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Summary. We quantitatively examined the influence of antidiu- 
retic hormone (ADH)-dependent volume reabsorption on the 
morphology of the rabbit cortical collecting tubule. Estimates of 
cell volume and the geometry of the lateral intercellular spaces 
were extracted from differential interference contrast images of 
perfused nephron segments using the morphometric procedures 
described in the preceding paper (K.L. Kirk, D.R. DiBona and 
J.A. Schafer, J. Membrane Biol. 79:53-64, 1984). The results 
indicate that ADH addition in the presence, but not absence, of a 
lumen-to-bath osmotic gradient (130 to 290 mOsm) stimulated 
transepithelial volume flow and simultaneously increased the 
volumes of both the ceils (+28%) and the lateral intercellular 
spaces (+78%). In addition, the formation of cytoplasmic vacuoles 
could be observed during the latter stages of the swelling re- 
sponse, and vacuole formation continued well after new steady- 
state values for transepithelial water flow and cell volume had 
been reached. Two main conclusions can be drawn from these 
results. First, the cytoplasmic vacuoles comprise a slowly filling 
compartment that lies in parallel to the transepithelial pathway 
for ADH-stimulated volume reabsorption. Second, from the 
magnitude of the cell volume increase, we estimate that the hy- 
draulic conductivities of the opposing cell membranes are nearly 
equal during maximal ADH stimulation. 

Key Words antidiuretic hormone . rabbit cortical collecting 
tubule �9 transepithelial volume flow �9 differential interference 
contrast microscopy �9 cell volume �9 lateral intercellular spaces - 
cytoplasmic vacuoles 

Introduction 

Previous ultrastructural studies of the mammalian 
collecting duct have provided a qualitative picture 
of the morphologic changes associated with antidiu- 
retic hormone (ADH)-stimulated water reabsorp- 
tion (Ganote et al., 1968; Grantham, Ganote, Burg 
& Orloff, 1969; Tisher, Bulger & Valtin, 1971; 
Woodhall & Tisher, 1973). During the onset of 
ADH-stimulated volume flow, there is an apparent 
increase in the volume of the epithelium which is 
accompanied by apical rounding of the cells, dila- 

tion of the lateral intercellular spaces and cytoplas- 
mic vacuolation. This description of flow-induced 
alterations in epithelial structure is based primarily 
on comparisons of electron microscopic images, ob- 
tained from different preparations before and during 
ADH-induced volume flow, in which the quantita- 
tive aspects of the morphologic response to flow 
were not evaluated. Thus, there remain unresolved 
a number of issues that are potentially important to 
a quantitative understanding of the pathway for 
ADH-dependent water reabsorption, including the 
relative contributions of cellular swelling and lateral 
space-dilation to the observed increase in epithelial 
volume. 

The purpose of the present study was to charac- 
terize quantitatively the influence of ADH-stimu- 
luted volume flow on the structure of the collecting 
duct with the broad goal of providing a more de- 
tailed understanding of the transepithelial pathway 
for hormone-dependent volume reabsorption. The 
specific aims of these studies included: i) determi- 
nation of the temporal sequence of the structural 
events associated with the onset of flow and ii) esti- 
mation of the magnitudes of the cell volume--in- 
crease and the lateral space--dilation associated 
with ADH-stimulated flow. Extended observations 
of the isolated and perfused rabbit cortical collect- 
ing tubule were performed with differential interfer- 
ence contrast (DIC) microscopy during experiments 
in which transepithelial water flow and transepithe- 
lial voltage were measured simultaneously. Esti- 
mates of cell and lateral space volumes were ex- 
tracted from recorded DIC images using the 
morphometric procedures described in the preced- 
ing paper (Kirk, DiBona & Schafer, 1984). The 
results demonstrate that ADH addition in the pres- 
ence, but not absence, of a lumen-to-bath osmotic 
gradient stimulated transepithelial water flow and, 
with a similar time course, reversibly increased the 
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volumes of both the cells and the lateral intercellu- 
lar spaces. In addition, the formation of cytoplas- 
mic vacuoles, which in most experiments was quite 
marked, could be observed during the latter stages 
of cellular swelling and lateral space-dilation, and 
vacuolation continued well after new steady-state 
values for cell volume and transepithelial water flow 
had been reached. 

Regarding the pathway for transepithelial vol- 
ume flow, two main conclusions can be drawn from 
these studies. First, the lateral intercellular spaces 
comprise a rapidly filling compartment within the 
pathway for ADH-dependent flow, whereas the cy- 
toplasmic vacuoles comprise a more slowly filling 
compartment which lies in parallel to the volume 
flow pathway. Second, we estimate, from the mag- 
nitude of the relative increase in cell volume 
(+28%) and the osmometric behavior of collecting 
tubule cells described in the preceding paper (Kirk 
et al., 1984), that the hydraulic resistances of the 
opposing cell membranes are nearly equal during 
maximal ADH stimulation. This result implies that 
the luminal cell membrane, which is the site for 
hormonal regulation of transepithelial water perme- 
ability (Ganote et al., 1968; Schafer & Andreoli, 
1972; Harmanci, Kachadorian, Vaitin & DiScala, 
1978), is also the rate-determining barrier to trans- 
cellular volume flow at submaximal ADH concen- 
trations. 

Materials and Methods 

All aspects of the experimental design and morphometric proce- 
dures were identical to those described in the preceding paper 
(Kirk et al., 1984) with the exceptions noted below. During the 
course of the experiments described in this paper the isotonic 
perfusing solution was replaced with a hypotonic solution (130 
mOsm) which was identical in composition except for the dele- 
tion of 90 mM NaCl, The perfusate was changed by means of a 
concentric glass capillary mounted within the perfusion pipette. 
By switching a valve connecting the perfusion pipette to the 
hydrostatic pressure reservoir, the new solution could be in- 
jected through the glass capillary and into the perfusion pipette, 
flushing the old solution out of the rear of the perfusion pipette. 
The time required to completely exchange the luminal perfusate 
was tess than 60 sec, as determined by the time course of the 
lumen-positive deflection in transepitheIial voltage (A~r) that 
was observed during the dilution of intraluminal NaCI. A0r was 
routinely measured in all experiments by continuously monitor- 
ing on a strip chart recorder (model A2-5; Varian) the voltage 
difference between two calomel cells connected by 0.9% NaC1- 
agar bridges to the perfusate and bath. 

As described previously (Schafer & Andreoli, 1972; AI-Za- 
hid, Schafer, Troutman & Andreoli, 1977), transepithetial water 
flow (Jo) was calculated as the difference between simulta- 
neously measured peffusion and collection rates. Perfusion rate 
(/r was determined from the rate of collection of 3H-methoxy- 
inulin, which had been dialyzed as previously reported (AI-Zahid 

et al., 1977). This solute was added as a volume marker to the 
perfusing solution to a final isotope concentration of approxi- 
mately 30 cpm/nl. The leakage rate of the volume marker, deter- 
mined by continuously monitoring the appearance of inulin in the 
bathing solution, was less than 1 to 2% of the initial perfusion 
rate. Collection rate (~fz) was estimated from timed (every 8 to 
10 rain) collections of the perfused fluid using a constant bore 
capillary (-1.25 nl mm -~) calibrated with perfusing solution 
prior to each experiment (A1-Zahid et al., 1977). During the col- 
lections the tubule and pipette were observed using the low 
power, bright field optics described in the preceding paper (Kirk 
et al., 1984). Collections and experimental observations with 
B[C microscopy could not be performed simul'~aneous~y because 
of the high magnification at which we conducted our DIC obser- 
vations and because of the geometric constraints imposed by tbe 
DIC condenser. The osmotic water permeability coefficient (Pj: 
cm sec-1), normalized to the inner surface area of each tubule, 
was calculated from the perfusion and collection rates according 
to the following equation (DuBois, Verniory & Abramow, 1976; 
AI-Zahid et at., 1977): 

VoCo [(co - cL 1 (G - co) co] 
PJ 1r~DiL 1 . ~  + C--~b In (Co Co) ~L (1) 

where Vw has its usual significance, L is tubule length, Dr is inside 
tubule diameter and Co, CL and Cb are the ~smotalities ~f the 
perfusate, collectate and bath, respectively. CL was calculated 
from Co and the perfusion and collection rates assuming that net 
solute loss or gain from the lumen was negligible compared to the 
water loss or gain (AI-Zahid et al., 1977). From Py, we calcu- 
lated the hydraulic conductivity (Lp: cm3/sec atm mm tubule 
length) according to Eq. (2): 

Lp = (rrVwD/RT)Pj (2) 

where R and T have their usual significances. In all experiments 
/V'o was maintained at a level (10 to 20 nl/min) sufficient to prevent 
a greater than 2 to 5% dissipation of the osmotic gradient be- 
tween the perfusion pipette and the site of experimental observa- 
tions, typically 300 to 700 p.m from the tip of the perfusion pi- 
pette. 

The protocol for each experiment included the initial 38~ 
incubation period described in the preceding paper during which 
the initially high water permeability of the dissected collecting 
tubule was reduced (ALZahid et al., 1977). All experimental ob~ 
servations and physiologic measurements were then conducted 
at 25~ ADH (Pitressin: Parke-Davis) was added to the bathing 
solution to a final concentration of 250/xU/ml, a concentration 
which elicits a maximal water permeability response in the rabbit 
cortical collecting tubule (A1-Zahid et al., 1977). 

Results 

STRUCTURAL CHANGES ASSOCIATED WITH 

A D H  EXPOSURE IN THE PRESENCE OF 

AN OSMOTIC GRADIENT 

Figures I and 2 show for individual cortical collect- 
ing tubules the morphologic changes observed fol- 
lowing the addition of exogenous ADH in the pres- 
ence of a lumen-to-bath osmotic gradient (130 to 290 
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Fig. 1. DIC images of a single cortical collecting tubule observed before and after ADH addition in the presence of an osmotic gradient 
(130 mOsm perfusate/290 mOsm bath). (a) Reference focal position (longitudinal axis); pre-ADH. (b) Reference focal position; post- 
ADH, Note the cell bulging and the formation of vacuoles (see V) observed following ADH addition. 1765x 

mOsm). Figure 1 shows two DIC images of a single 
collecting tubule that were obtained at the reference 
focal plane (longitudinal axis of the tubule) before 
and after the addition of ADH. Switching to the 
dilute perfusate prior to ADH addition had no no- 
ticeable effect on epithelial morphology (not 
shown). The subsequent addition of ADH resulted 
in marked bulging of the cells into the lumen and, in 
some cells, the formation of large vacuoles (diame- 
ter - 1  to 5 izm). Note that apical rounding was 
characteristic of ati the cells lining the tubule, i.e., 
there was no evidence for a subpopulation of ceils 
which was structurally unresponsive to ADH. 

Dilation of the lateral intercellular spaces is also 
a feature of the structural response to ADH addition 
in the presence of the osmotic gradient. As shown 
in Fig. 2, this event is most clearly observed when 
the focal plane optically sections the epithelium, 
i.e., when the plane of focus is adjusted downward 
from reference into the cell layer nearest the cham- 
ber bottom. Figure 2 compares two DIC images (2a, 
b) of an individual collecting tubule, that were ob- 
tained prior to ADH addition at the reference focal 
plane and 14/xm below reference, with two images 
(2c, d) which were obtained at the same focal posi- 

tions 10 min following ADH addition. Again, cell 
bulging is apparent at the level of the reference focal 
plane (compare Figs. 2a and 2c). And, as can be 
seen in the optical sections, the lateral spaces di- 
lated markedly and fairly uniformly in response to 
ADH addition. 

INFLUENCE OF ADH ON EPITHELIAL VOLUME 
AND TRANSEPITHELIAL WATER FLOW 

The ADH-induced changes in epithelial morphol- 
ogy are associated with simultaneous increases in 
epithelial volume (Vr) and transepithelial water flow 
(Jr). Figure 3 compares for a single collecting tu- 
bule, exposed to the lumen-to-bath osmotic gradi- 
ent, the influences of ADH on VT, ,Iv and the trans- 
epithelial voltage (hq~r). VT, normalized to that 
observed prior to ADH addition, increased follow- 
ing exposure to ADH and reached a new value 
within 30 min which was about 30% larger than the 
pre-ADH value. Coincident with the increase in Vr 
was a transient stimulation of the lumen-negatiye 
At)T and a nearly tenfold increase in transepithelial 
volume flow. The time course of the increase in Jr, 



which has been examined in previous experiments 
(Schafer & Andreoli, 1972 and unpublished obser- 
vations), is similar to the time course of the increase 
in Vr observed in these studies. 

Table 1 summarizes the magnitudes of the 
ADH-induced changes in VT, the outer (Do) and in- 
ner (Di) tubule diameters and the osmotic water per- 
meability (Pf) measured in four experiments. The 

Fig, 2. Dilation of the lateral intercellular spaces observed following ADH addition in the presence of an osmotic gradient (1313 mOsm 
perfusate/290 mOsm bath). (a) Reference focal position; pre-ADH. (b) Focal position: - 14/xm; pre-ADH. (c) Reference focal position; 
post-ADH. (at) Focal position: -14/xm; post-ADH. 1765x 
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mean, ADH-induced increase in Pf was similar to 
that previously reported (Schafer & Andreoli, 1972) 
and, although the increase varied from about 120 to 
250  • 10 .4  c m  s e c  -1,  there was no apparent correla- 
tion between the ADH-stimulated Pu and the in- 
crease in epithelial volume. Note that the increase 
in Vr, which averaged about 30% of the pre-ADH 
value, was accomplished largely by a reduction in 
Di; Do increased only slightly. Thus, as was the case 
following peritubular dilution (Kirk et al., 1984), ep- 
ithelial volume increased following ADH addition 
by swelling of the cell layer into the tubule lumen 
rather than outwardly against the relatively non- 
compliant basement membrane (Welling & Gran- 
tham, 1972). 

3 and 5 below). Removal of the gradient returned Vr 
toward pre-gradient values and reversed the lateral 
space dilation and cytoplasmic vacuolation. Thus, 
the structural events observed during the onset of 
ADH-dependent volume flow are, in fact, flow-de- 
pendent events and are not induced by the presence 
of ADH, per se. The increase in Vr associated with 
the onset of hormone-dependent flow supports two 
conclusions: I) in the presence of a favorable os- 
motic gradient ADH enhances water entry from the 
lumen into the epithelial cell layer and 2) there exist 
barriers distal to the luminal membrane entry step 
which offer resistance to ADH-dependent flow. 

OSMOTIC G R A D I E N T - D E P E N D E N C E  

OF THE M O R P H O L O G I C  RESPONSE TO ADH 

Although the data summarized in Fig. 3 and Table l 
correlate the morphologic changes with the onset of 
ADH-dependent volume flow, they do not preclude 
the possibility that these structural events are in- 
duced, not by volume flow, but by a more direct 
action of ADH on epithelial morphology. Table 2 
summarizes data from 10 experiments which dem- 
onstrate that the influence of ADH on Vr (and epi- 
thelial structure, in general) requires the presence 
of the lumen-to-bath osmotic gradient. ADH addi- 
tion in the presence of isotonic perfusate and bath 
had no effect on epithelial morphology or the mea- 
sured Vr. Subsequently changing to the dilute per- 
fusate (130 mOsm) resulted in the same structural 
changes as depicted in Figs. 1 and 2 and increased 
Vr by about 30%. As expected, the time course of 
the epithelial volume increase under these condi- 
tions was considerably more rapid than that ob- 
served following ADH addition in the presence of a 
previously applied osmotic gradient (compare Figs. 
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Fig. 3. ADH-induced changes in epithelial volume (Vr). trans- 
epithelial water flow (J~) and transepithelial voltage (zlOr). The 
data were determined for a single tubule that was exposed to a 
lumen-to-bath osmotic gradient (130 to 290 mOsm). Vr was nor- 
malized to that value obtained prior to ADH addition. At~r has 
not been corrected for liquid junction potentials at the br idge--  
solution interfaces, which introduce a lumen--posi t ive offset in 
the observed za0f of  approximately 3 mV (calculated from the 
Henderson diffusion equation). The time axis refers to the num- 
ber of minutes elapsed after killing the rabbit 

Table 1. Effect of ADH on epithelial volume and osmotic water permeability during hypotonic perfusion 

Outside tubule Inside tubule Epithelial Osmotic water 
diameter diameter volume permeability 
(Do) (D,) (Vr) (Pf) 
(/zm) (/~m) (nl mm -I) (cm sec 1 x 104) 

Hydraulic 
conductivity 
(L~) 
(cm 3 sec i a t m  ~ mm -~ x 109) 

- A D H  33.4 _+ 3.0 21.5 -+ 2.5 0.52 • 0.08 5 • 5 
+ A D H  34.2 _+ 2.9 18.2 -+ 2.5 0.66 _+ 0.09 170 _+ 27 
+ADH/-ADH 1.02 • 0.02 0.84 _+ 0.04 1.27 • 0.04 - -  
P >0.20 <0.05 <0.02 - -  

0.2 _+ 0.2 
6.8 • 0.8 

n = 4; perfusate, 130 mOsm; bath, 290 mOsm. 
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Table 2. Osmotic gradient-dependence of the ADH-stimulated 
increase in epithelial volume (Vr) 

A Osmolai i ty  A D H  V T Percent change P 

(mOsm)  (~,U ml I) (nI a N  - t )  (from control) (os. control) 

Control 0 0 0,49 • 0.03 -- -- 
0 250 0A9 -+ 0.03 0 --- 1% >0.50 

160 250 0.65 • 0.5 32 • 4% <0.001 
Recovery 0 250 0.51 • 0.03 4 -* 3% >0.50 

n = 10; bath,  290 mOsm;  peffusate,  130 or  290 mOsm.  
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INFLUENCE OF A D H - D E P E N D E N T  FLOW 

ON LATERAL INTERCELLULAR SPACE-GEOMETRY 

AND CELLULAR VOLUME 

In order to characterize the influence of ADH-de- 
pendent flow on the geometry of the lateral intercel- 
lular spaces, we utilized the procedure described in 
the preceding paper (Kirk et al., 1984) to estimate 
the areal density of lateral spaces (AD~cs) observed 
in optical sections through the cell layer which were 
obtained before and during hormone-stimulated vol- 
ume reabsorption. Figure 4 is a plot of AD~cs, deter- 
mined for a single collecting tubule exposed to 
ADH in the presence and absence of an osmotic 
gradient, as a function of focal position within the 
cell layer. Using AD~cs as an index of relative space 
width (Kirk el al., 1984), the data in Fig. 4 illustrate 
that imposition of the lumen-to-bath osmotic gradi- 
ent in the presence of ADH increased lateral space 
width to approximately the same degree along the 
height of the lateral spaces from apex to base. Sub- 
sequently removing the gradient reversed the in- 
crease in space width and returned ADics toward 
pre-gradient values. Averaged over eight experi- 
ments, in which ADics was determined at 1 to 3 
focal positions for each experiment, the areal den- 
sity of lateral spaces increased by about 40% (see 
Table 3) following the onset of ADH-dependent vol- 
ume flow. In addition, the relative increase in ADics 
did not vary significantly as a function of focal posi- 
tion within the epithelial cell layer (all P values > 
0.20). 

As discussed in the preceding paper (Kirk et al., 
1984), we can estimate the increases in cell and lat- 
eral space volumes associated with the onset of 
ADH-dependent flow from the flow-induced 
changes in Vr, ADLcs and the estimated height of the 
lateral spaces. Table 3 summarizes for eight collect- 
ing tubules the calculated volumes of the lateral in- 
tercellular spaces (V1cs) and the cells (V~ll) before 
and during ADH-stimulated flow. The onset of flow 
induced approximately a 75% increase in the vol- 
ume of the lateral spaces. This marked increase was 

L 25 % - - _ ; , -  
focal positionl~ml 

Fig. 4. Influence of ADH-stimulated volume flow on the areal 
density of the lateral intercellular spaces (ADics). The measure- 
ments were performed on optical sections obtained from a single 
tubule which was exposed to ADH throughout the experiment. 
Images were recorded at 2 to 3 focal positions in the presence of 
isotonic (290 mOsm) perfusate and bath (control), then after 
switching to the hypotonic (130 mOsm) perfusate (experimental) 
and finally after returning to the isotonic perfusate (recovery). 
The focal positions of the luminal and basal surfaces of the epi- 
thelium observed in the absence of the osmotic gradient were 
-13.5 and -19.5/zm, respectively 

referable to a mean increase in lateral space width 
(ADics) of 44% and a 22 - 5% (J( -+ SEM) increase 
in lateral space height (estimated for each tubule 
from the flow-induced changes in epithelial thick- 
ness at 4 to 6 junctions between adjacent cells). 
Note that the magnitude of the lateral space swell- 
ing accounts for only about a 10% increase in epi- 
thelial volume; the remaining increase in Vr is at- 
tributable to a 28% increase in cell volume. Thus, 
the onset of ADH-stimulated flow is associated not 
only with marked dilation of the lateral intercellular 
spaces, but also with moderate swelling of the cells 
themselves. 

TEMPORAL SEQUENCE OF THE 
STRUCTURAL EVENTS ASSOCIATED WITH 

A D H - S T I M U L A T E D  FLOW 

Figure 5 compares the time courses of the cell 
swelling and lateral space dilation observed during 
the onset of ADH-dependent volume flow for an 
individual tubule. ADms, determined for a single 
focal position throughout the experiment, and Vr 
are plotted as functions of time following applica- 
tion of the osmotic gradient in the presence of 
ADH. The values for each parameter have been 
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Table 3. Effect of ADH-dependent volume flow on epithelial 
volume~ cellular volume and the volume of the lateral intercellu- 
lar spaces 

Epithelial Area density Cell Lateral space 
volume of lateral volume volume 
(liT) spaces (Vcell) ( VIC S) 
(hi mm I) (ADJcs) (nl mm -]) (nl mm -]) 

Zero volume flow 0.49 • 0.02 0.15 • 0.02 0.42 • 0.02 0.07 • 0.01 
(-ADH; -+ osmotic 
gradient) 
ADH-dependent flow 0.66 • 0.04 0.21 -+ 0.02 0.53 -+ 0.02 0.13 • 0.02 
(+ADH; + osmotic 
gradient) 
Percent change +35 • 5% +44 • 9% +28 -+ 5% +78 • II% 
P <0,001 <0.01 <0.00l <0.01 

n = 8. VIcs and Vc~l] were calculated for the "zero flow" condition according to Eqs. 
(4) and (5) in the preceding paper (Kirk et al., 1984). The relative, flow-induced in- 
crease in VICs was estimated for each tubule as the product &the relative increases in 
lateral space height and lateral space width (ADIcs). Vcei I for the "ADH-dependent 
flow" condition was then estimated as the difference between Vlcs and Vr determined 
for the ADH-stimulated case. 

normalized to that value determined for the zero 
gradient condition. Using AD~cs as an index of lat- 
eral space width and Vr as an approximation of cell 
volume, the data in Fig. 5 demonstrate that the lat- 
eral spaces dilate with approximately the same time 
course as the increase in cell volume and, there- 
fore, with the same time course as the increase in 
transepithelial volume flow. For  three such experi- 
ments the average time required to reach new 
steady-state values for Vr and ADics were 5.0 --- 1.0 
and 5.5 --+ 0.9 min, respectively. In contrast,  an av- 
erage of 3.7 + 0.2 rain was required for the first 
vacuole to be observed and vacuole formation con- 
tinued for at least 20 to 30 rain after ADms, Vr and 
transepithelial volume flow had reached new 
steady-state values. The latter result implies that 
cytoplasmic vacuole formation is a secondary re- 
sponse to transcellular volume flow and does not 
represent the expansion of a preferential route for 
the movement  of  water from the luminal to the ba- 
solateral cell membranes.  

Discussion 

I M P L I C A T I O N S  F O R  T H E  T R A N S E P I T H E L I A L  

P A T H W A Y  F O R  A D H - D E P E N D E N T  F L O W  

The results of this study confirm and extend the 
qualitative description of ADH-induced changes in 
epithelial morphology derived from previous ultra- 
structural observations of the mammalian collecting 
tubule (Ganote et al., 1968; Grantham et al., 1969; 

(9 1.4 

1.3 
e- 

1.2 

1= 
�9 1.1 

1.0 

AOjcs 
A . . . . . . . .  A 
/ 

/ VT _-----e 

~ 130 mOsm perfusate 

t_ .  . ~  l 115 0 5 10 

minutes 

Fig. 5. Comparison of the time courses of the increases in epi- 
thelial volume (Vr) and areal density of lateral intercellular 
spaces (AD[cs) associated with the onset of ADH-dependent vol- 
ume reabsorption. The measurements were performed on images 
of a single tubule that were obtained before and at several time 
points after changing the perfusate from the isotonic (290 mOsm) 
to the hypotonic (130 mOsm) solution. The AD]cs measurement 
was performed on optical sections obtained at a single focal posi- 
tion. ADH was present throughout the course of the experiment 

Tisher et al., 1971; Woodhall & Tisher, 1973). Asso- 
ciated with the onset of ADH-dependent  flow was a 
marked increase in the volume occupied by the lat- 
eral intercellular spaces, a simultaneous, more 
modest increase in cell volume and a slower, more 
prolonged vacuolation of the cytoplasm. As sug- 
gested by Ganote et al. (1968), the fact that these 
morphologic events required an osmotic gradient in 
addition to ADH implies that they represent a pas- 
sive expansion of intraepithelial compartments in- 
duced by flow and not an "ac t ive , "  hormone-stimu- 
lated rearrangement of  epithelial architecture in 
anticipation of flow. 

The temporal sequence of the flow-induced per- 
turbations in collecting tubule structure provides 
several insights as to the arrangement of  these com- 
partments within the pathway for transepithelial 
volume flow (see Fig. 6). First, the rapid swelling of 
the cells associated with the onset of ADH-depen- 
dent volume flow is consistent with the notion that 
A D H  increases the water permeability of the lumi- 
nal cell membrane (Ganote et al., 1968; Schafer & 
Andreoli, 1972; Harmanci  et al., 1978) and argues 
against a completely paracellular route for trans- 
epithelial volume reabsorption. Second, the coinci- 
dental dilation of  the lateral spaces implies that a 
fraction of  the volume exit from the cells into the 
peritubular surroundings traverses these intercellu- 
lar spaces. Third, because cytoplasmic vacuole for- 
mation was not observed until the latter stages of 
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LUMEN 

PERITUBULAR BATH 

Fig. 6. Schematic representation of the pathway for ADH-stimu- 
lated water reabsorption 

cell volume expansion and the water flow increase, 
these structures probably do not comprise a prefer- 
ential route for transcellular flow and, instead, more 
likely represent a slowly filling compartment which 
lies in parallel to the volume flow pathway. 

CELLULAR SPECIFICITY OF THE STRUCTURAL 

RESPONSE TO A D H - D E P E N D E N T  FLOW 

In their electron microscopic examination of the 
rabbit cortical collecting tubule, Ganote et al. (1968) 
observed that the principal and intercalated cells 
responded similarly to ADH-stimulated volume 
flow. Although we could not distinguish between 
the two cell types of the collecting duct, the uni- 
formity of the structural changes observed in the 
present studies also implies that both the principal 
and intercalated cells are structurally responsive to 
hormone-stimulated flow. These observations, 
which are in contrast to evidence for the toad uri- 
nary bladder that implicates that granular cell as the 
sole cell type responsive to ADH-stimulated flow 
(DiBona, Civan & Leaf, 1969), suggest that both 
cell types of the rabbit collecting duct may be target 
ceils for the action of ADH on water permeability. 
However, it must be emphasized that distortion and 
vacuolation of cells which are not directly respon- 
sive to ADH could be effected by the accumulation 
of fluid within the lateral intercellular spaces--fluid 
which has entered these spaces from adjacent, hor- 
mone-responsive cells. Therefore, we cannot dis- 
miss the possibility that one of the two cell types is 
insensitive to the water permeability increase in- 
duced by ADH. And, the preponderance and the 
magnified basolateral membrane surface of the prin- 
cipal cell (Kaissling & Kriz, 1979; LeFurgey & 
Tisher, 1979; Wade, O'Neil, Pryor & Boulepeap, 
1979; Welling, Evan & Welling, 1981) argues that 

this cell type is more important for the reabsorption 
of water along the mammalian collecting tubule. 

LATERAL INTERCELLULAR SPACE-DILATION IN 

A D H - D E P E N D E N T  FLOW 

A principal issue is the relative importance of the 
lateral intercellular spaces as a pathway for the 
movement of water from the ceils to the peritubular 
surroundings. It seems reasonable that, barring any 
differences in intrinsic permeability characteristics, 
the relative volume flows across the lateral and ba- 
sal cell membranes should reflect the surface areas 
and geometries of each of these membranes. On 
these grounds, Welling et al. (1981) have argued 
that the highly infolded basal cell membranes are 
the preferential route for volume exit from the cells 
to the peritubular surroundings, but that the lateral 
spaces should be able to deliver as much as one- 
third of the total reabsorbed volume. Considering 
the relatively small volume occupied by these 
spaces (-0.13 nl mm -1 tubule length (see Table 3)) 
and a typical ADH-dependent, transepithelial vol- 
ume flow of 2 nl rain -~ mm -1 tubule length (see Fig. 
3), a flow rate through these spaces which is one- 
third of the total transepithelial flow would com- 
pletely "turn over" the volume occupied by lateral 
spaces every 10 sec. Such a brisk flow rate through 
the lateral spaces is supported by the evidence of 
Wade and DiScala (1971) who observed, within 4 
rain after the onset of ADH-stimulated volume re- 
absorption, a complete washout of horseradish 
peroxidase from the lateral spaces of the toad uri- 
nary bladder. 

Dilation of the lateral spaces during the onset of 
ADH-dependent flow presumably results from an 
accumulation of fluid (and hydrostatic pressure) 
within the spaces as a result of increased volume 
entry from the cells and restricted volume exit into 
the peritubular surroundings. The most likely ana- 
tomical sites for significant resistance to fluid out- 
flow from the lateral spaces are the basilar slits, 
where the lateral spaces narrow to 1 to 2 • 10 -2/zm 
in width (Grantham et al., 1969). However, as dis- 
cussed by Grantham et al. (1969), one can calculate 
from the physical dimensions of these slits a hy- 
draulic conductivity per unit length of slit (6.2 • 
10 -7 cm3/sec atm cm slit length) which, when multi- 
plied by the total length of basilar slit per mm length 
of tubule ( - 2  cm slit/ram tubule length) I, provides 

1 A value of 1.9 cm basilar slit/ram tubule length can be 
calculated for the "model"  cortical collecting tubule of Welling 
et al. (1981) in which there are 825 cells/ram tubule length, each 
of which has a circumference of 44.9/zm at the base. 
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an estimate of the total hydraulic conductivity of 
the basilar slits which is almost 200 times greater 
than the transepithelial hydraulic conductivity mea- 
sured during ADH stimulation (1.2 • 10 -6 as com- 
pared to 6.8 • 10 -9 cm3/sec atm mm tubule length). 
Thus, even if in the face of a transepithelial osmotic 
pressure difference of 4.2 • 103 cm H20  (160 
mOsm) all of the steady-state volume exit from the 
cells proceeded via the lateral spaces, the required 
driving force for flow across the basilar spaces 
would be less than 20 cm H20, or in equivalent units 
of osmolality difference, less than 1 mOsm. This 
implies that lateral space dilation is referable, not to 
a substantial resistance to volume exit across the 
basilar spaces but, instead, to the distensible, lateral 
cell membranes which deform in response to the 
development of moderate transmembrane hydro- 
static pressures. 

CYTOPLASMIC VACUOLATION IN 

A D H - D E P E N D E N T  F L O W  

Vacuoles could not be observed following peritubu- 
lar dilution in the absence of ADH (Kirk et al., 
1984) nor following exposure to ADH in the ab- 
sence of an osmotic gradient. Possibly, these vacu- 
oles comprise a compartment whose water permea- 
bility is enhanced by ADH and which then expands 
in response to the cytoplasmic dilution associated 
with hormone-stimulated water entry. However, 
two lines of evidence argue against this possibility. 
First, we have not been able to detect vacuolation in 
experiments in which both the perfusate and bath 
were diluted equally (290--* 190 mOsm) in the pres- 
ence of ADH (unpublished observations). Second, 
the degree to which the vacuoles expand during 
flow is considerably greater than would be expected 
for osmotic swelling of intracellular compartments. 
Thus, the cytoplasmic vacuoles, which are probably 
unimportant for the transcellular movement of wa- 
ter from the luminal membrane to the peritubular 
space, are nonetheless directly induced by this flow 
and are not simply the consequences of cytoplasmic 
dilution. 

RELATIVE HYDRAULIC RESISTANCES OF THE 

LUMINAL AND BASOLATERAL CELL MEMBRANES 

If we model the ADH-stimulated ceils as a single 
compartment bounded by the luminal and basola- 
teral cell membranes, we can estimate the ratio of 
the hydraulic resistances of the opposing cell mem- 
branes according to the following equation (see Ap- 
pendix): 

R__.y_B = o ~ - 1  
(3) 

RL ( I  - F~)  - ( ~  - Fr )  7r~' 
77"/) 

Ru and RL are the hydraulic resistances of the baso- 
lateral and luminal cell membranes, respectively, 
r is the ratio of the perfusate and bath osmotic 
pressures, a is the relative increase in cell volume 
induced by ADH-dependent volume flow and FI is 
that fraction of the control cell volume which is 
osmotically inactive. The latter was estimated by 
assuming that the osmometric behavior of collect- 
ing tubule cells during ADH-induced flow is identi- 
cal to that observed in the preceding paper (Kirk et 
al., 1984) during cell swelling (of about the same 
magnitude) induced by peritubular dilution. Insert- 
ing into Eq. (3) values for n'f~b, a and k) of 0.45, 
1.28 and 0.22, respectively, we calculate that RB/RL 
is about unity (0.92). Thus, we estimate that, in the 
presence of a supermaximal ADH concentration, 
the hydraulic resistances of the opposing cell mem- 
branes are nearly equal--a result which is consis- 
tent with similar estimates for the toad urinary blad- 
der (Levine & Kachadorian, 1981). The significance 
of this result is not that the basolateral cell mem- 
branes offer resistance to volume exit from the cells 
but, instead, that they do not comprise the rate- 
determining step for transepithelial volume flow, 
even during maximal ADH stimulation of the water 
permeability of the luminal membranes. Thus, as 
Welling et al. (198 I) have argued on the basis of the 
highly magnified surface area of the basal cell mem- 
branes, the cells of the collecting duct are well 
suited to the task of reabsorbing large quantities of 
volume with a minimum of cytoplasmic dilution 
and, presumably, cell damage. 
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Appendix 

Treating the ADH-stimulated cells as a single compartment 
bounded by the opposing luminal and basolateral cell mem- 
branes, we can estimate the relative hydraulic resistances of the 
two membranes as follows. In the steady state, the volume flows 
across the luminal (JL) and basolateral (Js) cell membranes are 
equal: 

Jz = Js. (A 1) 

Considering the Starling forces which drive volume flow, we can 
rewrite Eq. (AI) as: 

hzrL + APL = AwB + AP8 (A2) 
RL R~ 

where ~w and Ap represent the osmotic and hydrostatic pressure 
differences, respectively, across each membrane and Rs and RL 
are the hydraulic resistances, or the reciprocal hydraulic conduc- 
tivities, across the basolateral and luminal cell membranes, re- 
spectively. Assuming that hydrostatic pressure contributes negli- 
gibly to the total driving force for volume flow across each 
membrane, we can rearrange Eq. (A2) to obtain: 

R B  ~TrB 

RL A~L (A3) 

o r  

Re ~b - 7rc~ll (A4) 
R L 7Tcell --  7Tp 

where rrcen, % and rrb represent the osmotic pressures within the 
cell, the perfusate and the bath, respectively, Equations (A3) and 
(A4) formalize our intuitive notion that the distribution of the 
driving forces for volume flow across the opposing cell mem- 
branes and, hence, the degree of cytoplasmic dilution, are di- 
rectly related to the relative hydraulic resistances of these barri- 
ers. 

According to Eq. (A4), if we can relate 7rceu for the ADH- 
stimulated condition to some measurable quantity, we can esti- 
mate RJRL. Rearranging Eq. (6) of the preceding.paper (Kirk et 
al., 1984), we can estimate the relative decrease in ~r~,, (rrcJwlc,n) 
associated with the onset of ADH-dependent volume flow from 
the relative increase in cell volume (a) and that fraction of the 
control cell volume which is osmotically insensitive (Ft): 

7rr 1 - Fx 
i a - F~ (A5) 

7"Fcell 

where w~n is the initial cell osmotic pressure prior to ADH-de- 
pendent flow. Since prior to flow, the cell osmotic pressure was 
equilibrated with that of the bath, Eq. (A5) can be rewritten as: 

(1 -F~ )  
7r~. = wb (~x - Fr) (A6) 

and, substituting Eq. (A6) into Eq. (A4) and rearranging, we 
obtain: 

R B  a - l 
- -  = ( A 7 )  

RL (1 - Ft) - (a - F1) ~v-2 
T/" b 


