180)Z2.69, PZ0.05) influenced performance
across pregnancy in the object placement task. The
percentage of time spent with the object in the novel
location was greater among multiparous rats compared
with primiparous rats and significantly varied as a
function of GD due to an increase in the performance
of primiparous rats in mid- to late gestation (Fig. 3(i)).

Object recognition

Significant changes in performance that were dependent
upon parity or the day of gestation were not observed
when object recognition was examined across gestation
of primiparous or multiparous dams (Fig. 3(ii)).

Endocrine measures

Overall, primiparous rats had significantly higher CORT
levels than did multiparous rats (F(1,378)Z4.50,
P!0.05). Among rats in either condition, CORT levels
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Downloaded from Bioscientifica.com at 05/27/2023 05:15:46AM
via free access



Figure 2 (i) Multiparous rats (nZ12/grp) significantly outperform
nulliparous rats (nZ12/grp) and pregnant rats significantly outperform
non-pregnant rats on the OP task. (ii) Multiparous rats (nZ12/grp)
significantly outperform nulliparous rats (nZ12/grp) on the OR task and
pregnant rats tend to outperform non-pregnant rats on the OR task.
*Indicates significant difference, P!0.05. #Indicates trend towards
difference, P!0.10.
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varied significantly by the day of gestation with much
lower concentrations on GD 14–21 (F(21,378)Z5.00,
P!0.05). Circulating E2 levels were significantly higher,
overall, among multiparous compared with primiparous
rats (F(1,378)Z4.65, P!0.05). Parity and day of
gestation interacted to influence circulating 3a,5a-THP
concentrations (F(21,328)Z1.68, P!0.05) with primi-
parous rats having greater levels of plasma 3a,5a-THP on
GD 13 of pregnancy until post partum compared with
multiparous rats (Fig. 4).
Figure 3 (i) Multiparous rats (nZ10) significantly outperform nullipar-
ous rats (nZ10) on the OP task in a repeated measures analysis across
gestation. (ii) Multiparous (nZ10) and nulliparous rats (nZ10) do not
significantly differ on the OR task in a repeated measures analysis
across gestation. *Indicates significant difference, P!0.05. #Indicates
trend towards difference, P!0.10.
Discussion

The present study examined the role of endogenous
hormones on cognitive performance associated with
reproductive experience. The hypothesis that reproduc-
tive experience would be indicative of greater cognitive
performance in rats, in part, due to contributions of
endogenous 3a,5a-THP, was upheld in the following
ways. In the first experiment, female rats in the high
endogenous E2/progestin phase of their estrous cycle
outperformed females in the low E2/progestin phase of
their cycle on both hippocampal- (object placement)
and corticolimbic- (object recognition) mediated tasks.
In the second experiment, pregnant rats, which were
expected to have high endogenous E2 and progestin
levels, tended to outperform non-pregnant rats expected
to have lower E2/progestin levels on both tasks. The
performance of pseudopregnant rats fell between that of
non-pregnant and pregnant rats. In both the experiments,
multiparous rats significantly outperformed rats with less
reproductive experience. In the third experiment,
performance on object placement was significantly
altered across gestation with multiparous dams main-
taining a high performance throughout pregnancy, and
primiparous dams incrementally increasing to
Reproduction (2008) 136 105–115
multiparous levels of performance. The object recog-
nition performance did not significantly vary as a
function of gestation. An examination of circulating
steroids revealed that 3a,5a-THP levels were commen-
surate between groups until late gestation when first-
time mothers were found to have a later and greater
peak, in addition to a lesser decline, in circulating 3a,5a-
THP compared with multiparous rats. As well, the largest
increases in object placement performance among
primiparous dams (GD 10–11 and GD 18–19) occurred
following peak 3a,5a-THP increases and just after days
when 3a,5a-THP was enhanced (GD 9 and GD 17)
compared with multiparous dams. E2 levels were
www.reproduction-online.org
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Figure 4 Depicts circulating concentrations of
3a,5a-THP (top), estrogen (E2, middle), and
corticosterone (bottom) in tail blood of primi-
parous (nZ10) and multiparous (nZ10) rats
across gestation. *Indicates significant
difference, P!0.05. #Indicates trend towards
difference, P!0.10.
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relatively stable and consistently higher among multi-
parous compared with primiparous dams. When
elevated, CORT levels were higher in first-time mothers
compared with multiparous dams, but both groups fell to
nadir concomitantly prior to parturition. These data
support the hypothesis that 3a,5a-THP may underlie, in
part, some of the cognitive-enhancing effects associated
with reproductive experience.

The present investigation confirms prior reports that
endogenous increases in E2 and/or progestins are
associated with enhanced cognitive task performance
on hippocampally mediated tasks (Shors et al. 1998,
Galea et al. 2000, Frick & Berger-Sweeney 2001, Wood
et al. 2001, Rhodes & Frye 2004, Walf et al. 2006, Frye
et al. 2007). This report extends these findings by
assessing performance in object placement and object
recognition among pseudopregnant dams, which are
unique in that they have enhanced E2 and progestin
production but do not have the greatly exacerbated
levels that are associated with placental secretion.
Stepwise effects were observed with pregnantOpseudo-
pregnantOnon-pregnant in task performance, support-
ing the notion that ovarian hormones play an important
role. This may be due, in part, to hippocampal
remodeling. In support of this, natural enhancements of
E2 and P4 that occur during behavioral estrus can
modulate hippocampal dendritic spine density, such
that density is greatest when rats are sexually receptive
(Woolley et al. 1990, Woolley & McEwen 1993,
McEwen & Woolley 1994, Kinsley et al. 2006). Further,
enhancements in E2 have also been shown to increase
the amount of synaptic connections made to pyramidal
cells in the CA1 region of the hippocampus (Woolley &
McEwen 1992) as well as increase the number of cells to
which synaptic connections are made (Yankova et al.
2001). While increased cell–cell signaling in hippo-
campus may, in part, underlie enhancements in learning,
www.reproduction-online.org
concomitant rapid actions of progestins at membrane
receptors and downstream signal transduction factors
may also play a role. E2 and 3a,5a-THP have been
shown to modulate the activity at glutamatergic
N-methyl-D-aspartate receptors in culture (Weiland
1992, Park-Chung et al. 1994), which are important in
hormone-facilitated hippocampal learning (Morris et al.
1986, El-Bakri et al. 2004, Frye et al. 2006, Wang et al.
2007). P4 administration enhances cAMP in brain
(Collado et al. 1985) and antagonism of second
messenger systems, including G-proteins, protein kinase
C, or cAMP-dependent protein kinase A, in vitro,
attenuates effects of 3a,5a-THP to facilitate GABAA

activation (Fáncsik et al. 2000). Further, the MAPK
pathway has been demonstrated to be integral to
progestins 0 functional effects; blocking MAPK attenuates
the intracellular actions of P4 or membrane actions of
3a,5a-THP to enhance sexual behavior among rats
(González-Flores et al. 2004, Acosta-Martı́nez et al.
2006). Tomizawa et al. (2003) have found that MAPK
inhibition also attenuates LTP in multiparous mouse
hippocampal slices. These data suggest that signal
transduction factors are important in steroid actions
and may, in part, underlie some functional cognitive
performance changes associated with endogenous E2

and progestin elevations.
Apart from cyclical changes, these factors may also

play a role in parity-related cognitive enhancement.
Dams having had at least one litter typically outperform
virgins on tasks of cognitive performance (Kinsley et al.
1999, Love et al. 2005, Bodensteiner et al. 2006,
Pawluski et al. 2006a, 2006b, Macbeth et al. 2008).
Primiparous or multiparous dams are found to have a
greater spinal density on hippocampal dendrites
compared with nulliparous dams (Pawluski & Galea
2006). Dendritic remodeling has also been detected in
late-pregnant and postpartum rats (Kinsley et al. 2006)
Reproduction (2008) 136 105–115
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and may have functional effects due to actions of
steroids. In support, Morris water maze performance
was found to be associated with alterations in endogen-
ous E2 and progestins, with higher levels of P4 indicating
better performance among pregnant rats (Galea et al.
2000). The present study supports these findings,
demonstrating a greater cognitive performance in multi-
parous, compared with nulliparous, dams. It cannot be
ignored, however, that many studies to date have either
found no cognitive and/or morphological differences
between primiparous and multiparous dams, or have
found differences that favor primiparous over multi-
parous dams (Wartella et al. 2003, Love et al. 2005,
Pawluski & Galea 2006, Pawluski et al. 2006a, 2006b).
One explanation may be that the beneficial effects of
multiple pregnancies do not summate in a long-term
manner. While parity appears to clearly be beneficial
compared with no reproductive experience, benefits of
more reproductive experience may not extend beyond
the postpartum period. Another explanation is that the
cognitive skills and associated neurobiology which are
enhanced by multiple pregnancies may be more region-
and task-specific. In the present study, performance in
the object placement task was more divergent among
primiparous and multiparous dams than object recog-
nition performance. It may be the case that object
recognition was more challenging since there were
many different objects used as novel stimuli, whereas, in
object placement, only two corners of the arena can be
considered novel locations. As such, object placement
may better lend itself to discriminating spatial differences
than object recognition, which may be a primary
difference between multiparous and primiparous rats.
As well, there can be differences between studies
utilizing virgin versus mated nulliparous rats as controls.
However, we did not see large differences between
virgin controls (Experiment 1) and mated nulliparous
controls (Experiment 2) in these tasks.

In order to elucidate endocrine factors that may
underlie performance differences and extend the present
literature, circulating hormone levels of 3a,5a-THP, E2,
and CORT were assessed in tail blood daily across
gestation. The circulating levels of 3a,5a-THP were
higher in first-time mothers than those in multiparous
dams in late gestation (GD 13 until post partum),
coincident with enhanced primiparous performance.
These data support the notion that elevated 3a,5a-THP
levels may alter the hippocampal plasticity to enhance
cognitive performance. Past reports find that adminis-
tration of P4 with E2 to OVX rats, increases hippocampal
spine density (Woolley et al. 1996, Miranda et al. 1999)
and some of these effects are likely due to actions
through its metabolism to 3a,5a-THP. In support, 3a,5a-
THP has trophic effects to enhance central and
peripheral myelination, it is neuroprotective in traumatic
brain injury and ischemic stroke, and improves
functional outcome after trauma (Magnaghi et al.
Reproduction (2008) 136 105–115
2001, Schumacher et al. 2001, 2007, Ghoumari et al.
2003, Sayeed et al. 2006, VanLandingham et al. 2007).
As such, trophic effects of 3a,5a-THP may underlie some
of the neuroprotective aspects that have been reported
with motherhood in aging (Gatewood et al. 2005,
Pawluski & Galea 2007). As well, we have previously
found that the administration of 3a,5a-THP to OVX rats
increases cognitive performance on the object place-
ment task commensurate to P4 administration alone
(Frye et al. 2007). Thus, 3a,5a-THP elevations in
pregnancy may promote hippocampal remodeling in
primiparous rats to enhance cognitive performance.

In the brain, E2 can enhance the expression of the
enzymes that convert P4 to 3a,5a-THP and can enhance
3a,5a-THP production (Cheng & Karavolas 1973,
Micevych et al. 2003, Frye & Rhodes 2005). As such,
circulating levels of E2 were assessed and were higher
among multiparous compared with primiparous dams.
In the present study, E2 levels were largely stable in both
groups and did not greatly fluctuate across gestation as
did cognitive performance. While the trophic effects of
E2 and/or 3a,5a-THP (such as morphological changes in
dendritic spine density and neuroproliferation) were not
assessed, alterations in circulating E2 concentrations did
not appear to adequately account for cognitive improve-
ment among primiparous dams when considered alone.
The contribution of central 3a,5a-THP biosynthesis
should be considered in future investigations.

Tail blood collection is a mild stressor that was utilized
in the present investigation to assess the function of the
hypothalamic–pituitary–adrenal axis (HPA) in multi-
parous and primiparous rats. Overall, the concentrations
of CORT among rats in both groups were scarcely
elevated beyond what is normal during pregnancy.
Commensurate with past reports, we observed an initial
increase in circulating CORT levels followed by a
gradual attenuation of the HPA response in later
gestation (Neumann et al. 1998, Russell & Brunton
2006, Brunton & Russell 2007). Of interest, primiparous
dams had significantly higher CORT levels than multi-
parous dams across early- to mid-gestation and the
attenuation of primiparous CORT levels was somewhat
delayed compared with multiparous dams in late-
gestation. Despite this, it is not likely that stress accounts
for differences in cognitive performance of primiparous
and multiparous dams. On the contrary, investigations of
interactions between stress and cognition reveal that
stressed female rats typically perform better on radial
arm maze, object recognition, and object placement
tasks (Bowman et al. 2001, Beck & Luine 2002, Luine
2002), even when the stress is extended for 21 days,
commensurate with the time course of the present
investigation (Bowman et al. 2001, Beck & Luine 2002).
In fact, alterations in circulating CORT levels are an
indication of central 3a,5a-THP function. In rats,
3a,5a-THP plays a homeostatic role, increasing in the
brain in response to enhanced glucocorticoid secretion
www.reproduction-online.org
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to reinstate parasympathetic tone and dampen the HPA-
stress response (Patchev et al. 1996, Bitran et al. 2000).
The blockade of 3a,5a-THP formation or actions at its
GABAergic substrates prevents anti-anxiety behavior
and stress-induced glucocorticoid secretion (Rhodes &
Frye 2001, Reddy 2002). As such, one intriguing
possibility is that central 3a,5a-THP enhancement may
underlie some of the cognitive effects of parity. These
data support this notion, demonstrating that cognitive
performance is best among all rats when CORT levels are
attenuated, possibly due to the enhancement of central
progestins. Thus, HPA attenuation may be indicative of
3a,5a-THP enhancement to levels that can improve
cognitive performance.

The present investigation brings up several clinically
relevant points. First, among premenopausal women,
differences in cognitive performance have been
observed across the menstrual cycle (Rupp & Wallen
2008). In support of this, Wisconsin Card-Sorting
performance is better during high-progestin, compared
with low E2/progestin, phases of the cycle (Solis-Ortiz
et al. 2004). As well, among pregnant women, circulating
3a,5a-THP levels are observed to mimic the steady
elevation and sharp decline across gestation that is
observed among rodents (Gilbert-Evans et al. 2005),
although the endocrine effects of parity among women
have not been systematically investigated. Lastly, among
natural or surgery-related postmenopausal women, the
cognitive decline associated with hormonal depletion is
marked (Zelinski et al. 1993, Small et al. 1999, Sherwin
& Henry 2008). The findings of the present study add
support to an overwhelming literature that attests to the
beneficial effects hormones can have upon cognitive
performance (Hays et al. 2003, Smoller et al. 2003,
Brunner et al. 2005).

Although the results of this study are intriguing, it had
several limitations. First, multiparous rats were typically
a little more than one month older than other groups at
the time of testing. However, all rats experienced their
first mating at the same approximate age and the data
do not suggest that this influenced our results since
multiparous animals outperformed primiparous and
virgin rats. If age were a confounding factor, it would
be expected that multiparous animals would demonstrate
a decreased cognitive performance compared with
other groups. Second, Experiment 2 utilized rats that
were mated and became pregnant, pseudopregnant, or
did not become pregnant. Although all multiparous
rats had successful pregnancies prior to this experiment,
we cannot rule out the possibility that there may have
been a genetic or physiological advantage for those
that did become pregnant over those that did not
become pregnant. However, this seems less likely
considering evidence that pseudopregnant rats also
increased performance over non-pregnant rats, despite
not reproducing. Third, the contribution of other factors,
such as alterations in anxiety and exploratory behavior,
www.reproduction-online.org
which are affected by parity and hormonal status (Byrnes
& Bridges 2006, Frye et al. 2006), may underlie some
of the cognitive performance effects and/or hormonal
alterations indicated on these tasks. Future studies
may aim to utilize a battery of anxiety measures in
addition to object placement and recognition in order to
assess this possibility.

These experiments demonstrate that utilizing natural
hormone states associated with elevations in progestins
(via cyclical- and pregnancy-related enhancement) yield
differences in cognitive performance favoring high-
progestin states. These data confirm past reports and
suggest that some of the cognitive enhancement that is
associated with reproductive experience may be related
to elevations in circulating 3a,5a-THP. Future studies
should aim to elucidate the trophic effects of 3a,5a-THP
on hippocampal plasticity as well as its behavioral
correlates throughout the estrous cycle and the repro-
ductive experience.
Materials and Methods

These methods were pre-approved by the Institutional Animal
Care and Use Committee at the University at Albany, SUNY.
Animals

Adult, female Long-Evans rats (nZ140), which were
experimentally naı̈ve, weighing between 250 and 325 g,
were obtained from the breeding colony at The University at
Albany, SUNY (stock originally purchased from Charles River,
Raleigh, NC, USA). The rats were ear-tagged for identification
and housed four per cage in polycarbonate cages (45!24!
21 cm) in a temperature-controlled room (21G1 8C) in the
Laboratory Animal Care Facility in The Life Sciences Research
Building at SUNY, Albany. At the time of testing, multiparous
(two pregnancies) rats were between 4 and 5 months of age and
primiparous (one pregnancy) and nulliparous rats (no pregnan-
cies) were over 3 months of age, but all rats had their first
mating at approximately 50 days of age, irrespective of the
experimental condition. All rats were maintained on a
12 h:12 h reversed-light cycle (lights off at 0800 h) with
continuous access to Purina Rat Chow and tap water.
Object placement

The object placement task is a spatial memory task that
primarily relies on hippocampal functioning (Ennaceur et al.
1997, Wallace et al. 2006). During training, the rats were
placed in a white open field (76!57 cm with 35 cm high
walls) in a brightly lit testing room. Two identical objects were
used in this task. The rats were given 3 min to explore the open
field which contained the two objects that were always placed
in adjacent corners farthest from the rat starting location. These
objects were colored and spherical in shape (plastic toys in
shapes such as oranges, lemons, apples, hamburgers). After
training, the rats were placed in a dark, sound-dampened room
for 4 h. Following this interval, they were returned to the open
Reproduction (2008) 136 105–115
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field for testing. During testing, one of the spherical objects was
moved to the opposing corner of the open field box. The rats
were allowed to explore these objects for 3 min. They spent
equal amounts of time exploring objects in this task (typically
4.7G1.0 s). Although they did not show a bias towards
exploring objects on the right versus left side of the open
field, placement of the novel object was counterbalanced
such that, across all subjects, every corner of the open field was
used. In this manner, the novel object location was counter-
balanced across treatment groups and testing sessions to
eliminate any possible effects of side preference. As well,
the open field box and objects were cleaned with Quatricide
(15 g/l) between subjects to control for confounding olfactory
stimuli between testing sessions. A greater percentage of the
time spent exploring the object in the novel location as a
function of the total amount of the time spent exploring both
objects during testing (duration spent with object in novel
location/(duration spent with object in novel locationC
duration spent with object in familiar location)!100) is
considered an index of enhanced cognitive performance in
this task. Rats were not required to investigate the objects for
any minimum amount of time during the training phase to be
considered trained in this task for the following two reasons:
(1) the lack of criterion for investigation allows this test to be
suitable for repeated testing without test-decay effects (Luine
et al. 2003) and (2) the objective of the present investigation
was to assess the endocrine status that is changing over time.
Thus, a rigorous maintenance of the test-timing was required in
order to avoid confounds that could have shifted the time of day
at which assessment occurred during gestation.
Object recognition

The object recognition task is a working memory task that
primarily relies on cortical functioning and, to a lesser extent,
hippocampal functioning (Ennaceur et al. 1997, Broadbent
et al. 2004, Akirav & Maroun 2006). This task was used as
modified from previously published methods (Ennaceur &
Delacour 1988, Frye & Lacey 2001, Luine et al. 2003). Three
objects were used in this task. The rats were trained as
described above; however, during the testing trial, one of the
spherical objects was replaced by a third (novel), cone-shaped
object (a plastic toy in the shape of a buoy, a cartoon mouse, a
soda bottle, or a pear) of a similar size. A greater percentage of
time spent exploring the novel object as a function of the total
amount of time spent exploring both objects during testing
(duration spent with novel object/(duration spent with novel
objectCduration spent with familiar object)!100) is
considered an index of enhanced cognitive performance in
this task.
Procedure

Determination of estrous cycle phase

Estrous cycle phase was determined by daily examination of
vaginal epithelium (between 0900 and 1000 h), as per previous
methods (Long & Evans 1922, Frye et al. 2000). The rats were
cycled through two normal estrous cycles (4–5 day cycle) prior
Reproduction (2008) 136 105–115
to testing. All rats were tested on the morning of behavioral
estrus, which is characterized by the presence of many
nucleated epithelial cells, when E2 levels are declining, but
progestin levels are high (Feder 1981, Frye & Bayon 1999).

Experiment 1: endogenous hormonal variations in nulliparous
versus multiparous rats

Rats that were randomly assigned to be mated as multiparous
(having had two prior births) or not mated as nulliparous
(virgin) rats (nZ12/grp) were each assessed once in the object
placement and once in the object recognition tasks on separate
testing occasions when in behavioral estrus and diestrus.

Experiment 2: variations in pregnancy status of multiparous
versus primiparous rats

Multiparous or nulliparous rats were mated and determined by
daily examination of vaginal epithelium (between 0800 and
0900 h), to be pregnant (in anestrous by GD 6 continuing until
parturition, nZ12 multiparous, nZ12 primiparous), pseudo-
pregnant (in anestrous by GD 6 continuing at least until GD 12
without parturition, nZ12 multiparous, nZ12 primiparous), or
not pregnant (regularly cycling without parturition, nZ12
multiparous, nZ12 primiparous). The rats were trained and
tested between GDs 6–12 and each rat was assessed once on
the object placement and object recognition task.

Experiment 3: hormonal variations across gestation in multi-
parous versus primiparous rats

Virgin or multiparous rats were mated and determined to be
pregnant by daily examination of vaginal epithelium, consistent
weight gain and other observable criteria (presence of teats,
palpable pups). Rats (nZ10/grp) were tested on each day of
pregnancy from GD 1 (approximately 24 h after mating) to GD 21
oneither theobject placementor the object recognition task.After
testing on GD 21, dams were single-housed in a polycarbonate
cage (45!24!21 cm) for birthing. One postpartum test was
performed in both tasks with object placement 2 days after
parturition and object recognition 3 days after parturition or vice
versa. Throughout pregnancy, the task-type was counterbalanced
such that some rats in each group performed object placement on
odd GDs and object recognition on even GDs, while others were
tested on the opposite schedule. Since gestation lasts an odd
amount of days in the rat (approximately 21 days) there were two
days (GDs 1 and 2) wherein all rats performed in the same task
(object recognition on GD 1 and object placement on GD 2) in
order to maintain a counterbalanced design and the number of
observations in each group throughout testing. Likewise, stimuli
were counterbalanced across gestation such that no stimuli were
used more than once within7 GDs. Tail bloodwas collected at the
end of each testing occasion.
Plasma collection

The rats were gently restrained by hand and blood was
collected from a small nick at the tip of the tail. They were
allowed limited ambulation while tail was massaged and blood
was collected (w1 ml) in order to minimize stress and/or
www.reproduction-online.org
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discomfort. Following collection, blood remained on ice until
refrigerated centrifugation (4 8C at 3000 g for 10 min). Serum
was immediately stored in a K80 8C freezer until analysis.
Radioimmunoassays

RIA for E2, 3a,5a-THP, and CORTwas conducted on plasma by
previously reported methods (Choi & Dallman 1999, Frye &
Bayon 1999, Frye et al. 2007).
Radioactive probes

Tritiated [3H] 3a,5a-THP (NET 1047, specific activityZ
65.0 Ci/mmol), [3H] E2 (NET 317, specific activityZ51.3 Ci/
mmol), and [3H] CORT (NET 182, specific activityZ48.2 Ci/
mmol) used for RIAs were purchased from Perkin–Elmer (Boston,
MA, USA).
Antibodies

The 3a,5a-THP antibody (purchased from Dr Robert Purdy,
Veterans Medical Affairs, La Jolla, CA, USA) was used in a
dilution of 1:5000, which binds between 40 and 60% of [3H]
3a,5a-THP. The E2 antibody (E#244, Dr G D Niswender,
Colorado State University, Fort Collins, CO, USA) was used in a
dilution of 1:40 000 and bound between 40 and 60% of [3H]
E2. The CORT antibody (Endocrine Sciences, Calabasas Hills,
CA, USA: #B3-163) was used in a dilution of 1:20 000 and
bound between 40 and 60% of [3H] CORT.
Analyses

In Experiments 1 and 2, behavioral datawere analyzed using two-
way ANOVAs to determine the effects of parity (Experiment 1,
nulliparous or multiparous and Experiment 2, primiparous or
multiparous) and hormone condition (Experiment 1, diestrus or
behavioral estrus and Experiment 2, not pregnant, pseudopreg-
nant, or pregnant) on performance in the object placement and
recognition tasks. In Experiment 3, repeated measures ANOVAs
were utilized to determine effects of parity and GD differences
with parity condition (primiparous or multiparous) as the
between-subjects factor and GD (1–21 and post partum) as the
within-subjects factor. Planned comparison t-tests were used to
determine significant differences between primiparous and
multiparous rats on each GD. An a-level of P!0.05 was used
to determine statistical significance in all analyses. An a-level of
P!0.10 was determined to indicate a trend towards significance.
When appropriate, significant analyses were assessed using
Fisher’s protected least significant difference comparisons to
determine group differences.
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