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PRIMARY CULTURE OF CHOROIDAL EPITHELIAL CELLS: CHARACTERIZATION OF AN 
IN VITRO MODEL OF BLOOD-CSF BARRIER 

WEI ZHENG,' QIUQU ZHAO, AND JOSEPH H. GRAZIANO 

Division of Environmental Health Sciences, School of Public Health, (W. Z., Q. Z., J. H. G.), Department of Pharmacology, College of 
Physicians and Surgeons (W Z., J. H. G.), Columbia University, New York, New York 10032 

(Received 31 December 1996; accepted 13 May 1997) 

SUMMARY 

A primary rat choroidal epithelial cell culture system was developed to investigate mechanisms of heavy metal toxicity 
on the blood-cerebrospinal fluid (CSF) barrier. Epithelial cells were dissociated from choroidal tissue by pronase digestion 
and cultured in standard DMEM culture media supplemented with 10% fetal bovine serum and 10 ng epithelial growth 
factor per ml. The procedure yielded 2-5 x 104 cells from pooled plexuses of three to four rats, and a viability of 77- 

85%. The cultures displayed a dominant polygonal type of epithelial cells, with a population doubling time of 2-3 d. The 

cultures were of distinct choroidal epithelial origins. For example, immunocytochemical studies using monospecific rabbit 

anti-rat TTR polyclonal antibody revealed a strong positive stain of transthyretin (TTR), a thyroxine transport protein 

exclusively produced by the choroidal epithelia. Also, reverse-transcriptase polymerase chain reaction (PCR) confirmed 

the presence of specific TTR mRNA in the cultures. The cultures were further adapted to grow on a freely permeable 
membrane sandwiched between two culture chambers. The formation of an impermeable confluent monolayer occurred 

within 5 d after seeding and was verified by the presence of a steady electrical resistance across the membrane (80 ? 10 

ohm per cm2). The epithelial barriers appeared to actively transport [l'25]-thyroxine from the basal to apical chamber. These 

results suggest that this primary cell culture system possesses typical choroidal epithelial characteristics and appears to 

be a suitable model for in vitro mechanistic investigations of blood-CSF barrier. 

Key words: choroid plexus; blood-cerebrospinal fluid barrier; blood-CSF barrier; choroidal epithelial cells; transthyretin; 

transport; primary cell culture. 

INTROI)UCTION 

The choroid plexus is a highly vascularized tissue localized within 

the brain ventricles. Tight junctions between the choroidal epithelial 
cells seal one epithelium to another, constituting an important barrier 

between the blood and cerebrospinal fluid (CSF) (13,22). Heavy met- 

als and metalloids such as lead (Pb), mercury (Hg), manganese (Mn), 
and arsenic (As) accumulate in the choroid plexus at concentrations 
much greater than those found in the CSF and elsewhere in brain 

tissues (5,26,27). Our recent in vivo study in rats revealed that long- 
term, low-dose Pb exposure resulted in a significant decrease in CSF 
concentration of transthyretin (TTR), which was inversely associated 
with Pb deposition in the choroid plexus (28). These findings suggest 
that the choroid plexus may be a target for toxicities associated with 

environmental exposure to heavy metals. However, it is not known 

why toxic metals accumulate in the choroid plexus, how plexus dys- 
function may affect brain development, or what subcellular functions 
are influenced by heavy metal ions. 

We concluded that in order to study the mechanistic aspects of 

metal toxicity in the blood-CSF barrier, it was necessary to develop 
an in vitro primary cell culture system for the choroid plexus. Several 

procedures have been described for the establishment of primary 
culture of murine choroid plexus; some of these cultures were ap- 

parently contaminated with other cell types such as fibroblasts and 

endothelial cells (6,19), whereas the others lacked well-defined cul- 

ture parameters (23,24). 
The purpose of this study was to establish a simple, reproducible, 

and less-contaminated procedure for the primary culture of choroidal 

epithelial cells from rats. We characterized choroidal epithelial cells 

using TTR as a unique marker, because TTR is exclusively localized, 

produced, and secreted by the choroidal epithelia in mammalian 

brain (1,11,17). In addition, the culture was adapted onto a two- 

chamber system in order to evaluate the transport properties of the 

epithelial barrier. 

MATERIALS AND METHODS 

Materials. Chemicals were obtained from the following sources: Dulbecco's 
modified essential medium (DMEM), Hanks' balanced salt solution (HBSS), 
fetal bovine serum, and antibiotic-antimycin from GIBCO (Grand Island, NY); 
pronase and cis-hydroxyproline from CalBiochem-Novabiochem (La Jolla, 
CA); mouse epidermal growth factor (EGF), bovine fibroblast growth factor 
(FGF), gentamycin, diethylpyrocarbonate (DEPC), and laminin from Sigma 
Chemical Co. (St. Louis, MO); RNA STAT-60'M from Tel-Test "B" (Friends- 
wood, TX); Transwell-COL culture wells from Costar (Cambridge, MA); [125I]- 
thyroxine (specific activity: 4.4 Ci/tmol) from Du Pont (Boston, MA). All 

reagents were of analytical grade, HPLC grade or the best available phar- 
maceutical grade. Purified rat plasma TTR and monospecific rabbit anti-rat 

1To whom correspondence should be addressed at Division of Environ- 
mental Health Sciences, Columbia University School of Public Health, 60 
Haven Avenue, B1-112, New York, New York 10032. 
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TTR polyclonal antibody were the gifts of Dr. W. Blaner at the Institute of 
Human Nutrition, Columbia University. 

Cell preparation and culturing. Sprague-Dawley rats of both sexes were 

purchased from Harlan Inc. (Indianapolis, IN), and were (unless otherwise 
indicated) 4-6 wk old (80-90 g) at experiment. Rabbits (New Zealand White, 
2-3 kg) were obtained from Hare Marland (Hewitt, NJ). Animals were eu- 
thanized with pentobarbital and brains removed from the skull. The whole 
brain was placed in ice-cold phosphate-buffered saline (PBS) solution to chill 
the tissues and wash off excess blood. The choroid plexuses were dissected 
from both lateral and third ventricles in a cell culture hood. A pool of tissues 

usually from 10-15 rats was rinsed in 2 ml of HBSS and transferred to another 
beaker containing 0.5 ml of HBSS. The tissues were chopped with a fine 

ophthalmologic scissors to about 1-mm cubes, and the volume was brought 
to 1 ml. 

The minced tissue preparation was mixed with 1 ml of digestion solution 
(0.4% pronase in HBSS). The digestion continued at 370 C for 5 min in an 
incubator and was stopped when 5 ml of PBS solution was added to the 

digestion mixture. After centrifugation at 300 X g for 5 min, the supernatant 
containing primarily nonepithelial cells was decanted. The pellet of epithelial 
clumps was washed with 5 ml of PBS once and resuspended in 4 ml of growth 
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 
units penicillin per ml, 100 .tg streptomycin per ml, 100 gtg gentamycin per 
ml, 2.5 gtg amphotericin B per ml, and 10 ng EGF per ml. The cells were 
further mechanically dissociated by seven to eight forced passages through 
a 20-gauge needle. This procedure is necessary and must be done with care 
in order to triturate the cell clumps and to produce the maximal yield of 

epithelia. An aliquot (0.1 ml) of cell suspension was then removed and mixed 
with 0.1 ml of 0.4% Trypan blue to count cell numbers and to assess the 

viability. 
Following dilution to approximately 1-2 X 105/ml with the culture me- 

dium, the cells were plated in 35-mm petri dishes (2-3 X 105 cells per dish) 
and cultured in a humidified incubator with 95% air-5% CO2 at 370 C. The 
cell culture continued without disturbance for at least 48 h following initial 

seeding to ensure good attachment. The medium was changed every 2 d 
thereafter for the duration of the culture. 

To study the growth dynamics, the culture was incubated with 0.02% tryp- 
sin and 0.02% EDTA in PBS at 37' C for 5 min to bring about cell detach- 
ment. An aliquot (0.1 ml) of cell suspension was mixed with 0.1 ml of 0.4% 
Trypan blue in an Eppendorf tube. Both viable and dead cells were recorded. 

In some cases, cis-hydroxyproline was added to the culture medium (final 
concentration: 25-100 tg/ml) to control the growth of fibroblastic cells. In 
other cases, the cultures were allowed to grow in the dishes precoated with 

collagen. 
Culture on two-chamber system. Permeable membranes attached to the 

Transwell-COL culture wells were pretreated with laminin (14 tg/ml) for 10 
min and allowed to air dry for at least 45 min prior to cell seeding. Aliquots 
(0.5 ml) of cell suspension were plated in 12-mm laminin-coated culture wells 
(2 X 105 cells per well). This was designated as the inner (apical) chamber. 
The inner chambers were then inserted into the outer (basal) chambers which 
contained 1 ml of culture medium. The cultures continued for 48 h and the 
medium was changed every 2 d thereafter. 

Transepithelial electrical resistance was measured with an epithelial vol- 
tohmmeter (EVOM, World Precision Instruments, Sarasota, FL) after culture 
in the bicameral chambers for at least 4 d. The net value of electrical resis- 
tance was computed by subtracting the background, which was measured on 
laminin-coated, control cell-free chambers, from values of epithelial cell- 
seeded chambers. The formation of confluent impermeable cell monolayers 
was judged by two criteria: (1) the height of the culture medium in the inner 
chamber had to be at least 2 mm higher than that in the outer chamber for 
at least 24 h; and (2) the electrical resistance across the cell layer had to fall 
into the range of 80 ? 10 ohm per cm2 (mean ? SD, n = 6). 

For thyroxine (T4) transport studies, the cells, upon the formation of an 
impermeable monolayer, were washed with and cultured for 2 h in a serum- 
free DMEM medium supplemented with 5 jhg insulin per ml, 5 jtg transferrin 
per ml, 5 ng sodium selenite per ml, and 5 ng fibroblast growth factor per 
ml. [125I]-T4 was added into the outer chamber to the final concentration of 
40 pM (0.18 jiCi/ml). Aliquots (5 jtl) of media in both chambers were removed 
at various times and counted with a Packard model Cobra-II gamma counter. 

Immunocytochemical studies. The cells to be stained were cultured on a 
glass coverslip for 5-7 d. The cells were fixed in 4% paraformaldehyde in 
PBS solution followed by washing three times with PBS. The cell monolayers 
that attached to the glass coverslips were permeabilized by washing with 

0.1% Triton X-100 in PBS three times. For immunohistochemical staining, 
the cells were incubated with rabbit anti-rat TTR antiserum (1:250 dilution) 
in PBS at room temperature for 30 min and rinsed with 0.05% Triton X-100 
to reduce the background. The cultures were then incubated for 30 min with 
biotinylated goat anti-rabbit secondary antibody (Vector Laboratories, Bur- 
lingame, CA) diluted 1:1000 in PBS. The sections were further stained with 
ABC reagent (VECTASTAIN?, Vector Laboratories) to form avidin-biotin- 
horseradish peroxidase complex. 

For immunofluorescent staining, the sections were treated in the same way 
as described above except that the secondary antibody was fluorescein-con- 
jugated goat anti-rabbit antibody (Amersham, Arlington Heights, IL). The 
stained sections were examined with a Nikon Model HB-1010 microscope 
with FITC-fluorescence and phase-contrast optics. 

Reverse PCR analysis. We extracted total RNA from the cultured cells, 
plexus tissue, cerebral cortex, or liver of rats according to the procedure 
described by Sambrook et al. (21) using an RNA isolation kit (RNA STAT- 
60TM, Tel-Test "B"). In short, the cells or tissues were homogenized in RNA 
Stat-60TM solution, followed by chloroform extraction to remove DNA and 
proteins. RNA was then precipitated by isopropanol, washed with 75% eth- 
anol, and reconstructed in DEPC-treated RNase-free solution. 

One microgram of total RNA was reverse transcribed with MuLv Reverse 
Transcriptase (GeneAmp) with random hexamers (2.5 iM) or selected anti- 
sense primers (2.5 tM) in a 20-jl reaction mixture containing 10 mM Tris 
(pH 8.3), 50 mM KC1, 5 mM MgCl2, 1 miM each dATP, deoxyribosylthymine 
triphosphate (dTTP), deoxycytidine triphosphate (dCTP), and deoxyguanosine 
triphosphate (dGTP), and 20 units of RNase inhibitor (GeneAmp). The re- 
action was continued at 420 C for 45 min. For PCR amplification, one set of 
specific oligonucleotide pairs (0.15 itM) was incubated with the above re- 
action mixture and 2.5 units of Taq DNA polymerase (Perkin-Elmer) in a 

100-jll reaction mixture containing 10 mM Tris (pH 8.3), 50 mM KC1, and 2 
mM MgCl2. The first cycle was 2 min at 94' C for initial denaturation, 0.5 
min at 550 C for annealing, 0.5 min at 720 C for extension. The subsequent 
cycle parameters were 0.5 min at 940 C, 0.5 min at 550 C, and 0.5 min at 
720 C for 35 cycles, followed by a final 5-min incubation at 720 C. An aliquot 
(10 ?1l) of each reaction mixture was analyzed by electrophoresis on 1.5% 
agarose gels containing 0.5 jig ethidium bromide per ml. The primers (syn- 
thesized, as requested, by KeyStone, Menlo Park, CA) designed specifically 
for rat TTR consist of 5' primer: 5'-CCTGGGGGTGCTGGAGAAT-3', and 3' 
primer: 5'-ATGGTGTAGTGGCGATGAC-3', which produce a product of 317 
bp covering most of the TTR mature peptide region from rats (4). 

Determination of protein content. Total protein content was measured by a 
Bio-Rad Protein Assay Kit (Bio-Rad Lab, Richmond, CA) with bovine serum 
albumin (range: 12.5-100 jg/ml) as the standard. 

RESULTS 

Epithelial culture. The procedure for cell isolation described above 

yielded 0.8 to 1 X 105 epithelial cells per rat. Attempts to increase 
the cell yield by extending the pronase digestion period for 10 min 
appeared to slightly increase the total cell counts by 1.2-fold, but 
lessened cell viability and weakened cell attachment. We therefore 

adopted the procedure of mechanically forcing the digested prepa- 
ration through a 20-gauge needle to triturate the epithelial clumps. 
This step compromises both cell yield and viability; mean cell via- 

bility was 82% with a range of 77-85%. 

Cell attachment typically occurred within 24-36 h and was nearly 

completed by 48 h following initial plating. Culturing the cells on 
collagen-coated dishes enhanced cell attachment but augmented the 
growth of fibroblasts in the later stage of the culture, and was there- 

fore abandoned. The epithelial cells grew rapidly during the first 4- 
5 d with a population doubling time of 2-3 d (Fig. 1). The cultures 
derived from 4-mo.-old rats yielded slightly lower (about 16%) total 
cell counts at the plateau as compared to cultures from 4-wk-old rats. 
Thus, the cell growth rate seemed to depend, to a small extent, on 
the age of the animals from which the choroid plexuses were har- 
vested. 
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FIG. 1. Growth curves of choroidal epithelial cells in primary culture. 
Cells were initially seeded at 3 X 105 cells per dish. 

TABLE 1 

EFFECT OF cis-HYDROXYPROLINE ON 5-DAY CHOROIDAL 
CELL CULTUREa 

Time and amount of Cell Epithelial 
cis-HPO addition attachment Fibroblasts cells 

6h 
25 pg/ml1 41 -1 41 
50 pg/ml 44 444 444 

100 pg/ml 414 441 411 
24 h 

25 ig/ml +/- 
44, 

4 
50 gg/ml +/- 44 414 

48 h 
25 lg/ml +/- 4i +/- 

96 h 
25 pg/ml +/- 1 +/- 

100 pg/ml +/- 41 1 

acis-Hydroxyproline (cis-HP) (25-100 pg/ml) was added into the culture 
medium at the time indicated. The cultures were examined 5 days after initial 
seeding. The outcomes in a specified viewing field were scored as follows. 
+/-: no effect, I : minor inhibitory effect; 41 : moderate inhibitory effect; 
441 : severe inhibitory effect. 

To minimize the fibroblast contamination, cis-hydroxyproline was 
introduced into the culture medium. The presence of cis-hydroxy- 
proline effectively inhibited the growth of fibroblasts, but it also af- 
fected the normal growth of epithelia. Table 1 indicates that the con- 
centration and the time of addition of cis-hydroxyproline are critical 
to the overall growth of the culture. The early addition of cis-hydrox- 
yproline at 6 h delayed the cell attachment and severely interfered 
with epithelial growth, even at a low concentration (25 pg/ml). Higher 
concentrations of cis-hydroxyproline (100 pg/ml), though not affect- 

ing the cell attachment, suppressed the epithelial growth when added 
into 4-d-old culture (Table 1). Thus, the optimal condition for cis- 

hydroxyproline treatment appeared to be 25 pg/ml of culture medium 
added at 48 h after initial seeding. 

Characterization. Under the microscope, polygonal epithelial cells 
dominated the culture for at least 2 wk (Fig. 2). Following cell at- 

FIG. 2. Primary culture of choroidal epithelial cells after 4 d in culture. 
Note the confluent layer of the cells with predominant polygonal cell type 
(X 100). The choroid plexuses were obtained from 5-wk-old Sprague-Dawley 
rats. 

tachment, the epithelial cells formed many dispersing clusters and 

grew in a reach-forth manner into their surroundings. The other cell 

type identified under light microscopy was the fibroblasts whose nu- 
clei were condensed and elongated in the direction of cell stretch. 
The fibroblasts typically spread in the space between epithelial clus- 
ters. In aged cultures (i.e., > 3 wk after seeding), the epithelial cells 
became shrunken, the size reduced, and the nuclei condensed, and 
the fibroblasts overgrew. Cultures obtained from the young animals 

(4-5 wk) showed much less fibroblast contamination than those from 
the old animals (4-5 mo.), although the total cell counts did not seem 
to differ greatly (Fig. 1). 

The same culture procedure was applied to tissues collected from 
rabbits and dogs. The morphology of the cultures from rabbit choroid 

plexus highly resembled that of rats (data not shown). However, in 
the case of dogs, fibroblasts outgrew the epithelia even at the early 
stage of the culture, and only a few epithelial cells survived during 
a 7-d culture (data not shown). Therefore, the current procedure may 
not be suitable for primary cultures of canine choroid plexus. 

Immunohistochemical staining with anti-transthyretin (TTR) an- 

tibody showed that most of the rat epithelial cells in the primary 
cultures had positively stained cytosolic TTR (Fig. 3 a), whereas the 
cultures treated either with TTR-presaturated antibodies or with sec- 

ondary antibodies alone failed to show such a positive reaction (Fig. 
3 b). Immunofluorescence staining with the same primary antibody 
displayed similar results (data not shown). 

We further investigated the expression of TTR mRNA in the cul- 
tured cells. The selective primers designed by Gee et al. (7) have 
been used to identify TTR mRNA in choroid plexus from sheep, cow, 
and rat. However, the study employing this primer pair was not re- 

producible in our hands. Thus, we redesigned the sequence of the 

primer pairs according to Dickson et al. (4). Reverse PCR analysis 
clearly demonstrated that the cultured cells expressed TTR mRNA, 
as did freshly isolated choroid plexus tissue and liver cytosolic prep- 
arations (Fig. 4). Taken together, these observations strongly sug- 
gested that the primary cultures were of choroidal epithelial origin. 
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FIG. 3. Cultured choroidal epithelial cells possess cytosolic TTR by im- 
munocytochemical staining. a, Cells were treated with anti-TTR primary an- 
tibody followed by secondary antibody conjugated with ABC reagent. Note 
the positive staining in cytosol (X 250). b, Cells were treated with TTR- 
presaturated primary antibody followed by ABC staining procedure (X 250). 

Transport function. Cells grown on the membrane of the inner 
chambers displayed similar morphology to those observed in the cul- 
ture dishes and survived for at least 2 wk. An 8-d culture was used 
to study T4 transport in order to evaluate the ability of the epithelial 
barrier to actively transport hormone between the chambers. Follow- 
ing addition of [125I]-T4 to the outer (basal) chamber, in the absence 
of cells, the radioactivity in the inner (apical) chamber rose while 
that in the outer chamber declined, both reaching equilibrium at 
about 12 h (Fig. 5). In the presence of cells, however, the radioactivity 
migrated from the basal to apical chamber and far exceeded the 
equilibrium (Fig. 5). Our study confirmed the results reported by 
Southwell et al. (23), suggesting that radiolabeled T4 was actively 
transported across the impermeable "cell barrier" formed of choro- 
idal epithelia. 

DISCUSSION 

This study demonstrates that rat choroidal epithelial cells can be 
successfully cultured for at least 2 wk in DMEM supplemented with 
FBS and EGF. The cultures possess relatively uniform epithelial cell 
type with minor contamination from fibroblasts. The epithelial cells 
can also grow on a permeable membrane to form a confluent cell 
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FIG. 4. Choroid plexus tissues and the cultured choroidal epithelial cells 
express TTR mRNA by reverse transcriptase-PCR analysis. All samples un- 
derwent DNase digestion and RT-PCR unless otherwise stated. Arrow indi- 
cates bands corresponding to TTR mRNA. Lane I.D.: (1) base pair markers; 
(2) plexus tissue, total RNA, without RT-PCR; (3) plexus tissue, mRNA with 
selected primer; (4) liver, mRNA with selected primer; (5) and (6) cultured 
plexus cells, mRNA with selected primer; (7) same as lane (1). 
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FIG. 5. Choroidal epithelial cells cultured on Transwell-COL membrane 
actively transport [125I]-thyroxine across a confluent epithelial monolayer. 
Data represent means ? SD (n = 3). 

monolayer for transepithelial transport studies. The procedure is sim- 
ple and highly reproducible. 

The establishment of choroidal epithelial cell culture has been 
described in the literature for the cells from various sources, includ- 
ing mouse (2,6,19), rat (2,6,19,24), rabbit (15), sheep (10), cow 
(3,25), and human (8). Some of these reports have used transferrin 
(24), Na?, K+-ATPase (19,25), G proteins (19), ciliary rootlet pro- 
teins (6), and the absence of antihemophilic factor (AHF) antigen (3) 
as the cellular markers to characterize the origin of the cultures. In 
the current studies, we chose TTR because choroid plexus epithe- 
lium is the only cell type capable of manufacturing TTR in the mam- 
malian brain. TTR is a 55 000-dalton protein consisting of four iden- 
tical subunits in a tetrahedral symmetry (12). Per unit of weight, rat 
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choroid plexus contains 10 times more TTR mRNA than liver, which 

produces TTR for serum (4). The presence of TTR per se and/or TTR 
mRNA in the culture, therefore, should exclusively reflect the origin 
of the cells from the choroidal epithelia. Using two different staining 
techniques, our immunocytochemical results revealed that the epi- 
thelial cells in the cultures indeed possessed TTR polypeptides (Fig. 
3). Reverse PCR with selective primers encoding TTR also confirmed 
the presence of TTR mRNA in these cells (Fig. 4). Thus, these stud- 
ies assure that a high proportion of the cultured cells were of cho- 
roidal epithelial origin. 

A number of factors affect the quality of our cultures, notably the 

proteolytic enzymes. Tsutsumi et al. (24) reported that the cultures 

produced using collagenase and DNase maintained a polygonal ep- 
ithelial-like morphology, but did not address whether the enzyme 
digestion affected cell yield and attachment. In a separate experiment 
using bovine choroid plexus, Crook et al. (3) compared the effect of 

collagenase, dispase, pronase, and the combination of collagenase 
and dispase on the early stage of cell culture. It was found that tissue 
treated with collagenase yielded the lowest cell counts and viability, 
and the poorest cell attachment. These authors further reported that 

digestion with pronase generated the highest number of viable cells 
and a more effective cell attachment. In this study, we found that 

pronase digestion of rat choroid plexus effectively released epithelial 
cells. However, the duration and the concentration of pronase treat- 
ment must be well controlled, since prolonged digestion (> 10 min) 
reduced cell attachment. 

Cultured choroidal epithelial cells have limited ability to differ- 

entiate, as evidenced by our failure to subculture via passage. The 
weak differentiation ability limits the life span of the culture. We 
have compared the growth dynamics of the cells from the young and 

elderly animals. While the total cell counts in the cultures from the 
older animals were slightly lower than those from the young ones 

(16% less at the plateau phase), the population doubling times did 
not seem to differ greatly among these two groups (Fig. 1). In another 

attempt to harvest the cells from 21-d-old weanling rats, we found 
that the tissue mass from these rats was too small (about 1-2 mg per 
rat) to provide sufficient cells unless many animals were pooled. 
However, we indeed noticed that cell differentiation and proliferation 
in cultures established from weanling rats were much better than 
those from the older rats. We believe that using the rats aged 4-5 

wk seems to be a good compromise of adequate growth dynamics, 
reasonable animal cost, and convenient technical procedure. 

Cell growth dynamics was also species-dependent. We observed 
that the growth properties of cells from rats and rabbits shared much 

similarity, whereas cultures from dogs were problematic. Canine 

plexus cells appeared to be very sensitive to pronase treatment, as 
few attached epithelial clusters could be seen after digestion. Our 

procedure was successful only for cultures derived from rats and 

rabbits. From the economic point of view, culturing one dish of rat 

plexus cells (usually requiring three rats) costs the dollar equivalent 
to that of rabbit (one per dish). Thus, the option as to which species 
is chosen is solely dependent upon the purpose of the study. 

One challenge for successfully culturing choroidal epithelial cells 
is to control the contamination by fibroblasts. One way to block fi- 
broblasts is to exclude serum, which contains fibroblast growth factor 

(FGF), from the culture medium. In our earlier experiments, we re- 
duced the FBS to 5% in order to limit the growth of fibroblasts. 
Reduction of FBS, however, debased the overall growth of the culture. 
An alternative way is to use a specific fibroblast inhibitor. Fibroblast 

proliferation relies on collagen, which is rich in proline. A number 
of studies have reported that cis-hydroxyproline, a proline analogue, 
could effectively remove fibroblasts from the cultures of mixed cell 

population (3,14). Our studies indicate that both the concentration 
of cis-hydroxyproline and the time of its addition to the medium are 
critical. Higher concentration and earlier treatment, while effectively 
inhibiting the contamination, killed the epithelia as well (Table 1). 
Therefore, we recommend the regimen adding 25 jtM cis-hydroxy- 
proline to the culture medium at 48 h after initial seeding. 

The choroid plexus is known to actively transport many substances 

bidirectionally between the blood and CSF (13,17,22). Culturing ep- 
ithelial cells on a permeable, translucent support membrane has 

proved useful in assessment of transepithelial movement of sub- 
stances in kidney epithelial cells (16), Sertoli cells (9,18), and cho- 
roidal ependymocytes (23). Because the epithelial cells are con- 
nected by tight junctions when they grow to a confluent monolayer, 
the cells actually form an impermeable barrier between the media in 
the inner and outer chambers. The net electrical resistance across 
this barrier in our study (80 ? 10 ohm/cm2) is comparable to that 

reported by others (99 ? 15 ohm/cm2) (23). Saito and Wright (20), 
however, reported a transmural resistance of 170 ohm/cm2 in an in- 
tact plexus tissue from the IVth-ventricle of the bullfrog. It should 
be noted that determination of electrical resistance could be influ- 
enced by the differences in preparations (tissue vs cultured cells), 
temperature, pH (physiological solutions vs culture media), age of 
tissues or cultures, and the freshness of culture medium. 

Our studies also demonstrated that this in vitro barrier system did 
maintain the ability to actively transport thyroxine from the basal 
exterior (in contact with the fluid in the outer chamber) to the apical 
surface (in contact with the fluid in the inner chamber) of the cells 

(Fig. 5). By monitoring the kinetic properties of substances in both 

chambers, this system should facilitate the study of transport mech- 
anisms at the blood-CSF barrier. 

In summary, a simple and reproducible method has been devel- 

oped to culture epithelial cells derived from mammalian choroid 

plexus. The method minimizes interference from fibroblasts and pro- 
duces a high yield of choroidal epithelial cells. The cultured cells 

grown on a permeable membrane possess the normal cellular func- 

tions, such as transport of thyroxine. In particular, this method will 
enable one to study mechanisms of heavy metal uptake, storage and 

toxicity at the blood-CSF barrier. 
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