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Abstract

Neurosteroids hold great promise for the treatment of diseases of the central nervous system
(CNS). We compared the uptake by 11 brain regions and appearance in blood of tritium-labeled
pregnenolone and progesterone after intranasal and intravenous (1V) injection. Both neurosteroids
appeared in blood and brain after either method of administration, but with important differences
in uptake. Bioavailability based on appearance in arterial serum showed that about 23% and 14%
of the intranasal administered doses of pregnenolone and progesterone, respectively, entered the
blood. Brain levels were about two fold lower after intranasal administration for the two
neurosteroids. With intranasal administration, brain levels of the two steroids did not vary over
time (2-120 min), whereas brain levels were higher early (10 min or less) after i.v. administration.
With i.v. administration, uptake by brain regions did not vary, whereas the olfactory bulb,
hippocampus, and hypothalamus had high uptake rates after intranasal administration. Intranasal
administration of prenenolone improved memory, whereas progesterone decreased anxiety, thus
demonstrating that therapeutic levels of neurosteroids can be delivered to the brain by intranasal
administration. The neurosteroids were rapidly degraded after i.v. or intranasal delivery, but
pregnenolone was more resistant to degradation in brain after intranasal administration and in
serum after i.v. administration. These results show that either the i.v. or intranasal routes of
administration can deliver neurosteroids to blood and brain, but that the two routes have
significant differences with intranasal administration favoring some brain regions.
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1. INTRODUCTION

Neurosteroids accumulate in the brain after local synthesis or after metabolism of adrenal
steroids or gonadal steroids (Baulieu & Robel, 1990). Neurosteroids are synthesized in the
central and the peripheral nervous system, in glial cells, and also in neurons from cholesterol
or steroidal precursors imported from peripheral sources. Neurosteroids are potent
endogenous neuromodulators that have long been known to have diverse actions in the
central nervous system (Gyermek et al., 1967). Neuroactive steroids have been claimed to
have specific roles in normal or pathological brain function including effects on cognition,
anxiety, depression, feeding, emotion, motivation, traumatic brain injury, and motor skills
(Eser et al., 2008; Morley et al., 1984; Farr et al., 58 A.D.; Flood et al., 1992; Zheng, 2009;
Stein, 2001). Neurosteroids exert their effects on the central nervous system either by
regulating the expression of specific hormone-sensitive genes or by modulating the activity
of neurotransmitter receptors, such as the type A y-aminobutyric acid (GABA), the N-
methyl-D-aspartate (NMDA), the nicotinic, the dopamine D1, and the sigma 1 (o) receptors
and the a4 adrenoreceptor (Farr et al., 58 A.D.) (Shiraishi et al., 2002; Collier et al., 2007;
Zheng, 2009).

Two powerful neurosteroids are pregnenolone and progesterone. Pregnenolone is the main
precursor of various steroid hormones, including progesterone. Pregnenolone occurs as
unconjugated steroid, and its fatty acid or sulfate esters. The CNS effects of pregnenolone
and pregnenolone sulfate include modulation of GABA receptors and effects on seizure
susceptibility, anxiety, depression, and memory processes with some of these processes
mediated through the hippocampus (Flood et al., 1992; Meyer et al., 2002). Interestingly,
dose-response curves for memory-enhancing steroids are different from those usually
obtained with excitatory substances. In a study by Morley et. al (Flood et al., 1992),
pregnenolone sulfate was effective over a wide dose range (10,000 fold). Alone or in
conjunction with other treatments, pregnenolone might be more effective in treatment of
memory deficits than substances having narrower therapeutic windows. Progesterone also
affects a wide range of activities including cognition and anxiety with some of the effects
being mediated through the hippocampus (Orr et al., 2009; Bitran et al., 1995).

Neuroactive steroids administered by several different routes can produce CNS effects.
Neurosteroids rapidly cross the blood-brain barriers (BBB) after parenteral administration
(Marynick et al., 1976), which can produce significant concentrations in the CNS. Systemic
administration of steroids is useful in clinical practice; however, systemic delivery has the
potential to cause unwanted side effects. As examples, oral medications because of first pass
effects require high doses and injections are not popular with many patients. Recent
evidence suggests that the delivery of intranasal steroids with absorption through the
cribiform plate may be a more optimal way to deliver steroids to either the blood or brain
and might be used for the treatment of CNS disease states, with less peripheral side effects
(Banks et al., 2009).

The first aim of our study was to determine the relative efficiencies of intranasal versus
intravenous (1V) administration for delivery of pregnenolone and progesterone to blood. The
second aim was to determine whether intranasal administration targeted the brain more so
than i.v. administration. The third aim was to determine whether intranasal delivery could
deliver sufficient amounts of neurosteroids to the brain to induce effects on the central
nervous system. The fourth aim was to compare the relative enzymatic stability in blood and
brain after i.v. and intranasal administration.
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2. MATERIALS AND METHODS

2.1 Pharmacokinetics of I.V. and Intranasal Administration

All animal studies were conducted under protocols approved by the local IACUC. Food and
water were available ad lib until time of study. Male CD-1 mice aged 6-8 weeks and
weighing 25-30 g from our in-house colony (VA-St. Louis) received an injection of 0.25
uCi of tritium-labeled pregnenolone (H-Preg, specific activity 12.6 Ci/mmol; Perkin Elmer,
Boston, MA), pregnenolone sulfate (H-Preg-S, specific activity 10-20 Ci/mmol; American
Radiolabeled Chemical Inc, St. Louis, MO) or 0.25 pCi tritium-labeled progesterone (H-
Prog, specific activity 96.6 Ci/mmol; Perkin Elmer) by intranasal (dissolved in a proprietary
oleogel, M & P Pharma AG, Stans, Switzerland) or i.v. (saline) administration. At 2, 5, 10,
15, 20, 30, 60, or 120 minutes after administration (n=5/time point), blood was collected
from a cut in the carotid artery and the brains immediately harvested. The brains were
dissected into 11 different brain regions (olfactory bulb, frontal cortex, parietal cortex,
occipital cortex, striatum, hippocampus, hypothalamus, pon-medulla, cerebellum, thalamus,
midbrain) and weighed. Whole blood was centrifuged at 4500 x G for 10 minutes and serum
obtained. One ml of BTS-450 solubilizer (Beckman, Fullerton, CA) was added to each brain
region and arterial serum (50 microl). Ten ml of Ready Organic Liquid Scintillation cocktail
(Beckman, Fullerton, CA) was added to each vial and the samples were dark adapted for 24
hours. The levels of radioactivity in the brain regions and serum were determined in a beta
counter (Wallac 1409 OSA). Results were expressed as brain/serum ratios (units of microl/
g), percent of the administered or injected dose taken up per g of tissue (%inj/g), or percent
of the dose present in one ml of serum (%inj/ml) which were calculated with the following
equations:

Brain/Serum ratio=(tissue dpm)/[ (tissue weight in g)(dpm/ul serum)]
% Injection/g=100 x [(tissue dpm/injected dpm)/tissue weight in g]
% Injection/ml=100 X (dpm/ml serum/injected dpm)

As a quality check, brain/serum ratios were found to be approximately 2000 microl/g for
progesterone. As the vascular space is only about 10 microl/g, the calculation of %lInjection/
g was considered accurate without correcting for vascular space.

2.2 Behavioral Effects After Intranasal Administration

CD-1 male mice aged 6-8 weeks weighing 25-30 g from our in house colony were trained
in an active avoidance T-maze to test the effects of intranasal pregnenolone on memory. The
T-maze consisted of a black plastic alley with a start box at one end and two goal boxes at
the other. The start box was separated from the alley by a plastic guillotine door, which
prevented movement down the alley until the training began. An electrifiable stainless steel
rod floor ran throughout the maze to deliver scrambled footshock. In a training trial, a door
was raised and a buzzer sounded. After 5 seconds, the footshock was administered until the
mouse found the correct goal box located in one of the arms at the top of the maze. Mice
were trained to effect. Immediately after training or 24 hours after training, the mice were
lightly anesthetized with isoflurane and pregnenolone or vehicle (oleogel without
pregnenolone) was administered intranasally. One week later, memory was tested in mice by
determining the number of trials it took for them to reach the criterion of 5 avoidances in 6
consecutive trials.

CD-1 male mice were used to test the effects of intranasal progesterone on anxiety in the
elevated plus maze. The procedure used was similar to that described by Lister (Lister,
1987) with progesterone administered 30 min prior to testing. The experimental apparatus is
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shaped like a “plus” sign and consists of a central platform, two open arms and two equal-
sized closed arms opposite to each other. The maze is made of black Plexiglas, elevated to a
height of 50 cm above the floor and illuminated by a dim light. The test consisted of placing
a mouse in the central platform facing an enclosed arm and allowing it to freely explore the
maze for 5 min. The test arena was wiped with a damp cloth after each trial. The number of
entries into the open and closed arms and the time spent in open arms was measure by an
observer blind to the drug treatment. Decreased anxiety was indicated by an increase in time
spent in the open arms and an increase in the number of open arm entries.

2.3 Stability After L.V. or Intranasal Administration

Male 8 week old CD-1 mice were anesthetized with urethane and administered 1 uCi of H-
Preg or H-Prog by the i.v. (jugular vein) or intranasal route. Carotid artery blood and whole
brains (minus olfactory bulbs) were harvested 10 or 60 min later. To assess the amount of
degradation during subsequent processing, other brains were harvested from mice not
administered radioactivity and 10% dpm of H-Preg or H-Prog added to the blood or applied
to the brain in silico (processing controls). The arterial blood was centrifuged at 5400 x g for
10 min and the serum obtained was frozen at —70 °C until processing. Each brain was
homogenized in 2 ml of ice cold lactated Ringer’s solution containing 1% bovine serum
albumin adjusted to pH 3.4 with phosphoric acid. The homogenate was centrifuged at 5400
x g for 20 min and 1 ml of supernatant collected and stored at —70 °C until analysis. Prior to
analysis, the serum and brain samples were thawed and centrifuged at 22,000 x g 20 min.
The resulting supernatant was injected onto a C-18 column (Phenomenex Onyx monolithic
#CHO-7642) and 1ml fractions collected every 30 sec. For the H-Preg, the samples were
eluted in solvent A (water) against an increasing gradient of solvent B (methanal),
increasing solvent B from 10% at 0.01min to 90% by 20 min with H-Preg eluting at fraction
18. For the H-Prog, the samples were eluted in solvent A (water with 0.1% H,PQ,4) against a
gradient of solvent B (acetonitrile), maintaining solvent B at 40% for 5 min, increasing
solvent B to 90% by 15 min, and reducing solvent B back to 40% by 20 min; H-Prog eluted
at fraction 9. The results were corrected for degradation during processing by dividing the
percent of radioactivity representing intact material in a biological sample by the percent of
radioactivity representing intact material in the processing control.

2.4 Statistics

3. Results

Means are expressed with their standard error of the mean (S.E.M.). One way analysis of
variance (ANOVA) was performed followed by Newman-Keuls multiple comparison test
using the statistical software package Prism 5.0 (GraphPad Inc, San Diego, CA). Statistical
significance is reported at P<0.05. The area under the curve (AUC) was calculated with the
statistical software in Prism 5.0.

3.1 Uptake into Blood After Intranasal or I.V. Administration

We first determined whether H-Preg (Fig. 1, upper panel) and H-Prog (Fig. 1, lower panel)
entered the blood after intranasal administration. We found that radioactivity appeared in
blood after the intranasal administration of either neurosteroid. Calculation of the AUC from
0 to 120 min gave a value of 235 %Inj-min/ml after i.v. injection and a value of 54 %lnj-
min/ml after the intranasal injection of H-Preg. This shows that the bioavailability of
intranasal H-Preg was about 23% and that blood levels averaged about 4.35 higher after i.v.
administration when compared to intranasal administration. For H-Prog, the AUC was 125
%Inj-min/ml after i.v. administration and 17 %Inj-min/ml after intranasal administration.
This gave a bioavailability of 14% for intranasal H-Prog and indicated that blood levels
averaged about 7.35 times higher after i.v. than after intranasal administration.
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3.2 Uptake of Pregnenolone by Brain After Intranasal or 1.V. Administration

After intranasal administration, levels of H-Preg did not show statistically significant
variation with time for any brain region. Fig. 2 upper left panel shows the results for the
hippocampus as a representative brain region. Because %Inj/g did not vary over time, we
combined values across time to compute the average %lnj/g for the 120 min experiment

( Fig. 2, upper right panel). These values of uptake by brain regions did vary significantly:
F(10, 372) = 16.2, P<0.001.

After i.v. administration, levels of H-Preg varied with time in the frontal cortex, parietal
cortex, occipital cortex, thalamus, midbrain and pons-medulla, with the 10 min value being
the highest in each of these regions. There was not a statistically significant difference with
time after the i.v. administration of H-Preg for the olfactory bulb, striatum, or hypothalamus.
The hippocampus showed a trend (P = 0.089) and Newman-Keuls multiple comparison test
showed the 10 min and 120 min values to differ (P<0.05). There were no differences in
uptake among brain regions after the i.v. administration of H-Preg (Fig. 2, lower right
panel).

Five mice were given injections of H-Preg-S by i.v. or intranasal administration and serum
and brains harvested 10 min later. The values of 0.87 £ 0.10 %Inj/ml and 0.17 + %Inj/ml
after i.v. or intranasal administration, respectively, were similar to the results found after H-
Preg administration (Fig 1). Values for the hippocampus were 0.40 + 0.6 %lnj/g and 0.36+
0.02 %Inj/g after i.v. or intranasal administration, respectively, and were lower than the
values for H-Preg (Fig 2, lower left panel).

3.3 Uptake of Progesterone by Brain After Intranasal or I.V. Administration

H-Prog was studied after its intranasal and i.v. administration. After intranasal
administration, H-Prog did not show statistically significant variation with time for any brain
region. Fig. 3 upper left panel shows the results for the hippocampus. However, uptake by
brain regions did vary significantly ( Fig. 3, upper right panel: F(10, 374) = 5.56, P<0.001.

After i.v. administration, levels of H-Prog varied with time in all brain regions, with the
highest time points always being the 2-10 min values. Fig. 3 lower left panel shows
representative results for the hippocampus: F(6, 27) = 8.97, P<0.001. Newman-Keuls
multiple comparison test showed that the 2, 5, and 10 min values were statistically different
from the 60 and 120 min values. There were no differences in uptake among brain regions
after the i.v. administration of H-Prog (Fig. 3, lower right panel).

3.4 Behavioral Effects of Prenenolone and Progesterone After Intranasal Administration

The effect of intranasal pregnenolone on memory was tested in the active avoidance T-maze
(Fig. 4). One way ANOVA showed a significant effect [F(4,44) = 7.58, P<0.001] and
Newman-Keuls multiple comparison test showed that the 200 pg/mouse dose given
immediately after training differed from vehicle (p<0.01). Giving 200 pg/mouse 24 h after
the training episode, a time after which memory consolidation has been completed, did not
improve memory.

Intranasal progesterone at a dose of 7.5 ug/mouse but not at 0.75 pg/mouse significantly
improved performance in the elevated plus maze, a measure of anxiety. One way ANOVA
showed a statistically significant effect for number of entries (Fig. 5, upper panel): F(2,48) =
10.4, P<0.001; Newman-Keuls multiple comparison test showed the 7.5 ug dose to be
different from control (P<0.001). Time spent in open arms was also increased as determined
by one way ANOVA ( Fig. 5, lower panel): F(2,48) = 5.34, P<0.01. Newman-Keuls
multiple comparison test showed the 7.5 pg dose to be different from control (P<0.01).

Eur J Pharmacol. Author manuscript; available in PMC 2011 September 1.
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3.4 Stability of Progesterone and Pregnenolone: I.V. and Intranasal Administration

Stability of H-Preg and H-Prog was measured in serum and brain at 10 min and 60 min after
their i.v. or intranasal administration (Table 1). A representative HPLC result plotting the
mean of the two HPLC determinations for both brain and serum 10 min after the i.v.
administration of H-Preg is shown in Fig. 6. About 40% of the radioactivity in brain
represented intact H-Preg after intranasal administration, whereas 10-26% represented intact
H-Preg after i.v. administration. Brain and serum levels of intact H-Preg were similar after
i.v. administration, whereas much less radioactivity represented intact H-Preg in serum after
intranasal administration. In comparison to H-Preg, less radioactivity eluted as intact H-Prog
in brain and serum after i.v. administration and in brain after intranasal administration. Intact
radioactivity was similar after intranasal or i.v. administration in brain and serum for H-
Prog.

4. Discussion

Two neurosteroids, pregnenolone and progesterone, have profound effects on the CNS and
have potential as treatments for CNS diseases (Flood et al., 1992; Sadri-Bakili et al., 2008;
Stein, 2001; Eser et al., 2008). Pregnenolone and pregnenolone sulfate are reported to
improve memory (Flood et al., 1992; Meyer et al., 2002; Valée et al., 2001; Park, 2006).
Pregnenolone sulfate has been shown at a narrow dose range to increase neuronal activity by
inhibiting GABAergic and by stimulating glutamatergic neurotransmission (Sadri-Bakili et
al., 2008). It has been proposed that these actions of pregnenolone underlie its
neuropharmacological effects, and in particular its influence on memory processes. Our
study shows that pregnenolone enters brain tissue after either i.v. or intranasal
administration, consistent with their known permeation across the BBB (Kumar et al.,
1982). However, there were differences between these two routes in targeting central and
peripheral tissues as discussed below.

Progesterone has been shown to possess anti-anxiolytic properties after peripheral or central
administration (Bitran et al., 1995) (Wang, 1997). Progesterone is also useful in post-injury
recoveries, including traumatic brain injury, stroke and spinal cord injuries (Stein, 2001).
Here, we used the elevated plus maze to measure the effects of intranasal progesterone on
anxiety. In this test, mice have a choice to spend more or less time in open vs closed arms.
Mice with lower levels of anxiety enter the open arms more often and spend more time in
the open arms. Here, we found that mice given 7.5 microg/mouse of progesterone by nasal
administration entered the open arms more and spent more time there, consistent with an
anti-anxiolytic effect of progesterone. Higher and lower doses of progesterone were without
effect, consistent with the inverted-U dose-response relation between dose of progesterone
and the anti-anxiolytic effect (Sadri-Bakili et al., 2008) (Schumacher et al., 2007; Andréen et
al., 2009; de Souza Silva et al., 2008).

These results as discussed above show that either intranasal or i.v. administration results in
the appearance of the neurosteroids in both brain and blood. The results also show that the
classic central actions of memory enhancement with pregnenolone and reduction in anxiety
with progesterone can be achieved after the intranasal administration of these steroids.
However, there were several differences in results between the i.v. and the intranasal route.
First, based on the AUCs of Fig. 1, only about 23% and 14% of the intranasal dose of
pregnenolone and progesterone, respectively, entered the blood. Similarly, brain levels were
lower after intranasal than after i.v. administration. Temporal and brain region differences
also occurred between the two routes. Whereas the levels in brain for both pregnenolone and
progesterone varied little over time after intranasal administration, intravenous
administration tended to produce early peaks in brain levels with declines after 10 min; in
contrast, concentrations of pregnenolone or progesterone varied little among brain regions

Eur J Pharmacol. Author manuscript; available in PMC 2011 September 1.
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after intravenous injections, there was a great deal of statistically significant variation after
intranasal administration. Although the olfactory bulb is expected to have high
concentrations of any material administered by the intranasal route, the hippocampus,
hypothalamus, and striatum took up large amounts of pregnenolone and the uptake of
progesterone by the hippocampus and hypothalamus was not statistically different from the
uptake by the olfactory bulb. These results show that intranasal and i.v. administration target
tissues, especially brain regions, differently. This is likely to have important consequences
for the subsequent CNS actions of the neurosteroids.

These results also offer interesting comparisons with testosterone given by intranasal
administration to adult female mice (Banks et al., 2009). Rapid degradation and a favoring
of uptake by the olfactory bulb, striatum, and hippocampus were also found for testosterone.
However, testosterone differed in that blood levels after i.v. and intranasal administration
were essentially identical after abut 30 min and intranasal administration produced higher
levels of brain uptake than did i.v. administration. Steroid uptake by brain by either route is
likely influenced by age, species, and gender (Brinton et al., 2008; Korneyev, 1993; Guerra-
Avraiza, 2002; Guerra-Araiza, 2001). These patterns differ even more so from those for
peptides given by intranasal administration. Peptides show even more variation among
region and temporal patterns with intranasal administration favoring brain uptake over entry
into blood (During et al., 2003; Banks et al., 2004; Nonaka et al., 2008). It also appears that
regional uptake of some peptides can be controlled or directed by including cyclodextrins in
the intranasal administration (Nonaka et al., 2008).

Finally, we examined the degradation of the neurosteroids in brain and blood after intranasal
or intravenous administration. Steroid dehydroxylases are common in peripheral and central
tissues, including nasal mucosa (Brittebo & Rafter, 1984). Degradation or other
modifications have made it difficult to detect pregnenolone sulfate in the brain (Schumacher
et al., 2008). For pregnenolone, intranasal administration was associated with higher
stability in brain and intravenous administration with higher stability in blood. However,
progesterone showed little variation as a function of route of administration. These results
clearly show that the neurosteroids are not stable in brain or blood by either route of
administration. However, what effect this rapid degradation would have on the calculations
shown in Fig. 2 are not straightforward, especially in the interpretation of brain values. This
is because it is unclear whether degradation occurred before or after entering the brain. If the
former, then values in Fig. 2 should be corrected for degradation, but if the latter, then the
values as shown in Fig. 2 reflect at least initially levels in brain. It should be noted that
neurosteroids injected directly into brain are also likely rapidly degraded and so values
shown in Fig. 2 likely represent a good comparison for doses given i.v., intranasally, or
directly into the brain.

In conclusion, our results show that intranasal administration can deliver pregnenolone
sulfate and progesterone to both the brain and the blood. Intranasal administration produced
lower levels in blood and brain than i.v. administration, but with brain levels being relatively
higher than blood after i.v. administration. We also found that intranasal administration
targeted specific brain regions, especially the hippocampus, hypothalamus, and striatum, an
effect not seen after i.v. administration. Pregnenolone improved memory and progesterone
reduced anxiety after intranasal administration, demonstrating that therapeutic levels of
neurosteroids can be reached in brain after intranasal administration. Pregnenolone, but not
progesterone, was less degraded in brain after intranasal than i.v. administration. Overall,
these results show that intranasal administration is a viable route for both the central and
peripheral delivery of the neurosteroids pregnenolone and progesterone.
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Fig. 1.

Levels of Radioactivity in Serum After the Intranasal or Intravenous Administration of 3H-
Pregnenolone or 3H-Progesterone. Results are expressed as the percent of the injected dose
present in one ml of arterial serum (%Inj/ml). Upper panel shows results for pregnenolone
which had an area under the curve for the first 120 min of 235 %Inj-min/ml after
intravenous injection and 54 %Inj-min/ml after intranasal administration. Lower panel
shows results for progesterone which had an area under the curve of 125 %Inj-min/ml after
intravenous injection and 17 %Inj-min/ml after intranasal administration. N = 3/time point.
Means are shown with their S.E.M.
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Fig. 2.

Uptake Over Time and Brain Distribution of 3H-Pregnenolone After Intravenous or
Intranasal Administration. Results are expressed as the percent of the administered dose
present per g of brain region (%Inj/g). Letters indicate groups that are not statistically
different from one another. Upper left panel shows hippocampus as a representative brain
region for uptake of H-Preg after its intranasal administration. Neither the hippocampus nor
any other brain region showed a time-dependent change in %lnj/g after intranasal
administration (n = 5/time point). Brain regions, however, showed statistically significant
differences after intranasal administration (upper right panel; n =35/regionm * = different
from all others, # = different from frontal cortex, thamalus, occipital cortex, cerebellum, and
pons medulla). Lower left panel shows hippocampus as a representative brain region after
the intravenous administration of H-Preg, with the 10 min time point being statistically
different from the 120 min time point (n = 5 time point). Brain regions, however, showed no
statistical differences after intravenous administration (lower right panel, n = 35/region).
Means are shown with their S.E.M.
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Fig. 3.

Uptake Over Time and Brain Distribution of 3H-Progesterone After Intravenous or
Intranasal Administration. Results are expressed as the percent of the administered dose
present per g of brain region (%Inj/g). Letters indicate groups that are not statistically
different from one another. Upper left panel shows hippocampus as a representative brain
region for uptake of H-Prog after its intranasal administration. Neither the hippocampus nor
any other brain region showed a time-dependent change in %Inj/g after intranasal
administration (n = 5/time point). Brain regions, however, showed statistically significant
differences after intranasal administration (upper right panel; n =35/region, * = different
from frontal cortex, parietal cortex, occipital cortex, cerebellum, and midbrain, # = different
from olfactory bulb and hypothalamus). Lower left panel shows hippocampus as a
representative brain region after the intravenous administration of H-Prog. Earlier time
points (2-10 min) were higher than later time points (n = 5 time point). Brain regions,
however, showed no statistical differences after intravenous administration (lower right
panel, n = 35/region). Means are shown with their S.E.M.
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Fig. 4.

Effects of Intranasal Pregnenolone on Memory. The 200 pg/mouse given immediately after
training produced a decrease in mean trials to criterion, demonstrating an improvement in
memory as assessed in the active avoidance T-maze (n = 10/time point). The 1.0 fg and 200
ng doses were without effect. Giving pregnenolone 24h after the training episode was
without effect (200pg — 24 h). Means are shown with the S.E.M.
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Fig. 5.

Effects of Intranasal Progesterone on Anxiety. The elevated plus maze was used as a test of
anxiety (n = 17/group). The 7.5 pg/mouse dose but not the 0.75 pg/mouse dose increased
the number of entries into the open arms (upper panel) and increased the time spent in the
open arms (lower panel), indicative of a decrease in anxiety. Means are shown with their
S.EM.
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Fig. 6.

Representative HPLC of Neurosteroid Stability in Serum and Brain. The results are the
mean of two HPLC determinations for serum and for brain after the i.v. injection of H-Peg.
Units are the percent of total radioactivity recovered that elutes per fraction. The bar over
fraction 17-18 indicates where H-Pregnenolone elutes.
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Table |

HPLC of H-Preg and H-Prog in Brain and Serum after Intranasal or Intravenous Administration. Means are
given with their S.E.M. and units are % of total recovered dpm eluting as intact neurosteroid.

H-Pregnenolone
10 min 60 min
Intranasal - Brain 35+26 45+18
Intranasal - Serum 3.7+£0.60 7.0+0.54
Intravenous - Brain ~ 26.0+1.9 10+1.2
Intravenous - Serum 26 + 6.6 10+£3.7
H-Progesterone
10 min 60 min
Intranasal - Brain 95+0.9 20+26
Intranasal - Serum 13+25 182+0
Intravenous - Brain 7.9+ 1.1 9.8+2.0

Intravenous - Serum  13+0.33 7.3+0.75

10 min and 60 min values are means + S.E.M.,n=2
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