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Abstract 

In the present study the effects of hexachlorobenzene (HCB) and the metabolite pen- 
tachlorophenol (PCP) were investigated with respect to uptake of thyroxine (T4) into 
cerebrospinal fluid (CSF) and brain structures of rats. [~251]T4 was taken up into CSF of 
control rats by a relatively slow process, reaching a steady state after about 3 h. Both repeated 
dosing of HCB and single doses of PCP caused decreased uptake of [125I]T4 into CSF, total 
brain tissue as well as specific brain structures, such as occipital cortex, thalamus, and hip- 
pocampus. Although HCB-treatment caused a build-up of HCB and PCP levels in serum in 
brain only HCB was present in significant amounts (16% of the serum level). In CSF, both 
HCB and PCP concentrations were below detection levels. Separate experiments with PCP 
showed, however, a dose- and time-dependent uptake of PCP into CSF. The present results 
indicate that PCP and the parent compound HCB are able to affect brain supply of T4. This 
may have consequences for an adequate development of the brain or proper brain function 
in adults. The exact mechanisms of interference of PCP and/or HCB in brain uptake of T4 
remain to be established. 
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1. Introduction 

From several studies it has become clear that hexachlorobenzene (HCB), which 
is produced as a by-product in industrial processes and formerly used as a fungicide, 
may cause disturbances of thyroid homeostasis of several species including humans 
(Peters et al., 1982; Rozman et al., 1986; Van Raaij et al., 1991a, 1993a,b; Den Besten 
et al., 1991). Other chlorinated aromatics such as polychlorinated biphenyls (PCBs), 
polybrominated biphenyls and dioxins induce similar effects (Collins et al., 1977; 
Brouwer and Van den Berg, 1986; Byrne et al., 1987; Van den Berg et al., 1988; 
Brouwer, 1991; Curran and DeGroot, 1991). In fact, reductions of serum thyroid 
hormone levels are among the most sensitive indicators of exposure to these com- 
pounds in experimental studies (Van den Berg et al., 1988; Den Besten et ai., 1991; 
Gray et al., 1993). 

A major mechanism responsible for decreases of thyroxine (T4) in the circulation 
after exposure to HCB or PCBs appears to be increased metabolism of T4 through 
an increased biliary clearance (Bastomsky, 1974; Bastomsky et al., 1976; Kleinman 
de Pisarev et al., 1989, 1990; Davies and Franklyn, 1991; Barter and Claassen, 1992; 
Van Raaij et al., 1993a) and induction of several types of T4 UDP-glucuronyltrans- 
ferases (Beetstra et al., 1991; Van Raaij et al., 1993a; Visser et al., 1993a,b). In- 
terference of pentachlorophenol (PCP), the major oxidative metabolite of HCB 
(Koss et al., 1976; Ahlborg and Thunberg, 1980; Van Ommen et al., 1985, 1986) with 
T4 binding sites ofT4 binding serum proteins has also been found to play a role (Van 
den Berg, 1990; Van Raaij et al., 1991b; Den Besten, 1991, 1992). In vitro studies 
demonstrated that this interaction was of a competitive nature, and that the highest 
affinity was observed with transthyretin (TTR) (Van den Berg, 1990; Van den Berg 
et al., 1991), a major transport protein for T4 in rats. Additional evidence for a com- 
petitive mechanism was also obtained from in vivo and ex vivo studies (Van Raaij 
et al., 1991a,b, 1993b). Recent evidence suggests that after repeated exposure of rats 
to HCB both types of mechanisms, i.e., enhanced metabolism by HCB and com- 
petitive interactions by the metabolite PCP, may operate independently and to an 
equal degree in reducing serum T4 levels (Van Raaij et al., 1993b). 

As a consequence of decreased peripheral thyroid hormone levels, target organs 
and tissues may be insufficiently supplied with thyroid hormone. Of special interest 
is the brain because it has been suggested that TTR might play a role for the trans- 
port ofT4 through the blood-cerebrospinal fluid (CSF)-barrier (Dickson et al., 1987; 
Schreiber et al., 1990; Nilsson et al., 1992). The choroid plexus forms part of the 
blood-CSF barrier and a considerable amount of data indicate that TTR is newly 
synthesized by the epithelial cells of rat and human CP independently from hepatic 
production of TTR (Aleshire et al, 1983; Dickson et al., 1985a,b, 1986; Dickson and 
Schreiber, 1986; Herbert et al., 1986; Kato et al., 1986; Soprano et al., 1986). In addi- 
tion, evidence for a saturable transport system for T3 in the blood-CSF barrier 
(Preston and Segal, 1992) has been described. HCB and/or PCP could alter brain 
supply of thyroid hormones through various routes, e.g., via decreased blood levels 
or via interference in transport systems. Alternatively, transport into the CSF and 
the brain of xenobiotic compounds that have a high affinity for TTR, e.g., PCP, 
might be facilitated. 
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Thus far, little information is available concerning effects of these and other com- 
pounds with respect to the brain supply of thyroid hormones or their specific uptake 
into the brain. This could be relevant for the interpretation of neurotoxicity and 
developmental toxicity associated with halogenated aromatic compounds (Rogan et 
al., 1986; Tilson et al., 1990; Goldey and Taylor, 1992; Rogan and Gladen, 1992). 

The purpose of the present study was to investigate in an experimental rat model 
whether exposure to HCB or PCP would influence T4 uptake into CSF and brain 
structures. This was correlated with measurements of HCB and PCP in brain and 
CSF. Finally, entry of PCP into CSF was determined separately. 

2. Materials and methods 

2.1. Chemicals 
[125I]T4 (SA 1500 t~Ci//~g = 55.5 MBq//zg), was obtained from Amersham (En- 

gland), HCB and PCP from Aldrich Company (Brussels, Belgium). 

2.2. Animals, housing and treatment 
In all experiments, male WAG-RIJ rats of about 14-15 weeks old, weighing 

200-250 g were used. They were housed in groups of three to four on a 12-h light- 
dark cycle with free access to food and water. For experiments with HCB, groups 
of rats (n = 3-5) were repeatedly treated (three times a week) with an emulsion of 
HCB (40 mg/ml, 0.5% Tween-20 in water), or  vehicle (control animals) by gavage 
for two (exp 1) or 4 weeks (exp 2), using different doses (0-3.5 mmol HCB/kg). Body 
weight and temperature were recorded three times per week. No signs of systemic 
toxicity were observed. Following the last dose (day 14 and day 46 of exp 1 and exp 
2, respectively), brain uptake of T4 was determined. In experiments with PCP, dif- 
ferent doses (0-0.105 mmol/kg), as a solution in corn oil (1 ml) were administered 
i.p. to groups of rats (n = 3-4). Control animals received corn oil only. 

2.3. Uptake of  T4 into CSF 
[1251]T4 from a stock solution in 70% ethanol and 30°/,, water was gently concen- 

trated by a nitrogen flow to remove ethanol. The remainder was taken into PBS (8 
mM Na2HPO4.2H20, 1.5 mM KH2PO4, 140 mM NaCI, 2.5 mM KCI). In order to 
characterize the uptake of T4 in the CSF, rats were brought under ether anaesthesia, 
and the jugular vein was prepared for injection of 5-10/zCi (185-370 kBq) [t25I]T4 
(200-300 tA). The open wound was closed with special woundclips. For collection 
of CSF, puncture of the cisterna magna was done at several times (0.5-24 h) after 
injection. Only CSF samples not contaminated with blood were further analysed. In 
all experiments, radioactivity in CSF was determined by gamma counting. 

2.4. Uptake of  T4 in brain 
Uptake of T4 in brain structures was determined by i.p. injection of animals with 

25 #Ci (925 kBq) [J25I]T4 in 1 ml of saline. Approximately 1 h (exp 1) or 6 h (exp 
2) later, the animals were killed by decapitation for isolation of brains. Brains were 
dissected (or not) in several brain structures, e.g., occipital cortex (OC), hippocam- 
pus (HP) and thalamus (TH). Structures were weighed and radioactivity was deter- 
mined in a gamma counter. 
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2.5. Tissue levels o f  H C B  and P C P  

HCB and PCP concentrations in CSF and sera from exposed animals were analy- 
sed by HPLC as described earlier (Van Raaij et al., 1991a). For determination of 
brain levels of HCB and PCP, brains were isolated and homogenized in a 4-fold 
volume of cold saline. HPLC analysis was carried out as described before (Van Raaij 
et al., 1991a) except that HCB was extracted with ethylacetate (5 ml), and PCP with 
n-hexane (4 ml) under acid conditions. The detection limit for analysis of PCP in sera 
or CSF was 0.14 t~mol/1 and for HCB 0.35/~mol/l, with recoveries of 100%. The de- 
tection limit for analysis of PCP in brain homogenates was 0.05 nmol/g wet tissue 
weight, and for HCB 0.16 nmol/g, with recoveries of 97 and 92%, respectively. 

2.6. Statistical evaluation 

In order to determine differences between control and experimental animals, 
statistical evaluation was done with Student's t-test. 

3. Results 

Uptake of radiolabelled T4 into CSF was first examined in non-treated control 
animals. The kinetics revealed a gradual increase of radioactivity into CSF during 
the first hours after injection (Fig. 1 ). The highest levels in CSF were found between 
3 and 7 h and thereafter slowly declined. When [125I]T4 was administered to rats 
after repeated treatment with two different doses of HCB for 2 weeks, significantly 
decreased amounts of label in CSF were observed (30 and 37% decrease, respective- 
ly, P < 0.05) compared to control values but no clear dose-response relationship was 
found (Table 1). 
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Fig. 1. Uptake ofT4 into CSF. [i25l]T4 was administered i.v. to rats (n = 3-4). At several times after in- 
jection, CSF was sampled and radioactivity in a volume of 100 t~l was determined. Results are expressed 
as mean -4- S.E.M. 
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Table 1 
Effect on uptake of T4 into CSF in rats dosed with HCB 

201 

Dose (mmol/kg) a CSF (dpm/100 #1) Percent change 

0 826.9 4- 98.0 
2.6 524.2 4- 74.2* -37 
3.5 582.5 4- 124.2" -30 

Groups of rats (n = 3-5) were repeatedly dosed with HCB or vehicle as indicated for a period of 2 weeks. 
Following the last dose (day 14), [125I]T4 was injected i.v., CSF was collected after 1 h and animals were 
exsanguinated. Radiolabel in CSF was determined by gamma counting. Results are expressed as mean 
values 4- S.D. Statistical significance: *P < 0.05. 
aDose in mg/kg: 750 and 1000, respectively. 

Treatment  of rats with PCP, as a single dose, did result in a dose-dependent 
decrease of uptake of [125I]T4 into CSF (34-75% decrease, Table 2). 

The effect of  HCB-treatment  on the uptake of [125I]T4 in whole brain tissue and 

selected brain structures is shown in Table 3. In whole brain tissue, significant reduc- 
tions (by ± 46-55%, P < 0.05) in the content  of label were observed. In addit ion,  

strongly reduced levels of label (by + 42-56%, P < 0.05) were found in each of the 
specific structures examined, e.g., occipital cortex, hippocampus and thalamus 
(Table 3). No specific differences in the magni tude of the reductions were found be- 
tween the various brain  structures on the one hand,  and between brain structures 

and total brain tissue on the other. 
The effect of  t reatment  with HCB on the accumulat ion of HCB and PCP in rat 

brain, CSF and in serum is shown in Table 4. After a period of 4 weeks, a substantial  
concentrat ion of HCB could be measured in brain tissue. The concentrat ion of PCP 

in brain, however, was below the detection limit. In CSF, neither HCB nor  PCP were 
found in concentrat ions above the detection limit. In serum there was a time- 

Table 2 
Effect on uptake of T4 into CSF in rats dosed with PCP 

Dose (mmol/kg) a CSF (dpm/100 #1) Percent change 

0 670.8 ± 105.5 
0.026 441.7 + 29.1" -34 
0.052 266.2 + 52.6* -60 
0.105 165.2 + 18.1' -75 

Groups of rats (n = 3-4) received a single injection of different doses of PCP i.p. After a period of 4 h 
following dosing, [z25I]T4 was injected iv., CSF was collected after another 2 h and animals were ex- 
sanguinated. Radiolabel in CSF was determined by gamma counting. Results are expressed as mean 
values ± S.D.  

Statistical significance: *P < 0.05. 
aDose in mg/kg: 7,14 and 28, respectively. 
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Table 3 
Effect on uptake of "14 in total brain and brain structures in rats dosed with HCB 

Dose (mmol/kg) b Total brain 

(dpm/mg) 
Brain structures (dpm/mg) a 

OC HP TH 

0.0 9.90 + 0.08 50.0 4- 6.3 57.7 4- 19.7 67.7 4- 20.4 
2.6 5.35 + 1.28" ND ND ND 

3.5 4.46 ± 1.87" 22.2 ~ 5.5* 30.6 ± 6.9* 39.2 4- 17.3" 

Groups of rats (n = 3-5) were repeatedly dosed with different doses of HCB for a period of 2 weeks (for 
total brain) or 4 weeks (brain structures). Following the last dose, [1251]T4 was administered, and brains 

were removed and dissected, or not (see Methods for details). Differences in basal radiolabel levels in total 
brain and brain structures of control animals are due to different amounts of total label used in the two 
separate experiments. Results are expressed as mean values 4- S.D. Statistical significance: *P < 0.05. 
a o c ,  occipital cortex; HP, hippocampus; TH, thalamus. 

bDose in mg/kg: 750 and 1000, respectively. ND, not determined. 

dependent  accumula t ion  of  HCB as well as of  PCP. PCP levels in serum were on the 
average 11% of  the serum HCB concentra t ions  after a 2-week exposure  per iod and 

increased to 22% if the exposure  per iod was pro longed  to 4 weeks. The HCB concen- 
t ra t ion in brain tissue (Table 4) was about  16% of  the HCB levels in serum after ex- 
posure to 3.5 mmol  HCB/kg for a per iod o t ' 4  weeks. 

It was then investigated whether  the b l o o d - C S F  barr ier  would pose a strict l imita- 

t ion for entry of  PCP into CSF.  Different  doses of  PCP up to 64 #mol /kg (17 
mg/kg = 1/3 LDs0) were given as a single dose to rats and PCP levels were deter- 

Table 4 
HCB and PCP concentrations in brain, CSF and serum of rats exposed to HCB 

Dose 
(mmol 

HCB/kg) ~ 

CSF Brain Serum 

HCB b pCp b HCB c pCp c HCB b pCp b 

1.7 <0.2 <0.1 ND ND 15.5 4- 2.8 1.8 4- 0.57 
2.6 <0.1 <0.1 ND ND 23.6 4- 4.0 2.7 + 0.45 

3.5 <0.1 <0.1 ND ND 23.2 4- 2,3 2.6 i 0.52 
3.5* ND ND 6.0 4- I.I <0.05 38.5 4- 7,2 8.5 4- 3.57 

Groups of rats (n = 3-5) were repeatedly treated with different doses of HCB for a period of 2 or 4 (*) 
weeks. HCB and PCP concentrations in CSF, brain and serum were determined by HPLC analysis as 

described in Materials and Methods. Levels in brain are expressed on the basis of wet weight. Results 

represent mean values 4- S.D. 
aDose in mg/kg: 500, 750 and 1000, respectively. 
bConcentration in ~mol/1. 

CConcentration in nmol/g. ND, Not determined. 
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Fig. 2. Dose-dependent uptake of PCP in CSF. Different doses of PCP were i.v. administered to rats 
(n = 3-4). After 6 h, CSF was collected and PCP levels were determined by HPLC. Results are expressed 
as the mean values. 

m ined  in C S F  by H P L C .  T h e  results ,  shown  in Fig. 2, d e m o n s t r a t e  that  up t ake  o f  

P C P  in to  C S F  was l inear ly  re la ted  to the admin i s t e r ed  dose.  

The  t ime course  o f  P C P  u p t a k e  in to  C S F  (Fig.  3), fo l lowing  a single dose  o f  64 

/~mol/kg, indica tes  a g radua l  increase  to a s teady state level that  was ach ieved  af ter  

a b o u t  6 h, Therea f t e r ,  P C P  levels in C S F  dec l ined  and,  af ter  24 h, were  essent ia l ly  

be low the  de tec t ion  l imit .  
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Fig. 3. Uptake of PCP in CSF. Rats (n = 3-4) received a single dose of 0.064 mmol (17 mg) PCP/kg At 
several times after administration. CSF was collected and PCP concentration in CSF was analysed by 
HPLC. At 24 h, PCP concentration in CSF was < 0.2/~mol/l. Results are expressed as mean + S.E.M. 
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4. Discussion 

A vast amount of data is available now to indicate reductions of thyroid hormone 
levels, and more specifically T4, in experimental studies following exposure to halo- 
genated aromatic compounds such as HCB (Rozman et al, 1986; Kleinman de 
Pisarev et al., 1989; Den Besten, 1992; Van Raaij et al, 1993b). One of the conse- 
quences of decreased plasma-levels of thyroxine may be that in certain target tissues 
levels of the biological active 3,5,3'-tri-iodothyronine (T3) are not adequately met. 
This may in particular hold for the brain as a target organ since more than 90% of 
the T3 content of the brain is derived from intracerebral conversion of T4 to T3 by 
deiodinating enzymes, rather than from plasma T3 (Silva and Matthews, 1984; 
Leonard and Visser, 1986). In view of this, levels of T3 in the brain are dependent 
on the supply of T4 from the circulation as well as upon activity of type II thyroxine 
5'-deiodinase. 

Entry of T4 into the brain is via two major routes, the blood-cerebrospinal fluid 
(CSF) barrier formed by the choroid plexus (CP) and the blood-brain barrier (BBB) 
by the endothelium of cerebral capillaries (Johanson, 1989). The results from the 
present study indicate that exposure of rats to a potyhalogenated aromatic com- 
pound such as HCB has implications for a proper supply of T4 to the brain. 

With respect to the blood-CSF barrier it was found that a repeated exposure 
regimen of rats to HCB did result in a strongly impaired uptake of peripherally ad- 
ministered T4 into CSF (by 37%). Previously it has been shown that pen- 
tachlorophenol (PCP), the major metabolite of HCB, was more effective in altering 
plasma levels o fT4  than the parent compound (Van Raaij et al, 1991a). The present 
results indicate that the same principle may apply for brain uptake of T4 since single 
doses of PCP did cause a large reduction of T4 uptake into CSF (up to 75°/,,). The 
mechanism(s) by which HCB and PCP inhibit brain uptake of T4 into CSF is not 
clear at present. It has been suggested that a separate pool of transthyretin (TTR), 
synthesized in the CP, is involved in transport of T4 to CSF (Schreiber et al., 1990). 
Since PCP is known to interact with the T4 binding site of TTR, it could compete 
with T4 for uptake into CSF. Furthermore, the present results indicate that PCP 
may enter CSF (Figs. 2 and 3), possibly facilitated by the same mechanism. By occu- 
pying TTR binding sites for T4 in CSF, PCP could further impair intracerebral dis- 
tribution of T4. Using different compounds with binding ability to TTR, for 
example a synthetic flavenoid (EMD 21388), arguments for such a mechanism have 
been obtained (Chanoine et al., 1992). Further studies with PCP are in progress to 
address this aspect more specifically. It cannot be excluded at this stage, however, 
that impaired cerebral uptake of T4 by HCB and PCP reflects to some extent the 
decreased plasma thyroxine levels. 

For the capillary BBB, the second major route, carrier-mediated systems for thy- 
roid hormone have been described (Pardridge, 1979). The present findings indicate 
a strongly decreased uptake of T4 by HCB in total brain tissue as well as in a few 
selected brain regions (by 42-56°/,,). This could be interpreted as direct interference 
of HCB or PCP with T4 transport systems in the BBB. The experimental set-up in 
the present study does, however, not allow a clear distinction to be made between 
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T4 uptake through the CP or the BBB. The reason for this is the free interchange 
of substances in CSF through the permeable ependymal lining of the ventricle into 
brain tissue and vice versa (Johanson, 1989). Therefore, the reduced uptake in total 
brain and brain structures could, partly or totally, reflect the reduced uptake in CSF. 
Experiments are in progress to determine the influence of these compounds only on 
T4 uptake through the BBB for which specific procedures exist (Oldendorf, 1970). 

A reduced availability of thyroid hormones in the brain may have consequences 
for the normal functioning of neurochemical and neurophysiologicai processes. In 
particular the period of growth and development of the nervous system, in the peri- 
natal phase, is critically dependent on adequate levels of thyroid hormone (Hadley, 
1992). Whether during pregnancy the intracellular availability of T4 and T3 of the 
fetal brain may be impaired by compounds such as HCB or PCP, depends possibly 
on the period of maternal exposure and maternal thyroid function and TSH re- 
sponse on the one hand, and the fetal adaptive response in deiodinating capacity for 
local production ofT3 from T4 on the other (Morreale de Escobar et al., 1988). Re- 
cent studies with perinatal exposure of rats to PCBs have indicated decreased fetal 
and neonatal plasma levels of T4 in association with increased type II thyroxine 5'- 
deiodinase activity in brain tissue (Morse et al., 1993). Accidental exposure of child- 
ren to HCB, in the Turkey incident (Peters et al., 1982), has led to a number of per- 
sistent abnormalities concerning the thyroid, nervous system and stature. These 
symptoms are consistent with those of thyroid hormone deficiency during develop- 
ment, but this hypothesis remains to be proven. In adult subjects hypothyroidism 
may affect brain function to cause behavioral symptoms such as depression, para- 
noia and sleepiness. In adult animals morphological changes by hypothyroidism 
have been observed in the hippocampus (Gould et al., 1990), a neural area associated 
with cognitive processes. In view of the above mentioned general symptoms during 
hypothyroidism, it is possible that a reduced T4 supply to the adult brain might 
enhance the neurotoxicity of HCB or PCP. 

In conclusion, the reduction of serum T4 levels by repeated administration of 
HCB or a single dose of the metabolite PCP appeared to directly affect the brain 
supply of T4. This may have consequences for proper brain development in exposed 
juveniles and neurological functions in exposed adults. Additional studies are re- 
quired to more precisely determine the mechanism of T4 and PCP transport into 
CSF and brain tissue, including a possible role of TTR, and interference of PCP 
(HCB) in this process. 
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