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Abstract--The bisquaternary ammonium compound paraquat has been shown to accumulate in melanin- 
containing tissues and in cartilage in vivo. The present study was intended to elucidate if ionic binding 
is involved in the mechanism for the affinity of paraquat to these tissues in vivo. Ionic binding has 
previously been shown to be involved in the binding of paraquat to melanin in vitro and in the binding 
of other bisquaternary ammonium compounds to cartilage in vitro. [14C]paraquat was given to mice. 
Whole-body tissue sections were taken and incubated in solutions with different cationic composition. 
The ability of the cations to displace [~4C]paraquat from melanin of the eye and intervertebral 
cartilages was then determined by autoradiography, using densitometric measurements for the quan- 
titations. It was found that the cations in the incubation solutions were able to displace [t4C]paraquat 
from both melanin and cartilage. The [~4C]paraquat was more effectively displaced from cartilage than 
from melanin. In both tissues divalent cations were more effective than K + and Na+; and H + was also 
effective. The results indicate that ionic binding is involved in the binding in vivo of paraquat both 
to melanin and cartilage. The binding sites may be carboxyl groups present in the subunits in melanin 
and ester sulphate and carboxyl groups of chondroitin sulphate in cartilage. The stronger binding of 
paraquat to melanin may depend on extra interactions due to conjunctions of the aromatic rings of 
the paraquat and the melanin polymer. 

Paraquat ,  a member  of  a group of substances  re- 
fer red  to as d ipyr idyl ium bisquaternary ammon ium 
compounds ,  is widely used as a herb ic ide[ l ] .  In 
mammals ,  paraquat  produces  progress ive  lung 
damage  [2]. The  basic mechan i sm of the damage  is 
not  known.  It has been shown that no metabol i sm 
of paraquat  takes  place when it is adminis tered 
parenteral ly  and that a re tent ion of  the compound  
occurs  in the lungs[3,  4]. In addit ion,  autoradio-  
graphic distr ibution studies have  revea led  a prefer-  
ential local izat ion of  paraquat  in carti lage [3]. It has 
been shown that several  o ther  bisquaternary am- 
monium compounds  local ize in carti lage in vivo 
[5-9]. A binding to cart i lage and to chondroi t in  
sulphate  has also been shown in vitro [ 10-12]. On the 
basis of  the exper iments ,  in vitro, the authors 
suggested that ionic binding to anionic sites of 
chondroi t in  sulphate or  acid mucopolysacchar ides  
in general  explains the accumula t ion  of  these drugs 
in cart i lage in vivo. 

Recent ly  we have  shown a high uptake of  para- 
quat  in melanin-containing t issues of  mice [ 13]. Ex- 
per iments  in vitro with pigment  f rom beef  eyes  
indicated that ionic binding was involved  in the 
uptake of  paraquat  on melanin [13], and this in turn 
can be ascr ibed to a ca t ion-exchange  act ivi ty  of 
melanin [14]. Thus,  ionic binding may explain the 
accumula t ion  of  paraquat  both in melanin and car- 
tilage. H o w e v e r ,  there  are still no direct  exper imen-  
tal data  available to show that the mechan ism of 
binding in vitro is valid also for  the situation in vivo 
neither  for  the binding of  paraquat  to melanin,  nor 
for  the binding of  the bisquaternary ammon ium 
compounds  to cartilage. The  present  study is in- 
tended to e lucidate  if ionic binding is involved  in the 

mechanism for the affinity of  paraquat  to melanin 
and carti lage in vivo. [~4C]paraquat has been given 
to mice.  Whole-body  tissue sect ions of the mice 
have  then been incubated in solutions with different 
cat ionic composi t ion.  The ability of  the cations to 
displace the [;4C]paraquat f rom melanin and carti- 
lage has then been determined by autoradiography 
using densi tometr ic  measurements  for the quan- 
titations. 

MATERIALS AND METHODS 

Isotope.  [14C]paraquat dichloride (N,N~-dimethyl - 
4,4;-dipyridylium dichloride [~4C]methyl), sp. act. 
125 ,~Ci/mg, was obtained f rom the Radiochemical  
Centre ,  Amersham,  England. 

Exper iments .  Two pigmented C57-Bl-mice,  body 
wt about  25 g, were  used. [14C]paraquat was dis- 
solved in physiological saline and 0.2 ml containing 
5/zCi  [14C]paraquat (1.6 mg/kg body wt) was i.v. 
injected into each animal. The mice were  killed after  
24 hr and 4 days by anaesthet izing with ether,  
embedding in a mixture  of  ca rboxymethy l  cel lulose 
and water  and freezing in hexane cooled  to - 7 8 ° C  
with solid CO2. The embedded  mice were  sect ioned 
in a mic ro tome on tape (tape No. 688, Minnesota  
Mining and Manufactur ing Co.)  according to 
Ullberg [ 15]. 

A series of 20/zm thick whole-body sagittal sec- 
tions were taken f rom the animal with 4 days sur- 
vival.  As a consequence  of  being quite close to each 
other,  the sect ions became almost  identical.  They 
were  cut  so that one eye and several  intervertebral  
cart i lages were  present  in the same section.  After  
being f reeze-dr ied  in a tempera ture  of - 2 0 ° C ,  each 
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section was incubated in distilled water  or  in distilled 
water  supplemented  with various amounts  of  HCI 
or  monova len t  or  divalent  cat ion-chlor ide salts. The 
pH of the incubation solutions was de termined  by 
means  of  a PHM62 Standard pH-mete r  with a glass- 
e lec t rode  (Radiometer ,  Copenhagen) .  

The  incubation volume was 20 ml per section.  
Af te r  15-min incubation,  the sect ions were  rinsed in 
distilled water  for 1 rain. The sect ions were then 
air-dried. The whole procedure  was carried out at 
room temperature .  

The contents  of  radioact ivi ty in the uveal  pigment 
of the eye and in the interver tebral  cart i lages were  
analyzed by autoradiography.  To make a quantifi- 
cat ion possible,  standard isotope staircases were  
used [16]. Such a staircase consists  of  a sequence  of  
polye ten-suppor ted  gelatin layers containing dif- 
ferent  concent ra t ions  of 14C in a geometr ic  series 
where  the radioact ive  contents  of  ad jacent  steps is 
related in the ratio 2:1, thus forming a gradually 
decreas ing scale. 

The sections,  together  with isotope staircases,  
were a t tached to X-ray film ( lndustrex C, Kodak)  
under light pressure.  The exposure  time was 4 
months.  

The quant i ta t ive evaluat ion of the autoradiograms 
was carried out by m e a n s o f a d e n s i t o m e t e r ( S c h n e l l -  
pho tomete r  GI1, Zeiss,  Jena). A standard curve  was 
prepared by plotting the photographic  densi ty of 
each step of  the autoradiograms of the standard 
staircases against the relat ive isotope concentra t ion 
of the corresponding staircase step. The photo- 
graphic densit ies (which cor respond to the contents  
of  radioactivi ty)  in the melanin of  the eye  and in the 
intervertebral  cart i lages respect ive ly ,  could then be 
es t imated by means of the standard curve.  The 
concentration in the sect ions solely incubated in 
distilled water  was assigned the relative value 100 
per cent,  and the concent ra t ions  in the other  sec- 
tions were  then expressed  in per cent  of this value. 

To  evaluate  the general distribution of  radio- 
activity at 24 hr and 4 days,  tissue sect ions were 

isotope staircase urinary bladder 

• . . . . . . . . .  v v 

Fig. 1. Whole-body autoradiogram of a mouse 24 hr after an i,v. injection of IHCJparaquat with 
enlargements of the indicated areas. A high radioactivity (white areas) is present in the melanin of 

the eye, in cartilages, in the adrenal medulla, in the lung, and in the kidney and urinary bladder. 
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Table I. The ability of cations to displace [~4C]paraquat from eye melanin 
and intervertebral cartilages* 

Cation 

Per cent [~4C]paraquat bound after 
incubation 

pH of 
Conc. incubation intervertebral 

(M) solution Eye melanin cartilages 

- -  - -  6.5 100 100 
H ÷ 0.001 3.0 58.1 ~ 2.9 36.2 _+ 13.4 
Ba z÷ 0.01 5.5 50.0 - 3.6 55.3 _+ 16.9 
Ba z÷ 0.1 5.3 44.6 _+ 2.3 0 
Mg z+ 0.1 5.4 60.8 _+ 2.8 0 
Ni z÷ 0.1 5.4 58.1 _+ 2.5 4.3 ± 0. I 
Ca ~+ 0.1 6.9 56.8 -+ 3.0 7.4 +_ 1.4 
K ÷ 0.1 5.5 81.1 ± 3.9 36.2 ± 7.2 
Na + 0.1 5.5 74.3 _+ 0.7 45.7 ± 11.6 

* [~4C]-paraquat was injected i.v. into a mouse. Four days later, whole- 
body tissue sections (20/zm thick) were taken and freeze-dried. They were 
then incubated in distilled water or different cation-chloride solutions. After 
subsequent autoradiography, a relative densitometric analysis of the 
autoradiograms with respect to the [~4C]paraquat concentration of the eye 
melanin and the intervertebral cartilages was performed. 

The radioactivity in the eye and the cartilages of the water-incubated 
sections is assigned the value 100 per cent, and the radioactivities in the 
cation chloride-incubated sections are expressed in per cent of this value 
(mean _+ S.E; n = 12). 

t aken  and  used  for  a u t o r a d i o g r a p h y  w i t hou t  pre-  
v ious  i ncuba t ions .  

R E S U L T S  

The distribution pictures. At 24 hr ,  a high radio-  
ac t iv i ty  was  p r e s e n t  in p i g m e n t e d  t i s sues  such  as the  
uvea l  p igmen t  of  the  eye  (Fig. l). A high rad ioac-  
t ivi ty was  a lso  p r e s e n t  in car t i lage .  In add i t ion ,  the  
cells  of  the  ad rena l  medu l l a  c o n t a i n e d  a high 
rad ioac t iv i ty .  A c o n s i d e r a b l e  r ad ioac t iv i ty  was  also 
p r e s e n t  in the  lungs,  the  k i dneys  and  the  u r inary  
b ladder .  At  4 days ,  a c o n s i d e r a b l e  rad ioac t iv i ty  was  
still p r e sen t  in the  m e l a n i n - c o n t a i n i n g  t i s sues  and  
car t i lage ,  whi le  the  r ad ioac t iv i ty  in o t h e r  t i s sues  had  
d e c r e a s e d  to a low level .  

The binding of  p4C]paraquat to melanin and car- 
tilage. The  ca t ions  in the  i ncuba t ion  so lu t ions  were  
able  to d i sp lace  the  r ad ioac t iv i ty  f r o m  b o t h  me lan in  
and  car t i lage  (Table  l).  H o w e v e r ,  the  [~4C]paraquat 
was  more  e f fec t ive ly  d i sp laced  f r o m  car t i lage  t han  
f rom melan in .  In bo th  t i ssues ,  the  d iva l en t  ca t ions  
were  more  e f fec t ive  than  the  K ÷ and  Na÷;  H ÷ was  
also f o u n d  to d i sp lace  the  rad ioac t iv i ty .  T he  pH of  
the  la t ter  i ncuba t ion  so lu t ion  was  3.0. Small  vari-  
a t ions  in the  p H - v a l u e s  were  f o u n d  in the  o t h e r  
i ncuba t ion  so lu t ions .  It  was  o b v i o u s  tha t  these  small  
va r i a t ions  had  no  re la t ion  to the  d i s p l a c e m e n t  of  
[~4C]paraquat f r o m  m e l an i n  and  car t i lage.  

D I S C U S S I O N  

Since  it has  b e e n  r e p o r t e d  tha t  no  m e t a b o l i s m  
o c c u r s  of  pa ren t e r a l l y  a d m i n i s t e r e d  p a r a q u a t [ 3 ,  
4], it is a s s u m e d  tha t  the  r ad ioac t iv i ty  in the  auto-  
r a d i o g r a m s  r e p r e s e n t s  the  u n c h a n g e d  c o m p o u n d .  It 
was  f o u n d  in the  p r e s e n t  s tudy  t ha t  inorgan ic  ca t ions  
and  H ÷ d i sp laced  the  in vivo b o u n d  p a r a q u a t  f r o m  
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melan in  and  car t i lage.  It has  been  s h o w n  tha t  bind-  
ing in vitro of inorganic  ca t ions  to  me lan in  [14, 17] 
a n d  to car t i lage  [18, 19] o c c u r s  by  an  i o n - e x c h a n g e  
process .  Melan in  c o n t a i n s  f ree  ca rboxy l  g roups  
[20], wh ich  may  b e h a v e  ana logou  sly to  i o n - e x c h a n g e  
res ins  in the  b ind ing  of  ca t ions .  The  b ind ing-s i tes  
in car t i lage  m a y  be  the  e s t e r  su lpha te  and  c a r b o x y l  
g roups  of  c h o n d r o i t i n  su lpha te .  Cha rac t e r i s t i c s  of  
w e a k  acid ca t ion  e x c h a n g e r s  are  inc reas ing  affinity 
for  the  ca t ions  wi th  inc reas ing  va l ence  and  a high 
affinity for  H ÷ [21]. In the  p r e sen t  s tudy ,  H ÷ was 
f o u n d  to be  e f fec t ive  in d isp lac ing  p a r a q u a t  f rom 
me lan in  and  car t i lage.  The  d iva len t  ca t ions  were  
f o u n d  to be  more  e f fec t ive  than  N a  ÷ and  K +. 
T h e r e f o r e ,  the  resu l t s  of  the  p r e sen t  s tudy  ind ica te  
tha t  ionic b inding  is i n v o l v e d  in the  u p t a k e  in vivo 
of  p a r a q u a t  bo th  in me lan in  and  in car t i lage.  It was  
obv ious ,  h o w e v e r ,  t ha t  the  b ind ing  to me lan in  was  
s t ronge r  than  the  b ind ing  to car t i lage.  It has  b e e n  
s h o w n  tha t  ca t ion ic  dyes  are  more  s t rongly  b o u n d  
to D N A  and  R N A  than  to p o l y p h o s p h a t e s  in genera l  
[22]. It was  p r o p o s e d  tha t  ex t r a  i n t e rac t ions  due  to 
the  p r e s e n c e  of  a r o m a t i c  r ings in the  dyes  and  the  
D N A  and  R N A  (pur ines  and  pyr imid ines )  expla in  
the  e n h a n c e d  binding.  Melan in  is a po lymer  wi th  
an  a r o m a t i c  indo le -nuc leus  as the  main  bui lding-  
s tone  [20]. It is p robab l e  tha t  the  s t ronger  b inding  
of  p a r a q u a t  to  me lan in  than  to car t i lage  d e p e n d s  on  
c o n j u n c t i o n s  of  the  a roma t i c  r ings of  the  p a r a q u a t  
and  the  me lan in  po lymer .  We  h a v e  f o u n d  radio-  
ac t iv i ty  in the  p igmen t  of  the  eye  still 5 weeks  a f t e r  
a single in j ec t ion  of  [~aC]paraquat [13]. 

It is r e a s o n a b l e  to  suggest  tha t  the  m e c h a n i s m  of  
the  b ind ing  in vivo to car t i lage  of  o the r  q u a t e r n a r y  
a m m o n i u m  c o m p o u n d s  is the  s ame  as for  pa raqua t .  
Whi le  car t i lage  is an  ex t race l lu la r  t i s sue  w h i c h  m a y  
be  r e a c h e d  by  dif fus ion t h r o u g h  the  e x t r a c e l l u l a r  
space ,  the  b ind ing  to me lan in  in vivo r equ i res  an  
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up take  in the  me l an i n - con t a i n i ng  cells.  This  may  
limit the  abil i ty for  ca t ion ic  c o m p o u n d s ,  such  as the  
b i s q u a t e r n a r y  a m m o n i u m  c o m p o u n d s ,  to  r e a c h  the  
me lan in  granules  in vivo e v e n  if a b ind ing  to me lan in  
can  be  d e m o n s t r a t e d  in vitro. P a r a q u a t  is b o u n d  to 
me lan in  in vivo. It was  a lso  f o u n d  in the  p r e s e n t  
s tudy  tha t  a high u p t a k e  o c c u r r e d  in the  ad rena l  
medul la .  The  m e l a n o c y t e s  and  the  cells  of  the  
adrena l  medul la  h a v e  a c o m m o n  embryo log ica l  
origin and  c o m m o n  morpho log ica l  and  c y t o c h e m i c a l  
cha rac t e r i s t i c s  [23], a nd  they  be long  to the  so cal led 
A P U D - c e l l  ser ies  [24]. I t  is poss ib le  tha t  the  accu-  
mu la t ion  of  the  b i s q u a t e r n a r y  a m i n e  p a r a q u a t  in the  
m e l a n o c y t e s  and  the  adrena l  m e d u l a  t akes  p laces  
b e c a u s e  it is a c c e p t e d  by a c o m m o n  t r a n s p o r t  
m e c h a n i s m  in t he se  cells.  H o w e v e r ,  due  to the  
b ind ing  to the  me lan in ,  p a r a q u a t  will be r e t a ined  in 
the  m e l a n o c y t e s  fo r  a longer  t ime.  
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