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Potentiation of Tubuloglomerular Feedback in the Rat by Thromboxane Mimetic
Role of Macula Densa
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Medicine, University of Florida, and Department of Veterans Affairs Medical Center, Gainesville, Florida 32602

Abstract

Because endogenous thromboxane A2 (TXA2) potentiates the
tubuloglomerular feedback response (TGF), we studied the
mechanism of action of TXA2 by using a stable TXA2/prosta-
glandin (PG) H2 mimetic, U46,619. Intravenous infusion of
U46,619 at 100 ng * kg-' . min-' reduced the GFRand the sin-
gle-nephron (SN)GFR measured from the distal tubule (mac-
ula densa function intact), whereas the SNGFRmeasured from
the proximal tubule (macula densa function interrupted) was
not changed consistently. 10-100-fold higher rates of infusion
of U46,619 were required to raise blood pressure or femoral
vascular resistance. The regulation of glomerular capillary
pressure (PGC) by TGFwas assessed in anesthetized rats from
changes in proximal stop flow pressure (PSF) and/or SNGFR
during perfusion of the loop of Henle (LH) with artificial tubu-
lar fluid (ATF). Orthograde loop perfusion and retrograde per-
fusion of U46,619 into the macula densa segment reduced
PSF. Responses to luminal U46,619 were blunted by a TXA2-
PGH2 receptor antagonist. Orthograde loop perfusions with
luminal U46,619 increased net Cl absorption, whereas coper-
fusion with furosemide (10-i M) blunted the response to
U46,619 by 68%. These data indicated that the luminal
U46,619 might increase the signal for TGFactivation by in-
creasing Cl reabsorption in macula densa cells. However, since
80±4% of IHIU-46,619 perfused via the LH was reabsorbed,
peritubular capillaries (PTC) were perfused with U-46,619 to
test additional extra-luminal actions. PTC perfusion with
U-46,619 again increased TGF by reducing PSF selectively
only while macula densa function was intact during perfusion of
the LH with ATF. Conclusions: (a) TGF is potentiated by
U46,619 given systemically, via the lumen of the LH by ortho-
grade or retrograde perfusions or via the PTC; (b) at the lower
doses tested, reduction of PGC and SNGFRby U46,619 de-
pends on tubular fluid delivery and reabsorption by the macula
densa; (c) potentiation of TGFby U46,619 entails preglomeru-
lar vasoconstriction which may be elicited in part by an in-
creased signal due to increased net chloride reabsorption in the
LH and presumably macula densa cells and by an increased
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sensitivity of the arteriole to macula densa-derived signals; (d)
activation of TGFmay contribute to the selective vasoconstric-
tion of the renal vascular bed by low doses of U46,619. (J.
Clin. Invest. 1992.89:1857-1865.) Key words: macula densa.
thromboxane A2 *tubuloglomerular feedback - U46,619

Introduction

Tubuloglomerular feedback (TGF)l is a vasoconstrictive re-
sponse that reduces the glomerular capillary pressure (PGC) and
the single-nephron glomerular filtration rate (SNGFR) and lim-
its NaCl excretion. It depends upon delivery and reabsorption
of NaCl in the macula densa segment of the loop of Henle (LH)
(1, 2). Adenosine (3) and angiotensin 11 (4, 5) have been impli-
cated in the preglomerular vasoconstriction. Using a whole-
kidney model of TGF entailing intrarenal infusion of hyper-
tonic NaCI, we demonstrated increased release of the throm-
boxane A2 (TXA2) metabolite TXB2 into renal lymph and
urine (6) and blunting of the pre- and postglomerular vasocon-
striction by a TXA2 synthesis inhibitor (7). Thereafter, in sin-
gle-nephron studies, inhibition of endogenous TXA2 synthesis
or TXA2 prostaglandin (PG) H2 receptors was found to blunt
the fall in SNGFRand PGc during orthograde perfusion of the
LH (8) by an angiotensin-independent mechanism (5). The
aim of the present study was to investigate the mechanisms
whereby TXA2 potentiates TGF-induced changes in PGc using
a stable TXA2/PGH2 mimetic U-46,619 (9).

The hierarchy of responses to intravenous U-46,619 was
assessed from dose-response relationships for TGF-induced
changes in PGc, SNGFR, renal and femoral hemodynamics,
and blood pressure (BP). The role of TXA2/PGH2 receptors
was assessed using the specific, competitive receptor antago-
nist, SQ-29,548 (10). Because TXB2 has been detected recently
in proximal tubule fluid (11, 12), we tested the effects of
U-46,619 delivered via the lumen of the perfused loop of Henle
(LH) on the TGFresponse. The role of the macula densa in the
response to U-46,619 was assessed by retrograde infusion of
U-46,619 from the distal tubule into the macula densa segment
and from a comparison of the effects of intravenous U-46,619
on SNGFRmeasured from the proximal and distal tubules.

1. Abbreviations used in this paper: APF, artificial plasma fluid; ATF,
artificial tubular fluid; BP, blood pressure; [EDa], early distal tubular
fluid chloride concentration; FBF, femoral blood flow; FVR, femoral
vascular resistance; Jc0, net chloride reabsorption; LH, loop of Henle,
MBP, mean BP, PGc, glomerular capillary pressure; PSF, proximal
stop flow pressure; PTC, peritubular capillary; RBF, renal blood flow;
RPF, renal plasma flow; RVR, renal vascular resistance; SNGFR, sin-
gle-nephron glomerular filtration rate; TFv, tubular fluid flow rate;
TGF, tubuloglomerular feedback (response); UV, urine flow rate;
UN.V, UKV, or UaV, renal excretion of sodium, potassium, or chlo-
ride.
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During proximal tubule fluid collection, the delivery of tubular
fluid to the macula densa segment is interrupted while during
distal tubule collection it is intact (13). Recently macula densa
cells have been shown to resemble thick ascending LH cells in
possessing a furosemide-sensitive apical Na/K/2Cl cotransport
step ( 14). Therefore, further studies were undertaken to assess
the effect of U-46,6 19 on the signal generated by reabsorption
of NaCl by the macula densa cells, or the response of the arter-
iole to this signal. This was studied from the effects of luminal
perfusion of the Na/K/2C1 cotransport inhibitor, furosemide,
on TGF responses to graded doses of luminal U-46,619 and
from measurement of net Cl reabsorption (JQ) in the LH dur-
ing perfusion with U-46,619. To determine whether U-46,619
could engage TGF via an extraluminal action, the drug was
infused directly into the peritubular capillaries while TGFwas
assessed from changes in PSF during graded perfusion of the
LH of the target nephron with artificial tubular fluid.

Methods

Animal preparation. Male Sprague-Dawley rats (211-254 g) were
maintained on rat chow (rodent laboratory Chow5001; Ralston Purina
Co., St. Louis, MO)and surgically prepared for in vivo micropuncture
as previously described in detail (8). Albumin (3 g- dl-'; Sigma Chemi-
cal Co., St. Louis, MO) was dissolved in 0.15 MNaCl and infused
throughout at 0.5 ml* 100 g body weight-' * h-' after a priming dose of
0.5 ml to maintain a euvolemic state. [3H]inulin (0.1 Ci * kg-' * h-')
and ['4C]paraaminohippurate (0.05 tiCi -kg-' - h-', both supplied by
New England Nuclear, Boston, MA) were added to this infusion to
measure GFRand renal plasma flow (RPF), respectively. [3H]Inulin
was infused at adose of 0.5 ,Ci * kg- * h-1 for measurement of SNGFR.
Renal extraction of PAHwas not assessed; previous studies had shown
that alteration in endogenous TXA2 generation did not alter renal par-
aaminohippurate extraction in the rat (7). Renal vascular resistance
(RVR) was calculated from mean BP (MBP) factored by renal blood
flow (RBF).

Individual nephrons were identified by insertion of a localizing pi-
pette (4-6 um, o.d.) and injection of a small volume (10-20 nl) of
artificial tubular fluid (ATF), which had a composition similar to end-
proximal tubule fluid (5) and was stained with fast-green (1% F, Dand
C, Sigma Chemical Co.). The last loop of the proximal tubule was
punctured with a perfusion pipette (7-10 ,m, o.d.) connected to a
variable nanoliter perfusion pump (World Precision Instruments, Inc.,
NewHaven, CT). An immobile wax block was placed in the proximal
tubule upstream from the perfusion pipette using a hydraulic syringe
(Trent Wells, San Diego, CA). A pressure pipette (1-2 .m, o.d.) con-
nected to a servonull pressure measuring device (IPM, Inc., La Jolla,
CA) was inserted into the proximal tubule upstream from the wax
block to measure the proximal stop flow pressure (PSF). PSF defines
the net filtering pressure at the glomerulus; in the absence of a change
in plasma oncotic pressure, PSF is proportional to PGC. The changes in
PSF during graded alterations in the rate of flow of ATF into the LH
from 0 to 40 nl * min-' were used to characterize the TGF response.
There is normally a sigmoidal relationship between PSFand LH perfu-
sion. The set point for the TGFresponse was taken as the value of PSF
during zero LH perfusion. The overall response was taken as the
change in PSFbetween 0 and 40 nl * min-' of LH perfusion. The turn-
ing point was assessed using a curve-fitting program as the rate of LH
perfusion corresponding to a 50% change in PSF. In some studies, the
TGF response was assessed from changes in SNGFR; for one set of
studies, timed collections of proximal tubule fluid were made during
perfusion of the LH with ATF at 0 and 40 nl* min'. For another set,
free-flow micropuncture samples were drawn from the proximal and
distal tubules upstream from a mobile oil droplet. Tubular fluid vol-
umes were measured in a calibrated, constant-bore micropipette and

tubular fluid flow rate (TFv) was calculated. SNGFRwas taken as the
product of TFv and the tubular fluid/plasma ratio for 3H activity.

After completion of surgery, there was a 30-min equilibration pe-
riod. For the first series, this was followed by a basal period of 90 min
(period 1) during which clearance and micropuncture measurements
were made. Thereafter, test solutions or vehicle were infused and, after
5 min, there was an experimental period of 90 min (period 2) when
clearance and micropuncture measurements were repeated. Blood was
sampled at the midpoints. This protocol followed exactly previous se-
ries (5, 8) where it was shown that, if no drugs were given during period
2, there were no changes between periods 1 and 2 in MBP, GFR, RPF,
urine flow rate (UV), renal excretion of sodium (UNaV), potassium
(UKV), chloride (UaV), prostacyclin (PGI2) metabolite (U6kPGFhrV), or

TXA2 metabolite (UTXB2V). Moreover, TGF responses, whether as-
sessed from changes in PSF or SNGFRalso remained stable.

Protocols. The aim of the first protocol was to test the hypothesis
that there was a differential sensitivity of renal and systemic hemody-
namic responses to infused U-46,6 19 that could be ascribed to activa-
tion of TGF. Studies were undertaken to contrast the dose-response
relationships for intravenous U-46,619 on TGF-mediated changes in
PSFor SNGFR,MBP, and renal and femoral hemodynamics. Femoral
blood flow (FBF) was assessed with a noncannulating electromagnetic
flow probe connected to a blood flow meter (Carolina Medical Elec-
tronics, King, NC). Femoral vascular resistance (FVR) was calculated
from MBPfactored by FBF. For this series, U-46,6 19 was infused i.v. at
1, 10, 100, 1,000, or 10,000 ng - kg-' * min-' during period 2. Each rat
received only one dose of U-46,6 19. The complete TGFresponse for
changes in PSF during perfusion of the LH with ATF at 0, 10, 20, 30,
and 40 nl * min-' was assessed during the basal period and during the
infusions of U-46,6 19 at the three lower doses. To determine the role of
TGF in reducing glomerular filtration with U-46,6 19, free-flow mea-
surements of SNGFRwere contrasted for samples drawn from the
proximal and distal tubules before (period 1) and during (period 2)
intravenous infusion of U-46,619 at 10 and 100 ng- kg-' * min-'.

The aim of the second protocol was to test the hypothesis that
U-46,619 could engage TGF via a luminal route. The TXA2/PGH2
mimetic was given directly into the lumen of the LH by addition to
ATF perfusing the test nephron. The TGF response was measured
from changes in PSF between 0 and 40 nl * min-' of LH perfusion.
Each paired observation was made as a continuous recording of PSF
during a control perfusion of ATF + vehicle followed by replacement
of the perfusion pipette with one containing ATF + U-46,619 or vice
versa. In some nephrons, it was possible to return to the original perfu-
sion solution and, in these instances, a very comparable TGFresponse
was seen between the basal and postcontrol perfusions. One or two
paired recordings were made in each rat. TGFwas also assessed from
changes in SNGFRduring perfusion of the LH at 0 and 40 nl * min-'
with ATF + vehicle and contrasted with ATF + U-46,619 (10-6 M).

The aim of the third protocol was to test the hypothesis that the
effect of luminal U-46,619 on TGFwas mediated by specific TXA2/
PGH2receptors, using the TXA2/PGH2 receptor antagonist SQ-29,548
(10). TGFwas assessed from measurements of SNGFRduring perfu-
sion of the LH with ATF at 0 and 40 nl* min-' (order randomized), as
described above. The effects of perfusion of the LH with U-46,619
(10-6 M) added to ATF at 40 nI * min-' were assessed in two groups of
nephrons. Each nephron (n = 7) was perfused with ATF + vehicle,
ATF + U-46,619, and ATF + SQ-29,548 + U-46,619.

The aim of the fourth protocol was to test the hypothesis that
U-46,619 could engage TGFby a direct action on the macula densa
segment. The proximal tubule near the last surface convolution was

identified, a wax block was placed, and the tubule was vented down-
stream to ensure escape of the perfusate. PSF was measured while the
distal tubule was perfused retrogradely into the LH with ATF + vehicle
or ATF + U-46,619 (I0-5 M) at 10 nI- min-'.

The aim of the fifth protocol was to test the hypothesis that luminal
U-46,619 could engage TGFby enhancing the signal generated by Cl
reabsorption at the macula densa segment (2, 13, 14). Because this
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could not be measured directly, it was assessed from the effects of lu-
minal furosemide (I 0- M) on U-46,6 19-induced changes in PSF; furo-
semide blocks the entry step for Na/K/2C1 absorption by both thick
ascending limb and macula densa cells (14). In addition, the effects of
U-46,619 on J3 in the perfused LH were assessed directly. TGF re-
sponses were measured from changes in PSF in two to four separate
nephrons of each rat during 0 and 40 nI * min-' perfusion of ATF via
the LH. Perfusates contained either ATF + vehicle or ATF + furose-
mide (l0-4 M) or ATF + U-46,619 (1o-8 to 10-4 M) or ATF
+ U-46,619 (10-6 or 10-4 M) + furosemide (10- M). The effect of
luminal U-46,619 (10-6 M) on J0 was assessed in eight nephrons while
the LH was perfused from the late proximal tubule downstream from a
wax block at 40 nI - min-' with an isotonic ATFsolution (Cl concentra-
tion 142 mM) containing [3Hlinulin as a recollection marker. Col-
lected fluid was sampled from the first early distal convolution up-
stream from an oil block and analyzed for volume, [Cl], and 3H activ-
ity. Measurements were made in the same nephron during perfusion of
ATF + vehicle and compared to ATF + U-46,619 (10-6 M); the order
was randomized between studies. Additional nephrons (n = 6) were
studied during perfusions of the LH with ATF + vehicle or ATF + U-
46,619 (10-6 M) at a lower rate of perfusion of 20 nl * min-'. Finally,
measurements were also made in eight nephrons during perfusion of
the LH at 40 nl * min' with ATF + furosemide (l0-4 M) + vehicle and
compared to ATF + furosemide (l0-4) + U-46,619 (Io-6 M). J0 was
calculated from the difference between the rate of Cl delivery (the prod-
uct of the perfusion rate from the calibrated nanoliter perfusion pump
and the perfusate [Cl]) and the rate of Cl collection (the product of the
rate of fluid collection and the collectate fluid [Cl]).

The aim of the sixth protocol was to test the hypothesis that
U-46,619, perfused via the LH might be reabsorbed and therefore
could act extraluminally. The reabsorption of [3H]U-46,619 was as-
sessed in nine nephrons which were perfused with ATF at 20 nl * minI
to which was added [3H]U-46,619 (2 ACi ml-'; ICN Biochemicals,
Indianapolis, IN); ['4C]inulin was added to assess completeness of recol-
lection. Net reabsorption was calculated as described above for J0.

The aim of the seventh protocol was to test the hypothesis that
U-46,619 could engage TGFresponses via an extraluminal route. The
TXA2/PGH2 mimetic was delivered locally via the peritubularcapillar-
ies (PTC) while the LH of the experimental nephron was perfused with
ATF at 0 or 40 nl * min-. A third pressure-sensing micropipette was
placed upstream from a wax block in the proximal tubule of the test
nephron to assess PSF. The PTC perfusion was delivered at 15
nlo min' via a micropipette (8-10 Am, o.d.) inserted into an efferent
arteriolar star vessel. The perfusate contained an artificial plasma fluid
(APF) stained with 1% F, Dand C dye solution oxygenated with 95%
02 and 5% CO2 as described by Mitchell and Navar (15). The rate of
perfusion used was well below that which led to any apparent back-flux
of perfuLsate down the efferent arteriole toward the glomerulus. More-
over, green dye did not appear in tubular fluid but escaped from the
capillaries and stained the region surrounding the experimental
nephron. Perfusion of some PTCs did not cause greening of the inter-
stitium around the test nephron; these nephrons were not studied fur-
ther. The TGFresponse was assessed by increasing the LH perfusion
from 0 to 40 nl * min-' and back to 0. It is not possible to withdraw the
efferent arteriolar micropipette without inducing significant bleeding.
Therefore, the TGFresponses were assessed during PCTperfusion and
compared to those obtained with the micropipette in place, but the
perfusion not engaged. For the first control group (n = 6), the PTCs
were perfused with APF + vehicle while for the second experiments
group (n = 7) they were perfused with APF + U-46,619 (10-6 M).

Chemical methods. Samples of plasma, urine and tubular fluid
were assessed for radioactivity in a liquid scintillation counter (Beck-
man Instruments, Inc., Palo Alto, CA). Na and K concentrations were
measured in a flame photometer (model 443, Instrumentation Labora-'
tory, Inc., Lexington, MA). Urine Cl was measured in chloride meter
(model 920 N, Coming Medical, Medfield, MA). Tubular fluid Cl con-
centrations were measured using silver electrotitration (model ET,
World Precision Instruments, Inc.).

Drugs. U-46,619 (The Upjohn Co., Kalamazoo, MI) was dissolved
in 10% ethanol and diluted in 0.15 Min NaCl. The final ethanol con-
centration for infusion never exceeded 0.01%. SQ-29,548 (Squibb Insti-
tute for Medical Research, Summit, NJ) was dissolved in ethanol with
equimolar Tris-chloride salt, dried under nitrogen gas, and diluted in
0.15 MNaCl. Furosemide (Hoechst-Roussel Pharmaceuticals, Inc.,
Somerville, NJ) was dissolved in 0.15 MNaCl.

Statistical methods. Values are reported as mean± I SEM. Analyses
were assessed using an analysis of variance (ANOVA); post-hoc Stu-
dent's t tests were applied thereafter to parameters or dosages which
showed significant effects. Values were taken as statistically significant
at P < 0.05.

Results

The dose-response relationships for changes in GFR, RVR,
FVR, and MBPduring i.v. infusion of U46,6 19, compared to
its vehicle, are shown in Fig. 1. It is apparent that RVRand
GFRwere much more sensitive and responsive to U-46,619
than were either FVR or BP. Further data on the dose-re-
sponse relationships are presented in Table I. The set point for
the TGF response (i.e., the values of PSF or SNGFRin the
absence of LH perfusion) and the turning point were unaf-
fected by intravenous U-46,619 up to and including 100
ng -kg' - min-'. In contrast, the maximal PSF response (i.e.,
the change in PSF during changes in the perfusion of the LH
with ATF between 0 and 40 nl * min') was increased by 90%
during intravenous infusion of U-46,619 at a dose of 10
ng. kg-' - min'. However, neither the GFRnor the RPFwas
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Figure 1. Mean±SEMvalues for percentage changes in glomerular
filtration rate, RVR, FVR, and MAPduring intravenous infusions
of vehicle or U-46,6 19. The numbers of animals studied at each rate
of infusion are shown in Table I. Significance of change: *P< 0.05;
**P < 0.01; ***P < 0.001.
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Table I. GFR, RPF, SNGFRfrom the Proximal and Distal Nephron, and TGFParameters: Effects of Intravenous Infusion
of Graded Doses of U-46,619

Maximal
Proximal Distal PSF PFS PSF

GFR RPF SNGFR SNGFR set point response turning point

ml - min-' * 100gl ' ni - min-' mmHg n. - min-'

Group 1 (n = 10):
Before 0.78±0.07 2.81±0.38 33.0±1.1 10.6±0.7 19.9±0.8
During vehicle 0.81±0.09 2.96±0.38 33.9±1.6 9.7±0.5 19.4±0.6
Change +0.03±0.05 +0.14±0.14 + 1.0± 1.1 -0.9±0.6 -0.5±0.4

Group 2 (n = 3):
Before 0.73±0.07 1.81±0.15 32.3±2.6 7.7±0.9 21.3±0.4
During U-46,619 0.83±0.12 2.28±0.27 32.0±2.5 6.7±0.3 22.0±7.0

(1 ng - kg-' * min-')
Change +0.10±0.07 +0.47±0.37 -0.3±0.7 -1.0±0.6 +0.7±0.4

Group 3 (n = 9):
Before 0.86±0.06 2.85±0.28 41.1±2.6 34.0±1.8 35.8±1.9 7.8±0.4 20.1±0.6
During U-46,619 0.75±0.07 2.55±0.14 39.1±1.5 32.7±2.5 34.5±1.4 15.9±2.0 21.2±1.8

(10 ng kg-' min-') (n = 6) (n = 6)
Change -0.11±0.07 -0.30±0.24 -2.0±0.9 -1.3±1.0 -1.2±0.9 +7.0±1.6 + 1.2±1.5

Group 4 (n = 1 1):
Before 0.87±0.08 2.91±0.17 54.1±4.8 38.6±3.9 32.7±1.3 8.7±0.6 17.9±1.0
During U-46,619 0.59±0.07 2.11±0.17 45.4±2.1 24.1±2.0 32.7±1.6 18.1±1.5 17.7±1.9

(100 ng kg-' min-') (n = 8) (n = 10)
Change -0.28±0.06 -0.80±0.21 -9.5±4.2 -14.5±3.2 0±0.7 +9.4±2.0 -0.2±0.6

Effects of U-46,619
by ANOVA

l ng kg-' min-' NS NS NS NS NS
IO ng- kg-' * min-' NS NS NS NS NS P < 0.001 NS
I00ng kg-'-min-' P<0.001 P<0.01 NS P>0.01 NS P<0.001 NS

Mean±SEMvalues. n = number of rats studies except for SNGFRwhere figures in parentheses refer to number of tubules studies. Data
for SNGFRwas unpaired; in these groups, P values refer to results of unpaired t tests.

changed consistently at 10 ng. kg-' - min- although both were
reduced by a similar degree at 100 ng. kg-' - min-'. This dis-
crepancy between the sensitivity of the single-nephron maxi-
mal PSF response to perfusion of the LH with ATF and the
whole-kidney GFRand RPFresponse might have been due to
several factors: distinct effects of U-46,619 on PGC and
SNGFR, a difference in macula densa response to perfusion
with ATF compared to native tubular fluid or a difference be-
tween the high rate of LH perfusion of 40 nl * min' used to test
the maximal PSFresponse and the normal rate of flow of tubu-
lar fluid into the LH of 10-20 nl * min' (16). Therefore, the
role of TGF in control of SNGFRwas assessed using a tech-
nique which does not depend upon LH perfusion with ATFby
comparison of SNGFRvalues measured at proximal and distal
tubules. During the basal period, the mean proximal SNGFR
of 29 nephrons was 48.5±3.4 nl * min-' which was significantly
(P < 0.005) higher than the distal SNGFRof 30 nephrons of
35.2±2.0 nl -min'. This implies that TGF was actively re-
straining glomerular filtration in the outer cortical nephrons in
the basal state since interruption of delivery of tubular fluid to
the macula densa during the proximal measurements was asso-
ciated with a 38% increase in SNGFR. There was some unex-
plained variability in basal values for SNGFRbetween groups.
However, during infusion of U-46,619 at 10 ng kg-' -min-',
SNGFR,whether measured from the proximal or distal tubule,

was unaltered. During infusion of U-46,619 at 100
ng. kg- * min', SNGFRmeasured from the proximal tubule
when TGF was inactive was not changed consistently. How-
ever, the SNGFRmeasured from the distal tubule when TGF
was active was significantly reduced by 38%. This corresponds
with the 32% reduction in whole-kidney GFRrecorded at this
rate of infusion of U-46,6 19 and indicates that, in the presence
of an intact macula densa delivery of tubular fluid, GFRand
SNGFRhave a comparable sensitivity to intravenous infusions
of U-46,6 19. In contrast, in the absence of macula densa deliv-
ery, neither PSF nor SNGFRwere altered consistently by
U-46,619 even at 100 ng-kg-' min-'.

The dose-response relationship for i.v. infusion of
U-46,6 19 and changes in PSF during graded perfusion of the
LH with ATF are shown in Fig. 2. Whereas U-46,6 19, at rates
of infusion of 10 ng- kg-l I min' and above augmented the
TGF-induced changes in PSF during LH perfusion with ATF
at 20, 30, and 40 nl - min', only the higher rates of infusion of
U-46,619 of 100 ng- kg- I min-I reduced PSF significantly
when the loop was perfused at 10 nlo min-.

Results of the second protocol are shown in Fig. 3 which
depicts the effect on PSF of the addition of graded doses of
U-46,619 to ATF perfusing the LH from the late proximal
tubule. During zero perfusion of the LH, the PSF for this series
averaged 35.9±0.2 mmHg.There were no differences in PSFat
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zero LH perfusion between the five groups. U-46,619 caused a
dose-dependent decrease of the maximal PSF response.

In 10 nephrons, changes in SNGFRwere compared during
LH perfusion with ATF + vehicle and ATF + U-46,619. Dur-
ing zero LH perfusion, SNGFRwas 38.0±3.7 n1o min'. Dur-
ing perfusion of the LH with ATF + vehicle at 40 n1 * min-',
SNGFRwas reduced by 11.1± 1.5 nl - min-' (P < 0.001). Dur-
ing perfusion of the LH with ATF + U-46,619 (10-6 M), it was
reduced by 18.2±3.0 ni min-'. This was a significant (P
< 0.001) potentiation ofthe response by 64%which was compa-
rable to the mean potentiation of TGF-induced change in PSF
by this dose of luminal U-46,619 of 78%.

For protocol 3, TGFwas assessed in seven nephrons from
changes in SNGFRduring perfusion of the LH at 0 and 40
nl - min-' with ATF. The SNGFRin the absence of perfusion
of the LH was 34.6±1.5 nl * min-'. During perfusion of the LH
at 40 nl * min' with ATF + vehicle, the SNGFRwas reduced
(P < 0.01) to 23.0±2.3 nl -min-'. The SNGFRwas reduced
further (P < 0.001) with U-46,619 (10-6 M) 17.2±2.6
nl * min'). The SNGFRduring addition of U-46,619 (1o-6 M)

* ATF+vehicle
(n=14)

o ATF+ U-46,619
(10-8M; n=5)

V ATF+ U-46,619
(1 0-7M; n=9)

A ATF+ U-46,619
(104M; n=8)

o ATF+ U-46,619
(104M; n-7)

10 20 30

LH Perfusion (nI.min-1)

Figure 3. Mean±SEMvalues for changes in PSF during perfusion of
the LH with ATF with vehicle or U-46,6 19. Compared to vehicle: *P
< 0.05; **P < 0.0 1; ***P < 0.00 1. n = number of tubules studied.

Figure 2. Mean±SEMvalues for changes in
PSF during perfusion of the LH with ATF
during intravenous infusions of vehicle or
U-46,619. Compared to vehicle: **P < 0.01;
***P < 0.00 1. n = number of rats studied.

and SQ-29,548 (10-4 M) to the perfusate was 20.8±2.4
nl * min-'; this was significantly (P < 0.05) higher than during
perfusion with U-46,619 alone but was also significantly (P
< 0.05) lower than the value during perfusion with vehicle.
This suggests that luminal SQ-29,548 blunted, but did not abol-
ish, the response to U-46,619.

To examine the effects of luminal U-46,619 on macula
densa mediated changes in PSF, without potentially confound-
ing effects of alteration in NaCl transport in the LH upstream
from this segment, TGF-induced changes in PSF were ana-
lyzed during retrograde perfusion of the macula densa segment
from the early distal tubule at 10 nl - min' in four nephrons
(protocol 4). The PSF was 36.0±1.2 mmHgin the absence of
perfusion. This was reduced (P < 0.01) to 28.0±1.2 mmHg
during perfusion with ATF + vehicle and was reduced further
(P < 0.005) to 14.1±1.3 mmHgduring perfusion with ATF
+ U-46,619 (10-6 M).

The addition of furosemide (10-4 M) to orthograde perfu-
sions of the LH with ATF (protocol 5) reduced the maximal
PSF response from 8.8±1.2 to 2.4±0.8 mmHg(P < 0.01). Fig.
4 shows the effects of luminal furosemide on the dose-response
relationship for luminal U-46,619-induced changes in maxi-
mal PSF responses. During perfusion with ATF + vehicle, the
maximal PSF response was 9.0±0.9 mmHg(n = 15). Com-
pared to this vehicle response, increasing doses of luminal
U-46,619 caused a steep potentiation of the maximal PSF re-
sponses. This figure also shows that, whereas coperfusion with
furosemide (l0-4 M) blunted 68% of the response to U-46,619
at 10-6, it did not significantly blunt the response to the highest
dose of U-46,619.

Fig. 5 summarizes data from protocol 5 showing the effects
on Ja in the LH of luminal perfusion with ATF + vehicle
compared to ATF + U-46,619 (10-6 M). Recollection of [14C]-
inulin in this series averaged 96±5% (range 85-104%). The Ja
was increased (P < 0.05) by U-46,619 in all eight tubules. The
early distal tubule chloride concentration [EDa] also was re-
duced (P < 0.05) by U-46,619.

Additional studies were undertaken to compare the effects
of luminal perfusion with U-46,619 added to ATF perfusing
the LH at 40 nl - min- (group A; n = 8) with similar perfusions
at 20 nl * min' (group B; n = 6) or with furosemide (10-4 M)
added to the perfusate delivered at 40 nl min-' (group C;
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Figure 6. Mean±SEMvalues for changes in PSFas a function of Ja in
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M; o). During A, furosemide (l0-4 M) was added to the ATF, which
was perfused at 40 nI - min-' (n = 8). During B (n = 6) and C (n
= 8), ATF was perfused at 20 and 40 ni - min' without furosemide.

n = 8). As shown in Fig. 6, the effect of luminal U-46,6 19 was
to increase Jc and decrease PSF in groups B and C; these
changes in PSF and Ja with U-46,6 19 were significant
(P < 0.05), whereas those during coperfusion with furosemide
(group A) were not. There was a unique relationship between
Ja and PSF in these three groups of perfused tubules which
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Figure 5. Individual values, and mean±SEM, for Ja (left panel) or
[EDQN] (right panel) during perfusion of the LH with ATF (control)
or ATF containing U-46,619 (10-6 M).

persisted whether the LH perfusate contained vehicle or
U-46,619.

The recovery of [3H]U-46,619 and ['4C]inulin added to
ATF perfusing the LH segment at 40 nlo min' was studied in
nine nephrons of protocol 6. The fraction of the [3H]U-46,619
perfused into the LH that was reabsorbed by the early distal
tubule averaged 88±5%. Recollection of ['4C]inulin in this se-
ries averaged 95±7% (range 85-107%).

For the seventh protocol, PTCperfusion with APFalone at
15 nl min-' did not modify the TGF response. Additional
studies contrasted the effects of PTCperfusions at 15 nl - min-'
with U-46,619 (10-6 M) added to APFcompared to sham per-
fusions. The PSF was measured in adjacent nephrons during
zero perfusion of the LH and during perfusion with ATF at 40
nl- min-'. Perfusion with U-46,619 in APF consistently re-
duced PSF during perfusion of the LH with ATF at 40
nl - min' yet had no effect when the LH was not perfused
(Fig. 7).

Because [3H]U-46,619 was reabsorbed from the LH, the
possibility was considered that U-46,619 perfused into the PTC
gained access to the LH perfusion. Accordingly, [3H]U-46,619
(40 cpm- nu') was added to APF and perfused into the PTC
during luminal perfusion of the adjacent LH with ATF at 40
nl- min'. The LH perfusate was collected over 3-5 min from
the early distal tubule and analyzed for 3H activity. In three
studies, no measurable 3H activity was detected.
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Discussion

The main new findings were the following: U-46,619 caused
dose-dependent potentiation of TGF-induced reductions in
SNGFRand/or PGc whether given by intravenous infusion or
by perfusion of the LH or the PTC. The actions of U-46,619 at
the lower doses on PSF or SNGFRwere apparent only when
macula densa cell function was intact. The i.v. dose that re-
duced GFRor RPFwas 10-100-fold lower than that required
to raise FVRor BP. The same dose that reduced distal SNGFR
also reduced whole-kidney GFR. Activation of TGF by
U-46,619 entailed local actions within the nephron because
perfusion of the LH with U-46,619 led to graded reductions in
PSF and SNGFRwhether given by orthograde perfusion via
the LH or by retrograde injection into the macula densa seg-
ment. The effect of orthograde perfusion with U-46,619 was
blunted by coperfusion with SQ-29,548. Luminal perfusion of
the LH with U-46,619 enhanced JO whereas coperfusion with
furosemide, at a dose which severely blunted tubular Cl reab-
sorption, blunted the effects of low, but not high, doses of lu-
minal U-46,619 on PSF. This suggested that high doses of
U-46,619 might exert extraluminal actions. Indeed, it was
found that 88% of [3H]U-46,619 was absorbed during one pas-
sage through the LH and that infusion of U-46,619 into the
PTC reduced PSF during perfusion of the macula densa seg-
ment with ATF.

Evidence for involvement ofendogenous TXA2 in the mod-
ulation of the TGF response was derived from experiments
which showed that drugs which inhibit TXA2 synthase or
TXA2/PGH2 receptors blunted the TGFresponse by 40-60%
(5, 8). However, Franco et al. (17) found that local perfusion of
the LH with drugs that block TXA2 synthesis or receptors did
not alter the TGF responses. These differences may be ex-
plained because endogenous TXA2 was not produced in the
perfused LH since this is not a major site of TXA2 synthesis
(18). Indeed, the present studies show that a TXA2/PGH2 re-
ceptor antagonist can blunt, but not prevent, U-46,619-in-

duced activation of TGFwhen delivered by local perfusions via
the LH. The failure of the luminally-delivered TXA2/PGH2
receptor antagonist to fully prevent the effects of luminal
U-46,619 maybe related to different pharmacokinetics of these
two drugs. Our data showed that 88%of [3H]U46,619 perfused
via the LH was reabsorbed. Therefore, luminally delivered
U-46,619 might reach sites outside the nephron not fully acces-
sible to luminally delivered SQ-29,548.

Potentiation of TGFby U-46,619 is probably not related to
renin release inasmuch intravenous infusion of U-46,619 into
anesthetized rats reduced plasma renin activity (19). Moreover,
even at much higher doses, renal hemodynamic responses to
TXA2/PGH2 mimetics are unaffected by angiotensin antago-
nists (20). Indeed, we found that endogenous release of TXA2
and angiotensin II potentiated TGFby independent means (5).

An apparent paradox was the finding that i.v. infusion of
U46,619 potentiated TGF-induced changes in the maximal
PSF response at a dose below that required to reduce whole-
kidney GFRor RPF (Table I). A likely explanation is that
maximal PSF responses were tested by increasing the rate of
LH perfusion to 40 nl - min-', which greatly exceeds the nor-
mal end-proximal flow rate of 10-20 nl * min'. Indeed, exami-
nation of Figure 2 shows that intravenous U-46,619 poten-
tiated TGFat these lower, more physiologically relevant levels
of LH perfusion only at doses which corresponded to those
which did lower GFRand RPF. The present results raise the
possibility that the extreme sensitivity and responsiveness of
the renal circulation to U-46,619 maydepend upon its engage-
ment of the unique renal mechanism of TGF. Thus, with mac-
ula densa cell function intact, infusion of U-46,619 at 10
ng - kg-' e min' did not alter either SNGFRmeasured from the
distal tubule or whole-kidney GFR(Table I). However, infu-
sion of U-46,619 at 100 ng - kg` - min' led to a 38% reduction
in distal SNGFRand a 32% reduction in whole-kidney GFR.
This vasoconstrictive action to these low doses of U-46,619 was
apparently mediated by the macula densa since there were no
consistent changes in either PSF or SNGFRin the absence of
perfusion of the macula densa segment. The vasoconstriction
was highly selective since a 10-100-fold higher rate of infusion
of U-46,619 was required to increase FVRor BP. Further evi-
dence for macula densa-mediated renal vasoconstriction by
TXA2 derives from our previous finding that a TXA2 synthase
inhibitor increases RBFand GFRand reduces pre- and post-
glomerular vascular resistances only during hyperchloremia (7)
which increases macula densa Cl delivery and activates
TGF(13).

We observed previously that, providing renal perfusion
pressure is controlled, drugs which inhibit TXA2 synthesis or
receptors blunt the TGFresponse only during high rates of LH
perfusion (5). This suggests that TXA2 itself may interact with
TGFeither by augmenting the signal from the macula densa or
the afferent arteriolor vasoconstrictor response to this signal.
The signal has been related to the reabsorption of solutes, nota-
bly Cl, in the macula densa segment (13, 14, 21). This selectiv-
ity of action of TXA2was confirmed in the present series where
the effects of U-46,619 in the lower dose ranges on PSF or
SNGFR, whether infused systemically or via the PTC or LH
were seen only when macula densa cell function was intact.
The present studies provide some support for the hypothesis
that one component of the action of U-46,619 on TGFis due to
an augmentation of the signal at the macula densa since furose-
mide, which severely blunted loop Cl reabsorption, blunted the
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response to low doses of U-46,6 19 perfused via the LH. Recent
evidence indicates the macula densa cells also contain a lu-
minal, furosemide-sensitive Na,K,2CI cotransporter similar to
that described in the thick ascending limb of Henle cells (14).
The evidence that luminal U-46,619 enhanced loop J0 sug-
gests that U-46,619 can promote TGFby augmenting Cl reab-
sorption by the macula densa cells. Previous studies had shown
that loop Cl absorption and TGFresponses increase in parallel
during perfusion of the LH between 10 and 30 nl * min-' (22).
However, at higher rates of C1 delivery and reabsorption, a
ceiling is approached beyond which TGF responses are not
augmented further (23). Our results showed that U-46,619 re-
duced PSF across a broad range of Cl deliveries (Fig. 6). The
unique relationship between PSF and J0 is consistent with a
predominant role for Cl transport in the regulation of TGFby
U-46,619. However, the enhancement of Jc0 by luminal
U-46,6 19 reduced the [Cl] of early distal tubule fluid (Fig. 5).
Thus, TGFwas studied during retrograde perfusion from the
early distal tubule to obviate any confounding effects due to
alterations in tubular transport upstream from the macula
densa. When given more directly near the macula densa, lu-
minal U-46,619 again reduced PSF. This suggests that
U-46,619 can alter the signal sensing mechanism at the macula
densa. However, if the sole effect of U-46,6 19 was to augment
macula densa cell Cl transport, one might anticipate that the
drug would augment the PSF response to low rates of LH per-
fusion but would have no further effect when given during
perfusion of the LHwith ATFat 40 nl * min-I when Cl delivery
and reabsorption are maximally effective in stimulating TGF.
The data for both intravenous and luminal delivery of
U-46,619 (Figs. 2 and 3) suggest that the drug augments PSF
during both low and maximal rates of LH perfusion with ATF.
This suggests that U-46,619 may also increase the sensitivity of
the TGFresponse. This may be analagous to the recent clarifi-
cation of the action of angiotensin II on the renal afferent arte-
riole which requires the presence of a signal generated by the
macula densa, perhaps related to adenosine release (24). Fur-
thermore, very high doses of this lipid soluble drug U-46,6 19
may diffuse from the tubular lumen and vasoconstrict the af-
ferent arteriole independent of macula densa cell function.
This is suggested by the finding that coperfusion with furose-
mide, to block macula densa cell reabsorption, did not signifi-
cantly attenuate the rise in PSF induced by luminal U-46,619
at the highest dose tested.

The mechanism whereby U-46,619 stimulated Cl transport
in the LH was not established in these studies. U-46,619 pro-
motes net Cl secretion in the stomach and ileum (25) while
infusions of a TXA2 synthase inhibitor can increase renal Cl
excretion (8). Studies in isolated tubules from mouse (26) and
rabbit (27) thick ascending limbs have shown a Cl conductance
in the basolateral cell membranes. Of interest are the recent
findings that the gene for a TXA2/PGH2 receptor encodes for a
protein which functions as a calcium-activated chloride con-
ductance (28). Juxtaglomerular cells contain a major calcium-
activated chloride conductance (14, 29). Locating the site of
action of U-46,6 19 on the basolateral aspect ofthe thick ascend-
ing limb and macula densa cells may seem inconsistent with
the marked effect of luminal U-46,619 on Jco and PSF. How-
ever, we found that [3H]U-46,619 was very lipid soluble (its
olive oil/water partition coefficient at 37°C was 66:34) and that
88% was lost during a single passage through the LH. There-
fore, U-46,619 may diffuse from the lumen to the interstitium
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where it could interact with a basolateral Cl channel. Indeed,
even when given directly into the interstitium by PTC perfu-
sion, U-46,619 did not alter PGC unless macula densa function
was intact by simultaneous perfusion of the LH with ATF.
Therefore, we conclude that one mechanism whereby
U-46,619 reduces PGCentails an enhanced generation of the
signal that initiates TGFresponses at the macula densa cells.

These studies were undertaken with U-46,619 which, al-
though acting on the same receptor at TXA2, is very lipid solu-
ble and more stable than TXA2, which has a half-life of only
some 30 s. The release of TXB2 into urine and renal lymph is
increased in a whole-kidney model of TGF(6) whereas TXA2
synthesis inhibitors reverse the pre- and postglomerular vaso-
constriction in this model (7). These observations in the whole
animal concur with the more discreet perfusions of the LH of
single nephrons (5, 8) and implicate TXA2 in the complex
events that relate the tone of the renal resistance vessels to the
rate of delivery and reabsorption of NaCl in the LH and mac-
ula densa.
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