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(4) 777–785, 1999.—Restorative and neuroprotective
effects of the steroid hormones estradiol benzoate (EB) and progesterone (P) were investigated in an animal model of neuro-
degeneration. Rats received EB, P, EB 

 

1

 

 P, or vehicle/cholesterol control immediately after (Experiment 1) or prior to (Ex-
periment 2) intrahippocampal colchicine infusions, which destroy hippocampal neurons and deplete neurotransmitters, such
as acetylcholine. Intrahippocampal colchicine produced long latencies, distances, and increased wandering in the water maze,
in addition to hippocampal damage. Chronic administration of hormones immediately after colchicine, which produced circu-
lating concentrations within physiological range, did not affect water-maze performance compared to cholesterol control
(Experiment 1). When acute EB (10 

 

m

 

g SC) 

 

1

 

 P (500 

 

m

 

g SC) was given prior to intrahippocampal colchicine, latencies, dis-
tances, and wandering in the water maze were reduced (Experiment 2). The acutely administered EB 

 

1

 

 P also were in physi-
ological range. Both experiments demonstrate some influence of hormones on neuronal integrity and ChAT that warrants
further investigation. Together, these findings suggest that physiological concentrations of EB 

 

1

 

 P, when administered be-
fore hippocampal damage, may have neuroprotective actions on learning and memory impairment and hippocampal
damage. © 1999 Elsevier Science Inc.

 

Neurodegeneration Neuroprotection Estradiol Progesterone ChAT Nongenomic Neurosteroid

 

HORMONES may play a role in protecting against neural in-
sults because sex differences are often found in the occur-
rence of, and recovery from, neural insults. For instance, pre-
menopausal women have a lower risk of ischemia (1,3), but
the incidence of cerebrovascular events rapidly increases after
menopause (68). Also, the incidence of Alzheimer’s disease
(AD) in postmenopausal women is greater than in men
(13,57,70). Women have a 2.7-fold higher risk of developing
AD than men (57), and this risk increases with age. Even
when examining the incidence rates of AD at different age
strata, women are always at higher risk than men, especially
among the very old (16). Alzheimer’s disease is a dementia
characterized by inexorable neurodegeneration; in particular,
a loss of acetylcholine in the entorhinal cortex, hippocampus,
ventral striatum, basal forebrain, and cerebral cortex
(4,29,38), and behavioral pathologies, such as wandering be-
havior (62).

These sex differences imply an involvement of hormones.

Indeed, an important factor associated with female suscepti-
bility to AD is the postmenopausal state (29), which is charac-
terized by decreased ovarian hormone production (43). Post-
menopausal women who receive hormone replacement
therapy are less likely to develop AD or have a later onset
(33,56), and tend to have improved mental status scores
(15,34,35,54,55). Epidemiological studies also demonstrate
that women who receive estrogen (E

 

2

 

) replacement therapy
are less likely to develop AD or develop AD with a later on-
set (8,33,56,67). However, some studies have reported no ef-
fect of hormones on the development of AD, but do report an
improved quality of life (11). The few trials of E

 

2

 

 replacement
therapy for the treatment of AD have revealed that E

 

2

 

-respon-
sive AD patients tend to have lower baseline levels of E

 

2

 

 and
a higher incidence of osteoporosis (15). Furthermore, E

 

2

 

 en-
hances the therapeutic response of women with AD taking
Tacrine (63,64). Medroxyprogesterone, in conjunction with
E

 

2

 

, results in moderate improvement in baseline cognitive
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scores (54,55); however, medroxyprogesterone, which cannot
be readily metabolized to natural progesterone (P), is associ-
ated with negative physical symptoms.

Ovarian hormones have been implicated in AD because of
their effects on cognition (5) and acetylcholine, which is
markedly decreased in brains of AD patients (42). Although
ovariectomy (ovx) in experimental animals leads to a de-
crease in choline acetyltransferase (ChAT), E

 

2

 

 replacement
increases ChAT in the basal forebrain, hippocampus, and ce-
rebral cortex (44,47). Estrogen replacement, which increases
high affinity choline uptake, increases the acquisition of
avoidance behavior compared to that seen in ovx rats (65).
Furthermore, aged rats, impaired in the radial arm maze,
have decreased ChAT levels in forebrain and hippocampal
areas (45). Estradiol administered for 30 days prior to train-
ing, during testing, or in a combination of pretraining and
testing, enhances ovx female rats’ performance in the radial
arm maze (10). Furthermore, for ovx rats trained in the T-
maze, E

 

2

 

, or E

 

2

 

 and P-treated rats are protected against the
performance decrements of scopolamine, while rats receiving
no hormone treatment are not protected (12,14).

Very little research on hormonal modulation of learning
and memory has studied the effects of P only or P in conjunc-
tion with E

 

2

 

. Studying effects of P in the presence or absence
of E

 

2

 

 is important because in the female hormonal cycle, E

 

2

 

 is
followed by increases in P. Furthermore, P is usually given in
conjunction with E

 

2

 

 to postmenopausal women, because un-
opposed E

 

2

 

 is contraindicated, due to possible increases in en-
dometrial (9) and breast cancer (71).

The present study uses colchicine as an effective agent of
neurodegeneration. Colchicine destroys dentate gyrus cells
(30,52,53), degenerates hippocampal cholinergic neurons in a
dose- and time-dependent manner (53), decreases ChAT in
the hippocampus (53,69), blocks axoplasmic transport (58),
induces neurofibrillary tangles (52), and is the only animal
model known to cause progressive neurodegeneration (53).
Colchicine infusions to the hippocampus produce learning
deficits for mice in a passive-avoidance task (69), and for rats
in the water maze (6,66) and T-maze (53) tasks.

The present experiments investigate the recovery of func-
tion (Experiment 1) and neuroprotective (Experiment 2) ef-
fects of E

 

2

 

 and P in a model of neurodegeneration. Estradiol
benzoate (EB) and/or P are administered, in a time-depen-
dent manner, immediately after (Experiment 1) or before
(Experiment 2) hippocampal colchicine infusion. There are
two hypotheses in the present study. First, EB and P adminis-
tered immediately after colchicine infusion will have recovery
of function effects on water maze performance compared to a
cholesterol condition (Experiment 1). Second, EB and P ad-
ministered prior to colchicine infusion will have neuroprotec-
tive effects as demonstrated by improved performances in the
water maze compared to a vehicle condition (Experiment 2).
The effects of colchicine will be validated by examination of
neuronal integrity and choline acetyltransferase (ChAT) im-
munocytochemistry in the hippocampus.

 

GENERAL METHODS

 

All methods and procedures described below were preap-
proved by the Institutional Animal Care and Use Committee.

 

Subjects and Housing

 

Adult female Long–Evans rats (

 

n

 

 

 

5

 

 72; approximately 200 g)
were obtained from Charles River Laboratory (Kingston,
NY). Rats were housed individually in hanging stainless steel

cages in an environment that was temperature (72 

 

6

 

 2

 

8

 

 F) and
humidity (30–40%) controlled. The light cycle was reversed
(12 L:12 D) with lights on at 20:00, and food and water were
provided ad libitum.

 

Hormonal Manipulations

 

Estradiol benzoate (1,3,5[10]-Estratriene-3,17

 

b

 

-diol-3
benzoate) and P (4-pregnen-3,20-dione) were purchased from
Sigma (St. Louis, MO). For Experiment 1, rats (

 

n

 

 

 

5

 

 32, eight
per group) had a Silastic tubing capsule containing hormone
treatments implanted under the skin on the back. The EB
tubing (0.062 i.d., 0.125 o.d.) was 10 mm/100 g body weight,
the P tubing (0.132 i.d., 0.184 o.d.) was 10 mm long, and the
cholesterol tubing (0.132 i.d., 0.184 o.d.) was 10 mm long
(7,18,31). The EB 

 

1

 

 P group received an EB and a P silastic
tubing capsule, and a cholesterol-filled capsule was used as a
control drug.

For Experiment 2 (

 

n

 

 

 

5

 

 32, eight per group, and eight addi-
tional animals for hormone measurement) the hormones
were administered via an SC injection. All hormones were
dissolved in a sesame oil vehicle. The EB concentration was
10 

 

m

 

g/0.2 ml, P concentration was 500 

 

m

 

g/0.2 ml, and the con-
trol group received 0.2 cc of the sesame oil vehicle.

 

Surgical Procedures

 

Under sodium pentobarbital (50 mg/kg, IP) anesthesia, ex-
perimental rats were ovx by bilateral flank incisions. Two
weeks later, rats were stereotaxically infused with colchicine
(Research Products International, Natick, MA) under sodium
pentobarbital (50 mg/kg, IP) anesthesia following the meth-
ods of Nakagawa, Nakamura, Kase, Noguchi, and Ishiharo
(53) and Rudy and Sutherland (66). Briefly, two holes were
drilled in the skull over the hippocampal region (flat skull
from bregma: AP 

 

2

 

4.2, LAT 

 

6

 

 2.5, DV 

 

2

 

2.1). The colchicine
was dissolved in sterile physiological saline to a concentration
of 15 

 

m

 

g/

 

m

 

l. Using a Hamilton syringe, a volume of 1 

 

m

 

l was
administered to each side of the posterior hippocampus at the
rate of 0.1 

 

m

 

l per 10 s. Following the infusion, the needle re-
mained in place an additional minute to allow the colchicine
to diffuse away from the tip of the needle. The rats were
tested 6 to 7 days after colchicine infusion to maximize the
neurodegenerative effects of colchicine.

 

Behavioral Testing

 

The Morris water maze tank had a circumference of 555
cm and was 71 cm deep. It was filled with 25–30

 

8

 

C water
made opaque with powdered milk so that the platform (5.3 

 

3

 

5.3 

 

3

 

 33.5 cm) was hidden. The platform was approximately
2.5 cm below the surface of the water and 60 cm from the
tank’s side. There were many visual cues in the room that rats
could use to learn the position of the platform even when
starting from different locations. A San Diego Instrument
(San Diego, CA) tracking system was used to record total dis-
tance swam in centimeters and total time in seconds (maxi-
mum of 120 s) to reach the platform. The swimming pattern
also was recorded during testing to calculate the number of
circumference laps.

Before any experimental manipulation, rats were pre-
trained for the water maze task in two exposure trials. For
each trial, rats were allowed a maximum of 120 s to find the
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hidden platform. Either after the platform was found or after
being guided to it at the end of 120 s, rats remained on the
hidden platform for 45 s.

One week after pretraining and surgery, animals were
tested in the Morris Water Maze task for six trials a day for 5
days to assess reference spatial memory. Distances, latencies,
and wandering were recorded for each trial. Wandering was
defined as swimming around the entire circumference of the
pool, and was measured by the number of complete circum-
ference laps. Number of trials until criterion was met also was
measured; the criterion for learning the maze was defined as
reaching the hidden platform within 25 s in three consecutive
trials.

 

Steroid Hormone Measurement

 

Competitive Enzyme Linked Immunosorbant Assay
(ELISA) kits for E

 

2

 

, P, and testosterone (T) were purchased
from Oxford Biomedical Research (Oxford, MI). The E

 

2

 

 kit
(#EA70) had crossreactivities ranging from 100% for E

 

2

 

 and
less than 2% for the following hormones: T, estriol, estrone,
dehydroepiandrosterone, aldosterone, androstenedione, corti-
costerone, cortisol, cortisone, deoxycorticosterone, 17-hydroxy-
progesterone, pregnenolone, and P. The crossreactivities for
the P kit (#EA74) were 100% for P and less than 2% for the
following hormones: androstenedione, corticosterone, deoxy-
corticosterone, pregnenolone, cortisol, cortisone, estriol, de-
hydroisoandrosterone, estrone, E

 

2

 

, 17-hydroxyprogesterone,
and T. The T kit (#EA78) had a 100% crossreactivity for T
and dihydrotestosterone, but it had less than 2% crossreactiv-
ity for androstendione, estriol, E

 

2

 

, dehydroepiandrosterone,
deoxycorticosterone, aldosterone, corticosterone, cortisol, es-
trone, P, 17-hydroxyprogesterone, and pregnenolone. The
ELISA kits were read with a microplate reader from Bio-Tek
Instruments, Inc. (Winooski, VT).

The tritiated P ([1,2-

 

3

 

H] P: specific activity 

 

5

 

 48.8 ci/
mmol) and tritiated 5

 

a

 

-pregnan-3

 

a

 

-ol-20-one ([

 

3

 

-H] 3

 

a

 

,5

 

a

 

-
THP: specific activity 

 

5

 

 8000 dpm/

 

m

 

l) used in the radioimmu-
noassay (RIA) were purchased from New England Nuclear
(Boston, MA). The P antibody used in the P RIA was ob-
tained from Dr. G. D. Niswender (Colorado State Univer-
sity), and the 3

 

a

 

,5

 

a

 

-THP antibody was purchased from Dr.
Robert Purdy (Veteran’s Medical Center, LaJolla, CA).

Following behavioral testing and hormone treatment, rats
were exposed to CO

 

2

 

 for 60 s, and blood samples were ob-
tained by cardiac puncture prior to perfusion. In addition,
more samples were obtained for Experiment 2 by injecting
additional animals with a hormone condition and taking
blood prior to perfusion as in Experiment 1. Samples were
centrifuged at 3000 

 

g

 

 and stored at 

 

2

 

20

 

8

 

C until assayed.
Plasma was extracted with diethyl ether. The organic layer
was dried down and reconstituted in buffer. After extraction,
an ELISA was run for E

 

2

 

, P, and T measurements, and a RIA
was run for 3

 

a

 

,5

 

a

 

-THP and P to confirm the ELISA.
For the ELISAs, standard curves were prepared in dupli-

cate (E

 

2

 

 range 

 

5

 

 0–2 ng/ml; P range 

 

5

 

 0–2 ng/ml; T range 

 

5

 

0.00–0.04 ng/ml). Fifty microliters of the standards or ex-
tracted hormone followed by enzyme conjugate were added
to the ELISA plate and allowed to incubate for 1 h at room
temperature. The plate was then washed three times with 300

 

m

 

l of wash buffer, and 150 

 

m

 

l of tetramethylbenzidine was
added for a 30-min incubation. The reaction was stopped by
adding 50 

 

m

 

l of 1 M HCl. The plate was then read at 450 nm in
the microplate reader. The standard curve was plotted with
%B/B

 

0

 

 as the ordinate and the concentration as the abscissa,

and the sample concentrations were determined using this
standard curve.

The P RIA was performed according to the modified
methods of Frye, McCormick, Coopersmith, and Erskine
(20). 3

 

a

 

,5

 

a

 

-THP was measured according to previously pub-
lished methods (19,22,59). Briefly, tritiated P or 3

 

a

 

,5

 

a

 

-THP
was added to 0.5 ml plasma and then extracted as outlined
above. The P antibody was used in a concentration of
1:30,000, while the 3

 

a

 

,5

 

a

 

-THP antibody concentration was
1:5,000. Both the P and 3

 

a

 

,5

 

a

 

-THP standard curves were pre-
pared in duplicate (P range 

 

5

 

 5–800 pg; 3

 

a

 

,5

 

a

 

-THP range 

 

5

 

100–4000 pg). The total assay volume was 800 

 

m

 

l for the P
RIA and 950 

 

m

 

l for 3

 

a

 

,5

 

a

 

-THP. Tubes were incubated over-
night at 4

 

8

 

C, which was subsequently terminated by the addi-
tion of dextran-coated charcoal. Sample tube concentrations
were determined using the Logit-Log method of Rodbard and
Hutt (60). The intraassay variances were 10.7% (P) and
12.1% (3

 

a

 

,5

 

a

 

-THP), and interassay variances were 9.2% (P)
and 15.6% (3

 

a

 

,5

 

a

 

-THP).

 

Histology

 

Upon the completion of behavioral testing, four animals in
each condition of each experiment were sacrificed with an
overdose of pentobarbital solution (given IP) to process the
brain tissue for immunocytochemistry (ICC) of ChAT. Rats
were perfused intracardially with 0.9% saline followed by 4%
paraformaldehyde for the ICC procedure. The remaining rats
were exposed to CO

 

2

 

, and had blood withdrawn by cardiac
puncture for assays. Rats exposed to CO

 

2

 

 were perfused with
0.9% saline followed by 10% formalin. The frozen brains
were sliced in 40-

 

m

 

m sections, and alternate slices were
stained with cresyl violet.

After 24 h, the brains for ICC were transferred to a 25%
sucrose-buffer solution for an additional 24 h at 4

 

8

 

C. One to 2
days later, the brains were sliced at 40 

 

m

 

m in a freezing micro-
tome. Free-floating sections were washed in phosphate-buff-
ered saline (PBS), hydrogen peroxide, and then incubated in
normal goat serum for 1 h to decrease nonspecific binding. A
polyclonal antibody specific for ChAT (#AB143); Chemicon,
Temecula, CA) was diluted in PBS/0.1% bovine serum albu-
min with 2% normal goat serum (antibody concentration 

 

5

 

1:500). Sections were then incubated for 48 h at 4

 

8

 

C in ChAT
primary antibody. After 48 h, the sections were rinsed in nor-
mal goat serum, incubated in a biotinylated secondary anti-
body for 1 h, washed in PBS, and then incubated in an avidin–
biotin solution for 30 min to utilize a peroxidase staining kit
for diaminobenzidine (Vector Laboratories Burlingame, CA).
Finally, the sections were rinsed in distilled water for 10 min
and then in PBS until they were mounted on gelatin-coated
slides. Darkly stained, ChAT-immunoreacted presynaptic ter-
minals counted were within a reticle superimposed over a rep-
resentative section of the CA1 region of the hippocampus
similar to the methods of Ishimaru, Takahashi, Ikarashi, and
Maruyama (36). All terminals counted were of similar shape
and contrast. One representative hippocampal section was
counted per animal. Representative sections were sections
closest to the infusion site, in the anterior direction, without
tissue damage. The CA1 region of the hippocampus was de-
fined as the area of smaller sized pyramidal cells but greater
pyramidal cell density compared to the CA2 and CA3 re-
gions. The CA1 was targeted in this study because of suscepti-
bility to neural insults and importance in learning and mem-
ory functioning (36). Cresyl violet-stained cell bodies were
counted in the same manner.
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Statistics

 

Mixed-design analyses of variance (ANOVAs) were used
to reveal any differences between the three steroid (EB, P,
EB 

 

1

 

 P) and control conditions across trials and days with re-
spect to latencies, total distances, and wandering for the post-
surgery behavioral testing (1—between, 2—within). For pre-
training, one-within ANOVAs were used for the dependent
variables, latency, and distance to a hidden platform. When
significant effects arose from the factorial ANOVAs, separate
one-way ANOVAs and Tukey post hoc analyses were used to
determine group differences for that variable.

For the trials to achieve criterion, ICC, and hormone mea-
surement analyses, one-way ANOVAs were used in each ex-
periment to distinguish differences among hormone condi-
tions. Tukey post hoc tests were used to decipher group
differences.

Any data from rats that died during testing (

 

n

 

 

 

5

 

 1 for Ex-
periment 1; 

 

n

 

 

 

5

 

 2 for Experiment 2) were omitted from
analyses.

 

PROCEDURE

 

Experiment 1: Do Chronically Administered Ovarian Steroid 
Hormones Have Restorative Effects in a Model 
of Neurodegeneration?

 

After depletion of endogenous hormones, 32 rats were al-
lowed to learn the Morris Water Maze through exposure in
two trials. Within the next 2 days, rats were stereotaxically in-
fused with colchicine intrahippocampally and implanted with
a hormone containing silastic capsule (

 

n

 

 

 

5

 

 8 per condition:
EB, P, EB 

 

1

 

 P, or cholesterol) immediately after the infusion.
One week after surgery, behavioral testing began. After be-
havioral testing, half of the animals were perfused for ChAT
ICC, and the other half had blood withdrawn prior to perfu-
sion so that plasma steroid hormone levels could be mea-
sured. As part of the histology, cresyl violet was used as a cell
body stain and ICC for ChAT was used to stain presynaptic
terminals with ChAT present to observe neuronal integrity
and presence of ChAT, respectively. An ELISA and RIA
were used to measure plasma E

 

2

 

, P, 3

 

a

 

,5

 

a

 

-THP, and T, as de-
scribed earlier, for each condition (EB, P, EB 

 

1

 

 P, and cho-
lesterol).

 

Experiment 2: Do Ovarian Steroid Hormones Have 
Neuroprotective Effects in a Model of Neurodegeneration?

 

Thirty-two rats were ovx and then allowed to learn the
maze through exposure in two pretraining trials the following
week. To test for neuroprotection of memory, the EB, P, and
sesame oil vehicle groups (

 

n

 

 

 

5

 

 8 per group) received injec-
tions immediately following the pre-training trials. The EB 

 

1

 

P group received EB immediately following the pretraining
trials and received P 44 h after EB. The EB 

 

1 P group was de-
signed to represent both ovarian hormones as they normally
occur in the female rat estrous cycle. Within the 2 days follow-
ing pretraining and hormone injection, rats were intrahippo-
campally infused with colchicine. The hormones were admin-
istered at a single time point prior to intrahippocampal
colchicine infusion. Blood was collected from the tail vein at
the time of surgery for later RIA. The next week, postsurgery
behavioral testing began in the Morris Water Maze. As in Ex-
periment 1, latency to the hidden platform, total distance
swam, wandering, and trials to criterion were measured. To
describe neuronal integrity, cresyl violet cell-body straining
was performed. Rats also were perfused for ChAT ICC at the

conclusion of behavioral testing to characterize the role of
ChAT in this model of neurodegeneration.

RESULTS

Experiment 1: Chronically Administered Ovarian Hormones 
Have Limited Restorative Effects in a Model 
of Neurodegeneration

Water-maze performance. On the pretraining trials, the la-
tencies, [F(1, 30) 5 10.87, p < 0.05, and distances, F(1, 30) 5
5.36, p < 0.05, of the second trial (66.8 6 8.0 s; 1681.8 6 190.5
cm) were less than those of the first trial (99.8 6 6.1 s; 2242.2 6
150.3 cm).]

However, on the postcolchicine behavioral testing trials,
latency performance improved only slightly over days, F(4,
108) 5 5.85, p < 0.05, and distances did not change for all
groups (see Fig. 1). Furthermore, wandering behavior, which
was not evident in the pretraining trials, increased over days,
F(4, 108) 5 6.97, p < 0.05 (see Fig. 1). Because rats in this ex-
periment performed at or near maximal values, there were no
differences among the hormone conditions for latency, dis-

FIG. 1. Mean 6 SEM latencies (top), distances (middle), and wan-
dering (bottom) for the chronic hormonal conditions of Experiment 1
as a function of testing day.
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tance, or wandering. The maximum number of trials to learn
the maze was 30, and hormone groups did not significantly
differ from this maximum when examining trials to reach cri-
terion (p 5 0.54).

Steroid concentrations. Plasma hormone measurements of
E2, P, 3a,5a-THP, and T revealed that the chronically admin-
istered hormones were within the proestrous-physiological
range for female rats (see Table 1). Levels of E2, F(3, 12) 5
5.38, p < 0.05, P, F(3, 12) 5 1010.83, p < 0.05, 3a,5a-THP,
F(3, 12) 5 5.55, p < 0.05, but not T (p 5 0.59) were signifi-
cantly influenced by hormone administration.

Hippocampal morphology. When representative sections
of the CA1 region of the hippocampus were counted, EB 1
P-treated rats tended to have more neurons than rats admin-
istered cholesterol, F(3, 12) 5 3.40, p 5 0.07 (see Fig. 2, top).
The number of ChAT immunoreactive presynaptic terminals
of the CA1 region of the hippocampus, F(3, 12) 5 52.40, p <
0.05, differed significantly by hormone condition (see Fig. 2,
bottom). There were ChAT increases of 17.8, 23.5, and 53.0%
for EB, P, and EB 1 P, respectively, compared to cholesterol.

Experiment 2: Ovarian Hormones Have Neuroprotective 
Effects in a Model of Neurodegeneration

Water-maze performance. As in the first experiment, the
latencies, F(1, 29) 5 15.22, p < 0.05, and distances, F(1, 29) 5
9.74, p < 0.05, for the pretraining trials were shorter for the
second trial (61.8 6 7.7; 1192.9 6 127.1 cm) compared to the
first trial (93.5 6 7.4; 1654.7 6 166.5 cm).

On the postcolchicine behavioral testing trials, perfor-
mance was dampened. Latencies, F(4, 104) 5 20.71, p < 0.05,
and distances, F(4, 104) 5 13.28, p < 0.05, improved slowly
over days before reaching the levels of the pretraining trials
for all groups (see Fig. 3). Similar to the first experiment, wan-
dering behavior was present in the postcolchicine trials, but
not in the pretraining trials with all groups. However, in this
experiment, wandering decreased over days F(4, 104) 5 3.87,
p < 0.05 (Fig. 3). Furthermore, on day 1, there were signifi-
cant effects of hormone condition on latencies, F(3, 26) 5
6.28, p < 0.05, and distances, F(3, 26) 5 3.37, p < 0.05. As
shown in Fig. 3, the EB 1 P group had significantly shorter la-
tencies compared to all other groups, and significantly shorter
distances than the EB group on day 1. Although there was a
trend for EB 1 P to significantly decrease wandering on day 1
compared to the EB group (p 5 0.06), by day 5 all hormone
groups were wandering less than the vehicle group, F(3, 26) 5
3.14, p < 0.05 (see Fig. 3). Similar to the first experiment, all
hormone groups did not differ significantly from the maximum
of 30 trials when analyzing trials to reach criterion (p 5 0.31).

Steroid concentrations. Plasma hormone measurements of
E2, P, 3a,5a-THP, and T revealed that the acutely adminis-

tered hormones were all within proestrous-physiological
range for the female rat (see Table 1). Levels of E2, F(3, 12) =
51.38, p < 0.05, P, F(3, 12) 5 12.65, p < 0.05, 3a,5a-THP, F(3,
12) 5 21.99, p < 0.05, but not T (p 5 0.53), were significantly
influenced by the hormone administration.

Hippocampal morphology. When representative sections
of the CA1 region of the hippocampus were counted, the EB 1
P group had more neurons than the vehicle and the P groups,

TABLE 1
MEAN PLASMA HORMONE LEVELS OF E2, P, 3a,5a-THP, AND T FOR EACH OF THE EXPERIMENAL HORMONE CONDITIONS

E2 pg/ml P ng/ml 3a,5a-THP ng/ml T ng/ml

Condition Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2

Control 6.4 6 2.0 6.5 6 1.3 0.1 6 0.1 1.4 6 0.4 1.2 6 0.6 0.9 6 0.1 0.005 6 0.001 0.005 6 0.001
EB 48.9 6 8.0* 45.4 6 8.0* 0.6 6 0.4 0.7 6 0.1 0.3 6 0.2 0.9 6 0.8 0.005 6 0.002 0.005 6 0.002
P 9.5 6 1.2 8.4 6 1.3 46.3 6 0.7* 62.7 6 11.3* 4.8 6 1.6* 5.6 6 0.7* 0.005 6 0.004 0.005 6 0.001
EB 1 P 59.7 6 25.4* 54.8 6 9.3* 48.7 6 1.4* 63.4 6 27.3* 6.7 6 2.8* 8.0 6 0.6* 0.005 6 0.001 0.005 6 0.001

*Represents a significant difference from control group (p # 0.05).

FIG. 2. (Top) Mean 6 SEM cresyl violet neurons in the CA1 region
of the hippocampus as a function of chronic hormonal condition for
Experiment 1. (Bottom) Mean 6 SEM of ChAT immunoreacted pre-
synaptic terminals in the CA1 region of the hippocampus as a func-
tion of chronic hormonal condition for Experiment 1. Letters that are
different represent a significant difference at p , 0.05.
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F(5, 12) 5 5.14, p , 0.05 (see Fig. 4, top). The number of
ChAT immunoreactive presynaptic terminals in the CA1 re-
gion of the hippocampus, F(3, 12) 5 23.77, p < 0.05, also dif-
fered between hormonal conditions (see Fig. 4, bottom). The
EB 1 P group had more ChAT immunoreacted neurons than
the vehicle, EB, or P groups. The percent increases in ChAT
compared to the vehicle only condition were 15 and 61% for
EB and EB 1 P, respectively, while there was an 8.1% de-
crease in ChAT for P alone.

DISCUSSION

The results of the present study are mixed. Ovarian hor-
mones offer more amelioration when administered prior to a
neural insult than when administered after a neural insult.
Hence, the first hypothesis that ovarian hormones would have
a restorative effect after colchicine infusion was not sup-
ported. However, the second hypothesis that EB and P treat-
ment would have neuroprotective effects when administered
prior to colchicine was supported.

Intrahippocampal colchicine produced neurodegeneration
as evidenced by long latencies and distances to the hidden
platform, as well as wandering the water maze. When hor-
mones were administered after intrahippocampal colchicine,
the latencies, distances, and wandering were not improved. In
comparison, when EB 1 P were administered after pretrain-
ing and before intrahippocampal colchicine, postinfusion wa-
ter maze performances were improved compared to vehicle
controls. Estradiol 1 P administered before colchicine de-
creased latencies, distances, and wandering in the water maze
compared to the vehicle condition. Although the significant
hormonal effects of Experiment 2 were not found for each
testing day (days 1 and 5 had the most differences between
groups), it is possible that with a larger number of subjects per
group statistical power would be increased, and hormonal ef-
fects over all testing days would be evident.

Overall, rats in Experiment 1 showed much more post-
colchicine behavioral decline than rats in Experiment 2.
There were even some slight benefits of sesame oil vehicle in
Experiment 2 compared to cholesterol in Experiment 1, sug-

FIG. 3. Mean 6 SEM latencies (top), distances (middle), and wan-
dering (bottom) as a function of testing day for the acute hormone
conditions of Experiment 2.

FIG. 4. (Top) Mean 6 SEM cresyl violet neurons in the CA1 region
of the hippocampus as a function of acute hormonal condition for
Experiment 2. Letters that are different represent a significant differ-
ence at p , 0.05. (Bottom) Mean 6 SEM of ChAT immunoreacted
presynaptic terminals in the CA1 region of the hippocampus as a
function of acute hormonal condition for Experiment 2. Letters that
are different represent a significant difference at p , 0.05.



PROGESTERONE ENHANCES ESTRADIOL’S NEUROPROTECTION 783

gesting that the presence of cholesterol-rich substances may
offer some neuroprotection compared to cholesterol given af-
ter insult. Cholesterol-rich sesame oil may have had some ef-
fects because cholesterol is the biochemical precursor to hor-
mones or because cholesterol can alter membrane fluidity,
thereby changing the availability of binding sites. It is also
possible that the observed neuroprotective effects seen in Ex-
periment 2 are not due specifically to hormones but to choles-
terol-based substances in general. However, the beneficial
effects of EB 1 P strongly suggest hormones offer some neu-
roprotection greater than sesame oil vehicle.

The present experiments have demonstrated that intrahip-
pocampal colchicine infusion is an efficacious model of neuro-
degeneration. Colchicine led to impairments in the water
maze that worsened over time. Intrahippocampal lesioning
produced learning deficits comparable to those noted for mice
in a passive-avoidance task (69) and for rats in the water maze
(6,66) and T-maze tasks (53). Furthermore, colchicine pro-
duced the behavioral pathology of wandering (62) often seen
in AD.

The findings of the current study suggest that the effects of
hormones are more robust when present before a neural in-
sult, as opposed to during neurodegeneration. The differences
in the hormone’s effectiveness in the two experiments sug-
gests the importance of whether or not hormones are present
at the time of a neural insult or during neurodegeneration.
These findings are important, as they relate the role of hor-
mone replacement therapy in postmenopausal women. Future
studies should investigate the importance of hormonal status
maintenance on decreasing many of the risks commonly ob-
served in postmenopausal women, such as AD.

The present study suggests there may be a relationship be-
tween hormonal status and neuron count and ChAT immu-
noreactivity that warrants further investigation. Indeed, previ-
ous research indicates that EB and EB 1 P can regulate
cholinergic function. Estradiol (27,28,44,46) and E2 followed
by P (23) increase the expression of ChAT in a dose- and
time-dependent manner (24,25), and facilitate potassium-
stimulated acetylcholine release in the hippocampus and
overlying cortex (26). Hormone depletion decreases ChAT,
but ChAT depletion is attenuated when rats receive EB (65).
The present results are consistent with findings of increased
ChAT in the hippocampus after EB treatment (25). Although
E2 facilitates acetylcholine synthesis by increasing ChAT and
the binding sites of hypothalamic nicotinic acetylcholine re-
ceptors (51), P is the most potent steroid to act noncompeti-
tively and extracellularly at inhibiting nicotinic acetylcholine
receptors when compared with E2, corticosterone, and dex-
amethasone (39). Hence, E2 1 P may work synergistically to
provide neuroprotective effects via ChAT. More intensive in-
vestigation is needed to demonstrate how E2 and P may work
via acetylcholine to influence neuroprotection.

There are many possible mechanisms by which P in con-
junction with E2 may decrease colchicine deficiencies; how-

ever, the majority of studies that explore possible mechanisms
have only investigated E2’s effects. For example, E2 has re-
ceived attention for its neuroprotective actions via neuro-
trophs, such as nerve growth factor (24), or its antioxidant
properties (2,32). Moreover, E2 can protect cells when they
are exposed to the toxic form of the beta-amyloid protein
found in AD patients’ brains (33). Estrogen can also influ-
ence the metabolism or synthesis of 3a,5a-THP by increasing
5a-reductase activity (49).

It is also possible that functional neuroprotective effects
observed in this study may be due to P’s metabolism to 3a,5a-
THP. Circulating P and 3a,5a-THP were similarly increased
in the EB 1 P condition that produced neuroprotective ef-
fects. Progesterone and 3a,5a-THP have previously demon-
strated neuroprotective effects in animal models of edema
(17,41,61) and epilepsy (18,19,21,22,40). Interestingly, P and
3a,5a-THP have different mechanisms of action. Progeste-
rone binds well to P receptors but is a weak agonist at g-ami-
nobutyric acid/benzodiazepine receptor complexes (GBRs);
3a,5a-THP does not bind well to P receptors, but is a very ef-
fective agonist at GBRs (37,48). The only common mecha-
nism of P and 3a,5a-THP could be through P’s metabolism to
3a,5a-THP and its subsequent actions at GBRs. This suggests
that a possible substrate for some protective effects of EB 1 P
may be GBRs or through the GBR-mediated influence on
acetylcholine. Another alternative mechanism of neuropro-
tection is that EB, P, or EB 1 P could have effects through ac-
tions at glucocorticoid receptors, which are abundant in the
hippocampus (50).

Taken together, the present experiments indicate that EB 1
P can have neuroprotective effects in an animal model of neu-
rodegeneration. Neuroprotective effects were evident by the
reduced latencies, distances, and wandering behavior in the
water maze of rats that received EB 1 P before colchicine
(Experiment 2). The present findings are exciting, and indi-
cate that P, alone or in conjunction with EB, may have benefi-
cial effects in other models of neurodegeneration. Future
studies should investigate the possible neuroprotective mech-
anisms of hormones in this acetylcholine depletion model of
neurogeneration. Although negative effects of synthetic
progestins have been reported, in particular, with the treat-
ment of people with AD, natural P is yet to be examined in
this population. Natural P may exert more neuroprotective
and restorative effects through mechanisms not possible with
synthetic progestins such as medroxyprogesterone.
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