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Neuroactive steroids produce effects similar to other GABAy modulators (e.g., benzodiazepines and
barbiturates) and have a large therapeutic potential; however, a greater understanding of the effects of
these substances on learning and memory is needed. To specifically assess the effects of a neurosteroid on
memory, pregnanolone (1-18 mg/kg) was administered to male Long-Evans rats responding under a
repeated acquisition and delayed-performance procedure in which different 4-response sequences were
acquired and then retested after varying delays. Responding was maintained under a second-order fixed-ratio
(FR) 2 schedule of food reinforcement, and incorrect responses (errors) produced a 5-sec timeout. For
comparison purposes, both a high (flunitrazepam) and low efficacy agonist/antagonist (flumazenil) of the
GABA, receptor complex were also administered both alone and in combination. Retention of each sequence
Flumazenil was quantified as percent savings in errors-to-criterion and this dependent measure was shown to be
GABAA receptor sensitive to increases in delay. When administered 15 min prior to the end of either a 30- or 180-minute
Rats delay, pregnanolone produced both dose- and delay-dependent decreases in percent savings, response rate
and accuracy; this effect was selective in that decreases in retention occurred at doses lower than those that
disrupted response rate or accuracy. Flunitrazepam (0.056-1 mg/kg) produced similar disruptions in
retention and these disruptions were antagonized by 5.6 mg/kg of flumazenil. Both an ineffective
(0.056 mg/kg) and an effective (0.18 mg/kg) dose of flunitrazepam also potentiated the dose- and delay-
dependent disruptions in retention produced by pregnanolone. These data indicate that the neurosteroid
pregnanolone disrupts retention in a manner similar to the benzodiazepine flunitrazepam, and suggests that
the interaction of flunitrazepam and pregnanolone on retention may be mediated by the GABA4 receptor
complex.
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1. Introduction

The purpose of this study was to characterize the neurosteroid
pregnanolone and its effects on retention using a complex operant
task and to compare these effects with flunitrazepam, a prototypic
positive GABA, modulator. In order to assess the capacity of
pregnanolone to disrupt retention, a repeated-acquisition technique
(Thompson et al., 1986) was used, which assayed retention by
requiring subjects to acquire a sequence of responses and then, within
that same session, repeat that sequence of responses after some delay.
This procedure has been shown to produce both high and low levels of
retention depending on the delay and produce drug-induced
disruptions of retention in monkeys (Thompson et al., 1986) and

* Corresponding author at: Department of Pharmacology and Experimental
Therapeutics, LSU Health Sciences Center, 1901 Perdido St., New Orleans, LA 70112,
USA. Tel.: +1 504 568 2071; fax: +1 504 568 2361.

E-mail address: ramato@Isuhsc.edu (RJ. Amato).

0091-3057/% - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.pbb.2011.05.023

rats (Leonard et al., 2009). The procedure is considered to be a
repeated-acquisition procedure because a different sequence was
acquired each session. Responding was maintained under a second-
order fixed-ratio (FR) 2 schedule of food reinforcement, and incorrect
responding (errors) produced a 5-sec timeout.

Sarter et al. (1992a, 1992b) have argued that many of the most
popular behavioral tasks for assessing drug-induced memory effects
in rodents (e.g., the Morris water maze and passive-avoidance
procedures) fail to fulfill the criterion for predictive validity across
species. They point to the results with “memory enhancers” in
particular, which enhance memory under many of these existing
tasks, but rarely enhance memory in humans (Sarter et al., 1992a,
1992b). One advantage of the repeated-acquisition technique, in
particular, is that it has been used to characterize the effects of a
variety of drugs on learning and memory in animals and humans, and
these effects have been consistent across species (Auta et al., 1995;
Desjardins et al., 1982; Leonard et al.,, 2009; Savage et al., 1996;
Thompson et al., 1986).
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In general, both direct agonists (e.g., muscimol) and positive
allosteric modulators (e.g., lorazepam, pentobarbital, and ethanol) of
the GABA4 receptor complex impair memory, likely through the
interaction of GABA-ergic neurons with the cholinergic system (Brioni
et al, 1991). A greater understanding of the effects of the
neurosteroids on learning and memory is needed, however, because
there is an increased interest in the potential use of these substances
as anxiolytics, sedative hypnotics and anticonvulsants (Belelli and
Lambert, 2005; Gasior et al., 1999). Pregnanolone is a naturally-
occurring metabolite of progesterone, which was previously unde-
tectable in rat plasma (Kim et al., 2000), but it has recently been
shown to be more abundant than either progesterone or allopregna-
nolone (Ocvirk et al, 2009). Pregnanolone has been shown to
potentiate GABA,-mediated neuronal inhibition in a manner similar
to allopregnanolone (Wang et al., 2000) as well as directly activate
this receptor at supraphysiological concentrations (Callachan et al.,
1987). Behaviorally, pregnanolone also has effects very similar to
other positive modulators. For example, in rats responding under a
differential-reinforcement-of-low-rate (DRL) schedule of reinforce-
ment, pregnanolone produced effects that were comparable to both
lorazepam and pentobarbital, but not to the low-efficacy positive
modulator flumazenil or the negative modulator beta-carboline-3-
carboxylate methyl ester (3-CCM) (Amato et al., 2010). If pregnano-
lone has amnestic effects similar to other positive allosteric
modulators, then it should produce both anterograde and retrograde
amnestic effects; however, this study will focus only on its retrograde
amnestic effects.

2. Methods
2.1. Subjects

Twenty-four male Long-Evans hooded rats (Harlan Laboratories,
Indianapolis, IN) served as subjects. All subjects were housed singly in
polypropylene cages with hardwood chip bedding in a colony room
maintained at 2142 °C with 50 £ 10% relative humidity on a 14-h
light/10-h dark cycle (lights on at 0600 h CST). Each animal earned
45-mg food pellets (TestDiets, a division of LabDiet, Richmond, IN)
during the experimental sessions and, when necessary, were provided
standard rodent chow (Rodent Diet 5001, PMI Inc., Brentwood, MO) in
the home cage after the test sessions in order to maintain them at 90%
of their free-feeding weight. Water was available ad libitum in their
home cage. This study was carried out in accordance with the
Institutional Animal Care and Use Committee of the Louisiana State
University Health Sciences Center and the guidelines of the Commit-
tee on Care and Use of Laboratory Animal Resources, as adopted and
promulgated by the U.S. National Institutes of Health.

2.2. Apparatus

Twelve identical modular test chambers (Coulbourn Instruments,
Allentown, PA, Model E10-10TC) configured specifically for rats were
used. Located on the front wall of each chamber were a houselight,
auditory feedback relay, pellet trough (5.5 cm above the floor and
centered), and three response keys aligned horizontally (8 cm apart,
center to center, and 14.5 cm above the floor). Each response key
could be illuminated by a Sylvania 28ESB indicator lamp with a yellow
plastic cap. Response keys required a minimum force of 0.25 N for
activation and correct responses produced an audible click of the
feedback relay. Each chamber was enclosed within a sound-
attenuating cubicle equipped with a fan for ventilation and white
noise for masking extraneous sounds. All test chambers were
connected to a computer programmed in MED-PC for Windows,
Version IV (MED Associates, Inc., St. Albans, VT), and to cumulative
recorders (Gerbrands, Arlington, MA) located within the same room.

2.3. Behavioral procedures

In the acquisition and delayed-performance procedure, each
session was composed of three phases: acquisition, delay, and
retention test. Preliminary training for this task included magazine
training, shaping of the response (nose press), and reinforcing
responses on individually illuminated keys after shaping. To train
acquisition, all three response keys were illuminated with yellow
light, but only one of the three response keys was correct for a
particular session and each response emitted on that key extinguished
all of the key lights, illuminated the stimulus light in the feeder trough
for 0.4 s, and delivered a 45-mg food pellet from the pellet dispenser.
Responding on either of the other two illuminated keys was
considered an incorrect response (error) and resulted in a 5-sec
timeout during which the key lights were extinguished and respond-
ing had no programmed consequence. For each additional session
during this stage of training, the position for the correct response was
varied in a mixed order. After rats reliably acquired this single-
response task, regardless of the key position, a second response was
added to create a sequence of responding such that two correct
responses were necessary to obtain reinforcement (e.g., left-right
(LR), left-center (LC), RL, RC, CL, and CR). This type of sequential
responding is procedurally defined as a “tandem” sequence because
the same stimuli (yellow) are correlated with each response in the
sequence (Thompson, 1970) even though the position for the correct
responses varied both within the two-response sequence and across
sessions (i.e., there is still repeated acquisition). Errors emitted during
the acquisition of the two-response sequences produced a 5-sec
timeout as described above, but did not reset the response sequence
(the position of the next correct response was the same before and
after a timeout).

When stable responding was obtained under the two-response
tandem sequence, a third and fourth response were added to the
sequence. These four-response sequences were carefully selected to
be equivalent in several ways and there were restrictions on their
ordering across sessions (Thompson, 1973). Briefly, 17, four-response
sequences were arranged in a specific order and presented to each
subject one after another until the list was completed. Once
completed, the same list of sequences was presented again. In this
list, each of the 17 sequences occurred three to five times and adhered
to the other restrictions on their ordering (i.e., adjacent positions
within a sequence were different from day to day and no position
within a sequence was duplicated across days). This eliminated
sequence presentations such as RRCL, and sequence ordering such as
RLCR followed by CLRC where the second response in the sequence
would be the left (L) key across days. Thus, each subject was exposed
to a given sequence three to five times every 61 test sessions.

Initially, acquisition of these four-response sequences was main-
tained by reinforcing the completion of each sequence; however,
sequence acquisition was eventually transitioned to a second-order
fixed-ratio (FR) schedule. Under this schedule, completion of every
sequence extinguished the response keys and illuminated the pellet
trough, but pellet delivery only occurred after every two sequence
completions. As in all of the other stages of acquisition training, errors
emitted during the acquisition of the four-response sequences
produced a 5-sec timeout, but did not reset the response sequence.
When response rates and the percentage of errors did not vary by
more than +20% or +£10% of the mean, respectively, for 10
consecutive sessions, acquisition of the 4-response tandem sequences
was considered stable, and the subjects were moved to the final
procedure comprised of acquisition, delay, and retention test.

During the acquisition phase, subjects were required to meet an
acquisition criterion in which they had to complete 7 sequences
errorlessly (i.e., emit 28 consecutive correct responses) within 45 min.
Otherwise, the session ended. This 45 min time limit for acquisition in the
retention task was included to prevent opportunities for “overlearning”,
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which can increase retention above control levels and modulate drug
effects (cf. Thompson et al., 1986). If the criterion was met before the
45 min elapsed, the key lights were turned off and the delay phase
(“retention interval”) began. Initially, delays of varying length (5 min,
30 min, 180 min, 6 h, 24 h and 48 h) were presented in a mixed or semi-
random order to establish a retention curve; however, only the 30- and
180-minute delays were used for testing with each drug. Following
the delay, the response keys and the houselight were illuminated for a
30-min retention test. In this procedure, the houselight served as a
discriminative-stimulus for the retention test. Similar to the acquisition
phase, responding during the retention test was maintained by food
presentation under a second-order FR-2 schedule of reinforcement, and
errors produced a 5-sec timeout, but did not reset the sequence. In
summary, subjects acquired a sequence in the acquisition phase and after
a delay of varying length, demonstrated retention by responding on the
same tandem sequence during the retention test.

2.4. Drugs and drug administration

The acute effects of pregnanolone (1-18 mg/kg), flunitrazepam
(0.056-1 mg/kg), and flumazenil (5.6 mg/kg) were determined after
responding under the acquisition and delayed-performance procedure
stabilized. Pregnanolone (5p3-pregnan-3a-ol-20-one; Steraloids Inc.,
Newport, RI) was dissolved in 45% 2-hydroxypropyl y-cyclodextrin
(Sigma-Aldrich Corp., St. Louis, MO) in saline. Flunitrazepam (Sigma-
Aldrich Corp., St. Louis, MO) was dissolved in a vehicle consisting of
propylene glycol (60%) and sterile water. Flumazenil (Ascent Scientific
Ltd., Princeton, NJ) was dissolved in a vehicle containing polyethylene
glycol (10%), benzyl alcohol (2%), propylene glycol (44%), dimethyl
sulfoxide (11%), and sterile water (33%). Injections for all three drugs
were administered i.p. after subjects met criterion in the acquisition
phase and 15 min before the retention test regardless of the delay. The
injection volume was always 0.1 ml/100 g, and all the dosages for a
given drug were administered in a mixed order. Responding was
always allowed to return to baseline levels before administration of
the next dose. However, to avoid the development of acute tolerance
or any “carry over” effects, the highest doses of each drug were
administered only once per week. A drug-free period of at least 10 days
occurred between drugs.

2.5. Statistical analysis

The data collected were analyzed in terms of: (1) the overall
response rate (total responses/min, excluding timeouts), and (2) the
overall accuracy, expressed as the percentage of errors [(incorrect
responses /total responses) x 100]. However, when the response rate
was less than 5 responses per min, data were excluded from the
analyses for percent errors because of the small number of responses
emitted. Retention was quantified using a percent savings measure
(Ebbinghaus, 1964). Percent savings was calculated by subtracting the
errors-to-criterion (ETC) during the retention test from the ETC during
the acquisition phase, and then expressing this difference as a
percentage of the ETC in the acquisition phase. For example, if a
subject made 200 errors before the acquisition criterion was met, but
made only 50 errors before the same criterion was met in the retention
test, the percent savings would be 75 (i.e., (200 —50/200) x 100). If
there was no retention, then the ETC in the retention test would be
equal to, or greater than, the ETC in the acquisition phase; thus, the
percent savings would be 0 (any negative values were considered to be
zero retention as well).

The mean data for each subject were grouped and analyzed
statistically for an effect of drug treatment using a one-way ANOVA for
repeated measures (SigmaStat Statistical Software, SYSTAT Software,
Inc. Point Richmond, CA, USA). A two-way ANOVA for repeated
measures was used to analyze drug combinations, with a one-way
ANOVA used to isolate those effects if a significant interaction

occurred. Holm-Sidak post-hoc tests were used to compare drug
sessions with control (saline or vehicle) sessions. Significance was
accepted at o level <0.05 for all statistical tests. In addition to these
measures based on session totals, within-session changes in respond-
ing were monitored by a cumulative recorder and computer. EDsq
values were determined by linear regression using two or more data
points reflecting the slopes of the descending portions of the curve for
each drug.

3. Results
3.1. Retention curve

Fig. 1 shows the data obtained over several different delays during
the retention test. In general, there was a main effect of delay on
percent savings [F(5,79) = 12.89, p<0.001], response rate [F(5,79) =
2.84, p=0.021], and percent errors [F(5,79) =8.21, p<0.001]. Holm-
Sidak post-hoc tests also indicated that percent savings and percent
errors significantly differed across delays. For example, percent
savings after 5 min was significantly different than percent savings
after each of the other delays, and percent savings was significantly
different after 48 h than after 30 min. No differences in percent
savings occurred between the 3-, 6-, 24- and 48-hour delays. In terms
of the percentage of errors, fewer errors occurred after the 5- and 30-
minute delays than after the rest of the delays, and there were no
differences in the percentage of errors after the longer delays.
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Fig. 1. Effects of delay on overall percent savings, response rates and percentage of
errors in 23 subjects. Symbols with error bars represent the mean + SEM, while any
points without vertical lines indicate instances in which the SEM is encompassed by the
data point. Letters indicate significant differences within delay (a<0.05) as
determined by a one-way ANOVA and Holm-Sidak post-hoc tests.
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3.2. Effects of pregnanolone and flunitrazepam alone

The data plotted in Fig. 2 show the effects of increasing doses of
both pregnanolone (circles) and flunitrazepam (squares) on percent
savings, response rate and percent error after a delay of 30 (unfilled
symbols) or 180 min (filled symbols). A two-way ANOVA indicated
that there was a significant main effect for delay [pregnanolone:
F(1,123)=19.110,p<0.001; flunitrazepam: F(1,113)=39.962,
p<0.001], and dose [pregnanolone: F(6,123)=60.044, p<0.001;
flunitrazepam: F(6,113) =55.155, p<0.001] on percent savings. How-
ever, the effects of delay did not depend on the effects of dose as
there was no interaction between delay and dose for either pregnano-
lone [F(6,123) =2.110, p=0.057] or flunitrazepam [F(6,113) = 1.049,
p=0.398]. Given the main effect of delay, Holm-Sidak post-hoc tests
confirmed the significant difference between the 30- and 180-minute
delays on percent savings, whereas post-hoc analyses for the effects of
dose found differences between vehicle administration and dosages of
each drug. More specifically, when the dose-effect data for percent
savings were collapsed across delay and compared to vehicle admin-
istration, 3.2-10 mg/kg of pregnanolone was significantly different and
0.18-1 mg/kg of flunitrazepam was significantly different.

A two-way ANOVA on the data for response rate indicated there
was a main effect of dose for both pregnanolone [F(6,123) =22.034,
p<0.001] and flunitrazepam [F(6,123)=10.860, p<0.001], but no
effect of delay for either drug [pregnanolone: F(1,123)=0.277,
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Fig. 2. Effects of pregnanolone (circles) and flunitrazepam (squares) on overall percent
savings, response rates and the percentage of errors after a 30- (open shapes; n=11)
and 180-min (closed shapes; n=12) delay. Symbols with error bars represent the
mean 4 SEM, while any points without error bars indicate instances in which the SEM is
encompassed by the data point. Data points and vertical lines above ‘V’ indicate the
mean and SEM for control sessions in which vehicle was administered. Asterisks
indicate doses that were significantly (e <0.05) different from control as determined
by Holm-Sidak post-hoc tests. The numbers in parentheses adjacent to some data
points indicate the total number of subjects represented by that point.

p<0.604; flunitrazepam: F(1,123) =2.190, p =0.154]. Furthermore,
there was no interaction between delay and dose on response rate for
either pregnanolone [F(6,123) =0.557, p =0.764] or flunitrazepam
[F(6,113) =1.393, p=0.223]. This limited the statistical analyses to the
effect of dose for each drug, and these tests indicated that 0.56 and
10 mg/kg of pregnanolone, as well as 0.32-1 mg/kg of flunitrazepam,
were significantly different from vehicle administration.

Finally, a two-way ANOVA on the data for percent errors indicated
there was a main effect of delay [pregnanolone: F(1,123)=12.632,
p=0.002; flunitrazepam: F(1,123) =13.287,p=0.001], and dose for
both drugs [pregnanolone: F(6,123)=58.478,p<0.001; flunitraze-
pam: F(6,123)=15.759,p<0.001]. Similar to the data for percent
savings, however, there was no interaction between delay and dose
for either pregnanolone [F(6,123) =.688, p = 0.660] or flunitrazepam
[F(6,113) =205, p=0.974] on percent errors. Although the effect of
delay was less obvious on percent errors than percent savings, Holm-
Sidak post-hoc tests detected significant differences between the 30-
and 180-minute delay, and significant differences from vehicle
administration for pregnanolone (5.6-10 mg/kg) and flunitrazepam
(0.32-1 mg/kg).

3.3. Effects of flumazenil and flunitrazepam in combination

Fig. 3 shows the data obtained for percent savings, response rate,
and percent errors after subjects received vehicle, 5.6 mg/kg of
flumazenil, 0.32 mg/kg of flunitrazepam or a combination of the two
drugs after both the 30- and 180-minute delay. A two-way ANOVA
detected significant main effects of both delay [F(1,37)=4.956,
p=0.036] and drug [F(3,37)=7.748, p<0.001], but no interaction

B Flunitrazepam vehicle

80 1 =3 5.6 mg/kg Flumazenil

== (.32 mg/kg Flunitrazepam

3 0.32 mg/kg Flunitrazepam + 5.6 mg/kg Flumazenil

Percent Savings

Responses/minute
(=]
(=

Percent Errors

30 minute delay

180 minute delay

Fig. 3. Effects of flunitrazepam, alone and in combination with flumazenil, on overall
percent savings, response rates and percentage of errors. Vertical lines associated with
each bar represent the SEM. Asterisks reflect doses that were significantly (o <0.05)
different from flunitrazepam vehicle as determined by two-way ANOVA and Holm-
Sidak post-hoc tests for both the 30-min (n=28) and the 180-min delay (n=28).
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between delay and drug [F(3,37)=0.208, p=0.890] on percent
savings, indicating that the drugs produced a similar pattern of effects
after both delays. Holm-Sidak post-hoc tests indicated that 0.32 mg/
kg of flunitrazepam was significantly different than vehicle when the
data were collapsed across delay. Thus, flumazenil had no effect when
administered alone and attenuated the disruption produced 0.32 mg/
kg of flunitrazepam on percent savings. A two-way ANOVA on
response rate detected no significant differences for delay [F(1,38)
=0.661, p=0.427] or drug [F(3,38) =1.177, p=0.331], as well as no
significant interaction between delay and drug [F(3,37)=1.067,
p=0.375]. Lastly, a two-way ANOVA detected main effects of both
delay [F(1,37)=10.534, p=0.004] and drug [F(3,37)=11.502,
p<0.001] on percent errors, but there was no significant interac-
tion between delay and drug [F(3,37) = 1.026, p =0.392] on percent
errors. For this dependent measure of responding, post-hoc analyses
indicated that all three drug treatments were significantly different
from vehicle administration.

3.4. Effects of flunitrazepam and pregnanolone in combination

The top panel of Fig. 4 shows the data obtained for percent savings
after a 30-min retention interval when pregnanolone was given alone
and in combination with both an ineffective (0.056 mg/kg) and an
effective (0.18 mg/kg) dose of flunitrazepam [F(2,20)=19.586,
p<0.001]. Pregnanolone in combination with flunitrazepam vehicle

~F + vehicle
—l- +0.056 mg/kg flunitrazepam
100 4 - +0.18 mg/kg flunitrazepam

30-minute delay

%
S
|
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Fig. 4. Effects of pregnanolone, alone and in combination with 0.056 and 0.18 mg/kg of
flunitrazepam, on overall percent savings, response rate and percentage of errors after a
30-min delay in 11 subjects. Symbols with error bars represent the mean + SEM, while any
points without error bars indicate instances in which the SEM is encompassed by the data
point. Data points and vertical lines above ‘V’ indicate the mean and SEM for control
sessions in which vehicle was administered. Asterisks reflect doses that were significantly
(<0.05) different from control as determined by a one-way ANOVA of the data for each
condition and Holm-Sidak post-hoc tests. The numbers in parentheses adjacent to some
data points indicate the total number of subjects represented by that point.

dose-dependently decreased percent savings, and this curve was
shifted leftward when pregnanolone was administered with increas-
ing doses of flunitrazepam. These effects were confirmed statistically
by one-way repeated-measures ANOVA tests, which indicated
there was a significant main effect of dose for every combination
(pregnanolone + flunitrazepam vehicle: [F(6,58) =30.725, p<0.001];
pregnanolone + 0.056 mg/kg of flunitrazepam: [F(5,50)=21.021,
p<0.001]; pregnanolone + 0.18 mg/kg of flunitrazepam: [F(4,34) =
5.490,p = 0.002]). Although the leftward shifts could not be compared
statistically as a repeated measure, they were evident in the EDsq
values for the different combinations. For example, the EDsq value for
pregnanolone and vehicle was 5.88 mg/kg, whereas the value was
2.14 and 1.66 mg/kg when pregnanolone was administered with
0.056 and 0.18 mg/kg of flunitrazepam, respectively.

With respect to response rate, neither 0.056 nor 0.18 mg/kg of
flunitrazepam alone significantly disrupted response rate on the
retention test when compared to control injections [F(2,20) =1.186,
p=0.326]; however, flunitrazepam significantly altered both the rate-
increasing and rate-decreasing effects of pregnanolone. These effects
were confirmed statistically by a significant main effect of dose for every
combination (pregnanolone + flunitrazepam vehicle: [F(6,58)=
20.515, p<0.001]; pregnanolone + 0.056 mg/kg of flunitrazepam:
[F(5,52)=7.342,p<0.001]; pregnanolone + 0.18 mg/kg of flunitra-
zepam: [F(4,38) =15.057,p<0.001]). Furthermore, the relative shifts
in the dose-effect curves were evident in the EDsq values, which
tended to be larger than the EDsq values for percent savings and
reflected the differential sensitivity of these dependent measures (see
Table 1) to the various dosages and dosage combinations. For example,
the EDsq for pregnanolone and vehicle was 13.80 mg/kg, whereas it was
5.13 and 2.34 mg/kg when pregnanolone was administered with 0.056
and 0.18 mg/kg of flunitrazepam, respectively.

The bottom panel of Fig. 4 shows the data obtained for percent
errors after the 30-min retention interval. On this dependent measure
of responding, 0.056 mg/kg of flunitrazepam alone had no effect,
whereas 0.18 mg/kg produced a small, but significant, increase in
percent errors [F(2,20) =4.827, p=0.019]. Pregnanolone also dose-
dependently increased percent errors, and this curve was shifted
leftward when it was combined with 0.056 mg/kg of flunitrazepam.
The significance of these effects was confirmed by a main effect of
dose for every combination (pregnanolone + flunitrazepam vehicle:
[F(6,58)=65.111, p<0.001]; pregnanolone + 0.056 mg/kg of fluni-
trazepam: [F(5,50)=11.741,p<0.001]; pregnanolone + 0.18 mg/kg
of flunitrazepam: [F(4,34)=4.313, p=0.006]). There were also
orderly decreases in the EDsq values for each combination as shown
in Table 1.

The top panel of Fig. 5 shows the data obtained for percent savings
after a 180-min retention interval when pregnanolone was given in
combination with both an ineffective (0.056 mg/kg) and an effective
(0.18 mg/kg) dose of flunitrazepam [F(2,20) =54.890,p<0.001]. As
shown, pregnanolone in combination with flunitrazepam vehicle dose-
dependently decreased percent savings, and this curve was shifted to
the left and downward when pregnanolone was administered with

Table 1

EDsos for percent savings, response rate, and percent error for each treatment group.
Treatment Percent Response Percent

savings rate error

30 minute delay
Pregnanolone + Flunitrazepam vehicle 5.88 13.80 5.01
Pregnanolone + 0.056 mg/kg Flunitrazepam 2.14 5.13 224
Pregnanolone + 0.18 mg/kg Flunitrazepam 1.66 2.34 2.88
180 minute delay
Pregnanolone + Flunitrazepam vehicle 4.79 10.96 5.89
Pregnanolone + 0.056 mg/kg Flunitrazepam 2.46 - 4,07

Pregnanolone + 0.18 mg/kg Flunitrazepam 1.23 - -
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Fig. 5. Effects of pregnanolone, alone and in combination with 0.056 and 0.18 mg/kg of
flunitrazepam, on overall percent savings, response rates and percentage of errors after
a 180-min delay in 11 subjects. For additional details, see legend for Fig. 4.

increasing doses of flunitrazepam. These effects were confirmed
statistically by one-way repeated-measures ANOVA tests, which
indicated there was a significant main effect of dose for every
combination (pregnanolone + flunitrazepam vehicle: [F(6,60)=
45591, p<0.001]; pregnanolone + 0.056 mg/kg of flunitrazepam:
|F(5,46) =22.404,p<0.001]; pregnanolone 4 0.18 mg/kg of flunitraze-
pam: [F(4,34) =4.342,p = 0.006]). Post-hoc tests also indicated that 3
doses of pregnanolone were significantly different from vehicle as were
3 doses of pregnanolone in combination with 0.056 mg/kg of
flunitrazepam. However, none of the doses of pregnanolone in
combination with the 0.18 mg/kg of flunitrazepam were significantly
different from vehicle due to the effect of flunitrazepam alone (i.e., the
significant effect of dose was due to the differences among the different
dosage combinations). The changes in the slopes of the curves were
reflected in the EDsq values for each curve. For example, the EDsq for
pregnanolone and vehicle was 4.79 mg/kg, whereas it was 2.45 and
1.23 mg/kg for the combination of pregnanolone and 0.056 and
0.18 mg/kg of flunitrazepam, respectively.

In contrast to percent savings, neither 0.056 nor 0.18 mg/kg of
flunitrazepam alone significantly disrupted response rate during the
180-min retention test when compared to control injections [F(2,22) =
1.289, p=0.295]. Pregnanolone and vehicle significantly increased
(3.2 mg/kg) and decreased (10 mg/kg) response rate [F(6,60) = 7.834,
p<0.001]. When pregnanolone was administered with 0.056 mg/kg of
flunitrazepam, only one dose combination significantly disrupted
response rate [F(6,58)=20.515, p<0.001]. None of the doses of
pregnanolone tested in combination with 0.18 mg/kg of flunitrazepam
significantly affected response rate ([F(4,35) =2.233,p=0.076]). Given
the relative lack of effects for the combination of pregnanolone and
flunitrazepam on response rate, the only EDsqy value that could be

calculated was for the combination of pregnanolone and vehicle. In this
case, the EDsg was 10.96 mg/kg.

The bottom panel of Fig. 5 shows the data obtained for percent errors
after a 180-min retention test. On this dependent measure of
responding, the low dose of flunitrazepam alone had no effect, while
the high dose produced a small, but significant, increase in errors
[F(2,22) =4.449,p = 0.024]. Likewise, the combination of pregnanolone
with either vehicle or 0.056 mg/kg of flunitrazepam significantly
increased percent errors. These dose-effects were confirmed statisti-
cally by a main effect of dose for both combinations (pregnanolone +
flunitrazepam vehicle: [F(6,60)=20.399, p<0.001]; pregnanolone +
0.056 mg/kg of flunitrazepam: [F(5,50)=5.440,p<0.001]) and de-
creases in the EDsq values for each combination in which an increase
in errors occurred (Table 1). Doses of pregnanolone in combination with
0.18 mg/kg of flunitrazepam did not produce a significant increase in
errors when compared to control data [F(4,35) =1.695, p=0.172].

4. Discussion

Similar to previous studies conducted in this laboratory (Leonard
etal.,, 2009; Thompson et al., 1986), the present study used a repeated
acquisition and delayed-performance baseline to assess the effects of
two drugs (pregnanolone and flunitrazepam) on the retention of
recently acquired information over both a short (30-minute) and long
(180-minute) delay. In general, the observed decrease in retention
over time indicated that the baseline was sensitive for measuring
time-dependent disruptions in retention, while the observed de-
creases in retention after drug administration indicated that both
drugs have retrograde amnestic effects. More specifically, pregnano-
lone produced disruptions in retention similar to the positive GABAA
modulator flunitrazepam, and both an effective and ineffective dose of
flunitrazepam potentiated the disruptions in retention, response rate,
and percentage of errors produced by pregnanolone, implicating the
GABA, receptor in the behavioral effects of this drug.

Initially, each subject was tested over several different delays in
order to assess the efficacy of this procedure for measuring the decay
of retention over time (i.e., “forgetting”). Similar to forgetting curves
generated by Ebbinghaus and others (cf. Woodworth and Schlosberg,
1961), there was a steep initial decline in retention from 0 to 30 min
and a comparatively slow decline in retention from 30 min to 48 h.
After establishing this retention curve, delays of 30 and 180 min were
chosen to assess the effects of both drugs, alone and in combination on
retention. When administered alone, the dose-dependent decreases
in retention obtained with pregnanolone were similar to the
decreases seen with flunitrazepam, a benzodiazepine that gained
notoriety in the 1990s for its use in drug-facilitated rape (Ohshima,
2006; Saum and Inciardi, 1997). More specifically, pregnanolone
produced decreases in retention at doses that did not affect response
rate or the percentage of errors, similar to flunitrazepam (Leonard
et al,, 2009; Pompeia et al.,, 1996) and other benzodiazepines (Auta
et al,, 1995; Block and Berchou, 1984; Woodworth and Schlosberg,
1961) that have been shown to disrupt retention/retrieval. In the
study by Leonard et al. (2009), the disruptions in retention also
occurred at doses lower than those that disrupted the acquisition and
performance of response sequences under a multiple schedule. The
potent effects of the benzodiazepines on the retention of an acquired
sequence were not surprising, however, as Thompson et al. (1986)
previously showed that “within-session” performance was more
sensitive to the amnestic effects of phencyclidine than “between-
session” performance in patas monkeys. Thus, the doses required to
disrupt the weaker stimulus control established under within-session
performance conditions tend to be lower than those required to
disrupt the strong stimulus control established under between-
session performance conditions. The same potency relationship
seems to hold for pregnanolone when pregnanolone's effects on
retention in this study are compared with its effects on repeated
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acquisition and performance under a multiple schedule in two
previous studies (Gerak et al., 2004; Quinton et al., 2005).

The benzodiazepines are a very well characterized class of GABAx
modulator, particularly with respect to their anterograde amnestic
effects (i.e., disruptions of memory acquisition and formation), but
not necessarily with regard to their retrograde amnestic effects
(Gentil et al., 1989; Jensen et al., 1979; Keith et al., 2003; Lister, 1985;
Misaki et al., 1998; Nogueira et al., 2006; Pompeia et al., 2000).
Nevertheless, retrograde amnestic effects have been reported in both
humans (e.g., Koht and Moss, 1997) and animals (Jensen et al., 1979;
Platel and Porsolt, 1982), and in animal studies involving repeated-
acquisition procedures (Auta et al., 1995; Pakarinen et al., 1996). Due
to the limited amount of data indicating that the benzodiazepines
produce retrograde amnesia, there is also the concern that the
observed deficits only reflect disruptions of state-dependent learning
rather than disruptions of memory processes. As indicated by Lister
(1985) and others (Petersen and Ghoneim, 1980), however, the data
supporting a “state-dependent retrieval” hypothesis for the deficits
produced by the benzodiazepines are quite limited. In fact, as Lister
states in his review on benzodiazepines and amnesia, “Although state-
dependent learning may be observed with benzodiazepine treatment
it is a small effect and cannot account for most of the observed
impairments (p. 87).” Moreover, the capacity of this delayed-
performance baseline to detect the decay of retention over time
even in the absence of different states for acquisition and performance
would also seem to suggest that the memory processes assayed were
not strictly state dependent, as would the graded, dose-dependent
nature of the deficits produced by the benzodiazepines.

The involvement of a benzodiazepine binding site on the GABA,
receptor complex was demonstrated by administration of the
benzodiazepine site ligand flumazenil, which antagonized the
disruption of retention produced by 0.32 mg/kg of flunitrazepam.
The antagonistic effect of flumazenil is consistent with the literature,
though some investigators have reported difficulty antagonizing the
amnestic effects of the benzodiazepines compared to their sedative
and motor-impairing effects (for a review, see Woods et al., 1992).
One unusual finding in the present study was that flumazenil alone
produced small increases in the percentage of errors after both the 30-
and 180-minute delay. Nevertheless, these increases suggest either
that tonic activity at the benzodiazepine binding site is required for
retention or that flumazenil exerts its low-efficacy agonist effects at
these doses. In a drug-discrimination study by McMahon and France
(2006), flumazenil was able to enhance the midazolam-like effects of
the neurosteroid alfaxolone similar to L-838,417 and bretazenil,
suggesting that flumazenil may share low-efficacy agonist effects with
these drugs. This conclusion was also supported by a study in which
high concentrations of flumazenil were able to increase GABA-
mediated chloride influx (Mehta and Ticku, 1989). In a recent study
by Bai and Gerak (2010), a dose of 5.6 mg/kg of flumazenil (the same
dose used in the current study) produced a 10-fold shift in the
midazolam and flunitrazepam dose-effect curves in rats discriminat-
ing pregnanolone and midazolam. Thus, there may have been
sufficient receptor occupancy in this study for its low-efficacy agonist
effects.

When flunitrazepam was given in combination with different
doses of pregnanolone prior to the end of a 30-minute delay, the
effects of these combinations were greater than those for either drug
alone. For example, when 0.056 mg/kg of flunitrazepam was given
alone, there was no effect on percent savings after this delay.
However, when this dose of flunitrazepam was given with an
ineffective dose of pregnanolone (3.2 mg/kg), significant disruptions
in retention were produced (>50% reduction from control data), along
with disruptions in both response rate and percent error. Combina-
tions of pregnanolone and flunitrazepam also produced decreases in
retention that did not affect response rate or percent error, which is
indicative of a selective effect on retention because these doses did

not produce motor impairments or disrupt working memory. These
findings were also reminiscent of the results from a study by Gerak et
al. (2004) in which doses of pregnanolone potentiated the disruptive
effects of flunitrazepam and pentobarbital (two positive GABA,
modulators), but not of the NMDA receptor antagonist ketamine, on
arepeated-acquisition task in rats. There are also several studies from
this laboratory implicating GABAergic mechanisms in the behavioral
effects of the neuroactive steroids, and pregnanolone in particular
(Amato et al., 2010; Gerak et al., 2004; Gerak et al., 2008; Quinton
et al., 2005). For instance, Quinton et al. (2005) found that
pregnanolone and lorazepam in combination produced greater
disruptions in learning than either drug alone when administered to
rats responding under a repeated-acquisition procedure. Taken
together, these results emphasize the importance of GABA, modula-
tion in the effects produced by pregnanolone on memory.

When flunitrazepam was given in combination with different
doses of pregnanolone at the end of a 180-minute delay, the effects of
these combinations were similar to those obtained after a 30-minute
delay. For example, 1.8 and 3.2 mg/kg of pregnanolone and 0.056 mg/
kg of flunitrazepam in combination produced significant disruptions
in retention, but did not potentiate disruptions in response rate or
percent errors. Such effects show the potency with which these
combinations can selectively disrupt retention. However, the disrup-
tions produced by the combination of pregnanolone and flunitraze-
pam were not as evident as the disruptions observed after the 30-
minute delay, because retention was generally poorer after the 180-
minute delay.

In summary, the effects of the neurosteroid pregnanolone on
retention closely resemble those of the positive GABA, modulator
flunitrazepam. Because neurosteroids have been shown to modulate
other receptors including the NMDA and sigma receptor (Elfverson
et al., 2008; Maurice et al., 1999), these results cannot unequivocally
implicate GABA, receptor modulation in the amnestic effects
produced by pregnanolone. However, in a radioligand binding study
by Prince and Simmonds (1993), pregnanolone potentiated 1 nM BH!
flunitrazepam binding at the GABA, receptor, with increases in
binding ranging from 140 to 150% of control. These data suggest that
pregnanolone can produce behavioral disruptions by potentiation of
the effects of other GABAs receptor modulators (Prince and
Simmonds, 1993) in addition to its capacity to directly modulate
GABA, receptors in the presence of GABA (Callachan et al., 1987; Xu
et al., 1997). Recent behavioral studies involving the neurosteroids
have been conducted with the idea that these substances could serve
as viable alternatives to the benzodiazepines for a number of clinical
conditions such as anxiety (Gerak et al., 2004). The putative
advantage of the neurosteroids is that they may be able to produce
many of the same anxiolytic, sedative and anticonvulsant effects as
the benzodiazepines, without producing the same adverse effects (Bai
and Gerak, 2010). For example, some of the neurosteroids examined
do not seem to produce tolerance to the same extent as the
benzodiazepines (Kokate et al., 1998; Reddy and Rogawski, 2000).
Another therapeutic advantage of the neurosteroids may be their
abuse liability. In a self-administration study by Rowlett et al. (1999),
the investigators found that pregnanolone functioned as a reinforcer
in rhesus monkeys, whereas the neurosteroid CO 8-7071 did not,
suggesting an abuse potential for certain neurosteroids over others.
However, as evident from the present study, the neurosteroid
pregnanolone and the benzodiazepine flunitrazepam disrupt memory
processes similarly, and even ineffective doses of flunitrazepam can
potentiate the capacity of pregnanolone to disrupt retention.
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