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SUMMARY 

The aim of this work is to describe quantitatively, f rom a physical point of  
view, molecular transport  in thyroid slices The study of the release of  [3H]sucrose, 
[3H]lnuhn and lalI-labeled albumin leads to the following conclusions the mole- 
cular transport  in the shces is not due mainly to free diffusion Indeed, as these mole- 
cules are retained In the interfolhcular spaces, the transport  of  matter is a mechanical 
process due to the agitation of the medium in which the shces are incubated It  
depends on the elastic properties of the thyroid tissue, the frequency of the agitator 
and the ttuckness of  the slice This transport process can be described by a diffusion 
equation with an empmcal  diffusion coefficient, we call it dlffUSlVlty These findings 
must be taken into account in any in vitro kinetic study of thyroid metabohsm and 
of its regulation by effectors such as thyrotropm The posslbdlty of  Interference of such 
mechanical processes in the interpretation of kinetic tracer studies vdth tissue shces 
or fragments should be considered 

INTRODUCTION 

Most experimental investigations on intact thyroid cells in vitro are carried 
out using the shce system [1 ] In kinetic studies of  thyroid metabolism and its regula- 
tion by various effectors, such as thyrotropln, the penetration of those effectors is 
generally assumed to be quasi instantaneous [2] Considering the high level of com- 
plexity of  extracellular space in thyroid and the varlabdity of  slice thickness from one 
laboratory to another this assumption seem clearly an overslmphficatJon [3] The 
purpose of  this work is to analyze the kinetics of  penetration and the spatial distribu- 
tion of extracellular molecules in thyroid shces The results of  this analysis could be 
applied to the Interpretation of kinetic data on metabolism and extended to other 
highly organized tissues 

* Pubhcatlon no BIO 1144 
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MATERIALS AND METHODS 

Shces of  dog  thyroid  (-k220 mg tissue wet weight)  were p repared  and incubated  
at 0 C under  an a tmosphere  o f O 2 / C O 2  (95 5, v/v) in 10 ml Krebs -R lnge r  b icarbo-  
nate  buffer con ta in ing  8 m M  glucose, 0 5 g/l serum a lbumin  and  5/~CI/ml of  [31-1]- 
s u c r o s e  or [3H]lnuhn The slices were then t ransferred,  af ter  gently b lot t ing to ano the r  
flask with 20 ml K r e b s - R m g e r  bmarbona te  buffer and incubated  at 37 ~C Ahquo t s  
o f  200 !ll t aken  off at  defimte t ime intervals  were coun ted  m scmtdlatzon medium 
(1 ml Soluene 350 ~ 12 ml toluene L 48 mg Ommfluor )  The thickness of  the slices 
was es t imated  by d iv id ing  the wet weight by the surface assuming  a specific gravJt5 
o f  1 When  several  slices were incuba ted  together ,  mean thicknesses were considered 
The range of  thicknesses f rom one slice to ano ther  was within I 0 ",, o f  the mean The 
r ad loac t lw ty  was released by the slices, thus giving an ascending curve o f  medmm 
rad ioac t iv i ty  

The da ta  were corrected for a l iquot  wi thdrawals  The t ranspor t  ol markers  
out  o f  the slices was also expressed as the decrease o f  rad ioac t iv i ty  in the slices 
A l though  the slices were blot ted before being d roppe d  into the discharge medmm,  
the exact  value o f  the a m o u n t  o f  t racer  present  m the slice at zero t ime is unknown 
Moreover ,  a l though it is general ly  admi t t ed  tha t  the markers  used do  not  enter  the 
cells and  that  the charge p re lncuba t lon  is done at  0 ~C, after  2 or  3 h d~scharge there 
was still some rad ioac t iv i ty  m the slices ( f rom 3 to 10 2o). presumably  in t racel lu lar  [4] 
The discharge for  very shor t  t imes p r o b a b l y  comes f rom open follicles The cont inuous  
ex t r apo la t ion  of  the first exper imenta l  poin ts  to zero t ime is always far  f rom the origin 
o f  coord ina tes  (dashed lines m Fig  2) This difference is larger  for th, n slices where the 
relat ive number  o f  open follicles is greater  This effect is par t icu la r ly  clear m the 

• 2 l  , 

F~g 1 Schematic. representation ol a cross-section of a thyrotd shce (thickness equal to 21) The 
mean lolhcular radms ~s about 100/tm We have also represented (dashed hnes) lour possible paths 
of passage of thyrotropm from the lncubanon medmm to a receptor (R) sUuated on the cellular 
membrane 
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Fig 2 Evolutnon m time (t, mm) of radnoactlvlty R of [3H]sucrose (ordinate) m the incubation 
medmm (O) for two group of shces of thncknesses equal to 0 11 and 0 017 cm We also have repre- 
sented (× )  the value (Roo--R)/(Roo--R1) where Roo Is the radmactwlty m the medmm after 2 h of 
mcubat~on and R1 the radloactw~ty after 1 mm The continuous hnes are the s~mulated curves 
o b t a m e d f r o m E q n 5 w x t h 2 1 = 0 1 1  cm, D = 1 6  10-6cmZ/s a n d 2 l = 0 0 1 7 c m ,  D = l  10 -7 
crn2/s, respectively The dashed hnes are the first part of the continuous curves expressed m umts R 
They show that the extrapolation to t~me zero ns very far from the origin of the coordinates 

exper iment  represented  in F ig  2 where measurements  were pe r fo rmed  every minute  
dur ing  the first 10 mln To calculate the discharge of  the extracel lular  space o f  the 
slices we therefore  take  the rad ioac t iv i ty  ( R i )  in the tissue at  the shor tes t  discharge 
t ime (1, 2 or  5 mln)  o f  the exper iment  as 1, and  zero at  the longest  t ime (Ro0) (2 or  
4 h). Thus,  by  dividing the rad ioac t iv i ty  remain ing  in the slices at  any  t ime (R~--R) 
by  R~o--R1, we express the d i sappearance  o f  t racers  out  o f  the slices as f ract ions 
vary ing  between 1 and  0 (F ig  2) 

The [3H]sucrose (spec act 1 2 CI /M),  the [3H]inulln (spec act 300 CI /M)  
and  the 131I-labelled a lbumin  (spec act 20-80/~Cl /mg)  were ob ta ined  f rom Rad io -  
chemical  Center  (Amersham,  U K ) Soluene 350 and  Omnif luor  were ob ta ined  f rom 
Pa cka rd  Ins t rument  Co (Downers ,  Grove ,  U S A ) and  N E N  Chemicals  G m b H  
( F rank fu r t  a m  Main ,  G e r m a n y )  

MATHEMATICAL SIMULATION 

The geometr ica l  boundar ies  o f  the doma in  where extracel lular  effector con-  
cent ra t ions  are no t  negligible is o f  extreme complexi ty  Some possible  pa ths  of  such 
effectors are represented  on F ig  1 In the exper imenta l  condi t ions  discussed below, 
the p rob l em can be reduced,  in a first approx ima t ion ,  to  the resolu t ion  of  the classical 
one-d imens ion  diffusion equa t ion  
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OC(x, t) D a:c(~;, t) 
a t  ---  - - 0 ~  2 ( I ) 

whele D ~s the diffusion coefficient and C(x, t) the concentration, function of time t 
and of the spatial coordinate x (d~stance to the center of the shce) 

The following assumptions are sufficient condlttons for the vah&ty of the 
consideration of Eqn I in our analysis the thickness of the slice (2l) should be much 
smaller than the square root of its surface and the slice medium should be homoge- 
neous and lsotroplc Indeed, the surface of the thyroid shces used in the experiments 
is of the order of I cm / and the thickness of 1 mm On the other hand, as the follicular 
radius Is about 0 1 mm one can assume that, relative to the shce dimens~ons, the 
medmm can be considered as homogeneous and lsotroplc Indeed, if the molecular 
transport is due to free &ffuslon in the mterfolhcular medium, the folhcles constitute 
only an obstacle to dtffUSlOn The diffusion coefficient in Eqn I should then be lower 
than the real &ffuslon constant m the mterfolhcular medium We shall see later that 
this reasoning ~s incompatible w~th the experimental results It ~s expected, a pNon, 
that the calculated diffusion coefficients of extracellular molecules m the slices are 
compatible with the classical Einstein-Stokes formula 

R T  
O --  (2) 

67rqNr 

R ~s the absolute gas constant, T the absolute temperature, q the viscosity of water, 
N Avogadro's number and r the molecular radms It is assumed that the molecules 
are spherical and &ffusmg m a continuous medmm 

It is well known, from the classical theory of  d~ffUSlOn, that the order of 
magmtude of  the distance covered by &ffus~on m a time t ~s given by ~/2Dt As both 
sldes of the shces are in contact with the medium, it ~s reasonable to consider / as the 
characteristic length of the system then l z - 2 D t  We call 12/2D the characteristic 
time of &ffUSlOn The assumption of uniform concentration m the shces is only vahd 
for t~mes greater than the characteristic time For thyroid shces of I mm thickness [5] 
the characteristic time is greater than 1 h 0 0  -2 cm2/2 10 - 6  cm 2 per s - 5 103 s) 
In th~s case the classical interpretation in terms of  kinetic equations, where the assump- 
tion of instantaneous homogemzatlon as lmphcttly admitted, is not longer adequate 
It is then necessary to consider one kinetic equation for each port,on of the shce, at 
equal &stance from the center, and to integrate w~th respect to the spatml coordinate 
x in such a way as to reconstruct the whole slice The global result can then be inter- 
preted 

We shall solve Eqn 1 with approprmte initial and boundary condmons corre- 
sponding to the experiments under study The origin of coordinates is chosen at the 
center of  the slice, the coordinates of the borders being x ~ l  

The time of incubation (2 h) is sufficlent for a quasl-umform concentration 
of the markers m the shce We call this concentration Co and the mmal condition is 
given by C(v, 0) -=- Co, --1 < x < l The incubation medmm can be considered as 
lnfimte because ol the large dilution space This assumption also lmphes that the 
tracer concentration in the discharge me&urn will always be close to zero Further- 
more, as the medmm ~s continuously agitated, the concentration near the shces borders 
is close to zero, so that the boundary conditions are C(-I l, t) 0 The preceding 
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initial and boundary conditions completely define the problem from a mathematical 
point of  view and the solution of Eqn 1 can be found in the hterature [6] 

C(x'')--4C°-~ .=o ~ 2n+l(--1)" [ exp-(2n+l)2nzDt]4-~ cos(2n+l)rc2~ x (3) 

The function C(x,  t) is represented in Fig 3 for different values of t and for 
D = 10 - 6  c m 2 / s  and 2l = 0 1 cm For t = 3600s (1 h) the concentration m the 
center of the slice (x = 0) is close to 0 1 C o However, we wish to know the evolution, 
in time, of  the quantity of  tracer In the shce We shall call it Rs(t ) and it Is gwen nu- 
merically by the area defined by the curve C(x, t) and the abscissa axis multlphed by 
the slice surface S 

Rs(t ) ---- S f +t/2 C(x, t)dx (4) 
d-l~2 

The integral m Eqn 4 is well known [6] and Rs(t) can be written explicitly 

8 1 Rs(t) = SCo ~ ~ exp - ( 2 n + l ) 2 z  2 Dt 
n=o (2n4-1) 2 2-~ (5) 

The above expression states that the evolution of the quantity of  diffusible 
matter in the slice is given by the sum of an Infinite number of  exponentials The slices 
medium is assumed to be homogeneous, lsotroplc and infinite This series converges 
very qmckly We have represented m Fig 2 the curves Rs(t)/Rs(60 s) for t > 60 s, 
where 

R~(t) _ R~--R(t) 
R,(60 s) R ~ -  R 1 (6) 

We have used a visual criterion to fit these curves to experimental points This criterion 
is, m our oplmon, better adapted to the present problem Indeed, the classical least 
square criterion will overestimate the role of the last points of  the curve which depend 
in a crucml way on what is considered as the equdlbrium value It would be necessary 
to weigh the different points, but an objective criterion is missing It appears very 

(x,t) 

~ \ t=O 

t = 2 ~ s ~  

l-t) 0 O1 02 03 04 05 xlcm} 
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Fig 3 Solut ions o f  diffusion E q n  1 with D = 1 10 - 6 c m 2 / s  and  for - - 0 0 5 c m ~ x ~ 0 0 5 c m  
and  t - -  25, 100, 250, 1000 and  2500 s The  initial c o n d m o n  is C(x, 0) = C o - - 0  05 cm =< x _~ 0 05 
cm and  C(x,  O) = Co--O 05 cm > x > 0 05 cm and  the b o u n d a r y  con&t lons  are C(t, t) = 0 and  
C ( - - l , t )  = O , t  ~ 0  
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clearly f rom Fig 4 that  a wsual criterion introduces a small error,  probably much 

smaller  than all the other  inaccuracies associated w~th th~s procedure  

RESU LTS 

(a) Transport of d,fferent molecules (sucrose, muhn and albumin) 
In order  to verify the poss~bdlty o f  using the Einstein-Stokes equa t ion  for 

different molecules m thyroid shces, the efflux o f  labeled sucrose ( M  r 342), muhn 

( M  r 5000) and a lbumm (M r 70 000) f rom prelabeled shces has been studzed The 

exper imental  results and the theoret ical  s~mulat~ons are represented m F~g 4 
It Js clearly apparent  f rom Fig 4 that  there is no slgmficant difference between 

the exper imental  points  o f  sucrose, muhn  and a lbumin release The three independent  

experiments  made with sucrose show only a small dlsperslon of  the results If  the 

t ranspor t  were described with a diffusion coefficient given by the Einstein-Stokes 

equat ion ,  the d~ffus~on coefficient cor responding  to the curves of  sucrose and a lbumin 

would d~ffer by a factor  5 9 I f  the release o f  sucrose fol lowed the lowest curve 
(D ~ 2 10 -6 cruZ/s), the release o f  a lbumin would to be close to the second curve 

f rom the top (D ~ 0 4 10 - 6  cm/ /s ) ,  the lnuhn curve being an mtermedmte  It ms 

clear that  none of  the preceding assumptions allows for an explanat ion of  the coinci- 

dence of  the curves cor responding  to molecules of  different molecular  weights 
The s~mplest explanat ion o f  F ig  4 consists o f  the assumpt ion that  the tracer 

molecules are sequestered m the mterfolhcular  spaces Mos t  of  these spaces communt -  
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Fig 4 Evolution of the radtoactlvlty m the slices incubated with sucrose (0) ,  muhn ( ~ ) and albu- 
min ((3) The abscmsa axis ts the time (t, mm) after the moment where the shces are dropped m the 
discharge medium The ordinate axts ~s the radtoactw~ty remaining m the shce normahzed as m F~g 2 
The shortest measured t~me is 5 mm m all these experiments and then RI corresponds to t ~ 300 s 
The continuous curves are equal to Rs(t)/Rs (300 s) and calculated from Eqn 5 D is equal to 0 2 10- o 
cm2/s for the upper curve and 2 10-6 cm2/s for the lower one The vanaUon of D between successive 
curves is equal to 0 2 10 - 6  cm2/s All the shces bad thicknesses close to 0 11 cm 
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cate between themselves only because of their volume changes due to the mechamcal 
action of the agitator Indeed, the continuous ag~tatlon induces mechamcal constraints 
which are randomly distributed in the slice These constraints estabhsh commumca-  
tlons between nelghbourmg lnterfolhcular spaces As there is no preferential direction 
in the shce (lsotropy) and the mterfolhcular spaces are homogeneously distributed m 
the slice, such a process can still be described by a diffusion equation However, the 
diffusion coefficient is no longer related to the particular characteristics of  the mole- 
cules and consequently the Einstein-Stokes equation cannot be used Thls explanation 
as compatible with the shape of the experimental curves which are close to the solu- 
tions of  the diffusion equation There is, however, a systematic difference for long 
times which could be interpreted as due to the slow release of phagocytlzed molecules 
It  should be noted that if we normalize all the curves so that concentration ~s assumed 
to be zero at 80 mm instead of 120 mm, the theoretical curves fit much better the 
experimental points This is compatible with the preceding explanation 

The shces can be considered as a network of compartments (lnterfolhcular 
spaces) each one sendmg periodically a pulse to nelghbourmg compartments It  can 
be shown from the random walk theory that such a process can be described by a 
diffusion equation [7] This picture lmphes that lnslde each mterfolhcular space the 
molecular mixing is perfect and instantaneous Such a descnphon constitutes probably 
the simplest explanation compatible with the experimental results I f  simple molecular 
diffusion was the only mixing mechanism m the mterfolhcular spaces one would 
expect some s~gmficant difference for the d~scharge curves corresponding to molecules 
of  different molecular weights 

It is difficult to describe the other possible mixing mechanisms even from a 
quahtat~ve point of  view However, one can exclude large convective movements 
between mterfolhcular spaces Indeed, if a large part of the lnterfolhcular volumes 
flowed m and out during each ag~tatlon, a slgmficat~ve decrease in concentration 
should be observed after some oscillations of the agitator or some seconds in time 
scale It is clear f rom Fig 4 that a significant decrease of the radsoactwlty m the slices 
is observed only after some minutes The convechve velocity of  the molecules ~s then 
small It ~s, however, possible that some turbulence exists m the lnterfolhcular spaces, 
particularly because of the non-rigidity of  the geometrical boundaries of these spaces 
Such a turbulence would greatly enhance molecular mixing 

The new diffusion coefficlent D is now an empirical parameter which we call 
dlffUswlty and can be calculated by fitting the simulated curves to the experimental 
points I f  our hypothesis of  the mechamcal role of  agitation on transport  in the shces 
~s correct, a s~gnlficant dependence between the dlffUSlV~ty and the frequency of the 
agltatlon should be observed 

(b) Dependence between dlffustVlty and frequency of the agltatton 
With similar shces two different frequencies of  the agitator have been tried 

70 and 100 mm -1 In two experiments, we found, respectively, D ---- 0 8 10 - 6  and 
1 10 - 6  cmZ/s for the lower frequency and D ---- 2 8 10 - 6  and 3 10 -6 cm2/s for 
the h~gher frequency This means that, to cover the same distance m the shce, the 
molecules need about  300 % more tame when the frequency of the agitator changes 
from 70 to 100 mln -1 (43 ~o) The dependence between the transport In the shces 
and the frequency of  the agitator Js then clearly established 
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The dlffuslwty (D) calculated from 13 independent experiments ts plotted m function o l  the 

(c) Dependence between dtffuslt'tt3 and thwkness of the shces 
We have grouped m Fig 5 all the &ffuswmes calculated from 13 experiments 

The amphtude and the frequency of the agitator was the same A h~ghly s~gmficant 
linear correlation (r = 0 853, P < 0 001) between dlffUswlty and shces thickness was 
found However, as there is no physical justification for a hnear relationship we have 
not drawn the hnear regression hne This is the expected result ~f our interpretation 
holds Indeed, the mean d~stance between the center of lnterfolhcular spaces is about 
100 lLm The descr~ptlon m terms of a d~ffuslon equation ~s only vahd if the thickness 
~s much greater than the mterfolhcular &stance Only m this case does the assumption 
of homogeneity of the medmm hold For very thin shces, the relatwe &stances to be 
covered in relation to thickness are greater It ~s also possible that the mechamcal 
factors are relatwely less ~mportant, m th~s case 

DISCUSSION 

It is generally assumed that the penetration or release from the extracellular 
space of tissue shces are instantaneous or obey the laws of simple diffusion [2, 3, 8-11 ] 
This study shows that classical &ffuslon theory cannot explain the slmdar efflux from 
thyroid slices of molecules of such widely &fferent molecular weights as albumin, 
muhn and sucrose However, solutions of the diffusion equation can be fitted to 
experimental points if one attributes a different meaning to the d~ffus~on coefficient 
We call ~t d~ffuslvlty It cannot be related to the molecular weight by the Einstein- 
Stokes equation and depends on the frequency of the agztator and on the thickness of 
the shces 

The conclusions outlined above have a direct bearing on the kinetic analysis 
of the action of various effectors such as thyrotropln on thyroid shces metabohsm 
[8, 12] The different results pubhshed m the literature are only compatible if they 
are obtained with shces of the same thickness and with identical agitators Further- 
more, even m such condmons difference of structure between thyroids of different 
animals could Introduce an important dispersion of the calculated diffusiwty This 
consideration should imply some caution m the comparison of kinetic results obtained 
m different laboratories or in the same laboratory using slices of different th, cknesses 
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for  different metabol ic  measurements  [12, 13] A n  evalua t ion  o f  dlffUSlVlty in thy ro id  
slices would  pe rmi t  one to al low for this fac tor  in the s tudy o f  effectors o f  thyro id  
me tabo l i sm Similar ly  In any metabo l ic  s tudy,  for  which kinetic da ta  or  up take  or  
release are measured  dur ing  the first 30 mln, dlffUSlVlty should  be taken  into account  

A similar  analysis  could  be appl ied  to  kinetic  studies of  slices of  o ther  highly 
organized  tissues (e g brain,  kidney,  lung, etc ) The s i tuat ion in VlVO is very different 
and  cer ta inly more  complex  Agi ta t ion  is absent  but  there is the ac t ion  o f  pulsat l le  
pressure ,  diffusion must  occur  t h rough  the capi l la ry  walls but ,  the dis tance to  be 
covered by any molecule  between capi l lary  and follicle is smaller,  etc 
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