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Long-term, low-dose Pb exposure in rats is associated with a
significant decrease in transthyretin (TTR) concentrations in the
CSF. Since CSF TTR, a primary carrier of thyroxine in brain, is
produced and secreted by the choroid plexus, in vitro studies were
conducted to test whether Pb exposure interferes with TTR pro-
duction and/or secretion by the choroid plexus, leading to an
impaired thyroxine transport at the blood-CSF barrier. Newly
synthesized TTR molecules in the cultured choroidal epithelial
cells were pulse-labeled with [**S]methionine. [**S]TTR in the cell
lysates and culture media was immunoprecipitated and separated
by SDS-PAGE, and quantitated by autoradiography and liquid
scintillation counting. Pb treatment did not significantly alter the
protein concentrations in the culture, but inhibited the synthesis of
total [**S]TTR (cells + media), particularly during the later chase
phase. Two-way ANOVA of the chase phase revealed that Pb
exposure (30 uM) significantly suppressed the rate of secretion of
[**S]TTR compared to the controls (p < 0.05). Accordingly, Pb
treatment caused a retention of [**S]TTR by the cells. In a two-
chamber transport system with a monolayer of epithelial barrier,
Pb exposure (30 uM) reduced the initial release rate constant (k,)
of [*2°11T, from the cell monolayer to the culture media and
impeded the transepithelial transport of [*2°1]T, from the basal to
apical side of epithelial cells by 27%. Taken together, these in vitro
data suggest that sequestration of Pb in the choroid plexus hinders
the production and secretion of TTR by this tissue. Consequently,
this may alter the transport of thyroxine across this blood-CSF
barrier. © 1999 Academic Press
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1991). Aside from its primary role in CSF production and
regulation, the choroid plexus manufactures and secretes t
proteins for the extracellular compartment in the central nel
vous system (CNS). Of the proteins in the CSF, transthyreti
(TTR or prealbumin) is exclusively produced and secreted b
the choroid plexus (Aldre@t al., 1995; Herbertet al., 1986;
Nilssonet al.,1992). TTR is a 55,000-Dalton protein consist-
ing of four identical subunits in a tetrahedral symmetry. Pe
unit of weight, rat choroid plexus contains 10 times more TTF
mMRNA than liver, and per gram of tissue synthesizes TTR 1
times faster than the liver, which is the major organ producin
serum TTR (Dicksoret al.,1985; Schreibeet al.,1990). CSF
TTR (~15 pg/ml) makes up 25% of total CSF protein (Aldred
et al.,, 1995). In humans, TTR serves as a major thyroic
hormone binding protein in the CNS and conveys about 60
80% of CSF thyroxine (Hagen and Elliott, 1973; Herhedtral.,
1986; Larsen and DeLallo, 1989). The binding of thyroxine tc
CSF TTR allows a fine control of the levels of thyroid hor-
mones in the CSF and in the extracellular space of the brai
Recent evidence has suggested that repression of TTR in C
and/or choroid plexus may lead to an alteration of the balanc
of thyroid hormones in the brain (Chanoiret al., 1992;
Southwellet al., 1993).

Thyroid hormones have striking effects on the CNS, partic
ularly during the developmental period (Dussault and Rue
1987). Deficiency of thyroid hormones during this period pro
duces multiple morphological, biochemical, and electrophys
ological alterations of neurons and neuroglia (Dussault ar
Ruel, 1987; Farsettt al.,1991; Legrand, 1984; Ruiz-Marcos
et al., 1979). In children, deprivation of thyroid hormones
causes irreversible mental retardation (Sreitlal., 1957; Glo-
rieux et al.,1983; Legrand, 1984). Recently, Thompson (1996
has isolated and identified the genes that are expressed
response to thyroid hormones in developing rat brain. Notabl;

The choroid plexus resides within brain ventricles and sefiye TTR gene in the choroid plexus is expressed early in tf
arates two distinct body fluids: the blood and cerebrospingly development, a phenomenon consistent with the impo

fluid (CSF) (Davson and Segal, 1996; Johanson, 1995; Smifhnce of the thyroid hormones in embryonic brain developme
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1995). Thus, the choroid plexus, by manufacturing and regt
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lating CSF TTR, appears to play a crucial role in regulating aratl—80°C until used in the present and earlier studies (Herted., 1986;

mediating the delivery of thyroid hormones to the devebmr@iskopouet al., 1993; Tsutsumet al., 1992; Zhenget al., 1996, 1998). The
brain R antiserum was diluted (1:300) prior to use in this study.

. - - “horoidal epithelial cell culture. Choroidal epithelial cells were cultured
Previous studies have shown that the choroid plexus Sequues%g the method established in this laboratory (Zhengl., 1998). In short,

ters lead (PD) to an extraordinary degree following Pb eXpOSLﬂﬁ@xus tissues were collected from Sprague—Dawley rats (4—6 weeks old, bc
(Friedheimet al., 1983; Zhenget al., 1991, for review, see sexes), which were purchased from Harlan Inc. (Indianapolis, IN). The ple>
Zheng, 1996). Our recent work demonstrates that dispositionugés were dissected, washed in DMEM, chopped with scissors, and digestec
Pb in rat choroid plexus is directly associated with a significaink’s buffer containing 0.2% pronase at 37°C for 5 min. The cells wer

. . . further mechanically dissociated by 7—8 forced passages through a 20-gat
reduction in CSF concentration of TTR (Zheagal., 1996). needle. The dissociated cells were washed in medium A (DMEM with 10

The synthesis of TTR by the choroidal epithelia has begRis/m each of penicillin, streptomycin, and gentamycin, and Qugfml
suggested to mediate the transport of thyroid hormones frafphotericin B) twice and resuspended in normal growth medium (medium
the blood to CSF (Chanoiret al.,1992; Dratmaret al.,1991; supplemented with 10% FBS and 10 ng/ml EGF). The cells were plated |
Schreiberet al., 1990; Southwelet al.,1993). Thus, alteration 35-mm Petri dishes (2-% 10° cells per dish) and cultured in a humidified

of TTR concentration in CSF and/or choroid plexus b P|Bcubator with 95% air-5% CPOat 37°C. The growth medium was replaced
P y two days after initial seeding and every other day thereafter. The culture fro

€xposure _may mflgence the transport Of_ thyroxine at the bIOOjH\'/veek-old rats showed a dominant polygonal type of epithelial cells for &
CSF barrier, leading to an altered brain economy of thyrojghst 7-10 days with a doubling time about 3—4 days. A 6—8-day culture w
hormones. used in this study.

The purpose of this study was to test the hypothesis that phor two-chamber transport studies, permeable membranes attached to

exposure impairs TTR production and/or secretion in the ch r;answeII-COL culture wells were pretreated with laminin {@g/ml) for 10

. | hich . . in and allowed to air dry for at least 45 min prior to cell seeding. Aliquots
roid plexus, which may affect the transepithelial transport (5&5 ml) of cell suspension were plated into 12-mm laminin-coated cultur

thyroxine at the blood-CSF barrier. We conducted pulse-chaggis (2 x 10° cells per well). This was designated as the inner (apical
experiments using*fS]methionine to label the newly synthe-chamber. The inner chambers were then inserted into the outer (basal) cha
sized proteins in the cultured choroidal epithelial cells. THeers which contained 1 ml of culture medium. The cultures continued for 48
effect of Pb on the production and secretion of TTR Waeg\d the medium was changed every 2 days thereafter. The formation of

. . . . Impermeable confluent monolayer occurred within 5 days after seeding al
investigated by estimating the amounts WTTR that were was verified by the presence of a steady electrical resistance across

selectively precipitated by specific TTR antibody and separat@@mbrane (126: 10 SD ohm per c?) (Southwellet al., 1993; Zhenggt al.,

by SDS PAGE. To investigate thyroxine transport, we adapt&eps).

a two-chamber transport model which was originally devel- Pulse-chase study of TTR synthesis and secretioRrior to Pb exposure,
oped by Southwelket al. (1993). The model allows the culturethe cultured epithelial cells were washed 3 times with medium A. The cell
media in both chambers to be separated by a barrier of cdfsre then exposed to Pb (as Pb acetate) dissolved in medium A at a fir

fl ¢ ithelial I bi b oncentration of 3M at 37°C for 4 h. The concentration of Pb (a01) was
uent epithelial cells grown on a permeable membrane. osen because preliminary studies under this experimental condition h

monitoring [*]T , in both chambers, we examined the effechown that Pb at this concentration caused the maximum inhibition, of T
of Pb exposure on transport kinetics of thyroxine across thensport and minimum cytotoxicity. At the end of exposure, the cells wer
choroidal epithelial barrier. rinsed and incubated for 40 min in medium B (serum- and methionine-fre
medium A) to deplete the intracellular methionine pool (Wangl., 1994).
The cultured cells were pulse-labeled @ h in apulse medium (medium B
MATERIALS AND METHODS supplemented with 100—15@Ci/ml [3*S]methionine). Following the pulse
treatment, the cells were washed 3 times with the chase medium (medium
Materials and animals. Chemicals were obtained from the following supplemented with 10 mM L-methionine and 2 mM L-glutamine). The chas
sources: Pb acetate, epidermal growth factor (EGF), fibroblast growth facpdrase commenced by adding 1 ml of the chase medium to each group. At t
(FGF), gentamycin, phenylmethyl sulfonyl fluoride (PMSF), aprotinin, leupepimes selected, the media were removed. The cells were washed with ly:
tin, laminin, prostaglandin EPE;), and cycloheximide from Sigma Chemical buffer (see below) and harvested using a rubber policeman.
Co. (St. Louis, MO); Dulbecco’s modified Eagle’s medium (DMEM), Hanks’ The harvested cells were immediately mixed with 2000f warm lysis
balanced salt solution (HBSS), fetal bovine serum (FBS), and antibiotibuffer that consisted of 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM DTT, 1
antimycin from Gibco Laboratories (Grand Island, NY); pronase from CamM EDTA, 1 mM PMSF, 20ug/ml leupeptin, 2Qug/ml aprotinin, 1% Triton
Biochem-Novabiochem (La Jolla, CA)*¥]thyroxine (specific activity: 4.4 X-100, 1% SDS, and 0.1% BSA. The mixture was incubated at 70°C for 1
Ci/umol), SOLVABLE, and ENHANCE autoradiography enhancer from Dumin to ensure complete lysis. The culture medium was centrifuged at if),00
Pont (Boston, MA); L-methionine, L-glutamine, ant?$]methionine (specific for 10 min to remove cell debris, after which aliquots (3@Pof medium were
activity: 1218 Ci/mmol) from ICN Biomedicals (Aurora, OH); transwell-COLmixed with 100ul of 4X lysis buffer and incubated at 70°C for 15 min. Both
culture wells from Costar (Cambridge, MA). All reagents were of analyticalell and medium lysates were then diluted 10-fold with 150 mM NaCl anc
grade, HPLC grade, or the best available pharmaceutical grade. 0.1% BSA in 10 mM Tris buffer (pH 8.0) to achieve a 0.1% SDS final

Preparation of TTR antibody. Purified rat plasma TTR and monospecificconcentration. The diluted solutions were used for separation and quantitati
rabbit anti-rat TTR polyclonal antibody were prepared according to the metf [**SITTR described below. Another aliquots (56) of cell and medium
ods previously described (Nava al., 1977; Blaner, 1990). The purified rat lysates were diluted with distilled, deionized water and used for proteil
serum TTR used as immunogen ran as two bands on an overloadedy(50determination.
protein) Coomassie-stained SDS-PAGE, one at approximately 14 KDa (corimmunoprecipitation and SDS-PAGE. Aliquots (300 ul) of diluted cell
responding to the TTR monomer) and one at 28 KDa (corresponding to tlgsate and culture medium were incubated with rabbit anti-rat TTR antiseru
TTR dimer). Collected rabbit antiserum was divided into aliquots and froz€m:300) at room temperature for 2 h. The TTR-antibody complexes wer
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precipitated by adding 10@l of Protein A agarose beads (Bio-Rad) in 50 mM TABLE 1
Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, and 0.05% Triton X-100 and Effect of Pb Exposure on Protein Concentrations in Cultures
incubating at 4°C overnight with constant shaking. Following centrifugation at of Choroidal Epithelia in the Pulse-Chase Studies

10,00@ for 10 min, the pellets were dissolved and incubated in eluting buffer

containing 0.1 M Tris (pH 6.8), 5% SDS, 5% 2-mercaptoethanol, 10 mM DT A
and 10% glycerol at 95°C for 5 min. The mixture was further centrifuged Tacthasmg time (hour) Controig/mb Pb-treated dg/m)
13,00@ for 10 min to separate the eluted proteins from the beads. TheCeII lysate
supernatant containing primarily°8]TTR underwent further purification. 839.4 + 228.4 588.1 + 69.4
Aliquots (20 ul) of the supernatant, purified rat TTR standard, and protein 573:0 N 62:3 550_'9 - 43:6
molecular weight markers were applied to two identical 8.5% SDS-polyacryl- ) 603.1 + 67.0 557.3 + 75.5
amide gels and electrophoresized under constant current of 30 mA per gel. Onez_0 630.5 + 110.8 553.2 + 72.9
gel was stained with Coomassie brilliant blue reagent for 4—6 h. The bands _ 485.0 + 305 443.4 + 53.6
corresponding to TTR standard and molecular weight at 14 KDa were exciseg:uIture medium
and dissolved in 0.5 ml of SOLVABLE solution at 50°C for 3 h. Incorporation 0.0 243+ 080 274+ 0.85
of [¥*S]methionine into newly synthesized TTR was then determined by 05 280+ 101 254+ 0.65
scintillation counting in a Packard Tri-Carb Model 2100TB liquid scintillation " 332+ 120 256+ 067
counter. The other gel was immersed in 100 ml ofBINCE solution for 1 h 50 315+ 134 353+ 086
for enhancement and completely dried using a Model Gel Dryer (Bio-Rad) at 3:47; 1:17 5:2(); 1:19

70°C for 2 h. The dried gels were then exposed to Kodak Biomax MR film far
4-7 days using an intensifying screen.

Note. Protein concentrations in cell lysate or culture medium were deter
Transport of [23]-T , at two-chamber culture system.Choroidal epithe- mined by BioRad assay kit using BSA as standard. Data represent me3ls
lial cells were plated onto a laminin-coated permeable membrane, which wWas= 5). Pb treatment did not significantly alter protein concentrations in cel

on the bottom of the inner chamber. The inner chamber was immersed in §ate or in culture medium by two-way ANOVA.

medium of the outer chamber. The formation of a confluent monolayer

occurred normally within 5 days after initial plating. The cells under this

g?slzgo;nglzglﬁlve:d?o?gllllztager;;igy(;%&s;s;figgg I;hg:;faﬁ?ltu%%nt_rast analysgs were performed at individual time points using Scheffe
1998). Upon the formation of an impermeable monolayer at Day 7-8, the ceqﬂémlple comparison test (Scheffe, 1967).

cultured on the Transwell-COL wells were washed twice with medium C

(serum-free DMEM supplemented with &g/ml each of insulin and trans- RESULTS

ferrin, 5 ng/ml each of sodium selenite and FGF, 10 ng/ml EDF, andgZ&l

PE,). The cells were then exposed to @M Pb in medium C of both chambers Expression of TTR by Cultured Epithelial Cells

for 4 h. At the end of Pb exposuréd?fl]T, was added into the outer chamber

to the final concentration of 40 pM (0.38Ci/ml). A volume (5ul) of media When the newly synthesized proteins were pulse-labele
in both chambers was removed at various times and determined for radioggth [3°S]methionine°S-labeled species that were selectively
tivity using a Packard model Cobra-Il gamma counter. immunoprecipitated showed two major bands on SDS-PAG

The method of Bradford (1976), using bovine serum albumin as the refer- . . .
ence, was used for all protein determinations. gels with the molecular weight equivalent to 14,000 and 43,00

o _ o Dalton (Fig. 1). Since TTR is a 55,000-Da protein consisting o
Statistics. ancentratlons of TTR and proteins in cells and culture meq? identical subunits in a tetrahedral symmetrv. the bands
as affected by time and Pb treatment were analyzed by two-way analysis gpriaen IC‘,’" . . y . Y .
variance (ANOVA). When ANOVA revealed an overall treatment effectl4,000 Da in fact represent a single dissociated chain of TT
subunits. As the bands at 43,000 Da were usually poorl
displayed in the medium preparations, the bands may repres
. a nonspecific species which was present in, but not secreted |
SRR e s« 43 KD the cells. Therefore, we chose 14,000-Da bands to monit
[3°S]TTR in the subsequent studies. As shown in Fig. 1, afte
the pulse treatment, the newly synthesiz€8]TTR molecules
increased in the culture media, while decreased in the cultur
cells, suggesting that the choroidal epithelial cells in our pri
mary culture possessed the ability to synthesize and relez
TTR.

— — — A . e e <« 14KD

EE A E BE SR OF BRE IE =E 5% Effect of Pb on Protein and Total TTR Synthesis

L — L ]

Media Cells

When cell lysates and culture media were assayed for pr
tein concentrations, Pb treatment had no significant effect c

FIG. 1. Presence of newly synthesized TTR in cells and media frothe concentrations of total proteins presented in either the ct
choroid plexus epithelial cell culture. Cultures were incubated witB]me- !)ésates or culture media (Table 1)

thionine for 2 h. At the times shown, cell lysates and culture media we 5 . . .
collected and immunoprecipitated with TTR antibodies and protein A beads.The total F S]TTR prOdUCtlon was estimated by summatior

Aliquots (20ul) of TTR immunoprecipitate were separated by SDS PAGE arf@f radioactivity in 14,000-Da bands in both cell lysates anc
exposed to X-ray film for 7 days. TTR migrates with apparent MW of 14 KDanedia, and was normalized for protein concentration. Twc
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700 ANOVA revealed that there was an overall significant statis
© o0l O Conol tical difference in $°SJTTR of culture media between the
2 Pb-Treated Pb-treated group and the control groyp<¢ 0.05, Fig. 4A).
E'g 500 1 The difference was greatest at later times. For example, TT
£% - concentration in mediumt& h following the chase was 7.5-
xS 4007 . fold lower in Pb groups than in the controls. As depicted by
5;2 300 - autoradiography in Fig. 4B, the densities of TTR bands il
g E Pb-treated groups were accordingly lower than those in tt
2 200 corresponding controls.

E 100 - It is noteworthy that Pb treatment at this concentration dit
not significantly alter the cell viability, nor did it induce any
0 visible morphological alterations in cultured cells (data no
0 0.5 10 20 8.0 shown). In addition, we found that the same Pb treatment d
Chasing Time (h) not significantly inhibit the uptake offS]methionine by the

FIG. 2. Effect of Pb on total 'S]TTR production. Total PS]TTR was cultured choroidal epithelial cellsp(> 0.1,n = 3).
estimated by summation of radioactivity in 14-kD bands derived from both cell _ ) )
lysates and media and normalized for protein concentrations, except for tiltieration by Pb of J Transepithelial Transport at the

0 where only cell lysate data are presented. Data represent me8isn = Blood-CSF Barrier
5). p = 0.074 when the data in total of Pb-treated groups were compared to )
total of control groups by two-way ANOVA. % < 0.01. We further established a two-chamber system to study tf

transport kinetics of A]T, across the epithelial barrier by
way ANOVA of the data presented in Fig. 2 revealed a magontinuously monitoring the radioactivity in both chambers
ginal overall inhibitory effect of Pb on total TTR (< 0.074). Our earlier studies (Zhengf al., 1998) have shown that in the
However, Pb significantly inhibited totaPFS]TTR by 37% absence of cultured cells, addition ofJIJT, to the outer
(p < 0.01) @ 2 h and 34% § < 0.01) at 3 h, respectively, chamber results in a concentration-driven diffusion’8R[T ,
following the chase (Fig. 2). It is noteworthy that the onset dfetween two chambers. The radioactivity eventually reache
Pb action appeared in a delayed temporal pattern. There was no
significant change in totaPfS]TTR until the cells were chased
for more tha 1 h (Fig. 2). A 9]

—=&— Pb Treated

Effect of Pb on Intracellular TTR

Figure 3A delineates the time courses of intracellular newly
synthesized®S]-TTR in cell lysates. Intracellulaf{S]TTR in
the control group appeared to decline over the 3-h chas
period, indicating either a continuous secretion UB[TTR
molecules from the intracellular space to extracellular media c
the destruction of PSJTTR. By linear regression of the termi-

S]TTR in Cultured Cells
(dpm/ug protein)

nal phase (0.5-3 h) of TTR concentration-time curve, the 50 - —o0— Contral
intracellular half-life ,,,) of the newly synthesized®{S]TTR
approximated 2.6 h in the control group (Fig. 3A). In contrast. b 85 g 18 o B8  Be s

the concentrations of cellulatff8]TTR in the Pb-treated group
were maintained at a relatively stable level. While Pb exposur
resulted in an increase in overall cellular concentrations o= B T ==

[**S]TTR in comparison to the controls, this was not statisti- === == === " F— i
cally significant by two-way ANOVA|) < 0.0929). However, ¢t Pb Ct Pb Ct Pb Ct Pb Ct Pb
the cellular concentrations of 8] TTR at the later times of the ok Lo P = Y
chase phas_e were significantly highe-r in the Pb-trea-ted grc)UBIG 3. Effect of Pb exposure on the newly synthesiz&S[TTR in the
than those in the controlg (< 0.01) (Fig. 3A). Autoradiogra- cultured cells. The cultured cells were lyzed and immunoprecipitated. Aliquot
phy of TTR bands on the gel also shows that Pb tfeatmet wl) of TTR were immunoprecipitated and electrophoresized on SDS

Chasing Time (h)

<14 KD

Oh 05h 1h 2h 3h

caused an intracellular retention GP$]TTR (Fig. 3B). PAGE gels. (A) The 14-kD bands corresponding to TTR were excised from th
gels for determination of¥fS] radioactivity. Data represent meahsSE ( =
Inhibition of TTR Secretion by Pb 4). *p < 0.01 as compared to the controls by Scheffe’s method. (B) The ge

. \were enhanced, dried, and exposed to X-ray films for 5 days. The ban
Pb exposure qupr_eSSEd the secretion of newly synthesizggbsent the fragment GEB]TTR with the molecular weight equivalent to 14
[3°S]TTR from epithelial cells to the culture media. Two-wayDa at various chase times. Ct, control group; Pb, Pb-treated group.



N
(o]

ZHENG, BLANER, AND ZHAO

A 25000 7 A. Inner Chamber
—O— Control 1600
= { —e— Pb Treated
o 20,000 1400 1
@
== g
2'_5_ § 1200 1
39 15000 ]
3 E E 1000
=B © 8001
=E 10,000 1 =
ES © 600
| i - £
s ]
g 5,000 - ° 400 —O— Control
200 1 —a&— Pb
0 v T T T T T T T T ™ T T o(-
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Chasing Time (h) Time (h)
B B. Outer Chamber
<14 KD 1600
e 1400 q. —O— Control
Ct Pb Ct Pb Ct Pb Ct PI:JI 5 1 —4— Pb
L 1 L 1L 1 L '.a 1200 A
0.5h 1h 2h 3h & ]
. . = 1000 1
FIG. 4. Effect of Pb exposure on secretion 6P$]TTR into the culture 5
media. The culture media were immunoprecipitated. AliquotsyB®f TTR = 800 1
immunoprecipitate were electrophoresized on SDS-PAGE gels. (A) The 14- w 1
kDa bands corresponding to TTR were excised from the gels for determination E 600
of [°S] radioactivity. Data represent means SE (1 = 4). *p < 0.01 as S 4001
compared to the controls by Scheffe’s method. (B) The gels were enhanced,
dried, and exposed to X-ray films for 5 days. The bands represent the fragment 200 1
of [**S]TTR with the molecular weight equivalent to 14 kDa at various chase 0
times. Ct, control group; Pb, Pb-treated group. 0 5 10 15 20 25 30 35 40 45
Time (h)

the same level in both chambers, indicating an equilibriU{nF'Gr‘]- 5-b'“hibi;i°|” ?ﬁlpbdoétsh;b"af?sePghﬁ”a' transport dgﬂt]TS in a
WO-Chamber moael 0 00d- arrier. Cells were exposed to

status. In the presence .Of cells, Whé?ﬁl]T“ Was'add.ed to the for 4 h. [*23]T, (40 pM, 0.18uCi/ml) was added into thepouter cha&’gseor at

outer chamber (contacting the basement of epithelial cells), 0. Data represent meansSD (1 = 3).

radioactivity migrates from the outer to inner chamber (con-

tacting apical surface of epithelial cells) to a higher concentra-

tion in the inner chamber. The current work was carried otfte notion that exposure of the cells to Pb in the cultur

under similar experimental conditions to our previous studymedium repressed the transport &t]T , radioactivity from
As shown in Fig. 5A, after addition off3]T , into the outer the outer to the inner chamber.

chamber, the radioactivity in the inner chamber of the control

group rose steadily at the early stage. There was a linear TABLE 2

increase in radioactivity in the inner Champer during the'ﬁrséffect of Pb Exposure on Transport of [*2°I]T, at the Cultured

6 h. This was followed by a slower ascending phase until the Choroidal Epithelial Layer

plateau was reached (Fig. 5A). In the Pb-treated group, the

arc

steady-state concentratiol©) of radiolabels in the inner Blank Control Pb
chamber was 27% lower as compared to the control (Table 2). (no cells) (with cells) (30 uM with cells)
In parallel with the changes of radioactivity in the inner

chamber, AT, in the outer chamber declined in the initia""e" chamber

LT a 2 ; Crmax (dpm/5ul) 838+ 16.4 1368+ 61.1 992+ 12.8*
phase, indicating an uptake dffi]T , by epithelial cells (Fig. i (h-y 0.25 0.21
5B). The initial uptake rate constark of [*?A]T, in the Outer chamber
control group approximated 0.15 h while in the Pb-treated = Crmax(dpm/5pul)  739= 2.6 462+ 21.5 650+ 39.1*

ko (h™Y 0.15 0.10

group, the rate constant was reduced to 0.16, about 33%
decrease (Table 2). The steady state concentration of radiola; .. pata present means SD, n = 3 separate assaysp*< 0.05 as

bels in the outer chamber of the Pb-treated group was 4%¥pared to the control grouk,, initial release rate constark;, initial uptake
higher than that of the controls. These data are consistent wite constant.
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DISCUSSION have reported that Pb inhibits cellular ATPases (Chatex.,
1986; Rajannat al.,1991). In addition, we have demonstratec
Our previous studies by RT-PCR analysis (reverse-tratitat Pb exposure promotes the translocation of protein kinase
scriptase polymerase chain reaction) and immunocytochem(BKC) from the cytosol to membrane in the choroid plexus
try have demonstrated that the cultured choroidal epitheli@haoet al.,1998). We do not know whether the alterations in
cells established in this laboratory possess specific TTR mRMAergy production or PKC activity by Pb underlie, either
and synthesize and secrete TTR proteins (Zhetrgy., 1998). directly or indirectly, the inhibitory action of Pb on TTR
The pulse-chase studies presented in this report further correberetion. It is noteworthy, however, that PKC plays a crucic
orate that these cultured epithelial cells dynamically producele in a variety of cellular functions such as in transducting
and secrete TTR (Fig. 1). Our observations support the viegllular signals, in regulating membrane ion channels, and |
that the choroid plexus epithelia serve as an important siteagdntrolling phosphorylation of key enzymes and protein
TTR production in the CNS (Aldredt al.,1995; Herberet al., (Nishizuka, 1986; Bresslest al., 1996).
1986; Schreibeet al., 1995). The reduction in °S]TTR secretion could also be attribut-
Our initial studies in rats suggest that the sequestration of Rble to an arrestedie novobiosynthesis or an increased rate of
in the choroid plexus following chronic Pb exposure acconmtracellular degradation of TTR in Pb-exposed cells. The lac
panies a diminished CSF TTR (Zhergy al., 1996). The of sufficient intracellular TTR would then lead to less TTR
present studies extend our previous observations and furtheslecules available for secretion. As shown in Fig. 2, Pl
show that Pb exposure significantly inhibits the total TTReatment inhibited the total TTR, particularly at later time.
(cells + media) production by cultured choroidal epithelialnterestingly, this delayed onset of Pb effect on TTR concer
cells (Fig. 2), while the concentrations of total protein in bottration (Fig. 2) coincided with a greater suppression of TTF
cultured cells and media were not significantly altered by Recretion observed at later times of the chase phase (Fig. 4/
exposure (Table 1). The cytotoxicity of Pb has been associafBuaus, the inhibitory effect of Pb on TTR synthesis might
with the suppression of biosynthesis of a number of cellulabntribute, at least in part, to the diminished secretion of TTF
proteins, largely owing to the strong binding of the metal tth addition, the possibility that Pb may directly bind to TTR
cellular sulfhydryl groups (Goering, 1993). As we did nomolecules needs to be considered and substantiated in futl
examine the expression of TTR mRNA before and after Rftudies.
treatment, the questions as to how and at what stage P@he intracellular °S]TTR present in Pb-treated cells, how-
influences TTR biosynthesis, as well as possible questiozger, did not seem to decline greatly, but rather stayed in
regarding gene regulation processes in the cultured cells, relatively constant level (Fig. 3). This was expected. If Pb ha
main unanswered. only suppressed the secretion process without influencing tl
Pb exposure significantly inhibits the rate and amount @fTR production, the cellular TTR would have continuously
newly synthesized®PS]TTR secreted into the cultured medizuilt up and led to a time-related increase in intracellula
(Fig. 4). The effect of Pb on TTR secretion could be due to[&°S]TTR. Based on the results in Fig. 3, a constant level c
direct interaction of Pb ions on TTR secretion processes. Teellular TTR in the Pb-treated group may reflect a compro
decline of intracellular TTR concentration could occur as thaised effect of Pb on the inhibition of TTR secretion (resulting
results of a continuous outflow of the newly synthesizeid cellular TTR increases) and the repression of TTR produc
[3°S]TTR to the culture medium, coupled with intracellulation (resulting in cellular TTR decreases). Taken in conjunc
enzymatic or nonenzymatic degradation of TTR. Accordinglyion, these studies establish that the abnormal dynamics in T1
a blockage of TTR secretion should bring about the retentionsdcretion and/or production in the choroid plexus occurs as
TTR within the cells. This, indeed, appears to be the case in mansequence of Pb sequestration in this blood—CSF barrier.
studies. While Pb treatment decreased the secretion rate of newhe bulk of evidence from the past two decades sugges
[3°S]TTR molecules into the extracellular space (Fig. 4A), thiaat TTR is importantly involved in the transport of thyroxine
intracellular TTR following Pb exposure remained at a corirom the blood to the cerebral compartment (Chananal.,
stant level (Fig. 3A), which reflects a retarded outflow fot992; Ingenbleek and Young, 1994; Nilsset al., 1992;
newly synthesized®*PS]TTR to exit to the culture media. Schreiberet al., 1990, 1995). Chanoinet al. (1992) have
Whereas the internalization of TTR is reportedly mediatezhown that in wild-type rats, the injection with a competitive
by TTR receptors on the cell surface (Divino and Schusslénhibitor for T,-TTR binding results in a significant reduction
1990), the processes that govern TTR secretion from the plexughe percentage of injected?fl]T, in the choroid plexus,
to the CSF are as yet unknown. Accordingly, the mechanism@yF, cerebral cortex, and cerebellum. Nilssanal. (1992)
whereby Pb interacts with TTR secretion remains a subject f@ported that rats administered with cycloheximide (a protei
speculation. We recently observed that Pb potently inhibitesginthesis inhibitor) displayed an altered pattern gfiistribu-
the activity of mitochondrial complex- (NADH-ubiquinonetion in the choroid plexus and other brain regions. As the
reductase), the enzyme that is critical to the energy productiomoroid plexus expresses TTR genes early in the fetal deve
in mitochondrial respiratory chain (unpublished data). Otheopment (Thomast al.,1989; Cavallaret al.,1993; Schreiber
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et al., 1995), expression of TTR in this tissue may help tahole brain economy of thyroid hormones which these obse
control thyroid hormone homeostasis in the CNS from early wrations raise, deserves further investigation.

fetal development throughout life and play a fundamental role

in brain development. This possibility is argued against by the ACKNOWLEDGMENTS
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serve as an appropriate model for study of thyroid hormone
delivery to the brain, since expression of the thyroid-binding
globulin gene may seem to be turned on at early stage of
embryo development to compensate for the loss of TTR eXdred, A. R., Brack, C. M., and Schreiber, G. (1995). The cerebral expressic
pression. Whether this process in TTR knock-ouite would of plasma protein genes in different speciégemp. Biochem. Physidl11B,
also occur in wild-typeats born with developed thyroid reg- 15

ulatory system but under excess Pb exposure is unknown. |ﬁ§ner, W. S. (1990). Radioimmunoassays for retinol-binding protein, cellula

| ible that oth t hani iaht ai retinol-binding protein, and cellular retinoic acid-binding protévtethods
also possible that other compensatory mechanisms might give, ., 01189, 270-281.

rise to the “normal” phenotype of these mice. NOtany’ Wheth%Fadford, M. M. (1976). A rapid and sensitive method for the quantification of
this mutant strain of mice are “phenotypically normal” with microgram quantities of proteimnal. Biochem72, 248-254.
regard to the behavioral/neurologic parameters remains Un#essler, J. P., Belloni-Olivi, L., Forman, S., and Goldstein, G. W. (1996)
vestigated. It is not clear whether the absence of TTR in miceDistinct mechanisms of neurotransmitter release from PC12 cells exposed
has more subtle and still unexplored effects on brain thyroid'ead-J. Neurosci. Res6, 678-685.
hormone economy similar to those observed in rats [§pvallaro, T., Martone, R. L., Stylianopoulou, F., and Herber, J. (1993
Chanoineet al. (1992) and Nilssoret al. (1992). Such subtle lefererntlal expresspn of the |nsgl|n-||ke growth factor-Il and transthyretin
. . . . . genes in the developing rat choroid plexdisNeuropathol. Exp. Neurab2,
differences in brain thyroid hormone economy may underliejs3 162
the cognitive and/or behavioral deficits not being investigate@anez, .. Giguere, J. F., Flexor, M. A., and Bourre, J. M. (1986). Effect ¢
in the TTR-deficient mice by Palhet al. (1994). lead on N&, K*-ATPase activity in the developing brain of intra-uterine
The data from our chamber study, which is a reproduction ofgrowth-retarded ratsNeurochem. Pathob, 37-49.
that of Southwelkt al. (1993), showed that the presence of PBhanoine, J. P., Alex, S., Fang, S. L., Stone, S., Leonard, J. L., Korhle, J., a
in the culture medium markedly inhibited the transport of Braverman, L. E. (1992). Rple of transthyretin inthg transport of thyroxin'e
[125|]T4 across the choroidal epithelial barrier (Fig. 5 and Tablefrom th(_e blood to the choroid plexus, the cerebrospinal fluid, and the brail
. i . Endocrinology130, 933-938.
2)' The reduction of TTR prOdUCt'onlsecret'On caused by FSQVSOH, H., and Segal, M. B. (199&®)hysiology of the CSF and Blood-Brain
treatment (Figs. 2—4) could explain the effect of Pb on T Barrier. CRC Press, New York.
transport at this barrier. Hence, these studies are consisi®Btson, P. W., Aldred, A. R., Marley, P. D., Tu, G. F., Howlett, G. J., and
with the hypothesis that normal synthesis and secretion of TTR5chreiber, G. (1985). High prealbumin and transferrin mRNA levels in the
by the choroid plexus epithelia are needed to maintain normaghoroid plexus of rat brainBiochem. Biophys. Res. Commu:27, 890~
T, transport at the blood-CSF barrier. If thisvitro observa- ™ _
tion can be extended to tfie vivo situation, then distortion of D"i’r']'t’:r'ngl'iz';"t'i'oﬁnoci t?;:;isy'ztlg Eﬁél_(lcgr?gzé Z%zfiﬂfé;nggted uptake a

TTR pmduc“on/secretlon in the choroid plexus by Pb eXpOSLB?atman, M. B., Crutchfield, F. L., and Schoenhoff, M. B. (1991). Transpor

would be expected to impair the transport of thyroid hor_mongsof iodothyronines from bloodstream to brain: Contributions by blood:brair

from the blood to the cerebral compartment. Such an impair-and choroid plexus:cerebrospinal fluid barriBrain Res.554,229-236.

ment could account for the known loss of cognitive abilitieBussault, J. H., and Ruel, J. (1987). Thyroid hormones and brain developme

observed in Pb-poisoned children. This notion, however, willAnnu. Rev. Physiol9, 321-334.

require further experimental proof before it can be acceptedpiskopou, V., Maeda, S., Nishiguchi, S., Shimada, K., Gaitanaris, G. A
In conclusion, the results of current pulse-chase Studie&ottesman, M. E., and Robertson, E. J. (1993). Disruption of the transth

led thain ! Pb d d th ducti d retin gene results in mice with depressed levels of plasma retinol and thyro

revealed thain vitro Pb exposure reduced the production andy,,mone proc. Natl. Acad. Sci. USA0, 2375-2379.

secret_lon of TTR by cultured choroid p.Iexus ep|theI|aI Ce"%arsetti, A., Mitsuhashi, T., Desvergne, B., Robins, J., and Nikodem, V. M

Experiments using a two-chamber polarized cell culture mode{1991). Molecular basis of thyroid hormone regulation of myelin basic

of the blood-CSF barrier further demonstrated that this reducedgrotein gene expression in rodent braih. Biol. Chem.266, 23226

production and secretion of TTR upon Pb exposure is coinci-23232.

dent with reduced transport OJfZﬁ]T across the model cho- Friedheim, E., Corvi, C., Graziano, J., Donnelli, T., and Breslin, D. (1983)
. . . . . 4 horoid plexus as protective sink for heavy metdlspceti(8331), 981—

roidal epithelial barrier. This association between lessened,

SyntheSlS and S‘?C're“c’” of TTR and Iessqutl%sport atthe Glorieux, J., Dussault, J. H., Letarte, J., Guyde, H., and Morissette, J. (198:

blood-CSF barrier, along with the question of whether theprejiminary resuits on the mental development of hypothyroid childrer

possible impaired transport of,via TTR ultimately affects  detected by the Quebec Screening ProgranPediat.102,19-22.
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