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(3) 441–448, 1999.—Lactation has been associated with anx-
iolysis in several tests of anxiety. These observations, considered together with observations that progesterone and its 5

 

a

 

-reduced
metabolites are anxiolytic in cycling, nonlactating females, raised the question of whether the changes in anxiety-related be-
haviors that accompany lactation are driven by reduced progesterone metabolites. Lactating female rats were tested on the
plus-maze on postpartum days 2 or 7, and demonstrated enhanced open-arm performance relative to cycling, nonlactating fe-
males. Hormonal analysis indicated that while serum levels of both progesterone and its 3

 

a

 

,5

 

a

 

-reduced metabolite were in-
creased in lactating females, the turnover of progesterone to the metabolite was markedly reduced during lactation. Further-
more, treatment with a 5

 

a

 

-reductase inhibitor for 3 days prior to testing potentiated the open-arm performance in lactating
females, implying that enhanced open-arm performance was not mediated by the reduction of progesterone or other steroids.
Additionally, analysis of GABA

 

A

 

 receptor function indicated that parturition and lactation did not alter the sensitivity of the
receptor to GABA or to modulation by reduced steroids. The mechanisms driving enhanced plus-maze behavior in lactating
females appear to differ from mechanisms identified in nonlactating females. © 1999 Elsevier Science Inc.
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PROGESTERONE has been shown to be anxiolytic in fe-
males in a number of different animal models of anxiety
(4,9,22), whereas withdrawal from daily progesterone treat-
ment reportedly induces behavior indicative of experimental
anxiety in females (14). The anxiolytic action of progesterone
appears to be mediated by the conversion of progesterone to
reduced metabolites: treatment with a 5

 

a

 

-reductase inhibitor
but not a progesterone receptor antagonist prevented the
anxiolytic action of progesterone (5). Consistent with the sug-
gestion that reduced metabolites of progesterone mediate the
anxiolytic effects of the parent hormone, administration of re-
duced metabolites themselves induces anxiolysis in both
males and females (2,6,8). In females, reduced responses to
anxiogenic stimuli have been correlated to stage of the es-
trous cycle, with female rats in proestrus (when progesterone
levels are elevated) showing decreased defensive burying be-
havior relative to females in metestrus, diestrus, or estrus (9).
Considered together, the results of these studies give rise to
the hypothesis that the production of reduced progesterone

metabolites represents an endogenous mechanism that plays
a role in regulating responses to anxiogenic stimuli, particu-
larly in female rats.

Pregnancy and lactation have also been shown to influence
behavior in experimental tests of anxiety. We observed that
exploration of the open arm in the elevated plus-maze test
was increased in lactating females at postnatal days 2 and 7
relative to the performance of cycling females in either
proestrus or diestrus (3). Other studies have reported a higher
number of punished responses in a conflict paradigm in post-
partuant than in virgin female rats (11,18), and behavior in
the defensive burying paradigm varied as a function of preg-
nancy and lactation (21). These observations, considered to-
gether with the reports that progesterone and its reduced me-
tabolites exert anxiolytic effects, raise the question of whether
the changes in anxiety-related behavior that accompany preg-
nancy and lactation are driven by changing hormone levels
during these periods.

Plasma progesterone levels in rats are high during the last
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week of gestation, fall precipitously within 24 h of parturition,
remain at low levels until around day 2 postpartum, and then
increase steadily throughout lactation eventually reaching preg-
nancy levels just before weaning (17,25). Because circulating
progesterone is one source for the production of reduced proges-
terone metabolites in the brain, the brain levels of these me-
tabolites might fluctuate with the changing level of the parent
hormone during pregnancy and lactation. However, progester-
one can also be produced in the brain by synthesis from choles-
terol, a process that takes place in glial cells in the adult brain
(15), and the levels of the reduced metabolites in the brain
might not correlate with circulating levels of parent hormone.

The anxiolytic effects of the reduced progesterone metab-
olites have been shown to be mediated via modulation of the

 

g

 

-aminobutyric acid

 

A

 

 (GABA

 

A

 

) receptor. For example, pi-
crotoxin, an antagonist at the GABA

 

A

 

 receptor, and the ben-
zodiazepine antagonist, flumazenil, have both been shown to
prevent the anxiolytic actions of reduced progesterone metab-
olites (3,10). Furthermore, the reduced fear associated with
lactation resembles behavior elicited in virgin females given
benzodiazepines, suggesting that GABA

 

A

 

 receptors in the
brain may be influenced by lactation (19). Binding at several
sites around the GABA

 

A

 

 complex is not altered in lactating
females (11). However, it is possible that the sharp decrease in
progesterone just prior to parturition may elicit a withdrawal-
induced change in the sensitivity of GABA

 

A

 

 receptors to re-
duced steroid metabolites. Such an effect might explain the
enhanced anxiolysis observed on the day of parturition when
plasma progesterone levels are low (21).

The goals of this study, therefore, were to 1) determine
whether the responsiveness of GABA

 

A

 

 receptors in the cere-
bral cortex to GABA and

 

/

 

or 3

 

a

 

-reduced pregnane steroids
was altered in lactating females relative to nonlactating, intact
females; and 2) evaluate the importance of the production of
reduced progesterone metabolites to the anxiolysis associated
with lactation.

 

METHOD

 

Animals

 

Female rats (250–300 g; Long–Evans, Harlan–Sprague–
Dawley, Altamont, NY) were mated overnight with male rats
of the same strain. The presence of a sperm-positive vaginal
smear designated gestation day 0. Animals were maintained
on a 12-h light

 

/

 

dark cycle (lights on at 0600 h) and provided
with ad lib food and water. The day of birth was designated
postnatal day 0. Testing was conducted on postnatal days 2
and 7, 7–8 h after the onset of light. Nonlactating, cycling fe-
males were used as controls. The stage of the estrous cycle
was determined in the cycling females by vaginal lavage, and
the tested females were found to be in stages of diestrus.

 

Behavioral Testing

 

To replicate our previous observations that lactating rats
demonstrate enhanced anxiolytic activity (3), lactating fe-
males were tested either at postnatal days 2 or 7 for perfor-
mance on the elevated plus-maze, and their performance was
compared to that of the cycling, nonlactating females. The
plus maze was made of wood and consisted of two runways
that intersected at the center at right angles. Each arm of the
maze measured 100 cm (length) by 10 cm (width). Two of the
arms that were opposed to each other had walls that mea-
sured 40 cm in height (closed arms), whereas the other two
arms had no walls (open arms). The maze was elevated 50 cm

above the floor and positioned such that the open arms were
centered under bright, incandescent lights. Females were
placed in the center of the maze (10 

 

3

 

 10 cm), and the num-
ber of entries into each type of arm was counted (all four
paws in the arm defining an entry) as was the time spent on
each type of arm. The test was terminated 5 min after the fe-
male was placed in the center. The following measures were
calculated: total number of arm entries, ratio of entries onto
the open arms to the total entries, total time on open and
closed arms, and ratio of time spent on open arms to total
time spent on both arms. Changes in the total number of arm
entries reflect a general index of activity, whereas changes in
the ratio measures constitute indices of anxiety: percent in-
creased open-arm performance reflects an anxiolytic state,
while decreased percent open-arm performance reflects an
anxiogenic state. A measure of general locomotor activity was
also obtained by measuring activity in a novel, open field for 5
min prior to testing on the plus-maze. Animals were placed
individually in a Plexiglas arena (41 

 

3

 

 25 

 

3

 

 41 cm) that was
housed in a sound-attenuating chamber with an illumination
intensity of 13–15 scotopic lx. Gross locomotor activity was
detected by infrared photocells located along the walls of the
arena at 5-cm intervals. The photocells were connected to a
cumulative recorder, thereby providing an automated mea-
sure of gross locomotor activity.

 

Determination of GABA

 

A

 

 Receptor Function

 

To assess responsiveness of the GABA

 

A

 

 receptor as a
function of lactation, GABA-stimulated 

 

36

 

Cl

 

2

 

 uptake was
evaluated in synaptoneurosomes prepared from the cerebral
cortex of lactating dams on postpartum days 3 and 8, as well
as from nonlactating, cycling females. All tissue was prepared
1 day following behavioral testing. Synaptoneurosomes were
prepared in 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid (HEPES)-Tris buffer (20 mM, pH 7.4) as described by
Schwartz et al. (23). Chloride uptake was initiated by addition
of freshly prepared synaptoneurosomes (4 mg protein

 

/

 

ml, fi-
nal incubation concentration) to reaction tubes (preincubated
at 30

 

8

 

C for 10 min) containing 0.25 

 

m

 

Ci of 

 

36

 

Cl

 

2

 

 (specific ac-
tivity 13.38–13.47 mCi

 

/

 

g; New England Nuclear, Boston, MA)
and varying (nine total) concentrations of GABA (1–1000

 

m

 

M). The final incubation volume was 250 

 

m

 

l. The reaction
was terminated after a 10-s incubation period by addition of 5
ml ice-cold buffer containing picrotoxin (100 

 

m

 

M) to the assay
tubes and filtration through Whatman GF

 

/

 

C glass fiber filters.
Rinsed filters were placed in Ecoscint A (National Diagnos-
tics) and the activity of 

 

36

 

Cl

 

2

 

 determined by liquid scintilla-
tion spectrometry. The data were expressed as net 

 

36

 

Cl

 

2

 

 up-
take in nmol

 

/

 

mg protein (uptake in the presence of GABA
minus uptake in the absence of any added GABA). The max-
imal stimulation of chloride uptake by GABA (nmol

 

/

 

mg
protein) and the EC

 

50

 

 for GABA stimulation (

 

m

 

M) were de-
termined for each individual experiment using Prism by
GraphPad

 

TM

 

. To evaluate the responsiveness of the GABA

 

A

 

receptor to neuroactive steroids, aliquots of each sample were
incubated in tubes containing the reduced progesterone me-
tabolite 3

 

a

 

-hydroxy-5

 

b

 

-pregnan-20-one (3

 

a

 

,5

 

b

 

-THP) at 500
nM in addition to GABA. Previous work from this laboratory
has shown that this metabolite has anxiolytic properties when
administered to animals tested in the plus maze (2).

 

Inhibition of 5

 

a

 

-Reductase

 

To examine the importance of the conversion of proges-
terone to reduced metabolites for the enhanced anxiolytic ef-
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fect of lactation, the effect of exposure to a 5

 

a

 

-reductase in-
hibitor, MK-434 (an azosteroid, Merck Research Laboratories),
over postnatal days 5–7 on plus-maze performance on day 7
was examined. The drug was dissolved in 100% dimethylsul-
foxide (DMSO) and administered at 50 mg

 

/

 

kg. Controls were
given an equivalent volume of DMSO. All animals were
tested on day 7, 4 h after the third daily injection. The weight
of the litter was monitored over each of the 3 days to deter-
mine whether MK-434 treatment interfered with lactation. A
25–30% increase in litter weight took place over that period in
both MK-434 and DMSO-exposed litters.

 

Hormonal Analysis

 

The serum concentrations of progesterone and the re-
duced progesterone metabolite, 3

 

a

 

-hydroxy-5

 

a

 

-pregnan-20-
one (3

 

a

 

,5

 

a

 

-THP), were determined in all females tested. In
the one study, trunk blood was collected following decapita-
tion prior to removal of the brain for analysis of chloride up-
take. Trunk blood was collected from animals administered

MK-434 or DMSO on the day following behavioral testing (24
h after the third injection). Progesterone was measured using
Coat-A-Count kit for progesterone (Diagnostic Products
Corp., Los Angeles, CA). 3

 

a

 

,5

 

a

 

-THP was measured using an
RIA performed on ether extracts of serum: the assay was per-
formed at the Southwestern Foundation, San Antonio, TX, by
Dr. Perry Moore. All results were expressed as ng

 

/

 

ml.

 

Statistical Analysis

 

All data were analyzed by analysis of variance (ANOVA)
using a commercially available package (StatView 512

 

1

 

TM

 

).
Because aliquots of the same tissue were incubated under two
different conditions (GABA alone or GABA plus 3

 

a

 

,5

 

b

 

-THP)
in the chloride uptake assay, analysis for repeated measures
was applied to that data. Statistical significance was noted
when the probability of a Type I error was 

 

,

 

0.05.

 

RESULTS

 

Experiment 1: Responsiveness of the GABA

 

A

 

 Receptor During 
the First Week of Lactation

 

Before assessing function of the GABA

 

A

 

 receptor during
lactation, lactating females at postnatal day 2 or 7 as well as
cycling, nonlactating females were tested on the plus-maze to
verify our previous observations that lactation alters plus-
maze performance (3). ANOVA of percent time on the open
arms (Fig. 1) indicated that the percent time spent on the
open arms varied as a function of lactation state (

 

p 

 

,

 

 0.005).
Post hoc testing (Fisher PLSD) indicated that percent time on
the open arms was greater at both postpartum day 2 and 7
than in cycling, nonlactating females, but that time on the
open arms did not differ between the two lactating groups.
ANOVA of the percent entries onto the open arms indicated
only a marginal influence of lactation state (

 

p

 

 

 

,

 

 0.08). Analy-
sis of the data presented in Table 1 indicated that neither lo-
comotor activity nor the total number of entries was altered
significantly as a function of lactating state, indicating that
general activity was not altered by lactation. The number of
open arm entries was only marginally affected by lactation (

 

p

 

 

 

,

 

0.06), and the number of closed arm entries was unaffected.
Neither total time nor time on the closed arms varied as a
function of lactation. However, the time spent on the open
arms varied with lactation state, with post hoc testing reveal-
ing that lactating females spent more overall time on the open
arms than nonlactating females. These results, therefore, rep-
licated previous observations that performance on the open
arms of the plus-maze was enhanced in lactating females (3).

FIG. 1. Percent time on and percent entries onto the open arm of
the plus-maze in nonlactating and lactating females at 2 and 7 days
postpartum (lact-2, lact-7, respectively). Data are presented as mean 6
SEM. *Indicates significant difference from same measure in nonlac-
tating females.

 

TABLE 1

 

LOCOMOTOR ACTIVITY AND PLUS MAZE PERFORMANCE IN NON-LACTATING

 

 

 

AND LACTATING FEMALE RATS AT POSTPARTUM DAYS 2 AND 7

Number Time

Condition Activity Total Open Closed Total Open Closed

 

Non-lactating (4) 994.75 

 

6

 

 42.86 12.0 

 

6

 

 1.0 3.75 

 

6

 

 0.75 8.25 

 

6

 

 0.25 193.0 

 

6

 

 29.2 34.75 

 

6

 

 7.46 158.25 

 

6

 

 28.70
Lactating-2 (6) 988.86 

 

6

 

 32.88 15.3 

 

6

 

 1.9 6.67 

 

6

 

 0.99 8.67 

 

6

 

 1.38 190.0 

 

6

 

 14.7 75.67 

 

6

 

 10.6* 114.33 

 

6

 

 19.20
Lactating-7 (4) 1059.67 

 

6

 

 56.30 15.7 

 

6

 

 0.7 7.33 

 

6

 

 0.33 8.33 

 

6

 

 0.88 182.7 

 

6

 

 15.1 102.33 

 

6

 

 3.53* 80.33 

 

6

 

 14.62

Data are expressed as mean 

 

6

 

 SEM; activity scores are the number of photobeam interruptions per 5-min test session; time is reported in
seconds; (number of animals tested). 

*

 

p

 

 

 

,

 

 0.05 relative to non lactating females.
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On the morning following testing on the plus maze,
GABA-stimulated chloride uptake was evaluated in cortical
synaptoneurosomes. The mean for the EC

 

50

 

 and maximal
stimulation calculated for each individual experiment is indi-
cated in Table 2. A two-factor [incubation condition (GABA
alone or GABA plus steroid) 

 

3

 

 state of lactation] ANOVA
for repeated measures indicated that the EC

 

50

 

 for GABA
stimulation varied significantly with incubation condition (

 

p

 

 

 

,

 

0.005). Post hoc evaluation indicated that the EC

 

50

 

 was signifi-
cantly decreased in the presence of 3

 

a

 

,5

 

b

 

-THP, indicating
that the sensitivity of the receptor for GABA was enhanced
by the presence of the steroid. However, the EC

 

50

 

 was not al-
tered significantly as a function of lactation state, and there
was no significant interaction between lactation state and in-
cubation condition. Additionally, two-factor ANOVA indi-
cated a significant effect of incubation condition on the maxi-
mal stimulation by GABA (

 

p 

 

,

 

 0.004). Post hoc testing
showed that the maximal stimulation was significantly in-
creased in the presence of the neurosteroid. However, there
was no overall effect of lactation state on maximal stimula-
tion. Because aliquots of each sample were incubated in both
conditions, the ratio of the response in the presence of GABA
plus steroid to the response in the presence of GABA only
was calculated for each experiment and the mean results for
each group are indicated in Table 2. The ratio did not vary sig-
nificantly across lactation condition. These data indicate that
neither the sensitivity of the GABA

 

A

 

 receptor to GABA nor
to the modulatory effects of the progesterone metabolite,
3

 

a

 

,5

 

b

 

-THP, were altered in cortical synaptoneurosomes of
lactating females when compared to nonlactating females.

The levels of progesterone and its reduced metabolite,
3

 

a

 

,5

 

a

 

-THP, were measured in serum collected at the same
time brains were removed for analysis of GABA

 

A

 

 receptor

function, and the results are shown in Fig. 2. One-factor
ANOVA indicated a significant effect of lactation state on the
serum level of both progesterone and its reduced metabolite
(

 

p

 

 

 

,

 

 0.008 and 

 

p 

 

,

 

 0.003, respectively). Post hoc analysis indi-
cated that progesterone levels at postpartum day 8 were sig-
nificantly higher than in nonlactating females, whereas the
progesterone levels at postpartum day 2 did not differ signifi-
cantly from either the nonlactating or lactation day 8 females.
Levels of 3

 

a

 

,5

 

a

 

-THP were higher at day 8 than in both of the
other groups. ANOVA of the ratio of 3

 

a

 

,5

 

a

 

-THP:progester-
one, which provides an index of the turnover of progesterone
to the metabolite, revealed a significant effect of lactation
state (p , 0.003). Post hoc testing indicated that the ratio was
significantly reduced in both groups of lactating females rela-
tive to nonlactating females. This observation implies that
while plasma progesterone levels increased during lactation
(at least by postpartum day 8), the conversion of the parent
hormone to the reduced metabolite was decreased.

Experiment 2: Effect of Inhibition of 5a-Reductase on 
Plus-Maze Performance in Lactating Females

To evaluate the importance of production of 5a-reduced
metabolites to responses on the plus-maze, lactating females
were treated with a 5a-reductase inhibitor or vehicle for 3
days prior to testing at postpartum day 7. Percent time on the
open arms and the percent entries onto the open arms are il-
lustrated in Fig. 3 for the two groups. ANOVA of these data
and that from untreated lactating females tested at postnatal
day 7 (data shown in Fig. 1) indicated a significant effect of
treatment on both percent time (p , 0.02) and on percent en-
tries (p , 0.04). Post hoc testing revealed that neither of the
treated groups differed in either percent time or percent en-

TABLE 2
EFFECT OF LACTATION ON THE RESPONSIVENESS OF CORTICAL GABAA RECEPTORS TO PROGESTERONE 

METABOLITES: CHARACTERISTICS OF GABA-STIMULATED CHLORIDE UPTAKE

EC50
1 Maximal Stimulation2

Condition GABA Only GABA 1 THP* THP:GABA GABA Only GABA 1 THP* THP:GABA

Non-lactating 9.34 6 0.73 6.51 6 1.41 0.70 6 0.16 27.88 6 4.55 37.49 6 3.15 1.34 6 0.12
Lactating-3 11.81 6 0.39 6.97 6 0.64 0.59 6 0.06 28.57 6 4.58 37.19 6 5.31 1.31 6 0.12
Lactating-8 10.12 6 0.08 7.32 6 1.86 0.72 6 0.19 29.04 6 10.71 36.50 6 6.19 1.36 6 0.29

Data presented as mean 6 SEM; 1 mM; 2nmoles/mg protein.
*Significant main effect of incubation condition; THP 5 3a,5b-THP.

TABLE 3
LOCOMOTOR ACTIVITY AND PLUS MAZE PERFORMANCE IN LACTATING FEMALES AT POSTPARTUM DAY 7:  

EFFECT OF INHIBITION OF 5 ALPHA-REDUCTASE

Number Time

Condition Activity Total Open Closed Total Open Closed

MK-434 (4) 1080.25 6 72.26 20.0 6 1.2 11.80 6 2.46 8.25 6 1.50 215.8 6 5.1 154.2 6 18.5* 61.5 6 18.89
DMSO (4) 936.25 6 25.86 16.5 6 1.0 6.25 6 0.48 10.25 6 0.95 182.8 6 14.7 69.8 6 6.52 113.0 6 17.32
Lactating-7 (4) 1059.67 6 56.30 15.7 6 0.7 7.33 6 0.33 8.33 6 0.88 182.7 6 15.1 102.3 6 3.53 80.3 6 14.62

Data expressed as mean 6 SEM; activity scores are the number of photobeam interruptions per 5-min test session; time is reported in sec-
onds; (number of animals tested). Data from uninjected lactating-7 females from Table 1 included for comparison.

*p , 0.05 compared to both other groups.



REDUCED PROGESTINS IN LACTATION ANXIOLYSIS 445

tries from untreated lactating females, but both measures
were greater in animals treated with MK-434 than with the ve-
hicle (DMSO). However, analysis of amount of time on the
open arms (Table 3) indicated a significant effect of treatment
(p , 0.004), with lactating females exposed to MK-434 spend-
ing significantly more time on the open arms than either vehi-
cle-treated or untreated lactating females. Neither locomotor
activity nor total time nor total number of arm entries differed
between the two treatment groups or from nontreated lactat-
ing females. Clearly, inhibition of 5a-reductase did not reduce
performance on the open arm in lactating females but actually
increased the total time spent on the open arms.

Steroid levels in the serum were compared between the
two treated groups using an unpaired Student’s t-test. As
shown in Fig. 4, the serum progesterone level did not differ
between the two groups, but the serum level of 3a,5a-THP
was significantly lower in the MK-434–treated females (p ,
0.007). Consequently, the ratio of 3a,5a-THP:progesterone
was significantly reduced by MK-434 treatment, indicating the
decreased conversion of progesterone to the metabolite fol-
lowing inhibition of 5a-reductase.

DISCUSSION

The results of these experiments do not support a role for
reduced progesterone metabolites in mediating the apparent
anxiolytic effects that have been observed in lactating fe-
males. While lactating females did exhibit enhanced open-arm
performance on the plus-maze relative to nonlactating fe-
males, as was previously reported (3), analysis of serum hor-
mone levels indicated that the turnover of progesterone to the
reduced metabolite, 3a,5a-THP, was decreased in lactating
females. Furthermore, while the behavior was similar at both
postpartum days tested, the serum level of 3a,5a-THP was
significantly higher at postpartum day 8 than at postpartum
day 2, indicating a lack of correlation between the behavior
and serum levels of the reduced progesterone metabolite. Ad-
ditionally, inhibition of 5a-reductase, which decreased serum
levels of the metabolite, did not reduce open-arm perfor-
mance in lactating females.

It could be argued that the apparent lack of effect of inhi-
bition of the reductase on plus maze performance in lactating
female rats was due to incomplete inhibition of the enzyme.
Even though treatment with MK-434 significantly reduced the
serum level of 3a,5a-THP and decreased the turnover of
progesterone to the reduced metabolite, the absolute level of
3a,5a-THP in MK-treated rats was still slightly higher than
that measured in cycling, nonlactating females. It seems un-

FIG. 2. The levels of progesterone and 3a,5a-THP (THP) and the ratio of THP:progesterone measured in nonlactating and lactating females at
postpartum day 3 and 8 (1 day following testing on the plus maze). Data are presented as mean 6 SEM. *Indicates a significant difference
between marked group and groups indicated by a vertical dash mark.

FIG. 3. Percent time on and percent entries onto the open arm of
the plus-maze in lactating females tested on postpartum day 7. One
group was treated from postpartum days 5 through 7 with the 5a-
reductase inhibitor, MK-434 (50 mg/kg), while the control group
received the diluent, DMSO, over the same period. Data are pre-
sented as mean 6 SEM. *Indicates a signifcant difference from the
control group.
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likely, however, that there is an absolute threshold level of re-
duced metabolite in the serum above which anxiolytic behav-
ior will be observed. The results of a recent study by Smith et
al. (24) also illustrate the poor correlation between serum
3a,5a-THP levels and plus-maze performance. In that study,
the serum levels of the metabolite in 40-day-old ovariecto-
mized rats were twice as high as the levels measured in the cy-
cling, adult females in the present study, but the time spent on
the open arms of the plus-maze was similar. Furthermore,
while the induction of pseudopregnancy increased serum
3a,5a-THP levels, it did not alter plus maze performance. But
treatment of pseudopregnant rats with an inhibitor of 5a-
reductase decreased serum metabolite levels to that measured
in the ovariectomized controls and also decreased open-arm
performance. Absolute serum levels of reduced progestins,
therefore, do not seem predictive of behavior. Brain levels of
the metabolite were not measured in the current study, and
one cannot generalize from serum to brain; however, the 5a-
reductase inhibitor used is highly lipophilic in nature, so the
drug should readily have penetrated into cells in the brain. In-
deed, 3-day exposure to the same drug used in this study
(MK-434) significantly reduced 5a-reductase activity in the
telencephalon of birds (16), and treatment of adult rats with a
compound similar to MK-434 (4-MA), prevented the effects
of exogenous progesterone administration on plus-maze per-
formance and cortical GABAA receptor function (5). There-
fore, it seems highly likely that 5a-reductase was inhibited in
the brains of lactating females in the current study.

The estimation of progesterone turnover to reduced me-
tabolites, as was done in the current study by measuring the
ratio of the metabolite to progesterone, may provide a better
index of the activity of the enzyme than do absolute serum
levels. Turnover of progesterone to the metabolite in the pe-
riphery was clearly reduced by 3-day exposure to MK-434
compared to either vehicle-injected or uninjected lactating fe-
males. However, the turnover of progesterone to the metabo-
lite was also reduced by lactation itself. And even though
treatment with MK-434 further reduced turnover in lactating
females, the turnover may already have been so reduced that
any further decrease was inconsequential. Because brain lev-

els of the steroids were not obtained in this study, the effect of
lactation on progesterone turnover in brain cells is not known.
But a recent report indicates that the effect of lactation on
progesterone turnover in various brain regions does not nec-
essarily follow the direction measured in plasma (13). Al-
though lactation reduced progesterone turnover to reduced
metabolites in plasma relative to cycling females at diestrus 1
(the stage of the estrous cycle in that study where the plasma
hormone levels best compare to those measured in cycling fe-
males in the current study), progesterone turnover increased
only slightly in the hypothalamus, decreased in the amygdala,
and increased in the hippocampus and cerebral cortex of lac-
tating rats. The changes in behavior occurring with lactation
may be related to far more complex mechanisms than the con-
version of progesterone to its reduced metabolites.

The apparent lack of an influence of reduced progesterone
metabolites on plus-maze performance in lactating females
may have occurred because the plus-maze can detect behavior
other than anxiety-related behavior exclusively. Although the
plus-maze has been validated as a measure of anxiety in rats
(20), the test may also detect other states. Consistent with this
possibility, untreated lactating females spent 50% time on the
open arms of the maze, indicating that the open arms were no
more aversive than the closed arms. Compared to either vehi-
cle-injected or uninjected lactating females at postnatal day 7,
the females exposed to MK-434 spent significantly more time
on the open arms of the plus-maze. Increased open-arm per-
formance in lactating females may reflect the vigilance required
of lactating females for the successful survival of their offspring,
and thus be an adaptive behavioral response. Treatment with
MK-434 may have potentiated this vigilance. Clearly, the im-
pact of reduced progestins during lactation must be evaluated
using several different tests.

Actions of progesterone other than via reduced metabo-
lites also must be considered as possibly mediating the effects
of lactation. The role of the progesterone receptor in mediat-
ing specific neural and behavioral changes associated with lac-
tation has been investigated in several studies. Normal mater-
nal behavior in lactating mice was disrupted by exposure of
the dams to a progesterone receptor antagonist during preg-

FIG. 4. The levels of progesterone and 3a,5a-THP (THP) and the ratio of THP:progesterone measured at postnatal day 8 (1 day following test-
ing on the plus-maze) in lactating females administered MK-434 or DMSO over postpartum days 5–7. Data are presented as mean 6 SEM. *Indi-
cates a significant difference from the control group.
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nancy (26). interestingly, administration of the antagonist af-
ter parturition had a negligible effect, suggesting that progest-
erone action at the progesterone receptor during pregnancy
serves as a priming mechanism for the onset of normal mater-
nal behavior after parturition. Therefore, if progesterone
plays a role in establishing anxiolysis or vigilance in lactating
females, it may exert its impact prior to parturition. However,
progesterone may not mediate all maternal behaviors. Lactat-
ing females show enhanced aggression towards conspecifics
(19), but progesterone has been shown to be antiaggressive
(7,12). On the other hand, progesterone may act in synergy
with other aspects of lactation. Reduced cortical activation by
N-methyl-d,l-aspartic acid has been reported in lactating fe-
males, and progesterone action at the progesterone receptor
in synergy with suckling appears to be responsible (1). Re-
duced cortical activation in lactating females suggests that
these females may process incoming environmental informa-
tion differently from nonlactating females. The altered plus-
maze behavior observed in lactating females may reflect al-
tered cortical function.

Parturition and the onset of lactation, however, did not ap-
pear to induce a change in the sensitivity of cortical GABAA
receptors to GABA or to modulation by progesterone metab-
olites. This observation is consistent with a previous report
showing that binding to several recognition sites on GABAA
receptors is not altered in lactating females (11). The observa-
tions that various drugs that disrupt function of GABAA re-
ceptors can reverse the increased aggression (19) and anticon-
flict behavior (18) measured in lactating rats may indicate

only that the receptor is part of the neural circuitry involved
in these responses, but does not necessarily indicate that
changes in GABAA receptor function mediate the effect of
lactation on these behaviors. The lack of effect of lactation
state on cortical GABAA receptors contrasts with the effect of
ovarian hormones in ovariectomized females on GABAA re-
ceptor function (3,5). The lack of effect of lactation state on
GABAA receptor function considered together with the lack
of effect of treatment with a 5a-reductase inhibitor on lacta-
tion-increased open-arm performance suggests that mecha-
nisms underlying plus-maze performance in lactating females
differ from those underlying progesterone-enhanced plus-
maze performance in ovariectomized females.

In summary, although these results do not explicitly prove
that reduced progesterone metabolites do not mediate the en-
hanced open-arm performance observed in lactating females,
they do raise serious doubts as to the role of such metabolites.
Although the reduction of progesterone to its metabolites
may be ethologically advantageous as an endogenous mecha-
nism to reduce anxiety during sexually receptive periods in cy-
cling females, other mechanisms may mediate the adaptive
behaviors observed in lactating females.
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