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Abstract

Androgens may mediate anxiety behaviors; however, these effects and mechanisms of androgens are not well understood. The

following experiments investigated whether testosterone (T)’s effects on anxiety behavior are mediated by its 5a-reduced,

nonaromatizable metabolite dihydrotestosterone (DHT) and/or its 3a-hydroxysteroid dehydrogenase (3a-HSD) reduced metabolite 3a-

androstanediol (3a-diol). In Experiment 1, gonadally-intact adult male rats and gonadectomized (GDX), DHT-replaced rats had similar

low levels of anxiety behavior in the open field and elevated plus maze and fear behavior in the defensive freezing task compared with

GDX control rats. In Experiment 2, intact or DHT-replaced rats that received blank inserts to the hippocampus demonstrated less

anxiety behavior than did rats administered an implant of indomethacin, a 3a-HSD inhibitor, to the dorsal hippocampus. These data indicate

that T’s 5a-reduced metabolite, DHT, can reduce anxiety behavior and that blocking metabolism to 3a-diol in the hippocampus can attenuate

these effects.
D 2004 Elsevier Inc. All rights reserved.
Keywords: Androgens; Nongenomic; GABAA; Androgen receptors; Affect
1. Introduction

Androgens may mediate anxiety behaviors among

rodents. Acute (a high dose of testosterone [T] 24 h before

testing) or chronic (high levels of T for 8 weeks) T

administration to intact male rats increases punished drink-

ing in the Vogel paradigm (Bing et al., 1998). T priopionate

via Silastic capsules for 1 weeks, but not 2 weeks, increase

exploration of intact rats in the plus maze (Bitran et al.,

1993). As well, acute endogenous T release, produced by

sexual stimuli, can also increase exploration by intact mice

in the plus maze (Aikey et al., 2002). Removal of the testes

(gonadectomy; GDX), the primary source of androgens,

increases anxiety behavior in several tasks. GDX rodents

have decreased activity in the center squares of the open

field, and spend more time freezing or burying in response
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to shock than do intact male rats (Adler et al., 1999; Bitran

et al., 1993, Fernandez-Guasti and Martinez-Mota, 2003;

Frye and Seliga, 2001). Androgen-replacement to GDX rats

can reverse the effects of GDX on behavior in the open

field or in response to shock (Fernandez-Guasti and Marti-

nez-Mota, 2003; Frye and Seliga, 2001). Thus, T may

produce exposure-dependent effects on anti-anxiety behav-

ior in animal models.

Metabolites of T may mediate some of androgens’ influ-

ence on anxiety. Separate reports indicate that replacement

with T or its nonaromatizable, 5a-reduced metabolite dihy-

drotestosterone (DHT) to GDX rats similarly decrease anx-

iety behavior (Frye and Seliga, 2001; Frye et al., in press).

DHT can be further reduced by the 3a-hydroxysteroid

dehydrogenase enzyme (3a-HSD) to 3a-androstanediol

(3a-diol). 3a-Diol administration can decrease anxiety be-

havior of intact male rats (Bitran et al., 1996) or ovariecto-

mized female rats (Frye and Lacey, 2001). These findings

support the idea that androgens effects on anxiety behavior

may require 5a-reduction rather than aromatization to estro-

gen (E2), which can also decrease anxiety and/or depression
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behavior of female rats (Walf and Frye, submitted for

publication; Walf et al., 2004).

The hippocampus is a putative central site of androgen’s

actions to mediate anxiety behavior. The hippocampus is

important for anxiety behavior (Bannerman et al., 2002)

and androgens can have actions in the hippocampus.

Tritiated T is taken up in the hippocampus of rats (Pfaff,

1968). Although castration reduces neuronal firing,

increases vulnerability to cell death, and reduces synapse

density in the hippocampus, androgen-replacement reverses

these effects (Frye and McCormick, 2000a,b; Isgor and

Sengelaub, 2003; Leranth et al., 2003; Mizoguchi et al.,

1992; Pouliot et al., 1996; Smith et al., 2002). All of the

enzymes necessary for T’s metabolism, aromatase, 5a-

reductase, and 3a-HSD, are located within the hippocam-

pus (Ivanova and Beyer, 2000; Jacobs et al., 1999; Li et al.,

1997), such that T metabolites are readily formed in this

region (Li et al., 1997; MacLusky et al., 1994; Pelletier et

al., 1994). These data suggest that the hippocampus is a

target of T and its metabolites.

The present experiment examined the influence of 5a-

reduced androgens in the hippocampus on anxiety behavior.

We hypothesized that if actions of 5a-reduced androgens are

sufficient and E2 is not necessary for androgen-mediated

antianxiety behavior, then the anxiety behavior of intact and

GDX rats administered the nonaromatizable androgen, DHT,

should be similar and less than that of GDX control rats. If

formation of 3a-diol is necessary for androgen-mediated

antianxiety behavior, then blocking DHT’s metabolism to

3a-diol with indomethacin, a 3a-HSD blocker, would reduce

DHT’s antianxiety behavior.
2. Methods

These methods were preapproved by the Institutional

Animal Care and Use Committee at the University at

Albany-SUNY.

2.1. Animals and housing

Male Long–Evans rats (N = 105), approximately 55

days of age, were obtained from the colony at the Univer-

sity at Albany (original stock from Taconic Farms, Ger-

mantown, NY). Rats were group housed in polycarbonate

cages (45� 24� 21 cm), in a temperature- (21F1 jC) and
humidity- (45–55%) controlled room that was maintained

on a 12/12 reversed light cycle (lights off at 8:00 a.m.).

Rats had unrestricted access to Purina Rat Chow and tap

water in their home cages.

2.2. Surgery and androgen replacement

2.2.1. Androgen regimen

Rats were anesthetized with Rompun (60 mg/kg) and

Ketaset (80 mg/kg) and were randomly assigned to sham
surgery (intact, n = 35) or GDX (n = 70), 4–6 weeks prior

to androgen replacement and behavioral testing. GDX rats

were randomly assigned to receive a single subcutaneous

Silastic implant (1.57 mm inner diameter, 3.18 mm outer

diameter) that was either left empty (n = 34) or contained

crystalline DHT (n = 36; Sigma, St. Louis, MO; 10 mm

per animal), 48 h prior to the first testing occasion. This

DHT regimen provides a sustained release of DHT and

produces physiological levels of DHT and 3a-diol in

plasma and in the hippocampus (Edinger and Frye, in

press).

2.2.2. Stereotaxic surgery

Four to 6 weeks following GDX and 1 week prior to

testing, rats in Experiment 2 (n = 75) were stereotaxically

implanted with bilateral guide cannulae aimed at the dorsal

hippocampus (from bregma AP =� 3.8, ML =F 2.0,

DV=� 2.0; Paxinos and Watson, 1986). Cannulae con-

sisted of 23-gauge thin-wall stainless steel guide tubing

with 30-gauge removable inserts, designed to extend 3

mm beyond the edge of the guide cannulae. The dorsal

hippocampus was targeted because infusions of T and its

metabolites to this region alter anxiety behavior of GDX rats

(Edinger and Frye, in press) and there are high levels of

metabolism enzymes in this region (Rhodes and Frye,

2004).

2.2.3. Inserts for guide cannulae

Inserts for the guide cannulae were tamped in 1 Ag of

indomethacin or left empty (vehicle control). This results

in 1 Ag of indomethacin in the base of the insert. The

indomethacin-containing inserts were examined with a

dissecting microscope prior to implantation to verify that

indomethacin was only present within the lumen of the

insert. Inserts were placed into the guide cannulae 2

h prior to testing on three separate occasions, with a

minimum of 48 h between administrations. Rats were

randomly assigned to either indomethacin or control

condition at the beginning of the experiment and were

tested in that same condition on all occasions. Hippocam-

pal inserts were removed immediately following testing in

each task. This regimen has been previously demonstrated

to reduce 3a-diol levels in the hippocampus of intact and/

or DHT-replaced male rats to that of GDX rats (Frye et

al., in press).

2.3. Behavioral testing

Separate groups of rats were used for testing in Experi-

ments 1 and 2. All rats were tested on three occasions, once in

the open field, once in the elevated plus maze, and once in the

defensive freezing task. Testing for each task occurred on a

separate day, with a minimum of 48 h between testing in each

task. The order of the tasks was counterbalanced to minimize

order effects. Rats were tested by one of three investigators

uninformed of the hypothesized outcomes. There was greater



Table 1

Anxiety behavior in rats with inserts not corresponding to the CA1 region

of the dorsal hippocampus (n= 3)

Androgen condition Intact DHT-replaced

Drug condition Indomethacin Vehicle Indomethacin

Number of central entries

in open field

22 9 17

Open arm time (s) in

elevated plus maze

45 9 20

Duration freezing (s)

in defensive freezing

302 444 258
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than 95% concordance between the observations of the three

investigators.

2.3.1. Open field

The open field task is a measure of anxiety behavior

(Frye et al., 2000) and was employed according to previ-

ously published methods (Frye et al., 2000; Pellow et al.,

1984). Rats were placed in the corner of the open field box

(76� 57� 35), which is marked off into a 48-square grid.

Rats were observed for 5 min and the number of central and

outer squares entered was recorded.

2.3.2. Elevated plus maze

The elevated plus maze was used as a measure of

anxiety behavior (Frye et al., 2000; Pellow and File,

1986). The elevated plus maze has two open arms and

two arms enclosed with 30-cm-high walls. Arms measure

49� 10 cm and are elevated 50 cm off the ground. Rats

were placed at the junction of the arms, and time spent on

and number of entries to the open and closed arms were

recorded for 5 min.

2.3.3. Defensive freezing

The defensive freezing task was used as a measure of

fear behavior (Frye et al., 2000; Gallo and Smith, 1993;

Treit, 1984). Rats were placed in a clear, Plexiglas testing

chamber (26.0� 21.2� 24.7 cm) containing an electrified

probe (2.5 cm in diameter and 10.0 cm in height), located

3.0 cm from the back wall and 2.5 cm from the right wall.

Wood chip bedding was placed on the floor of the

chamber so that the pedestal extended 4.5 cm above the

bedding. The pedestal was wrapped in two wires that

were connected to the source (Lafayette Model A615B,

Lafayette, IN) set to deliver 6.66 mA of unscrambled

shock when the animal touched the pedestal with its

forepaws. The shock was terminated, and the time spent

freezing or burying after shock was observed for 15 min.

The height of the sawdust chips, in the corner of the

chamber near the prod, was also measured after behavioral

testing.

2.4. Perfusion and histological analyses

To determine insert locations aimed at the hippocampus,

rats were exsanguinated with 0.9% saline followed by

fixation with 10% formalin by intracardial gravity perfusion.

Brains were frozen, sliced at 40 Am on a cryostat, and

stained with Cresyl violet. Insert locations were visualized

by light microscopy.

2.5. Site analyses

The data from three rats that had inserts not in the CA1

region of the dorsal hippocampus were excluded. We have

previously determined the region of effective intrahippo-

campal androgen inserts that produce antianxiety behavior
is a circumscribed area of the dorsal hippocampus that

encompasses both the entorhinal cortex and subiculum.

The extent of the spread of such implants was examined

previously by including a small amount of Cresyl violet

dye in androgen-containing inserts. Using this approach,

we found a spread of 1–2 mm from the insert site. In this

experiment, as in previous studies with application of

androgens to the hippocampus (Edinger and Frye, in

press), rats with indomethacin inserts aimed at the dorsal

hippocampus that were not actually in this region had

behavior similar to animals that had control implants to the

correct site. The data of three rats that had inserts that were

too ventral and were in the posterior nucleus of the

hypothalamus, rather than the hippocampus, are presented

in Table 1.

2.6. Procedures

2.6.1. Experiment 1

To examine the effect of androgens on anxiety and fear

behavior, rats were randomly assigned to 1 of 3 groups:

intact (n = 10), GDX (n = 10), or GDX and DHT-replaced

(n = 10). Intact, GDX, and DHT-replaced rats were tested in

the open field, elevated plus maze, and defensive freezing

tasks.

2.6.2. Experiment 2

To examine the effects of inhibiting 3a-HSD, the anxiety

and fear behavior of other intact, GDX, or GDX and DHT-

replaced rats was examined. Rats in each androgen condi-

tion received indomethacin, a 3a-HSD inhibitor, or blank

inserts (n = 12 per six groups) aimed directly to the hippo-

campus, 2 h prior to three separate testing occasions (once in

the open field, elevated plus maze, and defensive freezing

task).

2.7. Statistical analyses

For Experiment 1, one-way analyses of variances

(ANOVAs) were used to examine the differences between

groups. For Experiment 2, two-way ANOVAs were used to

examine effects of androgen and hippocampal implant

conditions on behavior. The a level for statistical signifi-

cance was PV.05. Where appropriate, Fisher’s post hoc



Fig. 1. The left panel represents the mean central entries (F S.E.M.) of intact rats with blank inserts (vehicle; black bar) or 1 Ag of indomethacin (Indo.; striped

black bar) to the hippocampus. The middle panel represents the mean central entries (F S.E.M.) of GDX rats with intrahippocampal vehicle (white bar) or

indomethacin (striped black bar) The right panel represents the mean central entries (F S.E.M.) of DHT-replaced rats with intrahippocampal vehicle (gray bar)

or indomethacin (striped gray bar). * Significant difference ( P< .05) between control implants and hippocampal indomethacin for this androgen condition

(n= 12 per group).
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tests were used to determine groups that were different. A

trend was considered PV.10.
3. Results

3.1. Open field

3.1.1. Experiment 1

Intact and DHT-replaced rats were more active in the

open field than were GDX rats. Significantly more central

entries [ F(2,27) = 4.35, P=.02] were made by intact

(10.4F 2.2) and DHT-replaced (13.6F 2.6) than GDX

(4.7F 1.3) rats. Intact (121.7F 10.3) and DHT-replaced

rats (86.0F 10.9) made more entries into the peripheral

squares of the open field [F(2,27) = 8.60, P=.001] than did

GDX (48.1F15.7) rats.
Fig. 2. The left panel represents the mean open arm time (F S.E.M.) of intact rats w

black bar) to the hippocampus. The middle panel represents the mean open arm t

intrahippocampal indomethacin (black striped bar). The right panel represents the m

vehicle (gray bar) or indomethacin (striped gray bar). * Significant difference ( P<

hippocampal indomethacin for the androgen condition indicated (n= 12 per group
3.1.2. Experiment 2

There were main effects of androgen [F(2,66) = 12.01,

P=.001] and hippocampal implant [ F(1,66) = 16.39,

P=.001] condition on the number of central entries in

the open field. Intact and DHT-replaced rats made more

central entries than did GDX rats. Indomethacin reduced

central entries compared with those without implants. The

interaction [F(2,66) = 3.84, P=.02] between these condi-

tions was due to indomethacin-decreasing central entries

of intact and DHT-replaced, but not GDX, rats (see Fig.

1). There were main effects of androgen condition to

increase the number of peripheral [F(2,66) = 8.89, P=.01]

squares entered, which was again due to intact

(84.8F 12.3) and DHT-replaced (115.3F 12.2) rats mak-

ing more entries to the peripheral squares than did the

GDX rats. There were neither main effects of hippocampal

implant condition, nor an interaction between androgen
ith blank inserts (vehicle; black bar) or 1 Ag of indomethacin (Indo.; striped

ime (F S.E.M.) of GDX rats with intrahippocampal vehicle (white bar) or

ean open arm time (F S.E.M.) of DHT-replaced rats with intrahippocampal

.05) and #tendency for a difference ( P < .10) between control implants and

).



Table 2

Elevated plus maze behavior in intact, GDX, and DHT-replaced rats that received blank inserts (vehicle) or 1 Ag of indomethacin (n= 12 per group), a 3a-HSD

inhibitor, to the hippocampus

Androgen condition Intact GDX DHT-replaced

Drug condition Vehicle Indomethacin Vehicle Indomethacin Vehicle Indomethacin

Number of open arm entries 1.6F 0.4 * 0.7F 0.4 0.5F 0.2 0.4F 0.3 1.08F 0.2 0.2F 0.1 *

Number of closed arm entries 7.83F 0.8 7.08F 0.9 2.3F 0.4 2.6F 0.6 5.6F 0.6 6.75F 0.9

Closed arm time (s) 284.2F 3.7 295.3F 3.7 295.4F 1.7 297.7F 1.9 291.2F 2.3 298.2F 4.1 *

* Significant difference between control group and indomethacin for the androgen condition indicated ( P< .05).
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condition and implant condition in the number of periph-

eral squares entered.

3.2. Elevated plus maze

3.2.1. Experiment 1

Intact and DHT-replaced rats were more exploratory in

the elevated plus maze than were GDX rats. Intact

(14.0F 3.1 s) and DHT-replaced (13.6F 5.2 s) rats spent

significantly longer on the open arms of the elevated plus

maze [F(2,27) = 3.74, P=.04] than did GDX (2.0F 0.6 s)

rats. Intact (3.5F 0.4) and DHT-replaced (5.8F 0.8) rats

made significantly more closed arm entries [F(2,27) =15.45,

P=.001] compared with GDX rats (0.9F 0.5). The number

of open arm entries was not different among intact

(1.4F 0.4), DHT-replaced (1.2F 0.3), and GDX (1.9F
1.5) rats. As well, the amount of time spent on the closed

arms was similar for intact (286.8F 3.5 s), DHT-replaced

(287.4F 5.4 s), and GDX (296.4F 17.1 s) rats.

3.2.2. Experiment 2

The main effect of androgen condition on open arm time

in the elevated plus maze approached significance

[F(2,66) = 2.92, P=.06]. The main effect of hippocampal

implant [F(1,66) = 8.62, P=.004] was due to indomethacin

reducing the amount of time spent on the open arms

compared with control implants. Although there was no
Fig. 3. The left panel represents the mean freezing time (F S.E.M.) of intact rats w

black bar) to the hippocampus. The middle panel represents the mean freezing ti

indomethacin (black striped bar). The right panel represents the mean freezing time

or indomethacin (striped gray bar). * Significant difference ( P < .05) between co

indicated (n= 12 per group).
significant interaction between androgen and hippocampal

condition, indomethacin administration decreased open arm

time of intact and DHT-replaced, but not GDX, rats (see Fig.

2). As Table 2 illustrates, there was a tendency for a main

effect on androgen [F(2,66) = 2.71, P=.07], and a significant

main effect on hippocampal implant [ F(1,66) = 8.25,

P=.005] on the number of open arm entries made. Intact

and DHT-replaced rats made more open arm entries, and

indomethacin reduced this effect. There was a main effect of

androgen on closed arm time [F(2,66) = 3.21, P=.04] and

closed arm entries [F(2,66) = 24.289, P=.001]. Intact and

DHT-replaced rats spent less time on the closed arms and

made more entries into the closed arms than did GDX rats.

3.3. Defensive freezing

3.3.1. Experiment 1

Intact and DHT-replaced rats show less fear behavior in

the defensive freezing task than did GDX rats. Intact

(305.0F 47.0 s) and DHT-replaced (334.3F 33.7 s) rats

spent significantly less time freezing in response to shock

compared with GDX (636.6F 81.4 s) rats [F(2,27) = 10.13,

P=.005]. Intact (55.5F 24.2 s), DHT-replaced (72.0F 26.1

s), and GDX (64.2F 37.7 s), rats spent similar amounts of

time burying in response to shock. Intact (3.5F 0.4), DHT-

replaced (3.4F 0.4), and GDX (2.9 + 0.3) rats produced

sawdust of similar height in response to shock.
ith blank inserts (vehicle; black bar) or 1 Ag of indomethacin (Indo.; striped

me (F S.E.M.) of GDX rats with intrahippocampal vehicle (white bar) or

(F S.E.M.) of DHT-replaced rats with intrahippocampal vehicle (gray bar)

ntrol implants and hippocampal indomethacin for the androgen condition



Table 3

Defensive freezing behavior in intact, GDX, and DHT-replaced rats that received blank inserts (vehicle) or indomethacin (n= 12 per group), a 3a-HSD

inhibitor, to the hippocampus

Androgen condition Intact GDX DHT-replaced

Drug condition Vehicle Indomethacin Vehicle Indomethacin Vehicle Indomethacin

Duration burying (s) 70.75F 23.9 63.17F 18.2 3.9F 2.7 34.3F 19.3 173.7F 42.1 * 100.5F 28.3

Sawdust height (cm) 10.2F 0.5 6.8F 0.09 * 2.6F 0.05 3.0F 0.3 12.8F 0.5 13.4F 0.4

* Significant difference between indomethacin and control implants for the androgen condition indicated, and a significant difference across androgen

conditions ( P < .05).
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3.3.2. Experiment 2

There was a tendency for androgen condition to influ-

ence behavior [F(2,66) = 2.41, P=.09]. Intact and DHT-

replaced rats spent less time freezing. There was a main

effect of hippocampal implant condition [F(1,66) = 31.98,

P=.001] on duration of freezing in response to shock.

Indomethacin increased freezing. The interaction between

these variables [F(2,66) = 15.44, P=.001] is attributable to

indomethacin increased freezing of intact and DHT-

replaced, but not GDX, rats (see Fig. 3). There were main

effects of androgen [F(2,66) = 13.049, P=.001] and a ten-

dency of hippocampal condition [F(1,66) = 2.64, P=.09] to

influence duration of burying in response to shock (see

Table 3). Intact and DHT-replaced rats spent more time

burying, and indomethacin decreased this burying behavior.

There was a trend for an interaction between these variables

[F(2,66) = 2.64, P=.08], which is associated with indometh-

acin increasing burying of GDX rats, but decreasing burying

of DHT-replaced rats. Androgen [F(2,66) = 27.00, P=.001],

but not hippocampal condition, influences dust height.

Intact and DHT-replaced rats produced greater dust heights

than did GDX rats.
4. Discussion

The results of these experiments supported our hypoth-

eses. First, we hypothesized that if T’s aromatization to E2

was not necessary for the effects of androgens to mediate

anxiety behavior, then replacement with the nonaromatiz-

able androgen, DHT, would result in similar anxiety behav-

ior, as was observed for intact rats, which would be greater

than that of GDX. Rats subcutaneously replaced with DHT

showed anxiety behavior in the open field, elevated plus

maze, and defensive freezing tasks, that was similar to that

of intact rats, and significantly less than that of GDX rats.

Second, we hypothesized that if metabolism to 3a-diol was

important for anxiety behavior, then blocking DHT’s me-

tabolism to 3a-diol with indomethacin would increase

anxiety behavior in the open field and elevated plus maze

tasks and fear behavior in the defensive freezing task of

intact and DHT-replaced, but not GDX, rats. In support,

intrahippocampal indomethacin administration to intact and

DHT-replaced rats significantly decreased central entries to

a brightly lit open field, amount of time spent on the open

arms of the elevated plus maze, and the duration of freezing
in response to shock. Together, these data suggest that 5a-

reduced metabolites in the hippocampus may mediate anx-

iety behaviors.

The present findings confirm and extend previous re-

search that suggests that androgens may mediate anxiety

behaviors of rodents. First, the present results, as in previous

open field and defensive freezing experiments (Adler et al.,

1999; Bitran et al., 1993; Frye and Seliga, 2001), confirm

that androgen replacement can reinstate antianxiety behavior

that was altered by GDX. Second, the present experiment

extends these findings with the use of a nonaromatizable

androgen, DHT. The anxiety or fear behavior of intact and

DHT-replaced rats was similar, which indicates that aro-

matization to E2 is not necessary for these androgen-

mediated anxiety behaviors in these tasks. Third, this

experiment suggests that the hippocampus is an important

brain region for 5a-reduced androgens’ effects on anxiety

and fear behaviors. Indeed, indomethacin to the hippocam-

pus increased anxiety behavior in the open field and

elevated plus maze and fear behavior in the defensive

freezing task.

Although the findings of this experiment are interesting,

it is necessary to use caution when interpreting these data.

For example, while DHT-administered and intact rats had

similar anxiety levels in the number of central squares

entered in the open field and the duration freezing in the

defensive burial task, there were differences between these

groups in the duration of burying behavior (in the second

but not first experiment). DHT-administered rats spent

significantly longer burying in response to shock, which is

also considered an index of anxiety (Gallo and Smith,

1993). Notably, indomethacin had no effect on this measure

of anxiety, but it increased anxiety behavior in the open field

and plus maze and freezing in response to shock. Previous

reports indicate that intact or T-replaced rats spend signif-

icantly less time burying in response to shock in the

defensive freezing paradigm (Fernandez-Guasti and Marti-

nez-Mota, 2003; Frye and Seliga, 2001). We have found that

freezing, rather than burying behavior, shows more consis-

tent and robust effects. Treit et al. (1986) has proposed that

the shock intensity in this paradigm influences animals’

behavioral responses such that intense shock elicits freezing.

Given the 6.6-mA shock intensity versus the 0.3-mA shock

intensity used by others (Gallo and Smith, 1993), it is

possible that differences in our observations and others for

burying and freezing represent active versus passive fear



C.A. Frye, K.L. Edinger / Pharmacology, Biochemistry and Behavior 78 (2004) 473–481 479
behavior (DeBoer and Koolhaas, 2003). The differences in

burying we have observed between studies may be a result

of the small amount of burying behavior occurring during

the 15-min observation period (Frye and Seliga, 2001),

which has led to us to focus on other behavioral responses

in response to shock, such as freezing. These findings

suggest that androgens may have task-dependent effects

on anxiety behavior. As well, while the pattern of effects

in the plus maze was consistent with the other behavioral

assays, effects in this paradigm were modest, suggesting

antianxiety rather than anxiolytic effects.

While these findings indicate that DHT and 3a-diol may

mediate androgens’ influence on anxiety behavior through

actions in the hippocampus, there may be concerns that

indomethacin’s effects to alter anxiety and fear behavior

were not specifically due to decreasing 3a-diol formation in

the hippocampus but rather attributable to other effects of

indomethacin. Although systemic indomethacin has been

reported to produce nonspecific effects that can make rats

sick and indirectly reduce behavior by decreasing locomo-

tion (Beyer et al., 1999), the central manipulations with

indomethacin neither produced nonspecific behavioral

effects in this experiment nor in previous experiments

involving its central administration (Frye and Walf, 2002,

2004). For example, indomethacin administration had no

effect on the number of peripheral squares entered in the

open field or the number of closed arm entries in the

elevated plus maze. While indomethacin decreased burying

behavior in DHT-replaced rats, there was no effect of

indomethacin on burying behavior in intact or GDX rats.

Together, these findings suggest that intrahippocampal in-

domethacin regimen may not influence motor behavior in

the anxiety tasks used. A related point is that this indo-

methacin regimen, which has been previously demonstrated

to decrease 3a-diol formation and 3a-diol-mediated behav-

iors (Frye et al., in press), also decreases other 5a-reduced

steroids, such as allopregnanolone, which can also alter

anxiety behaviors (Frye and Walf, 2002, 2004; Frye et al.,

2000). Throughout development, males have much lower

levels, and less variation in, 5a-reduced progestins and its

precursors, produced by the gonads and the adrenals, than

do females (Paul and Purdy, 1992). This suggests indometh-

acin here likely had more salient effects to alter androgenic

rather than pregnane metabolites. However, central produc-

tion of allopregnanalone also varies in response to stress

(Dazzi et al., 1996, 2002; Reilly et al., 2000; Zimmerberg

and Brown, 1998). Potential effects of indomethacin on

stress-induced production of allopregnanalone, its precur-

sors, or other neurosteroids, which could have influenced

the results of these experiments, cannot be obviated. Indo-

methacin can also increase prostaglandin metabolism (Clu-

nie et al., 2003), which can enhance fear and/or anxiety

responses in people and rodents (Amateu and McCarthy,

2002; Clunie et al., 2003; Oka et al., 2001; Song et al.,

2003). Some of indomethacin’s effects to enhance anxiety

may be due to its effects on prostaglandins. As well,
indomethacin can also inhibit cyclooxygenase-2. Future

experiments should compare effects of a specific cyclo-

oxygenase-2 inhibitor to that of indomethacin and finaster-

ide (another 5a-reductase inhibitor) on anxiety behavior to

rule out these potential nonspecific effects of indomethacin.

Regarding the former and latter points, if indomethacin

produced nonspecific increases in anxiety behavior, then

indomethacin would be expected to increase anxiety behav-

ior of GDX rats. Notably, indomethacin increased burying

by GDX rats, but did not increase anxiety behavior in the

open field and elevated plus maze, suggesting that it did not

have pervasive, indiscriminant, anxiogenic effects. Albeit, it

is possible that there was a ‘‘basement’’ effect on anxiety

behavior of GDX rats, such that indomethacin could not

further reduce some of the behavioral measures. For exam-

ple, current results in the open field and elevated plus maze

indicate that GDX decreases overall locomotion. Decreased

activity affects performance in these two tasks. However,

indomethacin administration to GDX rats in the defensive

freezing task increased motor behavior, which indicates that

androgens’ antianxiety effects may not be mediated through

their effects to reduce activity.

Further research is needed to address the mechanisms by

which 5a-reduced androgens in the hippocampus mediate

anxiety behavior. Indeed, androgen receptors, which T and

DHT have a high affinity for (Roselli et al., 1987), have

been localized to the hippocampus (Kerr et al., 1995; Sar et

al., 1990). However, 3a-diol does not typically bind with

high affinity to androgen receptors (Roselli et al., 1987) in

physiological concentrations. 3a-Diol has agonist-like ac-

tivity at GABAA receptors (Frye et al., 1996a,b,c), which

have also been localized to the hippocampus (Collinson et

al., 2002). It is also possible that 3a-diol may be acting at

these other substrates, such as N-methyl-D-aspartate recep-

tors or via signal transduction pathways (Rhodes et al.,

2004). Androgens’ capacity to alter anxiety behavior may

also be related to its effects on neuroplasticity. Some effects

of antidepressant drugs may be related to their capacity to

induce neurogenesis in the hippocampus (Santarelli et al.,

2003). Recently, it has been discovered that androgens can

enhance neurogenesis in the hippocampus (Leranth et al.,

2003). Thus, additional research is necessary to characterize

androgen’s effects and determine their mechanisms of

actions for anxiety behaviors.

Although the present results suggest the hippocampus

may be an important site for androgen’s effects, these find-

ings do not preclude androgens having actions in other areas

of the brain to mediate anxiety. For example, the nucleus

accumbens, a target for 5a-reduced androgens’ rewarding

effects (Frye et al., 2002), may have an important role in

mediating anxiety in the elevated plus maze (Martinez et al.,

2002). As well, androgens may have effects to mediate fear-

potentiated startle through actions in the amygdala of female

rats or the bed nucleus of the stria terminalis of male rats

(Walker et al., 2003). Therefore, it is necessary to consider

other brain regions in addition to the hippocampus when
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examining the effects of 5a-reduced metabolites on anxiety

behavior. In the present study, rats with indomethacin

implants to sites other than the dorsal hippocampus exhibited

behavior that was similar to that of rats with control implants

in the same androgen condition. Although these findings

suggest that T’s metabolism in the dorsal hippocampus may

alter anxiety behaviors, it will also be important to further

examine effects of implants to other nearby regions.

In summary, the present findings indicate that 5a-reduced

metabolites can have effects in the hippocampus to mediate

anxiety behaviors. First, DHT produced anti-anxiety behav-

ior that was similar to that of intact rats, and greater than that

of GDX rats. Second, indomethacin to the dorsal hippocam-

pus of intact and DHT-replaced rats significantly increased

anxiety and fear behaviors, compared to those with control

implants. These data provide evidence that 5a-reduced

metabolites may mediate anxiety behavior and that inhibiting

formation of 3a-diol in the hippocampus can attenuate these

beneficial effects of androgens on anxiety behavior.
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