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ABSTRACT 

Transport and permeability properties of the blood-cerebrospinal fluid 

and blood-brain barriers were determined by kinetic analysis of radioisotope 

uptake from the plasma into the central nervous system of adult and infant 

36 22 • 
rats. For adult rats (5 wk of age), CI and Na uptake Into the lateral 

ventricle (LVCP) and fourth ventricle (4VCP) choroid plexuses were resolved 

into two components, a fast component (t
1
/

2 
0.02-0.05 h) which represents 

isotope distribution within the extracellular and residual erythrocyte compart-

ments and a slow component (t 1/2 0.85-1.93 h) representing isotope move­

ment into the epithel ial cell compartment. Calculated L VC P and 4 VC P cell 

[CI], 67 mmol/kg cell H
2
0, were 3.9x greater than that predicted for passive 

distribution by the membrane potential. It is postulated that CI is actively 

transported into the choroid ependymal cell across the basolateral membrane; 

the energy for active CI transport may be the Na electrochemical potential 

gradient wh ich is twice that of the C I electrochemical potential difference. 

36C1 and 22Na uptake into the cerebrospinal fluid (CSF) were resolved into 

two components, a fast component (t
1
/

2 
0.18 h, fractional volume 0.24) and 

a slow component (t
1
/

2 
1.2 h, fractional volume 0.76). Evidence suggests 

that the fast component represents isotope movement across the blood-CSF 

barrier, i.e., the choroid plexuses. The slow component may reflect isotope 



exchange primari Iy from brain extracellular fluid into the CSF. Cerebral cor-

36 22 . 
tex and cerebellum uptake of CI and Na were resolved Into two compo-

nents. The fast component (t
1
/

2 
0.02-0.05 h, fractional volume 0.04-0.08) 

is comprised of the vascular compartment and a small perivascular space. The 

slow component (t
1
/

2 
1.1-1.7 h, fractional volume 0.92-0.96) represents 

isotope movement across the blood-brain barrier into the brain extracellular 

and cellular compartments. The extracellular fluid volume of the cerebral 

cortex and cerebellum was estimated as --13°A, from the initial slope of the 

brain space versus CSF space curve. Like the choroid plexuses, the gl ial 

cell compartment of the brain would appear to actively accumulate CI from 

2-6x that predicted for passive distribution. The relative permeability of the 

blood-CSF and blood-brain barriers to 36CI , 22Na, and 3H-mannitol was 

determined by calculating permeability surface-area products (PA). Analy-

sis of the PA values for all three isotopes indicates that the effective perme-

ability of the choroidal epithelium (blood-CSF barrier) is significantly great-

er than that of the cerebral cortex or cerebellum capillary endothelium 

(blood-brain barrier). 

Analysis of radioisotope uptake by the 1- and 2-wk rat central nervous 

system revealed significant maturational differences from that of the 5-wk rat. 

The calculated LVC P and 4 VC P cell [CI] and [Na] were markedly greater in 

the 1-wk than in the 5-wk rat. Likewise, a significant CSF fast component 

was not observed for radioisotope uptake at 1 wk of age. It is postulated 

that while the immature choroid plexus can actively accumulate CI across the 

v 



basolateral membrane of the cell, the mechanisms which regulate CI exit from 

the choroidal cell into the CSF have not fully developed. Thus, at 1 wk, 

epithelial cell [CI] and [Na] were substantially greater than at 2 or 5 wk be-

cause ion transport into the choroidal cell across the basolateral membrane 

was not coupled with ion movement from the cell into the CSF. The onset of 

choroid plexus fluid secretion (""'" 2 wk), as indicated by the volume of the 

CSF fast component, corresponds in time to the decrease in choroid plexus 

cell [CI] and [Na] (1-2 wk). Lastly, the cerebral cortex and cerebellum PA 

for all three radioisotopes decreased significantly between 1 and 5 wk of age 

(barrier tightening) while the CSF (fast component) PA to 36C1 and 22Na 

increased with age (transepitheliaf choroid plexus NaCI transport). 

vi 
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PART ONE 

UPTAKE OF CHLORIDE-36 AND SODIUM-22 BY THE CHOROID 

PLEXUS-CEREBROSPINAL FLU1D SYSTEM: EVIDENCE FOR ACTIVE 

CHLORIDE TRANSPORT BY THE CHOROIDAL EPENDYMA 



lNTRODUCTION 

The nature of choroid plexus CI transport, whether passive diffusion, 

facilitated diffusion, or active transport, has remained an issue in CSF physi­

ology since HOGBEN et al. (1960) reported evidence for active CI transport 

into the dogfish CSF. WOODBURY (1967) and MARE N & BRODER (1970) 

proposed CI secretion into CSF to explain decreases in the CSF 36CI space 

upon perch lorate and acetazolamide treatment, respectively. Furthermore, 

BOURKE et al. (1970) and ABBOTT et al. (1971) measured a constant rate 

of CI uptake into the CSF over a plasma rCI] range of 60-120 mmol/I, indi­

cating some mechan ism for accumulating C I into the CS F. In 1972, two re­

ports were pub I ished wh ich provided good evidence for passive C I diffusion 

across the choroidal ependyma. First, MINER & REED (1972) did not detect 

any appreciable CI electrochemical potential gradient from serum ultrafiltrate 

to nascent choroid plexus CSF. Second, in the in vitro frog choroid plexus, 

WRIGHT (1972) found that the unidirectional fluxes across the ependyma were 

equal and agreed with the Uss ing flux ratio equation for passive ion ic distri­

bution. Thus, CI movement into the CSF was conceived as primarily the re­

sult of active Na transport with CI following passively down the electrical 

gradient created by Na movement. 

In recent years, there has been a marked increase in interest in active 

transepithelial CI transport, partly due to the recognition that active CI 
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transport is a far more widespread phenomenon than previous Iy apprec iated . 

Many epithelial tissues similar in histology and physiology to the choroid plex­

us, i.e., renal proximal tubule, ileum, and gall bladder, have been shown 

to accumulate CI intracellularly and produce an active transepithelial move­

ment of CI (FRIZZELL et aI., 1979). Sign ificantly, the ciliary body, a C NS 

epithelial tissue similar to the choroid plexus, transports CI actively from plas­

ma to aqueous humor (COLE, 1977). Furthermore, CI transport has become 

especially important to the neuroscientist due to the demonstration of cr ac­

cumulation by astrocytes (BOURKE & NELSON, 1972a; GILL et 01., 1974; 

K IMELBERG et 01., 1979). Thus, an examination of the mechanism of cr 

transport (passive or active) by the mammalian choroid plexus is in order. To 

that end, we measured the distribution of CI within the epithelial cell of the 

mammalian choroid plexus by the compartmentation technique to determine if 

C I was accumulated within the cell against an electrochemical potential gra­

dient. In addition, we analyzed the kinetics of 36CI and 22Na uptake into 

the choroid plexus-cerebrospinal fluid system to relate 36CI and 22Na move­

ment across the choroid plexus to their uptake into the CSF. Lastly, we exam­

ined both the LVCP and 4VCP to determine regional differences and similari­

ties between the choroid plexuses. 



MATER1ALS AND METHODS 

One hundred forty-four Sprague-Dawley rats (90-110 g) were utilized 

in the present investigation: 99 and 45 in the in vivo and in vitro studies, re­

spectively. All an imals were allowed free access to water and Purina rat chow. 

In vivo experimental protocol 

Four hours prior to sacrifice each an imal was lightly anesthetized with 

ether and bilaterally nephrectomized by I igation of the renal pedic les. All 

radio isotopes were in jected intraperitonea fry, except for the 51 Cr-tagged 

erythrocytes which were delivered intravenous Iy. Three separate studies were 

performed in vivo. In the first study, in vivo uptake curves were determined 

for 36(: I, 22Na, and 3H-mannitol. A total of 54 an i ma Is was divided into 

two groups of 27 rats; each animal received 0.1 uCi/g of either 36CI or 

22Na at 1/12, 1/6, 1/4, 1/2, 1, 2, 4, 6, or 8 h prior to sacrifice. Sim­

ilarly, 3H-mannitol was injected intraperitoneally to 12 rats at 1/12, 1/6, 

1/4, or 1 h before death. In the second study, chemical determinations of Na 

and C I content were performed on samples from 12 rats, in order to compare 

chemical and radioisotope steady-state spaces. Lastly, in the third study, 

tissue water content, extracellular space, and residual erythrocyte volume 

were measured to allow co Icu lation of the concentration of Na and C I in the 

parenchymal cells of the sampled tissues. 1n 12 animals, the tissue volumes 
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of distribution of two saccharides commonly used to quantify extracellular 

space, mannitol and inulin, were determined as the 1-h tissue space after in­

jection of 0.5 uCi/g of 3H-mannitol or 3H-inul in. Water content, 3H_ 

mannitol space (l h) and 51Cr-tagged erythrocyte volume (lO min) were 

measured in an additional 9 an imals. 51Cr-tagged erythrocytes were prepared 

by incubating rat erythrocytes for 1 h in O. <1'/0 NaCI containing 1 mCi/ml 51Cr. 

Subsequently, the red blood cells were washed three times with non-radioactive 

saline to remove the unbound isotope and were injected via the inferior vena 

cava 10 min prior to sacrifice. 

Sampl ing of tissues and fluids 

Just prior to sacrifice, each animal was anesthetized with ether. A 4 

ml sample of blood was obtained from the abdominal aorta with a heparinized 

syringe. Approximately 100 uJ of the blood sample was placed in a tared vial 

and weighed on a Sartorius balance; the remainder was centrifuged for 10 min 

and the plasma collected for analysis. Within 2 min after exsanguination, an 

80-100 ul sample ofCSFwas taken from the cisterna magna and weighed. 

Only samples free of visible erythrocyte contamination were saved for analy­

sis. Following decapitation and removal of the brain, the lateral ventricle 

and fourth ventricle choroid plexuses were quick Iy exposed and collected with 

the aid of a stereoscopic dissecting microscope and ophthalmologic forceps. 

After removal of the meninges, a slice of gray matter from the parieta I cere­

bral cortex and one lobe of the cerebellum were placed in tared vials and 

weighed. For comparison with the eNS, a sample of submaxillary sal ivary 

gland and skeletal muscle was collected and weighed for analysis. 
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In vitro experimental protocol 

Two experimental studies were performed in vitro. In the first group, 

27 rats were utilized to measure lateral ventricle and fourth ventricle choroid 

plexus uptake of 36CI (1000 dpm/ul) and 3H-inulin {2000 dpm/ttl} at 1/2, 

1, 2, 4, 6, 8, 10, 20, and 30 min. In the second group, the chemical so­

dium and chloride content, 3H-inulin space, and water content were measured 

in the choro id plexuses of 18 rats after 30 min of in vitro incubat ion. To per­

form the incubations, the L VCP and 4VCP were excised as described in the 

preceding section. The tissues were then placed in 5 ml of artificial CSF con­

taining (in mM) 117 .. 6 NaCl, 18.0 NaHC03, 3.0 KCI, 2.0 urea, 1.4 CaCI2' 

0.8 MgCI2 , 0.7 Na2HP041 and 12. 1 dextrose. The solution was maintained 

at 37 0 C in a Metabolyte Water Bath Shaker (New Brunswick Sci. Co.) and 

aerated with a humidified mixture of 95.6% 02 and 4.4% CO2 (pC02 of so­

lution "-' 28 mm Hg). After 30 min, the plexuses were taken from the bath, 

wiped on a glass slide to remove adhering artificial CSF and placed on a small 

(""""1 rna) piece of aluminum foil for weighing. 

Analytical techn iques 

Samples containing 36CI or 3H activity were analyzed with a Nuclear 

Chicago Isocap 300 liquid scintillation counter. Tissues and fluids were di­

gested overn ight at 60 0 C in a volume of 1 M piperidine wh ich was lOx that 

of the sample wet weight. One-half ml of the digested sample was then added 

to 10 ml of Biofluor Scintillation Cocktail {New England Nuclear} and thor­

oughly mixed before counting. 22Na and 51 Cr activity were directly assayed 
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for gamma radioactivity by counting the vials on a Beckman Biogamma counter 

without any further sample preparation. 

The wet weight of most tissues and fluids was measured directly with a 

Sartorius balance. Due to the small size of the choroid plexus (1-2 mg), 

evaporative water loss was significant within a few seconds after removing the 

tissue from the brain. Thus, the wet weight of the choroid plexuses was deter­

mined indirectly. Upon excis ion of either the L YCP or 4YCP, the tissue was 

placed on a pre-weighed aluminum foil and immediately placed on a Cahn 

electrobalance. The tissue weight was recorded at 1/4 min intervals up to 2 

min after the plexus was removed from the brain. It has been demonstrated 

previously that the log tissue weight vs. time plot is linear for at least 3 min 

(r> 0.999; JOHANSON et al., 1976). A least squares linear regression was 

utilized to provide an extrapolated y-intercept, the antilog of which was taken 

as the fresh plexus wet weight. Tissue dry weights were recorded after desic­

cation to constant we ig ht in a 105 0 Coven. 

Tissue and fluid electrolye (Na, K, CI) contents were determined as 

follows. Tissues other than the choroid plexus were extracted overn ight in 4 

ml of a solution containing HN0 3 (0.02 M) and Li2S04 (7.5 mM). For Na 

and K analysis, 50 ",I of each extracted solution was diluted with 2 ml of the 

HN03-Li solution. Samples were prepared for CI content determination by 

combining 1 ml of the extracted solution with 3.5 ml of a 1:6 mixture of gela­

tin reagent (6.2 g gelatin/I H20, 0.10 g/I thymol blue, and O. 10 g/I thymol) 

and nitric acid reagent (6.4 ml conc. HN03l'1 and 100 ml/I glacial acetic 

ac id), respective Iy. Each choro id plexus tissue was extracted with 1 ml of 
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the HN03-Li solution. Then, the sample was analyzed for Na-K content 

without further modification or prepared for assay of CI content by addition of 

3.5 ml of the gel-acid solution. Due to the small size of the rat choroid plex­

uses, both lVCP and the 4VCP from each animal were pooled for CI analysis. 

Twenty ul of plasma or CSF was diluted 1/200 with the HN03-li solution. 

Final modifications for analysis were the same as those for the choroid plexus­

extracted solutions. All samples, along with appropriate standards, were ana­

lyzed for No and K with an Instrumentation Laboratory Flame Photometer and 

for CI with a Cotlove Chloridometer (amperometric titration of Ag). 

Calculations 

The tissue or CSF content of 36C I, 22Na, 3H-mannitol, or 3H-inul in 

was expressed as a volume of distribution or space (0/0) = 100 x (dpm/g tissue 

or CSF)/(dpm/g plasma H20 x D. F.) where D. F. is the appropriate Donnan 

factor, i.e., 1.05 for a monovalent cation, 0.95 for a monovalent anion, and 

1 .00 for an uncharged molecule. The product of 9 plasma H20 and D. F. is 

referred to as 9 extracellular fluid. A chemical CI or No space was deter­

mined as 100 x (mmol C I or Na;kg tissue or CSF)/(mmol C I or Na;kg extra­

cellular fluid). Similarly, 51 Cr-tagged erythrocyte volume was expressed as 

a space (0/0) = 100 x (dpm/g tissue)/(dpm/g erythrocytes). last' y, water con­

tent (%) was determined as 100 x (tissue wet weight-tissue dry weight)/(tissue 

wet weight) . 

Parenchymal cell ion concentrations were calculated using the formula: 

r?<]cell = (X)tissue - (X)e - (X)r 

Vtissue - Ve - Vr 
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where (X) = Na, K, or CI content (mmoljkg wet weight), V = fractional vol-

ume of water, e = extracellular fluid, and r = residual erythrocytes. Extracel­

lular water volume was estimated with two markers, 3H-mannitol and 3H_ 

inulin. Residual erythrocyte water volume was determined as the product of 

the tissue erythrocyte space and the erythrocyte water content (700/0). (X)e 

and (X)r were calculated as [X]eVe and [X]rVr, respectively. Cell 36CI or 

22Na spaces were obtained by modifying the above equation, substituting 

radioisotope space (tissue, extracellular fluid, and residual erythrocytes) for 

C I or Na content. Finally, C I, Na, or K equilibrium potentials were calcu-

lated using the Nernst equation: Ex (mY) = (61/z)log 10( rx]e or csf/[X] cell ), 

where z = the valence of the ion X. 

Radioisotope uptake curves were resolved into components by a modifi-

cation of the graphical analysis method of SOLOMON (1949). Briefly , up-

take spaces were subtracted from the steady-state space and the difference 

was plotted vs. time on semilogarithmic paper. Linear portions of the sub-

tracted line (In space vs. time) were analyzed by a least squares linear regres-

sion program which provided the slope:!:. S.E.M., intercept:!:. S.E.M. and 

(correlation coefficient)2. The slope, equivalent to the rate constant (k) of 

the component, was converted to a half-time (tl/2) by the formula tl/2 = 

{In 2)jk. The exp (y-intercept) corresponded to the volume of distribution of 

the component. When appropriate, another component could be resolved by 

subtracting the values predicted by the line from those early values which were 

not fitted to the I ine and plotting the difference vs. time on semilogarithmic 

paper. Again, I inear portions of the I ine (In space vs. time) were analyzed 
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by I inear regression. Except for the CSF I the second component was deter­

mined by only 2-3 experimental points, at t = 0, 1/12, and/or 1/6 hi in 

those instances the reported volume and half-time are indicated only as a rel­

ative description of the component and thus standard errors or 95% confidence 

limits are not reported. 

Student's t test was used to determine statistical significance. For com­

ponent volume and half-time data, 9SO/0 confidence limits are reported because 

upon conversion from rate constant to half-time and from y-intercept (In) to 

exp (y-intercept) the standard errors were no longer symmetrica' • 

Materials 

3H-mannitol (0. 123 mCi/g), 3H-inulin (389 mCi/g), 51 Cr-sodium 

chromate (0.252 mCi/g), and 22Na-NaCI {carrier free} were obtained from 

New England Nuclear; 36CI-NaCI (12.7 mCi/g) was purchbsed from ICN 

Chemical and Radioisotope Division. Radiochemical and chemical purity were 

reported as > 99'k by the com pan ies. 



RESULTS 

In vivo experiments 

In order to maintain a constant level of plasma radioactivity, rats were 

bilaterally nephrectomized 4 h prior to sacrifice. The time course of plasma 

36CI, 22Na, or 3H- mann itol activity was analyzed by I inear regression for 

the in vivo uptake studies. From 1/12 to 8 h, the slope of the regression line 

was not sign ificantly different from 0 for either 36c I (P = 0.28) or 22Na (P 

= 0.47). The slope of the 3H-mannitol regression line was not statistically 

significant (P = 0.54) from 1/12 to 1 h. For all three radioisotopes, the stan­

dard deviation of the plasma activity was approximately ]010 of the mean. 

Nephrectomy (4 h) did not alter plasma, choroid plexus cell or CSF ion con­

centrations (Na, K, and C I) as compared to unoperated-control an ima Is (un­

publ ished results), in contrast to longer periods (> 6 h) of azotemia (FERGU­

SON & WOODBURY, 1969). Thus, the tissue and CSF uptake curves were 

based on a constant level of isotope in the plasma. 

36C I and 22Na uptake are shown for the L VCP and for the 4VCP in 

Fig. 1. A steady-state distribution of 36C I was ach ieved in both the LVCP 

and 4VCP after 4-6 h. In contrast, the L VCP and 4VCP differed in the time 

to reach a 22Na steady-state space, L VCP -.. 6-8 hand 4VCP -.. 4-6 h. As with 

the rate of uptake, the 36CI steady-state spaces of the LVCP and 4VCP were 

approximately equal, 55.2 and 55. SOlo, respectively. These spaces agree well 
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Fig. 1. The uptake of 36C I and 22Na into the LVCP and 4VCP as a function 

of time after administration. The left-hand portion of the figure represents 

penetration of the isotopes into the L VCP and the right-hand portion their 

movement into the 4VCP. Either 36CI or 22Na (0.1 ,-,Ci/g) was injected 

at various times prior to sacrifice into 4-h nephrectomized rats. Tissue radio­

activity was expressed as a space (%) = 100 x (dpm/g tissue}/{dpm/g extra­

cellular fluid). Values are means + S.E.M. for 3 animals. 
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with the chemically determined, pooled LVCP and 4VCP CI space of 56.2"/0, 

equivalent to a choroid plexus CI content of 64 ::. 1 (S. E .M.) mmoljkg wet 

tissue and an extracellular flu id rCI] of 114 ::. 1 mmol;1<g H20. The 4VCP 

22Na steady-state space, 39.2'10, was greater than the LVCP 22Na space, 

35. SOlo; th is difference was also seen in the chemically measured Na space 

for the 4VCP (38.SO/0) and for the lVCP (36.0:>10). With an extracellular fluid 

rNa] of 143::'1 mmol;1<g H20, the corresponding choroid plexus Na contents 

were 4VCP 56:!. 2 mmoljkg wet tissue and lVCP 51 ::. 2 mmoljkg. Thus, no 

evidence for inexchangeable or llbound II Na or C I was observed in either the 

in vivo l VCP or 4VCP. While radio-potassium uptake by the choroid plexus 

was not examined I the K content, as measured by flame photometry, was 95 

::. 2 mmoljkg wet tissue for the L VCP and 93 ::. 1 mmolfog for the 4VCP. 

CSF uptake of 22Na and 36CI required approximately 6 h to reach a 

steady-state distribution (Fig. 2), simi lar to the choro id plexuses. At early 

uptake times « 1/2 h), the CSF 22Na and 36(1 spaces were not significantly 

different. Later, the 36C I values approached a steady-state space of 116.7'10 

and the 22Na values approached 111. SOlo. Both the chemically determined 

CSF Na and CI spaces were of less magnitude than the spaces obtained with 

the radioisotopes. A CSF Na space of 108.5°1f, (155::' 1 mmol;1<g H20) was 

obtained by flame photometry; a CSF CI space of 105.3°1f, (l2():+ 1 mmol/kg} 

was determined by amperometric titration (P<O.05). This discrepancy occurred 

only with the CSF; all other samples, i.e., skeletal muscle, salivary gland, 

cerebral cortex, and cerebellum, had equivalent chemical and radioisotope 

spaces. The CSF [K] was 0.77 times that of the plasma rK] of 4. 1 ::. O. 1 



Fig. 2. The uptake of 36(:1 and 22Na into the CSF as a function of time 

after administration. Values are expressed as a space (%) = lOOx (dpm/g 

CSF)/(dpm/g extracellular fluid). Each point represents a mean::' S oE .M. 

for 3 animals. Error bars are not shown when they fell within the limits of 

the squares. 

15 
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In contrast to the CNS, both radioisotopes attained steady-state levels 

in the submaxillary salivary gland and the skeletal muscle within 15 min. 

22Na (14.7'k) and 36CI (13. SOk) spaces were not significantly different 

from the chemically measured volumes of 14.6% and 14.:P/o, respectively (P 

> 0.05). Similarly, salivary gland 22Na (23.40/0) and 36CI (38.4%) spaces 

were not different statistically from the corresponding chemically determined 

values. 

36CI and 22Na uptake into the CNS were resolved into components by 

a modification of the method of graphical analysis (see Methods). An exam­

ple of the procedure is shown in Fig. 3 for 36CI uptake by the l VCP. Para-

meters obtained from analysis of the l VCP, 4VCP, and CSF uptake curves for 

22Na and 36(1 are summarized in Table 1. Choroid plexus 36CI and 22Na 

uptake curves were resolved into two components. The fast component for 

both the lVCP and 4VCP had a rapid t1/2 (0.02-0.05 h) and filled a volume 

0.45 and 0.36 that of the 36(1 and 22Na steady-state spaces, respectively. 

Marked differences were noted in the choroid plexus slow components; where­

as 36CI was taken up into the slow components of the l VCP and 4VCP at an 

approximately equal rate (t1/2 = 1.0-1 .3 h), the 22Na uptake into the 4VCP 

slow component was twice as fast as that into the l VCP. The difference be­

tween the L VCP and 4VCP 22Na steady-state spaces was accounted for in the 

slow component volumes, 21. CfOk for the LVCP and 26.30/0 for the 4VCP (P < 

0.05). Graphical analysis of the CSF uptake curves revealed that 22Na and 

36CI were kinetically equivalent. Uptake curves for both radioisotopes 
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Fig. 3. Graphical analysis of the components of lVCP 36c1 uptake (shown in 

Fig. 1) as a function of time after administration. The slow component of iso­

tope uptake into the LVCP was resolved by subtracting the tissue spaces from 

the steady-state space and plotting the difference as a function of time. The 

slope and y-intercept were obtained by fitting the I inear portion of the graph 

to a straight line by the least squares method. The fast component was esti­

mated by subtracting the spaces predicted by the extrapolated slow component 

line from the early time period spaces which were not fitted to the slow com­

ponent I ine (generally, the 0, 5, and 10 min spaces for the choroid plexuses), 

and plotting the difference versus time. Again, a slope and y-intercept were 

obtained by linear regression. For the slow component, each point represents 

a mean:!:. S.E.M. for 3 animals. Only mean values were utilized to obtain 

the fast component and thus no error limits are indicated. 
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TABLE 1. ANALYSIS OF COMPONENTS OF 36c1 AND 22Na UPTAKE CURVES 

Compartment Isotope Fast comEonent Slow component Steady-state 

t1/2 (h) Vd (%) fractional t1/2 (h) Vd (Ok) f t' I isotope space 
rac lona (Ok) 

volume volume 

LVCP 36(:1 0.03 25.5 0.46 1 .00 29.7 0.54 55.2 
(0.72-1.63) (22.0-40.2) (51 .6-58.8) 

22Na 0.02 13.9 0.39 1.93 21 .9 0.61 35.8 
0.68-2.26) (20.8-23.0) (30.7-40.9) 

4VCP 36CI 0.05 24.7 0.44 1 .32 31 . 1 0.56 55.8 
0.04-1.81} (26.5-36.4) (50.9-60.7) 

22Na 0.02 12.9 0.33 0.85 26.3 0.67 39.2 
(0.70-1.02) (23.2-29.9) (35.1-43.3) 

CSF 36CI O. 19 25.7 0.22 1 .06 91 .0 0.78 116.7 
(0. 11 -0. 40) (17.2-37.4) (0 . 93 -1 . 23) (73. 1 -11 2. 6) (114 . 4-119 . 0) 

22Na O. 18 28.9 0.26 1 .31 82.9 0.74 111 .8 
(0.15-0.21) (22. 6-35.6) (1 . 17-1.49) (65.6-104.8) (1 09 . 5-114. 1} 

Radioisotope uptake curves were resolved into components by the method of graphical analys is (see Fig. 3) and fitted to 
straight lines by linear regression. The t1/2, hal.f-time, was obtained by dividing In 2 by the slope (k) of the regression line. 
Vd, volume of distribution, was calculated as the exp (y-intercept of the regression line). The fractional volume is the Vd 
expressed as a fraction of the asymptote (steady-state plateau) of the uptake curve. Va lues in parentheses are the 950/0 con-
fidence I imits for the parameter. J'oV 

0 
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resolved into a fast component (fractional volume 0.24) and a slow component 

(fractional volume 0.76). The 36(:1 and 22Na half-times for each component 

were not significantly different (P >0.05). 

3H-mannitol uptake by the LVCP and 4VCP was analyzed by graphical 

analysis (Fig. 4). The uptake curves of both tissues reached steady-state lev­

elswithin 15 min after i.p. injection of the isotope. In contrast to 36CI and 

22Na uptake by the choroid plexuses, the 3H-mannitol uptake curves resolved 

into a single fast component (t1/2 0.05 h) for both the LVCP and 4VCP. 

The 1-h space of 3H-mannitol and 3H-inulin was analyzed for several 

tissues and flu ids (Table 2). Whereas the two saccharides distributed equally 

in the skeletal muscle (P > 0.05), 3H-mannitol equilibrated in a 17-27'10 

larger space than 3H-inulin in salivary gland, LVCP, and 4VCP. No evi­

dence for significant penetration of 3H-mannitol into erythrocytes was obtain-

ed. Thus, the difference in the tissue volumes filled by the two saccharides 

probably reflects the differences in molecular size; mannitol molecular 

weight = 182, and inulin molecular weight ....... 5500 g/mol. The importance of 

size is best indicated by the significantly greater rate of uptake of 3H-manni­

tol than 3H-inulin by the cerebral cortex, cerebellum, and CSF. Finally, 

tissue water content and residual erythrocyte volume were determined in order 

to calculate cell electrolyte space and concentration. Both LVCP tissue 

water content (80.6':' 0.20/0) and residual erythrocyte yolume (7.5 ~ 1.50/0) 

were greater than 4VCP water content (79. 8 .:. 0.1) and erythrocyte volume 

(6.5 ~ 1 .2). Calculated epithelial cell water content was 56-60'/0 of tissue 

weight for the LVCP and 58-61°k for the 4VCP / exact values dependent on 
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Fig. 4. The uptake of 3H-mannitol by the LVCP as a function of time after 

admin istration. 3H-mannitol (0.5 uCi/g) was injected at various times prior 

to sacrifice into 4-h nephrectomized rats. LVCP radioactivity (A-~) was 

expressed as a space (0/0) = 100 x (dpm/g tissue)/(dpm/g plasma H20). The 

uptake of 3H-mannitol was resolved into 1 component by subtracting the 0, 

5, la, and 15 min spaces from the steady-state space and plotting the differ­

ence (X-X). Each point represents a mean!. S.E.M. for 3 animals .. 
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TABLE 2. COMPARISON OF THE TISSUE VOLUME OF DISTRIBUTION OF 
TWO TRACERS USED TO QUANTIFY EXTRACELLULAR FLUID 

TISSUE 

Lateral ventric Ie 
choroid plexus 

Fourth ventric I e 
choroid plexus 

Cerebra I cortex 

Cerebellum 

Skeletal muscle 

Salivary gland 

3H-mann ito I space 
molecular weight = 
182 g/mol 

19.1+0.6* 

17. 1 + 0.3* 

2.43 + 0.06* 

2.86 + 0.05* 

11.2+0.4 

24.5 + 1 .1* 

3H • ,. -mu In space 
molecular weight ~ 
5500 g/mol 

15.8 + 0.5 

14.6 + 0.4 

1.64+0.17 

1.98 + 0.30 

10.3 + 0.4 

19.2+0.4 

3H-mannitolor 3H-inulin (0.5 uCi/g) was injected intraperitoneally into 
4-h nephrectomized rats at 1 h prior to sacrifice. Tissue and CS F rad ioactivity 
was expressed as a space (Ok) = 100 x (dpm/g tissue)/(dpm/g plasma H~O). 
Values are presented as means + S.E .M. for N = 6 rats. *P < 0.05 ( H-
mann itol space vs. 3H-inul in space) by Student's t test. 
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whether the 3H-mannitolor 3H-inulin space was utilized to estimate extra­

cellu lar flu id volume. 

Calculated choroid plexus cell [Na] and rCI] are summarized in 

Table 3, Three methods of calculation were utilized. Two of the calculations 

corrected for non-epithelial cell ion and water by subtracting erythrocyte and 

extracellular fluid (mannitol or inul in) contributions. In the th ird calcula­

tion, the 22Na or 36CI fast component was utilized as non-epithelial cell 

volume, inc luding both extracefl ular and erythrocyte fractions. Genera Ily , 

the three methods of calculation produce comparable ion concentrations; 

L VCP rNa] of 46 and [CI] of 67 mmoljkg cell H20, and 4VCP [Na] of 56 

and [CI] of 67 mmoljkg cell H20. Though only chemical measurements of 

in vivo choroid plexus tissue K content were performed, the calculated LVCP 

and 4VCP cell [K] were 150 :. 3 and 149 :. 4 mmoljkg cell H20 I respective­

Iy. With the Nernst equation I a calcu lated L VCP cell E Na of +30 mV (refer­

ence: interstitial fluid) and a cell ECI of -14 mV were obtained. Similarly I 

for the 4VCP cell an' ENa of +25 and an ECI of -14 mV were calculated. Be­

cause the CSF [NaJ and [CIJ were similar to the choroid plexus interstitial 

fluid concentrations, the ENa and ECI (reference: CSF) were only a few mV 

different from the interstitial fluid reference values (see Fig. 5). 

The uptake of 36CI and 22Na into the L VCP and 4VCP cell H20, and 

the CSF I from 1/4 to 6 h after injection of the isotope is shown in Table 4. 

For 36CI, the LVCP I 4VCP, and CSF relative concentrations were not signi­

ficantly different at any of the 6 time periods; each compartment was filled 

at approximately the same rate. In contrast, 22Na was taken up by the 4VCP 
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TABLE 3. CALCULATED CHOROID PLEXUS CELL [Na} AND rCI} USING 
DIFFERENT ESTIMATES OF EXTRACELLULAR AND ERYTHRO­
CYTE VOLUME 

Ca Icu lation: Lateral ventricle Fourth ventric Ie 
values used to estimate choroid plexus choroid plexus 
non-epithel ial ion and rNa] cell rCI]cell rNa]cell rCI]cell 
water content 

(mmol/1<g cell H2O) (mmol/kg cell H2O) 

3H-mannitol space and 41.9 67.2 53.8 68.4 
51 Cr-erythrocyte volume + 2.8 + 2.8 + 1.3 + 2.6 

3H-inulin space and 47.8 70.0 57.9 70.5 
51Cr-erythrocyte volume + 2.8 + 2.7 + 1.2 + 2.4 

22Na or 36CI fast 46.9 62.4 56. 1 63.2 
component volume + 2.3 + 2.8 + 0.9 + 2.9 

Choroid plexus cell rNa} or [CI] were calculated by subtracting extra­
cellular and erythrocyte contributions from the tissue ion content and water 
content according to the formula: rX} (Xtissue - Xe - Xr)/(Vtissue - Ve -
Vr) where X = Na or CI content, V = water content, e = extracellular fluid, 
and r = erythrocyte. In the third calculation, 22Na and 36Cl fast com­
ponents were used as estimates of nonepithelial electrolyte and water spaces. 
Values are means + S.E .M. for N = 6 rats. 
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TABLE 4. RELATIVE CONCENTRATIONS OF 36CI AND 22Na IN VARI­
OUS COMPARTMENTS AS A FUNCTION OF TIME 

Compartment 

Extrace II u lar fl u id 

LVCP cell H20 

4VCP cell H20 

Cerebrospinal fluid 

22Na 

Extracellular fluid 

LVCP cell H20* 

4VCP cell H20t 

Cerebrospinal flu id 

lime after' injection of the radioisotope (hours) 

1/4 1/2 2 4 6 

100 100 100 100 100 100 

30 47 55 77 95 98 

24 42 52 70 93 97 

23 44 57 79 96 99 

100 100 100 100 100 100 

2 13 22 47 75 92 

12 30 58 78 94 103 

26 44 55 73 92 97 

36CI or 22Na was in jected into rats at various times prior to sacrifice. 
Tissues and samples were analyzed for radioactivity and the values expressed 
as a space (Ok):::: 100 x (dpm/g tissue or CSF)/(dpm/g extracellular fluid). 
Relative concentrations (0/0) were obtained by expressing the value as a per­
cent of the steady-state plateau. Choroid plexus tissue data were converted 
to choroid plexus cell H20 us in% the compartmentation data I i. e. t water 
content I 3H-inul in space, and 1Cr-tagged erythrocyte volume (see Results). 
Each value is expressed as a mean for N :::: 3 animals. Standard errors are gen­
erally < SOlo of the respective means. *P <0.05 (LVCP cell H20 vs. CSF) 
by Student's t test. tp <0.05 (4VCP cell H20 vs. CSF) by Student's t test. 
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at a significantly greater rate than the CSF, while the LYCP was filled at a 

significantly slower rate than the CSF (Table 4). At each time period, the 

respective spaces for 36CI and 22Na in CSF were statistical fy equivalent (P 

:> 0.05). 

As for the choroid plexus, tissue electrolyte and compartment values 

were used to calculate salivary gland and skeletal muscle cell rCI] and [Na}. 

While both salivary gland and skeletal muscle cell [Na} were equal, 10 

mmoljkg cell H20, salivary gland cell rCI] (36 mmoljkg H20) was signifi­

cantly greater than skeletal muscle ceff rCI] (6 rnmol/kg H20) (P < 0.05). 

A calculated salivary gland cell ECI of -30 mY (reference: interstitial fluid) 

and a cell ENa of +70 mY were obtained using the Nernst equation. Similar­

Iy, a cell ECI of -78 mY and a cell ENa of +72 mY were determined for the 

skeletal muscle. 

In vitro experiments 

36c I and 3H-inu I in uptake by the in vitro L YCP and 4YCP were ex­

tremely rapid compared to the in vivo isotope uptake. Steady-state spaces of 

36CI (55.3 ~ 1.?,/o) and 3H-inulin (40.2:!:. 2.(0/0) were reached after only 1 

min of exposure of the tissue to the rad ioisotope. The in vitro spaces obtained 

for the LYCP and 4YCP were not significantly different (P:> 0.05). 

Chemically determined choroid plexus (LYCP plus 4YCP) CI content 

(70~ 1 mmoljkg wet tissue) and artificial CSF rCI] (126:!:.1 mmoljkg H20) 

result in a tissue CI space (55. 6°k) equivalent to the radioisotope space 

(55.3°/0). L YCP Na content increased by 15 mmol/kg in vitro, whereas K 
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content decreased by 30 mmol;1<g, as determined by flame photometry. How­

ever, calculation of epithelial cell electrolyte concentrations revealed that 

in vivo and in vitro cell [K] (150 mrnol;1<g cell H20) were not sign ificantl y 

different. Cell r. Na] decreased from 45 to 36 mmol;1<g H20 after 30 min of 

in vitro incubation, though the difference was not statistically significant (P 

> 0.05). A 17 mrnol;1<g cefl H20 decline in cell r.CI] was observed (50 + 4 

mmol;1<g H20) in vitro (P < 0.05). Thus, as noted in vivo, the in vitro chor­

oid plexus cell was able to maintain a high ECI of -24 mV when both the K 

and Na gradients (cell to artificial CSF) were not significantly altered. 



DISCUSSION 

Calculation of intracellular choroid plexus epithel ial cell rCI] and 

[Na] from tissue electrolyte and water content measurements requires know­

ledge of the CI and Na content and water volume of several compartments 

within the choroid tissue. Fortunately, the choroid plexus is a simple epithe­

lium, consisting only of a high Iy vascularized connective tissue core surround­

ed by a single layer of cuboidal epithelial cells. Unlike more complex epi­

thelial tissues, Le., salivary gland, kidney, and intestine, the ependymal 

cells of the choroid plexus are primarily one cell type. Thus, the plexus is a 

convenient tissue for compartmentation of tissue electrolytes. With measure­

ments of exchangeable ion content, extracellular space, and residual erythro­

cyte volume, tissue ion content can be converted to calculated choroidal epi­

thel ia I cell r. C I] and [Na]. 

The equivalence of the chemica I and radioisotope tissue spaces in the 

choroid plexus indicates that within the time period of the in vivo experiments 

(8 h), all of the tissue CI and Na was exchangeable. Specifically, no evi­

dence was found for an inexchangeable or "bound ll fraction of CI or Na in 

the LVCP or 4VCP. Furthermore, the rapid (l min) uptake of 36(:1 by the ~ 

vitro choroid plexus into a space equal in volume to the chemically determined 

CI space indicates that all of the choroid plexus CI was freely exchangeable 

even over a short (1-3 min) time period. ABRAMOW et al. (1967) reported 
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that only 10°10 of the rabbit kidney tubule CI did not exchange with 36CI 

within 90 min. Similar results were obtained by FRIZZELL et al. (1973) for 

36CI uptake by the rabbit ileum. Slowly exchanging Na fractions have been 

reported for epithelial tissues (CIVAN, 1978); the inexchangeable fraction 

rarely exceeds 300/0 of the total Na content. In the present study, the small 

differences between the chemical and radioisotope CSF spaces for Na or CI 

are not explicable on the basis of ion binding (36(:1 space> CI space and 

22Na space> Na space) and are presumably attributable to evaporation by 

the radioisotope CSF samples. While 22Na and 36CI CSF specimens had to 

be weighed after collection, the CSF for chemical analysis was frozen imme-

diately upon sampling. 

Extracellular, stromal, and erythrocyte contributions to choroid plexus 

tissue ion and water content were quantified by the volume of distribution (Vd) 

of 3H -saccharides and 51 Cr-tagged erythrocytes, and by component ana Iys is 

of the 36C I and 22Na uptake curves. The fast components of the choroid 

plexus 36CI and 22Na uptake curves were similar in half-time to that of the 

extracellular marker, 3H-mannitol (t1/2 0.02-0.05 h). Yet, the Vd of the 

isotopes (3H-saccharides, fast component 36CI and 22Na) in the LVCP and 

4VCP varied from 13-250/0. In both the L VCP and 4VCP, the volumes ranged 

from 22Na fast component (13-14°k), 3H-inulin space (l4-16°k), 3H- man -

nitol space (l7-19"k), to 36(:1 fast component (24-25%). However, with a 

correction for the 36CI content of the residual erythrocytes in the choroid 

plexus, the 36CI fast component volume (18-19"/o) was not significantly dif­

ferent from the 3H-mannitol space. Similarly, the 22Na fast component Vd 
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(the 22Na content of the res idual erythrocytes was < O. 10/0 of the tissue 22Na 

space) was not different statistically from the 3H-inulin space. The 40/0 dif­

ference in Vd between the 3H-mannitol and 3H-inulin spaces may reflect 

differential penetration of the tracers into choroid plexus stromal elements. 

In the intestine, 3H-mannitol distributes within the mucosal space whereas 

3H-inul in fills on Iy a fraction of that compartment (GRIM et aI., 1973). In 

the present study, both markers filled equivalent volumes in the skeletal mus­

cle; however, the salivary gland 3H-mannitol space (24 . .s%) was "-'50/0 great­

er than the 3H-inulin space (19.2'/0). If 3H-mannitol distributed within the 

salivary gland connective tissue and ducts, regions perhaps not penetrated by 

3H-inulin, a 5% difference between the marker volumes would be expected 

(SCHNEYER et aI., 1972). The estimates of QUAY (1966) of the rat epen-

dymal celf, stromal cell, and erythrocyte volumes are consistent with a 5-100/0 

stromal cell space. And, the high C I content of connective tissue would lead 

to a larger choroid plexus CI space than sodium space (-.... b.4%
). Thus, the 

volumes in LVCP and 4VCP of erythrocytes (]C/o), extracellular fluid (150/0), 

and stroma ( ........ 40/0) were obtained from the distribution of the 36(1 fast com-

ponent, 3H-mannitol, 3H-inulin, 22Na fast component, and 51Cr-tagged 

erythrocytes. Subtraction of the water volume of these compartments from the 

. choroid plexus tissue water content (800/0) would determine an epithelial cell 

vorume of 56-600/0 of the wet tissue weight. 

The slow component (t1/2 0.9-1.9 h) of the choroid plexus 36CI and 

22Na uptake curves undoubtedly represents radioisotope uptake by the epithe-

lial cells. JOHANSON & WOODBURY (1978) observed similar kinetics for 
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the uptake of 14C-urea by the rat LVCP. They attributed the slow build-up 

of 14C-urea with in the choro ida I ep ithel ium to a sieving effect in the baso­

lateral membrane concurrent with a rapid equilibration with the CSF across 

the apical membrane. As shown in Table 4, the plexus 36CI and 22Na cell 

spaces were similar to the corresponding CSF values. Evidently the choroid 

plexus basolateral membrane has a low permeability to Na and CI, as for 

14C-urea. In contrast, both the similarity of the choroidal cell and CSF iso­

tope spaces in vivo, and the rapid distribution of 36CI in the choroid plexus 

in vitro, would indicate that the ap ica I membrane permeabi I ity of the LVCP 

and 4VCP to Na and CI is considerably greater than the permeab if ity of the 

basolateral membrane. A similar difference in permeabilities of the two mem­

branes to I and K has been observed in the in vitro frog choro id plexus 

(WRIGHT, 19780, b). Thus, a basolateral membrane with a low permeability 

to ions and small hydrophilic molecules (urea) in series with a permeable api­

cal membrane may characterize the choroidal epithelium. 

The conclusion of the preceding paragraph was reached in part by jux­

taposing radioisotope activity in the choroid plexus cell to that in the CSF as 

sampled from the cisterna magna. Though lateral ventricle and fourth ventri­

cle CSF isotope radioactivities were not determined directly, rat cisternal CSF 

may represent a reasonable approximation of the activity in the ventricular 

fluid. First, the agreement between the in vivo LYCP and 4YCP 36CI space 

as a function of uptake time (Table 4) is consistent with the rapid equilibra­

tion of 36c I between the in vitro choroid plexus and the incubation med ium. 

A similar observation for 14C-urea strengthens the conclusion (JOHANSON 
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& WOODBURY, 1978). Second, the difference in the rate of 22Na uptake 

by the rat LVCP and 4VCP is not consistent with a rapid isotope equilibration 

within the ventricular fluid followed by a slow penetration into the cisternal 

CSF; the CSF t1/2 (slow component) for 22Na uptake was intermediate be­

tween the t1/2 for uptake into the l VCP and 4VCP. This is in contrast to 

SWEET et al. (1950) who found 22Na uptake into human ventricular CSF four 

times as rapid as penetration into cisternal CSF. The difference in 22Na up-

take by the l VCP and 4VCP in the present study probably reflects apical mem-

brane permeability or transport differences instead of regional variation in the 

ventricular CSF 22Na uptake rate. 

Epithel ial cell rCI] and [Na] were calculated utilizing three sepa-

rate estimates of nonepithel ia I ion and water content. As shown in Table 3, 

the three methods of calculation give comparable [CI] and [Na] for the 

LVCP and 4VCP. Fig. 5 summarizes the ependymal cel [ electrolyte concen­

trations and potentials for the rat LVCP along with data for the interstitial 

and cerebrospinal fluids. Similar values were obtained for the rat 4VCP, ex-

cept that the cell [Na] was 56 mmol/kgcell H20 {ENa interstitial +25 mV 

and ENa CSF +27mV}. In both the LVCP and 4VCP, the ECI' CI equilibri­

um potential (-14 to -15 mV), was from 35 to 50 mV more positive than the 

Em' resting membrane potential, as reported for the rabbit (-50 to -65 mV) 

and frog (-50 mV) choroid plexuses (VVElCH & SADLER, 1965; WRIGHT, 

1978b). Similarly, the ENa (+30 to +32 mV) for the LVCP and 4VCP was 

from 80 to 95 mV more pos itive than the resting membrane potentia I 

(JOHANSON et aI., 1974). Chloride was accumulated 3.9 times that 
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Fig. 5. A schematic representation of the choroidal epithelium separating the 

interstitial and cerebrospinal fluids. In the upper half of the figure, rNa], 

r KJ, and [CI] as determined by the compartmentation techn ique are shown 

for the interstitial fluid, LVCP cell H20, and CSF. In the lower half of the 

figure, calculated passive membrane potentials for Na, K, and CI are indi-' 

cated for both the basolateral membrane and apical membrane of the choroid 

epithel ial cell. Literature values for the membrane potential (Em) and trans­

epithelial potential are included at the bottom of the figure (Welch & Sadler, 

1965; Wright, 1978). For the 4VCP, K and Cl concentrations and pass ive 

membrane potentials are equivalent to those of the LVCP. However, 4VCP 

cell rNa] was 56 mmol/kg H20 with a +25 mV ENa across the basolateral 

membrane and a +27 mV E Na across the apical membrane. 
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predicted for passive distribution according to the basolateral membrane po­

tential. Comparable values for CI accumulation have been obtained in the 

renal proximal tubule (2-3x), gallbladder (2.3x), and intestine (3.4x) using 

36CI compartmentation, ion sens itive electrodes, and electron probe 

(ABRAMOW et aI., 1967; FRIZZELL et aI., 1973; SPRING & KIMURA, 

1978; DUFFEYet aI., 1978; GUPTA et aI., 1978; and DUFFEY et at., 

1979). The energy source for active CI transport by the choroid plexus may 

be the Na electrochemical potential difference, wh ich is 2 times that of the 

CI potential difference. As proposed by FRIZZELL et al. (1979), CI would 

be taken up into the choroid plexus epithelial cell across the basolateral mem­

brane by aNa-coupled CI cotransport mechanism. At the apical membrane, 

CI would move out of the cell into the CSF along a favorable electrochemical 

potential gradient. Net chloride transport would be from the plasma into the 

CSF, as the results of HOGBEN et al. (1960) and BOURKE et al. (1970) 

would indicate. Further experiments are being conducted to establ ish both 

the presence of transep ithel ia I C I transport by the choroid plexus and the 

mechanism of that transport. In conclusion, evidence is presented which in­

dicates that the choroid plexus, like other CI transporting epithelia, accumu­

lates CI against a 36-50 mV electrochemical gradient. 

36CI and 22Na uptake into the CSF were resolved into two components, 

a fast component (t1/2 0.18 h, fractional volume 0.24) and a slow compo­

nent (t1/2 1.2 h, fractional volume 0.76) for each isotope. Similar half­

times and volumes were reported for 22Na uptake into the CSF by SOLOMON 

(1949) and LEVIN & PATLAK (1972). 14C-urea uptake into the CSF was 
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resolved by JOHANSON & WOODBURY (1978) into two components with 

t1/2 and volumes comparable to those of 22Na. As suggested by LEVIN & 

PATLAK (1972), the fast component probably represents isotope exchange 

across the blood-CSF barrier, i. e., the choroid plexuses. Further evidence 

wh ich supports the localization of the CSF fast component to the choroid plex­

us is the fact that acetazolamide treatment (20 mgjkg) wh ich inhibits choroid 

plexus fluid production by > 9SOk (MELBY & REED, 1978) eliminates the fast 

component of 36C I uptake by the rat CSF (unpublished results). Simi larly, 

MILHORAT (1971) reported a 3SO/0 decrease in CSF production in choroid 

plexectomized monkeys, a comparable volume to that of the CSF fast compo­

nent in the present study. The slow component may represent isotope exchange 

primarily from brain extracellular fluid into the CSF. 36CI and 22Na uptake 

rate constants for the CSF obtained during ventriculo-cisternal perfusion ex­

periments ( ...... 0.9 h) (VOGH & MAREN, 1975) are comparable to the slow 

compartment rate constants (...., 0.8 h) obtained in the present study. Aceta­

zolamide treatment decreases CSF flow SOCk as measured by ventriculo-c ister­

nal perfusion, suggesting that a considerable fraction of the CSF ( ...... 500/0) orig­

inates from extrachoroidal sources (BOURKE & NELSO N, 1972b). Thus, 

based on kinetic data, fractional volumes and rate constants can be measured 

for 36CI and 22Na entry into the CSF from choroidal and extrachoroidal sites. 

Salivary gland and skeletal muscle cell [CI] and rNa] compare favor­

ably with literature values (SCHNEYER et aI., 1972; JOHANSON et aI., 

1974; WILLIAMS et aI., 1971). In contrast to the choroid plexus, ECI and 

Em were in close agreement in the sal ivary g land and skeletal musc Ie, wh ich 
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would predict a passive distribution ofCI in these tissues. However, the pos­

sibility of active CI transport by the salivary gland cannot be excluded due to 

the heterogeneous cell population of that tissue, i.e., 7Cflo acinar cells and 

30010 duct cells (SCHNEYER et aI., 1972). The un iform epithel ial cell popu­

lation of the choroid plexus simplifies the interpretation of compartment data 

and makes the utilization of the compartmentation technique a valid proce­

dure for determining cell electrolytes. 
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PART TWO 

UPTAKE OF CHLORIDE-36 AND SODIUM-22 BY THE 

BRAIN-CEREBROSPINAL FLUID SYSTEM: COMPARISON 

OF THE PERMEABIL1TY OF THE BLOOD-BRAIN AND 

BLOOD-CSF BARRIERS 



INTRODUCTION 

The slow rate of 36CI and 22Na uptake from the blood into the brain 

has been in terpreted to ind icate the presence of a barrier between the blood 

and the brain extracellular space (MANERY & BALE, 1941; MANERY & 

HAEGE, 1941). The anatomical substrate of the blood-brain and blood-CSF 

barriers has been attributed to the zonulae occludentes between the endothe­

lial cells of cerebral capillaries (blood-brain barrier) and the epithelial cells 

of the choroid plexus (blood-CSF barrier) (BRIGHTMAN & REESE, 1969). 

Thus, 36CI or 22Na movement into the C NS would be a function of barrier 

permeability (transcellular and paracellular) to the isotope and the rate of 

transport of the isotope across the barrier (FENSTERMACHER, 1975). Trans­

port of Na has been demonstrated at the choroidal epithelium (WRIGHT, 1972) 

and at the cerebral capillary endothelium (EISENBERG & SUDDITH, 1979). 

While a number of studies have examined 36CI and/or 22Na uptake into 

brain tissue (DAVSON, 1955; REED et aI., 1964; VERNADAK IS & WOOD­

BURY, 1965), there is a paucity of data on regional uptake of isotopes into 

the CNS. LUCIANO (1968) obtained autoradiographic evidence for hetero­

geneity in 22Na uptake into the brain tissue. Furthermore, BOULDIN & 

KRIGMAN (1975) found the choroid epithelial zonulae occludentes more per­

meable to La than were the cerebral capillary junctions, suggesting that the 

choroid plexus is a "Ieaky" epithelium as compared to the "tight" cerebral 
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capillaries. Thus, cons iderab Ie evidence exists for differential movement of 

22Na or 36CI across not only the blood-brain and blood-CSF barriers but also 

across various areas of the blood-brain barrier itself. 

To determine analytically the regional differences in barrier permeabil­

ity, we analyzed 36CI, 22Na, and 3H-mannitol uptake into the cerebral 

cortex gray matter, cerebellum, cisternal CSF, and choroid plexuses {lateral 

and fourth ventric Ie}. The experimental design enabled a comparison of the 

relative permeability of each region of the barrier to the three isotopes. Fur­

thermore, with estimates of surface area from other studies, the permeabil ity 

of the blood-brain and blood-CSF barriers was compared. lastly, the com­

partmental distribution of CI and Na in the CNS (extracellular, neuronal, 

and glial) was examined, including an in vivo determination of the brain ex­

tracellular space. 



t-MTERJALS AND METHODS 

The experimenta I protocol, methods, and materials are described fully 

in the preceding paper of this dissertation (see PART 0 NE ). Briefly, three 

series of experiments were conducted on Sprague-Dawley rats (90-110 g) 

nephrectomized under ether anesthesia 4 h prior to the time samples were 

taken. In the first series, 36C I and 22Na uptake into reg ions of the C NS 

were measured from 1/12 to 8 h after in jection in 54 rats (27 for 36CI and 27 

for 22Na). Similarly, 3H-mannitol uptake was analyzed from 1/12 to 1 h 

after injection in 12 rats. In the second series, the chemically determined CI 

and Na contents were measured utilizing amperometric titration of Ag and 

flame photometry (12 rats). Lastly, in the th ird series, the tissue water con­

tent, 3H-mannitolspace (1 h), 3H-inulinspace (1 h), and 51Cr-tagged 

erythrocyte volume (10 min) were determined for analysis of tissue compart-

ments. 

Radioisotope volumes of distribution or spaces (36C I, 22Na, and 3H) 

were calculated using the formula: Space (%) = 100 x (dpm/g tissue or CSF)/ 

(dpm/g plasma H20 x D. F .) where D. F. represents the appropriate Donnan 

factor. For the residual erythrocyte volume (51Cr), the denominator of the 

calculation was adjusted from (dpm/g plasma H20 x D. F.) to (dpm/g erythro­

cytes). Uptake curves were resolved into components (generally 2) by a mod­

ification of the method of graphical analysis (SOLOMON, 1949). From such 
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analysis, component rate constants (k) and volumes of distribution (Vd) were 

obtained; permeability surface-area products (PA) were calculated either as 

PA = (k x Vd)/100 (BRADBURY & CROWDER, 1976), or as PA = initial slope 

of the curve of isotope space versus time (Fig. 9) (BRADB URY, 1979). Fina 1-

Iy, glia ceJl ion concentrations were determined using the formula: 

rXl = (X)tissue - (X)n - (X)e - (X)res where (X) = Na or CI content (mmol/kg), 

- Vtissue - Vn - Ve - Vres 

v = fractional volume of water, n = neuronal, e = extracellular, and res = 

rapidly equilibrating space. 



RESULTS 

As noted in the preceding paper ( see PART ONE ), regression anal­

ysis of plasma radioactivity as a function of time yielded a slope which was 

not significantly different from 0 for efther 36CI {P = 0.28}, 22Na (P = 0.47), 

or 3H-mann itol {P = 0.54}. Furthermore, the standard deviation of the plas­

ma activity was 7'/0 of the mean acHvity for all three isotopes. Thus, the fol­

lowing results were analyzed and interpreted on the basis of a stable plasma 

level of isotope. 

In Fig. 6, curves for tracer uptake into the cerebral cortex, cerebel­

fum, and CSF are shown for 36CI {left-hand side} and 22Na {right-hand 

side}. For both isotopes, a steady-state distribution in the cerebral cortex was 

not reached until"""' 8 h after in jection. 36C I and 22Na penetrated into the 

cerebellum at a faster rate, atta in ing a steady-state level after"""'" 5 h. Steady­

state spaces equivalent in magn itude were obtained with radioisotope and 

chemical techn iques. For example, the chemically determined cerebral cor­

tex CI content {31.5:!:. 0.9 mmol/kg} and Na content {47.1 :!:. 0.3 mmol/kg} 

and the chemically determined cerebellum CI content (30.6:!:. 0.7 mmol/kg) 

and Na content {45.9:!:. 0.4 mmol/kg} were measured. Conversion to a 

"space lf with the extracellular fluid [CI] = 114:!:. 1 mmol/kg H20 and [Na] 

= 143 :. 1 produced values not significantly different from the isotope steady­

state spaces of Table 5. As for the brain tissue, 36CI and 22Na attained a 



50 

Fig. 6. The uptake of 36C 1 and 22Na into the cerebral cortex, cerebellum, 

and CSF as a function of time after administration. The left-hand portion of 

the figure represents 36(:1 penetration into the C NS and the right-hand por­

tion represents 22Na movement into the CNS. Either 36CI or 22Na (0. 1 

uCi/g) was injected at various times prior to sacrifice into 4-h nephrectom­

ized rats. Tissue radioactivity was expressed as a space (0/0) = 100 x (dpm/g 

tissue or CSF)/(dpm/g extracellular flu id). Each po int represents a mean :!:. 

S.E.M. for 3 animals. 
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TABLE 5. ANALYSIS OF COMPONENTS OF 36CI AND 22Na UPTAKE CURVES 

Compartment Isotope Fast com~onent Slow component Steady-state 

t1/2 (h) Vd (%) fractional tl/2 (h) Vd (0/0) fractional isotope space 
volume volume (0/0) 

Cerebral 36c1 0.03 1 .0 0.04 1 .69 27.0 0.96 28.0 
cortex (1 .44-2.04) (25.2-28.9) (27.2-28.8) 

22Na 0.02 1 .4 0.04 1.55 31.0 0.96 32.4 
(1.33-1 .84) (29.0-33.3) (31. 1-33.7) 

Cerebellum 36c1 0.05 2. 1 0.08 1 .05 24.3 . 0.92 26.4 
(0.78-1 .59) (19.3-31 .9) (25.9-26.9) 

22Na 0.02 1.3 0.04 1 • 11 31.4 0.96 32.7 
0.04-1.18) (30.4-32.4) (31 .9-33.5) 

Cerebrosp ina I 36CI O. 19 25.7 0.22 1.06 91 .0 0.78 116.7 
fluid (0. 11 -0. 40) (17.2-37.4) (0.93-1.23) (73. 7-11 2. 6) (1 14. 4-119 . 0) 

22Na O. 18 28.9 0.26 1 .31 82.9 0.74 111 .8 
(0. 15-0.21) (25.6-32.6) 0.17-1 .49) (65.6-104.6) (1 09 • 5-114. 1) 

Radioisotope uptake curves were resolved into components by the method of graphical analysis and fitted to straight lines 
by linear regression. The t1/2' half-time, was obtained by dividing In 2 by the slope (k) of the regression line. Vd, volume 
of distribution, was calcu lated as the exp (y-intercept of the regress ion line). The fractional volume is the Vd expressed as 
a fraction of the asymptote (steady-state plateau) of the uptake curve. Values in parentheses are the 9,50/0 confidence limits 

01 for the parameter. '" 
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steady-state distribution in the CSF after"" 6 hi the respective CSF isotope 

spaces (Table 5) were comparable to the chemical CI (l 05. 3%) and Na 

(lOS.SOA» spaces. Although radio-K uptake was not analyzed, the chemical-

Iy determined K contents of the cerebral cortex, cerebellum, CSF, and extra-

cellular fluid were 100.3:1.2, 99.7~1.0, 3.1:0.1, and4.1 +0.1 

mmol;1<g , respectively. 

The components of the isotope uptake curves are summarized in Table 5 

for the cerebral cortex, cerebell urn and CSF. Uptake into the cerebra I cortex 

and cerebellum resolved into 2 components; a fast component (t1/2 0.02-

0.05 h) and a slow component (t1/2 1. 1-1. 7 h). The slow component volume 

represented 92-96% of the total 36C I or 22Na space. The 36C I and 22Na 

slow component t1/2 were not significantly different from each other in either 

the cerebrar cortex or cerebellum. However, the average (36C I, 22Na) 

cerebellum slow component t1/2 (1. 1 h) was sign ificantl y less than that for 

the cerebral cortex (1.6 h). The CSF radioisotope uptake curves were re­

solved into 2 componentsi for 36CI, the CSF slow component t1/2 was com­

parable to the cerebellum slow component t1/2i whereas I the 22Na CSF 

t1/2 (1.31 h) was intermediary between the cerebral cortex (1.55) and the 

cerebellum (1. 11) t1/2. 

Because of the slow movement of both 36CI and 22Na from plasma into 

the C NS, the CSF isotope activity represents a better measure of the activity 

in the fluid bathing the brain cells than does the plasma. If 36(, and 22Na 

distributed mainly into the brain extracellular space at early uptake times, 

then the initial slope of the brain activity/CSF activity would estimate the 
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extracellular volume of the brain. A graph of the 36(:1 cerebral cortex space 

(corrected for the fast component volume) as a function of the CSF space is 

shown in Fig. 7. The initial slope (extracellular space) for the cerebral cor­

tex was 12.6: 1.3'/0 for 36(:1 and 14.2 ~ 1.1% for 22Na. Similarly, the 

initial slope for the cerebellum was 11.8: 1.5% for 36(:1 and 14.4+ 1.1'/0 

for 22Na. 

In order to calculate cell ion concentrations within the CNS, the tis­

sue water content, 3H-inu I in space (1 h), and 51 Cr-tagged erythrocyte vol­

ume were measured. The cerebellum water content (79.2: 0.1°A» tended to 

be greater than that of the cerebral cortex (78.8: O. ~A». A similar trend 

was observed in the 3H-inu lin space (1 h) in cerebellum (2.0: 0.7) and 

cerebral cortex (1.6 ~ 0.40/0), and in the 51Cr-erythrocyte volume, cerebel­

lum (0.9: 0.1) and cerebral cortex (0.5 ~ 0.10/0). The 3H-inulin spaces 

for the cerebral cortex and cerebellum were comparable to the 36(:1 or 22Na 

fast component volumes (Table 5). 

Cerebral cortex and cerebellum cell ion concnetrations were determined 

by subtracting fast component and extracellular contributions from the tissue 

electrolyte and water contents. Cell r. Na], [KJ, and [CI] were calculated 

as 34: 2, 156: 4, and 22 ~ 2 mmoljkg cell H20 for the cerebral cortex and 

33 : 3, 156 ~ 3, and 18 : 2 for the cerebellum, respectively. Further com­

partmentation into neuronal and glial cell concentrations required estimates 

of relative neuronal/glial cell volume and the concentration of the ion in one 

of the two celf compartments. HERTZ (1977) and POPE (1978) have esti­

mated the volume ratio of neurons to glia in the cerebral cortex at "" 2/1. 
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Fig. 7. The uptake of 36C I by the cerebral cortex as a function of the up­

take of 36CI by the CSF. The initial slope of the curve is an estimate of the 

cerebral cortex extracellular fluid volume. 36CI (0.1 uCi/g) was injected 

into 4-h nephrectomized rats at various times prior to sacrifice. Cerebral cor­

tex and CSF activity were expressed as a space (0/0) = 100 x (dpm/g cerebral 

cortex or CSF)/(dpm/g extracellular fluid). For each time point I the cerebral 

cortex and corresponding CSF 36CI space were plotted. The initial slope was 

determined by linear regression. Each point represents a mean for 3 animals. 
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And, the CI distribution across the mammalian neuronal membrane is generally 

considered to be passive, i.e., ECI = Em R: -70 mV (KATZMAN & PAPPIUS, 

1973). Fig. 8 is a schematic of CI distribution within the cerebral cortex, 

cerebellum, and CSF based on a neuronal/gl ial cell volume of 2/1 and a pas­

sive distribution of CI within the neuronal cells (~I] = 10 mmol/kg cell 

H20). For the cerebral cortex, decreasing the neuronal/glial volume ratio 

from 3/1, 2/1, 1/1, to 1/2 would determine a glial cell rCI] of 58, 46, 

34, and 28 mmol/kg cell H20, respectively. Over the same neuronal/glial 

volume range, the cerebellum glial cell reI] varies from 45, 36, 27 to 23 

mmol/kg cell H20. Thus, CI would appear to be accumulated within glial 

cells to a level 2-6 times that in neurona I cells. 

Permeability surface-area products (PA) were determined directly as 

the initial slope of the isotope space versus time plot (as shown in the upper­

half of Fig. 9 for 36CI uptake into the cerebral cortex), or indirectly as the 

product of the rate constant and the volume of distribution of a component (as 

shown in the lower-half of Fig. 9 for the resolved 36CI uptake curve for the 

cerebral cortex). Both techniques yielded comparable PA values for 36(:1 

and 22Na uptake into the various regions of the CNS. However, the preci­

s ion of the second techn ique was greater (.-.. 2x) due to larger numbers of 

points that could be included in the analysis (4 time points were utilized in 

the upper-half analysis of Fig. 9 compared to 8 points in the lower-half). 

Furthermore, the indirect technique produced PA values for both components 

of 36CI or 22Na uptake into the CSF. Thus, the PA values for 36CI and 

22Na, as calculated from the component analysis, are summarized in Table 6 
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Fig. 8. Schemat ic representation of ch loride distribution with in the cerebra I 

cortex, cerebellum, and CSF. Values for the CI content of tissues and fluid 

were obtained from the steady-state distribution of 36C I. The extracellu lar 

fluid (ECF) volume of the cerebral cortex and cerebellum were obtained from 

the initial slope of the brain tissue space/CSF space curve (Fig. 2). The rCI] 

of the ECF was taken to be similar to that of the CSF. A neuronal cell volume 

twice that of the glial cell volume was assumed (Hertz, 1977; Pope, 1978). 

Lastly, a passive distribution (Em = -70 mV) of CI was utilized to calculate 

neuronal cell reI]. Glial cell rCI] was determined by subtraction of extra­

cellular and neuronal cell contributions to tissue CI and water content. Vol­

ume was expressed as a percent of tissue wet weight; rCI] concentration was 

reported as mmol/kg H20. Each value represents a mean for 6 or more an imals. 
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Fig. 9. Two graphical methods for determining the permeability surface-area 

product (PA) for 36CI uptake into the cerebral cortex. In the upper-half of 

the figure, the cerebral cortex 36CI space was plotted as a function of time 

after 36CI administration. The initial slope (PA) of the curve was determined 

by 1 inear regression. fn the lower-half of the figure, the slow component was 

resolved by graph ica I analysis and a rate constant (k) was determined by 

linear regression. Then, the rate constant was converted to PA by the form­

uta: PA = k x Vd/100, where Vd (Ok) represents the volume of distribution 

of the component. 
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for the slow components of the cerebral cortex, cerebellum, and choroid plex­

us of the lateral as well as the fourth ventricle; PA values for the fast and 

slow components of radioisotope uptake into the CSF are included for compar­

ison. The unidirectional influx was calculated as the product of the PA and 

extracellular fluid ion concentration (Table 6). PA values for the cerebral 

cortex, cerebellum, and choroid plexuses ranged from 0.08 to 0.21 mlj11/g, 

while the CSF fast component PAwas 5-10 times that of the tissue values. 

Na influx into the CNS was at least a third greater than CI influx except for 

the lateral ventricle choroid plexus and CSF slow component. For the CSF 

fast component, the CI and Na unidirectional influx were reasonable estimates 

of the CSF ion concentrations, i. e., rCI] = 117 and rNa] = 155 mmol/kg 

H20. For comparison, permeabi lity surface-area products for 3H-mannitol, 

as determined from the initial slope of the uptake curves (Fig. 9), were 

0.0098 (cerebral cortex), 0.0120 (cerebellum), and 0.0212 (fast component 

CSF) ml/h/g. 



63 

TABLE 6. PERMEABILITY SURFACE-AREA P.RODUCT AND UNIDIRECTIONAL 
INFLUX FOR 36CI AND 22Na UPTAKE INTO THE CNS 

36CI 22Na 

Permeability Un idirec- Permeab iI i ty Un idirec-
surface- tiona I surface- tiona I 

Compartment area product in flux area product influx 
(ml/h/g) (mmo l/h/kg) (ml/h/g) (mmof!h/kg) 

Cerebra I cortex O. 111 12.7 0.139t 19.9 
+ 0.006 + 0.009 

Cerebellum O. 161 18.4 0.196 28.0 
+ 0.027 + 0.004 

Cerebrospinal flu id 0.944 107.6 1 .150 164.5 
(fast component) + 0.202* + 0.107* 

Cerebrospinal fluid 0.597 68. 1 0.439 62.8 
(s low component) + 0.046* + 0.031 t 

lateral ventric Ie 0.206 23.5 0.079 11 .3 
choroid plexus + 0.044* + 0.009*t 

Fourth ventric Ie 0.164 18.7 0.213 30.5 
choroid plexus + 0.029 + 0.021* 

Component rate constants were converted to permeability surface-area 
products by the formula: PA = k x Vd/l00. Unidirectional influx was deter­
mined by multiplying the PA by the ion concentration in the extracellular 
fluid. For tissues, only data for the slow component is presented. Values 
represent a mean + S. E. M. *P < 0.05 (compartment vs. cerebral cortex for 
either 36CI or 2TNa). tp < 0.05 (compartment 36(:1 PA vs. 22Na PA). 



DJSCUSSION 

Compartment analysis of isotope uptake into brain tissue and CSF was 

utilized to determine the rate of exchange across the blood-brain and blood­

CSF barriers. Due to the heterogeneity of 22Na penetration into the C NS 

(LUCIANO, 1968), an analysis by region rather than by whole brain was per­

formed. Furthermore, the uptake of three radioisotopes (36CI, 22Na, and 

3H-mpnnitol) was examined in order to obtain a comparative indication of in­

flux across the two C NS barriers. 

36C I and 22Na uptake into the cerebral cortex {gray matter} and cere­

bellum were resolved by graphical analysis into two components. The fast 

component (t1/2 0.02-0.05 h, fractional volume 0.04-0.08) is comprised of 

the vascular compartment ("'1 010) and a small perivascular space (O-~/o) 

(STULC, 1967; LEVIN & PATLAK, 1972). A comparable volume for the total 

vascular and perivascular space was observed after the 1-h distribution of 3H­

inul in in the cerebral cortex (1.60/0) and cerebellum (2.00/0). The anatomi­

cal location of the perivascular space is presently unknown; however, BRAD­

BURY (1979) has proposed that the perivascular space may represent the space 

between the brain capillary endothelium and the astrocytic lining of the cap­

illary or may represent the capillary endothelium itself. 

The slow component (t1/2 1.1-1.7 h, fractional volume 0.92-0.96) 

represents isotope movement across the blood-brain barrier into the brain 
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extracellular and cellular compartments. While there is a paucity of data on 

regional 22Na or 36CI uptake into the CNS, the 1 .6 h 22Na t1/2 for the 

rat cerebra I cortex gray matter compares favorab Iy with the correspond ing 2.0 

h t1/2 reported by LEVIN & PATLAK (1972) for the same species. Further­

more, the 1 • 1-1. 7 t1/2 for 22Na or 36( I distribution in the cerebral cortex 

gray matter and cerebellum are similar to the 1.0-1.5 range of values reported 

for uptake of the two isotopes in the rat cerebral cortex (REED et aI., 1964; 

VERNADAK IS & WOODBURY, 1965; BUHRLEY & REED, 1972). The obser­

vation that both 36(:1 and 22Na distribute within the cerebellum in ..... 2/3 the 

ti me necessary for isotope distribution with in the cerebral cortex substant iates 

the autoradiographic evidence of LUCIANO (1968) for significant heteroge­

neity in brain tissue uptake of 22Na. For both cerebral cortex and cerebel-

lum, the radioisotope steady-state spaces were equivalent to the chemically 

determined CI and Na spaces. No evidence was observed for a very slow 

(t1/2 3-14 h) compartment for either 36C I or 22Na uptak e into the C NS, as 

was reported previous Iy (REED et a I., 1964; VERNADAK IS & WOODBURY, 

1965; LEVIN & PATLAK, 1972). Other reports of 22Na uptake into the rat 

brain have failed to detect a third (very slow) compartment (LUCIANO, 

1968; BUHRLEY & REED, 1972). Furthermore, the rapid and complete ex­

changeabil ity of brain C I and Na in vitro (t1/2 < 1 h) would indicate that 

once the isotope has penetrated the blood-brain barrier in vivo, distribution 

between the cellular and extracellular compartments proceeds quickly (DAV-

SON & SPAZIANI, 1959; KEESEY & WALLGREN, 1965; BRADBURY et aI., 

1968). Many of the studies in which a very s low component (t1/2 3-14 h) 
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was observed for 36C I or 22Na uptake into brain tissue uti I ized 24-h nephrec­

tomy to maintain stable levels of radioisotope in the plasma. The changes in 

brain tissue, plasma, and CSF electrolyte content (espec ially K) induced by 

> 8 h of nephrectomy (HISE & JOHANSON, 1979), may alter significantly 

36CI and 22Na uptake into "the CNS. In the present study, 4-h nephrectomy 

was utilized to minimize induced alterations in tissue and fluid ion content. 

Thus, the s low component of 36C I and 22Na uptake into the cerebral cortex 

and cerebellum reflects the rate-I imiting step, movement across the blood­

brain barrier. 

As reported in the preceding paper (see PART ONE ), the uptake 

of 36CI and 22Na into the CSF was resolved into two components; a fast com­

ponent (t1/2 0.18 h, fractional volume 0.26) probably reflecting isotope 

movement across the choroid plexuses, and a slow component (t1/2 1.2 h, 

fractional volume 0.74) reflecting primarily brain-CSF isotope exchange. 

The similarity between the CSF slow component t1/2 and the brain tissue slow 

component t1/2 reflects the ease with which 22Na and 36(1 pass through 

the ventricu lar ependyma (DA VSO N, 1955). 

Compartment analysis of 36CI and 22Na uptake into the CNS failed 

to determine the in vivo extracellular and cellular fluid volumes of the brain 

. because ion movement across the blood-brain barrier is rate limiting. How­

ever, due to the presence of the blood-brain barrier and to the rapid exchange 

of isotopes between the brain extracellular space and the CSF, the CSF radio­

isotope activity is a better approximation of the brain extracellular fluid (EC F) 

activity than is the plasma. Thus, the initial slope of the brain space/CSF 



67 

space curve (Fig. 7) provides an estimate of the volume of CSF wh ich would 

account for the brain tissue radioactivity. Both 22Na and 36CI determine 

similar volumes for the extracellular space of the cerebral cortex (average 

36 22 
CI and Na, 13.4°k) and cerebellum (average 13.1%

). These values 

compare favorably with the 13.5-14.50/0 extracellu lar space of the rat brain 

as measured by the brain 14C-inu lin space after 6-8 h of simultaneous perfu­

sion of the plasma and ventricular system with 14C-inulin (WOODWARD et 

aI., 1967). Simi larly, RAPOPORT (1979), uti I izing akinetic ana Iys is of 

14C-sucrose uptake into various regions of the rat CNS, reported a 14°k vol-

ume of distribution in the cerebral cortex and a 13'/0 volume in the cerebellum. 

Furthermore, application of the technique for estimating brain ECF volume to 

infant rats has shown a steady decrease in the extracellular space of the cere-

bral cortex from 240/0 (1 wk -old rats), 16°k (2 wk), to 1 JO/o (5 wk) (unpubl ish-

ed data). A comparable decrease in the brain extracellular space of maturing 

rats was measured with 14C-inulin by FERGUSON & WOODBURY (1969). 

Thus, the initial slope of the brain tissue space/CSF space provides a reason-

able estimate of the in vivo brain extracellular space without requiring such 

in vas ive techn iques as subarachnoid or ventriculo-c istema I perfusion. 

Calculation of cell electrolyte concentrations in the CNS requires not 

only the volume of the extracellular space but also the relative volumes of 

neuronal and glial cells. For the 4 ratios examined (neuronal volume/glial 

volume 3/1, 2/1, 1/1, and 1/2), glial cell [CI] was from 2 to 6 times that 

in neuronal ceJls based on a pass ive neuronal C I distribution and a neuronal 

resting membrane potential of -70 mY. Whereas BRIZZEE et al. (1964) 
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measured the numbers of g I ia/neurons as 1/1 to 3/1 in the rat cerebra I cortex, 

others have estimated that gl ia outnumber neurons by a factor of about 5 to 10 

(HERTZ & SCHOUSBOE, 1975). Considering the small size of glial cells, a 

neuronal cell volume/g lial cell volume of 2/1 is a reasonable estimate of the 

two compartment volumes (HERTZ, 1977; POPE, 1978). As summarized in 

Fig. 8, glial cell (CIJ (36-46 mmoljkg cell H20) was ""4 times that of neu­

ronal cell (CI] with a neuronal/glial cell volume of 2/1. Since astrocyte 

resting membrane potentials of -70 to -90 mV are reported (KATZMAN & 

PAPPIUS, 1973), a calculated glia cell rCIJ of 5-10 mmoljkg cell H20 

would be predicted for passive distribution. The accumulation of CI within 

the glial cell against an electrochemical potential difference represents evi­

dence for active transport of CI by the glial cell. BOURKE & NELSON 

(1972) have reported a K-dependent CI accumulation by glial cells in the ~ 

vivo cerebral cortex. A similar process has been observed in in vitro astro­

cyte tissue cultures (G ILL et aI., 1974; K (MELBERG et a I., 1979). 

The relative permeabil ity of the blood-brain and blood-CSF barriers 

was eva luated by converting component rate constants to permeabil ity surface­

area products. The PA can be directly related to permeability if the surface 

area is known (BRADBURY, 1979). For comparing the rate of uptake of sev­

eral isotopes into one tissue the relative permeability (PA) is adequate since 

the area for exchange is presumably the same. As shown in Table 6, the rela­

tive permeabil ity to 22Na was s lightly greater than that to 36c I in the cere­

bral cortex, cerebellum, fourth ventricle choroid plexus, and fast component 

CSF. The PA to 3H-mannitol was 1/10 that to 36CI in the cerebral cortex 
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and cerebellum and 1/5 that to 36(: I in the CSF fast component. Calculation 

of PA from rate constants reported by REED et al. (T 964) confirms the obser­

vation that the relative permeabil ity of the rat cerebral hemisphere to 22Na 

(0.154 ml/h/g) is slightly greater than that to 36(:1 (0.135 ml/h/g). In con­

trast, DAVSON & WELCH (1971) obtained equivalent PA to 22Na and 36(:1 

in the rabbit brain. The PAofthe rat brain to 3H-mannitol (0.01 ml/h/g) as 

reported by SISSON & OLDENDORF (1971) compares favorably to the values 

for the cerebral cortex and cerebellum as reported in the present paper. Thus, 

the permeability surface-area products to 36CI, 22Na, and 3H-mannitol for 

the cerebral cortex and cerebellum agree with literature values for the rat 

brain. 

If the surface area for exchange is known, the PA can be converted to 

permeab ility (cm/sec)' CRONE (1963) calculated 240 cm2/g for the surface 

area of the cerebral capillaries. However, BRADBURY (1979) considered 

240 cm2/g an overestimate and proposed a range of 60-140 cm2/g (average 

...... 100 cm2/g). Similarfy, WELCH & SADLER (1966) calculated the surface 

area of the rabbit choroid plexus epithelium as 360 cm2/g. If only the baso-

lateral membrane is considered for exchange (see PART ONE ), the chor-

oid epithelial surface area would be on Iy ...... 1/3 of the total surface area or an 

average of ...... 120 cm2/g (WELCH & SADLER, 1966). With the average esti-

mates of surface area, the permeabi I ity of the cerebra I cortex and cerebellum 

capillaries and the choroid plexus epithelium (CSF fast component) to 36CI 

was calculated to be 3.1 x 10-7, 4.5 x 10-7, and 2.2 x 10-6 cm/sec and to 

22 -7 -7 -6 
Nawas3.9x10 ,5.4xlO ,and2.6xl0 cm/sec, respectively. 
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These values compare favorably with the brain permeability to 36(:1 and 22Na 

(1 .6 x 10-7 cm/sec) as estimated by RAPOPORT (1976); the 2-fold lesser PA 

values obtained by RAPOPORT (1976) were calculated assuming a cerebral 

capillary surface area of 240 cm2/g as compared to 100 cm2/g in the present 

study. The values for choroid plexus permeability to 36(:1 and 22Na are sim­

i lar to the P CI of 8 x 10-6 and P Na of 6 x 10-6 cm/sec for the in vitro frog 

fourth ventricle choroid plexus (WRIGHT, 1972). For 3H-mannitol, the per­

meability of the cerebral cortex (2.7 x 10-B), cerebellum (3.3 x 10-8) and 

choroid plexus (4.9 x 10-8 cm/sec) was calculated. The greater calculated 

capillary permeability to 36(:1, 22Na, and 3H-mannitol in the cerebellum 

than in the cerebral cortex may be due to an underestimation of the cerebel­

lar capillary surface area; the residual erythrocyte content of the cerebellum 

was 2x that of the cerebral cortex, which may indicate a greater cerebellar 

vascularity and thus surface area (JOHANSON, 1980). Furthermore, the 

difference between the choroid plexus epithelium and brain capillary permea­

bility to 3H-manntiol (choroid plexus R::: 2x cerebral cortex) and to 36CI and 

22Na (choroid plexus R::: 7x cerebral cortex) may be due to active transcellu­

lar Na and CI transport by the choroid epithelial cell from plasma to CSF. 

However, analysis of the uptake of all three radioisotopes (36cI, 22Na, and 

3H-mannitol) indicates that the effective permeability of the choroid epithe-

I ium (blood-CSF barrier) is greater than that of the cerebral cortex or cere­

bellum capillary endothelium (blood-brain barrier). 
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PART THREE 

KINETIC ANALYSIS OF CHLORIDE-36 AND SODIUM-22 UPTAKE INTO 

THE IN VIVO CHOROID PLEXUS-CEREBROSPINAL FLUID-BRAIN 

SYSTEM: ONTOGENY OF THE BLOOD-BRAIN 

AND BLOOD-CSF BARRIERS 



INTRODUCTION 

There are a number of observations wh ich indicate the absence or de-

creased effectiveness of the blood-brain and blood-CSF barriers in embryonic 

and infant animals (WOODBURY, 1974; SAUNDERS, 1977; BRADBURY, 

1979). The rat blood-brain barrier decreases in permeability to hydrophilic 

solutes between birth and adulthood (FERGUSON & WOODBURY, 1969; 

PARANDOOSH & JOHANSON, 1979; JOHANSON, 1980). Furthermore, 

active transport systems in the rat brain capi I laries develop during the first 5 

wk of postnata I I ife (BASS & LUNDBORG, 1973b; CREMER et a I., 1976). 

Similarly, there is a reduction in the permeability of the rat choroidal epen­

dyma (blood-CSF barrier) (RAMEY & BIRGE, 1979), and an increase in chor­

oidal epithelial cell transport capability and fluid production (BIERER & 

HE ISEY, 1972; JOHANSO N & WOOD'BURY, 1974). 

The slow movement (t1/ 2 > 1 h) of 36CI and 22Na from the plasma 

into the CNS is a result of the blood-brain and blood-CSF barriers. While 

the kinetics of 36CI and 22Na uptake into brain tissue and CSF have been 

analyzed for the adult animal (DAVSON, 1955; REED et aI., 1964; LEVIN 

& PATLAK, 1972; also see PART ONE), apparently only two literature re­

ports have compared 36CI (VERNADAK IS & WOODBURY, 1965) or 22Na 

(LUC IANO, 1968) movement across the blood-brain barrier of newborn and 

adult animals. Also, few studies have examined regional differences in 
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blood-brain barrier permeability to these isotopes, and age-related changes 

in the regional permeability differences (LUCIANO, 1968) • Lastly, reports 

have indicated that the relative permeability of the adult choroidal ependyma 

is significantly greater than the endotheliaf cells of the cerebral capillaries 

(BOULD I N & KR IGMAN, 1975; RAPOPORT, 1976); the choro id plexus has 

been classified as a Uleaky" epithelium and the cerebral capillaries as a 

Utight" barrier (BRADBURY, 1979). Only one report has simultaneously com­

pared developmental changes in blood-brain and blood-CSF barrier permea­

bility (PARANDOOSH & JOHANSON, 1979). Thus, to understand better 

the transport and permeability properties of the developing blood-brain and 

blood-CSF barriers, we have analyzed 36CI and 22Na uptake into the cere­

bral cortex, cerebellum, cisternal CSF, and the choroid plexuses of the lat­

eral and fourth ventricles of the postnatal rat. The short-term uptake of 3H_ 

mann itol was examined in 3 age groups for comparison with the two electro­

Iytes. The results of the present study indicate that the adult choroid plexus 

can actively transport CI and Na; developmental changes in plexus 36(, 

and 22Na uptake are related to the onset of CSF production. The effective 

permeability of the blood-brain and blood-CSF barriers to 3H-mannitol de­

creased with age (barrier "tightening "); due to the maturation of Na and 

possibly CI transport systems at the two barriers (WRIGHT, 1978a; EISEN­

BERG & SUDDITH, 1979), the effective permeability of the blood-brain bar­

rier to 36CI and 22Na decreased markedly less than to 3H-mannitol, and that 

of the blood-CSF barrier increased"" 1 O-fold between 1 wk and 5 wk of age. 



MATERIALS AND METHODS 

An imals and experimental procedure 

Sprague-Dawley rats of 1 week (19!. 1 (S. E. M.) g}, 2 weeks (36:!::. 2 

g), and 5 weeks (108!. 2 g) postnatal age were utilized for measurement of 

radioisotope uptake into various regions of the CNS. A total of 189 rats was 

separated into 3 groups as follows: i) 36CI uptake was determined in 27 ani­

mals of each age group (total 81); ii) 22Na uptake was examined in 24 rats 

of 1, 2, or 5 weeks of age (total 72); and iii) the in itial distrIbution of 3H_ 

mannitol was analyzed in 12 rats from each of the three age groups (total 36). 

Treatment 

Eight h prior to sacrifice, each rat was taken from the litter and placed 

in a light-heated (38 0 C) environment for the remainder of the treatment 

period (neonatal rats were not reun ited with their mothers due to the high in­

cidence of maternal cannibalism after human contact). 36CI (0.1 UCi/g) 

was injected intraperitoneally at 1/12, 1/6, 1/4, 1/2, 1, 2, 4, and 8 h 

before death. 3H-mannitol (0.5 uCi/g) was injected i.p. at 1/12, 1/6, 

1/4, and 1 h before death. All radioisotope solutions were adjusted with 

O.9"k NaCI so that the final injected volume was 0.01 ml/g. To ensure a 

stable level of radioisotope in the plasma, all animals were briefly anesthe­

tized with ether and bilaterally nephrectomized by ligation of the renal pedi-



79 

cles 4 h prior to sacrifice. 

Sampling and analysis of tissues and fluids 

At the time of sacrifice, an imals were anesthetized with ether and an 

arterial blood sample was taken from the abdominal aorta with a heparinized 

syringe. CSF was sampled from the cisterna magna immediately thereafter 

with a glass micropipet. The lateral and fourth ventricle choroid plexuses 

were obtained with the aid of a dissecting microscope and ophthalmologic for­

ceps within 2-3 min after death. A slice ("" 1 mm) of cerebral cortex gray 

matter was taken from the pari eta I lobe; the cerebellar hemispheres were also 

removed for analysis. Bra in tissue was blotted on filter paper to remove any 

excess blood and the men i nges • 

Specimens, other than the choroid plexuses, were placed in tared vials 

and weighed on a Sartorius balance. The choroid plexuses, which were 

placed on tared aluminum pans (",,1 1'T'g), were analyzed for wet tissue weight 

by the method previously described (JOHANSON et aI., 1976). 36(:1 and 

3H activity were assayed by I iquid scintillation counting (Nuclear Ch icago 

Isocap 300) after sample digestion with 1 M piperidine. 22Na activity was 

assayed by gamma counting (Beckman Biogamma) without further preparation. 

Extracellular fluid (plasma H20 x D. F.) [CI] and [Na] were determined by 

amperometric titration of Ag and by flame photometry, respectively (see 

PART ONE). 

Calculations and statistical analyses 

Tissue or fluid radioactivity was expressed as a volume of distribution 
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or space fA» = 100 x (dpm/g tissue or fluid)/(dpm/g plasma H20 x D. F.) 

where D. F. is the appropriate Donnan factor. Uptake curves were resolved 

into components by the graphical analysis method (see PART ONE and Fig. 

11). Components were described by linear regression analysis (In space vs. 

time). The slope, wh ich is equivalent to the component rate constant (k), 

was converted to a half-time (t1/2) by the formula: t1/2 = {In 2)/k. The 

component volume of distribution was obtained as the exp (y-intercept of the 

line). 9SO/o confidence limits are listed for t1/2 and Vd, because on conver­

sion from k and In Vd, respectively, the S.E.M. were no longer symmetrical. 

Parenchymal cell concentrations of CI or Na were determined by subtracting 

non-parenchymal cell (extracellular, erythrocyte) contributions from tissue 

electrolyte and water content: [Xlcell = (X)tissue - (X)e - {X)r where (X) 
- Vtissue - Ve - Vr 

= Na or CI content (mmol;1<g wet weight), V = fractional volume of water, 

e = extracellular fluid, and r = residual erythrocytes. In the choroid plexuses, 

the extracellular space was obtained as the l-h tissue space of 3H-mannitol. 

The extracellular space of the cerebral cortex and cerebellum was estimated 

as the in itia I s lope of the brain tissue activity vs. CSF activity curve (see 

PART TWO). Permeab i I ity surface-area products, as a measure of barrier per-

meability (BRADBURY, 1979), were calculated for 36CI and 22Na as PA 

(ml/h/g) = k x Vd/100. Because 3H-mannitol uptake into the CNS was not 

followed to steady state, the PA for 3H-mannitol was determined as the ini-

tial slope of the tissue space vs. time curve (BRADBURY, 1979). One-way 

analysis of variance was used to test for the statistical significance of differ-
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ences among the 3 age groups. When differences were noted at the 50/0 level/ 

the Tukey version of the multiple-range test was employed to compare the 

various groups. 

Materials 

22Na-NaCI (carrier-free) and 3H- mann itol (0.123 mCi/g) were ob­

tained from New Eng land Nuclear; 36CI-NaCI (12.7 mCi/mg) was purchased 

from fCN Chemical and Radioisotope Division. Radiochemical and chemical 

purity were reported as >9~/0 by both companies. 



RESULTS 

Stable radioisotope levels were maintained in the plasma from 1/12 to 

8 h by prevention of renal isotope excretion (4-h bilateral nephrectomy). Re­

gression analysis of plasma 36CI, 22Na, or 3H-mannitol activity as a func­

tion of time yielded slopes not significantly different from 0 for 1-, 2-, and 

5-wk-postnatal rats. Furthermore, the standard deviation of the pJasma radio­

isotope activity was from 3-CfO/o of the mean activity for all 3 age groups. 

Thus, the analysis and interpretation of the uptake curves of tissue and CSF 

were based on a constant plasma radioactivity. 

Chemical analysis of extracellular fluid (plasma H20 x D.F.) [CIJ 

and [Na] revealed small changes in concentration during development. The 

extracellular fluid [CIJ significantly decreased from 121 ~ 2 mmol;'kg H20 

for the l-wk rat to 114 ::. 1 for the 5-wk an imal. In contrast, an increase of 

12.5 mmol/kg H20 was observed in extracellular fluid [Na] between 1 and 

5 wk of ag e (P < O. 05) • 

L VCP uptake by 1-wk - and 2-wk -old rats is shown for 36C I and for 

22Na in Fig. 10. The LVCP 36C I steady-state space at 1 wk of age (63. 0 ::. 

1.50/0) was significantly greater than the 2-wk space (56.9::' 1.~k). Simi­

larly I the LVCP 22Na steady-state space at 1 wk (44.6!:. 2. 7'/0) decreased 

to 34.1 !:. O.SO/o by the second wk (P < 0.05). In comparison, while the 4VCP 

22Na steady-state space decreased from 46.8!:. 2.6 at 1 week to 37.8::' 0.1% 
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Fig. 10. The uptake of 36CI and 22Na into the LVCP of 1-wk and 2-wk rats 

as a function of time after adm in istration II The left-hand portion of the figure 

represents the uptake of 36(1 and the right-hand portion that of 22Na. Either 

36C1or 22Na (0.1 ~Ci/g) was injected at various times prior to sacrifice 

into 4-h nephrectomized rats. Tissue radioactivity was expressed as a space 

(%) = 100 x (dpm/g tissue)/(dpm/g extracellular fluid). Values are means + 

S.E.M. for 3 animals. 
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at 2 wk (P < 0.05), the 4VCP 36CI space did not change significantly from 

1 wk (59.4:!:. 2.3%) to 2 wk (58.9:!: 2.1%) of age. Neither the 36CI nor 

the 22Na steady-state spaces differed befween the 2-wk and 5-wk animals in 

either the L VCP or 4VCP. As shown in Fig. 10, the early time period uptake 

of 36CI or 22Na by the LVCP was considerably less in the 1-wk than in the 

2-wk rat. 36C I and 22Na uptake into the 5-wk LVCP and 4VCP are simi lar 

to that of the 2-wk-old rat. 

36C1 and 22Na uptake curves for the LVCP and 4VCP were resolved 

into components by a modification of the graph ical ana Iys is method. For all 

3 age groups, radioisotope uptake resolved into 2 components which differed 

in rate by a factor of 10 or more. In Table 7, component ha If-time (t1/2) 

and volume of distribution (Vd) are summarized for the developing choroid 

plexuses. Both radioisotopes distributed rapid Iy in the fast component volume 

(t 1 /2 0.02-0. 12 h); however, 22Na uptake into the 1 -wk L VCP and 4VCP 

fast component (t1/2 0.08-0.12 h) was distinctly slower than 36CI or 22Na 

distribution within the LVCP and 4VCP fast components of other ages (t1/2 

0.02-0.05). Comparable 22Na fast component Vd were obtained for each 

age group in both the L VCP and 4VCP. In contrast, both L VCP and 4VCP 

36CI fast component Vd increased from 9-10"k at 1 wk to 2SOk at 5 wk. Chor­

oid plexus slow component t1/2 ranged from 0.8 to 1 .9 h for 36CI and 22Na 

Both LVCP 22Na and 4VCP 36C1 slow component t1/2 increased with age 

while LVCP 36CI and 4VCP 22Na tl/2 decreased with age. 36C1 slow com­

ponent Vd declined steadily from 1 to 5 wk of age in the choroid plexuses. A 

significant decrease in 22Na slow component Vd of the LVCP and 4VCP was 



86 

TABLE 7. ANALYSIS OF COMPONENTS OF 36(, AND 22Na UPTAKE 
INTO THE LATERAL AND FOURTH VENTRICLE CHOROID 
PLEXUSES OF DEVELOPING RATS 

Fast component 

Compartment t1/2 (h) Vd (C/o) 

A. Chloride-36 

Lateral ventric Ie choroid plexus 
1 week 0.03 10 
2 week 0.05 18 
5 week 0.03 25 

Fourth ventric Ie choroid plexus 
1 week 0.03 9 
2 week 0.05 21 
5 week 0.05 25 

B. Sodium-22 

Lateral ventricle choroid plexus 
1 week 0.08 12 
2 week 0.03 15 
5 week 0.02 14 

Fourth ventricle choroid plexus 
1 week O. 1 2 1 7 
2 week O. 03 1 7 
5 week O. 02 13 

S low component 

t1/2 (h) 

1.6{1.4-1.9) 
1.0(0.9-1.0 
1 .0(0.7-1 .6) 

O. 9(0.8-1 .2) 
1 .3(1 .2-1 .5) 
1 . 3(1 .0-1 • 8) 

1 .4(1 . 1-2. 1) 
1.2(0.9-1.5) 
1 .9(1 .7-2.3) 

1 .2(0.9-1 .8) 
0.8(0.7-0.9) 
0.9(0.7-1.0) 

53(49-57) 
39(36-43) 
30(22-40) 

50(43-58) 
38(36-40) 
31 (27-36) 

33(28-40) 
19(17-22) 
22(21-23) 

30(24-37) 
26(23-30) 
26(23-30) 

Radioisotope uptake curves were resolved into components by the method of 

graphical analysis (see Fig. 2) and fitted to straight lines (In space vs. time) 

by linear regression. The half-time (tl/2) was obtained by dividing In 2 by 

the slope (k) of the regression line. The volume of distribution (Vd) was cal-

cu lated as exp (y-intercept of the regress ion line). Va lues in parentheses are 

the 9SO/O confidence I imits for the parameter. 
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seen on Iy between 1 and 2 wk of age; the 22Na Vd of the 5-wk rat tended 

to be equal or greater than that of the 2-wk rat. 

36C I uptake into the CSF is shown in Fig. 11 for 1-wk and 5-wk rats. 

Wh i Ie no sign i ficant changes were detected in the CSF steady-state space for 

36 22 
CI (116.7:: O. c]ok) or Na (111.8:: O. CfOk) between 1 and 5 wk of age, 

both rad ioisotope spaces tended to increase between 2 and 5 wk. As for the 

choroid plexuses, early time period CSF spaces (1/12-1/2 h) for 36( I and 

22Na were significantly less in the 1-wk than in the 5-wk an imals. As shown 

in Fig. 11, resolution of CSF uptake curves into components yielded only 1 

statistically significant component in the 1-wk-old rats. In contrast, the CSF 

uptake curve of 5-wk-old rats resolved into 2 components: a fast component 

which contributed -- 1/4 of the steady-state space and a slow component 

which contributed --3/4 of the space. Similar kinetics were observed for CSF 

22Na uptake at the 2 ages • Table 8 summarizes the CSF component t1/2 and 

Vd for the 3 age groups. Fast component t1/2 for 36C I and 22Na were com­

parable throughout development (t1/2 O. 1 0-0. 19 h). An ......, 10-fold increase 

with age was noted in CSF fast component Vd for both radioisotopes. The CSF 

slow component t 1/2 for 36CI was slower (by 0.2-0.3 h) than for 22Na in 

1-wk and 2-wk an imals. By 5 wk of age, the 22Na slow component t1/2 in­

creased by 0.5-0.6 h, becoming greater than the 36CI t1/2 by 0.2 h. Re­

flecting the increase in fast component Vd, CSF slow component Vd decl ined 

between 1 and 5 wk • 

The uptake of 36CI and 22Na into the cerebral cortex and cerebellum 

of developing rats is shown in Fig. 12. The 36( I steady-state space of the 
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Fig. 11. The uptake of 22Na into the CSF of 1-wk and 5-wk rats as a function 

of time after administration. The left-hand portion of the figure represents 

22Na uptake into the CSF at 1 wk of age and the right-hand portion that at 

5 wk of age. 22Na (0. 1 uC i/g) was in i ected at various times prior to sacri­

fice into 4-h nephrectomized rats. CSF radioactivity (0-0) was expressed 

as a space (Ok) = 100 x (dpm/g CSF)/(dpm/g extracellular fluid). The CSF 

uptake of 22Na was resolved into a slow component by subtracting the observed 

spaces from the steady-state space and plotting the difference (X---X) as a 

function of time. The slope and y-intercept were obtained by fitting the 

I inear portion of the graph to a straight I ine by the least squares method. The 

fast component of 5-wk rats was resolved by subtracting the spaces predicted 

by the extrapolated slow component line from the spaces which were not fitted 

to the slow component line (T = 0, 1/12, 1/6, and 1/4), and plotting the dif­

ference (X---X) versus time. Again, a slope and y-intercept were obtained 

from I inear regression. The fractional volume represents the ratio of the com­

ponent volume and the steady-state space. Each point represents a mean for 

3 animals. Standard errors are generally < 5°k of the respective means. 
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TABLE 8. ANALYSIS OF COMPONENTS OF 36CI AND 22Na UPTAKE 
INTO THE CSF OF DEVELOPING RATS 

Fast component Slow component 

Isotope t1/2 (h) Vd (Ok) t1/2 (h) Vd (Ok) 

Chloride-36 

1 week O. 11 (0.04-0.35) 3( 1- 6) 1 . 1 (1 • 0-1 . 3) 1 11 (1 05 - 11 8) 
2 week O. 10(0.07-0.21) 16(11-21) O. 9(0. 8-1 . 0) 100( 94-107) 
5 week O. 19(0. 11-0.40) 26(17-37) 1 . 1 (0 . 9 - 1 • 2) 91( 74-113) 

Sodium-22 

1 week O. 18(0.08-0.46) 2( 1- 7) 0.8(0.7-0.9) 106(100-112) 
2 week 0.16(0.04-0.57) 2( 1- 4) 0.7(0.7-0.8) 104(1 01 -107) 
5 week 0.18(0.15-0.21) 29(26-33) 1.3(1.2-1.5) 83( 66-105) 

Values in parentheses are 950/0 confidence limits for the parameter. See 

Table 1 for other details. 
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Fig_ 12. The uptake of 36CI and 22Na into the cerebral cortex and cerebel­

lum of 1-wk I 2-wk I and 5-wk rats as a function of time after admin istration. 

The upper-half of the figure represents isotope uptake into the cerebral cortex 

and the lower-half that into the cerebellum. For both tissues I 36( I uptake is 

shown in the left-hand portion and 22Na uptake in the right-hand portion of 

the figure. See Fig_ 1 for details. 
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cerebra I cortex decreased stead i Iy with age from 42.0 !. 1 .ook at 1 wk to 32. 9 

! 1.00/0 at 2 wk and to 28.0:!:. 0.3'10 at 5 wk of age. Similarly, the 22Na 

steady-state space of the cerebral cortex decreased from 50.7!. 1. ~/o at 1 wk 

to 36.2! O.JOk at 2 wk and to 32.4! 0.5°/0 at 5 wk. In the cerebellum, as 

in the cerebral cortex, a marked decline of 100/0 and 16°10 was observed in the 

steady-state 36C I and 22Na spaces, respectively, between the ages of 1 and 

2 wk. However, unlike the cerebral cortex, only a small decrease was de-

tected between the 2 and 5 wk cerebellum 36CI or 22Na spaces (Fig. 12). 

Resolution of the uptake curves yielded, as for the choroid plexuses, a fast 

and a slow component (Table 9). In genera', the fast component filled at a 

rate at least 30 times that of the slow component and represented less than 1/7 

of the total tissue isotope space. The fast component Vd of the cerebellum 

tended to decrease with age for both 36CI and 22Na. The slow component 

Vd of the cerebra I cortex dec I ined in magn itude with age, refl ecting the de­

creased steady-state volume. However, neither the 36CI nor the 22Na Vd 

of the cerebellar slow component changed significantly between 2 and 5 wk of 

age. As for the slow component t1/2 of the CSF, the t1/2 of both the cere­

bral cortex and cerebellum slow components tended to be less at 2 wk than at 

1 or 5 wk. At all 3 ages, the 36CI and 22Na t1/2 for the cerebellum slow 

component were less than the corresponding t1/2 for the cerebra I cortex. 

Unlike 36CI or 22Na, 3H-mannitol achieved a steady-state distribu-

tion with in the l VCP or 4VCP by rv 15 min. As shown in Fig. 13 for the 1 ~wk 

l VCP, the 1/4 and 1 h 3H-mann ito I Vd were not sign ificantly different for 

any of the 3 age groups. A small decline was detected in the l VCP (A 2. 7'10) 
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TABLE 9. ANALYSIS OF COMPONENTS OF 36CI AND 22Na UPTAKE 
INTO CEREBRAL CORTEX AND CEREBELLUM OF DEVELOP-
ING RATS 

Fast component S low component 

Compartment t1!2 (h) Vd (°/0) t1!2 (h) Vd (°/0) 

A. Chloride-36 

Cerebra ( cortex 
1 week 0.02 1 1 . 6(1 • 5-1 .7) 41 (40-42) 
2 week 0.03 2 1.5(1.4-1.6) 31 (30-32) 
5 week 0.03 1 1 . 7(1 .4-2.0) 27(25-29) 

Cerebellum 
1 week 0.03 5 1 . 2 (1 . 1 -1 • 3) 34(33-35) 
2 week 0.02 4 1 • 1 (1 • 0-1 . 2) 25(24-26) 
5 week 0.05 2 1.2(0.8-1.6) 24(19-32) 

B. Sodium-22 

Cerebra I cortex 
1 week 0.02 2 1 .. 5(1.4-1 .. 6) 49(48-51) 
2 week 0.02 1 1 • 1 (1 . 0-1 . 2) 35(34-37) 
5 week 0.02 1 1 .. 5 (1 .. 3-1 . 8) 31 (29-33) 

Cerebellum 
1 week 0.03 6 1 .. 2(1 .. 1-1 .4) 42(40-44) 
2 week 0.02 3 0.8(0.7-0.9) 29(28-30) 
5 week 0.02 2 1 . 1 (1 . 0-1 • 2) 31 (30-32) 

Values in parentheses are 9SO/0 confidence limits for the parameter. See 

Table 1 for other detai Is. 
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Fig. 13. The uptake of 3H-mann itol by the L VCP of 1-wk rats as a function 

of time after administration. 3H-mannitor (0.5 uCi/g) was injected at vari­

ous times prior to sacrifice into 4-h nephrectomized rats. LVCP radioactivity 

(Ar-A) was expressed as a space (%) = 100 x (dpm/g tissue}/(dpm/g plasma 

H20). The uptake of 3H-mannitol was resolved into 1 component by subtract­

ing the 0, 5, 10 and 15 min spaces from the steady-state space and plotting 

the difference (X---X). Each point represents a mean:' S.E.M. for 3 animals. 
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and 4VCP (A 1.?k) 3H-mannitol Vd between the l-wk and 5-wk rats. A sim­

ilar decrease was noted in the LVCP and 4VCP tissue water content with age. 

Graphical analysis of the choroid plexus uptake of 3H-mannitol yielded only 

1 component with a tl/2 of 0.04-0.06 h which did not change significantly 

with development (Fig. 13). 

Steady-state spaces of 36CI and 22Na in the choro id plexuses were 

converted to epithelial cell [CIJ and [NaJ by subtracting extracellular fluid 

and erythrocyte contributions from the tissue ion and water contents (see 

Methods). As shown in Fig. 14, LVCP and 4VCP cell [CI] decreased by 14 

and 9 mmoljkg cell H20, respectively, between 1 and 5 wk of age. Devel­

opmental differences between the 2 choroid plexuses were detected in that 

LVCP cell [CI] fell by 8 mmoljkg H20 between 1 wk and 2 wk, however 

4VCP [CI] did not change significantly (l mmoljkg H20) during that period. 

As for choroid plexus [CIJ, both l VCP and 4VCP cell [NaJ decreased during 

the 1 to 5 wk period. Yet, L VCP [Na] fell between 1 and 2 wk of age and 

then remained constant from 2 to 5 wk, whereas 4VCP [Na] decreased be­

tween the first and second wk and then increased by 8 mmoljkg H20 by the 

fifth wk of postnatal age. 

By analyzing 36CI and 22Na uptake into both brain tissue and CSF, 

the extracellular space of the brain can be estimated (see PART TWO). Be­

cause the CSF activity represents a better estimate of the radioisotope level 

in the brain extracellular fluid than does the plasma, the initial dope (when 

the majority of the isotope in the brain tissue is contained within the brain 

extracellular fluid) of the brain space versus CSF space curve provides a 
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Fig. 14. Calculated LYCP and 4YCP cell rCI] and rNa] of l-wk, 2-wk, 

and 5-wk rats. The upper-ha If of the figure represents ce II rCI] and the 

lower-half represents cell rNa] for the 3 age groups. See Materials and 

Methods for the details of the calculation. Each bar graph represents the mean 

+ S.E.M. for at least 6 rats. 
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measurement of the volume of CSF which would account for the brain radio­

activity (extracellular space). Fig. 15 summarizes the cerebral cortex and 

cerebellum extracellular spaces, which were obtained from 36CI and 22Na 

uptake analys is, as a function of postnata I age. A steady decl ine in extra­

cellular fluid volume was detected in both brain regions as the animals matured. 

On average, the extracellular fluid volume of the 5-wk-old rats was ....... 450/0 

of that of 1-wk-old rats. The 22Na distribution consistently estimated a 

slightly larger volume for the cerebral cortex or cerebellum extracellular 

space than did 36CI. 

With the above measurements of extracerlular volume, an average cell 

[CIJ or [Na) was calculated for the cerebral cortex and cerebellum. While 

cell [NaJ fell significantly by 15 and 5 mmol;1<g H20 in both the cerebral 

cortex and cerebellum, respectively, between 1 and 2 wk of age, the cell 

rNaJ remained unaltered at 34 mmol;1<g H20 from 2 wk to 5 wk in both brain 

reg ions. In contrast, cerebra I cortex cell rC IJ tended to decrease by 5 

mmol;1<g H20 from 1 wk to 5 wk, and cerebellum cell rCI] tended to in­

crease by 5 mmol;1<g H20 over that period. Again, I ike cell rNaJ, the 

cerebral cortex and cerebellum cell rCI] approached a common value of ....... 20 

mmol;1<g H20 during development. 

The permeability of the developing blood-brain and blood-CSF barriers 

to 36CI and 22Na was evaluated by calculating permeability surface-area 

products (PA). The PA can be converted to permeabil ity if the surface-area 

for exchange is known. Though the surface area of the two CNS barriers un­

doubted Iy changes during the first few weeks of postnatal life, the PA is, at 
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Fig. 15. Cerebral cortex and cerebellum extracellular space as determined by 

36CI and 22Na for l-wk, 2-wk, and 5-wk rats. The upper-half of the figure 

represents the extracellular space of the cerebral cortex and the lower-half 

that of the cerebellum. The extracellular space at each age was calculated 

for 36CI or 22Na as the in itial slope of the tissue space/CSF space curve. 

Each bar graph represents a mean:!: S. E .M. of the slope. 
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minimum, a valid indication of the relative permeability for an age group in 

which several isotopes (36(:1, 22Na, or 3H-mannitol) are compared. In 

Table 10, the PA for several regions of the CNS to 36CI and 22Na are listed 

as a function of age. For both radio isotopes, cerebral cortex and cerebe lIum 

PA decreased on average 1/3 over the postnatal period of 1 to 5 wk. Similar­

ly, CSF (slow component) PA fell significantly for both 36CI and 22Na 

during the first 5 wk of postnatal life. CSF (fast component) PA increased at 

least 5-fold for both 36CI and 22Na between 1 and 5 wk. Whereas 4YCP PA 

for 36(:1 and l YCP PA for 22Na both fell by --50-60010 during the interval of 

1-5 wk, LYCP PA for 36(:1 and 4YCP PA for 22Na showed no significant 

trend during development. Except for the choroid plexuses, the PA for 22Na 

of the cerebral cortex, cerebellum, and CSF were generally greater than the 

corresponding PA for 36CI at each stage of development. 

Permeability surface-area products were calculated for 3H-mannitol 

uptake into the cerebral cortex, cerebellum, and CSF (fast component) by 

determin ing the in itia( slope of the curve of 3H-mann itol space versus time. 

Table 11 summarizes the PA for 3H-mannitol in the developing rat CNS. As 

for 36CI and 22Na, the cerebral cortex and cerebellum PA for 3H-mannitol 

decreased ...... 800/0 during the first 5 wk of postnatal life. Cerebrospinal fluid 

(fast component) PA for 3H-mannitol also fell by 82'10 from 1 wk to 5 wk. The 

cerebellum PA for 3H-mannitol was always greater than the corresponding 

cerebral cortex PA, as was the case for both 36CI and 22Na. Lastly, where­

as the relative mogn itude of cerebral cortex and cerebellum PA was 22Na > 

36CI > 3H-mannitol at each age group, the CSF PA for the 3 isotopes were 



TABLE 10. PERMEABILITY SURFACE-AREA PRODUCTS FOR 36CI AND 22Na UPTAKE INTO THE DEVELOP-
ING RAT CNS 

PA (ml/h/g) for 36CI PA (ml/h/g) for 22Na 

ComEartment 1 week 2 week 5 week 1 week 2 week 5 week 

Lateral ventricle 0.230 0.270 0.208 0.163*t O. 110 0.080 
choroid plexus + 0.014 + 0.019 + 0.044 + 0.017 + 0.015 + 0.009 -

Fourth ventricle 0.385*t 0.203 0.165 0.173 0.182 0.200 
choroid plexus + 0.032 + 0.013 + 0.029 + 0.030 + 0.018 + 0.021 -

Cerebrospinal fluid 
0.189*t Fast component 1 . 109 0.949 0.077* 0.087* 1 . 117 

+ 0.331 + 0.248 + 0.202 + 0.333 + 0.325 + O. 107 - - - -
Slow component 0.699* 0.77,0* 0.573 0.~18* 1 .030* 0.443 

+ 0.031 + 0.038 + 0.046 + 0.058 + 0.017 + 0.031 - -
Cerebral cortex 0.178*t O. 143* 0.110 0.226* 0.221* 0.143 

+ 0.005 + 0.005 + 0.006 + 0.007 + 0.004 + 0.009 - - - -
Cerebellum 0.196*t 0.158 0.139 0.243* 0.251* 0.195 

+ 0.006 + 0.006 + 0.027 + 0.011 + 0.009 + 0.004 - - - -

Component rate constants (k) were converted to permeability surface-area products with the formula: PA = 
k x Vd/l00. For tissues only data for the slow component is presented. Values represent a mean + S.E.M. 
*P <0.05 (l or 2 week vs. 5 week) by multiple range test. tp <0.05 (l week vs. 2 week) b), multiple range test. -

~ 
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TABLE 11. PERMEABILITY SURFACE-AREA PRODUCTS FOR 3H-MANN ITOl 
UPTAKE INTO THE DEVELOPING RAT CNS 

Compartment 

Cerebra' cortex 

Cerebellum 

Cerebrospinal 
fluid 

PA (ml/h/g) for 3H-mannitol 

1 week 2 week 

0.0447* 0.0327* 
+ 0.0023 + 0.0052 -

0.0709*t 0.0338* 
+ 0.0031 + 0.0046 - -

o. 1211 * O. 1015* 
+ 0.0088 + 0.0026 -

5 week 

0.0098 
+ 0.0074 

0.0120 
+ 0.0088 -

0.0212 
+ 0.0080 

Permeability surface-area products were determined as the initial slope of 

the 3H-mannitol space vs. time curve. Values represent a mean:!:. S. E .M. 

*P < 0.05 (l week or 2 week vs. 5 week) by multiple range test. tp < 0.05 

(1 week vs. 2 week) by mu Itiple range test. 
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comparable at 1 wk (P :> '0.05) and diverged (PA for 36CI and 22Na in­

creased and PA for 3H-mannitol decreased) with age. 



DISCUSSION 

The choroid plexuses are conven ient tissues for the util ization of the 

compartmentation technique to monitor the maturation of CI and Na transport 

into the CNS. With measurements of tissue extracellular space, residual ery-

throcyte volume, and exchangeable ion content, tissue CI and Na content 

can be converted to epithelial cell [CfJ and [Na]. Due to the homogeneous 

epithelial cell population of the choroid plexuses, the calculated cell [CI] 

or [Na] represents a reasonable estimation of the in v ivo ion concentration. 

Furthermore, the parameters necessary for cell concentration calculations can 

be obtained readily for the L VCP and 4VCP of developing rats. Thus, by mon-

itoring changes in choroidal epithelial cell [CIJ and [NaJ with age, the re-

lationsh ip between ion transport and CSF production was examined. 

The tissue extracellular volume, as measured by the 1-h 3H-mannitol 

space, decreased slightly with age for the LVCP (from 21% at 1 wk to l<1'k at 

5 wk) and the 4VCP (from l<1'k at 1 wk to l?k at 5 wk). JOHANSON et al. 

(1976) obtained a qualitatively similar reduction in LVCP extracellular volume, 

as estimated by the 1-h 3H-inul in space, with maturation. Uptake of 3H_ 

mannitol into the choroid plexus of each age group was rapid and resolved in-

to a single component with a t1/2 of 0.04-0.05 h. The fast components of 

36CI and 22Na uptake into the choroid plexuses had comparable t1/2 to that 

of 3H-mannitol. However, the fast component Vd for 36CI or 22Na generally 
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differed from the corresponding 3H-mannitol space; both LVCP and 4VCP 

36C1 Vd for the fast component increased by 15-16% (from 9-1 (fk to 250/0) 

with age wh ile the 22Na Vd (fast component) were 1-6% less than the 3H_ 

mann itol space at each age. If a correction for res idua I erythrocyte 36C I 

content (l-1'k at 1-2 wk and 5-60/0 at 5 wk) is subtracted from the 36CI fast 

component Vd of the choroid plexuses, values not significantly different from 

the 3H- mann itol spaces are obta ined for 2-wk and 5-wk rats; the corrected 

36C1 Vd of the fast component at 1 wk of age was,..., 1/2 of the 3H-mannitol 

space. Correction of the choroid plexus 22Na Vd (fast component) by sub­

traction of the residual erythrocyte 22Na content did not significantly alter 

the fast component Vd for any of the three age groups. Thus, for the 2-wk 

and 5-wk rats, both the 36CI fast component Vd and the 3H-mannitol space 

determined similar extracellular volumes for the LVCP and 4VCP (17-2Cfk). 

The 22Na Vd of the fast component determined a slightly lower va lue for the 

LVCP (14-1 SOlo) and 4VCP (13-11'/0) extracellular space of 2-wk and 5-wk 

rats. 

While the 2-wk rat 3H-mannitol space and 36CI fast component Vd 

estimated similar volumes for the choroid plexus extracellular space, the 36CI 

fast component Vd at 1 wk was,...., 1/2 that of the corresponding 3H-mannitol 

space. The 22Na fast component Vd (12-11'k) at 1 wk was intermediate be­

tween the 36CI fast component Vd (9-10'/0) and the 3H-mannitol space (19-

21%) for both the LVCP and 4VCP; however, the fast component tl/2 for 

22 . 36 
Na (0.08-0.12 h) was rv3-4 times slower than the CI t1/2 (0.03 h). 

The differences in radioisotope distribution between the l-wk and 2-wk 
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choroid plexus may reflect developmental changes in L VCP and 4VCP stromal 

space. During postnata I maturation the basemen t membrane and connective 

tissue of the rat choroid plexus en large until ",4 wk post partum (CANCILLA 

et al., 1966); the stroma of gelatinous connective tissue is replaced by a 

dense fibrous connective tissue (KAPPERS, 1958). The interstitial connective 

tissue of the 1-wk rat choroid plexus may be penetrated poorly by 36CI (small 

fast component Vd) and 22Na (long t1/2). As the choroid plexuses mature, 

the stromal material may change to allow full 36CI penetration (3H-mannitol 

space = 36CI fast component Vd) and yet exclude 22Na (3H-mannitol space 

> 22Na fast component Vd) by 2 and 5 wk of age. A comparable ionic ex-

clusion and accumulation due possibly to fixed charges in the interstitial com­

partment has been reported for 35S-sul fate (as compared to 3H-sucrose) in 

the rat skeletal musc Ie and cardiac muscle, respectively (MACCHIA et al., 

1979). Thus, the differences with age between the choroid plexus 3H -man­

n itol space, 36c I fast component Vd (corrected for erythrocyte 36CI), and 

22Na fast component Vd may reflect developmental changes in the plexus in-

terstitial matrix. Furthermore, the small yet significant differences in volume 

amongst the 3 radioisotopes emphasize the problems of estimating tissue ex-

tracellular space solely on the basis of the distribution of one marker. 

With measurements of rat choroid plexus residual erythrocyte volume 

(JOHANSO N et al., 1976) and with 3H-mann ito I estimates of plexus extra-

cellular space, tissue 36(1 and 22Na steady-state spaces were converted to 

LVCP and 4VCP cell [CI] and [Na] for each age group. As detected by 

PERSHING & JOHANSON (1979), both L VCP and 4VCP cell rNa] decreased 
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between 1 and 5 wk of age. Similarly, choroid plexus cell ~I) fell in mag­

nitude during the first 5 wk of postnatal life. Calculated passive membrane 

potentials for CI, as obtained from the Nernst equation (reference: extra­

cellular fluid), decreased slightly from -11 to -14 mV for both the LVCP and 

4VCP between 1 and 5 wk of age. Though measurements of infant choroid 

plexus membrane potential have not been reported, WELCH & SADLER (1965) 

and WRIGHT (1978) have measured adult rabbit and bullfrog choroid plexus 

membrane potential, respectively, as -50 to -60 mY. Since the K passive 

membrane potential for the choroid plexus decreases with age by less than -9 

mV (JOHANSON et al., 1976; PERSHING & JOHANSON, 1979), it may 

be reasonable to assume that the choroid plexus membrane potential of a 1-wk 

or 2-wk rat differs, at most, from the adult (5 wk) by less than -15 to -20 

m V. Thus, the electrochemi cal potential difference for C I ranged from a 

minimum of -19 mV at 1 wk to a maximum of -46 mV at 5 wk, which provides 

evidence for the active accumulation of CI by the choroid plexus as early as 

1 wk post partum. 

The decline in LVCP and 4VCP cell [CI) with age, though at first sur­

prising, may provide an insight into the mechanism of choroidal CI transport. 

F RIZZE LL et al. (1979) have postulated that intracellular C I accumulation 

in epithelial tissues is mediated via aNa-coupled CI mechanism; the energy 

necessary for the active transport of CI is derived from coupling to the Na 

electrochemical potential difference. Na-coupled CI transport by the chor­

oid plexus may be possible because the Na electrochemical potential differ­

ence across the choroidal basolateral membrane was 2-3 times that for CI at 
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each age. If CI were transported into the choroidal ependyma across the 

basolateral membrane via a Na-coupled mechanism, CI exit from the cell 

into the CSF (down an electrochemical potential gradient) could be con-

trolled by regulating the movement of CI across the apical membrane. The 

1-wk rat choroid plexus may have the Na-coupled CI transport mechanism at 

the basolateral membrane, yet lack the apical membrane Na-K pump capacity 

(STASTNY et al., 1978) and permeability regulation to CI to move Clout of 

the cell and into the CSF. Thus, at 1 wk, epithelial cell hC I] and [Na] were 

greater than at 2 or 5 wk because ion transport into the choroidal cell across 

the basolateral membrane was not coupled with ion movement into the CSF. 

As the apical membrane Na-K pump increased in capacity (2-5 wk), cell 

[CI] and [Na] would be expected to decrease as Na and CI more readily 

move across the apical membrane into the CSF. 

The significant increase in 4VCP cell [NaJ between 2 and 5 wk may 

represent the maturation of Na-coupled transport systems other than that for 

CI. In vitro L VC P and 4 VC P have been found to accumulate actively organic 

(5-hydroxyindoleacetic acid) and inorganic (iodide, sulfate) anions (VVELCH, 

1962; CSERR & VAN DYKE, 1971; SAMPATH & NEFF, 1974; WRIGHT, 

1978b); amino acids (COBEN et al., 1971), and sugars (CSAKY & RIGOR, 

1964). Evidence suggests that many of these transport systems are Na depen-

dent (CSAKY & RIGOR, 1964; COBEN et al., 1971; WRIGHT, 1978b); ., 

similar to Na-coupled CI cotransport, active transport of amino acids and 

sugars may be driven by the sodium electrochemical potential gradient. Fur-

thermore, a greater transport capacity (up to 2x) generally has been observed 



112 

in the 4VCP than in the LVCP ~ELCH, 1962; CSERR & VAN DYKE, 1971). 

Lastly, BIERER & HEISEY (1972) found a significant increase in organic anion 

transport in the LVCP and 4VCP with postnatal age. Thus, maturation of Na-

dependent transport systems (which allow Na to enter the ce II) in the 4 VC P 

between 2 and 5 wk of age may contribute to the increase in 4 VC P ce II (Na] 

during that period. 

As for the choroid plexuses, radioisotope uptake into the CSF changed 

markedly during maturation. Whereas only one significant component (slow) 

36 22 
was resolved from the CSF CI or Na curves of 1-wk rats, 2 components 

(fast and slow) were obtai ned by 5 wk of age. As suggested by LEVI N & 

PATLAK (1972), the fast component probably represents 36CI or 22Na move-

ment across the blood-CSF barrier (choroidal ependyma). First, the f"'V 10-

fold increase in fast component volume during the first 5 wk of postnatal life 

corresponds to the onset of rat CSF production (BASS & LUNDBORG, 1973a; 

JOHANSON & WOODBURY, 1974). Second, the ,...,33% decrease in CSF 

secretion after choroid plexectomy (MI LHORA T et al., 1971) compares favor-

. 36 22 . 
ably to the fractional volume ( CI or Na) of the CSF fast component (22-

26%). JOHANSON & WOODBURY (1978) obtained a CSF fast component 

(fractional volume 0.21) by graphi cal analysis of the uptake of a nonelectro­

Iyte, 14C_urea, into the CSF. Lastly, acetazolamide treatment (20 mg/kg) , 

which inhibits choroid plexus fluid production by '> 95°k (MELBY & REED, 

1978) eliminates the fast component of 36CI uptake into the 5-wk rat CSF 

(unpubl ished data). The onset of choroid plexus fluid secretion ("'" 2 wk), 

as indicated by the volume of the CSF fast component, corresponds to the 
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decrease in choroid plexus cell [CI) and [Na] between 1 and 2 wk of post-

natal age. 

A schematic model of the developmental changes in choroid plexus CI 

and Na transport, and fluid production is shown in Fig. 16. In the 1-wk-old 

rat, C I is transported across the basolatera I membrane by Na-dependent C I 

cotransport. It is postulated that high cell concentrations of CI and Na re-

suit from a low level of active Na transport at the api cal membrane, and pos-

sibly from a low apical membrane permeability to CI. As a result, fluid pro-

duction by the 1-wk plexus is negligible. As the choroid plexus matures, in-

creased Na-K pump activity actively transports more Na into the CSF across 

the apical membrane and thus cell [Na] falls in magnitude. CI and H
2
0 

move into the CSF down the electrical and osmotic gradients, respectively, 

generated by active Na transport. By 5 wk of postnatal age, choroidal cell 

[CIJ is significantly-less than in the 1-wk rat and plexus fluid production ac-

counts for "'-' 1/4 of the CSF secretion (CSF fast component Vd). 

36 
The cerebral cortex and cerebellum steady-state spaces of CI and 

22Na decreased with postnatal age (Fig. 12). A similar trend for the rat 

cerebral cortex was obtained by analysis of the chemical CI and Na space 

(VERNADAKIS & WOODBURY, 1962). Likewise, VERNADAKIS & WOOD-

BURY (1965) and LUCIANO (1968) observed a decline in magnitude in the 

rat cerebral cortex 36CI and 22Na spaces, respectively, with postnatal age. 

Because the rate-limiting step of radioisotope uptake into the brain is move-

ment across the capillary endothelium (blood-brain barrier), in vivo extra-

cellular and cellular spaces of the brain could not be determined by graphical 
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Fig. 16. A schematic representation of ion and water transport across the chor­

oidal epithelium of 1-wk and 5-wk rats. The magn itude of the flux is indicated 

by the width of the arrow. Similarly, the magnitude of cell rCI] and rNa] 

is indicated by the size of the lettering within the brackets. CI is postulated 

to enter the epithelial cell from the stromal interstitail fluid by aNa-dependent 

CI cotransport mechanism on the basolateral membrane. Na is actively ex­

truded from the cell into the CSF by an apical membrane Na-K pump. Water 

secretion arises from the osmotic gradients generated by Na and CI transport. 
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analysis (see PART TWO). However, estimation of the brain extracellular 

volume from the initial slope of the brain space versus CSF space curve re-

vealed a decrease of ---.;1/2 in volume between 1 and 5 wk. A qualitatively 

simi lar trend in brain extracellular space with age was obtained by analysis 

of brain/CSF concentration ratio for inulin in young rats (FERGUSON & 

WOODBURY, 1969), and by analysis of electron micrographs in young rats 

(CALEY & MAXWEll, 1970). The marked reduction in extracellular space 

with age is a result of glial cell and neuronal process proliferation ~OOD-

BURY et al., 1974; HERTZ & SCHOUSBOE, 1975). For example, BRIZZEE 

et al. (1964) measured a 2.5-fold increase in the number of glial/neuronal 

ce II sin the rat ce re bra I corte x between 1 and 7 wk • F urthe rmore, carbon i c 

anhydrase, a glial cell marker, increases in activity by 6x in the rat brain 

between 1 and 4 wk post partum (WOODBURY et al., 1974). The reduction 

in the brain volume of extracellular fluid, which has high ~I] and [Na] 

compared to cellular fluid, and the rise in volume of the brain cellular com-

partment with age are consistent with the fall in magnitude of cerebral cortex 

36 22 
and cerebe II um C I and Na spaces. 

Calculated cell [CI] for the cerebral cortex and cerebellum did not 

change significantly while cell [Na] decreased between 1 and 5wk. Because 

the brain glial cell volume, which is thought to be relatively high in [Na] 

and [CI] compared to neurons (HERTZ & SCHOUSBOE, 1975), increases with 

postnatal age, a greater brain cell [CI] and [Na] might be expected for 

adult as compared to infant rats. The lack of such an increase in brain cell 

(CI] and [Na] with age may indicate that the extracellular spaces of the 
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l-wk and 2-wk rats were underestimated; FERGUSON & WOODBURY (1969) 

obtained significantly greater brain extracell ular spaces for infant rats from 

the uptake of 14C_inulin. Similarly, the lack of an increase in calculated 

cell [CI) and [Na] with age may result from changes in the neuronal cell 

compartment as well as from the glial cell compartment. The Na-K ATPase 

activity of the rat brain increases 5- to 10-fold during the first 7 wk of post-

natal life (SAMSON et al., 1964; SAMSON & QUINN, 1967); during the 

same period, there is a sharp rise in the electrical activity of the rat cerebral 

cortex (CRAIN, 1952). The increase in neuronal cell volume (CALEY & 

MAXWELL, 1971) and a possible increase in the resting membrane potential 

of cerebral cortex and cerebellar neurons (BOETHIUS, 1972), both of which 

would tend to lower brain CI and Na content, may balance the rise in the 

brain content of CI and Na due to glial cell proliferation. 

The tl/2 for 36CI , 22Na , and 3H-mannitol uptake into the CNS 

were converted to permeability surface-area products (PA) to evaluate the 

relative permeability of the developing blood-brain and blood-CSF barriers. 

The rate-limiting step for radioisotope movement into the brain is transfer 

across the brain capillaries (blood-brain barrier) (BRADBURY, 1979). As 

noted by VERNADAKIS & WOODBURY (1965) for 36CI and LUCIANO 

(1968) for 22Na, the relative permeability of the cerebral capillaries to both 

radioisotopes was found to decrease with postnatal age in the present study. 

Similarly, the PA of the cerebellum to 36CI and 22Na fell in magnitude be­

tween 1 and 5 wk. As for 14C-sucrose and 14C-inulin (FERGUSON & 

3 
WOODBURY, 1969), the PA of both cerebral cortex and cerebellum to H-
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mannitol fell in magnitude 5- to 6-fold with maturation (JOHANSON, 

• 36 22 
1980)i the decreases In PA to CI and Na were ,,-,1.2 to 1.6x among 

the three age groups. CALEY & MAXWELL (1970) observed a marked in-

crease in the blood vessel density of the rat cerebral cortex after the first 

week of postnatal lifei a greater surface area of cerebral capi IIaries would 

be expected in the adult rat than in the infant. The PA differences with age 

for both tissues probably represent an underestimation of ,the actual reduction 

in blood-brain barrier permeability. The greater decrease in brain PA to 3 H_ 

mannitol than to 36CI or 22Na may reflect the maturation of Na and possibly 

CI transport by the cerebral capillaries (EISENBERG & SUDDITH, 1979). 

Lastly, the PA for the cerebellum to all three radioisotopes was found to be 

slightly greater than that of the cerebral cortex. The difference in PA may 

represent a regional variation in blood-brain barrier permeability or may re-

flect a greater capillary surface area in the cerebellum than in the cerebral 

cortex (JOHANSON, 1980). Thus, between 1 wk and 5 wk of age, the 

blood-brain barri er of the rat cerebral cortex and cerebellum was found to 

decrease in relative permeabi I ity to three separate isotopes. 

The capi "aries supplying the choroid plexus differ from the cerebral 

capillaries in that they are fenestrated and thus allow the penetration of 

large molecules into the stromal space. The site of the blood-CSF barrier is 

the basolateral membrane of the choroid epithelium; the choroid plexus cells 

are held together by zonulae occludentes (CANCILLA et al., 1966). As for 

the blood-brain barrier, the PA for the choroidal ependyma (CSF fast compo­

nent) to 3H-mannitol fell in magnitude "-'6-fold between 1 and 5 wk. In 
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contrast, the PA to 36CI and 22Na increased "'-'lOx with postnatal age. A 

greater surface area of the choroid plexus basolateral membrane was found by 

CANCILLA et al. (1966) as the postnatal choroid ependyma matured; the 

differences in PA for the blood-CSF barrier probably represent an underesti­

mate of the postnatal change in permeability, as was noted for the blood-brain 

barrier. The decrease in blood-CSF barrier PA to 3 H-mannitol with age prob­

ably represents a tightening of the barrier (RAMEY & BIRGE, 1979). The in­

crease in barrier PA to 36CI and 22Na between 1 and 5 wk reflects the onset 

of Na and CI transepithelial transport, and thus fluid secretion (BASS & 

LUNDBORG, 1976; JOHANSON & WOODBURY, 1974). 
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