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Abstract

Because treatment with lithium salts may impair renal concen-
trating ability, we investigated the possibility of a direct effect
of lithium ions on the permeability to water of the collecting
duct epithelium. The coefficient of hydraulic conductivity (Lp)
of isolated perfused rabbit cortical collecting tubules (CCT) was
measured in the presence and absence of arginine-8-vasopressin
(AVP), or 8-bromo (Br) cyclic AMP(cAMP) and/or lithium
chloride (Li 10 mM). In the absence of AVP, Li in the lumen
for 30 min failed to affect basal water permeability; however, in
tubules preincubated with Li in the lumen for 80 min, basal
water permeability was reduced to 30% of the value found in
control tubules (P < 0.01). In CCTincubated at 25°C with Li
in the lumen for 3 h, the hydroosmotic response to 2.5 sU - ml-E
AVP (Lp = 6.88±1.54 nl cm-2. S- atm-n) was significantly
lower than that in the control tubules (13.98±1.59, P < 0.01);
the inhibition was not reversible. When Li was present in the
peritubular medium only, the hydroosmotic effect of AVPwas
not different from that of the controls. The hydroosmotic effect
of 25 uU/ml AVP was investigated at 37°C. CCI exposed to
Li in the lumen had a 49% inhibition of peak Lp under AVP
(Lp= 10.98±1.17) as compared with control tubules (L,
= 21.39±1.51; P < 0.005). In contrast, the hydroosmotic re-
sponse to 8-Br-cAMP was not affected by lithium. The results
are compatible with the view that Li inhibits the action of AVP
at the level of the regulating protein or the catalytic unit of the
membrane adenylate cyclase and that the site of the interaction
can be reached by lithium only from the cytoplasmic side. The
Li-antidiuretic hormone (ADH) interaction found here may rep-
resent the earliest pathophysiological event underlying the renal
concentrating defect observed after Li administration.

Introduction

Lithium salts are extensively used in the treatment of several
disorders, mainly manic depressive psychosis (1). Unfortunately,
important side effects have been reported in patients chronically
treated with lithium (2-4). The most prominent was polyuria
associated with polydipsia (5-10). The mechanisms of the poly-
dipsia-polyuria syndrome have not been fully explained. Li may
stimulate thirst directly or may occasionally induce a central
type of diabetes insipidus by inhibiting antidiuretic hormone
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(ADH)' release (11-13). Nevertheless, the fully developed syn-
drome usually displays all the features of a nephrogenic type of
diabetes insipidus (6, 9-11, 13-15). Central to the clinical picture
is a markedly impaired concentrating ability after dehydration
that resists exogenous vasopressin in patients on long-term Li
therapy (6, 16). In addition, ADHlevels after dehydration were
reported to be higher in patients on Li treatment as compared
with controls (17, 18); Gold et al. (19) reported higher ADH
levels in response to osmotic stimuli in patients on Li therapy.
This argues against the hypothesis of a central origin of the poly-
uria. Other studies go further in analyzing the concentrating
defect. Rats receiving lithium also developed vasopressin resistant
polyuria (6, 20-22). Analysis of their renal tissue did not reveal
suppression of the corticopapillary Na gradient (6). In a recent
study conducted in rats chronically fed with lithium, a decrease
in the medulla urea content was believed to contribute to the
pathogenesis of the concentrating defect (23).

The effects of acute lithium administration had been tested
in clearance studies in nonhuman primates (24) and also in man
(1 3); in these experiments free water reabsorption was found to
be significantly depressed, whereas free water clearance remained
unchanged. Thus, on the basis of indirect approaches, the main
component of the concentrating mechanism which is altered by
lithium appears to reside in the water permeability properties
of the collecting tubular epithelium rather than in the salt trans-
porting capacity of the thick ascending limb of the loop of Henle.
These results, however, were not confirmed in the rat where
acute lithium administration inhibited salt transport in the loop
of Henle (25). Several in vitro studies have attempted to clarify
the mechanisms of the concentration defect induced by acute
lithium administration. However, the results of these studies are
largely controversial. The vasopressin-stimulated water flow in
toad bladder is depressed by lithium in some (26-28) but not
in other studies (29). Moreover, the side of the epithelium from
which an effect of Li is demonstrated varies among the studies:
mucosal Li is inhibiting in Singer et al. (26) experiments; serosal
Li inhibits ADHaction in Harris and Jenner's studies (27). There
are also inconsistencies with regard to the concentrations of hor-
mone needed to demonstrate the effect of Li. Water flows stim-
ulated by supramaximal doses of vasopressin are inhibited in
Singer's study (26). In the more recent experiments of Tisher's
group (28), only submaximal concentrations of the hormone
produce an effect that is inhibitable by Li. From studies on a
mammalian cell system, the isolated rat papilla, it has been con-

1. Abbreviations used in this paper: ADH, antidiuretic hormone; AVP,
arginine-8-vasopressin; CCT(s), cortical collecting tubules; L., coefficient
of hydraulic conductivity; L,1, basal water permeability during control
period; Lp2, basal water permeability during experimental period; Lp3,
basal water permeability during postexperimental period; LPAVP, value
of L. under AVP; Lp bw,, minimum steady state value of L; LT &&,Amp,
value of L under 8-Br-cAMP; Ni, inhibitory guanine nucleotide regu-
latory protein; Ns, stimulatory guanine nucleotide regulatory protein.
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cluded that the water permeability response to ADHof the col-
lecting duct is unaffected by Li (30).

The purpose of the present study is to investigate directly
the acute effects of lithium on the water permeability of the
isolated perfused rabbit cortical collecting tubule. The choice of
this segment of the nephron is justified by its crucial implication
in the water conservation process.

Methods

NewZealand white rabbits, 1.2-2 kg in weight, were killed by decapitation
after a short pentobarbital anesthesia. Collecting tubules were dissected
from the cortex and perfused according to the general techniques of Burg
et al. (31) as previously detailed (32). The range of the tubule lengths
was 1.0-4.4 mm(mean, 2.15±0.10 SE). Experiments were performed
at 25 or 370C. A temperature of 250C is more suitable in attempts to
uncover alterations of the hydroosmotic response to arginine-8-vaso-
pressin (AVP) over long periods of time in the same tubule serving as
its control (32, 33). Onthe other hand, experiments on cortical collecting
tubules (CCTs) incubated at 370C can be completed more rapidly but
the response to AVP declines with time (34). CCTs were generally
mounted in the perfusion set up within 20-30 min after the death of the
animal. Both ends of the tubules were insulated from the bath with

Sylgard 184 (35). A fluid exchange pipette, permitting complete replace-
ment of the perfusate in < I min with the tubule in place, was mounted
in the perfusion apparatus (35). The tubules were dissected and incubated
in a modified Ringer's solution containing: 115 mMNaCl, 5 mMKCI,
25 mMNaHCO3, 10 mMNa acetate, 1.2 mMNaH2PO4, 1.2 mM

MgSO4, 1.0 mMCaC12, 5.5 mMdextrose, and 5% vol/vol calf serum

(Flow Laboratories, U.K.). The osmolality of the solution was 290 mOsm
kg-' water. Weconstantly stirred and oxygenated the Ringer's solution
by gently bubbling a 95% 02, 5%CO2mixture through it. The bathing
medium was exchanged every 15 min. A transtubular osmotic pressure
difference was imposed by perfusing the tubule with a hypotonic solution.
The latter was a Krebs Ringer phosphate buffer containing: 60 mMNaCI,
2.5 mMK2HPO4, 1.2 mMMgSO4, and 1.0 mMCaCl2. The osmolality
of this solution was 125 mOsmkg-' H20. The pH of the perfusing solution
was adjusted to 7.4 with HCI. The lithium solutions were prepared by
substituting equivalent amounts of NaCI for LiCI (10 mM) in the per-
fusing or bathing solutions. The driving force for perfusion was provided
by a reservoir containing the perfusion solutions placed at 15-40 cm
above the tip of the perfusion pipette. The perfusate contained '25_-io-
dothalamate (25 gCi/ml final activity) as a volume marker. The perfusion
rate was measured as the amount of the volume marker recovered in
the collecting pipette during each collection period (5-10 min) divided
by the concentration of the marker in the perfusion fluid. The leak of
perfusion fluid into the bathing medium was <1%of the perfusion rate.
Whena more important leak was detected, the results of the experiments
were discarded. The collection rate was measured as the volume of the
fluid collected during the same period with a calibrated constant volume
constriction pipette. The coefficient of hydraulic conductivity (Lp) was

calculated according to the following equation: Lp = Vr/aSAir, where
Vr is the reabsorbed volume per minute, S is the area of the tubular
membrane (calculated from the length and inner diameter of the tubule
as measured with a micrometer eyepiece), a is the reflection coefficient
of the solute, and Air is the integrated mean difference between the os-

motic pressures of the bath and of the luminal fluid. Air was computed
as reported by Dubois et al. (36). The osmolality of the collected fluid
was estimated from the concentration of the volume marker in the sample
assuming that changes in the osmolality of the tubular fluid were sec-

ondary only to water abstraction without any significant solute move-

ment. This assumption is valid in the isolated collecting tubule in the
presence or absence of vasopressin (33, 34, 37). Another assumption is
that a for the main osmotically active solute, NaCl, is unity. This as-

sumption has been verified to be true in the case of the CCT(38). Lp
was expressed in nl * cm2 * atm'.

The radioactivity of the perfusate, the collected fluid, and the bathing
medium were measured either in a manual gammawell counting system
(ICN Tracerlab; ICN K&KLaboratories, Inc., Plainview, NY) or in an

automatic gammacounter (Packard Instrument Co., Downers Grove,
IL). Counting times were set to give a 1% counting accuracy.

The experimental protocols involved eight groups of tubules that
were divided into the following two sets of experiments.

Experiments at 25"C
Group 1: control tubules (n = 9). The minimum steady state value of
Lp, obtained -3 h after the death of the animal, is labeled L4bA.,W in
Results. This value is the average of two to three 5-10-min collection
periods. The steady state value of L. under AVP (2.5 uU/ml) was mea-

sured in a similar fashion and labeled LVAVPI in Results. The response
to the hormone was calculated as the absolute increment in the coefficient
of hydraulic conductivity. In four tubules used as time controls, the
incubation with AVP was extended and Lp AVP was again determined I
h later (indicated LP AVP2).

Group 2: effect of preincubation with Li in the lumen before adding
A VP. The tubules were perfused with a solution containing lithium 10
mM(n = 5) from the start of the experiment; after -3 h the minimum
steady state value of L. was obtained and Lp, , and L, AVP were com-
puted as in group 1. The perfusion solution was then replaced by a
lithium-free solution. 1 h later L. was again measured (LV AVP2)-

Group 3: effect of preincubation with Li in the peritubular medium
before addingA VP. The tubules were perfused with a lithium free solution.
The bathing solution contained Li 10 mMduring the 3 h required to
obtain Lpb" and thereafter during incubation with AVP. LvbW and
4AVPI were calculated as described above.

Experiments at 370C
Group 4: effect of short-time perfusion with Li on the basal water per-
meability. In the basal conditions of low water permeability, five tubules
were perfused at lower perfusion rates (2.5-6 nl/min). The perfusion
fluid was initially free of Li and Lpbw was recorded after 60 min of
perfusion (Lp1, control period) at which time it had decayed to its min-
imum level at 37°C (34). Thereafter, the perfusate was replaced by a
solution containing Li 10 mMduring 30 min and Lp was measured
during this period (L,2, experimental period). The perfusion fluid was
then exchanged for the initial Li-free solution and the value of L. after
20 min of perfusion measured (L.3, postexperimental period). Lp values
reported in the tables are the mean of the last two or three (5-7 min)
collections during each period.

Group 5 and 6: control tubules: hydroosmotic response to AVP(group
5; n = 5) or to 8-Br-cAMP (group 6; n = 7). When the basal water
permeabilities reached a low steady state value (L4b) (generally after
80 min) either AVP(25 ,AU/ml) or 8-Br-cAMP (10-4 M) was added to
the bathing medium. At 37°C AVPand 8-Br-cAMP are known to induce
prompt increases in Lp but thereafter the hydraulic conductivity declines
progressively with time (34). Therefore, the hydroosmotic effect of each
agent was chosen as the peak value of L. and reported as L AVP or
LS-Br-cAMP. The hydroosmotic response to each agent is calculated as
the difference between the stimulated and the basal state.

Groups 7 and 8: effect of luminal lithium on the hydroosmotic response
to AVP (group 7; n = 5) or to 8-Br-cAMP (group 8; n = 7). The same
protocols as in groups 5 and 6 were followed except that the tubules
were perfused with a solution containing Li 10 mMfrom the beginning
to the end of the experiment. Lithium was thus present in the luminal
fluid for -80 min before adding AVPor 8-Br-cAMP to the bath.

Reagents
All chemical reagents used were obtained from Merck Laboratories
(D-6 100 Darmstadt, R.F.A.). AVPwas synthetic arginine-8-vasopressin,
a gift from Dr. Jan Mulder of Ferring, Sweden. The batch used had a
potency of 430 UI/mg. '25I-iodothalamate was obtained from Institut
National des Radioelements, Fleurus, Belgium.
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Statistics
Average values are given as mean±SE. Statistical significations were as-
sessed by Student's t test for paired or unpaired values. When the nor-
mality of the distribution was not evident the nonparametrical Wilcoxon
test was used (39).

Results

Control experiments (groups 1, 5, 6)
At 250C the hydraulic water permeability decreases with time
to a nearly impermeable state after - 180 min. At this time, the
mean Lp value (Lp, b = 1.69±0.42 nl cm-2 s-' atm-') is low,
but significantly different from zero (P < 0.005). After adding
AVPto the bathing medium, L) increases promptly and reaches
a new steady state after -40 min (L AVPI = 15.67±1.45
nI . cm-2. s-' * atm-'). In the time-control tubules, Lp AVPI and
L, AVP2 are not statistically different from each other, indicating
that the hormone response remains stable after more than 120
min.

At 370C, the basal L. (Lp bw = 1.99±1.44 nl cm-2.
s-' atm-') is reached after only 80 min. The addition of AVP
(25 uU/ml) in the bathing medium induces a prompt and sharp
increase of L. (mean LpAVP peak value, 21.39±1.51
nl . cm-2. S atm-'). The time-course of the osmotic water
permeability in the experiments with 8-Br-cAMP (l0-4 M)
(group 6) is quite similar to that observed under AVP. In both
groups of tubules a sharp increase of L) is observed with a peak
value being reached after 14.6 min for 8-Br-cAMP and 17.2 min
for AVP(NS). Thereafter, Lp falls progressively with time. The
mean hydroosmotic effect of 8-Br-cAMP is significantly not dif-
ferent from that of AVP (AL 8BrAMp = 17.57±1.32; AL4AVP
= 19.40±1.87; P > 0.20).

Effect of luminal or peritubular lithium on the
hydroosmotic response to A VP at 250C (Table I)
Preincubation with Li in the lumen (group 2). From the moment
they were cannulated, the tubules were perfused with a solution
containing Li 10 mM. Li was thus left in contact with the luminal
border of the epithelium for 3 h before adding AVP. The mean
value for Lp,b was 0.61±0.47. Under AVP and with Li re-
maining in the lumen, the water permeability increased signif-
icantly to 6.88±1.54 nl-cm-2 s -'atm-' (P < 0.05). The hy-
droosmotic response to the hormone of these tubules (AL) AVP1
= 6.27±1.27 nl - cm-2. s-' * atm-') was significantly lower than
that of the control tubules (group 1) (ALV AvP1 = 13.98±1.57; P
< 0.01). Thus, lithium, when present in the lumen before adding
AVP, induced a 55% inhibition of the subsequent hydroosmotic
hormone response. The inhibiting effect of Li was not reversible
during the length of time of the experiment: the hormone re-

sponse 1 h after withdrawing lithium from the perfusate remained
significantly lower (ALp AVP2 = 4.65±1.35) than that of the time
control tubules (ALp AVP2 = 11.87±0.44; P < 0.005).

Preincubation with lithium in the bath (group 3). The osmotic
water permeability reached a low steady state value after '-3 h
as in groups 1 and 2. The mean Lpbw was not significantly
different from that of the control tubules. After vasopressin, the
hydraulic conductivity significantly increased. The hydroosmotic
response to the hormone (ALp)AVPl = 11.13±2.18) is of a mag-
nitude similar to that of the control tubules (ALp AVPI
= 13.98±1.57; P > 0.30). Thus, lithium when present in the
bath both before adding AVP and during exposure to AVP,

leaves unaltered the basal water permeability and the subsequent
hydroosmotic response to the hormone.

Effect of luminal lithium on the hydroosmotic response
to AVPat 37°C (Table II)
The tubules were perfused with a solution containing 10
mM-liter' Li immediately after cannulation (group 7). The
hydroosmotic response to AVP, 25 gU/ml, was markedly
blunted in comparison with that of the control tubules. The
maximal hydroosmotic response to the hormone under Li was
10.71±0.94 nl * cm2 *s-. atm-', a value significantly lower than
that of control tubules (group 5) (ALV AVP = 19.40±1.87; P
< 0.01). Thus, luminal lithium inhibits the hydroosmotic re-
sponse to AVPat 37°C by 45%.

Effect of luminal lithium on the hydroosmotic response
to 8-Br-cAMP at 37°C (Table III)
The hydroosmotic response to 8-Br-cAMP was AL, = 16.93
+2.88 in the tubules perfused with Li in the lumen from the
start of the experiment (group 8). This value was only 3% lower
than that of control tubules (group 7) and the difference was not
significant (P = 0.84). Thus, in contrast to that of AVP, the
hydroosmotic response to 8-Br-cAMP was not influenced by
luminal lithium.

Effect of lithium on the basal (ADH-independent) water
permeability at 37°C (Fig. I and Table IV)
Short time incubation experiments (Table IV). The tubules
(group 4) were perfused at lower flow rates at 37°C (mean Vi
= 4.13±0.26 nl . min-') in the absence of AVP or 8-Br-cAMP
in the medium. With Li free perfusate, Lpb,,w., reached a steady
state value after -80 min as in the other experiments performed
at this temperature. At that time, Lvb,, was L., = 1.61±0.57
nl - cm-2 s- - atm-'. The perfusate was then exchanged for a
solution containing Li 10 mMduring 30 min. This short-time
perfusion with Li had no effect on the osmotic water perme-
ability. In three experiments the perfusion solution was then
switched back to the initial control perfusate without any sig-
nificant change in Lp. These experiments did not demonstrate
any immediate effect of luminal lithium incubation on the basal
water permeability.

Preincubation with lithium (Fig. 1). In groups 7 and 8, the
tubules were perfused with the lithium solution from the begin-
ning of the experiment. The mean Lp b was 0.62±0.23. This
value was significantly lower than that found in control tubules
(groups S and 6) perfused under similar experimental conditions
but without Li in the lumen (Lp = 1.69±0.30; P < 0.01). Thus,
in these conditions lithium inhibited the ADHindependent hy-
draulic conductivity by >60%.

Discussion

Our studies on the effects of lithium on the water permeability
of the isolated collecting tubule of the rabbit were intended as
a direct approach to the early mechanisms by which acute lithium
administration can impair the renal concentrating ability in man

and animals. The results of this study are the first to directly
show that lithium can inhibit the hydroosmotic action of va-

sopressin in the mammalian collecting tubule. Lithium does
interfere with the hormone action only in selected experimental
conditions. Exposure of the luminal membrane to LiCl reduces
the AVP-induced hydroosmotic action by 55% at 25°C. This

Lithium- Vasopressin Interaction in the Collecting Tubule 1509



Table I. Basal Water Permeability and Hydroosmotic Response to AVP (2.5 ;tU/ml) in
Control Tubules and in Tubules Perfused with Lithium in the Lumen or in the Bath at 25"C

Experiment
No. Vi IVbIVyALp1 ALPAYP, LPAVP2 L, AVP2

nl- minm' nl- cm-2. s- atm-' nI- cm2.* s * aem-' nl- cm*2. s-' atm-' ni- cm-2. s-' * atm' nW. cm-2 S'- atm-'

Control (group 1) 1 18.9 1.68 11.25 9.57 12.73 11.75
2 20.3 1.09 14.47 13.38 12.53 11.44
3 13.0 1.55 16.04 14.49 14.63 13.08
4 15.4 1.38 13.24 11.86 13.30 11.92
5 17.2 3.72 16.05 12.33
6 18.5 1.17 26.38 25.21
7 22.7 2.12 13.52 11.40
8 15.2 -0.63 16.39 17.02
9 14.2 3.16 13.68 10.52

Mean±SE (I to 9) 17.3 1.69 15.67* 13.98
1.0 0.42 1.45 1.59

Mean±SE (I to4) 16.9 1.43 13.75* 12.33 13.30* 11.87
1.7 0.13 1.01 1.07 0.47 0.44

Lithium in the lumen
(group 2) 10 16.7 -0.12 9.47 9.59 7.16 7.28

11 14.7 1.83 5.39 3.56 4.17 2.34
12 12.7 0.61 1.47 0.86 2.27 1.66
13 12.5 1.47 8.78 7.31 5.00 3.53
14 15.4 -0.73 9.31 10.04 7.70 8.43

Mean±SE 14.4 0.61 6.88t 6.2711 5.26t 4.65¶
0.8 0.47 1.54 1.27 0.99 1.35

Lithium in the bath
(group 3) 15 13.2 7.64 14.78 7.14

16 17.3 2.47 19.68 17.21
17 19.5 0.38 9.43 9.05
18 14.5 1.70 12.81 11.11

Mean±SE 16.1 3.05 14.18§ 11.13
1.4 1.59 2.14 2.18

Vi, mean perfusion rate for each experiment; ]Lp b and Lp AVPI, hydraulic conductivity before and 40 min after adding AVP, respectively.
ALp AVPI = L1 AVPI-Lp h ("hormone response"). In tubules 1 to 4 (time control tubules) of group 1 and in all the tubules of group 2, L. was again
measured 60 min after L, AVP1 was obtained and labeled LPAVP2. AL AVP2 = LP Avp2-LPb is the hormone response during this period. Lithium
was added at the start of the experiment either in the luminal fluid (group 2) or in the bath (group 3). * P < 0.001 vs. basal values of the same
tubule. t P < 0.050 vs. basal values of the same tubule. § P < 0.020 vs. basal values of the same tubule. 1" P < 0.0 10 vs. control tubules.
¶ P < 0.005 vs. control tubules.

inhibition of the action of physiological doses of AVP persists
1 h after removing lithium from the luminal fluid. Increasing
the dosage of AVP to 25 ,U/ml, a concentration considered as
maximal in other studies (40), and increasing the incubation
temperature to 370C, which also enhances the response to AVP
(34), do not alter the inhibitory effect of lithium.

The action of ADHon the water permeabilities of the target
cells requires the generation of cAMPthrough the activation of
the adenylate cyclase system (41, 42). To determine whether the
Li-ADH interaction affects the production or the effect of cAMP
in the cell, we investigated the effect of Li on the hydroosmotic
action of 8-Br-cAMP, a potent and stable derivative of cAMP
that better resists the action of phosphodiesterase (43). The time-
course of the water permeability after 10-4 M8-Br-cAMP mimics
that of AVP(25 tiU/ml) at 370C, and in our control experiments
the maximal hydroosmotic responses to both agents were not

statistically different from each other. This suggests that the effect
of 8-Br-cAMP (10-4 M) is functionally equivalent to the effect
of maximal concentrations of AVP(25 ,gU/ml). Also of interest
is the finding that Lp under vasopressin is higher in the present
studies than in previous work (32, 34). The hydroosmotic action
of 8-Br-cAMP tested in the presence of lithium in the lumen
was not different from that of the control. These results suggest
that the major effect of lithium on vasopressin action may occur
at a step preceding the generation of cAMP. In this framework,
lithium probably acts at the level of one or another component
of the membrane adenylate cyclase. Because lithium did not
impair the vasopressin action when it was in contact with the
basolateral membrane of the tubular cells, we consider it unlikely
that the interaction occurs at the level of the hormone receptor
itself. The inhibitory effect of Li probably lies in the deeper
membrane domains, either at the catalytic unit of the adenylate
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Table II. Effect of Luminal Lithium on the Hydroosmotic Response to AVP (25 MU/ml) at 370C

Experiment No. Vi LPL IVA AL4AVP1
ni - min--' ni. cm-2 s- * nM. cm-2 * s' * atmd' ni - cm-2 * s'* atm'

Control (group 5) 19 20.3 1.03 26.08 25.05
20 20.2 1.61 19.25 17.64
21 19.9 1.28 23.08 21.80
22 24.2 2.74 21.17 18.43
23 17.2 3.30 17.38 14.08

Mean±SE 20.4 1.99 21.39* 19.40
1.1 0.44 1.51 1.87

Lithium (group 7) 24 12.0 -0.42 7.08 7.50
25 14.0 0.10 11.23 11.13
26 16.5 0.41 11.64 11.23
27 17.7 1.01 14.35 13.34
28 13.2 0.27 10.60 10.33

Mean±SE 14.7 0.27 10.98*§ 10.71t
1.1 0.23 1.17 0.94

See explanations in Table I. * P < 0.001 vs. basal values. t P < 0.005 vs. control values. § P < 0.001 vs. control values.

cyclase or at the level of the guanine nucleotide-binding regu- protein was shown to be functionally active in our system (46).
latory proteins (Ns or Ni). Ns couples the hormone-receptor Lithium might theoretically exert its inhibitory effect by im-
complex to the catalytic unit of adenylate cyclase and mediates pairing Ns action. On the other hand, Anderson et al. (47) have
stimulation of adenylate cyclase activity, while Ni is responsible recently reported that prostaglandins inhibit the hydroosmotic
for inhibition (44). The existence of a GTPregulatory protein action of vasopressin through the activation of Ni, the inhibitory
and its requirement for the activation of adenylate cyclase by regulating protein. Lithium might be active through a similar
vasopressin in the isolated CCTof the rabbit has been recently mechanism. Inhibition by lithium of the vasopressin-stimulated
demonstrated in our laboratory (45); moreover, this regulatory adenylate cyclase activity has been shown in the medullary por-

Table III. Effect of Luminal Lithium on the Hydroosmotic Response to 8-Br-cAMP (10- M) at 370C

Experiment No. Vi L,_Lbu&IV , AL, ,&.cAW

nJ - min-' no _ cM-2* S'* atm' ni - cm-2* s-' * atm-' ni- cm2* s'* atm'

Control (group 6) 29 14.6 1.93 15.63 13.70
30 14.4 1.37 21.87 20.50
31 14.8 0.70 13.37 12.67
32 16.8 1.35 19.95 18.60
33 17.9 2.39 18.84 16.45
34 21.9 2.96 25.16 22.20
35 23.0 -0.43 18.42 18.86

Mean±SE 17.6 1.47 19.03* 17.57
1.3 0.42 1.47 1.32

Lithium (group 8) 36 15.4 1.57 17.87 16.30
37 15.3 1.47 11.83 10.37
38 14.5 0.72 19.93 19.21
39 12.1 -0.86 7.32 8.18
40 16.3 0.40 11.57 11.17
41 23.4 1.89 29.21 27.32
42 18.9 0.86 26.85 25.99

Mean±SE 16.6 0.86 17.80* 16.93
1.4 0.35 3.09 2.88

* P <0.001 vs. basal values.
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See Table II for explanations. The differences between means of group 6 and 8 are not statistically different.
f P <0.002 vs. basal values.



, 2 T Figure 1. Effect of lithium on basal

(AVP-independent) water permeabil-
s 1 ity. The CCTwere perfused at 370C
-'E T with (hatched columns) or without

(open columns) Li in the perfusate for
x o 1 1 80 min (*P < 0.01).

tion of the collecting tubule of the rat (48). No data were available
for the cortical segment.

Another important aspect in the action of lithium on the
CCTrevealed by the present study is that the ion is active only
from the lumen. As lithium does not interfere with the hydroos-
motic action of 8-Br-cAMP, an inhibitory effect at the level of
the apical membrane itself is unlikely. It may be thus hypoth-
etized that the ion enters the cell from the apical border and
interferes at one or more steps in the vasopressin-induced changes
leading to its hydroosmotic effect. An obvious experimental de-
sign to test the hypothesis would be to show that amiloride,
which impairs lithium entry into epithelial cells (49), diminishes
or abolishes the inhibitory effect of lithium. Unfortunately, in
preliminary experiments amiloride unexpectedly could, of itself,
inhibit the hydroosmotic effect of AVP(unpublished data). Since
the inhibition by amiloride per se was of the same magnitude
as that induced by lithium, any possible preventive effect of
amiloride on lithium's inhibition could not be demonstrated.
Thus, the hypothesis that lithium enters the cells from their apical
border cannot be tested directly in our preparation. Nevertheless,
convincing data from the literature favor this mechanism: (a)
In other vasopressin responsive epithelia, lithium can substitute
for Na in entering the amiloride sensitive channels of the apical
membrane (50). As both the passive permeability to Li of the
basolateral membrane and any primary or secondary active
transport of lithium out of the cell presumably represent very
small fluxes (51, 52), lithium tends to remain in the cell once it
has crossed the apical border. (b) In the toad urinary bladder,
amiloride prevents the lithium-induced inhibition of vasopressin

Table IV. Effect of Lithium in the Lumen on the
Basal (ADH-independent) Water
Permeability at 370C (Short-Time Incubation)

Post-
Control Experimental experimental

Experiment
No. Vi, 'I, Vi2 L4 Vi3 LO

43 3.83 1.47 4.93 1.85 3.83 1.80
44 3.53 2.62 3.95 3.70 4.04 3.18
45 4.49 3.13 4.06 2.57 -

46 3.24 0.77 4.20 0.62 2.55 0.49
47 5.94 0.06 5.87 1.01 -

Mean±SE 4.21 1.61 4.60 1.95 3.47 1.82
0.48 0.07 0.36 0.55 0.47 0.78

Same units as in Tables I to III. The indices 1, 2, 3 refer to the control
(1), the experimental (2), or the postexperimental period (3). In period
2, the perfusion fluid was exchanged for a solution containing Li (10
mM)during 20-30 min. In three tubules (No. 43, 44, 46), the solution
was exchanged back to control during period 3. No significant differ-
ences between the parameters during the three periods could be dem-
onstrated.

stimulated water flows (26). (c) During acute lithium infusion,
amiloride partially prevents the inhibitory effect of lithium on

free water reabsorption both in the monkey (24) and in the
rat (25).

In humans (13) and monkeys (24), acute lithium infusion
diminishes free water reabsorption but not free water clearance,
suggesting that the major target of lithium action lies at the level
of fluid reabsorption in the collecting tubule. Only one study
concludes that, in addition to its effect on water permeability,
acute lithium infusion could inhibit NaCl transport in the loop
of Henle during water diuresis (25). However, in these experi-
ments on rats, the concentration reached by lithium in the plasma
was extremely high. At these levels the relevance of these results
to the pharmacological action of lithium on the concentrating
mechanism is open to question.

From experiments conducted in the isolated rat papilla, Car-
ney et al. (30) concluded that the water permeability response
to ADHof the collecting duct is unaffected by lithium. In the
present study we demonstrate that in the cortical portion of the
rabbit collecting tubule, lithium indeed inhibits the hydroosmotic
action of vasopressin. That inhibitory effect of lithium probably
is of major significance because the cortical portion of the col-
lecting tubule is known to be the segment of the nephron that
reabsorbs the largest amount of water under ADH. An impair-
ment of the hydroosmotic action of vasopressin at the level of
the CCTcould overwhelm the capacity of more distal portions
such as the papillary collecting duct to reabsorb water.

Another effect of lithium on water flow revealed by the pres-
ent study is that exerted on the basal (ADH-independent) water

permeability. As explained above, the basal water permeability
is not zero in most studies (32, 33, 40), although in some works
it was sometimes not possible to measure it with sufficient ac-

curacy to find it different from zero (53). Thus, there is some

technical limitation in the measurement of osmotic water flow
in the absence of ADH. For these reasons it seems more appro-
priate to express the hydroosmotic action of any agent in absolute

L. or AL, rather than in terms of a relative increase. Nevertheless,
the fact that, as in the present study, the permeability to water

can be shown to be significantly greater than zero in the collecting
system may explain why, in the whole animal, urine can be less
than maximally dilute in several states with complete lack of
vasopressin (54). In the present study, incubation with lithium
in the lumen for a period extending over 80 min clearly depressed
the basal water permeability. More than 30 min contact time
with Li is apparently required to observe this effect. The results
illustrate the first reported instance of depression of ADH-in-
dependent water flows in the CCT. However, in the whole animal
the consequences of the inhibition by lithium of the basal water

permeability on the water homeostasis are difficult to evaluate
but are probably of minor importance. While it is theoretically
expected that during water diuresis (i.e., in the absence of va-

sopressin) a diminution of the basal hydraulic conductivity would
enhance the generation of free water, this was not observed in
studies testing the effects of acute lithium infusion on the free
water clearance (13, 24, 25). Nevertheless, we feel that the mech-
anism of the depression by lithium of the ADHindependent
water permeability is distinct from that underlying the impaired
hydroosmotic action of vasopressin. If the AVP-independent
mechanism was a basic component of the inhibitory effect of
the hormone response, one would expect the hydroosmotic re-

sponse to 8-Br-cAMP to be affected as well. This is clearly not
the case. Wethus may assume that any metabolic step not in-
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volving the increased generation of cAMP is not rate-limiting
in the inhibitory effects of lithium on the hormone response.

In conclusion, we provide direct evidence that lithium in-
hibits the hydroosmotic action of vasopressin in the isolated
CCTof the rabbit. The main site of action is probably at the
level of the adenylate cyclase. To manifest its action on water
conservation, lithium must be present at the luminal border of
the tubular epithelium and probably needs to penetrate into the
collecting tubule cells. Webelieve that the Li-ADH interaction
at the level of the cortical portion of the collecting duct is the
major and earliest determinant of the renal concentrating defect
observed in humans and animals treated with lithium.
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