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Elevation of cytosolic calcium of rat cardiac myocytes in phosphate
depletion. Phosphate depletion is associated with a rise in cytosolic
calcium ([Ca2]i) of cells and such a derangement is responsible in major
part for organ dysfunction in phosphate depletion (PD). Cardiac function
is impaired in PD, and it is possible that PD is also associated with rise in
[Ca2]i of cardiac myocytes. The present study examined the effect of PD
on [Ca2ji of cardiac myocytes and explored the mechanisms that may
lead to the rise in their [Ca2]i. The [Ca2]i of cardiac myocytes began to
rise and Al? content began to fall at the third week of PD. After six weeks
of PD, the values of [Ca2]i were significantly higher (P < 0.01) and those
of ATP content were significantly lower (P < 0.01) than in control (PW)
rats. The of Ca2-ATPase and Na,K-ATPase as well as the
Na-Ca2 exchange were significantly lower (P < 0.01) in PD than in PW
animals. The data of the present study are consistent with the notion that
the rise in [Ca2]i of cardiac myocytes of PD rats is due to a decrease in
calcium efflux out of them.

Experimental and clinical data have demonstrated that phos-
phate depletion (PD) is associated with depressed myocardial
performance in rats [1] and dogs [2], and with impaired myocar-
dial function manifested by elevated end diastolic pressure and
reduced stroke volume in humans [3]. The mechanisms underly-
ing these abnormalities in myocardial function in PD are not fully
understood.

PD is associated with a reduction in ATP content of almost
every organ studied including red blood cells [4], polymorphonu-
clear leukocytes [5, 6], kidney [7], pancreatic islets [8] and brain
synaptosomes [9]. Brautbar et al [101 reported that the ATP
content of the heart is also reduced in PD. The reduction in ATP
content in these various organs has been considered a major cause
underlying the derangement in organ dysfunction in PD animals
and humans [11].

Other studies have shown that PD is also associated with an
elevation in the basal levels of cytosolic calcium ([Ca2]i) of many
cells including polymorphonuclear leukocytes [61, pancreatic islets
[8] and brain synaptosomes [9]. It is of interest that the prevention
of the rise in the basal levels of [Ca2]i of these cells resulted in
normalization of their functional derangements and significant
improvement or normalization of their ATP content [6, 12—14],
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despite the same degree and duration of PD. These observations
assigned a primary role for the rise in the basal levels of [Ca2]i
in the genesis of cell dysfunction in PD.

It is possible that PD also causes a rise in [Ca2]i of the cardiac
myocytes and such an abnormality would contribute to the genesis
of myocardial dysfunction in PD. The present study examined the
effect of PD on [Ca2]i of cardiac myocytes and explored the
pathways through which PD may raise the basal levels of [Ca2]i
of these cells.

Methods

A total of 127 male Sprague-Dawley rats weighing 145 to 175
(168 1.6) g were used. The animals were housed in individual
cages and were allowed free access to deionized water at all times.
The rats were divided into two groups. The first group was fed a
low phosphorus diet (phosphorus content 0.03%, ICN., Chemi-
cals, Cleveland, OH, USA) and was designated phosphate-de-
pleted (PD) rats. The second group received control diet (phos-
phorus content, 0.99%, Wayne Research Animals, Bartonville, IL,
USA) in a quantity adjusted to maintain their body wt equal to
that of the PD animals; these rats were designated pair-weighed
(PW). The other component of the two diets were comparable
(protein 20 vs. 24% and fat 4.5 vs. 4.5%). Calcium content was
lower in the low phosphorus diet (0.06%) than in the control diet
(1.48%); this is necessary, otherwise marked hypercalcemia may
develop and endanger the life of the PD animals. Blood samples
were withdrawn from the tail vein under light ether anesthesia
before and weekly for six weeks after the feeding of low phosphate
diet (PD rats), and before and at six weeks after feeding with
regular diet (PW rats). These blood samples were used for the
measurements of plasma calcium, phosphorus and creatinine.

Groups of PD rats were sacrificed weekly for six weeks for the
measurement of cytosolic calcium [Ca2]i and ATP content of the
cardiac myocytes. These parameters were evaluated only after six
weeks in PW rats. The Vm and Km of Ca2-ATPase, Vma,, of
Na,K-ATPase and the Na-dependent Ca2 exchange were
measured after six weeks in both the PD and PW rats.

Cardiac myocytes were isolated from ventricles using a modifi-
cation of the methods of Dc Young et al [15] and Haworth et al
[16]. The details of the isolation technique used in our laboratory
have been reported [17]. [Ca2]i in cardiac myocytes was mea-
sured by Fura 2 AM using the Perkin-Elmer fluorometer model
LS 5B (Perkin-Elmer, Norwalk, CT, USA). The details of this
methodology have also been reported from our laboratory [17].
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The dissociation constant for Ca2tFura 2 was assumed to be 225
nM and calculation of [Ca2]i was made using the Grynkiewicz
equation [18].

ATP content of cardiac myocytes was estimated with an high-
performance liquid chromatography (Shimadzu Scientific Instru-
ment, Japan) system using 15-C Axiom C18 column (5-ttm
particle size; Cole Scientific, Calabasas, CA, USA).

Measurement of Na,K-ATPase and Ca2-ATPase activities
were made using sarcolemmal vesicles of ventricles prepared
according to the method described by Pitts [19]. The details of
these measurements were reported previously from our labora-
tory [20].

The Na-Ca exchange was measured in sarcolemmal vesicles
as Natdependent Ca2 uptake by a modification of the method
described by Bersohn et al [21]. An aliquot of 5 x1 of sarcolemmal
vesicles which were suspended in NaC1-MOPS solution prior to
freezing were added to 245 il of uptake media containing 160 mM
KCI, 45Ca 0.3 xCI (specific activity 10 to 40 mCi/mg calcium;
Amershan, Arlington Heights, IL, USA), 10 xM CaCl2, 20 mM
MOPS (pH 7.4). After different times of 5,10,15,30,60 and 90
seconds, 30 pi of 10 ms EGTA (pH 7.4) were added and followed
by 1 ml of ice-cold 1 mivi EGTA-KCI-MOPS to stop the reaction.
An aliquot of 1 ml was then taken from the mixture and passed
through millipore membrane filter (0.45 xm, Millipore Corp.,
Bedford, MA, USA). The membranes were subsequently washed
twice with 2 ml of ice cold 1 mtvt EGTA-KC1-MOPS. The
membranes were then placed in scintillation vials containing 10 ml
of scintillation fluid (Ecolite, ICN, Irvine, CA, USA) and counted
with Beckman LS 7000 scintillation counter. K-loaded vesicles
were treated in a similar manner. The Nat-dependent Ca2
uptake activity was calculated as the difference between the
uptake by Na-loaded vesicles and K-loaded vesicles.

The measurement of calcium in the plasma was made by
Perkin-Elmer atomic absorption spectrophotometer, model 503,
and those of plasma phosphorus and plasma creatinine by an
autoanalyzer (Technicon Instrument Corp., Tarrytown, NY, USA).
Protein content of the sarcolemmal vesicles was measured by the
method of Bradford [22]. Statistical analysis was done with paired
and unpaired Student's t-test. Data are presented as mean 1 SE.

Results
Both PD and PW rats grew at the same rate and the body wt of

these animals after six weeks of the study was not different (267
4.2 vs. 274 4.8 g). There was slight but significant (P < 0.01)
decrease in the plasma concentration of phosphorus [from 7.8
0.35 to 6.9 0.30 mg/dl (P < 0.01) after six weeks] in the PW rats,
but the plasma level of calcium in these animals did not show a
significant change. In the PD rats, there was a significant (P <
0.01) decrement in the plasma levels of phosphorus (from 8.0
0.18 to 4.1 0.11 mg/dl) and significant (P < 0.01) increment in
the plasma levels of calcium (from 9.9 0.20 to 11.5 0.10) after
six weeks of PD. Plasma concentrations of creatinine did not
change.

Figure 1 depicts the changes in [Ca2]i and ATP content of the
cardiac myocytes during the six weeks of phosphate depletion.
The values of [Ca2]i during the first and second weeks of PD
were not different from those observed PW rats or from those
noted in cardiac myocytes from normal rats previously reported
from our laboratory [17]. However, beginning with week three of
PD, the basal levels of [Ca2]i began to rise progressively,

Fig. 1. Basal levels of [Ca2Ji of cardiac myocytes during the evolution of
PD over a period of six weeks (A). The open column provides the data in
PW rats and the shaded columns in PD animals. Each column represents
the mean value of 7 to 9 rats and the brackets denote 1 SE. < 0.01
versus first and second weeks of PD or PW. The Al? content of cardiac
myocytes during the evolution of PD over a period of six weeks (B). The
open column provides the data in PW rats and the shaded columns in PD
animals. Each column represents the mean value of 6 to 9 rats and the
brackets denote 1 SE. *p < 0.01 versus first and second weeks of PD or
Pw.

reaching a value of 83 7.4 flM at week 6 of PD. The values of
[Ca2]i at weeks 3, 4, 5, and 6 of PD were significantly higher than
those at weeks 1 and 2 of PD. At week 6 of PD the basal levels of
[Ca2]i were significantly (P < 0.01) higher than those in cardiac
myocytes of PW rats (63 1.8 nM).

The ATP content of cardiac myocytes after weeks 1 and 2 of PD
were not different from those noted in PW rats or from normal
cardiac myocytes previously reported from our laboratory [17].
The ATP content began to display a progressive fall between
weeks 3 and 6 of PD, reaching a value of 91 13.4 nmol Pi/106
cells by the end of week 6 of PD (Fig. 1). The ATP content of the
cardiac myocytes after six weeks of PD was markedly and signif-
icantly (P < 0.01) lower than that found after six weeks in PW
rats.

After six weeks of PD the Vm of Ca2 tATPase of the
sarcolemmal vesicles of the cardiac myocytes of (2.8 1.74 j.tmol
Pi/hr/mg protein) was significantly lower (P < 0.01) than that in
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PW rats (6.4 0.82 j.tmollPi/hr/mg protein). In contrast, the Km
of this enzyme in these two groups of rats was not different (0.29

0.02 vs. 0.27 0.01 .LM). The values of the Vma,, arid Km of
Ca2 ATPase in the PW rats were not different from those found
in normal rats (6.1 0,29 jmol Pi/hr/mg protein and 0.28 0.037
nM, respectively) previously reported from our laboratory [17].

The Vm of the Na,K-ATPase of the sarcolemmal vesicles
of the cardiac myocytes after six weeks of PD (7.5 0.62 j.mol
Pi/hr/mg protein) was significantly lower (P < 0.01) than in PW
rats (16.7 0.5 j.mol/hr/mg protein). This latter value was not
different from that found in normal rats (16.9 0.73 imol/hr/mg
protein) previously reported from our laboratory [17].

The Nat-dependent 45Ca uptakes by cardiac sarcolemmal
vesicles in PD and PW rats are shown in Figure 2. PD rats
displayed significantly lower (P < 0.01) levels of uptake at all
times of the uptake study.

Discussion

The results of the present study demonstrated that PD is
associated with a significant rise in [Ca2]i of cardiac myocytes,
and this change becomes apparent in week 3 of PD and pro-
gressed with the duration of PD. Our data are similar to those
found in brain synaptosomes [231, pancreatic islets [24] and
polymorphonuclear leukocytes [6]. Taken together, our observa-
tions and those previously reported support the notion that an
elevation in [Ca2]i in PD is a generalized phenomenon.

An increase in basal levels of [Ca2]i in cells could be due to
increased calcium influx, decrease calcium efflux or both. Previous
studies in brain synaptosomes [9, 231 and pancreatic islets [8, 24,
25] of PD rats have shown that both increased influx and
decreased efflux of calcium contributed to the elevation of the
basal levels of [Ca21i in these cells.

In the present study, we have not evaluated calcium influx in
cardiac myocytes. However, the results demonstrated significant
reduction in calcium efflux from these cells in PD. Calcium exit

It has been reported that phospholipid contents of cell mem-
brane modulate the activities of Ca2-ATPase and Na,K-
ATPase [27, 28], and Missiaen et al [29] found, in in vitro studies,
that the Vmax of Ca2-ATPase is directly related to the concen-
tration of phosphatidylinositol and phosphatidylserine. Thus, a
reduction of phospholipids of cardiac myocytes in PD may also
contribute to the reduced Vmax of Ca2-ATPase and Na,K-
ATPase. Indeed, Brautbar et al reported that PD caused a
decrease in the content of total phospholipid, phosphatidylcholine
and phosphatidylserine of the myocardium [30].

PD per se is associated with a fall in ATP content in many cells
[31]. However, the rise in the basal levels of [Ca2]i may also
contribute to the magnitude of the decrement of ATP in PD.
Previous studies showed that an increment in calcium burden of
cells is associated with inhibition of mitochondrial oxidation and
ATP production [32—34] and hence with lower ATP content
[32—34]. Indeed, the prevention of the rise in basal levels of
[Ca2]i in brain synaptosomes [9] or in polymorphonuclear
leukocytes [6] of PD rats was associated either with the normal-
ization or improvement in the ATP contents of these cells,
respectively.

The mechanisms responsible for the inhibition of the activity of
the Na-Ca2 exchanger are not elucidated by the present study.
The control of the cardiac Na-Ca2 exchanger is complex and
not well understood [351. Deitmer and Ellis [36] reported that the
inhibition of Na,K-ATPase may produce acidosis in cardiac
muscle, and a decrease in intracellular pH inhibits the Na-
dependent Ca2 efflux [37]. It is possible that the inhibition of
Na,K-ATPase in PD contributes to the inhibition of Na-Ca2
exchanger.

It has been previously demonstrated that the elevation in the
basal levels of [Ca2]i in PD plays an important role in organ
dysfunction associated with PD [271. Indeed, the prevention of the
elevation of [Ca2]i by the treatment of PD rats with verapamil
prevented the impaired phagocytosis of polymorphonuclear leu-
kocytes [6], the reduction in insulin secretion by pancreatic islets
[14], and the impairment in norepinephrine metabolism of brain
synaptosomes [13] as well as the decrease in their phospholipid
content [121. It is tempting to propose that the elevation in the
basal levels of [Ca2]i of cardiac myocytes in PD also contribute
to the cardiac dysfunction associated with PD.
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from cells is mediated directly by Ca2-ATPase, and Na-Ca2
exchanger and indirectly by Na,K-ATPase [26]. The results of
our study showed that the activity of all these calcium pumps are
impaired in PD. Thus it appears that in PD, the rise in the basal
levels of [Ca2]i of cardiac myocytes is due to decreased efflux of
this ion from these cells.

ATP is required for the normal function of Ca2-ATPase and
Na,K-ATPase, and the decrease in the ATP content of the
cardiac myocytes in PD could be responsible for the reduction in
the activity of these pumps and hence to the decrease in calcium
exit out of these cells. Indeed, as ATP began to fall during the
third week of PD, [Ca2]i began to rise. This finding suggests that
the activity of Ca2-ATPase and Na,K-ATPase was already
reduced by the third week of PD. Although we did not measure
the activity of these enzyme after three weeks of PD, Rios et al
[23] found that the Vmax of Ca2-ATPase and of Na,K-ATPase

0 20 40 60 80 100
of brain synaptosomes of PD rats were reduced by the third week
of PD.

Time, seconds

Fig. 2. Time course of Na -dependent 45Ca uptake by sarcolemmal vesicles
of cardiac myocytes in PWand PD rats. Symbols are: (+) PW; (LI) PD; (U)
KC1. Each datum point represent the mean of 9 rats and the brackets
denote 1 SE.
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