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Binding of estradiol to synaptosomal mitochondria:
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Abstract. The subsynaptosomal distribution and specific
binding of 17b-estradiol in vitro to mitochondria isolated
from presynaptic nerve endings of female rat brain were
examined. 17b-Estradiol is (i) distributed unequally in
synaptosomes and mitochondria posses the highest
capacity to bind estradiol with respect to the available
amount of the hormone. (ii) Estradiol binds specifically
to isolated synaptosomal mitochondria. A Michaelis-
Menten plot of specific binding was sigmoidal within a
concentration range of 0.1–5 nM of added estradiol, with
a saturation plateau at 3 nM. Binding of higher estradiol
concentrations demonstrated an exponential Michaelis-
Menten plot, indicating non-specific binding to mito-
chondria. Vmax and Km for the sigmoidal-shape range were
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estimated as 46 ± 6 fmol of estradiol/mg of mitochondrial
proteins and 0.46 ± 0.07 nM free estradiol respectively.
(iii) Esstradiol binding is not affected by the removal of
ovaries. The results show that inhibition of Na-dependent
Ca2+ efflux from mitochondria by estradiol occurs ac-
cording to an affinity change of the translocator for Na+,
at the same estradiol concentrations that show specific
binding to mitochondrial membranes. These data imply
that physiological concentrations of estradiol, acting on
mitochondrial membrane properties, extragenomically
modulate the mitochondrial, and consequently the sy-
naptosomal content of Ca2+, and in that way exert a
significant change in nerve cell homeostasis.
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Steroid hormones can modulate various processes in ner-
vous tissues. Thus, steroid hormones applied in vivo or in
vitro [1–12] affect Ca2+ transport in various cells and
tissues. Our previous investigations demonstrated that
estradiol 17b-benzoate and progesterone in vivo [4, 5],
and estradiol in vitro [6, 7], modulate both voltage- and
Na-dependent Ca2+ transport in rat brain synaptosomes.
The described effects of the steroids, or some of them,
appear to be non-genomic and mediated via plasma
membrane-binding sites [11, 13–17]. 
Steroid hormones are also known to affect various pro-
cesses in mitochondria. Estrogen may prevent neuronal

death (apoptosis) by decreasing the accumulation and
production of mitochondrial reactive oxygen radicals,
thereby preserving mitochondrial function, through re-
ceptor-dependent and receptor-independent mechanisms
[18]. An estradiol effect has been seen on mitochondrial
membrane potential changes (reduction) in cultured
osteoblasts [19], F0F1-ATPase activity in rat brain [20],
as well as on cytochrome c oxidase activity from brown
adipose tissue [21]. Diethylstilbestrol has also been found
to be a potent F0-directed inhibitor of F0F1-ATPase of rat
liver mitochondria, and synthetic glucocorticoid inhibits
both ATPase and ATP-dependent proton translocation
activities of purified and membrane-bound enzyme [22].
Various steroid hormones may influence energy coupling



[23], such as Ca2+ transport in mitochondria [24–28], but
the mechanism of action is not quite clear. Some of these
effects seem to be mediated via the mitochondrial mem-
brane and are devoid of cytosolic hormone receptor.
Thus, specific binding of various steroid compounds was
found on non-synaptosomal mitochondria [29]. Estradiol
has been reported to bind to a specific protein in rat
pancreatic acinar cells which is localized in the rough
endoplasmatic reticulum and mitochondria [30]. Specific
binding sites have also been found for deoxycorticoster-
one, deoxycortisol, corticosterone, and progesterone in
beef adrenal cortex mitochondria [31], and for cortico-
sterone in rat liver mitochondria [32].
To our knowledge, there is no evidence of estradiol
binding to mitochondria isolated from synaptosomes.
Thus, this study, besides evaluating the intrasynapto-
somal distribution of estradiol, contributes the estima-
tion of steroid-specific binding to mitochondria with the
aim of establishing whether physiological concentrations
of hormone contribute to the modulation of mitochon-
drial Ca2+ transport via membrane-binding site(s), in that
way regulating mitochondrial homeostasis and cytosolic
Ca2+ concentrations by changing Ca2+ sequestration and
release. 

Materials and methods

Mature, cycling and chronically (3 weeks prior to use)
ovariectomized (ovx) female Wistar rats were used in the
experiments. The animals were maintained under con-
stant conditions (lights on: 05.00–17.00 hours, and tem-
perature 24 °C) and had free access to food and water.
(2,4,6,7-3H)Estradiol (specific activity 84 Ci/mmol) 
and 45CaCl2 (specific activity 68 mCi/nmol) were purcha-
sed from Amersham and New England Nuclear, respec-
tively. 17b-Estradiol, and other chemicals were purchas-
ed from Sigma or Calbiochem-Boehring. Cellulose
nitrate filters (pore size 0.45 mm) were purchased from
Whatman.

Preparation of synaptosomes
Animals were sacrificed by cervical dislocation and
whole brains were homogenized in ice-cold buffered
sucrose (0.32 M sucrose, 5 mM Tris-HCl, pH 7.4). The
synaptosomes were isolated and purified from pools of
brain tissue (six brains/pool). Purified synaptosomes
were obtained using a Ficoll gradient: 7.5% and 13%
resolved in isolation medium containing 0.32 M sucrose,
10 mM Tris-HCl, pH 7.4, 50 mM K-EDTA, according to
the method of Gray and Whittaker [33] modified by Cot-
man and Matheus [34]. Purified synaptosomes were lys-
ed by suspension in 5 mM Tris-HCl and freezing at
–20 °C. Synaptosomal lysate was used for mitochondria
preparation.

Preparation of synaptosomal mitochondria
Synaptosomal mitochondria used for Ca2+ transport
measurement and estradiol binding were prepared from
synaptosomal lysate according to the procedure of Lai
and Clark [35]. Isolated synaptosomal mitochondrial pel-
lets were suspended in 0.3 M mannitol and kept at –20 °C
until use. To our knowledge and that of our colleagues
(working on mitochondrial SOD), mitochondria stored
this way stay undisrupted and are suitable for the exami-
nations we performed. Protein concentration was deter-
mined by the method of Lowry et al. [36] as modified by
Markwell et al. [37].

Intrasynaptosomal estradiol distribution
Isolated synaptosomes (1 mg/ml) were preincubated in
physiological buffer containing (in mM): 4 KCl, 142 NaCl,
2 MgCl2, 10 sucrose, 25 Tris-HCl, pH 7.4 for 10 min at
37 °C. Incubation was started by adding 50 nM (3H)estra-
diol and lasted 5–30 min. After incubation, synaptosomes
were washed from unbound estradiol by centrifuging for
5 min at 1000 ¥ g and recentrifuging with the addition of
physiological buffer (5 ml). Pelleted synaptosomes were
lysed by adding 5 ml of 5 mM Tris-HCl, pH 7.4, and
stored at –20 °C overnight. Thawed lysate was homo-
genized and applied on a discontinuous sucrose gradient
(in M: 1.5, 1.2, 1.0, 0.8, 0.6, and 0.4). Intrasynaptosomal
organelles were separated by centrifugation at 90,000 ¥ g
for 120 min.: synaptic vesicles (0.4 M sucrose), micro-
somes (0.6 M sucrose), plasma membranes (interface
between 0.8 M and 1.0 M sucrose), and mitochondria
(interface between 1.2 M and 1.5 M sucrose). Twenty-
microliter aliquots of each sucrose fraction were applied
on filters and radioactivity was counted. Concentrations
of estradiol calculated from radioactivity in each fraction
were defined as available estradiol. Aliquots of 1 ml were
vacuum filtered and washed with 5 ml of physiological
buffer containing 1 mM CaCl2. Concentrations of estra-
diol retained in structures were calculated from the radio-
activity detected on filters corrected for a filter blank
defined from radioactivity after filtration of (3H)estradiol
in washing buffer. All measurements were performed in
triplicate.

Binding assay
Binding of 2,3,4,6(3H)estradiol was measured in a
medium containing (in mM): 300 mannitol, 10 KCl, 1
maleate, 5 glutamate, 10 Tris-HCl, pH 7.4, in a final
volume of 200 ml where mitochondrial respiration
(coupling) was provided. Binding of estradiol was in-
vestigated in mitochondria obtained from synaptosomes
isolated from brain of cycling (intact) and OVX rats 
with respect to mitochondrial protein concentrations
(0.05–1.25 mg/ml) and time of incubation (1–60 min).
After preincubation for 10 min at 22 °C in incubation
medium without hormone, mitochondria (0.65 mg/ml)
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were incubated with (3H)estradiol (0.1–100 nM) in a
total volume of 200 ml for an additional 10 min for total
hormone binding. Nonspecifically bound estradiol was
determined by incubating identical aliquots of mitochon-
dria with the labelled estradiol as above, and a 100-fold
excess of unlabelled estradiol. At the end of the incuba-
tion, the mitochondria were harvested by vacuum filtra-
tion (celluloso-nitrate filters pore size 0.45 mm), and after
being washed twice with 3 ml of ice-cold 0.25 M sucrose
and 5 mM EDTA (to remove unbound steroid) were trans-
ferred into scintillation vials for radioactivity counting.
Specific hormone binding was calculated by subtracting
non-specific bound from total bound estradiol. Counts of
appropriate mitochondria-free filter blanks were sub-
tracted. The total estradiol concentration was determined
in each incubation assay by counting radioactivity of
20 ml applied on filters without vacuum filtration.

Enzyme assay
F0F1-ATPase activity was assayed according to Martinez
et al. [38]. Enzyme activity was determined by measuring
the inorganic phosphate (Pi) liberated from ATP hydro-
lysis. A typical incubation lasting 10 min for F0F1-AT-
Pase activity measurement contained (in mM): 10 Tris-
HCl, pH 8.0, 2 MgCl2, 2 ATP, and 130 mg of mitochon-
drial proteins in a final volume of 0.5 ml. The mixture
was preincubated for 10 min at 30 °C with or without AT-
Pase inhibitors. The enzyme assay was started by addition
of 2 mM ATP and stopped by adding 55 ml of ice-cold
3 M perchloroaceticic acid and cooling at 0 °C for
15 min. Concentrations of Pi were measured according to
Pennial [39]. The inhibitors used were 1 mM ouabain, as
a specific inhibitor of plasma membrane Na,K-ATPase;
1 mM NaF/theophylline, as an inhibitor of non-specific
phosphatases, and oligomycin (75 mg/mg protein) as a
specific inhibitor of mitochondrial F0F1-ATPase.

Ca2+ transport
After preincubationo at 22 °C for 10 min in medium con-
taining (in mM): 300 mannitol, 10 KCl, 1 maleate, 5
glutamate, 10 Tris-HCl, pH 7.4, in the absence (for Ca2+

loading in efflux monitoring) and presence of 5 pM–
1 mM estradiol (for influx monitoring), uptake of Ca2+ to
synaptosomal mitochondria was initiated by adding 0.2
mM CaCl2 (0.6 mCi 45CaCl2) and lasted 5 min. Uptake of
Ca2+ was stopped by ruthenium red (17.5 mg/mg protein),
a specific inhibitor of the mitochondrial Ca2+-uniporter,
and 1-ml aliquots were vacuum-filtered on 0.45-mm-
pore-size cellulose-nitrate filters. After being washed
twice with 3 ml of 0.2 M sucrose, the Ca2+ retained in
mitochondria was calculated from radioactivity counting
(corrected for a blank without mitochondria and for non-
specific binding). For Ca2+ efflux monitoring, mitochon-
dria were loaded with 0.2 mM CaCl2 (0.6 mCi 45CaCl2)
for 5 min and after adding ruthenimured were incubated
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with estradiol (5 pM–1 mM or 0.5 nM for Ca2+ efflux at
various Na+ concentrations) for 10 min. Efflux of Ca2+

was initiated by adding NaCl (20 mM) and 0.2 mM
EDTA and lasted 5 min. Aliquots of 1 ml were vacuum-
filtered and washed as previously. Na-dependent Ca2+

efflux was calculated by subtracting the Ca2+ concentra-
tion retained in mitochondria after addition of Na/EDTA
from the Ca2+ concentration in mitochondria after ad-
dition of ruthenium red (no Na/EDTA). Final concentra-
tions of ethanol in the test and control media were 0.1%.

Results

Intrasynaptosomal estradiol distribution
Figure 1 shows the (3H)estradiol distribution in the
sucrose fraction (available) and its retention in appro-
priate subsynaptosomal structures during various incuba-
tion times. Estradiol was retained in the subsynaptosomal
structures in the following order of decreasing efficiency:
synaptic vesicles > microsomes > plasma membranes >
mitochondria. However, estimating the percentage of
retained estradiol with respect to the hormone available
for the synaptosomal structures (table 1) shows that mi-

Figure 1. Intrasynaptosomal estradiol distribution. Synaptosomes
(1 mg/ml) were incubated with 50 nM (3H)estradiol. After the ap-
propriate time, the amount of available and retained (after filtration
on nitrocellulose filters of pore size 0.45 mm) estradiol were
determined in subsynaptosomal structures: synaptic vesicles,
microsomes, plasma membrane, and mitochondria (see Materials
and methods). Results represent the mean + SEM of three ex-
periments performed in triplicate.
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tochondria retained the highest percentage of the hor-
mone during the entire time investigated. Mitochondria
thus appear to possess the highest affinity and/or more
binding sites for estradiol than the other subsynaptosomal
structures investigated.

Purity of mitochondrial preparation
To check the purity of isolated synaptosomal mitochon-
dria, the activity of F1F0-ATPase was examined in the
presence of inhibitors. The results are presented in table 2
as the percentage of ATPase activity compared to control
(without inhibitors) activity. As can be seen, 70% of the
detected activity can be attributed to mitochondrial 
ATPase (inhibited by oligomycin a specific inhibitor of
mitochondrial ATPase). On the basis of these results, we
concluded that the preparation of mitochondria was
satisfactory for further work.

Estradiol binding to synaptosomal mitochondria
The possibility that endogenous ovarian hormones affect
binding of estradiol to mitochondria was checked by
comparing results obtained from OVX and intact (in
proestrus) animals. The values of hormone binding were
identical for OVX and intact animals, showing that this
type of binding is independent of endogenous ovarian hor-

mones (data not shown). Therefore, intact animals were
used in further experiments aimed to estimate the kinetic
parameters of estradiol binding to mitochondria from rat
brain synaptosomes. In addition, following time depend-
ence experiments of estradiol binding, highest binding
was found to be after 10 min of incubation (fig. 2). 
Figure 3 illustrates specific estradiol binding to mito-
chondria relative to hormone concentration. Estradiol

Table 1. Intrasynaptosomal distribution of retained estradiol.

Structure Retained estradiola (% ± SEM with respect to available estradiol b)

5 min 10 min 15 min 30 min

Synaptic vesicles 12.65 ± 0.63 10.27 ± 0.5 10.40 ± 0.20 10.26 ± 0.30

Microsomes 28.40 ± 1.21 21.31 ± 1.20 21.21 ± 0.34 17.84 ± 0.24

Synaptosomal 33.00 ± 1.10 45.00 ± 1.70 40.25 ± 1.10 42.00 ± 1.90
plasma membranes

Mitochondria 50.50 ± 1.90 62.75 ± 1.30 56.00 ± 2.30 55.00 ± 1.94

a Amount of estradiol detected on filters after vacuum filtration of corresponding sucrose band.
b Amount of estradiol detected in sucrose band for appropriate structure.

Table 2. Activity of F0F1-ATPase of mitochondrial preparations in
the presence of various inhibitors.

Inhibitors F0F1-ATPase activity

mmol Pi/mg % control
protein/min

None 0.210 ± 0.005

Ouabain 0.183 ± 0.004 12.36 ± 3.19
(0.2 mM)

NaF/theophilline 0.202 ± 0.002 3.76 ± 1.25
(1/1 mM)

Oligomycin 0.057 ± 0.001 72.25 ± 2.37
(75 mg/mg protein)

Figure 2. Effect of incubation time on estradiol binding to
synaptosomal mitochondria. Mitochondria from synaptosomes
were isolated and incubated in the presence of 1 nM (3H)estradiol at
22 °C for various periods of time. Bound estradiol was calculated
from radioactivity counting retained on nitrocellulose filters (pore
size 0.45mm) after vacuum filtration, corrected for a filter blank.
Results are presented as the mean ± SEM of three experiments
performed in triplicate.
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binding reaches one plateau at 1–2 nM estradiol and
exhibits an exponential shape at concentrations higher
than 2 nM. A Michaelis-Menten plot (fig. 4) of specific
estradiol binding to mitochondria in the presence of up to
2 nM of estradiol demonstrates a sigmoidal shape. The
estimated Vmax and Km were 46 ± 5 fmol/mg protein 
and 0.46 ± 0.07 nM of free estradiol, respectively. A
Scatchard plot (concave upward) and Hill coefficient
(n = 1.5) (fig. 4 insets A, B) indicate the existence of
positive cooperativity. 

Effect of estradiol on Ca2+ transport
When comparing mitochondrial Ca2+ transport in the
presence (5–100 nM) and absence of estradiol there were
no changes in either Ca2+ influx through the ruthenium
red-sensitive uniporter (fig. 5) or in the affinity of the
uniporter for Ca2+ (data not shown). However, Na-de-
pendent Ca2+ efflux is affected by estradiol and the dose-
dependency curve shows a biphasic effect of the hormone
on Ca2+ efflux (fig. 5). Concentrations of estradiol near
physiological (up to 5 nM) decrease Ca2+ efflux up to
63%. 
The dependence of Ca2+ release on the external con-
centration of Na+ in the presence and absence of 0.5 nM
estradiol (fig. 6) and estimation of Vmax and Km for Na+

indicate that estradiol decreased the Km value by 28%

relative to the control value (control Km was 43.7 ± 2.6
mM Na+ and in the presence of estradiol the Km was 31.86
± 0.42 mM Na+), whereas it had no influence on Vmax .

Discussion 

In this study, in vitro distributions of the hormone were
determined in synaptosomes from whole rat brain and
0.7% of (3H)estradiol added to a synaptosomal prepara-
tion was detected in mitochondria. This finding is in
agreement with results on rat liver cells where a similar
distribution of dexamethasone and cortisol was found
[40–41]. The percentage of retained hormone (table 1)
was highest in mitochondria, indicating that mitochon-
dria possess the highest affinity or a higher number of
binding sites for estradiol relative to other organelles, in
agreement with the results of Moats and Ramirez [17]. In
liver, adrenals, and spleen, these authors found over 75%
of BSA-conjugated 17b-estradiol associated with mito-
chondrial and lysosomal membranes. Mitochondrial
localization of steroid hormones was also found in rat
pancreatic acinar tumor cells [42], and in Xenopus laevis

Figure 3. Dose dependence of specific (3H)estradiol binding to
synaptosomal mitochondria. Mitochondria (0.65 mg/ml) were in-
cubated for 10 min with various concentration of labelled estradiol,
for total binding, and with labelled and 100-fold higher unlabelled
estradiol, for non-specific binding, at 22 °C. Specific binding was
calculated by subtracting the non-specific binding from total bound
hormone. Results represent the mean ± SEM of four separate ex-
periments (triplicate determinations).

Figure 4. Michaelis-Menten plot of specific (3H)estradiol binding
to synaptosomal mitochondria. Mitochondria (0.65 mg/ml) were
incubated for 10 min with various concentrations of labelled
estradiol, for total binding, and with labelled plus 100-fold higher
unlabelled estradiol, for non-specific binding, at 22 °C. Specific
binding was calculated by subtracting the non-specific binding
from total bound hormone. Results represent the mean ± SEM of
four experiments (triplicate determinations). Insets represent Scat-
chard (A) and Hill (B) plots of obtained data.
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oocytes where the intracellular pattern of progesterone,
estradiol, and corticosterone were highly specific and
correlated with the rhodamine 123 pattern, suggesting the
involvement of mitochondria [43].
The lack of differences between estradiol binding to
mitochondria isolated from intact and OVX rat brain
synaptosomes  (data not shown) indicates that estradiol
binding to mitochondria is not under hormonal regula-
tion. It also shows that mitochondrial samples are not
contaminated with cytoplasmatic receptors, which are
known to be steroid hormone inducible [44]. Similar
results were obtained for rat brain synaptic plasma
membranes [15]. Furthermore, binding results on intact
animals (in proestrus) confirm the existence of mito-
chondrial-specific binding site(s) for estradiol in the
concentration range up to 10–9 M (figs. 3, 4). Binding of
the hormone at concentrations higher than 3 nM exibits
an exponential binding profile indicating probable non-
specific binding (fig. 3). The existence of binding sites
for cortisol on mitochondria as well as the plasma mem-
brane in amphibian synaptosomes was proposed by
Orchinik et al. [45]. Specific binding to mitochondria of
deoxycorticosterone and corticosterone in beef adrenal
cortex as well corticosterone [46] and estradiol [17] in

liver and human hepatoblastoma cells [47] have also been
demonstrated. 
In the past few years, the identity and function of steroid
membrane receptors involved in non-nuclear effects have
been extensively investigated. A putative progesterone
membrane-binding protein has recently been indentified
in sperm [48] and expression of a membrane pro-
gesterone receptor cDNA leads to increased microsomal
progesterone binding. A novel functional 29-kDa estro-
gen receptor on the sperm surface has been identified
[49] which is involved in the rapid increase in intracel-
lular calcium concentrations. Specific and saturable
estradiol-binding sites of high affinity have been detected
in uterine microsomes at a higher concentration than in
the cytosol [50] and the existence of novel estradiol mem-
brane-binding proteins was confirmed using monoclonal
antibodies against nuclear estrogen receptor. Non-nuclear
membrane effects of steroid receptors have been con-
firmed in endothelial cells [51–53] and breast cancer
cells [54].
In our previous work [15], we found that estradiol spe-
cifically binds to synaptic plasma membranes from rat
forebrain with a Bmax of 2 pmol/mg proteins and Km of
40 nM free estradiol. The estimated affinity of estradiol
binding to the synaptosomal mitochondria isolated from

Figure 5. Effect of estradiol in vitro on mitochondrial Ca2+ up-
take and release. Mitochondria (0.5 mg/ml) were preincubated in
the presence of estradiol for 10 min at 22 °C and uptake of Ca2+

(200 mM of CaCl2, 0.6 mCi) was determined after 5 min (open sym-
bols). For determination Ca2+ release, preloaded mitochondria 
with 200 mM of CaCl2 (0.6 mCi), after addition of ruthenium red 
(10 mM) were incubated for 10 min in the presence of various con-
centrations of estradiol. Na-dependent release of Ca2+ was initiated
by 20 mM NaCl and 0.2 mM EDTA (solid symbols). Uptake and
release of Ca2+ are presented as a percentage of the respective con-
trol values (10.56 ± 0.54  and 0.43 ± 0.02, respectively). Results
represent the means ± SEM from six experiments (triplicate deter-
mination) (dashed line represents control values). 

Figure 6. Mitochondrial Na-dependent Ca2+ release in the absence
or presence of estradiol. Ca2+-preloaded mitochondria as indicated
in the legend to figure 4 were incubated in the absence (open sym-
bols) or presence (solid symbols) of 0.5 nM estradiol for 10 min,
and the release was measured after addition of various concentrati-
ons of external NaCl and 0.2 mM EDTA. Amounts of released Ca2+

were estimated as indicated in Materials and methods. Results are
represented as means ± SEM from five experiments (triplicate de-
terminations). Insert represents Scatchard plot of data. 



whole brain in this paper was about 100-fold higher than
for synaptic plasma membranes with an about 40-fold
lower capacity for estradiol (which is 10 times higher
than for the cytoplasmic estradiol receptor). These
findings explain the results for subsynaptosomal estra-
diol distribution and confirm the proposition that the
higher percentage of hormone in the mitochondria
compared to other structures is a consequence of higher
mitochondrial affinity for estradiol. 
Differences in affinity and capacity for estradiol binding
between synaptic plasma membranes and mitochondria
might have physiological significance in their hormonal
concentration environment. Since no effect of estradiol
on mitochondrial Ca2+ uptake, which occurs through the
ruthenium red-sensitive uniporter [27], was seen (fig. 5),
one might conclude that estradiol does not affect the
characteristics of this protein. On the other hand, there is
evidence that estradiol increases synaptic plasma mem-
brane voltage-dependent uptake of Ca2+ [6, 11] and that
augmentation in cytosolic Ca2+ results in an increase in
matrix Ca2+ [55]. On the basis of these data, we may con-
clude that estradiol indirectly, acting at the plasma mem-
brane level [6, 8, 11], increases the matrix concentration
of Ca2+.
The almost exponential enhancement of mitochondrial
Ca2+ release by estradiol et concentrations of 10 nM and
above (fig. 5) could be explained by non-specific effects
of estradiol, which may act as a detergent to solubilize
membrane proteins [7, 56, 57], and as a consequence of
ion leakage. This non-specific effect on Ca2+ release is in
agreement with the finding that estradiol at these
concentrations binds non-specifically to mitochondria
(fig. 3). Similar results were obtained with the Na/Ca
exchanger of synaptic plasma membranes [6] and mem-
brane vesicles [7], where estradiol exerts an exponential
augmentation at a concentration where the hormone
binds non-specifically to synaptic plasma membranes
[15]. On the other hand, estradiol at concentrations up to
1 nM significantly inhibits the efflux of Ca2+ (fig. 5).
Given that inhibition of Ca2+ efflux was detected at the
same estradiol concentration at which the hormone
bound specifically to mitochondria, estradiol may exert
its effect via this transporter protein. In favour of this
proposal is the finding that estradiol at concentrations at
which it inhibits efflux of Ca2+ augments the affinity of
the exchanger for Na+ (fig. 6). The inhibitory effect of
estradiol on Ca2+ efflux may be realized by changing the
affinity of the exchanger for Na+. The possibility that
estradiol exerts its effect on the mitochondrial Na+/Ca2+

exchanger, changing its affinity for Na indirectly through
some other mechanism(s), cannot be excluded. Thus,
Zheng and Ramirez [29] found specific binding of a 17b-
estradiol-BSA conjugate to brain mitochondria (crude
mitochondrial preparation) on the OSCP subunit of
F0F1-ATPase/synthase. The same authors [20] have also

demonstrated the inhibition of F0F1-ATPase activity in
the presence of pharmacological concentrations of estro-
gen (higher then 10–4 M). The effects of nanomolar con-
centrations of estradiol on mitochondrial function (Ca2+

efflux) that we have established indicate the existence of
another binding protein in the mitochondrial membrane
beside the OSCP proposed by Zheng and Ramirez, or dif-
ferent effects of estradiol and BSA conjugate hormone
[58] on non-synaptosomal and synaptosomal mitochon-
dria.
Scheller and coworkers [59] showed that mitchondria of
HeLa and Hep-2 cells were the site of glucocorticoid
receptor localization and that the receptor was located
within the inner space of the mitochondria, suggesting a
direct pathway of hormonal regulation of mitochondrial
gene transcription. Our results indicate that estradiol pos-
sesses a membrane effect independent of a receptor in the
mitochondria since the effect on Ca2+ transport was for a
short period of time and there was no difference in es-
tradiol binding between intact and OVX animals. Fur-
thermore, an effect of estradiol on the Na/Ca exchanger
affinity for Na+, which is opposite to the matrix side 
of the mitochondrial membrane, excludes an intramito-
chondrial receptor-mediated effect.
Estradiol (up to 1 nM) by decreasing mitochondrial Ca2+

efflux will also increase the mitochondrial concentration
of Ca2+. Elevation of mitochondrial Ca2+ is known to in-
crease the activity of Ca-sensitive dehydrogenases, as has
been seen for heart and other tissues [55, 60–62]. Con-
sequently, respiration is activated and protons are ex-
truded. An elevated proton flux may stimulate ATP-
synthase activity and ATP synthesis [55, 62], which is the
mode of action of some hormones [63, 64]. In addition,
Ca2+ may control F0F1-ATPase/synthase activity, pos-
sibly mediated through the ATPase inhibitor protein [63]. 
Estradiol modulation of Na-dependent Ca2+ transport of
synapsomal mitochondria, by increasing the affinity of
the exchanger for Na+, as shown in this study, in addition
to the finding that estradiol modulates synaptosomal Na-
dependent Ca2+ transport [6, 7] possibly via membrane-
binding sites for estradiol [15], implicate estradiol as a
modulator of Ca2+ transport mechanisms in the rat brain
independent of the genome. The identity of binding sites
in synaptosomal mitochondria will be a subject of our
future investigations.
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