Calcium Transport Abnormality in Uremic Rat Brain Synaptosomes
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Abstract

Brain calcium is elevated in patients and laboratory animals with
uremia. The significance of this finding is unclear. We evaluated
calcium transport in brain of both normal and acutely uremic
rats (blood urea nitrogen = 250 mg/dl) by performing studies
in synaptosomes from rat brain cerebral cortex. Synaptosomes
are vesicular presynaptic nerve endings from brain that contain
mitochondria and are metabolically active. Two mechanisms of
calcium transport were evaluated using radioactive *Ca** as a
tracer. Both mechanisms were evaluated in the absence of ex-
ogenously administered parathyroid hormone (PTH). We first
evaluated Na*-Ca** exchange in vesicles that were loaded with
NaCl in an external media containing 10 uM CaCl. Both initial
rates of calcium transport and equilibrium levels of calcium ac-
cumulation in synaptosomes prepared from uremic rats were
significantly greater (P < 0.005) than in normal. To assess cal-
cium efflux, ATP-dependent calcium uptake (1 mM ATP) was
studied in inverted plasma membrane vesicles loaded with KCI.
In the uremic synaptosomes, a significant increase (P < 0.005)
in ATP-dependent calcium uptake was observed as compared
with the normal. These studies show that (@) Calcium accumu-
lation via the Na*-Ca** exchanger is increased in synaptosomes
prepared from uremic rat brain. (5) Calcium influx into inverted
plasma membrane vesicles from uremic rats via the ATP-de-
pendent calcium transport mechanism is increased when com-
pared with normal. (¢) The increased calcium accumulation in
uremia by both Na*-Ca** exchange and ATP-dependent calcium
transport mechanism appears to be a result of increased syn-
aptosomal membrane permeability to calcium. Both these ab-
normalities of calcium transport in uremia would tend to increase
brain extracellular calcium in vivo. The defects observed in ure-
mia do not appear to be readily reversible, and the relationship
to PTH is presently unclear. These abnormalities may affect
neurotransmission in the uremic state.

Introduction

Brain cell calcium is elevated in patients and laboratory animals
with uremia and is associated with alterations in the electroen-
cephalogram (1, 2). The functional significance of this finding
is unclear, but it may relate to neurotransmission, as neuro-
transmitter release into the synaptic space in nerve terminals in
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brain is closely coupled to calcium concentration in nerve cells.
Evidence suggests that calcium transport across these membranes
precedes the release of neurotransmitter substances in the brain
(3). The mechanisms by which this interrelationship is main-
tained was first described in squid axon (3). Since then, numerous
attempts have been made to elucidate the exact mechanisms by
which calcium is accumulated and released by nerve endings.
These studies were performed both in vivo (4-7) and in vitro
(8-11). Because of the difficulty of directly measuring calcium
transport in the brain of mammalian species, recent work in
calcium transport has been performed in in vitro models called
synaptosomes.

Synaptosomes are membrane vesicles that are formed from
the presynaptic nerve terminals in the brain (12). During ho-
mogenization of cerebral cortex, the presynaptic nerve endings
are sheared off and resealed to form intact vesicles called syn-
aptosomes (13-15). Synaptosomes can be used for studies in
which vesicles are physiologically oriented (right side out), or in
an inverted (inside out) configuration (8, 10, 12). Many enzy-
matic and metabolic properties have been demonstrated in syn-
aptosomes (12, 16-18), and transport studies with sodium and
neurotransmitter substances have also been evaluated. Under
these conditions, the synaptosomes have proven to be a reliable
and highly reproducible model with which to study alterations
in central nervous system function. Synaptosomes contain mi-
tochondria, synaptic vesicles, and endoplasmic reticulum (12),
all of which are known to transport calcium in vitro (19-22).

The two major mechanisms by which calcium is transported
in synaptosomes are the same as those recognized in squid axon.
The first of these is by the Na*-Ca** exchange mechanism and
the second is by an ATP-dependent calcium transport process
(10). In squid axons, these transport mechanisms are such that
they actively extrude calcium against a very high calcium con-
centration gradient. Calcium transport by the Na*-Ca** ex-
change mechanism occurs as a result of the sodium concentration
gradient. Under these conditions, calcium is transported in a
direction opposite to that of the sodium movement (23) and the
larger the sodium gradient, the greater the amount of calcium
which will be exchanged for sodium. The stoichiometry for this
uptake process is such that three sodiums are exchanged for
each calcium transported. Although Na*-Ca** exchange has been
shown to participate in both influx and efflux of calcium in
synaptosomes, ATP-dependent calcium transport occurs only
from the cytosolic surface of the synaptosomes, and this occurs
only in inverted plasma membrane vesicles (5, 24-26). However,
calcium transport by the Na*-Ca** exchanger occurs in both
inverted and right side out vesicles (10).

In this study we used both these well established modes of
calcium transport to investigate calcium uptake in both normal
and uremic synaptosomes. The study was designed to evaluate
calcium transport in uremic synaptosomes as compared with
normal, as well as to understand the possible mechanisms and
functional significance of the observed elevated brain calcium
in uremia.
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Methods

General

All experiments were performed on 200-g male Sprague-Dawley rats and
were carried out in paired groups of normal with blood urea nitrogen
= 15 mg/dl and uremic (blood urea nitrogen = 250 mg/dl) animals. The
rats were made acutely uremic by performing bilateral ureteral ligation
under general anesthesia (ketamine, 150 mg/kg of body weight, admin-
istered intramuscularly). They were then placed in cages and fed regular
rat chow with free access to water along with the normal control groups
of rats. At ~45 h of uremia, the rats were killed by decapitation and
their forebrain removed and immediately placed in ice-cold isolation
media containing 320 mM sucrose, 0.2 mM K-EDTA, 5 mM Tris-HCl,
pH 7.4, at 0°-4°C. The normal and uremic rat brains were processed
simultaneously. For each group, four rat brains were pooled for isolation
of synaptosomes. All further experiments were carried out at 0-4°C.

Isolation of synaptosomes. Synaptosomes were prepared by a mod-
ification of the method of Gray and Whittaker (14), as previously de-
scribed by our laboratory (12). The brains were first minced with scissors
and rinsed thoroughly with isolation media to remove any blood. It was
then homogenized in isolation media with a glass Dounce homogenizer
and centrifuged at 1,300 g to remove the heavy fractions. The lighter
fraction, consisting of the crude synaptosomal-mitochondrial suspension,
was purified by centrifugation on a discontinuous Ficoll gradient with a
Beckman ultra-centrifuge (12). At the end of the spin, the synaptosomal
fraction was removed by suction with a plastic disposable pipette and
stored in isolation media at —70°C. The frozen synaptosomes are then
able to be used for transport studies after thawing (12).

Protein determination. Protein concentration was determined as pre-
viously described (27). The extraction method yielded ~ 100 mg of syn-
aptosomal protein per 4 g of rat brain cerebral cortex.

Total internal synaptosomal volume. This was determined by the
method previously described by Padan and associates (28). “C-Methoxy
inulin was used to measure the external space and tritiated H,O was
used to determine the total pellet water. Internal volume during exper-
imental conditions were also assessed using tritiated mannitol, which
was used as a marker for intracellular water (12). The amount of tritium
taken up by the synaptosomes was counted simultaneously with *Ca**
at the end of the experiments. Intrasynaptosomal volume was then com-
pared between normal and uremic synaptosomes.

Oxygen consumption study. Synaptosomal oxygen consumption
studies were carried out using a Clark type oxygen electrode at 25°C in
a manner similar to that of Booth and Clark (29). The incubation media
contained 3.0 ml of 100 mM NaCl, 75 mM mannitol, 25 mM sucrose,
10 mM phosphate-Tris, 10 mM Tris HCl, pH 7.4, and 0.05 mM
K-EDTA, to which was added 10 ul of synaptosomal protein (~ 100 ug
protein) together with 10 ul of 10 mM glucose as substrate. Oxygen
consumption by the synaptosomes was then calculated on the basis of
both the temperature at which the assay was performed and on the protein
concentration.

Enzyme assay. Mitochondrial contamination studies were performed
at 25°C at a wavelength of 550 nm using a Gilford recording spectro-
photometer (model 240). Rotenone insensitive NADH and NADPH
cytochrome c¢ reductase activities were measured by modification of the
method described by Duncan and Mackler (30). The reaction mixture
consisted of 3 ml of 0.3 mM KCN, 0.10 mM NADH, 0. mM NADPH,
0.1 mM cytochrome ¢, 1.5 mM rotenone, and 50 mM K,HPO, buffer
at pH 7.4, to which 10 ul of synaptosomal protein was added. The ex-
tinction coefficient of cytochrome ¢ was taken to be 21.1 (31).

Lactate dehydrogenase (LDH)' activity was measured by following
NADH oxidation at a wavelength of 340 nm in a medium containing
40 mM potassium phosphate buffer at pH 7.4, | mM pyruvate, 0.2 mM
NADH, and 0.5% Triton X-100 (32). The extinction coefficient of NADH
was taken to be 6.22 (33). Assay was carried out at 25°C.

1. Abbreviations used in this paper: ER, endoplasmic reticulum; LDH,
lactate dehydrogenase; PTH, parathyroid hormone.
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Na-Ca exchange assay. By this method, calcium uptake studies were
started by removing 0.5-ml aliquots of synaptosomal protein from storage.
The protein was allowed to thaw rapidly at room temperature and then
incubated for 10 min in 2 ml of preequilibrium media at 37°C in a
manner similar to that described by Fraser and associates (12). The pre-
equilibration media consisted of 140 mM NaCl, | mM MgSO,, 10 mM
glucose, and 5 mM Hepes-Tris at pH 7.4. The suspension was then
centrifuged at 20,000 g for 5 min and the resulting pellet was resuspended
and spun at the same speed and for the same duration. At the end of
this second spin, the final pellet was resuspended in 400 ul of the same
preequilibration media and stored at 0°-4°C until they were used for
transport studies.

Calcium uptake was initiated by adding 5 ul of synaptosomal sus-
pension (~50 ug protein) to 95 ul of external media, which then con-
stituted the reaction mixture. The external media contained 140 mM
KCl, 1 mM MgSO,, 10 mM glucose, 10 uM CaCl,, 0.1 xCi “’Ca**, and
5 mM Hepes-Tris, pH 7.4, at 25°C. In some experiments, A23187 (a
calcium ionophore) was also added to the external media. After the desired
periods of incubation, uptake was terminated by adding to the reaction
mixture 2 ml of ice-cold 150 mM KCl solution (stop solution). The
mixture was then immediately vacuum filtered through a 0.45-um pore
size cellulose-acetate membrane and washed twice with 2 ml of the ice-
cold stop solution. The filters were then dissolved in phase combine II
scintillant and counted by a Packard counter (model 2409). Each time
point was done in triplicate. The zero time points were obtained by
adding 2 ml of the stop solution to 95 ul of the external media, and to
this mixture was added 5 ul of synaptic vesicles (~50 ug protein) after
the reaction was stopped. The mixture was filtered and counted as above.
Nonspecific binding of calcium to the protein and filter at time zero was
20% of the 5-s uptake value. In some experiments, depending on exper-
imental protocol, potassium chloride in the external media was replaced
with either ammonium chloride, sodium chloride, rubidium chloride,
choline chloride, or lithium chloride in the same concentration as shown
above.

ATP-dependent calcium uptake assay. In these experiments, the syn-
aptosomes were loaded with preequilibration media containing 140 mM
KCl, 1 mM MgSO,, 10 mM glucose, and 5 mM Hepes-Tris, pH 7.4, at
25°C, as discussed previously. 5 ul of synaptosomes (~50 ug protein)
were then added to 95 ul of external media and allowed to incubate at
25°C for the desired time period. The external media contained 140
mM KCl, 1 mM MgSO,, 10 mM glucose, | mM Tris-ATP, 10 uM
CaCl,, 0.5 uCi *Ca**, and 5 mM Hepes-Tris at pH 7.4. Calcium uptake
was terminated at the appropriate time of incubation by diluting the
reaction mixture with 2 ml of stop solution. This mixture was then filtered
through a cellulose acetate membrane, washed twice with a 150-mM
KCl solution, and counted as discussed above.

Materials

The chemicals used in these experiments were obtained from the following
sources. *Ca**, *H,0, [methoxy-'“CJinulin, and [*H]mannitol were ob-
tained from New England Nuclear (Boston, MA). Tris-ATP, A23187,
Ficoll, rotenone, EGTA, and EDTA were obtained from Sigma Chemical
Co. (St. Louis, MO). Cellulose acetate filters, type SM 111-P12, were
obtained from Sartorius Filters (Hayward, CA). Sprague-Dawley rats
were obtained from Bainton-Kingman (Fremont, CA). All other chem-
icals were of reagent grade and were obtained from Sigma Chemical
Company.

Resulits

Total internal volume. The internal volume of both normal and
uremic synaptosomes were measured before freezing at —70°C.
No difference was found in the volumes between both groups
of synaptosomes. The values of 3.5+0.6 ul/mg protein and
3.4+0.4 ul/mg protein were similar to those obtained by other



investigators (34). During the various transport experiments, tri-
tiated mannitol was used to assess internal volume. Uptake in
both the normal and uremic synaptosomes suggested similar
volumes (12).

Enzyme assay. The results of the degree of contamination
of the synaptosomal fraction by free mitochondria and endo-
plasmic reticulum (ER) were evaluated as described in Methods.
In this experiment, the activity of both rotenone-insensitive
NADH and NADPH cytochrome ¢ reductase were used as
markers. The NADH-cytochrome ¢ reductase is a marker for
both the outer mitochondrial membrane and the ER (35, 36),
whereas the NADPH-cytochrome ¢ reductase is a specific marker
only for the ER (35). In this assay, values for NADH-cytochrome
¢ reductase in normal and uremic synaptosomes were 3.3+0.4
vs. 3.5+0.3 nmol/min per mg protein, respectively (12). Values
for NADPH-cytochrome ¢ reductase activity in normal and
uremic synaptosomes were 0.7+0.1 vs. 1.1+0.3 nmol/min per
mg protein, respectively (12). Therefore, the difference between
the two enzyme markers and the measured value of 42.0
nmol/mg protein of rotenone-insensitive NADH-cytochrome ¢
reductase for pure mitochondria allows us to calculate the degree
of contamination by free mitochondria. This calculation shows
that there are ~6.4 and 5.7% contamination of the normal and
uremic synaptosomes, respectively, with free mitochondria.
These values are consistent with those published by other in-
vestigators (16). Additionally, we evaluated contamination by
ER in normal and uremic synaptosomes. Based on the values
for NADPH-cytochrome ¢ reductase in normal and uremic syn-
aptosomes, and the value of 16.0 nmol/mg protein obtained
from a pure ER preparation, the degree of contamination by
ER in normal and uremic synaptosomes are quite small and
not significantly different from each other (5 vs. 7%, respectively).

The integrity of the synaptosomal plasma membrane was
evaluated by measuring LDH activity, which is a cytosolic
marker (37). This was achieved by assaying LDH activity in the
absence and presence of the detergent Triton X-100. As shown
previously (12), specific activities of LDH in the absence of Triton
X-100 were found to be 136£15.0 nmol/min per mg protein
and 150+15 nmol/min per mg protein in normal and uremic
synaptosomal fractions, respectively. These values increased to
995+35 nmol/min per mg protein and 920+40 nmol/min per
mg protein, respectively, in the presence of 0.5% Triton X-100.
The sixfold increase of LDH activity after lysis of the synapto-
somes demonstrates an intactness of both groups of synapto-
somes before lysing with detergent.

Oxygen consumption. In both normal and uremic synap-
tosomes, the respiratory rates are not significantly different from
each other (4.3+0.12 nmol/min per mg protein vs. 4.6+0.2
nmol/min per mg protein, respectively). This similarity in rate
of respiration was also observed in the presence of other sub-
strates, such as glucose, ADP, and succinate, a substrate for both
mitochondrial and synaptosomal respiration (14, 36).

Na-Ca exchange in synaptosomes. The experiment in Fig.
1 was designed to evaluate calcium uptake in synaptosomes in
the presence of various cations in the external media. As de-
scribed in Methods, uptake was carried out in the presence of
140 mM of each of the following salts: RbCl, KCl, NH,Cl, cho-
line chloride, LiCl, and NaCl. The aim of this experiment was
to compare our findings with those obtained by other investi-
gators (25), and to observe how the sodium-calcium exchange
mechanism is influenced by the external ionic concentration.
The graph in this figure shows calcium uptake in nanomoles per

—_ 5

£ 1 Y
_
e 10p
///
e 24 A Y
£ O v
: AU A YU
S 10
il
;:O—NCII Chl -|

Time (10 minutes)

Figure 1. Effects of cations on sodium-calcium exchange mechanism.
Synaptosomes were loaded with 140 mM NaCl media. The external
media contained either of the following in a similar concentration
(NH,CI, KCI, RbCl, ChCl, LiCl, NaCl). Calcium uptake varied ac-
cording to sodium gradient and permeability of synaptosomal mem-
brane to ionic solution. This graph is a mean of five experiment and
each time point was done in triplicate.

milligrams protein plotted at 10 min. Uptake was evaluated over
15 min and the relationship in uptake between the various ionic
compositions was similar to that shown in Fig. 1 throughout the
period of observation. The first conclusion to be drawn from
this graph is that without a sodium concentration gradient which
is inversely proportional to the calcium concentration gradient,
calcium transport will not proceed. When the vesicles were
loaded with 140 mM NaCl and uptake was carried out in the
same media, no significant calcium uptake was observed. This
suggested that the binding of calcium to these synaptosomes is
probably insignificant. On the other hand, when uptake was
carried out in the presence of either NH,Cl, KCIl, or RbCl in
the external media, calcium uptake was markedly enhanced.
The synaptosomal membrane is quite permeable to ammonium
chloride, potassium chlaride, and rubidium chloride. Thus, it
appears that the rate of calcium uptake by this mechanism may
be related to the relative permeability of the membranes to the
major ionic constituents in the external media (38). These vesicles
are less permeable to both choline chloride and lithium chloride
than to NH4Cl, KCl, and RbCl, and they also facilitated less
uptake of calcium. From these data we decided to use potassium
chloride in the external media in all subsequent sodium-calcium
uptake experiments. This experiment was performed in both
normal and uremic synaptosomes and the uptake pattern was
similar in both groups. Calcium uptake was greater in uremic
than in normal synaptosomes in all the conditions studied.
The graph in Fig. 2, shows data for calcium uptake via the
Na-Ca exchange mechanism in both normal and uremic syn-
aptosomes. The two curves at the bottom of the figure show
calcium uptake in both normal and uremic synaptosomes in
the presence of the calcium ionophore A23187. The lower of
the two curves represents uptake in normal synaptosomes. The
ionophore serves to equilibrate calcium concentration inside and
outside the vesicles, thus diminishing the ability of the synap-
tosomes to actively accumulated calcium. However, in the ab-
sence of A23187, both groups of synaptosomes rapidly accu-
mulated calcium in exchange for sodium. This is depicted by
the two top curves in Fig. 2 that show calcium uptake in normal
(closed circle) and uremic (closed triangle) synaptosomes. As is
shown by these curves, uptake progressed quite rapidly and
reached a maximum value by 5 min and remained relatively
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Figure 2. Sodium-calcium exchange in normal vs. uremic synapto-
somes. The top curve represented by a shows calcium uptake in
uremic synaptosomes. The curve represented by e shows uptake in
normal synaptosomes. The curves represented by O and --- represent
calcium uptake in the presence of the calcium ionophore A23187.
This graph is mean of eight experiments and each time point was
done in triplicate. The result is expressed as mean+SE. The points in-
dicated by the asterisk represent differences that are significant to

P < 0.005. '

constant over the period of observation. It is clear from this
graph that calcium accumulation in uremic synaptosomes (top
curve) was greater than that observed in normal. This difference
was significant to P < 0.005 throughout the course of observation.
In uremic synaptosomes, maximum calcium uptake at 10 min
was 4.60+0.3 nmol/mg protein vs. 3.8+0.3 nmol/mg protein in
normal. )

Two possible mechanisms could explain the observed in-
crease in calcium accumulation in uremic synaptosomes. Firstly,
there could be a decreased rate of efflux of calcium from the
uremic sypaptosomes. Secondly, the increased calcium accu-
mulation in uremia could be due to an increased rate of calcium
uptake in uremic synaptosomes. To evaluate the rate of uptake
of calcium by synaptosomes, we measured initial rate of calcium
uptake in both groups of synaptosomes by the sodium-calcium
exchange mechanism.

Fig. 3 shows calcium uptake in both normal and uremic
synaptosomes between 0 and 30 s. As early as 5 s after transport
was initiated, calcium uptake in uremic synaptosomes was mea-
surably greater than in normal. Additionally, this increase in
calcium uptake in uremic synaptosomes was significantly greater

3.0 *

2.5 */
o

[y

<
£3% 204 ‘
-]
a o
a
£f " :/
2=
29 1.0
S E ) ® Normal
0.5 A Uremic

0 T 7T T T T
5 10 15 20 25 30

Time (seconds)

Figure 3. Initial calcium uptake by sodium-calcium exchange mecha-
nism in normal and uremic synaptosomes. The top curve (a) shows
uptake in uremic synaptosomes, whereas the bottom curve (o) shows
calcium uptake in norma! synaptosomes. Uptake in uremia was signif-
icantly different (P < 0.005) at the points indicated by asterisk. Graph
is a mean of eight experiments.
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than that in normal (P < 0.005) as early as 10 s after uptake
was started. This suggests that at least part of the explanation
for the difference in calcium accumulation between normal and
uremic synaptosomes may be due to increased membrane per-
meability of uremic synaptosomes to calcium.

ATP-dependent calcium uptake in synaptosomes. By this

mechanism of calcium transport, uptake was observed in in-
verted plasma membrane vesicles only. Hence, the energy source
required for this transport process had to be supplied externally.
As described in the Methods section, 1.0 mM ATP was used as
the source of energy in this experiment.
" The reaction was carried out over 15 min and calcium uptake
was measured in nanomoles per milligrams protein (Fig. 4).
Three conditions for calcium uptake were evaluated in both
groups of synaptosomes. Uptake was measured in the presence
of ATP, in the absence of ATP (control), and in the presence of
calcium ionophore A23187 in addition to ATP. The bottom
curve shows uptake in normal and uremic synaptosomes in the
presence of A23187. In this instance, no significant stimulation
of calcium uptake was observed, since the ionophore serves to
equilibrate calcium concentration inside the synaptosomes with
that of the external concentration. Without ATP (second curve
from bottom) in the external media, a maximum uptake of only
0.3 nmol/mg protein was reached, approximately twice that
which is observed in the presence of A23187. This suggests that
only a small amount of calcium is taken up by the vesicles in
the absence of ATP. Both these uptake patterns are similar in
both their distribution and magnitude in normal and uremic
synaptosomes.

In the presence of ATP (top two curves of Fig. 4), both the
rate and the magnitude of calcium uptake achieved by the normal
and uremic synaptosomes were markedly increased over control.
Additionally, calcium uptake in synaptosomes obtained from
uremic rats was significantly greater (13.0 nmol/mg protein vs.
10.3 nmol/mg protein, respectively, P < 0.005) than in normal.
Not only was the net accumulation of calcium in uremia in-
creased, but the rate of accumulation appeared to be increased
as well. This increased accumulation of calcium by the ATP-
dependent calcium transport mechanism in inverted plasma
membrane vesicles suggests that decreased efflux of calcium from
uremic synaptosomes may not be responsible for the difference
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Figure 4. ATP-dependent calcium uptake in normal vs. uremic synap-
tosomes. The uptake in uremia is shown in the top curve (a). Uptake
in normal synaptosomes is shown by e. Calcium uptake in the pres-
ence of calcium ionophore A23187 is represented by o in both normal
and uremic synaptosomes. The curve represented by m shows control
uptake in the absence of ATP in both groups. The difference was sig-
nificant to P < 0.005 at the points indicated by the asterisk. This
graph is the mean of eight experiments. Data is expressed as the
mean=SE.



in calcium uptake between normal and uremic synaptosomes
during Na-Ca exchange.

To evaluate possible differences in initial rates of ATP-de-
pendent calcium uptake between both groups of synaptosomes,
an experiment was designed to measure calcium uptake at early
time points. As shown in Fig. 5, measurements were made be-
tween 0 and 30 s. By 15 s after initiation of the reaction, calcium
uptake is shown to be greater in uremia (top curve) than in
normal. As was the case in the sodium-calcium exchange ex-
periment, the difference became significant to P < 0.005 by
15 s and remained significant throughout the time of observation.
This result suggests that calcium transport mediated through the
ATP-dependent calcium transport system in synaptic plasma
membrane is increased in uremia. Thus, both Na-Ca exchange
and ATP-dependent calcium transport processes appear to be
increased in uremia. Since in vivo both the Na-Ca exchange and
ATP-dependent calcium transport processes function to extrude
calcium from within the cell, both abnormalities would thus
tend to favor an increased extracellular calcium concentration
in uremia.

The contribution that free mitochondria may have made to
calcium uptake by the ATP-dependent transport mechanism
was studied by evaluating calcium uptake in the presence of
potent mitochondria inhibitors. These include 12 uM rotenone,
0.1 mM 2-4-dinitrophenol, 0.1 mM KCN, 50 uM oligomycin,
0.1 mM azide, and 10 uM ruthenium red. No significant change
in the relationship between normal and uremic synaptosomal
calcium transport was observed (Fig. 6). There were, however,
a 5-10% inhibition of calcium uptake by these inhibitors in both
groups.

Discussion

These data show that there are significant abnormalities of cal-
cium transport in uremic synaptosomes. By investigating the
two well-defined mechanisms of calcium transport in synapto-
somes (9, 10), we were able to demonstrate that (a) there is
increased calcium accumulation via the Na*-Ca** exchange
mechanism in uremic synaptosomes, and (b) the influx of cal-
cium into inverted uremic plasma membrane vesicles by the
ATP-dependent calcium transport mechanism is increased as
well. Investigation of these observations with further studies
suggested that there is increased membrane permeability of
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Figure 5. Initial uptake in synaptosomes by ATP-dependent calcium
pump. Uptake was carried out between 0 and 30 s. The bottom curve
shows calcium uptake in normal synaptosomes (e), and the top curve
(a) shows uptake in uremic synaptosomes. The points indicated by as-
terisk are significant to P < 0.005. Graph is a mean of eight experi-
ments.*
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Figure 6. Graph represents ATP dependent calcium uptake in both
normal and uremic synaptosomes in the presence and absence of mi-
tochondrial inhibitors. Uptake was carried out in five experiments and
measurements were made at ten minutes. Uptake in uremia in the
presence of inhibitors was significantly greater than in normal P

< 0.005. Each time point was done in triplicate.

uremic synaptosomes to calcium transport via both Na*-Ca**
exchange and ATP-dependent calcium transport mechanism.
Since both groups of synaptosomes were prepared and stored
in a nonuremic environment, it does not appear that these ob-
served abnormalities are due to the uremic sera. An intrinsic
defect appears to develop in the membrane of the uremic syn-
aptosomes that is not easily reversible.

Our conclusions are based on the observation that the initial
rate of calcium uptake by uremic synaptosomes via the
Na*-Ca** exchange mechanism is significantly greatesr than in
normal synaptosomes (P < 0.005). The difference in initial rate
of calcium uptake between both groups was seen as early as 5 s
and became significant by 10 s of uptake (Fig. 3). Calcium uptake
in inverted uremic plasma membrane vesicles was also signifi-
cantly greater than in normal (P < 0.005) by 15 s of uptake (Fig.
5), suggesting that the ATP-dependent calcium pump function
is increased in uremia. Both these abnormalities in vivo would
tend to increase brain extracellular calcium concentration in
uremia.

Calcium uptake in synaptosomes via the Na*-Ca** exchange
mechanism occurs in two populations of vesicles simultaneously.
One population consists of inverted plasma membrane vesicles,
while the other has right side out vesicles. Calcium that is ac-
cumulated in inverted vesicles is contained within the vesicles,
since the experimental conditions do not facilitate calcium efflux
(Na in greater than Na out). On the other hand, the accumulation
of calcium within right side out vesicles is quite complex: not
only is calcium being accumulated in these vesicles, but calcium
is also being effluxed by the ATP-dependent calcium transport
mechanism. Native intrasynaptosomal ATP in both normal and
uremic synaptosomes is ~0.35 mM (12). These transport pro-
cesses result in a dynamic steady state where calcium accumu-
lation is a function of rate of calcium influx and rate of efflux
by the ATP-dependent calcium pump. Assessment of calcium
accumulation by the Na*-Ca** exchange mechanism, therefore,
requires evaluation of rates of influx and of efflux of calcium by
the different mechanisms involved. Being able to evaluate these
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vesicles in an inverted manner is a unique property that these
synaptosomes afford us (10). Thus, it is possible to evaluate ATP-
dependent calcium uptake in inverted (inside out) vesicles, where
the active site for ATP-dependent calcium pump is now exposed
to ATP that is added to the external media.

Factors that could possibly explain the increased calcium
accumulation in uremia include differences in vesicle sizes be-
tween normal and uremiic synaptosomes and enhanced ability
of free mitochondria and ER in the uremic preparation to ac-
cumulate calcium. From work done previously in our laboratory
(12), we have shown that the total intravescicular volume of
normal vs. uremic synaptosomes are not significantly different
from each other.

Since mitochondria and ER are intrinsic intracellular or-
ganelles of the synaptosomes, we are not overly concerned with
the activity of these intravesicular organelles. The extrasynap-
tosomal or free mitochondtia, however, could pose a potential
problem because of their known ability to accumulate calcium
(39). From the available evidence, brain mitochondria are known
to transport calcium by the ATP-dependent process and not by
Na-Ca exchange. This observation suggests that mitochondria
can be eliminated as a possible cause of the increased calcium
uptake observed in uremic synaptosomes by the Na*-Ca** ex-
change mechanismi. As shown previously, there is no significant
difference in free mitochondria in both groups of synaptosomes.
Also, when Na*-Ca** exchange was carried out in the presence
of high concentration of mitochondria inhibitors (12 uM rote-
none, 0.1 mM 2-4-dinitrophenol, 0.1 mM KCN, 50 uM oligo-
mycin 0.1 mM azide, and 10 uM ruthenium red), no change in
the magnitude of uptake or the relationship between normal
and uremic synaptosomes was observed. These data suggest that
the increased calcium uptake by uremic synaptosomes duting
Na*-Ca™* exchange is not due to mitochondrial calcium accu-
mulation. On the other hand, when mitochondria inhibitors were
used in similar concentrations in the ATP-dependent calcium
uptake experiments, only a small decrease in uptake was observed
(Fig. 6). No change in the relationship in calcium uptake pattern
between both normal and uremic synaptosomes was observed,
suggesting that thie contribution of mitochondria to the increased
calcium uptake in uremia is insignificant.

As previously stated, there were only 5 and 7% contamination
by ER of both normal and uremic synaptosomal preparation.
Although inhibition of ER function was not attempted, from
the similarity of the degree of contamination, it appears unlikely
that the differences in calcium transport that we observed was
due to ER contamination. It thus appears likely that the differ-
ence in calcium uptake we observed was due to an irtrinsic
defect in the membrane of the uremic synaptosomes. However,
the precise contribution which ER makes to the net uptake of
calcium in either group is presently unclear.

Parathyroid hormone (PTH) has been shown to be an im-
portant factor in the accumulation of calcium observed in uremic
brain in vivo (1, 2), as well as the EEG abnormalities observed
in both uremic dogs and humans (1, 2). In the present studies,
net synaptosomal calcium uptake in uremia was increased in
the absence of exogenously administered PTH. However, based
on previous studies in vivo (1, 2), PTH is most likely elevated
in the uremic rats, thus implying a possible PTH-dependent
mechanism. Based on the multiple washes that were performed
in these experiments, there is probably little if any circulating
PTH remaining. Such findings are quite compatable with recent
observations by Mahoney and Arieff (40) and Akmal et al. (41).
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It has been shown that there is continued accumulation of cal-
cium in dog brain during 6 mo of chronic renal failure in uremic
animals with intact parathyroid function (40). Additionally, in
uremic dogs previously parathyroidectomized, there is still an
accumulation of calcium in brain, but the amount is less than
in dogs with intact parathyroid glands (41). Jayakumar and as-
sociates (42) showed that there was a 40% reduction in calcium
uptake via the Na-Ca exchange mechanisms in rat renal cortex
basolateral membrane vesicles after parathyroidectomy. This
decrease in calcium uptake subsequent to parathyroidectomy
was reversed by PTH infusion (42). Thus, there are PTH-de-
pendent and PTH-independent mechanisms involved in accu-
mulation of calcium in brain in uremia and in basolateral mem-
brane vesicles in renal cortex. The present study has demon-
strated abnormalities in two different calcium transport
mechanisms in uremic rat brain synaptosomes. The relationship
of these findings to PTH is presently unclear.

In summary, it appears that calcium transport in uremic
synaptosomes is altered. This alteration results in increased cal-
cium uptake by both the Na*-Ca** exchange mechanism and
the ATP-dependent calcium transport system in uremic syn-
aptosomes. There are at least three intracellular second messenger
systems that are important in the regulation of intracellular me-
tabolism. These are cyclic AMP, cyclic GMP, and calcium ion.
Intracellular calcium is important in the regulation of lysosomal
enzyme release, mitosis, thermogenesis, glucose metabolism, and
steroid synthesis, as well as neurotransmission (43). The dem-
onstrated in vitro abnormalities of intracellular calcium flux
in the uremic central nervous system may in fact lead to alter-
ations in any of the above mentioned processes in vivo. Since
there is no difference in native intravesicular ATP between nor-
mal and uremic synaptosomes (i2), the difference in calcium
efflux via the ATP pump cannot be explained by differences in
the available energy source. These findings in our experimental
model are consistent with the clinical observation that as early
as 24 h after the onset of acute renal failure, brain calcium is
increased and the electroencephalogram is abnormal (2).
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