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Abstract. Lumen to bath J12/C1 and bath to lumen J21/ 
C 2 fluxes per unit concentration of 19 probes with diam- 
eters (d ~) ranging from 3.0-30.0 A (water, urea, eryth- 
ritol, mannitol, sucrose, raffinose and 13 dextrans with 
d m 9.1-30.0 A) were measured during volume secretion 
(J~) in the upper segment of the Malpighian Tubule of 
Rhodnius by perfusing lumen and bath with 14C or 3H- 
labeled probes. Jnet = (J12[C1 - J2l[C2)  w a s  studied as a 
function of J~. Jv was varied by using different concen- 
trations of 5-hydroxy tryptamine. Jn~t for 3H-water was 
not different from Jv. We found: (i) A strong correlation 
between Jnet and J~ for 8 probes d m = 3.0-11.8 A (group 
a probes), indicating that the convective component of 
"/net is more important than its diffusive component and 
than unstirred layers effects which are negligible. There- 
fore group a probes are solvent dragged as they cross the 
epithelium. (ii) There is no correlation between Jn~t and 
Jv for 11 probes with d m = 11.8-30/k (group b). There- 
fore these probes must cross the epithelium by diffusion 
and not by solvent drag. (iii) In a plot of Jnet/Jv VS. d m 
group a probes show a steep linear relation with a slope 
= -0.111, while for group b probes the slope is -0.002. 
Thus there is a break between groups a and b in this plot. 
We tried to fit the data with models for restricted diffu- 
sion and convention through cylindrical or parallel slit 
pathways. We conclude that (i)~group a probes are 
dragged by water through an 11.0 A-wide slit. (ii) Most 
of J~ must follow an extracellular noncytosolic pathway. 
(iii) Group b probes must diffuse through a 42 A-wide 
slit. (iv) A cylindrical pathway does not fit the data. 
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Introduction 

The UMT of Rhodnius secretes a quasi-isosmotic fluid, 
at rates as high as 50 nl/cm 2. sec after stimulation by 
5-hydroxy-tryptamine (5-HT) and other hormones (Mad- 
drell, 1980; Maddrell et al., 1991, 1993) through routes 
still under debate. On the one hand, O'Donnell, Aldis & 
Maddrell (1982), O'Donnell & Maddrell (1983) and 
O'Donnell, Maddrell & Gardiner (1984) propose that 
secretion is mainly transcellular, based in transepithelial 
water osmotic permeability measurements and in the 
possible effect of unstirred layer (USL) effects in the 
unilateral upper segment of the Malpighian Tubule 
(UMT) preparation. On the other hand, Whittembury et 
al., (1986) propose that water follows a paracellular path- 
way in the UMT unilateral preparation, based in the ob- 
servation that the convective component of the transep- 
ithelial net flow per unit concentration, Jnet, of six non- 
electrolyte probes (urea, erythritol, mannitol, glucose, 
sucrose and polyethylene glycol (PEG-800), is signifi- 
cantly larger than its diffusive component, under condi- 
tions in which unstirred layer (USL) effects (pseudo- 
solvent drag, Barry & Diamond, 1984) are negligible. 
These authors conclude that the 6 probes are dragged by 
water. In their view, solvent drag had to be paracellular, 
since the true extracellular markers sucrose and PEG- 
800 were among the dragged solutes. They further ob- 
served that Jnet of raffinose (molecular diameter, d m, 11.8 
A), inulin and dextran (15-18 kD), showed no convec- 
tive component leading, to the estimation that the path- 
way where solvent drags the 6 solutes mentioned above 
was a 12 A-wide slit (Whittembury et al., 1986). 

In an effort to ascertain which of these opposing 
views holds, we restudied this matter using the following 
approach. (i) Unidirectional lumen to bath fluxes and 
bath to lumen fluxes were measured in a perfused lumen 
and bath preparation (instead of in the unilateral UMT 
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Fig. 1. Experimental setup (schematic). The UMT is held with forceps on top of a sylgard support. Its lumen is cannulated from its blind end by 
means of a micropipette under liquid paraffin. Fluid (Compartment 1) is perfused through the lumen by means of a Hampel pump. The bath 
(Compartment 2) can be exchanged. The little drops of secretion + perfusate are collected for analysis at the hydrophilic holding pin from the UMT 
open end. 

p repa ra t ion )  to m e a s u r e  Jn~t f r o m  the  d i f f e rence  b e t w e e n  

the  un id i r ec t iona l  f luxes.  T h u s  U S L  effec ts  were  ru led  

out. (ii) The  r ange  in d m and  the  n u m b e r  o f  p robes  u sed  

to m e a s u r e  Jnet was  i nc r ea sed  to 19 probes .  (iii) W a t e r  

was  i nc luded  a m o n g  the  probes .  ( iv)  By  us ing  a tech-  

n ique  d e v e l o p e d  by  S h a c h a r - H i l l  & Hil l  (1993)  t ransep-  

i thel ia l  f luxes  of  13 dext rans ,  w i th  m o l e c u l a r  d i ame te r s  

r a n g i n g  f r o m  9.1 to 30.0 A cou ld  be  m e a s u r e d  in a s ingle  

e x p e r i m e n t .  (v)  T h e s e  m e a s u r e m e n t s  a l l o w e d  to f i t  

equa t ions  o f  va r ious  m o d e l s  for  c o n v e c t i v e  and  d i f fus ive  

f l ows  t h r o u g h  e i t h e r  cy l i nd r i ca l  c h a n n e l s  or  pa ra l l e l  

wa l l ed  slits. (vi)  T h e s e  equa t ions  are i n d e p e n d e n t  o f  pa-  

r ame te r s  tha t  had  to be  e s t ima ted  in  the  p rev ious  s tudy  

( l ike the  r e f l ec t ion  coef f i c ien t  c )  ( W h i t t e m b u r y  et al., 

1986).  

It  is c o n c l u d e d  tha t  p robes  r a n g i n g  f r o m  wa te r  to 

dex t r an  3 wi th  a d m b e t w e e n  3.0 and  11.8 A are so lven t -  

d r agged  t h r o u g h  an  11.0 A - w i d e  slit, and  no t  t h r o u g h  a 

cy l ind r i ca l  pore .  D i f f u s i o n  is i n s ign i f i can t .  T h e r e f o r e  

sec re t ion  is m a i n l y  parace l lu la r ,  as it r equ i res  such  a 

w ide  pa thway .  P r o b e s  w i th  a d m b e t w e e n  11.8 and  30.0 

are no t  s o l v e n t - d r a g g e d ;  T h e y  d i f fuse  across  the  epi-  

thel ia l  wal l  t h r o u g h  a 42  A - w i d e  slit. 

Materials and Methods 

Fifth instar Rhodnius prolixus were used 1-4 weeks after moulting. 
They were cultured in the laboratory (Whittembury et al., 1986). UMT 
were isolated in oxygenated insect Ringer solution, IRS, (Maddrell, 
1980). A tubule was then transferred to a chamber (Fig. 1), thermo- 
stated at 30~ The blind end of the tubule was held with specially 

designed forceps, on top of a Sytgard support, under water saturated 
and oxygenated liquid paraffin. The tubule wall was cannulated with a 
sharp beveled perfusion pipette containing IRS (Compartment 1). The 
IRS was perfused through the lumen by means of a Hampel pump 
(Deetjen, 1978), and was collected periodically with the added tubule 
secretion at the tubule's open end (Fig. 1). Techniques for handling 
small volumes were used (Shipp et al., 1985). A region of the external 
surface of the tubule's length was bathed also with IRS (Compartment 
2) which could be exchanged at a fixed rate, by means of micropipettes 
aligned perpendicular to the tubule's length (O'Donnell and Maddrell, 
1983), Thus there was appropriate mixing of the external bathing so- 
lution as well as of the lumen to render USL effects negligible. 

At time = 0, secretion was started by addition to compartment 2 
of 5-HT to a concentration ranging from 10 s to 10 7 tool/1 to vary the 
secretory rate. The Insect Ringer Solution (IRS) had the following 
composition (Maddrell, 1980) in mmol/l: NaC1, 129; KC1, 8.6; 
NaH2PO4, 4.3; NaHCO 3, 10.2; CaC1 a, 2.0; glucose, 34; alanine, 3; pH, 
7.35-7.45; osmolality, 340 mOsm/kg (freezing point determination). 
Chemicals (except for the dextrans) were from Merck and Sigma 
Chemical. The following radioactive substances (New England Nu- 
clear) were used in 1 mole/1 carrier (which virtually did not contribute 
to the osmolality); [3H]water, [14C]urea, [14C]erythritol, [14C]mannitol, 
[~4C]sucrose, and [3H]raffinose. Shachar-Hill & Hill (1993) describe 
in detail the [3H]dextrans and the analytical techniques. Briefly, Dex- 
tran T10 (Pharmacia LKB, Uppsala) was tritiated by Amersham Inter- 
national (Aylesbury, Bucks). The material contained all oligomers 
down to the monomer (glucose). The stock solution the freeze-dried to 
remove tritiated water and stored in the cold. As with the other labeled 
probes, the polydisperse [3H]T10 dextrans used were dissolved either 
in the lumen (Compartment 1) or the external solution (Compartment 
2) according to the experimental design (see below). The secretory 
flow, (Jv in nl/cm 2 �9 sec) was calculated from the total volume appear- 
ing at the open end of the tubule (minus the perfusion volume) the 
collection period and the area of tubular surface exposed to the bath. 
The tubule area was obtained from camera lucida tracing to measure 
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tubular length. It was assumed that the tubules were well represented 
by a cylinder. Tubule diameters were measured with an image splitter 
(Carpi-Medina et al., 1984). The volume of each collection was di- 
rectly pipetted into 1 ml of distilled water and counted with 3 ml of 
counting solution in a Beckman LS 5000TD liquid scintillation 
counter. Known volumes of compartment 2 were similarly counted. 

To measure lumen (Compartment 1) to bath (Compartment 2) 
fluxes per unit lumen concentration, (J~2/C1), the tubule lumen was 
perfused at 120 nl/min with a labeled solution at an activity, C j, and the 
bath was sampled at 15-rain intervals and counted. To measure the 
bath-to-lumen fluxes per unit bath concentration, (,/~2JC2), the bath 
was labeled at an activity C a in parallel experiments. The lumen was 
perfused at 120 nl/min. Lumen samples were collected at 15-rain in- 
tervals and counted. Net probe flux, "/net  = ( J s 2 1 / C 2  - JSl2/Cl), in units 
of 10-6cm3/cm 2 �9 sec, was taken as positive in the secretory direction. 
The experiments using labeled water, urea, erythritol, mannitol, sucrose 
and raffinose were analyzed directly. The dextran experiments re- 
quired their fractionation. This is only summarized here as it is de- 
scribed in detail by Shachar-Hill & Hill (1993). 

FRACTIONATION OF THE TRANSPORTED DEXTRANS 
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volume of 100 gl was assayed by gel chromatography on Sephadex 
G25, with a fractionation range for dextrans of 0.1-5 kDa. The tern- ~, 
perature was 20~ The total gel volume (Vt) was 82 ml. Blue dextran N 
(MW 2000 kDa) was routinely included to estimate the void volume, N~zd2/4 
(Vo). The total elution volume was 110 ml of which that after the first p 
41 ml was collected in 0.92 ml fractions. They were counted by liquid pc 
scintillation as described above. A computer routine found the acces- p, 
sible volume coefficient, (Kay) for each fraction whose elution volume S} 
was V,, This is given by Kay = (V~ - Vo)/(V~ - Vo). As K~v values vary S~ 
between runs because void and fraction volume vary slightly, the com- S] 
puter routine interpolated activity values at 0.01 K~ steps over the S}- 
range after which different eluate curves could be aligned and activity S~. F ~ 
ratios calculated as a function of K~v. K~ values were converted to S}. F * 
dextran radii (or diameters, d ~) by use of the appropriate Ogston equa- S):. G ~ 
tion for Sephadex G25 (Equation A2, Shachar-Hill & Hill, 1993). S}-G ~ 
Thus in our experimental conditions transtubule fluxes for 13 individ- (,) 
ual dextrans of 13 known d m (ranging from 9.1 to 30.0 A) could be G 
defined in a single experiment. These different dextrans are denoted in (5~ 
the following sections with numbers 1 to 13. Fluxes of dextrans with (5~ 
d ~ > 30.0 A were nondetectable, v(x) 

w 
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As has been described above both compartments were renewed peri- 
odically at a sufficient rate to render USL effects negligible. In a 
thorough analysis of USL effects, O'Donnell, Aldis & Maddrell (1982) 
reached a similar conclusion for a similar experimental configuration, 
that however used transepithelial osmotic differences. 

SYMBOLS 

(Equation numbers are in parentheses. Cylinder and slit denote a cy- 
lindrical and a parallel walled slit channel, respectively). 
(1) subscript 1, lumen compartment 
(2) subscript 2, bath compartment 
A pathway cross-sectional area 
or molecular diameter/cylinder diameter ratio = dm/d (1, 3) 
[3 paracellular fraction of Jv 
C(X) probe concentration (along the channel) 

C at cis- and trans- end of channel segment (5a, 5b) 
probe concentration at lumen and bath perfusates 
transepithelial concentration difference 
average probe concentration in the epithelium 
superscript c, cylinder 
probe free solution diffusion coefficient 
cylinder diameter 
molecular diameter 
subscript d, diffusion 
restricted diffusive flow drag factor, cylinder (1, 5a) 
restricted diffusive flow drag factor, slit (2, 5b) 
subscript f, convection 
argument in exponential, cylinder (5a) 
argument in exponential, slit (5b) 
convective flow drag factors, cylinder (3, 5a) 
convective flow drag factors, slit (4, 5b) 
bath-+lumen probe flow per unit bath concentration 
lumen-gbath probe flow per unit lumen concentration 
net probe flow per unit concentration = U2JC2 - J12/C1 
net probe flow, cylinder (5a, 6a, 6al) 
net probe flow, slit (5b, 6b, 6bl) 
volume flow 
restricted movement by diffusion and convection 
linear slit extent per cmz of area in a plane parallel to the 
membrane surface 
molecular diameter to slit width ratio = dm/w (2, 4) 
number of cylinders per cm 2 of epithelium (6a) 
area of cylinders per cm 2 of epithelium (6a) 
Permeability coefficient (6) 
Permeability coefficient, cylinder (6a) 
Permeability coefficient, slit (6b) 
diffusive flow steric factors, cylinder (1, 5a) 
diffusive flow steric factors, slit (2, 5b) 
convective flow steric factors, cylinder (3, 5a) 
convective flow steric factors, slit (4, 5b) 
hindrance to diffusion, cylinder (1, 5a) 
hindrance to diffusion, slit (2, 5b) 
hindrance to convection, cylinder (3, 5a) 
hindrance to convection, slit (4, 5b) 
superscript s, slit 
Reflection coefficient (6) 
Reflection coefficient, cylinder (6a) 
Reflection coefficient, slit (6b) 
fluid velocity 
slit width 
surface area of slit per cm 2 of epithelium 
cylinder or slit length 
distance along the channel 

Results  

J~ v a r i e d  f r o m  v a l u e s  n e a r  0 to 48 n l / c m  2 �9 s ec  a c c o r d i n g  

to  t h e  d i f f e r e n t  c o n c e n t r a t i o n s  o f  5 - H T  u s e d  ( O ' D o n n e l l  

& M a d d r e l l ,  1983;  W h i t t e m b u r y  et  al.,  1986) .  U n i d i r e c -  

t i ona l  f l u x e s  o f  wa te r ,  u rea ,  e ry th r i t o l ,  m a n n i t o l ,  s u c r o s e ,  

r a f f i n o s e  a n d  13 d e x t r a n s  c o u l d  b e  m e a s u r e d .  O f  t h e  19 

p r o b e s  e x p l o r e d ,  J~ 2/C1 v a l u e s  o f  o n l y  wa t e r ,  u rea ,  e ry th -  

r i tol ,  m a n n i t o l  a n d  s u c r o s e  w e r e  s i g n i f i c a n t l y  l a r g e r  t h a n  

0. T h e r e  w a s  n o  r e l a t i o n  b e t w e e n  ( J ~ J C j )  and  J :  A v -  

e r a g e  r e su l t s  a re  g i v e n  in  T a b l e  1. JS12/C 1 o f  p r o b e s  w i t h  

d m > 9 Jk w e r e  n o n d e t e c t a b l e  (data no t  shown) .  Al l  va l -  

ues  o f  J~1/C2 fo r  e a c h  o f  19 p r o b e s ,  m e a s u r e d  in  pa ra l l e l  
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Table l. Lumen to bath fluxes per unit lumen concentration, J~2/C~ 

SOLUTE JS12/C 1 (10 -6 cm/sec) N 

THO 33.61 + 4.24 17 
Urea 2.47 + 0.13 19 
Erythritol 0.84 + 0.07 21 
Mannitol 0.32 _+ 0.08 10 
Sucrose 0.26 + 0.08 16 

The tubule lumen (Compartment 1) was perfused at 120 nl/min with an 
isotope-containing solution. The bath (Compartment 2) was sampled at 
30-min intervals. Fluxes of solutes with larger d '~ were not statistically 
different from 0. They are not reported here. N, number of experiments. 

experiments ,  were s ignif icant ly larger than 0. J~t/C2 for 
dextrans with a ~ > 30.0 A were not  s ignif icant ly differ- 
ent f rom 0 (data not  shown).  J~t/C2 for water, urea, 
erythritol,  manni to l ,  sucrose, and dextrans 1, 2 and 3 (d m 
of  9.1, 9.9 and 11.8 A, respectively) correlated signifi-  
cantly with J~ (data not  shown).  ~ / C  e for raffinose and 
dextrans 4 -13  did not  correlate with J~. 

Jnet for each probe was obtained by subtract ing J~2/ 
C 1 values at each J~ from the corresponding J~/C2 fig- 
ures at the same J~. In the case of water, J ~ t  varied as a 
funct ion of  J~ with a highly  s ignif icant  correlat ion (Table 
2). The slope m = 0.884 + 0.290, is statistically not  
different f rom 1.00. Therefore Jn~t for water equaled J~ 
wi th in  exper imental  error, conf i rming  the precision of  
our methods.  The mean  w a t e r  Jnet was 25.1 + 3.98 nl /  
cm 2- sec. It corresponds to a J~et/J~ ratio of  0.932 + 
0.148 (Fig. 3) a value not  statistically different f rom 1.0, 
which is equivalent  for a J~ of 27 n l /cm 2. sec. 

There was also a highly s ignif icant  correlat ion be- 
tween Jnet and J~ for urea, erythrytol,  manni to l ,  sucrose, 
and dextrans 1, 2, and 3, in addit ion to that jus t  men-  
t ioned for water. These results are very similar  to pre- 
v iously  publ ished ones for urea, erythritol, manni to l  and 
sucrose in the unilateral  U M T  preparat ion (Whi t tembury  
et al., 1986). Table  2 gives the slopes and correlat ion 
coefficients of  J ~ t  with J~ for all 8 probes. The slope for 
urea (1.158 + 0.136) is also not  different f rom 1.00. The 
slopes decrease as d m increases.  They  are erythrytol,  
0.185 + 0.036; manni to l ,  0.149 _+ 0.30; sucrose, 0.035 + 
0.004; and Dextrans 1, 0.088 + 0.032; 2, 0.095 + 0.030; 
and 3, 0.022 _+ 0.005. These 8 probes are called group 
a probes as their slopes are all s ignif icant ly different 
f rom 0. 

Table  3 gives the slopes for the 11 other probes,  
called group b probes as their slopes and correlat ion 
coefficients are not  different f rom 0. It includes  raffi- 
nose (d m = 11.8 A),  and the Dextrans 4 to 13 (with d ~ 
ranging  from 13.0 to 30 A).  

Figure  2 shows a plot of  J ~ t  values divided by  J~, 
(J~t/J~) as a funct ion of dm. It may  be not iced that be- 
g inn ing  at the origin, first (JnJJ~) decreases sharply with 
d m and then the values of  (Jnet/Jv) as a funct ion of d m 

Table 2. Group a probes. Regression of "/net as a function of J~ 

Probing Diameter m r P N 
molecule 

Water (W) 3.0 0.884_+0.290 0.54 = 0.025 15 
Urea (U) 4.6 1.158_+0.136 0,85 < 0.001 29 
Erythritol (E) 6.4 0.185 +0.036 0,66 < 0.001 35 
Mannitol (M) 8.0 0.149 +0.030 0.79 < 0.001 16 
Sucrose (S) 9.0 0.037+0.004 0.83 < 0.001 38 
Dextran 1 (1) 9.1 0.088 +0.032 0.75 = 0.025 8 
Dextran 2 (2) 9.9 0.095 _+ 0.030 0.60 = 0.025 8 
Dextran 3 (3) 11.8 0.022+ 0.005 0.64 < 0,001 15 

The equation is J~et = (J21/C2 - J l J C 1 )  = rrl.J~ + b; r is the linear 
regression coefficient; P, the probability that m = 0; N, the number of 
experiments. In parentheses is the probe notation used in the figures. 
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Fig. 2. Net solute to net volume flux ratio (Jnet/Jv) (mean + SEM) for 
19 probes plotted as a function of their molecular diameter (d ~ in -A). 
The abscissa at the top labels respectively the molecular diameter (d ") 
of the probes water, urea, erythritol, mannitol, sucrose, raffinose and 
dextrans 1 to 13 as W, U, E, M, S, R, and 1, 2 , . . . .  13. Two straight 
regression lines are shown: (a) The steep one (I1o = 1.211 - 0.111X) 
best fits all eight group a probes (see Table 2). The less steep line (Yb 
= 0.0713 - 0.0020X) best fits group b probes (see Table 3). J, et = 0 for 
dextrans with d m > 30 A. The ordinate J,~t/Jv = 1.0 corresponds to the 
average J~ of 27 nl/cm 2. sec. 

taper down showing a much  smaller  slope. There is a 
break at d ~ of  about  12 A. The straight l ine regression of 
Jnet/J v vs. d TM for all group a probes is Ya = 1.211 (+0.139) 
- 0.111 (+0.014) X. The X-intercept  is 10.9 A,  in good 
agreement  with the observed break point.  The Y inter- 
cept is not  statistically different f rom 1.00. The value of  
r ( -0 .948  + 0.120) is h ighly  s ignif icant  (P < 0.001). This 
part of  Fig. 2 is shown with an expanded abscissa in 
Fig. 4. 

A second straight l ine has been  drawn for the second 
part of  Fig. 2 us ing  values of  the 11 probes of  group b. 
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Fig. 3. Plot of (Jnet/Jv) as a function of d ~' for the 
19 probes, as in Fig. 2�9 Neither the dotted nor the 
dashed line (convection and diffusion through a 
30.0 A-wide slit, occupying 100% of the flow 
areas, respectively) fit the data. To calculate these 
lines, Eqs. 2, 4 and 5b were used. 

Table 3. Group b probes. Regression of Jnet as a function of J~ 

Probing Diameter m r N 
molecule 

Raffinose (R) 11.8 0.050 _+ 0.037 0.23 34 
Dextran 4 (4) 13.0 0.022 +_ 0.035 0.26 8 
Dextran 5 (5) 16.0 0.025 + 0.015 0.46 8 
Dextran 6 (6) 17.0 0.038 +__ 0.024 0.41 8 
Dextran 7 (7) 18.0 0.043 + 0.022 0.43 8 
Dextran 8 (8) 20.0 0.063 _+ 0.034 0.36 8 
Dextran 9 (9) 21.6 0.008 _+ 0.006 0.35 8 
Dextran 10 (10) 23.7 0.004_+ 0.010 0.17 8 
Dextran 11 (11) 25.8 -0.002 -+ 0.001 -0.13 8 
Dextran 12 (12) 27.8 0.003 -+ 0.002 0.20 8 
Dextran 13 (13) 30.0 0.004 _+ 0.003 0.15 8 

(See Table 2). Neither m nor r were significantly different from 0. 

The equation is Yb = 0.0713 (+0.0101) - 0�9 
(+0.0004) X; (r = -0.833 + 0.175). Although the slope is 
small, it is highly significant (P < 0�9 The X-inter- 
cept (Jnet/Jv = 0) is 34.9 A in good agreement with the 
observed absence of transepithelial flow of Dextrans 
with d ~ > 30 A. This second part of the graph is shown 
with an expanded ordinate in Figs. 5 and 6. 

To sum up, our results show on the one hand, that 
the 8 probes of group a show a significant positive cor- 
relation between Jnet and Yr. In addition, Jnet/Jv drops 
sharply as a function of d m (Fig. 2). On the other hand, 
the 11 probes of group b show no correlation between 
Jnet and d~. In addition J~t/J~ drops very gently with dm. 
There is a break point between the two groups of probes�9 
Dextran 3 (d ~ = 11.8 A) is the largest member of group 
a, while raffinose (also with d m = 11.8 A) is the smallest 
of group b. 

Discussion 

Our main findings are: (i) Water J~et = Jv within exper- 
imental error. This underscores the precision of our ex- 
perimental method. (ii) The 19 probes that cross the ep- 
ithelium may be divided into two groups, namely group 
a (8 probes, with d m from 3.0 to 11.8 A) and group b (11 
probes, with d m from 11.8 to 30.0 A). There is a strong 
positive significant relation between Jnet  and Jv for group 
a probes (Table 2). The slopes are larger than 0. It is 
known that J~et has a diffusive and a convective compo- 
nent (first and second term on the right hand side of Eq. 
6). The values of these slopes indicate either that solvent 
drags these probes or that USLs mimic convection 
(pseudo solvent drag, Barry & Diamond, 1984). In the 
present experiments both compartments were well stirred 
(Materials and Methods). Thus pseudo solvent drag can 
be ruled out. Therefore, solvent drag of group a probes 
(including extracellular markers as large as sucrose and 
dextrans 1, 2 and 3) is the only source of the significant 
slopes relating Jnet and J~. Previous results with urea, 
erythritol, mannitol, glucose, PEG-800 and sucrose in the 
unilateral UMT preparation had led to a similar conclu- 
sion (Whittembury et al., 1986). (iii) There is no corre- 
lation between Jnet and J~ for group b probes. The slopes 
are not different from 0 (Table 3). Therefore, on these 
grounds it may be concluded that these probes are not 
dragged by solvent�9 Previous observations in the unilat- 
eral UMT preparation with raffinose, inulin and dextran 
(d m 28-30 A) had led to a similar conclusion (Whittem- 
bury et al., 1986). (iii) A graph OfJnet/J v against d TM (Fig. 
2) shows two parts: There is a steep negative linear re- 
lation between JnJJv and d m for group a probes. There 
is also a negative correlation between Jnet/Jv and d m for 
group b probes but the slope is 1/50th of the first one. 
Thus, in Fig. 2 group a probes (those that are solvent- 
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expanded (see Fig. 2). Broken line (a) is diffusion 
through a 42 A-wide slit for 0.089 of the total 
flow area (calculated using Eqs. 2 and 5b). It fits 
well the experimental values. Line (b) is Yb = 
0.0713 - 0.002032 of Fig. 2. Dotted line (c) is 
convection through a 30.0 A-wide slit for the 
same fractional area as in (a) (calculated using 
Eqs. 4 and 5b). It is not a good fit to the data. 

dragged) show a different behavior than group b probes 
(those that are not solvent-dragged). 

STERIC AND DRAG FACTORS IN DIFFUSIVE AND CONVECTIVE 

FLOW MODELS 

We now analyze the findings described above in terms of  
models of  cylindrical channels (denoted here simply as 
cylinders) and of parallel walled slits (denoted here as 
slits) that hinder the flow of  particles that move through 
them by diffusion and convection. The models consider 
relative dimensions of probe and channel; probe position 
as it enters and flows along the channel; and channel 
velocity profile (Steward, 1982; Shachar-Hill & Hill, 

1983). Hindrances to diffusion (Eqs. 1 and 2) and to 
convection (Eqs. 3 and 4) are ascribed to steric and drag 
factors thought to occur mainly at the entrance and along 
the channel, respectively (see Renkin & Curry, 1979; 
Eqs. A 6 - A 9  and A l l - A 1 5 ) ,  

1. Hindrance to diffusion through a cylinder is 

S}. F ~ = (1 - ~)2. (1 - 2.105~ + 2.0865~ 3 - 1.7068~ 5 
+ 0.726~6)/(1 - 0.75857o~5). (1) 

2. Hindrance to diffusion through a slit is 

S~. F ~ = (1 - )~) - (1 - 1.004)~ + 0.418)~ 3 - 0.210;L 4 
- 0.169)~5). (2) 
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Neither the dashed nor the dotted lines (diffusive 

and convective flows through a cylinder with d = 

42.0 ik for 0.089 of the flow area, calculated using 

Eqs. 1, 3 and 5a) fit the data. 

3. Hindrance to convection through a cylinder is 

S~. G ~ = [2(1 - (~)2 _ (1 - c04] �9 (1 - 0.667c~ a 
- 0.20217c~5)/(1 - 0.75857a:).  (3) 

4. Hindrance to convection through a slit is 

S}. G ~ = (1 - 1.5k z + 0.5)~3) - (1 - 0.333)v2). (4) 

FLOW EQUATIONS 

With Eqs. 1-4 we can now write Eqs. 5 which describe 
restricted nonelectrolyte movement  by diffusion and 
convection in a channel ( s e e  Steward, 1982, Eq. A2) 

j ( x ) / A  = - S  a . F .  D . ( d C / d x ) ( x )  + S f .  G .  v ( x )  . C ( x )  (5) 

which is integrated for cylinders as Eq. 5a and for slits as 
Eq. 5b 

J~t  ~ = S]- G ~. [~. J~ [C~. exp (0 ~) - C,]/[exp (0 c) - 1] 
(5a) 

where Oc = ( S f  . G c . ~ , J~ . 4 X / S ~ .  U . N .  n d  2 .  D); 

J~ t '  = S~. G *- [~. J~ [ Q -  exp (q/) - Ct]/[ex p (0 ~) - 1] 
(Sb) 

where O" = ( S /  . G s . f3 . J~  . X / S } .  b ~ . w . L . D ) . I  

: Parenthetically, if  (b c and 0: have small  values, Eqs. 5a and 5b ap- 

proximate (Steward, 1982) to Eq. 6, the Kedem & Katchalsky (1958) 

equation 

J n e t  = P " AC + (1 - C0 ' [~ �9 J,," C* (6) 

MORPHOLOGY 

The Lateral Intercellular Space (LIS) dimensions used 
are (Table 4; Fig. 7). L = 280-385 cm/cm 2 of epithelium 
(Whittembury, 1967); w = 164 gm. Area in the same 
plane, 3.77-6.31 10-4cm/cm2; X = 20 pm; septate junc- 
tion depth, X j  = 7 gm; depth of  the nonseptated part of  
LIS, XLI s = 13 gin. 

FIT OF MODELS TO THE EXPERIMENTAL RESULTS 

Eqs. 5 were used to fit (following the approach of  Hill & 
Shachar-Hill, 1993 and Shachar-Hill & Hill, 1993) the 
experimental data of Fig. 2 with diffusion and convection 
models of  restricted flow through cylinders (Eqs. 5b, 1 
and 3) and slits (Eqs. 5b, 2 and 4) of various diameters 
and widths, respectively. The results are shown in Figs. 
3 to 6. As probes with d m > 30.0 z~ do not cross the 
tubule wall, 30.0 A was taken, as a first approximation, 
as an upper limitotO channel width. It may be seen in Fig. 
3, that for a 30 A-wide slit the diffusive flow model fits 
only the first 3 and the last 4 of the 19 probes explored. 
It does not fit the 12 probes of intermediate dm. The 

J, ,ef  = P~  Ac + (1 - ~~ ~. Jv c* 
Jn~t c = (S,~' F c" N" n d  2" D / 4 X )  . A C  + S):" G ~" ~ " J r "  C *  

where P"  = S~ . F ~ . N . n d  2 . D / 4 X ,  and (1 - o c) = Sy. G c. 

For slits, it takes the form of Eqs. 6d and 6e 

jnet~ = p s .  A C  + (1 - (Y*). ~ - J ~ .  C* 

J,o? = (s'~. F" . w .  L .  D/X)  . A c  + s~.. o"  . ~ ' J v  c* 

(6a) 

(6al )  

(6b) 

(6bl)  

For cylinders, Eq. 6a takes the form of Eqs. 6a and 6a l  where ps = S~. F s- w- L-  D/X, and (1 - (5') = S;,. G s. 
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Table 4. Some dimensions of the 5th instar UMT 

Cell diameter (gm) 100 

Cell height, X, (btm) 20 (16-22) 
15 b 

Septatejunction height, Xj, (J.tm) 7.5 (7-8) a 
width, w, (A) 164 (-+15) 

170 b 
178 

LIS height, XLIS ,  ( g m )  ~ 12-14 a 
Junctional linear extension, 280-385 a 

L, (cm/cm 2~) 229.4 b 
LIS fractional area, wL, 3.77-6.31 

(10 -4 cmZ/cm z) 3.9 u 

See Fig. 7. aPresent work and Whittembury et al., 1986; calculated 
following Whittembury, 1967. bO'Donnell & Mad&ell, 1983. CLaue & 
Skaer, 1980; Skaer, Harrison & Lee, 1979. dLIS height not occupied by 
the septate junction, ein a plane parallel to the epithelial surface per cm 2 
of epithelium; no brush border or basolateral infoldings are taken into 
consideration. 

convective flow model for a 30 ~,-wide slit is worse. 
Cylinder models (not shown) are even worst fits. 

It was not possible to fit all data with a single-sized 
channel. Therefore, models of two parallel channels 
were explored, one to fit 8 group a probes and another to 
fit group b probes. 

GROUP A PROBES 

o 
Convection through an 11.0 A-wide slit is the best fit, 
while convection through a cylinder (d = 11.0 ~,) is not 

o 
(Fig. 4). A 12 A-wide slit was previously proposed us- 
ing a model that needed information about c values, a 
could not be measured directly. Therefore, o values had 
to be estimated leading to some uncertainty in the slit 
width proposition (Whittembury et al., 1986). To cir- 
cumvent this difficulty, in the present work, models are 
independent of cr values. Therefore the present modeling 
has a more solid founding. The 11.0 A-wide slit is a 
much better fit than the previously proposed 12 A-slit. 
A diffusion model through the septate junction (an 11.0 

o 
A-wide, 7 ~xm-deep slit) accounts for only 0.0828 times 
the observed flow (Fig. 4, curve d; Table 5), because the 
resistance to diffusion along such a deep structure is very 
large. Wider slits also fail to fit (Fig. 3). 

GROUP B PROBES 

As models of wide channels with flow through all the 
flow area did not fit the data for these probes (Fig. 3), 
models were tried with a smaller flow area. A diffusive 
flow model through a 42.0 ~,-wide slit, with only 0.089 
of the flow area, provided the best fit (Fig. 5). 0.089 
is not statistically different from 0.0713 + 0.0101, the 
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Table 5. Junctional flows 

Probe Diffusive flow Flow ratio 
10 -12 moles/cm 2 �9 sec diffusive/convective 

Water 0.7-1,3 0.04-0.068 
Urea 0.3-0,4 0.02-0.021 
Erythritol 0.1-0.16 0.005-0.008 
Mannitol 0.03-0.06 0.0016-0.003 
Sucrose 0.01-0.02 0.0005-0.001 

Parameters calculated using Eqs. 5b and 6, the known probes diffusion 
coefficients and the morphological parameters given in Table 4 (see 
text). Figure 4 shows these data as Jnet/J~ VS. d m, best fitted by the 
equation 100 �9 (Jnet/Jv) = 8.28 (+2.13) - 1.01 (_+0.29) J~; (r = -0.89 -+ 
0.27; P < 0.001). 

linear regression intercept (Fig. 2). Convective models 
through slits or cylindrical channels did not fit the data 
(Fig. 6). 

In short, two different approaches lead to conclude 
that group a probes  are solvent-dragged. First, the ob- 
servation that the slopes of plots of Jnet VS. "Iv (Table 2) 
are significantly larger than 0 in the absence of USL 
effects. Second, there is only one model that fits the first 
poart of Fig. 2, namely convection through an 11.0 
A-wide slit. A second conclusion is that a diffusion 
model through a 42.0/k-wide slit (in parallel with the 
11.0 A-wide slit) is required to fit data from group b 

probes (Fig. 5). 

PATHWAYS FOR FLOW 

Water could cross the epithelium through the cells using 
route A in Fig. 7. It would have to move first through 
one cell membrane, then dissolve in the cytosol to ap- 
proach the other cell membrane to finally cross it. If this 
were the case it could not drag solutes, since it would 
move by diffusion in the cytosol (Ussing & Eskesen, 
1989; Nielsen & Ussing, 1992, 1993). We have shown 
here that water drags all group a probes. The dragged 
solutes range in size from small (urea and erythritol) to 
"extracellular markers" (sucrose and dextrans 1, 2 and 
3; the latter has a a ~ = 11.8 A), which do not cross the 
cell membrane (Whittembury et al., 1986). Therefore, 
water must flow through a noncytosolic pathway that can 
be acceded by those extracellular markers. The pathway 
must be an 11.0 A-wide slitlike structure. As the model 
is a convection (and not a diffusion model) that fits all 
group a probes including water as a single function it 
must be concluded that most water during secretion must 
follow this pathway. This conclusion is based (i) in that 
group a probes are solvent dragged. (ii) Plots of Jnet/Jv 
vs. d m for group a probes are best fitted with a model for 
convection through 11.0 ,~-wide slits that occupy most 
of the flow area. Water, urea and erythritol enter the cell. 
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Fig. 7. UMT cells I and II with possible pathways for transepithelial 
water flow (schematic, not to scale). In the 5th instar their average 
diameter is 100 ,um. Two cells complete one tubule circumference 
(Whittembury et aI., 1986). (See Table 4). Using pathway A, water 
would cross one cell membrane, dissolve in the cytosol, diffuse towards 
the other cell membrane, and move through it. Pathway B follows the 
lateral intercellular space (LIS). The latter is formed by the quasi par- 
allel lateral membranes of adjacent cells, separated by a distance of 164 
]k. It has a depth X of some 20 gin. About one third of its luminal end 
shows 7 to 8 pro-deep smooth septate junctions which contact the 
tubule lumen (compartment 1) at their apical end. The junctions con- 
tinue at 0.5 ~tm-thick basement membrane and the haemolymph (com- 
partment 2). LIS extends linearly, in a plane parallel to the lumen 
surface, for 230-385 cm/cm 2 of tubule area. Pathway C schematizes 
sets of several gm-long parallel lines that cross the cell from basal end 
to the tip of some microvilli. They must represent sections of slit- 
forming membranes separated by a distance of 112 A. 

However, the observation that there is a monotonic 
relation between Jnet/J~ and d m for group a probes 
indicates that water, urea and erythritol must also flow 
across the epithelium via 11.0 A-wide slits to be solvent 
dragged. Group b probes must diffuse through 42.0 
A-wide slits that occupy 0.089 of the flow area. Where 
are the transepithelial routes for these two groups of 
probes? In Fig. 7, one possible route is pathway B (an 
endoplasmic reticulum 112 A-wide pathway which ex- 
tends from basal cell membrane to the tip of some mi- 
crovilli; Whittembury et al., 1986; Berthelet et al., 1987). 
Pathway B must be shaped as a slit, since the sets of 
parallel lines in the electronmicrographs that constitute 
this structure extend over lengths of several gm. The 
most obvious route is pathway C, formed by the 164 

o 

A-wide septate junctions and LIS, which are permeated 
by Lanthanum (Lane & Skaer, 1980). Pathways B and C 
could be filled with materials that effectively narrow 
them. For example the 40-60A septa (in the septate 
junctions, Skaer et al., 1979; Lane & Skaer, 1980) could 
also be filled by some other material. The spaces in a 
uniform suspension of fibers may behave as a porous 
material (Ogston, 1958). Secretion would flow through 
the 11.0 A-wide, most abundant pathway, dragging 
group a probes and diffusion for group b probes through 
another route. It has been pointed out that the site of any 
(possible) osmotic equilibration would be the luminal 
microvilli (McElwain, 1984) but solutes leaving or en- 
tering the junctions only traverse a minute area fraction 
of this system, which cannot contribute to the observed 
drag. As illustrated in Fig. 4, diffusion explains only a 
small fraction of the observed Jnet/Jv flOW ratio for group 

o 

a probes. The 42.0 A-wide, less abundant pathway must 
be separate from the first one. But at present we do not 
know enough to choose between these possibilities. 
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