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a b s t r a c t

The aim of the present study was to investigate the effects of estrogen lack and estrogen

replacement on the production of total [3H]inositol phosphate ([3H]IP) induced by the

activation of muscarinic acetylcholine receptors (mAChRs) and on the mechanisms for

inactivation of acetylcholine. Hippocampi were obtained from rats in proestrus (PE), ovar-

iectomized for 15 days (C15), ovariectomized for 15 days and then treated with 17b-estradiol

for 7 days (E7) and ovariectomized and immediately treated with 17b-estradiol for 21 days

(E21). Ovariectomy did not change the basal level of total [3H]IP in the hippocampus. 17b-

Estradiol replacement (E7 and E21) reduced the basal level of total [3H]IP. In all experimental

groups, carbachol (CCh) caused a concentration-dependent rise in total [3H]IP. The max-

imum effect was reached with 10�4 M CCh. The response to 10�4 M CCh in the hippocampi

from C15 and E7 rats was twofold higher than in hippocampi from PE and E21 animals and

was blocked by pirenzepine, but not by methoctramine. Ovariectomy or 17b-estradiol

treatment for 7 days did not change neither the total acetylcholinesterase (AChE) activity

nor the relative amount of mono- and dimeric G1/G2 and tetrameric G4 globular forms.

Conversely, hormonal treatment for 21 days induced an increase in AChE activity of G1/G2

and G4 forms, indicating that 17b-estradiol stimulates both synthesis and assembly of AChE

molecular forms. The present results suggest that the duration and/or a critical period with

regard to the initiation of estrogen therapy are important to regulate the function of

ctivity in female rat hippocampus.

# 2008 Elsevier Inc. All rights reserved.
mAChRs and AChE a
1. Introduction

The hippocampus is important for memory and cognition.

Estrogen receptors (ERa and ERb) are present in the dentrites of
* Corresponding author. Tel.: +55 11 3726 7222; fax: +55 11 3726 7222.
E-mail address: fabdalla@butantan.gov.br (F.M.F. Abdalla).

0006-2952/$ – see front matter # 2008 Elsevier Inc. All rights reserved
doi:10.1016/j.bcp.2008.01.016
hippocampal CA1 and CA3 neurons [1–4]. In vitro [5,6] and in

vivo studies [7–10; see 11, 12, for reviews] have shown that

estrogen modulates synaptic function in the hippocampus. In

addition to classic genomic mechanisms of estrogen action,
.
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mediated by ERa and ERb, there is now convincing evidence

that the steroid also exerts rapid, nongenomic actions

initiated at the cell surface. These nongenomic actions

activate several intracellular signaling pathways [13–15].

Acetylcholine and other neurotransmitters play an impor-

tant role in cognitive processes [see 16, for review] and an

interaction of these neurotransmitters, for example, dopa-

mine, serotonin and glutamate with sex steroids have been

reported. Estrogen receptors have been identified in the

human basal forebrain nuclei, the major source of cholinergic

innervation to the cerebral cortex, hippocampus and hypotha-

lamus [17]. Estrogen receptors are colocalized with muscarinic

acetylcholine receptors (mAChRs) and nicotinic receptors in

cultured hippocampal neurons of the rat [18]. Acute treatment

with estrogen or estrogen plus progesterone in ovariectomized

animals can significantly affect the functional status of the

cholinergic neurons in hippocampus, basal forebrain and

central cortex, by modulation of choline acetyltransferase

activity [19,20], high-affinity choline uptake [21,22] and

acetylcholine release [23]. In addition, estrogens may affect

acetylcholinesterase (AChE) activity in the hippocampus. Das

et al. [24] reported that ovariectomy for 8 days reduces

hippocampal AChE activity. However, estrogen replacement

therapy did not reverse this effect [24], and Feng et al. [25]

failed to observe changes in hippocampal AChE activity after

17 weeks of ovariectomy or after 17b-estradiol replacement for

16 weeks.

Whereas estradiol improves working memory in middle-

aged rats when initiated soon after ovariectomy, it seems to

have little effect after prolonged periods of estradiol depriva-

tion (5–10 months) [26–28]. We showed that mAChRs in the rat

hippocampus are upregulated 15 days after ovariectomy,

compared to rats in proestrus. This effect is abolished with

17b-estradiol replacement immediately after ovariectomy,

and it is slightly reduced if 17b-estradiol treatment starts 15

days after ovariectomy [29]. Taken together, these findings

suggest that estrogen replacement has beneficial effects on

cholinergic and cognitive function if initiated within a set

period of time.

The roles of subtypes of mAChR [see 30, 31, for reviews] in

hippocampal function remain to be explored. Pharmacological

evidence suggests that the M1 receptor may mediate the

cognition-enhancing effects of acetylcholine [32–34] and

hippocampal synaptic plasticity [35]. The stimulation of these

receptors causes hydrolysis of phosphatidylinositol 4,5-

bisphosphate (PIP2), producing inositol 1,4,5-triphosphate

(IP3) and diacylglycerol (DAG), an action mediated by the

enzyme phospholipase Cb (PLCb) [36–38]. IP3 receptors may

mediate the propagation of Ca2+ waves in hippocampal

dendrites induced by the activation of mAChRs [39]. Further-

more, synaptic activity can enhance IP3 production to facilitate

Ca2+ release in cultured hippocampal neurons [37]. These

effects and the activation of extracellular signal-regulated

kinases by the M1 mAChR [40] could be important in

acetylcholine-induced changes in hippocampal synaptic

plasticity. In addition to producing IP3 and DAG, mAChRs

activation may directly use PIP2 hydrolysis to regulate

neuronal excitability [41].

The mechanisms underlying the effects of estrogen on

intracellular signaling linked to activation of mAChRs in the
hippocampus remain to be explored. The aim of this study was

to investigate the effects of estrogen lack and estrogen

replacement on the production of inositol phosphate induced

by the stimulation of mAChRs. Our second aim was to analyze

the effects of estrogen lack and estrogen replacement on the

mechanisms for inactivation of acetylcholine. To do this we

measured hippocampal acetylcholinesterase activity and

activity of the tetrameric and mono/dimeric acetylcholines-

terase forms.
2. Materials and methods

2.1. Animals and treatments

Female Wistar rats, 4 months old (204 � 3 g, n = 30), were

maintained on a 12-h light, 12-h dark schedule, at 22 8C, with

food and water ad libitum. The experimental procedures were

conducted according to the guidelines for the care and use of

laboratory animals as approved by the Research Ethical

Committee from Instituto Butantan.

Experimental groups included the following: rats in

proestrus (PE, control), rats ovariectomized for 15 days (C15),

rats ovariectomized for 15 days and then treated with 17b-

estradiol benzoate (50 mg/kg, s.c., every other day for 7 days)

(E7) and rats ovariectomized and immediately treated with

17b-estradiol benzoate (50 mg/kg, s.c., every other day for 21

days) (E21). The final injection of 17b-estradiol was given 1 day

before euthanasia. These experimental groups were chosen

based on previous studies [23,29,42,43]. These studies showed

that estrogen replacement has beneficial effects on choliner-

gic and cognitive function if initiated within a set period of

time.

Vaginal smears were taken for histological determination

of estrous cycle [44] between 08:00 a.m. and 09:00 a.m., the

animals were immediately sacrificed by decapitation and the

hippocampus was isolated. Rats that showed at least two

consecutive 4 or 5 days cycles were used in all subsequent

experiments. In diestrus, the estradiol level gradually

increases during the day, and reached peak levels at 06:00

a.m. proestrus. Progesterone level is low from 12:00 a.m. of

diestrus to 02:00 p.m. of proestrus, and peak by 10:00 p.m. on

proestrus [45]. Thus, rats in proestrus used in this study

present high levels of 17b-estradiol and low levels of

progesterone.

Rats ovariectomized for 21 days (C21) were included in the

assays of total [3H]inositol phosphate.

Preliminary experiments with tissues from sham-operated

rats or animals injected with vehicle (ethanol and soybean oil,

1:10, v/v) were also tested as controls. Since no significant

changes were observed when these two experimental groups

were compared to control (rats in proestrus), all subsequent

experiments were performed with tissues from rats in

proestrus as control.

2.2. Measurement of total [3H]inositol phosphate

Hippocampi were isolated from PE, C15, C21, E7 and E21 rats,

and washed with a nutrient solution of the following

composition (mM): NaCl 118.00; KCl 4.78; CaCl2 2.43; MgSO4



b i o c h e m i c a l p h a r m a c o l o g y 7 5 ( 2 0 0 8 ) 1 8 2 7 – 1 8 3 4 1829
1.16; NaHCO3 23.80; KH2PO4 1.17; glucose 2.92 (pH 7.4).

Hippocampus slices (100 mg of tissue) were allowed to

equilibrate for 10 min in nutrient solution at 37 8C under

constant shaking. The slices were incubated for 40 min with

1 mCi myo[3H]inositol (specific activity 47.0 Ci/mmol), and

for an additional 30 min with 10 mM lithium chloride

with myo[3H]inositol. Tissues were then incubated in the

absence (basal level) and presence of carbachol (CCh, 10�7 to

10�3) for 40 min. Muscarinic antagonists were added 5 min

prior to incubation with CCh. The antagonist concentration

used was near the pKi [46,47]. Tissues were washed

three times with nutrient solution, transferred to 2 ml of

methanol:chloroform (2:1, v/v) at 4 8C and homogenized

with a Ultra-Turrax T25 homogenizer at 9500 rpm. Chloro-

form (0.62 ml) and H2O (0.93 ml) were added to the

homogenate, and the solution was centrifuged for 10 min

at 2000 � g and 4 8C to separate the aqueous and organic

phases [48,49].

Total [3H]inositol phosphate was measured as previously

described by Ascoli et al. [50] with the following modification.

The aqueous layer was mixed with 1 ml anion-exchange resin

(Dowex AG-X8, formate form, 200–400 mesh), allowed to

equilibrate for 30 min at room temperature, and centrifuged at

1000 � g for 5 min at 4 8C. The resin was then washed

sequentially with myo-inositol (4 ml) and 5 mM sodium

tetraborate/60 mM sodium formate (2 ml). The resin was

incubated for 30 min at room temperature with 2 ml of

0.1 M formic acid/1 M ammonium formate. The total [3H]

inositol phosphate was eluted and placed in scintillation vials

containing OptiPhase HiSafe 3. The amount of radioactivity

was determined in scintillation b-counter (LS 6500 IC, Beck-

man). Total [3H] inositol phosphate was expressed as dpm/mg

tissue.

2.3. Assay of the total AChE activity and
its molecular forms

Hippocampi (n = 4) from PE, C15, E7 and E21 rats were isolated

and washed in Hank’s balanced salt solution. Tissues were

transferred to 10 volumes of extraction buffer (containing

20 mM borate, 1 M NaCl, 5 mM EDTA, 0.5% Triton X-100, 5 mM

n-ethylmaleimide, 2 mM benzamidine and 0.7 mM bacitracin,

pH 9.0) and homogenized (Ultra-Turrax T25 homogenizer,

8000 rpm, 4 8C). The homogenates were centrifuged at

20,000 � g for 30 min at 4 8C [51]. The supernatant was

incubated in 96-well microplates at 30 8C with the substrate

acetylthiocholine [52,53] and the butyrylcholinesterase inhi-

bitor tetraisopropyl pyrophosphoramide (Iso-OMPA, 10�5 M).

Total AChE activity was assayed colorimetrically in quad-

ruplicate after 40 min of incubation.

Mono- and dimeric forms of AChE (G1/G2) were separated

from tetrameric AChE (G4) by density gradient centrifugation

[54]. Aliquots of the pooled supernatant (200 ml) from four

hippocampi were layered on a 5–20% linear sucrose gradient in

borate extraction buffer. Gradients were centrifuged at

300,000 � g for 19 h at 4 8C. Fifty fractions (20 drops) were

collected and the AChE activity was determined in each

fraction as described above. Enzyme activity for each

molecular form was determined by measuring the area under

each peak.
Protein concentration was determined with a BioRad

protein assay, using BSA as standard (Bio Rad Laboratories,

Hercules, CA).

2.4. Drugs, hormones and radiochemicals

Carbachol (carbamylcholine chloride), lithium chloride, myo-

inositol, pirenzepine hydrochloride (pirenzepine), methoctra-

mine tetrahydrochloride (methoctramine), acetylthiocholine,

tetraisopropyl pyrophosphoramide and 17b-estradiol benzo-

ate were obtained from Sigma Chemical Co. (St. Louis, MO,

USA). Myo-[1,2-3H] inositol (47.0 Ci/mmol) was purchased

from New England Nuclear (Boston, MA, USA). OptiPhase

HiSafe 3 was obtained from PerkinElmer (Loughborough Leics,

UK). AG1 1-X8 (200–400 mesh) resin was purchased from Bio

Rad Laboratories (Richmond, CA, USA). All other drugs and

reagents were obtained from Merck (Darmstadt, Germany) or

Sigma Chemical Co.

2.5. Statistical analysis

Data were expressed as mean � S.E.M. Data were analyzed by

ANOVA followed by Tukey test for multiple comparisons, or by

the two-tailed Student’s t-test to compare a response between

two groups [55]. P-values <0.05 were accepted as significant.
3. Results

3.1. Effects of 17b-estradiol on the basal level of total
[3H]inositol phosphate

Ovariectomy reduced the wet weight of the uterus and

estrogen replacement increased it, as expected (PE:

190.2 � 15.4, n = 7; C15: 48.5 � 2.7, n = 7; C21: 45.5 � 2.8, n = 4;

E7: 133.5 � 9.6, n = 5 and E21: 216.0 � 14.1 mg/100 g body

weight, n = 6, P < 0.05, Tukey post-test). These values are

similar to those reported by Cardoso et al. [29].

Ovariectomy for 15 and 21 days did not change the basal

level of the total [3H]inositol phosphate in hippocampus

(106.9 � 11.2 dpm/mg tissue, n = 19, and 78.9 � 9.3 dpm/mg

tissue, n = 4, respectively) compared to proestrus

(105.5 � 10.9 dpm/mg tissue, n = 11; P > 0.05, ANOVA) (Fig. 1).

17b-Estradiol replacement during the final week of a 3 weeks

period of ovariectomy sharply reduced hippocampal [3H]ino-

sitol phosphate levels (P < 0.05, Tukey post-test), compared

to rats in proestrus and rats ovariectomized for 15 or 21 days

(Fig. 1). Hippocampal [3H]inositol phosphate levels were

also low after immediate 17b-estradiol replacement

(77.7 � 6.9 dpm/mg tissue, n = 9, P < 0.05 compared to rats in

proestrus and rats ovariectomized for 15 days, Tukey’s test),

but the difference with 21 days ovariectomized rats was not

significant.

3.2. Effects of carbachol (CCh) and mAChR antagonists
on total [3H]inositol phosphate accumulation

The cholinergic agonist carbachol (CCh, 10�7 to 10�3 M) caused

a dose-dependent increase of total hippocampal [3H]inositol

phosphate in all experimental groups (Fig. 2). The EC50 values



Fig. 1 – Effects of ovariectomy and 17b-estradiol treatment

on basal levels of total [3H]inositol phosphate in

hippocampi from rats in proestrus (PE), rats

ovariectomized for 15 days (C15) and 21 days (C21), rats

ovariectomized for 21 days and treated with 17b-estradiol

for the final 7 days (E7), and rats ovariectomized and

immediately treated with 17b-estradiol for 21 days (E21).

Error bars indicate S.E.M., number in brackets indicates

number of different experiments. Different letters indicate

significant differences among values obtained for different

experimental groups (P < 0.05, ANOVA, Tukey post-test).

Fig. 3 – Effects of carbachol (CCh) and the mAChR

antagonists pirenzepine and methoctramine on total

[3H]inositol phosphate accumulation in the hippocampus

from rats in proestrus (PE), rats ovariectomized for 15 days

(C15), rats ovariectomized for 21 days and treated with

17b-estradiol for the final 7 days (E7) and rats

ovariectomized and immediately treated with 17b-

estradiol for 21 days (E21). Error bars indicate S.E.M.,

number in brackets indicates number of different

experiments. *Significantly different from 10S4 M CCh;

P < 0.05, Student’s t-test.
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for CCh were 61.3, 11.9, 9.6 and 37.2 mM, respectively, in

hippocampi from PE, C15, E7 and E21 animals.

Maximum inositol phosphate accumulation was obtained

with 10�4 M CCh. Ovariectomy increased the response to the

10�4 M CCh (Fig. 2, 15 days: 76.1 � 14.5% above basal, n = 6; 21
Fig. 2 – Concentration–effect curves of carbachol (CCh) on

total [3H]inositol phosphate accumulation in hippocampi

from rats in proestrus (PE) (&), rats ovariectomized for 15

days (C15) (^), rats ovariectomized for 21 days and treated

with 17b-estradiol for the final 7 days (E7) (~) and rats

ovariectomized and immediately treated with 17b-

estradiol for 21 days (E21) (*). Error bars indicate S.E.M., 5–

19 different experiments. The results expressed as dpm/

mg tissue are shown in the insert figure. The EC50 values

for CCh were 61.3, 11.9, 9.6 and 37.2 mM, respectively, PE,

C15, E7 and E21 animals.
days: 47.8 � 12.2% above basal, n = 4), compared to proestrus

(24.3 � 10.7% above basal, n = 8). 17b-Estradiol replacement

throughout the post-ovariectomy period reverted this effect

(15.8 � 3.0% above basal, n = 4), but replacement limited to the

last week had no effect (78.0 � 11.0% above basal, n = 4).

Similar results were obtained when the data were expressed

as dpm/mg tissue (Fig. 2, insert).

In all experimental groups, the M1 antagonist pirenzepine

(10�8 M) reduced the response to carbachol (86.9 � 9.5%, n = 5;

71.2 � 12.3%, n = 4; 52.5 � 15.8%, n = 5 and 93.6 � 6.4%, n = 9,

respectively), in hippocampi from PE, C15, E7 and E21 (Fig. 3).

The M2/M4 antagonist methoctramine (10�8 M) failed to

decrease the response to carbachol. In the absence of CCh,

the mAChR antagonists did not alter the level of total

[3H]inositol phosphate in the hippocampus (data not shown).

3.3. Effects of 17b-estradiol on AChE activity and
molecular forms

Total AChE activity in the hippocampus of ovariectomized rats

did not differ from controls (0.92 � 0.05 AU/mg tissue, n = 4 vs

0.98 � 0.13 AU/mg tissue in proestrus, n = 4). 17b-Estradiol

replacement throughout the post-ovariectomy period caused

a sharp increase in AChE activity (1.92 � 0.17 AU/mg tissue,

n = 4, P < 0.05 compared to ovariectomized rats and rats in

proestrus, Fig. 4), but replacement limited to the last week had

no effect.

Globular AChE forms were separated by velocity-sedimen-

tation analysis of aliquots of pooled hippocampus homo-

genates from four animals. In control, rats in proestrus, the

tetrameric form (G4) accounted for 71% of the total globular



Fig. 4 – Effects of ovariectomy and 17b-estradiol treatment

on total hippocampal acetylcholinesterase activity from

rats in proestrus (PE), rats ovariectomized for 15 days

(C15), rats ovariectomized for 21 days and treated with

17b-estradiol for the final 7 days (E7) and rats

ovariectomized and immediately treated with 17b-

estradiol for 21 days (E21). Error bars indicate S.E.M., all

treatments n = 4 (4 hippocampi measured in

quadruplicate). *Significantly different from PE; P < 0.05,

Tukey’s test.
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form, and the G1/G2 form for 29% (Fig. 5). The relative

proportion of mono- and dimeric forms (G1/G2) and tetrameric

globular (G4) AChE forms, quantified by calculating the area

under each peak, was not affected by ovariectomy (15 days)

(data not shown). Administration of 17b-estradiol throughout

the post-ovariectomy period increased the activity of the G1/G2

and G4 forms by 61% and 78%, respectively, compared to

values in proestrus (Fig. 5). This activation was not seen when

17b-estradiol replacement was limited to the final 7 days of the

experiment (data not shown).
Fig. 5 – AChE oligomers in the hippocampus of intact rats in

proestrus (PE) and rats ovariectomized and immediately

treated with 17b-estradiol for 21 days (E21). AChE was

extracted from pooled homogenates of the hippocampus

(4 rats/treatment) and fractionated by velocity

sedimentation on sucrose gradients. Results are

representative of two independent experiments. Numbers

in brackets indicate area under curves.
4. Discussion

The results of the present study show, for the first time, that

mAChRs function is drastically affected by the duration of

exposure to 17b-estradiol, since the treatment of ovariecto-

mized rats with 17b-estradiol for 21 days was more effective

than for 7 days. Furthermore, a critical period with regard to

the initiation of estrogen replacement may be important to

regulate the function of mAChRs.

Both genomic and nongenomic effects may contribute to

the effects of estrogen on the brain. The latter involves the

actions of estrogen at the cell membrane to trigger a variety of

intracellular signals [see 13–15, 56, for reviews]. We found that

17b-estradiol treatment of rats ovariectomized reduced the

basal level of [3H]inositol phosphate in the hippocampus

compared to rats in proestrus. Nevertheless, the mechanisms

involved in this process remain to be explored.

Gonadal steroids may play an important role in the

cholinergic neurotransmission at pre- and post-synaptic

levels in the basal forebrain. The neurobiological mechanisms

that underly these effects are currently unknown, but most

likely reflect effects of estrogen on the survival, connectivity

and function of specific neural systems in hippocampus.

Previous studies from our laboratory showed that mAChRs are

upregulated in hippocampus after ovariectomy (15 days)

compared to rats in proestrus. This effect is abolished when

17b-estradiol is replaced immediately after ovariectomy, and

it is slightly reduced if 17b-estradiol treatment begins 7 days

after ovariectomy [29]. In the present study, CCh caused a

dose-dependent increase of total [3H]inositol phosphate. The

magnitude of the response to 10�4 M CCh was higher in

hippocampus from rats ovariectomized and ovariectomized

for 15 days and then treated with 17b-estradiol for 7 days than

in hippocampus from rats in proestrus and treated with 17b-

estradiol immediately after ovariectomy. Taken together,

these studies suggest that the duration of exposure to 17b-

estradiol is important to regulate the number and function of

muscarinic receptors in hippocampus. We cannot exclude the

possibility that a window of opportunity, or a critical period

with regard to the initiation of estrogen therapy, is important

to protect cognitive function, as previously reported [26–28,57–

60]. The mechanism by which the hippocampus becomes less

susceptible to estradiol after 7 days of ovarian hormone

deprivation remains to be determined. Several mechanisms

could explain the differences between these two treatments,

including cellular changes during the period of hormone

deprivation and differences in estrogen receptors expression

induced by extended exposure to hormone [61,62].

Various mechanisms may contribute to the effects of

estrogen on mAChRs in the hippocampus. 17b-Estradiol may

increase mAChR gene expression directly and/or indirectly by

increasing the expression of growth factors in hippocampus

[17]. In addition, progesterone deprivation could also con-

tribute to the effects of ovariectomy on cholinergic neuro-

transmission [19,27].

Identification of the mAChR subtypes involved in the

enhancement of synaptic plasticity may aid the treatment of

memory disorders. Pharmacological evidence suggests that

the M1 receptor may mediate the cognition-enhancing effects

of acetylcholine [32–34] and hippocampal synaptic plasticity
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[35]. M2 mAChRs are expressed in the hippocampus both at

pre-synaptic and post-synaptic sites [30,63], but their role is

not clear. Some studies suggest that blockade of brain M2

receptors enhances learning and memory [64,65], but other

studies show the opposite effect [66,67]. Functional

approaches to identify which mAChR subtype is involved in

each cellular response are complex, by the fact that mAChR

ligands specific for each receptor subtype are not available at

present [68]. However, in the present study, M1 selective

antagonist pirenzepine reduced the activation of PLC induced

by carbachol, whereas M2/M4 selective antagonist methoc-

tramine had no effect, suggesting the involvement of M1

mAChR subtype in this intracellular signaling pathway.

Whether estrogen plays a role in other intracellular signaling

pathways coupled to mAChRs remain to be explored.

Ovariectomy reduces high-affinity choline uptake and

choline acetyltransferase activity in hippocampus [20,21,69],

suggesting that estradiol plays a role on cholinergic nervous

system at pre-synaptic level. In addition, activation of M1/M3

mAChRs has been associated with increase of AChE synthesis,

via PLC-dependent pathway in developing skeletal muscle

cells [70]. The studies of AChE activity regulation in the

hippocampus by estrogens have shown discrepancies. Das

et al. [24] reported that ovariectomy for 8 days reduces

hippocampal AChE activity. However, estrogen replacement

therapy did not reverse this effect, and Feng et al. [25] failed to

observe changes in hippocampal AChE activity after 17 weeks

of ovariectomy or after 17b-estradiol replacement limited to

the last 16 weeks. In the present study, ovariectomy for 15 days

did not interfere with the total AChE activity in hippocampus,

consistent with data previously reported after 17 weeks of

ovariectomy [25]. Several possibilities could also explain these

differences such as the duration of hormone deprivation,

releasing dose of hormone, expression of estrogen receptors

regulated by circulating levels of estrogen.

AChEs are found in several molecular forms, but in the

brain the predominant isoforms expressed are the globular G4

(tetrameric) and G1 (monomeric) [70]. Nevertheless, the

estrogen effects on AChE molecular forms had not been

investigated until the present study. We showed that tetra-

mers (G4) represent 71% of total AChE in the hippocampus of

intact female rats. Ovariectomy or 17b-estradiol replacement

therapy for 7 days did not change neither the total AChE

activity nor the relative amount of G1/G2 and tetrameric G4

globular forms. Treatment with 17b-estradiol throughout the

21 days after ovariectomy increased the activity of both G1/G2

and G4 AChE forms. Because monomers function as precursors

to the oligomeric forms of the enzyme [71,72], the increased

amount of G1 induced by estrogen therapy suggests that 17b-

estradiol stimulates the synthesis of AChE. Additionally, the

increase of G4 observed after estrogen therapy suggests that

17b-estradiol also influences the assembly of tetrameric AChE.

While brain G1 AChE exists solely as a soluble enzyme, the

membrane bound G4 is the predominant form of AChE in the

adult brain [see 73, for review]. G4 may play an important role

in learning and memory since changes in G4 activity correlate

with amnesia and treatment of dementia [74]. The G4 form of

AChE is reduced in several brain areas of Alzheimer patients

[75], suggesting that changes in the expression of AChE

molecular forms may influence the cholinergic transmission.
In conclusion, the present study indicates that estrogen

modulates mAChR expression and, consequently, the intra-

cellular signaling pathways (PLC-mediated phosphoinositide

hydrolysis), and the acetylcholinesterase activity and their

molecular forms. These results point out for a physiological

significance and may be helpful to clarify cognitive functions

in the post-menopausal women and on neurodegenerative

diseases.
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