
Biochemical Phnrmocology. Vol. 40, No. 8. pp. 1877-1884. 1990 
Printed in Great Britain. 

oo(M295y90 s3.lM + 0.00 
0 1990. Pergamon Press plc 

ACTION OF ANTIESTROGENS ON THE (Ca2+ +Mg2+)- 
ATPase AND Na+/Ca2+ EXCHANGE OF BRAIN CORTEX 

MEMBRANES 

JoAo 0. MALVA, M. CELESTE F. LOPES, M. GRACA P. VALE and ARSBLIO P. 

CARVALHO 

Center for Cell Biology, Department of Zoology and Center for Hormonology, Faculty of Medicine. 
University of Coimbra, Coimbra, Portugal 

(Receioed 10 October 1989; accepted 19 June 1990) 

Abstract-The effect of tamoxifen (TAM) and other antiestrogens on the Ca*’ transport activity of 
synaptic plasma membranes @PM) and microsomal membranes isolated from sheep brain cortex was 
investigated. The maximal (Ca*+ + Mg*+)-ATPase activity of SPM, which is reached at a pCa of about 
6.0-6.5, is decreased by about 30% in the presence of 50 nM TAM, whereas the (Ca2+ + Mg*+)-ATPase 
activity of microsomes, which is maximal at a pCa of about 5.0. is decreased by about 90% by 50 pM 
TAM. In parallel experiments, we observed that the ATP-dependent Ca2+ uptake is also affected 
differently by TAM in the two membrane preparations. We found that 50 pM TAM inhibits SPM Ca?+ 
uptake by about 25-30%, whereas the ATP-dependent Ca*’ uptake by the microsomal fraction is 
inhibited by about 60%. No significant effect of TAM was observed on the Na+/Ca2’ exchange of 
either membrane system. The results indicate that TAM is a more potent inhibitor of the active. 
calmodulin-independent Ca*+ transport system of the intracellular membranes than of that of the 
plasma membranes, which is calmodulin-dependent. It appears that TAM inhibits calmodulin-mediated 
reactions, probably through its binding to calmodulin, as we showed previously. However, the Cal’ 
transport system of microsomes, which does not depend on calmodulin, is also particularly sensitive to 
TAM. 

In the estrogen target tissues, the biological action membrane Ca2+-ATPase [6]. Therefore, the intra- 
of the estrogens is regulated by the hormone level cellular Ca2+ concentration and its regulation may 
and by the presence of estrogen receptors. Some be involved in the pharmacological effects of this 
breast tumors contain high levels of estrogen antiestrogen. 
receptors, and they respond successfully to therapy In nerve cells, cytoplasmic Ca2+ concentration is 
with antiestrogens [l], which antagonize the regulated by Ca2+ transport systems localized either 
estrogens’ effect by competing with them at the in plasma membranes (Ca2+-ATPase and Nac/Ca2+ 
estrogen receptors [2]. exchange) or in endoplasmic reticulum (211. Ca2+ is 

On the other hand, the binding of antiestrogens extruded from the cell by the plasma membrane 
to estrogen receptors cannot explain all the effects systems, whereas endoplasmic reticulum sequesters 
of these drugs [3]. The most well known nonsteroidal the cation from the cytoplasm [21]. 
antiestrogen, tamoxifen (TAM*), has been shown In this work, we investigate whether TAM alters 
to alter Ca*+-dependent processes [4-6]. It reduces the activity of Ca2+ transport in both SPM and 
membrane Ca2+ conductances [5] and it binds to microsomes isolated from sheep brain. We observed 
calmodulin [6]. Furthermore, it inhibits CAMP that TAM inhibits calmodulin-dependent 
phosphodiesterase [7], protein kinase C [g-11], (Ca*+ + Mg’+)-ATPase of synaptic plasma mem- 
lactate dehydrogenase activity [ 121, and serotonin branes (SPM), but it has a stronger effect on the 
and dopamine synaptosomal uptake systems [13]. calmodulin-independent (Ca*+ + Mg’+)-ATPase of 
TAM can also compete with neurotransmitters for microsomal membranes. It appears that although 
their receptors, namely it binds to histamine-like the TAM effect on some biochemical systems may 

receptors [14], to muscarinic receptors [15] and to be calmodulin-mediated, other systems crucial to 

dopamine receptors [16]. In addition, TAM also cell activity, which do not involve calmodulin, are 

binds to high affinity receptors distinct from estrogen also particularly sensitive to TAM. 

receptors [ 17-201. 
Recently, we showed that TAM biuds to MATERIALS AND METHODS 

calmodulin in a Caz+-dependent manner and that it 
inhibits calmodulin stimulation of the erythrocyte Isolation of synaptic plasma membranes. The SPM 

fraction was isolated from sheep brain cortex 
according to the method described by Hajos [22] 

* Abbreviations: SPM, synaptic plasma membranes; and by Michaelis and Michaelis [23] and modified 

(Ca*+ + Mg*+)-ATPase, ATP phosphohydrolase (EC by Coutinho et al. [24]. The sheep brains were 

3.6.1.38); EGTA, ethyleneglycol bis( B-N,N’-tetraacetic obtained from a local slaughterhouse. The cortex 
acid; PPO, 2,5-diphenyloxazole; POPOP, p-bis-[2-(5 (50 g) was removed and homogenized (1: 10) in ice 
phenyloxazolyl)] benzene; TAM, tamoxifen. cold buffer (10 mM HEPES-Tris, 0.32 M sucrose, 
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pH7.4) using a Potter-Elvejhem homogenizer. The 
homogenate was centrifuged at 1500g for 10 min. 
and the supernatant (S,) was collected and 
centrifuged again at 9OOOg for 20min. The 
supernatant (S,) was discarded and the pellet was 
then resuspended in 0.32 M sucrose, layered on the 
top of 0.8 M sucrose and centrifuged at 9000g for 
30min. The upper phase and the pellet were 
discarded and the synaptosomal fraction contained 
in the 0.8M sucrose phase was diluted with cold 
demineralized water to 0.4 M sucrose. Then. it was 
centrifuged at 20,OOOg for 30 min and the pellet 
obtained was resuspended in 5 mM HEPES-Tris, 
pH 8.6. After 15 min of osmotic disruption. we 
centrifuged the suspension at 8OOOg for 5 min to 
remove mitochondria and non-lyzed synaptosomes 
and the collected supernatant was centrifuged again 
at 20,OOOg for 30 min. The resulting SPM pellet was 
resuspended in sucrose medium containing 10 mM 
HEPES-Tris (pH 7.4) and 0.32 M sucrose, or 
in Na+ medium containing 10 mM HEPES-Tris 
(pH 7.4), 140 mM NaCI and 1 mM MgCI,. Aliquots 
of 2OOpL containing about 2 mg of protein were 
frozen in liquid nitrogen and stored at -80”. 

Isolation of microsomes. The microsomal fraction 
was isolated from sheep brain cortex by centrifuging 
supernatant S2 at 40,OOOg for 1 hr. The resulting 
pellet was resuspended in a medium containing 
10mM HEPES-Tris (pH 7.4), 140 mM NaCl and 
1 mM MgClz or 10 mM HEPES-Tris (pH 7.4) and 
0.32M sucrose [25], respectively. The protein 
concentration of SPM and microsomal fractions was 
determined by the biuret method using bovine serum 
albumin as standard [26]. 

Although some contamination may occur in 
these preparations, we observed that they are 
characteristically distinct with respect to their (Na+- 
K*)-ATPase and Cal+-activated ATPase activities, 
which indicates that they are enriched in different 
types of biomembranes. 

ATPase assay. The ATPase assay was performed 
by a potentiometric method (27, 281, in which we 
follow the ATP hydrolysis by recording H+ 
production at pH 7.2. All assays were performed at 
30” in 2 mL of a medium containing 2 mM Tris, 
140 mM KCI, 5 mM MgCI,, 0.1 mM EGTA, variable 
CaC12 concentration, 0.5 mM ouabain, 0.125 pug 
oligomycin and 125 fig of membrane protein at a pH 
of 7.2. The reaction was started with the addition of 
1 mM Mg2+-ATP, and it proceeded during 4 min. 
The Mg*+-ATPase was determined in the absence 
of CaC12 and the total ATPase was measured at 
several CaClz concentrations. The (Ca’+ + Mg’+)- 
ATPase was determined by subtracting the Mg”- 
ATPase from the total ATPase. Under these 
experimental conditions, one mole of H+ is produced 
by every mole of ATP hydrolyzed. The system was 
calibrated by adding 100 nmol of HCl-Tritisol. 

The results are expressed as nmol ATP hydrolyzed 
per mg of protein per minute. 

ATP-dependent “%ZaZ’ uptake. The Ca*+ pump 
activity was determined by measuring the accumu- 
lation of 45Ca’+ within the vesicles of SPM or of 
microsomes, respectively (291. The uptake was 
measured at 30” using vesicles resuspended in sucrose 
medium. The uptake solution contained 10mM 

HEPES-Tris (pH 7.41, 140 mM KCI. 5 mM MgCI:. 
10k1M 4sCaC1,, oligomycin (1 ,ug/mg protein) and 
membrane protein (0.5 mg/mL). The reaction was 
started by adding 1 mM Mg’+-ATP, and after various 
time intervals it was stopped by filtering under 
vacuum, aliquots of SOOpL. Before and after 
reaction, the filters (Whatman GF/B) were washed 
twice by filtering 5 mL of a cold solution containing 
10 mM Tris-HCI and 0.32 M sucrose. pH 7.4. The 
Ca?+ accumulated was calculated by subtracting the 
Ca?’ bound to the membranes in the absence of 
Mg’+-ATP from that measured in the presence of 
Mg’+-ATP. The dried filters were placed in vials 
with 8 mL of scintillation fluid (7.3 g PPO. 176 mg 
POPOP and 250 mL Triton X-100 per liter toluene). 
The radioactivity was counted in a Packard Tri-Carb 
2000 CA liquid scintillation spectrophotometer, with 
dpm correction. 

Na+/Ca?* exchange activity. Na+/Ca’+ exchange 
activity was measured at 30” using membranes 
resuspended in Na+ medium. The uptake medium 
contained 10 mM HEPES-Tris (pH 7.4). 140 mM 
KCI, 1 mM MgCI,, 20pM J’CaCl, and SPM or 
microsomes (0.5 mg protein/ml) [24]. The uptake 
was started by adding the membrane vesicles to the 
uptake medium and, after various time intervals, it 
was stopped by filtering aliquots of 500 PL through 
Whatman GF/B filters, which were treated as 
described above. Accurate values for the activity of 
Na+/Ca?+ exchange, which are dependent on the 
Na+ gradient (Naz > Na&,,), were obtained by 
subtracting the Ca’+ uptake in Na+ medium from 
that in K+ medium. 

The experiments performed in the presence of 
TAM were controlled by parallel assays in the 
presence of the solubilizer (ethanol) without the 
drug. 

Reugents. All reagents were of analytical grade. 
Vanadium-free ATP (disodium salt), oligomycin. 
ouabain, PPO. POPOP and 17/%estradiol were 
purchased from the Sigma Chemical Co.; X-537 A 
was a gift of Dr Julius Berger of Hoffman-La Roche. 
Nutley. New Jersey, U.S.A.; Nitromifene was from 
Dr Martin L. Black, Warner-Lambert Co., Michigan, 
U.S.A.; TAM, OH-TAM and JsCaC12 (11.2 mCi/ 
mg) were obtained from Amersham, trifluoperazine 
was supplied by Smith, Kline & French, Philadelphia, 
PA, U.S.A. 

RESULTS 

Action of antiestrogens on the (Ca’+ + Mg’+ )- 
A TPase activity of synaptic plasma membranes and 
microsomal membranes of brain cortex cells 

The (Ca” + Mg’+)-ATPase activity of SPM is 
dependent on Ca2+. It reaches a maximum (~65 
nmol ATP hydrolyzed/mg protein/min) at a pCa 
value of about 6.s6.5 and is then inhibited by higher 
Ca’+ concentrations (Fig. 1A). In the presence of 
TAM (~OJLM), the (Ca” + Mg’+)-ATPase activity 
is maximal (-55 nmol ATP hydrolyzed/mg protein/ 
min) at higher concentrations of free Cal’ (pCa 5). 
suggesting that TAM decreases the affinity of the 
enzyme for Ca’+ (Fig. 1A). Indeed, Lineweaver- 
Burk analysis showed that the &(Ca) of the enzyme 
increased from 233 to 320nM in the presence of 
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Pig. 1. Effect of TAM on the pCa dependence of (Ca*+ f Mg2+)-ATPase activity in SPM (A) and in 
microsomes (B). The membranes were incubated in the presence or absence of 5OpM TAM in a 
medium as described in Materials and Methods. The pCa values were adjusted bv adding 0.1 mM 
EGTA and variable amounts of CaCI,. The medium for microsomal ATPase assay aiso contained 
Triton X-100 (0.005%). (0) Presence of 50 uM TAM. (M) Absence of TAM. Insert. the Lineweaver- 
Burk analysis obtained at the Ca2+ concentrations which &imulate the ATPase. The results correspond 

to the mean value calculated from a group of three repetitive assays. 

TAM, whereas the V,,,,, value is reduced from about 
90 to 67 nmol ATP hydrolyzed/mg proteinlmin (Fig. 
lA, insert). Furthermore, TAM appears to protect 
the enzyme from inhibition by high Ca*+ con- 
centrations (Fig. 1A). 

In contrast to the mild inhibitory effects of TAM 
on the (Ca*+ + MgZf )-ATPase of SPM, TAM greatly 
reduces (~90%) the V,,, value (290 nmol ATP 
hydrolyzed/mg protein/min) of the microsomal 
(Cazt + Mg2+)-ATPase. The Ca2+ affinity (&J~ = 
500 nM) is not apparently altered, although accurate 
values could not be determined from the very low 
ATPase activity observed in the presence of TAM 
(Fig. 1B). The different behavior of the two 
membrane ATPases to TAM is compatible with the 
observations that the microsomal enzyme has 
biochemical characteristics clearly distinct from those 
of SPM enzyme. The V,,,,, value of the microsomal 
(Ca2+ + MgZ+)-ATPase is about 210nmol ATP 
hydroiyzed/mg protein/min, which was reached at 
a pCa value (4.5-5) lower than that observed for the 
SPM enzyme (6-6.5). At higher Ca2+ concentrations 
(pCa 4), the ATPase activity decreases and reaches 
values of about 125 nmol ATP hydrolyzed/mg 
proteiq’min (Fig. 1B). In the presence of TAM 
(50pM), the maximum activity of the microsomal 
ATPase decreases to about 50 nmol ATP hydrolyzed/ 
mg protein~min at pCa 4.5, and no protector effect 
of TAM is observed against Ca*” inhibition (Fig. 
la). 

In order to investigate whether the TAM effect 
on the ATPase activity of brain membranes is related 
to a possible regulation of the enzyme by steroids 
or calmcdulin, we studied the (Ca”* + Mg”)- 
ATPase activity of both types of membranes in the 
presence of estradiol, various antiestrogen drugs and 
trifluoperazine, respectively (Table 1). In SPM 
vesicles, 17P-estradiol does not significantly alter 
the (Ca2” + Mg2+)-ATPase activity, whereas tri- 
fluoperazine (50 PM) inhibits the enzyme activity by 
about 46%. Similarly to the effect of the calmodulin 

antagonist trifluoperazine, the antiestrogens, TAM, 
nitromifen and clomiphene, inhibit the ATPase by 
about 29%, 65% and 22%, respectively (Table 1). 
We observed previously that TAM binds to 
calmoduhn [6], but we do not know whether the 
action of these drugs on the SPM (Ca*+ + Mg2+)- 
ATPase is calmodulin-mediated. 

The antiestrogens have a stronger inhibitory effect 
on the microsomal (Ca2+ + Mg2+)-ATPase as 
compared to that on the SPM (Ca2+ + Mg2+)- 
ATPase (Table 1). We found enzyme inhibition of 
about 91%. 81% and 55% by TAM, nitromifene 
and clomiphene, respectively. In contrast to SPM, 
trifluoperazine (50 r_iM) has a smaller inhibitory 
effect (225%) than that of the antiestrogens, 
whereas 17P-estradiol doesnotinhibit the microsomal 
(Ca*+ + Mg’+)-ATPase (Table 1). The low sen- 
sitivity to trifluoperazine, together with lack of 
enzyme stimulation by calmodulin 1291, indicates 
that microsomal (Ca*+ + Mg2+)-ATPase of brain 
cortex cells is not calmodulin-regulated and, 
therefore, the antiestrogens probably interact directly 
with the enzyme. 

Effect of tamoxifen on the ATP-dependent Ca2+ 
uptake by synaptic plasma membranes and micro- 
somal membranes of brain cortex cells 

Since TAM inhibits the (CaZ+ + Mg?+)-ATPase 
activity of brain cortex membranes, we studied 
whether Ca2+ uptake is affected by the drug. Figure 
2 shows that the maximal ATP-dependent Ca2+ 
uptake by SPM vesicles is about 4nmol Ca2+/mg 
protein/5 min, and that most of this Ca2+ is 
intravesicularly accumulated by the membranes, 
since it is liberated by the ionophore X-537 A. When 
TAM (5O~M) is present in the reaction medium, 
the active Caz+ uptake is inhibited by about 20-30% 
(Fig. 2A), in agreement with the effect of the drug 
on the SPM (CazC f Mg’+)-ATPase (Fig. 1A). 

On the other hand, 50pM TAM reduces the 
maximal microsomai Ca2+ uptake by about 60%, 
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from the value of I .1 nmol Ca’-/rng protein/5 min 
to the value of 0.5 nmol C‘a’*/mg protein/S min 
(Fig. 2B). Although a strong effect is observed, it is 
not as high as that observed on the ATPase activity 
(=YO% inhibition). which was measured in the 
presence of Triton X-ItJO. This difference is probably 
related to the detergent-induced increase in the 
ATPase accessibility to TAM. However. due to the 
leaky effect of Triton X-100 on the membranes. it 
was not used in the Ca’+ uptake experiments. 

We have also studied the effect of TAM in the 
Na’/Ca’+ exchange activity of both membrane 
fractions. We observed that. in SPM (Fig. 3A), the 
maximum Ca?+ transport by the Na+/Ca’+ exchanger 
is about 5 nmol Ca”/mg protein/l0 min and that 
TAM (SOpM) does not affect Na+/Ca” exchange 
activity. Similarly, no significant effect of SOpM 
TAM was detected on the microsomal Na+/Caz’ 
exchanger (Fig. 3B) which, in agreement with the 
previous results of Schellenberg and Swanson [30]. 
has a relativclv high Nat,/CalA exchange activity 
(6 nmol Ca?*/mg protein/l0 min). 

I)ISCLlSSION 

The SPM and microsomal (Ca” + Mg’+)- 
ATPases are distinct enzymes that regulate the 
cytosolic free Ca’+ levels in resting neurons 
[21.31.32]. They have been shown to have different 
characteristics distinguished on the basis of their 
differential sensitivity to low concentrations of 
vanadate and to alterations in the Na+ levels of the 
reaction medium (29,331. 

The (Ca’+ f Mg”)-ATPase of SPM is a calmo- 
dulin-dependent enzyme (34-361, which, in agree- 
ment with previous results [33,35], was stimulated 
at low Ca’+ levels and inhibited by free Ca2+ 
concentrations higher than 10 PM in the presence of 
millimolar Mg’+ concentrations (Fig. 1A). It has 
been shown that calmodulin antagonists, such 
as phenothiazines. inhibit calmodulin-dependent 
enzymes by interacting with calmodulin in a Ca’+- 
dependent manner [37-40]. Like phenothiazines, 
TAM is a potent inhibitor of phosphodiesterase [7] 
and of the erythrocyte membrane (Ca”’ + Mgz+)- 
ATPase [6]. Indeed. tn a previous work, we observed 
Ca’+-dependent binding of TAM to calmodulin. 
which correlates well with TAM inhibition of the 
erythrocyte (Ca’+ + Mg’+)-ATPase isolated from 
red blood cell ghosts [h]. Furthermore, it has been 
emphasized that structural similarities between TAM 
andphenothiazinesareresponsibleforthecalmodulin 
antagonism of the antiestrogen 141). Both types of 
molecules contain a hydrophobic region and a side 
chain amino group, which facilitates their interaction 
with calmodulin (421. 

Taking into consideration the calmodulin 
antagonistic properties of TAM and the calmodulin 
dependence of the SPM (Ca” + Mg”)-ATPase, it 
is plausible to assume that the inhibitory effect of 
TAM on the SPM enzyme is calmodulin-mediated. 
Indeed. we observed that SPM ATPase inhibition 
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Fig. 2. Effect of TAM on the ATP-dependent Ca*+ uptake by SPM (A) and by microsomes (B). The 
membranes were incubated in the presence or absence of 50 FM TAM in a medium as described in 
Materials and Methods. At min 5, ionophore X-537 A (5 PM) was added. (m) Absence of TAM. (0) 

Presence of TAM. The results represent the mean values of three repetitive experiments. 
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Fig. 3. Action of TAM on the Na+/Ca*+ exchange activity of SPM (A) and microsomes (B). The Na+/ 
Ca2+ exchange activity was measured in Na+-loaded vesicles by following their 45Ca2+ uptake in a K+- 
containing medium, as described in Materials and Methods. The activity was measured in the absence 
(m) or in the presence (0) of TAM (50 PM). The results represent the mean values of three repetitive 

experiments. 

by TAM and other antiestrogens is similar to that 
by trifhtoperazine (Table l), in agreement with 
previous results obtained with the erythrocyte 
(CazC + Mg2+)-ATPase [6]. 

On the other hand, we observed that TAM 
decreases the affinity of the SPM ATPase for Ca2+ 
(Fig. lA), as does trifluoperazine in the heart 
sarcolemma (Ca2+ + Mg2+)-ATPase [43]. Although 
electrostatic effects of hydrophobic amine drugs on 
the membrane may decrease the Ca?+ concentration 
close to its surface [44], the reduction of the enzyme 
sensitivity to Ca2+ is probably due to calmodulin 
blockade which prevents the calmodulin-induced 
transition of the ATPase from a low to a high Ca2+ 
affinity form [43,45]. 

We do not know whether calmodulin regulation 
is an extrinsic or an intrinsic property of the 
SPM (Ca*+ + Mg*+)-ATPase, since it has been 
demonstrated that the plasma membrane Ca2+ pump 
has a domain with an amino acid sequence similar 

to that of calmodulin [46,47]. However, our data 
suggestthat theinhibitionoftheSPM (Ca2+ + Mg2+)- 
ATPase by antiestrogens is mediated by a calmodulin- 
like mechanism. In contrast, the estrogen, estradiol, 
did not affect the enzyme, probably because its 
structure does not permit interaction either with the 
ATPase or with calmodulin. 

We have also measured the ATP-dependent Ca*+ 
uptake by SPM vesicles, and we found that TAM 
has an inhibitory effect on the Ca*+ transport activity 
(Fig. 2), whose magnitude (=25-30%) is in parallel 
with that of the TAM effect on the (Ca2+ + Mg*+)- 
ATPase . 

Regarding the studies with the microsomal 
(Ca2+ + Mg2+)-ATPase, we observed that it is not 
significantly affected by calmodulin antagonists, it is 
maximally active at 35 PM Ca2+, and it is strongly 
inhibited by high Ca2+ concentrations (Fig. lB), in 
agreement with the results obtained by several 
investigators [29,4&52]. 
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We observed that TAM has a potent inhibitory 
effect on the microsomal (Ca”+ + Mg?+)-ATPase 
(Fig. 1B and Table 1). which is reflected by a strong 
reduction of the V,,,, value. 

In contrast to the SPM (Ca’+ + Mg?*)-ATPase. 
we observed that trifluoperazine is a weaker inhibitor 
of the microsomal ATPase (Table 1). This is probably 
related to the absence of stimulation of the enzyme 
by calmodulin [29], which is in agreement with 
results ontained in studies with the sarcoplasmic 
reticulum (Ca’+ + Mg”)-ATPase [.53]. However, 
under certain conditions, a small inhibitory effect 
may occur, which has been attributed to the large 
partitioning of phenothiazines in the membrane 
rather than to the involvement of calmodulin in the 
process [54]. Like trifluoperazine. estradiol had no 
significant effect on the enzyme activity (Table 1). 
which indicates that the effects of TAM on 
the microsomal (Ca?+ + Mg?+)-ATPase are not 
mediated either by calmodulin or by steroidal 
compounds. 

On the other hand, we observed that the strong 
inhibition of the enzyme by TAM is accompanied 
by a significant inhibition of the Ca2+ uptake by 
microsomal vesicles (Fig. 2), and this probably 
reflects the fact that the two processes are coupled 
[55]. These results suggest a specific effect of TAM 
on the Ca*+ pump of the microsomal fraction, which 
probably represents a direct action of the drug on 
the enzyme. 

In both types of membrane, estradiol has 
no significant effect on (Ca’+ + Mg’+)-ATPase 
activities, so that the TAM effect cannot be explained 
by disruption of a possible steroidal regulation of 
the enzymes. 

As described above, TAM inhibits both types of 
CaZi pump system of the brain membranes, but 
another Ca’+ transport mechanism, Na+/Ca’+ 
exchange, was completely insensitive to the drug at 
concentrations below 50pM (Fig. 3). Na’/Ca2+ 
exchange is mediated by a carrier which promotes 
the lowering of Ca’+ levels after depolarization [31]. 
It is activated at higher CaZ* levels than those 
required to activate (Ca’+ + Mg’+)-ATPases [56- 
581 and it is insensitive to several drugs [59], including 
hydrophobic amine drugs [60,61] like TAM. 

We do not know whether the TAM-induced 
biochemical effects observed here are involved in 
the pharmacological action of the drug. Apparently, 
the TAM concentrations (PM range) required for 
the effects observed are above the levels (0.3- 
0.9 PM) of TAM found in the cytosol of breast 
tumors [62]. On the other hand, cytotoxic effects 
of TAM (>5 PM) on MCF-7 cells have been 
demonstrated [63], and side effects have been 
observed in patients taking TAM [64]. Due to the 
hydrophobic nature of the antiestrogen drugs, they 
should be largely partitioned in the membranes, so 
that it is difficult to determine accurately the 
concentrations of free drug required to induce the 
pharmacological effects. However, the results 
reported here show clearly that some biochemical 
processes which regulate the intracellular Ca2+ 
concentration are particularly sensitive to TAM 
through mechanisms involving different target 
molecules. 

Acknowledgements-This work was supported by grants 
from the Instituto National de Investigayao Cicntifica. 
Junta National de lnvestigacao Cientifica e Tecnoloeica _ _ & 

and Fundacao Calouste Gulbenkian. Part of these results 
were preliminarily presented at the 12th Meeting of 
the International Society for Neurochemistry. Algarve, 
Portugal [6S]. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

REFERENCES 

Patterson JS, Battersby LA and Edwards DG. Review 
of the clinical pharmacology and international 
experience with tamoxifen in advance breast cancer. 
In: The Role of Tamoxifen in Breast Cancer (Eds. 
Iacobelli S, Lippman ME and Della Cuna GR), pp. 
17-33. Raven Press. New York, 1982. 
Katzenellenbogen BS, Katzenellenbogen JA, Ferguson 
ER and Krauthammer N. Anti-estrogen interaction 
with uterine estrogen receptors-studies with a 
radiolabeled anti-estrogen ((X-628). J Biol Chem 253: 
697-707, 1978. 
Sutherland RI, Watts CKW and Ruenitz PC, Definition 
of two distinct mechanisms of action of antiestrogens 
on human breast cancer cell proliferation using 
hydroxytriphenylethylenes with high affinity for the 
estrogen receptor. Biochem Biophys Res Commun 140: 
523-529, 1986. 
Lipton A and Morris ID, Calcium antagonism by the 
antiestrogen tamoxifen. Cancer Chemother Pharmacol 
18: 17-20, 1986. 
Sartor P, Vacher P, Mallard P and Dufy B, Tamoxifen 
reduces calcium currents in a clonal pituitary cell line. 
Endocrinology 123: 534-539, 1988. 
Lopes MCF, Vale MGP and Carvalho AP, Ca’+- 
dependent binding of tamoxifen to calmodulin isolated 
from bovine brain. Cancer Res 50: 2753-2758, 1990. 
Lam HP, Tamoxifen is a calmodulin antagonist in the 
activation of CAMP phosphodiesterase. Biochem 
Biophys Res Commun 118: 27-32, 1984 
O’Brian CA, Liskamp RM, Solomon DH and Weinstein 
IB, Inhibition of protein kinase C by tamoxifen. Cancer 
Res 45: 2462-2465. 1985. 
Su H. Mazzei GJ. Vogler WR and Kuo JF. Effect of 
tamoxifen, a nonsteroidal antiestrogen. on 
phospholipid/calcium-dependent protein kinase and 
phosphorylation of its endogenous substrate proteins 
from the rat brain and ovary. Biochem Pharmacol34: 
3649-3653. 1985. 
Horgan K. Cooke E, Hallet MB and Manse1 RE, 
Inhibition of protein kinase C mediated signal 
transduction by tamoxifen. Biochem Pharmacol 35: 
4463-4465, 1986. 
O’Brian CA, Ward NE and Anderson BW, Role of 
specific interactions between protein kinase C and 
triphenylethylenes in inhibition of the enzymes. J Nat1 
Cancer Znst 80: 1628-1633. 198X. 
Thomas M, Monet J, Brami M, Dautigny N. Assailly 
J, Ulmann A and Bader CA, Comparative effects of 
17@-estradiol. progestin R5020. tamoxifen and RU 
38486 on lactate dehydrogenase activity in MCF-7 
human breast cancer cell. J Steroid Biochem 32: 271- 
277. 1989. 
Michel MC, Rother A, Hiemke C and Ghraf R, 
Inhibition of synaptosomal high-affinity uptake of 
dopamine and serotonin by estrogen agonists and 
antagonists. Biochem Pharmacol36: 3175-3180, 1987. 
Brandes LJ, Macdonal LM and Bogdanovic RP, 
Evidence that antiestrogen binding site is a histamine 
or histamine-like receptor. Biochem Biophys Res 
Commun 126: 905-910, 1985. 
Weiss DJ and Gurpide E, Non-genomic effects of 
estrogens and antiestrogens. J Steroid Biochem 31: 
671-676, 1988. 



Tamoxifen effect on the Ca*’ transport by brain membranes 1883 

16. Hiemke C and Ghraf R, Interaction of non-steroidal 
antiestrogens with dopamine receptor binding. J Steroid 
Biochem 21: 663-661, 1984. 

17. Faye J, Lasserre B and Bayard F, Antiestrogen specific, 
high affinity saturable binding sites in rat uterine 
cytosol. Biochem Biophys Res Commun 93: 1225-1231, 
1980. 

18. Fave J, Jozan S, Redeuilh G, Baulieu E and Bavard 
F,.Phy~icochemicaI and genetic evidence for specific 
antiestroeen bindine sites. Pruc Nat1 Acad Sci USA 80: 
31%3162, 1983. y 

19. Kon OL, An antiestrogen-binding protein in human 
tissues. J Bio/ Chem 258: 3173-3177, 1983. 

20. Watts CKW and Sutherland RI, Microsomal binding 
sites for antiestrogens in rat liver-properties and 
detergent solubilization. BiochemJ236: 903-911.1986. 

21. Carvalho AP, Calcium in the nerve cell. In: Handbook 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32, 

33. 

ofNeurochemistry (Ed. Lajtha A), Vol. 1, pp. 6Q-116. 
Plenum Press, New York, 1982. 
Hajos F, An improved method for the preparation of 
synaptosomal fractions in high purity. Brain Res 93: 
48.5-489, 1975. 
Michaelis ML and Michaehs EK, CaZc fluxes in resealed 
synaptic plasma membrane vesicles. Life Sci 28: 37- 
45, 1981. 
Couth&o OP, Carvaiho CA and Carvalho AP. Effect 
of monovalent cations on Na+/Ca2+ exchange and 
ATP-dependent Ca’+ transport in synaptic plasma 
membranes. J Neurochem 41: 670-676, 1983. 
Smmark T and Viihardt H, Isolation and partial 
characterization of magnesium ion- and calcium ion- 
dependent adenosine triphosphatase activity from 
bovine brain microsomal fraction. Biochem J 181: 321- 
330, 1979. 
Layne E, Spectrophotometric and turbidimetric method 
for measuring proteins. In: Methods in Enzymology 
(Eds. Coiowick SP and Kaplan NO), pp. 447-451. 
Academic Press, New York, 1957. 
Martonosi A and Feretos R, Sarcopiasmic reticulum- 
correlation between adenosine triphosphafase activity 
and Ca*+ uptake. .I &of Chem 239: 659-668, 1964. 
Madeira VMC, Antunes-hfadeira MC and Carvaiho 
AP, Activation energies of the ATPase activity of 
sarcopiasmic reticulum. Biochem Biophys Res Commwn 
58: 897-904, 1974. 
Michaelis ML, Kitos TE , Numley EW, Lecluyse E and 
Michaelis EK, Characterization of Mg*“-dependent, 
ATP-activated Ca*’ transport in synaptic and micro- 
somai membranes and in permeabiiized synaptosomes. 
J Biol Chem 262: 4182-4189, 1987. 
Schellenberg GD and Swanson PD, Sodium-dependent 
and calcium-dependent calcium transport by rat brain 
microsomes. 3ioc~im Biophys Acta 648: 13-27, 1981. 
Biaustein MP, Calcium transport and buffering in 
neurons. Trends Neurosci 11: 438-443, 1988. 
Di Polo R and Beauge L, Ca*’ transport in nerve 
fibers. Biochim Bionhvs Acta 947: 549-569. 1988. 
Michaelis EK, Michaelis ML, Chang MH’and Kitos 
‘I’E, High affinity Ca*+-stimulated Mg*+-dependent 
ATPase in rat brain synaptosomes, synaptic membranes 
and microsomes. J Biol Chem 258: 6101-6108, 1983. 

34. Sobue KS, Ichida S, Yoshida H, Yamazaki R and 
Kakiuchi S, Occurrence of a Ca*+- and modulator 
protein-activable ATPase in the synaptic plasma 
membrane of brain. FEBS Lets 99: 199-202, 1979. 

35. Sorensen RG and Mahler HR, Calcium-stimulated 
adenosine triphosphatases in synaptic membranes. J 
Neurochem 37: 1407-1418. 1981. 

36. Ross DH and Cardenas HL, CalmoduIin stimulation 
of Ca*“-dependent ATP hydrolysis and ATP-dependent 
Ca”’ transport in synaptic membranes. J Neurochem 
41: 161-171, 1983. 

31. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47 

48. 

49 

50 

51 

La Porte DC, Wierman BM and Storm DR, Caicium- 
induced exposure of a hydrophobic surface on 
calmodulin. Biochemistry 19: 3814-3819, 1980. 
Levin RM and Weiss B, Specificity of the binding of 
trifluoperazine to the calcium-dependent activator of 
phosphodiesterase and to a series of other calcium- 
binding proteins. Biochim Siophys Acra 540: 197-204, 
1978. 
ProziaIeck WC and Weiss B, Inhibition of calmodulin 
by phenothiazines and related drugs: structure-activity 
relationships. .l Pharmucol Exp Ther 222: 509-516. 
1982. 
Prozialeck WC, Interaction of quaternary pheno- 
thiazine salts with calmodulin. J Pharmacol Exp Ther 
231: 473-479, 1984. 
Barrera G, Screpanti I, Paradis I, Parola M, Ferreti 
C. Vacca A. Farina A. Dianzani M. Frati L and Gulino 
A: Structure-activity relationships of calmodulin 
antagonism by triphenylethylene antiestrogens. Bio- 
them Pharmacol35: 2984-2986, 1986. 
Weiss B, Proziaieck WC and Wallace TL. Interaction of 
drugs with cafmodulin-biochemical, pharmacological 
and clinical implications. Biochem Fharmacol31: 2217- 
2226, 1982. 
Caroni P and Carafoii E. The Ca” pumping ATPase 
of heart sarcoiemma~haracrerization, calmodu~in 
dependence, and partial purification. J Bio( Chem 256: 
3262-3270, 1981. 
Rooney EK and Lee AG, Binding of hydrophobic 
drugs to lipid bilayers and to the (Ca” + MJ$+)- 
ATPase. Biochim kophys Acta 732: 428-440, 1983.’ 
Carafoli E, The Ca”” oumoinz ATPase of uiasma 
membranes. Purification:reconst%utionandproperties. 
Biochim Biophys Acla 683: 279-301. 1982. 
Verma AK, Fiioteo AG. Stanford DR, Wieben ED 
and Penniston JT, Complete primary structure of a 
human plasma membrane Car’ pump. JBiol Chem 
263: 14152-14159, 1988. 
Brandt EP, Zurini M, Neve RL, Rhoads RE and 
Vanaman TC, A c-terminal, caimodulin-like regulatory 
domain from the plasma membrane Ca’+-pumping 
ATPase. Proc Natt Acad Sci USA 85: 29142918, 1988. 
Nakamaru Y, Magnesium-adenosine triphosphatase 
activated by a low concentration of calcium in brain 
microsomes. J Biol Chem 63: 626-631, 1968. 
Roufogalis BD, Properties of a (MgZ+ + Car+)- 
dependent ATPase of bovine brain cortex--effect of 
detergents, freezing, cations and local anesthetics. 
Biochim Biophys Acta 318: 360-370, 1973. 
Trotta EE and Meis L, Adenosine 5’-triphosphate- 
orthophosphate exchange catalysed by _ the- Ca*+ 
transport ATPase of brain. f Biol Chem 253: 7821- 
7825, 1978. 
Ohashi T, Uchida S, Nagai K and Yoshida H, Studies 
on phosphate hydroiysing activities in the synaptic 
membrane. J Biochem 67: 635-641. 1970. 

52. Robinson JD, Effect of cations on (Caz+ + Mg2+)- 
activated ATPase from rat brain. J Neurochem 37: 
140-146, 1981. 

53. Vale MGP, Effect of phenothiazine drugs on the active 
Ca*” transport by &copiasmic retic&rm. Biochem 
Pharmacol34: 42454249. 1985. 

54. Ho M, Scales DJ and Inesi G, The effect of 
trifluoperazine on the sarcoplasmic reticulum 
membrane. Biochim Bionhvs Acta 730: 64-70. 1983. 

55. Blaustein MP, Ratzalaff RW and Scheitzer ES, Calcium 
buffering in presynaptic nerve terminals-kinetic 
properties of the nonmitochondrial Ca sequestration 
mechanism. J Gen Physiol72: 4366, 1978. 

56. Blaustein MP, Effects of internal and external cations 
and of ATP on s(~dium~alcium and calcium-calcium 
exchange in squid axons. Biophys J 20: 79-l 11, 1977. 

57. Caroni P, Reinlib Land Carafoli E, Charge movements 



1884 J. 0. MALVA et al. 

58. 

59. 

60. 

61. 

62. 

during the Na+-Ca*+ exchange in heart sarcolemmal Martin F, Analysis of tamoxifen, N-desme- 
vesicles. Proc Nat1 Acad Sci USA 77: 63544358, 1980. thyltamoxifen and 4-hydroxytamoxifen levels in cytosol 
Caroni P and Carafoli E, The regulation of the Na’- and KC1 nuclear extracts of breast tumours from 
Ca2+ exchanger of heart sarcolemma. Eur J Biochem tamoxifen treated patients by gas chromatography- 
132: 451-460, 1983. mass spectrometry (GC-MS) using selected ion 
Philipson KD, Sodium-calcium exchange in plasma monitoring (SIM). J Steroid Eiochem 28: 609-618, 

membrane vesicles. Annu Rev Physiol 47: 561-571, 1987. 

1985. 63. Reddel RR, Murphy LC and Sutherland RL, Effects 

Erdreich A, Spanier R and Rahamimoff H, The of biologically active metabolites of tamoxifen on the 

inhibition of Na-dependent Ca uptake by verapamil in 
proliferation kinetics of MCF-7 human breast cancer 

synaptic plasma membrane vesicles. Eur J Pharmacol 
cells in vitro. Cancer Res 43: 4618-4624, 1983. 

90: 193-202, 1983. 
64. Love RR, Tamoxifen therapy in primary breast 

Liron Z, Roberts E and Wong E, Verapamil is a 
cancer-biology, efficacy and side effects. J Clin Oncol 

competitive inhibitor of y-aminobutyric acid and 
7: 803-815, 1989. 

calcium uptakes by mouse brain subcellular particles. 
65. Malva JO, Lopes MC, Vale MGP and Carvalho AP, 

Effect of antiestrogens on the Ca*’ ATPase and Na+/ 
Life Sci 36: 321-327, 1985. Cal’ exchange in nerve. .I Neurochem 52 (suppl): 160 
Murphy C, Fotsis T, Pantzar P, Adlercrentz H and (D), 1989. 


