J c I The Journal of Clinical Investigation

Apical-basolateral membrane asymmetry in canine cortical
collecting tubule cells. Bradykinin, arginine vasopressin,
prostaglandin E2 interrelationships.

A Garcia-Perez, W L Smith
J Clin Invest. 1984;74(1):63-74. https://doi.org/10.1172/JCI111419.

Research Article

The studies reported here were designed to determine if there is an apical-basolateral asymmetry to the release of
prostaglandins by or to the biochemical effects of prostaglandins on the renal collecting tubule. Canine cortical collecting
tubule (CCCT) cells were isolated by immunodissection and seeded at supraconfluent densities on Millipore filters. The
resulting confluent monolayer of CCCT cells: (a) developed and maintained a transcellular potential difference of 1 mV
(apical side negative); (b) exhibited a permeability to inulin that was the same as that obtained with similar monolayers of
Madin-Darby canine kidney (MDCK) cells; and (c) released adenosine 3',5'-cyclicmonophosphate (CAMP) in response to
arginine vasopressin (AVP) added to the basolateral but not the apical surface of the monolayer. These results indicate
that confluent monolayers of CCCT cells on Millipore filters have characteristics of asymmetry that are seen with intact
collecting tubules. Moreover, PGE2 added to either side of the CCCT cell monolayer crossed the monolayer at the same
slow rate as inulin, which demonstrated the feasibility of examining the sidedness of the effects of and the release of
PGE2. Although AVP caused cAMP release only when added to the basolateral side of CCCT cells, AVP caused the
release of PGE2 when added to either the apical or basolateral surface. This result implies that there are at least two AVP
receptor systems, [...]
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bstract. The studies reported here were de-
signed to determine if there is an apical-basolateral asym-
metry to the release of prostaglandins by or to the bio-
chemical effects of prostaglandins on the renal collecting
tubule. Canine cortical collecting tubule (CCCT) cells
were isolated by immunodissection and seeded at supra-
confluent densities on Millipore filters. The resulting con-
fluent monolayer of CCCT cells: (a) developed and main-
tained a transcellular potential difference of 1 mV (apical
side negative); (b) exhibited a permeability to inulin that
was the same as that obtained with similar monolayers
of Madin-Darby canine kidney (MDCK) cells; and (c)
released adenosine 3',5'-cyclicmonophosphate (CAMP) in
response to arginine vasopressin (AVP) added to the ba-
solateral but not the apical surface of the monolayer.
These results indicate that confluent monolayers of CCCT
cells on Millipore filters have characteristics of asymmetry
that are seen with intact collecting tubules. Moreover,
PGE, added to either side of the CCCT cell monolayer
crossed the monolayer at the same slow rate as inulin,
which demonstrated the feasibility of examining the sid-
edness of the effects of and the release of PGE,.
Although AVP caused cAMP release only when added
to the basolateral side of CCCT cells, AVP caused the
release of PGE, when added to either the apical or ba-
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solateral surface. This result implies that there are at least
two AVP receptor systems, one coupled to cAMP syn-
thesis and one to PGE, formation. In contrast to the
results observed with AVP, bradykinin caused PGE; re-
lease only when added to the apical surface of CCCT
cells, which suggested that urinary but not blood borne
kinins elicit PGE, formation by the canine collecting tu-
bule. PGE, was released in comparable amounts on each
side of the monolayer in response both to AVP and to
bradykinin.

High concentrations (=108 M) of PGE, added to
either side of the monolayer caused the release of cAMP.
However, at concentrations (107'°-10"'2 M) at which
PGE, had no independent effect on cAMP release, PGE,
inhibited the release of cAMP, which normally occurred
in response to AVP. This inhibition occurred with PGE,
added to either the apical or basolateral surface of the
CCCT cell monolayer. PGE, (10~!! M) also inhibited the
AVP-induced accumulation of intracellular cAMP by
CCCT cells seeded on culture dishes. This inhibition was
only observed when the cells were preincubated with PGE,
for =20 min. Our results are consistent with the concept
that inhibition by prostaglandins of the hydroosmotic
effect of AVP is due to inhibition of AVP-induced cAMP
production. This inhibition does not appear to involve
a direct physical interaction of PGE, with the AVP re-
ceptor which is coupled to adenylate cyclase, since CCCT
cells must be preincubated with PGE, for 20 min for the
inhibition to be observed, and since PGE, added to the
apical surface of CCCT cells inhibits cCAMP release in
response to AVP acting from the basolateral surface.

Introduction

The renal collecting tubule is an attractive system for studying
the physiological function and mechanism of action of pros-
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taglandin E, (PGE,).! The collecting tubule is the part of the
renal tubule that exhibits the highest cyclooxygenase activity
(1-6), and along with the vasculature (7), the medullary inter-
stitial cells (8), and the glomeruli (9, 10) constitutes one of the
four major sites of PG synthesis in the kidney (11). In addition,
PG have been shown to have two potent effects on the transport
properties of isolated collecting tubule segments. The first effect
is to inhibit the water resorption that occurs in response to
arginine vasopressin (AVP) (12, 13), and the second effect is to
inhibit Na* resorption (14-17).

There is strong circumstantial evidence that PG inhibit the
hydroosmotic effect of AVP in vivo as well as in vitro (18, 19).
For example, indomethacin treatment and essential fatty acid
deficiency, two regimens that inhibit renal PG production, in-
crease urine osmolality (20-22). Thus, PGE, appears to have
a physiological as opposed to simply a pharmacological action
on the collecting tubule.

Recently, PGE, has been observed to inhibit AVP-induced
adenosine 3',5’-cyclic monophosphate (CAMP) accumulation in
the rabbit cortical collecting tubule. This action of PGE, accounts
for inhibition of the hydroosmotic effect of AVP (23). However,
the molecular mechanisms underlying this inhibition have yet
to be described. Moreover, the mechanism by which PG inhibit
luminal to basolateral Na* movement is undefined.

To facilitate the study of the mechanisms of actions of PG
on the collecting tubule, we developed a culture system of canine
cortical collecting tubule (CCCT) cells (24). These cells exhibit
many of the morphological and biochemical properties of col-
lecting tubule cells in situ. We began the study reported here
asking whether there is an apical-basolateral asymmetry either
to the release of PG by CCCT cells or to the effects of PG on
cAMP metabolism in CCCT cells. These questions were
prompted in part by a report that PGE, acts only from the
basolateral surface of rabbit collecting tubule segments to inhibit
Na* resorption (14). This result indicated that PGE, is unable
to traverse the collecting tubule and that there is an asymmetry
to PGE, receptors in the collecting tubule. In performing studies
on the sidedness of hormonal responses in CCCT cells, we noted
that extremely low concentrations of PGE, (107> M) would
inhibit the release of cCAMP that normally occurred in response
to AVP, and that this effect occurred when PGE, was added to
either side of the CCCT cell monolayer. In this report, we describe
these experiments on the inhibition by PGE, of AVP-induced
cAMP formation, and also describe complementary studies on
the sidedness of the effects of AVP and bradykinin on cAMP
and PG metabolism by CCCT cells.

1. Abbreviations used in this paper: cCAMP, adenosine 3',5'-cyclic mono-
phosphate; AVP, arginine vasopressin, DD-AVP, (Asu'S, Arg®)-
vasopressin; IBMX, 3-isobutyl-1-methylxanthine; PSN antibiotic mix-
ture, 5 mg penicillin, 5 mg streptomycin, and 10 mg neomycin/100;
PG, prostaglandin; PGE,, PGF,, and PGF,, prostaglandins E;, Fi.,
and F,,; Tx, thromboxane.
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Methods

Materials. [PH]lnulin methoxy (2-3 Ci/mmol), [*H]PGE, (160
Ci/mmol), [*H]PGF,, (150 Ci/mmol), [*H]6-keto-PGF,, (150 Ci/mmol),
[*H]thromboxane (Tx) B, (155 Ci/mmol), ['**I]cAMP (150 Ci/mmol),
22Na (20 Ci/mmol), and radioimmunoassay supplies for the CAMP assay
were all purchased from New England Nuclear, Boston, MA. Rabbit
anti-PGE, serum was obtained from Miles Laboratories Inc., Elkhart,
IN. Rabbit anti-PGF,,, rabbit anti-6-keto-PGF,,, and rabbit anti-TxB,
sera and radioimmunoassay supplies for these three compounds were
purchased from Seragen, Inc. PGE, was purchased from Upjohn Di-
agnostics Co., Kalamazoo, MI. SEP-PAK C,; cartridges were purchased
from Waters Associates, Milford, MA. Soluble calf skin collagen was
obtained from Worthington Biochemical Corp., Freehold, NJ. Modified
Eagle’s medium (DMEM) containing D-glucose (4.5 g/1), 5 mg penicillin,
5 mg streptomycin, and 10 mg neomycin/100 ml (PSN antibiotic mixture)
(100X), and fetal bovine serum were purchased from Gibco Laboratories,
Grand Island, NY. (Asu"¢, Arg®) vasopressin (DD-AVP) was obtained
from Beckman Instruments Inc., Palo Alto, CA. AVP was obtained
from Calbiochem-Behring Corp., San Diego, CA. Bradykinin triacetate,
3-isobutyl-1-methylxanthine (IBMX) and L-glutamine were purchased
from Sigma Chemical, St. Louis, MO. Silica gel 60 plates were obtained
from E. Merck, Darmstadt, Federal Republic of Germany. Flurbiprofen
and Ibuprofen were gifts from Dr. Udo Axen of the Upjohn Diagnostics
Co.

Isolation and growth of CCCT cells on Millipore filters. CCCT cells
were isolated by immunodissection as described previously (24). The
isolated cells were grown on 100-mm culture dishes in MEM containing
10% decomplemented fetal bovine serum, PSN antibiotic mixture (1X),
and 2 mM glutamine under a water saturated 7% CO, atmosphere.
CCCT cells that were to be seeded on Millipore filters were grown 3-
6 wk with weekly changes of culture medium. Typically, 3-10 X 10°-
cells were obtained from each culture dish. CCCT cells were removed
from dishes by trypsinization and seeded at supraconfluent densities (2
X 10¢ cells/cm?) on collagen-coated Millipore filters (0.45 um; catalog
number HAMK 024 12) that were bonded to hollow polycarbonate
cylinders (24, 25) (Fig. 1). The cylinders containing the cells were in-
cubated in 6-well culture dishes under the culture conditions described
above. Cells were tested for the presence of a transmembrane potential
difference beginning 4 d after seeding. CCCT monolayers were used
only after they exhibited a potential difference and were found to be
impermeable to inulin (see below). Most monolayers were also tested
for and found to exhibit a sidedness in their response to AVP. Other
types of cells used for comparison, which included Madin-Darby canine
kidney (MDCK) cells and Swiss mouse 3T3 fibroblasts, were cultured
as described previously (24) and were seeded on Millipore filters as
described above for CCCT cells.

Permeability of CCCT cells on Millipore filters. The permeability
of cell monolayers to inulin, PGE,, and Na* was measured as described
below. All monolayers were tested for their permeability to inulin. The
medium was removed by aspiration from both the inside and outside
of the polycarbonate cylinders under sterile conditions, and this chamber
was placed in a fresh 6-well culture dish. A solution containing a ra-
dioactive solute was added to one side of the cell monolayer, and the
same solution without the isotope was added to the other side. Typically,
the solution was culture medium (MEM containing 10% decomple-
mented fetal bovine serum, PSN antibiotic mixture (1X) and 2 mM
glutamine). There were no appreciable differences in the permeability
of CCCT cells to inulin or PGE, when comparing the culture medium



with the same medium without serum or to Krebs-Ringer buffer (com-
position in mM: 118 NaCl, 25 NaHCO3, 14 glucose, 4.7 KCl, 2.5 CaCl,,
1.8 MgSO,, and 1.8 KH,PO,), pH 7.4. 1 ml was usually added to the
inside of the cylinder (apical side of the monolayer) and 3 ml was added
to the culture well in which the chamber was immersed (Fig. 1). In
most experiments, [*Hlinulin, [*H]PGE,, and ?Na* were used at con-
centrations of 1077 M. After the desired incubation periods, 0.05-ml
aliquots were removed from inside and outside of the cylinders and
radioactivity on both sides was measured by scintillation counting (24,
25). Counts for each vial were normalized to the original volumes.
Percentages of the total amount of radioactivity added were then cal-
culated for each side at each time period measured. Percentage data
could then be transformed, to obtain a normal distribution for further
statistical analysis, by utilizing the angular (inverse sine) transfor-
mation (26).

Effector-induced cAMP release. Medium surrounding CCCT cells
grown on Millipore filters was removed under sterile conditions. The
chambers were washed with Krebs-Ringer buffer, pH 7.4, and transferred
to 12-well culture dishes (Costar, Cambridge, MA). Each experiment
involving only one effector (e.g. AVP) at a single concentration typically
consisted of the exposure of each cell monolayer to three treatments:
(a) no effector on either side (control), (b) effector present on the apical
side, and (c) effector on the basolateral side. Because each chamber in
a given experiment received all three treatments consecutively, the order
of the treatments was randomized. For each treatment an effector in
Krebs-Ringer buffer, pH 7.4, containing 10™* M IBMX or only buffer
with IBMX (no effector), was added to the appropriate sides and incubated
at 37°C for different times, which typically were 1 h. Volumes were
chosen so that the fluid levels were equal on both the inside and outside
of the polycarbonate chambers: 0.5 ml for inside the chambers and 1.2
ml for outside the chamber (inside the culture dish). After the desired
time, liquid on each side of the monolayer was collected and lyophilized.
The lyophilized samples were resuspended in equal volumes (0.3-0.5
ml) of buffer and assayed for cAMP as described previously (24). Effector
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Figure 1. CCCT cell monolayer system for studying functional asym-
metry of the cortical collecting tubule. CCCT cells (2 X 10¢/cm?)
seeded on a Millipore filter that was bonded to a hollow polycarbon-
ate cylinder form a confluent cell monolayer that has distinct apical
and basolateral surfaces. The chamber stands on three legs in a cul-
ture dish. The three criteria routinely used to establish the functionai
polarity of these chambers (i.e., transcellular potential differences
(PD), impermeability to inulin, and asymmetry of AVP-induced
cAMP formation) are depicted.

dose-response curves, time courses, and experiments involving more
than one effector (e.g., AVP plus PGE,) were performed using only one
treatment per chamber. All other procedures were as described above.

Effector-induced PGE, release. The incubation procedures described
above for measuring cCAMP levels were used in experiments designed
to measure PG formation. Krebs-Ringer buffer, pH 7.4, without IBMX
was used in these experiments. The fluid containing PG released by the
cells to either side of the cell monolayer was collected in individual
tubes. The samples were immediately acidified to pH 4 with 1 M citric
acid and were extracted twice with 2 vol of ethyl ether. The ether was
evaporated under a stream of nitrogen; the samples were resuspended
in an appropriate buffer and analyzed for immunoreactive PGE,, as
described previously (25).

Characterization of PG released by CCCT cells. The release of PGE,,
PGF,,, 6-keto-PGF,,, and TxB; by CCCT cells cultured on both Petri
dishes and Millipore filters was quantitated. For CCCT cells seeded on
culture dishes, radioimmunoassays were performed either directly on
the medium or after extraction and purification. Analysis of the PG
released by CCCT cells seeded on Millipore filters was performed only
on either extracts of culture media. Purificationi of PG was performed
as follows: media was extracted using SEP-PAK C,; cartridges, as de-
scribed by Powell (27). The methyl formate fractioris containing the PG
and Tx were evaporated, and each of the residues was resuspended in
chloroform (circa 100 ul). These samples were chromatographed on
silica gel 60 plates (E. Merck). The plates were developed twice in the
organic phase of ethyl acetate/trimethylpentane/acetic acid/water
(55:25:10:50; v/v/v/v)). PG standards were visualized with iodine vapor,
and regions of the plates cochromatographing with the standards were
scraped into individual tubes. The silica gel was extracted three times
with 2 ml of chloroform/methanol (1:1; v/v). The solvent was evaporated
under a stream of nitrogen and the samples were resuspended in buffer
and subjected to radioimmunoassays (25).

Effector-induced intracellular cAMP formation. Treatment of mono-
layer cultures of nonconfluent CCCT cells with effectors (i.e., AVP,
PGE,, or both) was done in triplicate using 24-well culture dishes that
were seeded at a density of 5 X 10* cells/well. Cells were rinsed free of
media with Krebs buffer, pH 7.4, which contained 10~ M IBMX; 0.3
ml of buffer alone or buffer containing 10~'° M PGE, was then added
for a preincubation period of 60 min at 37°C. After this preincubation,
the solutions were removed from the wells and 0.3 ml of buffer alone
or buffer containing an effector was added to the cells. The monolayers
were incubated for the desired time at 37°C. The solution in each well
was removed and 500 ul of cold, 6% TCA was added. The wells were
incubated at —80°C for 20 min, thawed at 24°C for 25 min, and incubated
for 2 h at 0-4°C. The liquid in each well was then transferred to a test
tube and extracted four times with 10 vol of diethyl ether. Any remaining
ether was evaporated in a 60°C water bath for 10 min. The remaining
aqueous phase was lyophilized. The lyophilized samples were resuspended
in 0.125-0.2 ml of buffer and assayed for cAMP by radioimmunoassay
as described previously (24).

Statistical analysis. All experiments involving an effector-induced
response were done using a minimum of three replicates per treatment.
A completely random analysis of variance was used to test for differences
between sample means at P < 0.05 (26). Dunnett’s test was used to
compare differences between effector means with the control mean (26).
In a few instances, when it was desired to compare all the effector means
to each other and not only to the control mean, Student-Newman-Keuls

test for all possible comparisons was used (26). Error bars on the figures
are *SE.
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Figure 2. Electron photomicrographs of
principal and intercalated CCCT cells
seeded on a Millipore filter in chambers.
(A) One principal and one intercalated cell.
The basolateral sides of the cells show a
flattened appearance against the filter, the
presence of basement membrane, and loose
junctional complexes between the cells. At
the apical side, the cells have an abundance
of microvilli and are joined by a tight junc-
tion. (B) Tight junction between the two
cells shown in A. BM, basement mem-
brane; PC, principal cell; IC, intercalated
cell; A, apical side; BL, basolateral side; TJ,
tight junction; IS, intercellular space; and
MF, Millipore filter. Internal markers are

1 um for A and 0.1 um for B.



Electron microscopy. CCCT cells seeded on Millipore filters were
examined by transmission electron microscopy (24, 25). Cells on the
monolayers were fixed with 2% glutaraldehyde in 0.1 M sodium cac-
odylate, pH 7.4, for 24 h at 4°C. After fixation the chambers were
washed thoroughly with 0.1 M sodium cacodylate, pH 7.4. The filters
containing the fixed CCCT cells were separated from the polycarbonate
cylinders. The filters were washed for 10 min in 0.1 M sodium cacodylate,
pH 7.4, and postfixed in 1% OsO, in the same buffer for 4 h at 24°C
and then overnight at 4°C. The filters were washed with sodium cac-
odylate buffer and dehydrated by sequential exposure to 25, 50, 70, 80,
95 (15 min each), and 100% (15 min, then 1 h, with a change in between)
solutions of ethanol. The filters were exposed to decreasing proportions
of ethanol/acetone: 2/1, 1/2, and finally 100% acetone (twice) for 15
min each. They were carefully cut into small pieces that were suitable
for embedding and placed into glass vials for infiltration. Infiltration
was as described previously (24). The sections obtained from the blocks
were counterstained with 2% lead citrate in H,O and with 2% uranyl
acetate in H,O. They were examined and photographed using a Phillips
model 201 transmission electron microscope. Kodak EM 4463 film
(Eastman Kodak Co., Rochester, NY) was used for photography.

Results

Orientation of CCCT cells on Millipore filters. In order to use
CCCT cells on Millipore filters as a model to study the sidedness
of the responses of collecting tubules to hormones, we first needed
to determine if CCCT cells, when seeded at confluency on Mil-
lipore filters, were impermeable to small molecules and were
morphologically, electrically, and biochemically asymmetric.
CCCT cells were seeded on Millipore filters at a density of
2 X 10%/cm?. Typically, these cells developed a transepithelial
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Figure 3. Permeability to [*HJinulin of Millipore filters that were
seeded with CCCT cells (0), MDCK cells (o), 3T3 cells (2), or no
cells (a). All chambers were seeded under identical conditions using
3 X 10° cells per chamber (2 X 10° cells/cm?). Points represent the
mean values obtained from single experiments on nine different Mil-
lipore filters seeded with CCCT cells, and on six filters each seeded
with MDCK cells, 3T3 cells, or no cells. [*H]inulin (100 pmol) was
added initially to the apical side. The amount of radioactivity found
on each side of the monolayer at the indicated time periods was de-
termined and used to calculate a percentage value. Identical results
were obtained in similar experiments in which [*H]inulin was added
initially to the basolateral side.
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Figure 4. Permeability of confluent CCCT cell monolayers to
[*H)inulin (o), PHIPGE; (2), and ??Na* (e). The same six chambers
were used to test the fluxes for each of the solutes. Solute fluxes were
measured as described in text. Radiolabeled solute (100 pmol; 1077
M) was added initially to the apical side in the experiments depicted
in this figure. The transcellular flux of [’H]PGE, was identical when
it was added initially to the basolateral side.

potential difference of 1£0.2 mV (Millipore filter side positive)
4-13 d after seeding and maintained this potential for up to an
additional 21 d. As has been reported previously for MDCK
cells (28), consistent results were obtained only with cells that
had previously been grown and maintained at confluency on
Petri dishes for at least 10 d before seeding on Millipore filters.
As shown in Fig. 2, CCCT cells grown on Millipore filters ex-
hibited typical intercellular tight junctions and had microvilli
on their apical surfaces.

Confluent monolayers of CCCT cells on Millipore filters
were relatively impermeable to inulin in comparison with Swiss
mouse 3T3 fibroblasts or with filters to which no cells had been
added (Fig. 3). MDCK cells exhibited a permeability barrier
that was quantitatively similar to that seen with CCCT cells.
The flux of inulin across the monolayer was found to be the
same in both directions.

As shown in Fig. 4, PGE,, which is the major PG product
of CCCT cells (see Tables I and II below), crossed the CCCT
cell monolayer at the same rate as inulin. This suggests that the
only route for the movement of PGE, across the monolayer is
pericellular. It should also be noted that <10% of the PGE,
added to one side of the CCCT cell monolayer is able to cross
the monolayer in 60 min; 60 min was the longest treatment
time used in the studies reported below. Neither bradykinin nor
AVP affected the rates of inulin or PGE, movement across the
cell monolayer (data not shown). (No metabolism of PGE, was
observed in these experiments.) Our results on the movement
of PGE; are consistent with the observations of other groups
which indicate that PG do not freely diffuse through cell mem-
branes (29, 30).

The sidedness of the effect of AVP on the release of cAMP
by CCCT cell monolayers is shown in Fig. 5. Extracellular cAMP
was measured in all cases because it was impractical to kill a
monolayer for a single measurement of intracellular cAMP.
AVP added to the basolateral surface of CCCT cells caused the
release of CAMP, but even supramaximal concentrations of AVP
(107 M) added to the apical surface of CCCT cells failed to
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Table 1. Release of PG by CCCT Cells on Culture Dishes*

Immunoreactive PG released
(fmol/ug cell protein/60 min)

Treatment iPGE, iPGF,, iTxB, i-6-keto-PGF,,,
No effector 5.440.2 1.9+£0.1 1.4%0.1 0.5+0.2
No effector + flurbiprofen 4.3+0.1 1.0£0.1 1.0+0.1 0.4+0.2
Bradykinin 29.6+1.7¢ 1.9+0.1 1.8+0.1 0.6%0.1
Bradykinin + flurbiprofen 4.8+0.1 1.240.2 1.3+0.3  0.4+0.1
DD-AVP 15.3+1.8 1.740.1  1.4+0.1 0.5%0.2
DD-AVP + flurbiprofen 5.9+0.2 1.4+0.1 1.240.1 0.4+0.1

* Nonconfluent CCCT cells (1 X 105/60-mm culture dish) were incubated for
60 min in the presence of bradykinin (1076 M), DD-AVP (1075 M), or no ef-
fector at 37°C under a 7% CO, atmosphere. A 60-min incubation in the pres-
ence or absence of Flurbiprofen (10~ M) was performed before incubation
with effectors. PG were extracted and purified as described in Methods. The
data are expressed per microgram cell protein and represent the mean of four
replicates per treatment.

1 Significantly different from control values (i.e., absence of effector in the pres-
ence or absence of Flurbiprofen) (P < 0.05) +SE.

elicit CAMP release. CAMP was released on both sides of the
monolayer, a result consistent with the observation of elevated
medullary cAMP levels that is noted when animals are treated
with antidiuretic hormone (31). To determine the time course
for cCAMP release, CCCT cells were treated for 0, 15, 30, 60,
or 120 min with AVP on either the apical or basolateral side
of the cells. Maximal levels of cCAMP in the medium were seen
60 min after addition of AVP to the basolateral surface; AVP
added to the apical surface did not increase extracellular cAMP
above those levels seen without AVP (data not shown). Results
on the time course or release of cCAMP are typical of those
observed with cultured epithelial cells (32). Half-maximal release
of CAMP occurred at a basolateral AVP concentration of ~ 107"
M (data not shown). This result is quantitatively similar to that
seen with CCCT cells that are grown on plastic culture dishes

Table II. Release of PG by CCCT Cells on Chambers

Immunoreactive PG (pmol/60 min/chamber)

Treatment iPGE, iPGF,, iTxB, i-6-keto-PGF,,
No effector 3.5+0.1 2.7+0.8 2.8+0.7 1.8+0.3
Bradykinin 12.3+0.4* 3.2+0.3 3.4+0.2 1.3+0.5
DD-AVP 8.6+0.7* 2.4+0.2 3.1+0.1 2.1%1.1

CCCT cells cultured on chambers were incubated for 60 min in the
presence of bradykinin (1076 M), DD-AVP (107 M), or no effector
at 37°C under a 7% CO, atmosphere. Medium from both sides of
the monolayer was pooled and analyzed for immunoreactive PG
without prior purification, as described in Methods. The data repre-
sent the mean of three replicates per treatment.

* Significantly different from control values (i.e., absence of effector)
(P < 0.05) £SE.
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CONTROL _ DOAVP () DosvP B0 Figure 5. Sidedness of DD-
* AVP effect on CAMP re-
T 1 lease from CCCT cell
monolayers on Millipore
filters. Indicated on the
1 horizontal axis is the side
of release of CAMP: A, api-
cal, and BL, basolateral.
The bars indicate the re-
lease in response to no ef-
1 fector or to 1078 M DD-
AVP added to either the
a apical (A) or basolateral
(BL) side of the monolayer.
The data represent the mean of six chambers. All treatments were at
37°C for 60 min in the presence of 10~* M IBMX. Radioimmunoas-
says for extracellular cAMP were performed as described in text.
*Significantly different from control values (i.e., absence of DD-AVP)
(P < 0.05).
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(24). These results suggest that AVP can act only from the
basolateral surface of CCCT cell monolayers to cause CAMP
formation.

PG synthesis by CCCT cells. We reported previously that
immunoreactive PGE, was formed in response to AVP and
bradykinin by CCCT cells that were cultured on Petri dishes
(24). To determine if PGE, was the major PG product, analyses
of the PG formed by CCCT cells were performed. PG were
extracted from the media surrounding CCCT cells that were
treated with no effector or with AVP or bradykinin. The PG
were separated by thin-layer chromatography and the materials
in the regions cochromatographing with PGE;, PGF,,, TxB,,
and 6-keto-PGF,, standards were eluted from the silica gel and
analyzed by specific radioimmunoassays (Table I). The results
indicate that the major product formed both in the presence
and absence of AVP and bradykinin was PGE,. Small amounts
of other prostanoids were also detected, but, unlike PGE,, the
amounts of these other products did not increase after treatment
of CCCT cells with AVP or bradykinin. Almost identical data
were obtained when medium surrounding the cells was analyzed
by radioimmunoassays without prior extraction (data not
shown).

PG radioimmunoassays were also performed on media
pooled from the basolateral and apical surfaces of CCCT cells
on Millipore filters after addition of AVP or bradykinin to both
sides of the cell monolayer. Again, PGE, was found to be the
major PG product (Table II). PGE, has now been found to be
the primary PG formed by preparations of rabbit, canine and
rat cortical, and papillary collecting tubules (6, 25, 33).

The effects on PGE; release of AVP and of bradykinin added
to either the apical or basolateral side of CCCT cells on Millipore
filters was examined. As shown in Fig. 6, AVP caused an increase
in the release of PGE, when added to either the apical or ba-
solateral side of the cells. Half-maximal increases in PGE, release
were observed at ~107' M AVP; the half-maximal concen-
tration for AVP-induced PGE, release was the same for AVP
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Figure 6. Concentration dependence for the DD-AVP-induced release
of iPGE, by CCCT cells on Millipore filters. The chambers were in-
cubated at 37°C for 60 min with the indicated concentrations of
DD-AVP added to either the basolateral (0) or apical (e) side of the
CCCT cell monolayers. Media from both sides of the monolayer
were pooled and analyzed for iPGE; as described in text. Each point
represents the mean of triplicate chambers. *Significantly different
from control values (i.e., absence of DD-AVP) (P < 0.05).

added to either side of the cell monolayer, and was about the
same as that observed for the release of cCAMP (occurring when
AVP was added to the basolateral side of the cells). The amounts
of PGE;, found on the apical and on the basolateral side of the
cells were comparable both in the case of treatment with no
effector or with AVP added to either the apical or basolateral
surface (data not shown). Thus, PGE, was released on both
sides of the monolayer in response to the addition of AVP to
either side of the monolayer.

Although AVP was effective in eliciting PGE, release when
added to either side of the cell monolayer, bradykinin caused
PGE,; release only when added to the apical surface of the CCCT
cell monolayer (Fig. 7). As shown in Table III, PGE, was found
on both sides of the monolayer at different times after the ad-
dition of bradykinin to the apical side, which indicates that
PGE, was released on both sides of the monolayer. After bra-
dykinin treatment, the amount of PGE, found on the basolateral
side of the monolayer tended to be 1.5-2 times greater than
that found on the apical side (Fig. 7); however, this difference
was not statistically significant, and the concentration of
PGE, on each side of the monolayer was the same (circa 4
X 107° M).

PGE-induced release of cAMP from CCCT cells. PGE, was
tested at a variety of concentrations and on either side of CCCT
cell monolayers for its ability to elicit the release of cAMP.
Significant cCAMP release was observed with 10-® M PGE,, and
there was no difference in the dose-response curves for PGE,
when it was added to either the basolateral or apical surfaces

Figure 7. Sidedness of bra-

dykinin effect on the re-

lease of iPGE, from CCCT
CONTROL m:" @ B“‘f;[’}“" cells on Millipore filters.
Each bar indicates the
amount of iPGE, measured
on the apical (A) or baso-
lateral (BL) side of cell
monolayers after treatment
with no effector or with
bradykinin (107 M) added
to either the apical (A) or
basolateral (BL) side of the
monolayer. All treatments
were performed at 37°C for
60 min. Radioimmunoas-
says for PGE, were as de-
scribed in text. *Signifi-
cantly different from con-
trol values (P < 0.05).
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(Fig. 8). Thus, PGE,, unlike AVP, can act from either side of
the CCCT cell to cause CAMP release.

Inhibition of AVP-induced cAMP release by PGE,. At con-
centrations of 107 M or less, PGE, had no significant effect
on cAMP release (Fig. 8). Therefore, we used three concentra-
tions to test the effects of PGE, on AVP-induced cAMP release
from CCCT cells. In the first experiment, PGE, was added to
both the apical and basolateral side of the cell monolayer at a
concentration of 107'° M on both sides 1 h before the addition
of AVP. Monolayers used as no effector controls or monolayers
treated with AVP alone were preincubated for 60 min with
buffer that did not contain PGE,. The preincubation medium
was removed after 60 min; then, after a further 1-h incubation

Table III. Time Course of Bradykinin-induced Release
of PGE; by CCCT Cells on Millipores Filters*

Immunoreactive PGE, (pmol/chamber)

Treatment Apical side Basolateral side
No effector (60 min) 2.3+0.2 3.0+0.5
Bradykinin (0 min) 2.3+0.3 2.1+0.2
Bradykinin (2 min) 2.1+0.3 43+1.5
Bradykinin (4 min) 5.9+2.0% 4.5+0.5%
Bradykinin (10 min) 4.6+1.2% 5.5+0.7%
Bradykinin (60 min) 4.7+0.7% 5.7+1.2%

* Millipore filters seeded with 3 X 10° CCCT cells per chamber (2

X 10 cells/cm?) were incubated for the indicated times in the pres-
ence of bradykinin (107 M on the apical surface) or with no effector
at 37°C under a 7% CO, atmosphere. After the indicated incubation
time, medium was removed from each side of the monolayer and as-
sayed for immunoreactive PGE,, as described in Methods. The data
represent the mean of two replicates per treatment.

1 Significantly different from control values (i.e., after 60 min in the
absence of effector) (P < 0.05) +SE.
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Figure 8. Concentration dependence for the PGE,-induced release of
cAMP from CCCT cells monolayers on Millipore filters. PGE, was
added at the indicated concentrations to either the apical (0) or baso-
lateral (o) side of the CCCT cell monolayer. Incubations were per-
formed at 37°C for 60 min in the presence of IBMX (107 M). Me-
dia from both sides of the monolayer were pooled and analyzed for
cAMP as described in text. Each point represents the mean of tripli-
cate chambers. *Significantly different from control values (i.e., ab-
sence of PGE,) (P < 0.05).

in the presence of no effector, AVP (10~8 M) alone or both AVP
(107® M) and PGE, (107!° M), the medium was assayed for
cAMP. Under these conditions, PGE, completely blocked AVP-
induced cAMP release (Fig. 9).

Fig. 10 shows the sidedness and the concentration depen-
dence for PGE, as an antagonist of the release of cCAMP that
occurs in response to AVP (10~ M). Significant inhibition of
AVP-induced cAMP release was noted at concentrations of PGE,
as low as 107'2 M. Interestingly, the dose-response curves for
inhibition of AVP-induced cAMP release were the same for
PGE, when it was added to either side of the CCCT cell mono-
layer. One cannot ascribe the inhibition obtained with 1072 M
PGE, to diffusion of PGE, across the monolayer, since a max-
imum of 10% of the PGE, could have crossed the monolayer
during the 60-min preincubation period (Fig. 4). Thus, PGE,
apparently can act from either the apical or basolateral surface
of CCCT cells to inhibit AVP-induced cAMP release, even
though AVP appears to act only from the basolateral surface
to cause cAMP formation (Fig. 5).

The concentration of PGE, that surrounds the CCCT cell
monolayers after a 60-min preincubation (Fig. 6) ranges from
10~° to 107'® M due to endogenous synthesis of the PG. When
endogenous synthesis is blocked with either Ibuprofen or aspirin,
a potentiation of the AVP response is observed (Table 1V).
Nevertheless, exogenous PGE, (107! M) completely suppressed
AVP-induced cAMP release in the presence or absence of cy-
clooxygenase inhibitors. Thus, the effect of newly formed PG,
while measurable, does not appear to have an overriding influ-
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ence on this system. This appears to be due to two factors. First,
the inhibitory effect of PGE, requires a prolonged incubation
with this PG (see Table V), and the PGE, arising from the cells
themselves is not present at elevated concentrations during the
entire preincubation period. Second, after the preincubation
period, the medium surrounding the cells is removed and re-
placed with fresh medium to begin the 60-min treatment (e.g.
with AVP).

Inhibition of AVP-induced accumulation of intracellular
¢AMP by PGE,. In studies on CCCT cells that were seeded on
Millipore filters, only cCAMP release was monitored. To deter-
mine if PGE, inhibited AVP-induced accumulation of intra-
cellular cAMP, experiments were performed using CCCT cells
that were grown as nonconfluent monolayers on plastic culture
dishes. As shown in Table V, 107! M PGE, suppressed the
AVP-induced accumulation of intracellular cAMP at 2- and 3-
min time points. This inhibition also occurred when endogenous
PGE, formation was blocked (data not shown). Curiously, in-
hibition was only observed after a 20-min preincubation of
PGE, with the CCCT cells (Table V). A similar time dependence
was observed in the inhibition of AVP-induced cAMP release
from CCCT cell monolayers on Millipore filters. This time de-
pendence suggests that PGE, is causing a chain of metabolic
events to occur that prevents AVP-induced cAMP accumulation.

CONTROL  DD~aVP (BL)  0D-AVP (BL)
a0+ ‘;_ PGE, (A+BL)
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Figure 9. Inhibition by PGE, of DD-AVP-induced cAMP release
from CCCT cell monolayers on Millipore filters. Each bar represents
the amount of cAMP measured on the apical (A) or basolateral (BL)
side of the CCCT cell monolayer after treatment with (a) 1078 M
DD-AVP added to the basolateral side; (b) 108 M DD-AVP (added
to the basolateral side) plus 10~'° M PGE, (added to both sides); or
(¢) no effector. All samples were preincubated for 60 min at 37°C be-
fore the addition of DD-AVP. In samples treated with PGE,, the
PGE, was included at the beginning of the 60-min preincubation pe-
riod at 37°C. After a 60-min incubation at 37°C with the indicated
effectors, the media from the two sides were removed and assayed for
cAMP as described in the text. All treatments were performed with
triplicate chambers and in the presence of 107* M IBMX. *Signifi-
cantly different from control values (P < 0.05).
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Figure 10. Concentration dependence for the inhibition by PGE, of
DD-AVP-induced release of cAMP. CCCT cells on Millipore filters
were preincubated for 60 min at 37°C with the indicated concentra-
tions of PGE; on the apical or basolateral side of the monolayers.
The chambers were then incubated for a second 60-min period at
37°C with the same concentrations of PGE, plus DD-AVP (1072 M).
DD-AVP was added only to the basolateral side. Media from both
sides of the monolayer were pooled and assayed for cAMP as de-
scribed in the text. All treatments were performed in the presence of
10~* M IBMX. Each point represents the mean of duplicate cham-
bers. 1Significantly different from control values (i.e., no effectors
[----- ]; *significantly different from values of samples treated with
DD-AVP alone (P < 0.05).

Torikai and Kurokawa (23) suggested that PGE, may exert
its inhibitory effect on AVP-induced cAMP formation by ac-
tivating CAMP phosphodiesterase activity. Were this true in the
CCCT cell system, one would expect 1071°-10"'> M PGE, to
decrease basal levels of intracellular cAMP. However, these con-
centrations of PGE, had no effect on intracellular cAMP levels
in the presence of 10~* M IBMX (data not shown).

Discussion

CCCT cells on Millipore filters. The initial goal of the studies
reported here was to test the concept that there is a sidedness
to the release of PG from CCCT cells and to the effects of PG
on cCAMP metabolism by CCCT cells. This hypothesis developed
from the observations of Stokes and Kokko (14) that PGE,
inhibited Na* resorption when added to the basolateral but not
the luminal surface of segments of rabbit cortical collecting
tubule. The CCCT cell-Millipore filter system was developed
to examine the sidedness of PG biosynthesis and function. The

criteria that have qualified this CCCT cell system for use in
these studies are as follows: (@) CCCT cells were morphologically
asymmetric as determined by transmission electron microscopy;
(b) CCCT cells exhibited a transcellular potential difference of
the appropriate sign; (c) CCCT cells were impermeable to both
inulin and PGE;; and (d) CCCT cells formed cAMP in response
to AVP that was added to the basolateral but not to the apical
surface of the cell monolayer. Although MDCK cells also exhibit
some of these properties (28, 32-34, 35), this is the first time
that a sidedness to the response of cells on Millipore filters to
a hormone (AVP) has been demonstrated.

Sidedness of PGE, release by CCCT cells. Depicted in Fig.
11 are our concepts of bradykinin, AVP, and PGE, interrela-
tionships developed from the results of the experiments described
in this report. Our studies on the biosynthesis of PG by CCCT
cell monolayers indicate that PGE, is the major if not the ex-
clusive PG product formed both under basal conditions and in
response to hormonal stimuli. PGE, was found on both sides
of the cell monolayer in similar amounts. This result cannot
be ascribed to simple transcellular diffusion, since the flux of
PGE, across the monolayer is quite slow. Thus, PGE, is released
on both sides of the CCCT cell monolayer, which suggests, in
turn, that PGE, is released on both the blood and urine sides
of the canine collecting tubule in vivo. A previous report had
indicated that the major site of entry of primary PG into urine
occurs at the level of Henle’s loop (36). While this may be true
of rat kidneys perfused with angiotensin II, our results suggest
that, at least in the dog, PGE, can enter the urine at the level
of the collecting tubule under conditions where renal bradykinin

Table IV. Inhibition by PGE, of AVP-induced cAMP
Release from CCCT Cell Monolayers on Millipore
Filters in the Presence of Inhibitors of PG Synthesis*

Extracellular cAMP (pmol/60 min/chamber)

No No
Treatment inhibitor Ibuprofen inhibitor Aspirin
1 No effector 6.5+0.1 6.8+1.1 7.1£0.4 6.3+1.3
2 AVP alone 10.8+1.3¢ 17.8%1.1% 11.9+0.5¢ 18.2+1.1%
3 PGE, alone 6.5+0.5 7.8+0.2 7.2+0.2 7.7£0.3
4 AVP + PGE, 4.4+1.0§ 7.7+0.3§ 7.2+0.3§ 7.5+0.4§

* CCCT cells on Millipore filters were preincubated for 60 min at 37°C with
107" M PGE, (treatments 3 and 4) or with buffer alone (treatments 1 and 2)
on both sides of the monolayer. At the end of the preincubation period, the
media was removed and the monolayers were incubated for an additional 60
min period at 37°C with no effector, 10°® M AVP alone, 10~!! M PGE, alone,
or 107® M AVP plus 10~'" M PGE,. AVP was added only to the basolateral
side. In the chambers where a PG synthesis inhibitor (10> M aspirin or 10™*
M Tbuprofen) was used, it was present in the media 30 min before the preincu-
bation period and then throughout preincubation and treatment periods (i.e., a
total of 150 min). Buffer was used for the same time in chambers without such
inhibitors. 104 IBMX was present in all chambers throughout the 150-min pe-
riod. Each value represents the mean of duplicate chambers.

# Significantly different from control value (i.e., no effector).

§ Significantly different from value of treatment with AVP alone (P < 0.05).
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Table V. Effect of Preincubation Time on the
Inhibition by PGE; of AVP-induced Formation
of cAMP by CCCT Cells on Culture Dishes*

Intracellular cAMP

Preincubation (fmol/ug cell protein)
Time with

Time with PGE;

buffer alone (107" M) Treatment 2 min 3 min

min min
1 60 0 No effector 2.4+0.2 1.7£0.2
2 60 0 AVP alone 8.4+0.2t 5.0+0.1%
3 60 0 AVP + PGE, 6.8+0.4% 4.5+1.3%
4 55 5 AVP + PGE, 9.1£0.5% 5.3+0.6%
5 50 10 AVP + PGE, 7.1£1.5t 4.2+0.1%
6 40 20 AVP + PGE, 2.6+0.6§ 1.7+0.1§
7 20 40 AVP + PGE, 2.1+0.2§ 2.2+0.3§
8 0 60 AVP + PGE, 2.3+0.5§ 2.2+0.4§

* Nonconfluent CCCT cells seeded on culture dishes were preincu-
bated for the indicated time periods at 37°C with 10~'' M PGE,
(treatments 4-8) or with buffer alone (treatments 1-3). In treatments
where the preincubation with PGE, was performed for <60 min
(treatments 4-7), the cells were preincubated in buffer alone followed
by the preincubation with 10~'' M PGE; (e.g., treatment 4 included
55 min of preincubation in buffer alone followed by 5 min of prein-
cubation in the presence of PGE,). At the end of the full preincuba-
tion period, the media was removed and the cells were incubated for
2 or 3 min with no effector, 1078 M AVP alone, 10~'' PGE, alone,
or 1078 M AVP plus 10™"" M PGE,. Preincubations and incubations
were performed in the presence of 107 M IBMX. Each value repre-
sents the mean of triplicate wells. Intracellular cAMP was measured
by radioimmunoassay as described in the text.

1 Significantly different from control value (i.e., no effector).

§ Significantly different from value of treatment with AVP alone

(P < 0.05).

or AVP concentrations are elevated (cf 37). Our results also
indicate that if PGE, functions extracellularly to influence col-
lecting tubule metabolism, PGE, presumable can affect events
from both the apical and basolateral cell surfaces. As discussed
in more detail below, this concept is consistent with the lack
of sidedness to the effects of PGE, on cCAMP metabolism in
CCCT cells.

Although there was no asymmetry to PGE, release, there
was a sidedness to the effect of bradykinin on PG synthesis.
Bradykinin acted only from the apical surface to cause PGE;
release (Fig. 11). This sidedness of bradykinin action on the PG
biosynthetic system was proposed by McGiff et al. (38) and is
consistent with studies showing that kallikrein may be located
on the apical side of the distal tubule (39, 40). It should be
noted, however, that bradykinin appears to act only from the
basolateral surface of rabbit collecting tubules to antagonize the
hydroosmotic effect of AVP, and that this antagonism appears
to be PGE mediated (41).
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The lack of a sidedness to the effect of AVP on PGE, for-
mation was unexpected (Figs. 6 and 11). AVP caused the release
of PGE, when it was added to either side of CCCT cells even
though AVP elicited cAMP release only when added to the
basolateral side of the cells. These data suggest that AVP interacts
with different receptor systems in the cases of PG and cAMP
formation.

PGE,-AVP interactions. The hypothesis that PG inhibit
AVP-induced cAMP formation in the collecting tubule evolved
from the classic study of Grantham and Orloff (12). Clear ev-
idence supporting this concept in the collecting tubule system
itself has been difficult to obtain (33, 42-46). However, there
have been two recent reports that, in the absence of phospho-
diesterase inhibitors, PGE, causes partial but significant inhi-
bition of AVP-induced cAMP accumulation in rabbit collecting
tubule segments (23, 46). We have found that PGE, inhibits
both the release of CAMP that normally occurs in response to
treatment of confluent CCCT cell monolayers with AVP and
the accumulation of intracellular cAMP in nonconfluent CCCT
cell monolayers treated with AVP. The effects observed in the
CCCT cell system have slightly different characteristics than
those reported by Torikai and Kurokawa (23) and Edwards et
al. (46), in that inhibition by PGE, of AVP-induced cAMP
release in the CCCT cell system is quantitative, is time-depen-
dent, and involves concentrations of PGE, that are 5-7 orders
of magnitude lower than those reported for the rabbit collecting
tubule.

The biochemical mechanism by which PGE, inhibits AVP-
induced cAMP formation is not yet clear. It appears that the
effect occurs only with intact cells. For example, the phenomenon
is apparent in slices (45), in intact collecting tubules (23, 46),
and in CCCT cells, but PGE, fails either to activate CAMP
phosphodiesterase (46) or to inhibit AVP-independent adenylate
cyclase in permeabilized collecting tubule segments (44). This

CCCT CELL
\ ﬁBASOLATERAL

APICAL

5'-AMP

HO o o +camMP
RESORPTION °

Figure 11. Model for AVP, bradykinin (BK), and PGE; interrelation-
ships in CCCT cells.



suggests that PGE, must be causing production, mobilization,
or sequestration of an intermediate factor(s) (denoted by an X
in Fig. 11) which, in turn, modulates cAMP levels in the col-
lecting tubule. Based on the 20-min time requirement (Table
V), this intermediate could be a protein (47). Locher et al. (48)
have demonstrated that in human phagocytes there is also a
time dependence to the inhibjtion of AVP-induced cAMP syn-
thesis by PGE,.

It seems unlikely that PGE, is causing its inhibitory effect
at the level of cCAMP phosphodiesterase because PGE, does not
decrease basal levels of intracellular cAMP in CCCT cells. A
more reasonable view is that PGE, has an inhibitory effect on
the AVP-inducible adenylate cyclase system. PGE, does not
affect the affinity of binding of AVP to human phagocytes under
conditions in which PGE, inhibits AVP-induced cAMP for-
mation (48). Thus, the effect of PGE, is probably expressed at
a post receptor step. The most applicable precedent for inhibition
by PGE, of AVP-induced cAMP formation is seen in the het-
erologous desensitization of adenylate cyclase in human fibro-
blasts (49, 50). In this situation, PGE, attenuates the coupling
of the hormone-receptor complex to the catalytic subunit of
adenylate cyclase probably by modifying a guanosine triphos-
phate-binding subunit. Hopefully, the availability of large num-
bers of CCCT cells in culture will permit us to examine this
hypothesis at the biochemical level.

Acknowledgments

Canine kidneys were donated by the laboratories of Drs. C. C. Chou,
W. S. Spielman, and H. V. Sparks, Jr.

This work was supported in part by a U. S. Public Health Service
grant (National Institutes of Health AM22042).

References

1. Janszen, F. H. A, and D. H. Nugteren. 1973. A histochemical
study of the prostaglandin biosynthesis in the urinary system of rabbit,
guinea pig, goldhamster and rat. In Advances in the Biosciences. S.
Bergstrom, editor. Pergamon Press, Inc., New York. 287-292.

2. Smith, W. L., and G. P. Wilkin. 1977. Immunochemistry of
prostaglandin endoperoxide-forming cyclooxygenases: the detection of
cyclooxygenases in rat, rabbit and guinea pig kidneys by immunoflu-
orescence. Prostaglandins. 13:873-892.

3. Bohman, S. O. 1977. Demonstration of prostaglandin synthesis
in collecting duct cells and other cell types of the rabbit renal medulla.
Prostaglandins. 14:729-744.

4. Smith, W. L., and T. G. Bell. 1978. Immunohistochemical lo-
calization of the prostaglandin-forming cyclooxygenase in renal cortex.
Am. J. Physiol. 235:F451-F457.

5. Currie, M. G,, and P. Needleman. 1982. Distribution of pros-
taglandin synthesis along the rabbit nephron. Fed. Proc. 41:1545A.
(Abstr.)

6. Kirschenbaum, M. A., A. G. Lowe, W. Trizna, and L. G. Fine.
1982. Regulation of vasopressin action by prostaglandins: evidence for

prostaglandin synthesis in the rabbit cortical collecting tubule. J. Clin.
Invest. 70:1193-1204.

7. McGiff, J. C. 1980. Interactions of renal prostaglandins with the
renin-angiotensin and kallekrein-kinin systems. In Prostaglandins in
Cardiovascular and Renal Function. A. Scriabine, A. M. Lefer, and
F. A. Kuehl, Jr., editors. Spectrum Publications, New York. 387-398.

8. Zusman, R., and H. Keiser. 1977. Prostaglandin biosynthesis by
rabbit renomeduyllary interstitial cells in tissue culture. Stimulation by
angiotensin II, bradykinin and arginine vasopressin. J. Clin. Invest.
60:215-223.

9. Sraer, J., J. Foidart, D. Chansel, P. Mahieu, B. Kouznetzova, and
R. Ardaillou. 1979. Prostaglandin synthesis by mesangial and epithelial
glomerular cultured cells. FEBS (Fed. Eur. Biochem. Soc.) Lett. 104:420-
424,

10. Hassid, A., M. Konieczkowski, and M. Dunn. 1979. Prostaglandin
synthesis in isolated glomeruli. Proc. Natl. Acad. Sci. USA 76:1155-
1159.

11. Smith, W. L. 1981. Renal prostaglandin biochemistry. Miner.
Electrolyte Metab. 6:10-26.

12. Grantham, J. J., and J. Orloff. 1968. Effect of prostaglandin E,
on the permeability response of the isolated collecting tubule to vaso-
pressin, adenosine 3',5-monophosphate and theophylline. J. Clin. Invest.
47:1154-1161.

13. Stokes, J. B. 1979. Effects of endogenous and exogenous pros-
taglandins on ADH-dependent osmotic water permeability (Pf) and Na
efflux coefficient (Kyxza) across the isolated cortical collecting tubule
(CCT). Kidney Int. 16:839A. (Abstr.)

14. Stokes, J. B., and J. P. Kokko. 1977. Inhibition of sodium trans-
port by prostaglandin E, across the isolated, perfused rabbit collecting
tubule. J. Clin. Invest. 59:1099-1104.

15. lino, Y., and M. Imai. 1978. Effect of prostaglandins on Na
transport in isolated collecting tubules. Pfleugers Arch. 373:125-132.

16. lino, Y., and B. M. Brenner. 1981. Inhibition of Na transport
by prostacyclin (PGI,) in rabbit renal cortical collecting tubule. Pros-
taglandins. 22:715-721.

17. Holt, W. F., and C. Lechene. 1981. ADH-PGE, interactions in
cortical collecting tubule. 1. Depression of sodium transport. Am. J.
Physiol. 241:F452-F460.

18. Beck, T. R., and M. J. Dunn. 1981. The relationship of antidiuretic
hormone and renal prostaglandins. Miner. Electrolyte Metab. 6:46-59.

19. Handler, J. S., and J. Orloff. 1981. Antidiuretic hormone. Annu.
Rev. Physiol. 43:611-624.

20. Anderson, R. J,, T. Berl, K. M. McDonald, and R. W. Schrier.
1975. Evidence for an in vivo antagonism between vasopressin and
prostaglandin in the mammalian kidney. J. Clin. Invest. 56:420-426.

21. Fejes-Toth, G. A., A. Magyar, and J. Walter. 1977. Renal response
to vasopressin after inhibition of prostaglandin synthesis. Am. J. Physiol.
232:F416-F423.

22. Hansen, H. S. 1981. Essential fatty acid-supplemented diet in-
creases renal excretion of prostaglandin E, and water in essential fatty
acid-deficient rats. Lipids. 16:849-854.

23. Torikai, S., and K. Kurokawa. 1983. Effect of PGE, on vaso-
pressin-dependent cell cAMP in isolated single nephron segments. Am.
J. Physiol. 245:F58-F66.

24. Garcia-Perez, A., and W. L. Smith. 1983. Use of monoclonal
antibodies to isolate cortical collecting tubule cells: AVP induces PGE
release. Am. J. Physiol. 244:C211-C220.

25. Grenier, F. C., T. E. Rollins, and W. L. Smith. 1981. Kinin-
induced prostaglandin synthesis by renal papillary collecting tubule cells
in culture. Am. J. Physiol. 241:F94-F104.

26. Steel, R. G. D., and J. H. Torrie. 1960. Principles and Procedures
of Statistics. McGraw-Hill, New York.

73 Asymmetry of Collecting Tubule Cells



27. Powell, W. S. 1982. Rapid extraction of arachidonic acid me-
tabolites from biological samples using octadecylsilyl silica. Methods
Enzymol. 86:467-477.

28. Adler, E. M., L. J. Fluk, J. M. Mullin, and A. Kleinzeller. 1982.
Anomalous patterns in cultured cell monolayers. Science (Wash. DC).
217:851-853.

29. Bito, L. Z., and R. A. Baroody. 1975. Impermeability of rabbit
erythrocytes to prostaglandins. Am. J. Physiol. 229:1580-1584.

30. Siegl, A. M., J. B. Smith, M. J. Silver, K. C. Nicolaou, and D.
Ahern. 1979. Selective binding site for *H-prostacyclin on platelets. J.
Clin. Invest. 63:215-220.

31. Lum, G. M,, G. A. Aisenbrey, M. J. Dunn, T. Berl, R. W.
Schrier, and K. M. McDonald. 1977. In vivo effect of indomethacin to
potentiate the renal medullary cyclic AMP response to vasopressin. J.
Clin. Invest. 59:8-13.

32. Rindler, J. J., L. M. Churman, L. Shaffer, and M. H. Sajer, Jr.
1979. Retention of differentiated properties in an established dog kidney
epithelial cell line (MDCK). J. Cell Biol. 81:635-648.

33. Pugliese, F., M. Sato, S. Williams, M. Ajkawa, A. Hassid, and
M. Dunn. 1983. Rabbit and rat renal papillary collecting tubule cells
in culture: the interactions of arginine vasopressin, prostaglandins and
cyclic AMP. In Advances in Prostaglandin, Thromboxane and Leu-
kotriene Res. 11. B. Samuelsson, R. Paoletti, and P. Ramwell, editors.
Raven Press, New York. 517-523.

34. Cereijido, M., E. S. Robbins, W. J. Dolan, C. A. Rotrinno, and
D. D. Sabatini. 1978. Polarized monolayers formed by epithelial cells
on a permeable and translucent support. J. Cell Biol. 77:853-880.

35. Misfeldt, D. S., S. T. Hamamoto, and D. R. Pitelka. 1976.
Transepithelial transport in cell culture. Proc. Natl. Acad. Sci. USA.
73:1212-1216.

36. Frolich, J. C., W. M. Williams, B. J. Sweetman, M. Smigel, K.
Carr, J. W. Hollifield, S. Fleisher, A. S. Nies, M. Frisk-Holmberg, and
J. A. Oates. 1976. Analysis of renal prostaglandin synthesis by competitive
protein binding assay and gas chromatography-mass spectrometry. In
Advances in Prostaglandin and Thromboxane Res. 1. B. Samuelsson
and R. Paoletti, editors. Raven Press, New York. 65-80.

37. Kirschenbaum, M. A., and E. R. Serros. 1980. Effects of alterations
in urine flow rate on prostaglandin E excretion in conscious dogs. Am.
J. Physiol. 238:F107-F111.

74 A. Garcia-Perez and W. L. Smith

38. McGiff, J. C., H. D. Itskovitz, A. Terragno, and P. Y.-K. Wong.
1976. Modulation and mediation of the action of the renal kallikrein-
kinin system by prostaglandins. Fed. Proc. 35:175-180.

39. Chao, J., and H. S. Margolius. 1979. Studies on rat renal cortical
cell kallikrein. II. Identification of kallikrein as an ecto-enzyme. Biochim.
Biophys. Acta. 570:330-340.

40. Carretero, O., and A. G. Scicli. 1980. The renal kallikrein-kinin
system. Am. J. Physiol. 238:F247-F255.

41. Schuster, V. L., J. P. Kokko, and H. R. Jacobson. 1983. Inter-
actions of bradykinin and antidiuretic hormone in the cortical collecting
tubule. Proc. Am. Soc. Nephrology. 178A.

42. Marumo, F., and 1. S. Edelman. 1971. Effects of Ca** and pros-
taglandin E; on vasopressin activation of renal adenyl cyclase. J. Clin.
Invest. 50:1613-1620.

43. Grenier, F. C., M. L. Allen, and W. L. Smith. 1982. Interrela-
tionships among prostaglandins, vasopressin and cCAMP in renal papillary
collecting tubule cells in culture. Prostaglandins. 24:547-565.

44, Torikai, S., and K. Kurokawa. 1981. Distribution of prostaglandin
E,-sensitive adenylate cyclase along the rat nephron. Prostaglandins.
21:427-438.

45. Beck, N. P., T. Kaneko, U. Zor, J. B. Field, and B. B. Davis.
1971. Effects of vasopressin and prostaglandin E, on the adenylate cyclase-
cyclic 3,5-adenosine monophosphate system of the renal medulla of
the rat. J. Clin. Invest. 50:2461-2465.

46. Edwards, R. M,, B. A. Jackson, and T. P. Dousa. 1981. ADH-
Sensitive CAMP system in papillary collecting duct: effect of osmolality
and PGE,. Am. J. Physiol. 240:F311-F318.

47. Anderson, W. B, G. S. Johnson, and I. Pastan. 1973. Trans-
formation of chick-embryo fibroblasts by wild-type and temperature-
sensitive Rous Sarcoma virus alters adenylate cyclase activity. Proc.
Natl. Acad. Sci. USA. 70:1055-1059.

48. Locher, R., W. Vetter, and L. H. Block. 1983. Interactions between
8-L-arginine vasopressin and prostaglandin E; in human monolayer
phagocytes. J. Clin. Invest. 71:884-891.

49. Clark, R. B., and R. W. Butcher. 1979. Desensitization of ad-
enylate cyclase in cultured fibroblasts with prostaglandin E; and epi-
nephrine. J. Biol. Chem. 254:9373-9378.

50. Kassis, S., and P. H. Fishman. 1982. Different mechanisms of
desensitization of adenylate cyclase by isoproterenol and prostaglandin
E, in human fibroblasts. J. Biol. Chem. 257:5312-5318.



