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Abstract 

Since neuronal activity is critically related to both intra- and extracellular calcium ion concentra- 
tions, there must be a mechanism for regulating the transfer of calcium from the blood into the 
extracellular environment of the brain. The data presented here support the hypothesis that, within 
or close to the site of passive permeation of calcium in the choroid plexus, there is a calcium pump 
capable of recycling the filtered calcium back into the capillary circulation. This pump can be 
blocked by ruthenium red, a known inhibitor of active calcium transport. The activity of the calcium 
pump is shown to increase in proportion to the concentration of calcium in the cerebroventricular 
fluid. Its physiological role therefore would be to insure that the calcium concentration available to 
the brain will be maintained within a narrow range even in the presence of severe hypercalcemic 
states. 

The concentration of calcium (Ca) in the cerebrospinal 
fluid (CSF) of various mammals is known to be main- 
tained within a relatively limited range even in the pres- 
ence of marked changes in Ca levels in plasma and body 
fluids (reviewed in Katzman et al., 1968; Graziani et al., 
1967). The entry of calcium from the plasma into the 
cerebroventricular compartment appears to be largely 
independent of the plasma concentration. It has been 
suggested, therefore, that the entry of calcium into the 
CSF may be controlled by a carrier-mediated or active 
transport mechanism (Graziani et al., 1967). However, 
more recent studies of ion transport across the choroid 
plexus produced no evidence that calcium is actively 
transported across this tissue (Wright, 1972). While an 
operative carrier-mediated transport may play an impor- 
tant role during hypocalcemia, it is not likely to be the 
only process controlling the entry of Ca into the CSF, 
particularly during states of hypercalcemia when diffu- 
sion favors an enhanced net flow of Ca from the blood to 
the CSF. 

Newly formed CSF has been shown to be a major 
source of Ca ions entering the cerebroventricular com- 
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partment at rates independent of the plasma concentra- 
tion (Cserr, 1971). It might be expected, therefore, that 
Ca extrusion occurs at sites of CSF formation, such as 
the choroid plexus. An operative extrusion process may 
have an important role in controlling the net entry of Ca 
from the blood to the CSF, particularly at times when 
the plasma concentration of Ca exceeds that of the CSF. 
It is possible that such a Ca extrusion mechanism re- 
sponds to elevated Ca concentrations in the CSF sur- 
rounding the choroid plexus by reducing the net flow of 
Ca from the blood to the cerebroventricular compart- 
ment. 

The purposes of the present study were to determine 
whether the rate of appearance of Ca in the cerebroven- 
tricular compartment is dependent upon the concentra- 
tion of Ca in the cerebroventricular fluid which surrounds 
the choroid plexus and to investigate some of the possible 
mechanisms which control the entry and removal of 
calcium in the cerebroventricular compartment of the 
urethane-anesthetized rat. 

Materials and Methods 

Animals. Male Wistar rats weighing 200 to 250 gm 
were used. The animals were deprived of food for 18 hr, 
but water was allowed ad libitum. 

Operative procedure. The rat was anesthetized with 
urethane (1 gm/kg, i.p.) and placed in a stereotaxic frame. 
The skull and dorsal neck muscles were exposed. The 
neck muscles were separated at the occipital protuber- 
ance to gain access to the atlanto-occipital membrane. A 
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small burr hole was drilled 0.5 mm anterior to bregma 
and 1 mm laterally from the midline for the insertion of 
the inflow cannula into the lateral ventricle. 

Ventricular-cisternal perfusion. A push-pull system 
consisting of two infusion-withdrawal pump-driven sy- 
ringes was used as previously described (Barkai, 1981). 
Briefly, artificial CSF (Cserr, 1965) was perfused via an 
inflow cannula (27 gauge needle) located in the lateral 
ventricle and the effluent was collected from an outflow 
cannula in the cisterna magna. Perfusion was carried out 
at a constant rate of 6.8 pl/min. Effluent was collected in 
a segment of calibrated polyethylene tubing which was 
replaced at predetermined time intervals. The perfusion 
fluid contained a tracer amount of 45CaC12. The specific 
radioactivity (SA ) of the 45Ca varied according to the 
experimental design. The concentration of Ca in the 
artificial CSF varied in different experiments between 
0.08 and 12 IIIM. The osmolality was kept constant by 
reducing the sodium concentration when high Ca con- 
centrations were used. 

Assay of Ca specific activity. The calcium concentra- 
tion was determined in 50-~1 aliquots of either perfusion 
fluid or effluent. The sample was diluted with deionized 
water to a final concentration of 20 to 50 pM and the Ca 
content was determined by atomic absorption (Perkin- 
Elmer model 372). An air/acetylene flame was used and 
the integration time of each sample was set to 2 sec. The 
full scale standard was a 50 pM solution of CaC12. Radio- 
activity was assayed in duplicate lo-y1 aliquots using a 
scintillation spectrometer (Beckman Instruments LS- 
200) and the specific activity was expressed as counts per 
min per nmol of calcium. 

Determination of the rate of appearance of calcium. 
The rate of appearance of endogenous calcium (R,) in 
the perfused cerebroventricular compartment was esti- 
mated by isotope dilution kinetics according to the equa- 
tion: 

Ra = KnCin [(SAin/S&ut)-11 (1) 

where R, is the average rate of appearance of endogenous 
calcium in the steady state, Ci, is the concentration of 
calcium in the perfusion fluid, and K:,, is the volume 
perfused per time unit when SAi, and SAout are specific 
activity values for 4”Ca in the perfusion fluid and effluent, 
respectively, after isotopic steady state has been reached. 

Entry of Ca from the blood. Estimates of Ca clearance 
from the plasma into the cerebroventricular compart- 
ment were made after rapid intravenous injection of the 
tracer 45Ca and continuous sampling of cisternal effluent. 
During the early period (first 5 min) after the tracer 
injection, when the amount of tracer that is returned to 
the plasma is practically negligible, the concentration of 
the tracer in the cerebroventricular compartment at any 
particular time after tracer injection can be calculated 
from the equation: 

[*Ch) = F [*Ch =0dl - emKplt) 63 

where * C,ct ) is the concentration of tracer in the cerebro- 
ventricular compartment at time t after tracer injection, 
K pi- u is the rate constant for the clearance of the tracer 
from the plasma into the cerebroventricular fluid, KP[ is 
the rate constant of the total clearance of the tracer from 

the plasma, and *Cplct= 0) is the concentration of tracer in 
the plasma immediately following tracer injection. It 
appears from this relationship that, when * C,( t ) repre- 
sents 45Ca, the values of *Cuct )/*Cplct = 0) approach the 
asymptote KP~+JKPl with a half-life that is determined 
by KPl (i.e., the rate of the total clearance of 45Ca from 
the injected plasma compartment (Riggs, 1963)). In order 
to estimate KPl and KPl+ “, animals were injected with 0.2 
ml of saline solution containing a tracer amount of 45Ca 
(30 to 50 pC!i) and cerebroventricular effluent was col- 
lected at short time intervals (-20 to 40 set) in the 
withdrawal polyethylene tubing. Thus, * C,( t ) values were 
obtained experimentally during a 6-min period. *Cplct= 0, 
was obtained after the total amount of tracer injected 
was divided by 5% of the animal’s body weight (repre- 
senting plasma volume) and KPl and KPl-, u were calcu- 
lated from the experimental data by nonlinear regression 
analysis (BMDP 3R, UCLA, 1979) according to equation 
2 above. 

Calcium removal. The fraction F of calcium removed 
from the CSF compartment by all internal mechanisms 
(endogenous removal) is obtained under steady state 
conditions from the following equation: 

F = 1 - (*Co,,/*Cin) (3) 

where *C& and *Ci, are the concentrations (counts per 
min per ml) of 45Ca in the effluent and the perfusion 
fluid, respectively. Internal mechanisms for the removal 
include diffusion and bulk absorption of the CSF through 
the arachnoid villi. The product of F( Ci,vi, + R,) rep- 
resents the rate of endogenous removal (nanomoles per 
min) by the internal transport mechanisms. 

Assay of 45Ca in the brain and choroidplexus. At the 
end of the perfusion experiment, the rat was removed 
form the stereotaxic frame and immediately decapitated. 
The brain was removed and weighed. The choroid plex- 
uses of the lateral ventricles were dissected out, washed 
briefly in saline, blotted, and immersed in 0.5 ml of 1 N 

NaOH solution in a small stoppered vial. The brain was 
washed twice in saline solution and placed in a vial to 
which tissue solubilizer (Protosol, New England Nuclear) 
was added to bring the volume up to 10 ml. This vial 
then was stoppered and left in an oven at 55°C for 1 
week, with occasional shaking, until the tissue was solu- 
bilized completely. The volume was adjusted again to 10 
ml with the same tissue solubilizer and the vial was left 
at room temperature in the dark for an additional 24 hr. 
Triplicate aliquots of 0.5 ml each then were taken for the 
measurement of radioactivity. Samples were counted in 
a Beckman scintillation spectrometer. Counting effi- 
ciency was corrected to match that of the aqueous sam- 
ples and radioactivity was expressed as counts per min 
per gm. 

The vial containing the choroid plexus tissue was left 
at room temperature until the tissue was dissolved com- 
pletely, usually 3 days. Duplicate aliquots of 0.1 ml were 
taken for protein determination according to Lowry et 
al. (1951). The remaining 0.3 ml was transferred to a 
scintillation vial and titrated with 0.3 ml of 1 N HCl. The 
mixture then was “bleached” with 0.1 ml of 3% Hz02 
solution and radioactivity was assayed after the addition 
of 18 ml of scintillation fluid. Radioactivity was deter- 



1324 Barkai and Meltzer 

mined as counts per min per mg of protein. Since the 
mean value for protein content in choroid plexus tissue 
was found in separate experiments to be 98 pg/gm (SD 
= 18), the radioactivity data were multiplied by 100 to 
represent counts per min per gm of tissue. 

Results 
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Rate of appearance of endogenous Ca (Ra). In a 
typical experiment, when the cerebroventricular com- 
partment was perfused at a constant rate (Vi:,, = 6.8 pl/ 
min) with artificial CSF-containing 45Ca (Cb = 1.3 mM; 
SAi, = 1123 cpm/nmol), an apparent isotopic steady 
state was reached within 40 min and the SA of Ca in the 
effluent (SA,,J had a mean value of 750 cpm/nmol which 
remained practically constant until the experiment was 
terminated 80 min later (Fig. 1). When this SAout value 
was substituted in equation 1 above, a mean R, value of 
4.5 nmol/min was obtained for this individual animal. 
Analysis of the data from 16 animals which were perfused 
with increasing Ca concentrations resulted in a negative 
relationship between the entry of Ca into the cerebro- 
ventricular compartment (R,) and the concentration of 
Ca in the cerebroventricular fluid (Fig. 2). Thus, at the 
lower concentration of 0.3 mM Ca in the cerebroven- 
tricular fluid, the value for R, was 6.2 nmol/min (SD = 
1.2), whereas at the extremely high concentration of 8.5 
~UU Ca, the value for R, was much lower and averaged 
at 0.5 nmol/min (SD = 0.16). 

When the perfusion fluid contained the mucopolysac- 
charide stain ruthenium red-an inhibitor of the Ca 
pump (Watson et al., 1971)-at a final concentration of 
0.1 mM, there appeared to be a significant increase in R, 
values and the negative relationship between R, and C, 
was no longer apparent (Fig. 2). 

Entry of Ca from the blood. The experiments designed 
to estimate the value of KP~-,U were carried out with 
artificial CSF containing 1.3 mM Ca. The results show 
that the values of *C&) approach an asymptote with a 
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Figure 1. Change of 45Ca specific activity in the effluent 
( SAOUt) with time during a typical ventriculocisternal perfusion. 
The calcium concentration in the perfusion fluid (CL) was 1.3 
mM and SAi, was 1123 cpm/nmol. The solid horizontal line 
indicates the mean SA,,* value during isotopic steady state, 
which was used for the calculation of R, according to equation 
1. 

C’V (mMl 
Figure 2. Relationship between the rate of appearance (R,) 

and the concentration of calcium in the cerebroventricular 
compartment. The values of cU were calculated as exponential 
means of the concentrations in the perfusion fluid (Ci,) and the 
effluent (Gout). The solid line represents the results from un- 
treated rats; the horizontal bars denote the range of &; the 
vertical bars indicate 1 SD of the mean R, value. The numbers 
inparentheses indicate the number of animals used to establish 
each point. The upper curve (dashed line) represents the 
results from experiments in which ruthenium red (0.1 mM) was 
present in the perfusion fluid. 

half-life of 1.83 min, which corresponds to a value of 
0.3230/min for KPl at the early period (0 to 5 min) after 
the 45Ca injection (Fig. 3). The rate constants KPl and 
K Pl+ u were found by nonlinear regression analysis from 
the experimental data as described under “Materials and 
Methods.” The mean value for KPl+ u was 7.53 x 10m3 ml/ 
min/ml of ventricular fluid, indicating that 7.53 ~1 of 
plasma are cleared each minute from 1 ml of plasma into 
1 ml of perfusate. Since the volume of the perfused 
cerebroventricular compartment in the adult rat is ap- 
proximately 0.2 ml (Simpson and Barkai, 1980), the mean 
value for 45Ca clearance from plasma into CSF is 1.5 pl/ 
min. At the average plasma concentration of 2.1 mM (SD 
= 0.3) determined for these rats, the clearance of 1.5 pl/ 
min is equivalent to the entry of 3.16 nmol/min of en- 
dogenous Ca from the blood plasma into the cerebroven- 
tricular compartment. This value represents approxi- 
mately 75% of the R, value of 4.2 nmol/min obtained 
under similar conditions with the method of continuous 
tracer perfusion (Fig. 2). Thus, it appears that the ma- 
jority of the endogenous Ca entering the cerebroventric- 
ular compartment of the rat originated in the blood. 

Removal of Ca from the cerebroventricular compart- 
ment. The removal of 45Ca was studied at different con- 
centrations of Ca in the perfusion fluid (CL), ranging 
from 0.08 to 12 mu. The fraction F of the total Ca 
(endogenous and exogenous) entering the cerebroventric- 
ular compartment, which is removed by endogenous 
mechanisms, did not change significantly with increasing 
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Figure 3. Change of 45Ca radioactivity in the cerebroventric- 

ular compartment (*C& with time after a single intravenous 
injection of 45CaC12 at t = 0. The data points are depicted as a 
fraction of the radioactivity present in 1 ml of plasma at the 
time of injection, *C$,Q~ =o). 0, Data from four separate experi- 
ments; 0, calculated means obtained by nonlinear regression 
analysis using the BMDP 3R program to solve for equation 2. 
The bars represent the standard deviation. The calculated 
asymptote is represented by the large circle at the extreme 
right. The approach to the asymptote is determined by KPl 
which is the rate constant for the clearance of 45Ca from the 
plasma. The “best fit” according to equation 2 was: 

*c”(t) = *Cpl(t=o) x 0.02332(1 - e-o.323of) 

Ca concentrations and had a mean value of F = 0.48 (SD 
= 0.05). Thus, the removal of Ca from the perfusate 
appears to be concentration dependent as might be ex- 
pected by simple diffusion and bulk absorption. Ruthe- 
nium red had no apparent effect on the fractional re- 
moval either at low or at high Ca concentrations (Fig. 4). 

Relationship between Ca concentrations in the per- 
fusion fluid and effluent. At the steady state, the follow- 
ing relationship exists: 

GK:,, + Ra - (GnKn + Ra)F = VwtCout (4) 

where Gin and Gout are millimolar concentrations of Ca in 
the perfusion fluid and effluent, respectively, Vti and VoUt 
are the rates (microliters per min) of infusion and with- 
drawal, respectively, R, is the endogenous rate of ap- 
pearance of Ca in the CSF compartment (nanomoles per 
min), and F is the fractional removal by endogenous 
mechanisms. Under the present experimental conditions, 
when Vti = Voub the above equation can be modified to 
express C& as a function of CL: 

Gout = Q,(l - P) + Ra(1 - F)/Vb (5) 

It appears, therefore, that the relationship between Gout 
and Ci, is linear with a slope of 1 - F and an intercept of 
R,(l - F)/Vi, at an R, value corresponding to CL, = 0. A 
linear regression analysis of the experimental values for 
CL versus CL from untreated rats resulted in a slope, 1 
- F, of 0.5, and the intercept at Ci, = 0 was also 0.5 (Fig. 
5). The calculated slope corresponds to a value of F = 
0.5, which is very close to the mean value of F obtained 
with the isotope technique (Fig. 4). The intercept of the 

regression line at Ci, = 0 corresponds to a value of R, = 
6.8 nmol/min, which is also in good agreement with the 
R, value of 6.2 rmrol/min obtained with the isotope 
dilution method at the lowest applied Ca concentration 
of CL = 0.08 mu (corresponds to C, = 0.3 mM in Fig. 2). 
Similar analysis of the data from experiments in which 
ruthenium red was present in the perfusion fluid resulted 
in a slope, 1 - F, of 0.49. This slope corresponds to F = 
0.51 which is not significantly different from the value of 
F obtained for untreated animals. However, in the ruthe- 
nium red experiments, a higher value of 0.86 mu was 
obtained for the Gut intercept. This intercept corre- 
sponds to an R, value of 11.8 nmol/min which is 73% 
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Figure 4. Relationship between the fraction F of 45Ca re- 
moved from the perfusate by endogenous mechanisms and the 
concentration of unlabeled calcium in the perfusion fluid. F 
values remained practically unchanged with increasing Ca con- 
centrations. The line represents the mean value of F = 0.48 in 
untreated animals (0). The mean F value in ruthenium red 
experiments (Cl) was not significantly different. 
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Figure 5. Relationship between calcium concentrations in 
the perfusion fluid (G,,) and effluent (Gout) in untreated rats 
(0) and in rats perfused with 0.1 mu ruthenium red (0). 
Intercepts and slopes were determined by linear regression 
using the method of least squares. In untreated rats, Gout = 0.50 
+ 0.5 Ch, whereas in ruthenium red experiments, Gout = 0.86 
+ 0.49 Ch. The slopes and intercepts are related to F and R, as 
shown in equations 4 and 5 in the text. 
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higher than the R, of 6.8 nmol/min obtained for the 
untreated animals. This R, value of 11.8 nmol/min is in 
good agreement with the R, value of 10 nmol/min ob- 
tained with the isotope dilution method in the presence 
of ruthenium red at the calcium concentration Ci, = 0.08 
rnM. 

Uptake of 45Ca by brain and choroid plexus tissues. 
When the concentration of 45Ca in the tissue (counts per 
min per gm) at the end of the perfusion period is divided 
by the mean steady state concentration of 45Ca in the 
ventricular fluid (* CU), the resulting value represents the 
volume of the distribution of 45Ca in the tissue (milliliter 
per gm) expressed in terms of the extracellular fluid (the 
volume of fluid required to maintain the amount of 45Ca 
in the tissue at the same concentration as *C,). 

In the brain, the volume of distribution for 45Ca at a C, 
of 0.3 mM was 0.12 ml/gm. The volume of distribution in 
brain tissue was independent of the Ca concentration in 
the ventricular fluid (C,) over a wide range of C, values 
(Fig. 6). In choroid plexus, however, higher values for the 
45Ca volume of distribution were found for the lower C, 
of 0.3 mM than for higher C, values. Thus, at C, = 0.3 
mM, the mean volume of distribution was 0.48 ml/gm, 
whereas at the range of C, between 1.3 and 7.5 mM, the 
volume of distribution had a lower value of 0.2 ml/gm 
(Fig. 6). 

Since the fractional removal of 45Ca from the ventric- 
ular fluid to the brain was found to be independent of C,, 
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Figure 6. The distribution of 45Ca between tissue and cere- 
broventricular fluid as a function of the Ca concentration in the 
cerebroventricular fluid. 0, Brain tissue; 0, brain tissue in the 
presence of 0.1 mM ruthenium red; A, choroid plexus. The 
vertical bars represent 2 SD. The lines for both choroid plexus 
and brain were drawn freehand. The concentration of 45Ca in 
the tissue (1 gm = 1 ml) was determined after 120 min of 
ventriculocisternal perfusion. The tissue/medium ratio for the 
choroid plexus at C, = 0.03 mM was significantly different (p 
< 0.01) from that at higher C, concentrations. 

it was possible to calculate the amount of 45Ca recovered 
from the brain at the end of the perfusion period as a 
fraction of the total endogenous removal of the isotope. 
The total endogenous removal was obtained as the sum 

I 

t 
( vi,*ci, - vo”t*co”t) 

0 

in the experimental samples over the entire period of the 
perfusion. The mean value for brain uptake of 45Ca in 16 
rats accounted for 44% (SD = 11) of the total endogenous 
removal; the remaining 56% was removed to the blood. 

Discussion 

At the steady state, the rate of appearance of Ca (moles 
per min) in the cerebroventricular compartment equals 
its rate of disappearance. Therefore, the values for R,, as 
measured in the present study, represent the net trans- 
port of Ca after an apparent isotopic steady state was 
reached between 45Ca in the cerebroventricular compart- 
ment and adjacent Ca pools in brain tissue. The R, value 
measured here corresponds to the Ca influx ( JPu + Jbu) 
as determined by Graziani et al. (1967) in the cat. These 
authors found a mean Ca influx of 40.5 nmol/min in cats 
perfused without exogenous Ca, whose CSF production 
rate was 16 pl/min. In the present study, we found a 
mean R, value of 6.2 nmol/min in rats which were 
perfused with an extremely low Ca concentration (0.08 
mu). In an earlier study (Simpson and Barkai, 1980), the 
mean CSF production rate of the rat was found to be 2.3 
pl/min. The ratio of the mean Ca influx values between 
the cat and the rat was 6.4, which is very close to the 
value of 6.9 calculated for the ratio of the mean CSF 
formation rate between these two species. These similar 
ratios indicate a possible close relationship between Ca 
influx and CSF formation in these species. Graziani et al. 
(1967) calculated that only 62% of the Ca appearing in 
the CSF originated in the blood, whereas in the present 
study, we have found that the entry from blood could 
account for about 75% of the Ca appearing in the cere- 
broventricular compartment. In an earlier study, Gra- 
ziani et al. (1965) found that 85% of the Ca appearing in 
the CSF originated in the blood, but they have indicated 
that their more recent value of 62% was probably the 
correct one because, in the earlier experiments, the rela- 
tive SA values were not corrected for perfusion time. 
However, the influx coefficient measured by Graziani et 
al. (1967) and corrected for 60 min represents, in part, an 
exchange component between the CSF and brain. In 
their earlier experiments, this coefficient was obtained 
after prolonged perfusion when isotopic steady state has 
been reached, and therefore, the contribution of the 
exchange component was minimal, thus resulting in a 
higher portion of CSF Ca entering from blood. In the 
present study, the rate of Ca entry from blood measured 
soon after the isotope injection represents the unidirec- 
tional influx which does not include an exchange com- 
ponent with brain tissue. The existence of such an ex- 
change between the cerebroventricular fluid and brain is 
apparent from the presence of 45Ca in the brain tissue at 
the end of the perfusion experiment. Since the steady 
state uptake of 45Ca by the rat brain accounted for 44% 
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of the endogenous removal, it would appear that at least 
44% of the Ca which enters the cerebroventricular com- 
partment from blood is exchangeable with brain tissue in 
this species. The value for R, has been measured here at 
an apparent isotopic steady state (Fig. l), and therefore, 
it does not include the exchange component with brain 
tissue. Thus, the value for R, should largely represent 
the net influx of Ca into the cerebroventricular compart- 
ment under steady state conditions. 

The removal of Ca from the CSF compartment was 
found to be directly proportional to its concentration in 
the perfusate, with the fractional removal being independ- 
ent of the mean ventricular concentration (Fig. 4). This 
result is consistent with the lack of special transport 
processes for the removal of Ca from the CSF as observed 
in the dog (Oppelt et al., 1963) or in the cat (Graziani et 
al., 1965). In the rat, as in the other two species, Ca is 
removed from the CSF compartment mainly by diffusion 
and bulk absorption of the CSF. The removal by diffusion 
to brain tissue accounted for 44% of the total endogenous 
removal compared with about 35% of the total efflux 
entering the brain in cats (Graziani et al., 1965). Diffusion 
to the brain accounted for 67% of the endogenous removal 
of K+ and for about 12% of the removal of Naf from the 
CSF (Cserr, 1965). 

The question of the relationship between Ca entry into 
the CSF and the concentration of Ca in the cerebroven- 
tricular fluid is addressed for the first time in the present 
study. The results show that the rate of Ca entry into 
the CSF is related negatively to the Ca concentration in 
the ventricular fluid (Fig. 2). This negative relationship 
suggests that the entry of Ca to the CSF is regulated by 
a feedback mechanism which is sensitive to changes in 
the Ca concentration in the cerebroventricular fluid. It 
appears from the present results that an increase in the 
Ca concentration in the CSF may enhance the activity 
of a Ca pump which acts as a partial barrier for Ca 
transport from the blood to the CSF. Such a pump is 
likely to be located at the sites of Ca entry from the 
blood to the CSF, presumably at the serosal side of the 
epithelial cells of the choroid plexus or at the capillary 
wall. This pump would act to carry Ca to the blood 
against the concentration gradient which normally exists 
between the blood and the CSF. The finding that the 
addition of ruthenium red was associated with signifi- 
cantly higher R, values which were no longer related to 
the Ca concentration in the perfusate also supports the 
notion that a Ca pump is operative in the regulation of 
Ca entry into the CSF. 

Thus, the present results are consistent with the pres- 
ence of a process of Ca extrusion which may occur at the 
sites of CSF formation. It is possible that, normally, Ca 
diffuses passively across the choroid plexus along narrow 
tortuous channels in the tight junction which serves as 
the passive permeation pathway for hydrophilic solutes 
in this epithelium (Caste1 et al., 1974). When the Ca 
concentration in the plasma is elevated (hypercalcemia), 
as in the experiments of Graziani et al. (1967) for example, 
the Ca concentration in such tight junction channels is 
expected to increase, and in turn, the activity of the Ca 
pump would be enhanced to increase Ca extrusion. The 
expected increase in the unidirectional flow of Ca from 

the blood to the CSF due to the larger concentration 
gradient now would be reduced by the process of en- 
hanced Ca extrusion. These events are directed to main- 
tain the Ca concentration in the CSF within a limited 
range. On the other hand, when Ca concentrations in the 
CSF are manipulated, as in the present experiments, an 
increased Ca concentration in the CSF might be expected 
to elevate the Ca level within the extracellular channels 
of the tight junctions similarly and, consequently, to 
enhance the activity of the Ca pump. However, under 
such circumstances, the unidirectional inflow from the 
blood is expected to decrease because the concentration 
of Ca in the plasma was not changed. The reduction in 
R, values seen in the present study after the Ca concen- 
trations in the perfusate were elevated may be explained 
by such enhancement of a Ca pump activity. 

A model for the system which regulates the concentra- 
tion of Ca in the CSF is proposed in Figure 7. In this 
model, Ca enters the CSF from the blood through the 
choroid plexus and leaves the cerebroventricular com- 
partment by bulk absorption and transependymal diffu- 
sion. The model consists of four compartments: blood, 
brain, cerebroventricular fluid (v), and choroid plexus 
(cp), but the present discussion will focus on the last two. 
A Ca pump is located in the boundary between the cp 
and the blood for pumping Ca unidirectionally to the 
blood. Simple equations which describe the relationship 
between the model parameters in cp and v are presented 
in the appendix. According to this model, the relationship 
between R, and C, (equation 2a) is essentially linear with 
a slope Ku, cp - V, and an intercept C,, . Ku, cps Vu - *C,/ 
*C,,. When this relationship was plotted using the exper- 

:.T,... . . . . . . . . 
lg#j (V C,“C),, 

K cp-v 

Figure 7. A model for the system which regulates the con- 
centration of calcium in the CSF. The model consists of four 
compartments: blood, brain, choroid plexus (cp), and cerebro- 
ventricular fluid (v). CL, Concentration of Ca in compartment i 
(millimolar): *CL, concentration of %a in compartment i 
(counts per min per ml); V,, volume of compartment i (millili- 
ters); Ki+j, fractional rate constant for Ca transfer from i to j 
(per min); R,, rate of appearance of Ca in v  from blood via cp 
(nanomoles per min); Pump, Ca pump located between the 
blood and cp for pumping Ca unidirectionally to blood. Equa- 
tions describing the behavior of model parameters are presented 
in the appendix. 
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imental values for R, at the C, range between 1.3 and 8 
mM, a slope of 0.52 pl/min was found (Fig. 2). Using a 
value of 200 ~1 for Vu in the rat (Simpson and Barkai, 
1980), a value of O.O026/min was obtained for Ku+cp. 
When the ratio * C,/ * C,, also is known, as in the present 
experiments, it is possible to calculate the value of C,,. 
The ratio * Cu/ * C,, was found from the data presented in 
Figure 6. This ratio equals 5.1 over the C, range between 
1.3 and 8 mM. After substitution of the slope (0.52) and 
the *CJ* C,, ratio in equation 2a when C, is 1.3 mM and 
the corresponding R, is 4.2 nmol/min (Fig. 2), a value of 
1.86 mM was obtained for C,,. Because the cp compart- 
ment is not homogeneous and includes intracellular as 
well as extracellular components, including blood, the 
calculated C,, values probably reflect a higher concentra- 
tion of Ca in the extracellular space of the choroid plexus. 
Nevertheless, the value for C,, remains unchanged even 
when the C, is elevated to 8 mM. Furthermore, at the 
lower range of C, between 0.3 and 1.3 mM, the slope 
representing the relationship between R, and C, was 2.5 
$/min (Fig. 2). This higher slope is associated with a 
lower *C,/*C,,, ratio of 2.1 (Fig. 6). A C,, value of ap- 
proximately 1.5 mM was calculated using the correspond- 
ing values for the slope (2.5), the *CJ*C,, ratio (2.1), R, 
(6.5) and C, (0.5), in equation 2a. Thus, it appears from 
this model that the system which regulates the entry of 
Ca from the blood to the CSF acts to maintain a relatively 
steady concentration of Ca within the choroid plexus 
even when the Ca concentrat.ion in the surrounding me- 
dium is varied within a wide range. 

Appendix 

In the model shown in Figure 7, when the variables Ci, 
Vi, Ki-j, and R, are under steady state conditions and 
when *C is constantly infused into v until apparent 
isotopic steady state has been reached between v and cp 
(but not necessarily between v and blood or brain), the 
following equations can be developed: 

CJL cp + R,/ Vu = C,K,+ v 

solving for R, 

Ra = Cc&p+,Vu - CJL.,Vu (la) 

nd Meltzer 

or 
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K cp-+o = C*Cul*Ccp,.Ku-+, 

substituting Kcp + u in equation la above 

Ra = C,C*C,I*C,).K,-,V, - Cu.Ku+,.Vu (24 

These equations were derived with the assumption that, 
when apparent isotopic steady state is reached between 
v and cp, the amount of *C lost to the blood compartment 
is diluted in the much larger volume of this compartment 
and the return of *C from the blood to v therefore would 
be negligible. 
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