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Introduction

idney proximal tubules are responsible for
reabsorption of about 60% of filtered salt and water,

and the fractional reabsorption is relatively constant,
despite large variations in glomerular filtration rate
(GFR).1  This perfusion-absorption balance in the
proximal tubule has been named glomerulotubular
balance (GTB).  However, there has been a long-standing
debate as to why the GTB convincingly demonstrated by
Schnermann et al.1 in vivo could not also be demonstrated
in vitro in single perfused rabbit tubules by Burg and
Orloff.2  We have studied the mechanism of axial flow
induced changes in Na+ and HCO3

- absorption by
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Flow-modulated salt and water transport in proximal tubules has been recognized for more than four
decades.   Recent work has made major progress in defining the underlying cellular mechanisms.  First,
we demonstrated that perfusion-absorption balance is present in the isolated perfused proximal tubule
of the mouse kidney, and thus is independent of neuronal control and systemic hormonal regulation.  In
proximal tubule, higher axial flow rates stimulate sodium and bicarbonate absorption by increased
apical membrane Na+/H+-transporter and H-ATPase activity.  It is also evident that fluid shear stress
stimulates Na+/H+ exchanger isoform 3 (NHE3) exocytosis and trafficking to the apical membrane of
the proximal tubule cells.  Second, experimental data and modeling calculations provide strong evidence
that brush border microvilli function as flow sensors in the proximal tubule.  Flow-induced changes of
proximal tubule absorption depend on the changes of torque (bending moment) on the microvilli, and
that an intact actin cytoskeleton is required to transduce signals from the brush border to cell and alter
transport activity, NHE3 expression and trafficking.  Third, the increased NHE3 exocytosis by dopamine
blockers enhanced tubule sensitivity to torque, and the IP3 receptor-mediated intracellular Ca2+ signaling
is a critical step in transduction of fluid drag on microvillus drag tips in modulating Na+ and HCO3

-

transport.  Finally, in all of our experimental studies, flow-dependent transport in mouse tubules was
achieved with virtually no change in tubule cell volume.  Our model calculations suggest that this
observation is strong evidence for proportional luminal and peritubular effects of flow on transporter
density.
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microperfusion of mouse proximal tubules in vitro under
low and high physiological flow rates.  From these studies,
we have demonstrated that flow-modulated Na+/H+

exchanger isoform 3 (NHE3) activity is the basis for
flow-dependent proximal tubule Na+ reabsorption; flow-
stimulated NHE3 and H-ATPase activity both contribute
to the increased HCO3

- absorption by higher flow.3  This
perfusion absorption balance is independent of neuronal
and systemic hormonal regulation, and requires the intact
actin cytoskeleton to transmit the signal of altered axial
flow sensed by brush border microvilli.4  However,
changes in tight junction permeabilities do not play a
role in flow-activated sodium and bicarbonate transport.3

We have developed a theory and an equation that enables
Received 20 November 2015, accepted 19 February 2016
Correspondence to: Tong Wang, Department of Cellular and Molecular Physiology, Yale University School of Medicine, New Haven, CT
333 Cedar Street, New Haven, CT  06520, USA
E-mail: tong.wang@yale.edu



106

60% in NHE3 knockout mice compared with wild-type
animals,11 and that in the absence of NHE3, neither NHE2
nor any other ethylisopropylamiloride (EIPA)-sensitive
NHE isoform contributes to mediating HCO3

-

reabsorption in the proximal tubule.11  A significant
component of HCO3

- reabsorption (via H+- secretion) in
the proximal tubule is mediated by bafilomycin-sensitive
H+-ATPase.11  Despite changes GFR the fraction of the
filtrate fluid, sodium chloride and bicarbonate reabsorbed
from the proximal tubule remains essentially constant,
and this is termed GTB.1  An increase of GFR increased
salt and water absorption in the proximal tubule in rat
and dog studied by renal clearance and free flow
micropuncture in vivo.1,12,13  In the early 80's Chan et
al.,14  Alpern et al.,15 and Liu and Cogan16 reported flow
activates not only Na+ but also HCO3

- absorption in the
proximal tubule of rat kidney.  However, all this research
was done in vivo whereas flow has been found to have no
effect on proximal tubule transport in vitro.2  We measured
flow-mediated Na+ and HCO3

- absorption in isolated
proximal tubules from the mouse kidney, and
demonstrated that increased perfusion rates significantly
enhanced both Na+ (Jv) and HCO3

- (JHCO3) absorption.
Figure 1A displays the rate of Na+ absorption in response
to changing perfusion rate, and Figure 1B is the flow-
mediated HCO3

- absorption.  Both Na+ and HCO3

absorption rates are proportionally increased with
increased perfusion rates, R2 = 0.96 and R2 = 0.99,
respectively, indicating flow stimulated both Na and
HCO3

- absorption in vitro.  Experimental data confirmed
the previous demonstrations, but also provided the first
evidence that flow-dependent proximal tubule transport
of Na+ and HCO3

- is independent of Starling forces,
neuronal control and systemic hormonal regulation.
Figures 1C and D display the role of NHE3 and H-ATPase
on flow-activated tubule transport.  The flow-induced
changes on Na+ and HCO3

- absorption were compared
under conditions with and without blocking of NHE3
(by EIPA), H-ATPase (by bafilomycin) or both.  EIPA
and bafilomycin only partially blocked the flow effects
on both Jv and JHCO3; however, the flow stimulated HCO3

-

absorption was completely abolished, indicating both
NHE3 and H-ATPase activity are regulated by tubular
flow.  The remaining flow-increased Na absorption when
NHE3 is blocked suggests flow also stimulates other Na+

transport mechanism (s) besides NHE3.

Flow-stimulates NHE3, H+-ATPase, and Na+/K+-ATPase
trafficking
Since flow-dependent Na+ and HCO3

- reabsorption is
due to a modulation of both NHE3 and vacuolar H+-
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us to calculate the changes of torque at the base of the
brush-border microvilli due to fluid drag forces on their
tips, and demonstrated that flow-induced changes in Na+

and HCO3
- absorption are torque dependent (bending

moment at the apical membrane due to fluid flow).4  Our
experimental data proved the hypothesis that brush-border
microvilli serve as the mechanosensors of axial flow along
the proximal tubule.4  By using our theoretical which
takes into account the changes of tubular diameter with
flow, we have solved a long-standing mystery as to why
the GTB demonstrated in vivo more than four decades
ago did not appear to be present in single perfused rabbit
proximal tubule.5  Our mathematical model and
experimental data indicated that luminal flow also affects
peritubular transporters, as the flow effects only minor
changes on cell volume.6  In the studies of mouse proximal
tubule cells, we have shown that fluid shear stress
stimulates NHE3 and H+-ATPase trafficking to the apical
and Na+/K+-ATPase to the basolateral membrane surfaces.
The actin cytoskeleton reorganization contributes to the
perfusion absorption balance and flow-stimulates NHE3
and Na+/K+-ATPase trafficking.6  This observation is
consistent with the mathematical model that shows both
apical and basolateral transporters are regulated by flow.
To understand the regulatory mechanisms of the GTB,
we investigated three major signaling transduction
pathways: angiotensin II (Ang II), dopamine and calcium
signals.  We have demonstrated that the Ang II type 1
(AT1) receptor is important to maximize the NHE3
activity activated by flow; however, it is not critical for
the flow stimulated HCO3

- transport, which still exists
when the inhibitors are present or when the AT1a receptor
is knocked out.7  Dopamine, that stimulated NHE3
endocytosis via a protein kinase A (PKA)-dependent
mechanism, has no effect on baseline fluxes, but abrogates
the flow-stimulated Na+ and HCO3

- absorption.8  We
calculated the changes of torque and changes of transport
activity by flow, and showed that blocking of the
Dopamine receptor significantly increased the tubule
sensitivity to torque, indicating the tubule sensitivity of
torque is dependent upon transporter availability on the
membrane surface.8  In addition, we have provided
evidence implicating inositol trisphosphate (IP3) receptor-
mediated intracellular Ca2+ signaling as a critical step in
transduction of microvillus drag to modulate Na+ and
HCO3

- transport.9

Flow-activated NHE3 and H-ATPase function
NHE3 is the predominant isoform for apical membrane
Na+/H+ exchange in the proximal tubule.10  We have
reported that Na+ and HCO3

- absorption was reduced by
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ATPase activity.  It has been suggested that the intact
actin cytoskeleton provides a structural framework for
proximal tubule cells to transmit mechanical forces and
subsequently modulate cellular functions,3  Thus, it was
important to know whether membrane transporter protein
trafficking is involved in fluid shear stress (FSS)-induced
regulation of the protein activity.  This study was carried
out on cultured immortalized mouse proximal tubule cells
and the NHE3, H+-ATPase and Na+/K+-ATPase
localization and expression were examined both in the
absence and presence of 1 dyne/cm2 FSS for 3 hours.
Figure 2 shows that FSS leads to an increment in the
amount of protein expression, and a translocation of apical
NHE3 (2a) and V-ATPase (2b) from the intracellular
compartment to the apical plasma membrane and Na+/
K+-ATPase (2c) to the basolateral membrane.  Disrupting

actin by cytochalasin D blocks the FSS-induced changes
in NHE3 and Na+/K+-ATPase, but not H+-ATPase (2c).
In contrast, FSS-induced H+-ATPase redistribution and
expression are largely inhibited by colchicine, an agent
that blocks microtubule polymerization.  These findings
indicated that FSS-induced transporter trafficking was
not only limited to the apical domain of the plasma
membrane, where microvilli and primary cilia
mechanotransducers make direct contact with the flow
but also involved basolateral membrane protein activities,
such as Na+/K+-ATPase.  The actin cytoskeleton
disruption blocked the FSS stimulating effect on
upregulation and trafficking of NHE3 and Na+/K+-
ATPase, but an FSS-induced increase in apical V-ATPase
abundance relies on an intact microtubule network, not
actin filaments.17  This study also provided evidence that

Figure 1.  Flow-activated proximal tubule Na+ and HCO3
- absorption.

A. Relationship between flow rate and fluid absorption (Jv, as an indicator for net Na+ absorption in the proximal
tubule); B. Relationship between flow rate and HCO3

- absorption (JHCO3) in proximal tubules.  Jv and JHCO3 was
measured under perfusion rates of 5, 10, 15, 20, and 25 nl/minute.  *: P < 0.05 compared with the low flow rate (5 nl/
minute).  C, D. Effect of EIPA, bafilomycin, on Jv (C) and JHCO3 (D) in proximal tubules.  Jv and JHCO3 were measured
at low (5 nl/minute) and high (20 nl/minute) perfusion rates in the absence and presence of 10μM EIPA, 0.1μM
bafilomycin, and EIPA plus bafilomycin, respectively, in the luminal perfusion solution.  Bar graph shows the delta
changes of Jv or JHCO3 from low flow rate.  *Significant difference from control (P < 0.05).  (Reproduced with
permission from References3,4)
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Figure 2a.  Effect of FSS on NHE3 trafficking and expression in MPT cells.  In control, NHE3 scattered in the
cytoplasm and mainly localized below the actin rings (arrows).  After 3-hours FSS at 0.2 dynes/cm2, the NHE3
staining was stronger and the stained areas were larger than those in control cells.  Majority of NHE3 now localize at
the apical region.  After FSS the NHE3 staining was stronger and the stained areas were larger than those in control
cells.  Majority of NHE3 now localize at the apical region.  D. The fluorescence intensity of the cells was shifted to the
right (cell apex) after application of FSS (red).  This effect was blunted with the addition of C, D (green).

Figure 2b.  Effect of FSS on Na+/K+-ATPase trafficking and expression in MPT cells.  Na+/K+-ATPase weakly
distributed mainly at the basolateral membrane with some intensive staining near the cell-cell contacts (arrows).  After
FSS, an elevation in membrane Na+/K+-ATPase expression was observed mainly at the cell periphery (arrows).
Colocalization of Na+/K+-ATPase and actin was prominent (XZ image, Inset).  C, D significantly blunted the flow-
dependent effects (green line).

Zhaopeng Du, et al.
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peritubular transporters can be activated by luminal flow
supporting the mathematic model of Weinstein and
colleagues.9  The peritubular transporters must be
modulated by luminal flow to allow coordinated transport
of Na+, HCO3

-, at the basolateral membrane and entry
into the interstitium and peritubular capillaries from the
cell when apical transporter activity is increased.

Flow-activated proximal tubule transport is torque
dependent
The brush border is a remarkable mechanosensing
apparatus that involves ~4,000 membrane-bound actin
filament bundles (microvilli) that are equally spaced and
nearly identical in height on each proximal tubule
epithelial cell.18,19  Based on model calculations, Guo et
al.20 have proposed that the brush-border microvilli serve
as the sensor for axial flow along the proximal tubule
due to their homogeneity in height and spacing.  Such

homogeneity would not be necessary if the primary
function of the microvilli were solely to increase apical
transport area.  Furthermore, their model showed that the
microvilli acted as stiff bristles since their central actin
filament bundle hardly deflected at physiological flow
rates in contrast to primary cilia.  In their hypothesis, the
drag force on each microvillus produces a torque (bending
moment) on the actin filament bundle in the core of each
microvillus that is transmitted to the actin cortical network
in the underlying cytoskeleton.  This hypothesis is
supported by the experimental data showing that
disrupting actin by cytochalasin D abolished the flow
effect on NHE3 activity and trafficking.3,17  However, if
brush-border microvilli have have a flow mechanosensor
function, the flow-induced changes in torque and in
transport activity should be directly proportional to one
another.  By using a simplified equation (Figure 3A)
established by our group, we were able to calculate and

Figure 2c.  Effect of FSS on V-ATPase trafficking and expression in MPT cells.  V-ATPase was expressed more
evenly and brightly in every cell.  There is a translocation of V-ATPase witnessed in the XZ image.  C, D did not affect
the flow-dependent up-regulation and translocation of V-ATPase.

Figure 2.  Effect of FSS on NHE3, Na+/K+-ATPase and V-ATPase trafficking and expression in confluent MPT cells.
Immunofluorescence (IF) images of MPT cells under control (CTL) (A), FSS (B), and cytochalasin D (CD-FSS)
conditions (C).  The antibody stained for NHE3, Na+/K+ATPase and H+-ATPase (red) and actin filaments (green),
respectively.  D. Distributions of normalized NHE3, Na+/K+-ATPase or V-ATPase-stained fluorescence intensity.
The values were normalized such that the mean maximum value in the stimulation group was 100% in each experiment.
E. Western blot analysis showing NHE3, Na+/K+-ATPase or V-ATPase levels under control and FSS conditions.
Expression levels of ion transporters were normalized on actin expression in the same lane.  Results in bar graph are
means ± SE and are percentage of control condition (*P < 0.05).  (Reproduced with permission from Reference17)

Flow-activated proximal tubule function underlies glomerulotubular balance
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compare the changes in torque and the changes in fluid
and HCO3

- absorption at perfusion rates of 10, 15, 20 and
25 using the reference value at flow rate of 5 nl/minute.
The effects of Na+ and HCO3

- on changing flow rate on
torque and changes of torque on proximal tubule transport
were compared.  As shown in Figure 3B, the relationship
between increasing perfusion rates and changes in torque
(T), the relationship between Jv and T (3C) and between
JHCO3 and T (3D) are all almost perfectly linear, suggesting
that the flow-modulated changes of tubule transport
activity are directly modulated by the changes in
microvillus torque.

Hydrodynamic drag and torque on the microvilli can
be increased by increasing the tubular flow rate or by
increasing the fluid viscosity without changing the flow
rate.  Accordingly, whether Na+ absorption is altered by
increasing the viscosity of the tubular perfusion solution
was evaluated.  As shown in Figure 4A, increasing the
viscosity by adding dextran-80 to the perfusing fluid did
not change the maximal absorption rate, but the flow-
dependent transport curve was shifted to the left
supporting the theory that flow-stimulated Na+ transport
is torque-dependent.  From the following equation to
calculate torque, we can see that the "Q", (flow rate) "μ",
(the viscosity) are in direct proportion with "Ttot" (total
torque), but "R", tubule diameter is inversely proportioned
with the torque (T).

Figure 3.  Analysis of the changes of transport activity and total torque in response to increased perfusion rates.

A. Simplified proximal tubule model for calculating microvillus torque.  Detailed information can be found in
reference4.  B. The relationship between increasing perfusion rates and changes in torque.  T, total torque of the
microvilli (body and tip); Tr, reference value of the total torque at the perfusion rate of 5 nl/minute; T/Tr, ratio of total
torque at related perfusion rates of 10, 15, 20, and 25 nl/minute to the reference value at a perfusion rate of 5 nl/minute.
C. The proximal-tubule transport Na+ (Jv/Jvr) activity corresponding to changes of torque.  D. The proximal-tubule
transport HCO3

- (JHCO3/ JHCO3r) activity corresponding to changes of torque.  The relationship between the changes of
torque and changes of transport activity are proportional.  (Reproduced with permission from References3,4)

Zhaopeng Du, et al.
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If the flow-stimulated transport is torque-dependent,
then reduction of torque by increasing the tubule diameter
would reduce flow-stimulated tubule transport.  We have
reconsidered the data of Burg and Orloff,2 widely cited
as a negative effect of flow on proximal sodium
reabsorption in isolated rabbit proximal tubules.  As
shown in Figure 4B, inner diameters of the proximal
tubule increased when flow is high in both rabbit and
mouse tubules.  However, rabbit proximal tubules appear
more distensible than mouse.  Tubule diameter increased
41% in rabbit tubule and 30% in mouse tubule when
flow rate increased from 6 to 18 nl/minute.  Indeed, when
flow rate was increased from 6 to 18 nl/minute, torque
and Jv increased by 38 and 37%, respectively, in rabbit
proximal tubules.  Similarly, torque and Jv increased by
61 and 60%, respectively, in mouse proximal tubules
(Figure 4C, D), indicating proportional changes in torque
and Jv in response to flow exhibited in both species.  As
the change in torque is inversely related to the change in
tubule diameter, the increase in torque is significantly

lower in rabbit than in mouse tubules due to the greater
enlargement of the tubule lumen in the former.  Thus, the
reason for the absence of flow-stimulated Na+ absorption
in rabbit proximal tubules in vitro is indicated by our
equations of torque-dependent transport.5

A mathematical model of rat proximal tubule was
extended to include calculation of microvillous torque
using the equation above, and to incorporate torque
dependent solute transport in a compliant tubule.6  In the
model calculations, torque-dependent scaling of luminal
membrane transporter density (either as an ensemble or
just NHE3 alone) had a relatively small impact on overall
Na+ reabsorption and could produce a lethal derangement
of cell volume; coordinated regulation of luminal and
peritubular transporters was required to represent the
overall impact of luminal flow on Na+ reabsorption.  In
all of our experimental studies of flow-dependent
transport in mouse tubules, this was achieved with
virtually no change in tubule cell volume.  The model
calculations suggest that this observation is strong

Figure 4.  Torque-dependent proximal tubule transport.

A. Effect of dextran-80 on flow-induced change on fluid absorption (Jv).  B. Flow-induced changes in inner tubular
diameter (ID) in rabbit and moue proximal tubule; (C).  Comparison of fluid absorption (Jv) under low and high tubule
flow rates between rabbit and mouse tubules.  (Reproduced with permission from References4,5)

Flow-activated proximal tubule function underlies glomerulotubular balance
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evidence for proportional luminal and peritubular effects
of flow on transporter density.  The impact of microvillous
torque on transporter density was captured with a single
sensitivity parameter.  When the magnitude of this
sensitivity was taken slightly lower than suggested by
our observations in mouse tubules, the rat model tubule
showed perfusion-absorption balance in good agreement
with observations in the rat, over a broader range of inlet
flows. In simulation of hyperglycemia, torque-dependent
transport attenuated the diuretic effect and brought the
model tubule into closer agreement with experimental
observation in the rat.  With torque modulation, end-
luminal volume flow was found to be nearly constant
over the range of ambient glucose (20 - 80 mM), and
end-luminal glucose concentration was found to
approximate the perfusate concentration.  Both of these
predictions brought the model tubule into agreement with
micropuncture observations of hyperglycemia in the rat.21

Role of second messengers on flow-activated proximal
tubule function
The three major signal transduction pathways that are
known to regulate kidney electrolyte transport, Ang II,
Dopamine and calcium signals, have been investigated
by our group.  We have characterized the functional roles
of each of them in the modulation of GTB as described in
the following.

Ang II
Ang II, via activation of its receptors, is an important

regulator of proximal Na+ and HCO3
- transport in the

kidney.  In the intact animal, selective blockade of Ang
II is diuretic, so that under normal conditions it appears
that there is tonic stimulation by angiotensin.22  In intact
rat tubules, the most prominent effect of angiotensin, in
picomolar concentrations, is the stimulation of NaHCO3

reabsorption via Na+/H+ exchange,23 and this is mediated
by binding to AT1 receptors.24  Ang II is produced locally
and secreted into tubule fluid, and the AT1 receptor is
expressed on both apical and basolateral membranes of
the proximal tubule.25,26  Using both in vivo and in vitro
microperfusion techniques, we have reported, along with
other investigators, that luminal administration of Ang II
produced biphasic effects on proximal tubule
transport.23,27  Previous studies reported that Ang II plays
a role in the regulation of GTB,28 but others have indicated
that the AT1 receptor is not critical for GTB.29  We
examined the effect of the AT1 receptor blocker losartan,
the knockout of AT1a and the role of AT2 in flow-mediated
PT transport.  Experimental results are summarized in
Figure 5 showing the fractional change of Na+ and HCO3

-

absorption between low (5 nl/minute) and high (20 nl/
minute) flow rates.  The AT1 blocker losartan reduced
absolute Na+ and HCO3

- absorption at both low and high
flow rates, but did not affect the fractional flow-stimulated
Na+, and slightly increased HCO3

- transport (possibly due
to H+-ATPase mediated H+-secretion that is independent
of acute blocking of AT1 receptor).  In contrast, AT1a KO
mice showed significant reduction of both absolute and
fractional flow-stimulated transport in the proximal

Figure 5.  Effect s of Ang II inhibitors on fractional change (% change from the low flow rate) in Na+ (A) and HCO3
-

(B) absorption.  Flow-induced changes in Na+ (JNa), and HCO3
- (JHCO3) were measured at the perfusion rates of 5 and

20 nl/minute by microperfusion of mouse proximal tubules.  AT1 inhibitor Losartan (10-5 M), AT2 inhibitor, PD123319
(10-6 M), were added to the luminal perfusates, respectively.  *: P < 0.05 compared from the control group.  (Reproduced
with permission from Reference7)

Zhaopeng Du, et al.
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tubules.  The mechanism of this reduction is possibly
due to reduced NHE3 expression in the kidney of AT1a
KO mice.7  The altered physiology underlying this
reduced NHE3 expression may also lead to a reduction
in flow-increased Na+ and HCO3

- absorption in proximal
tubules of AT1a KO mice.  Inhibition of the AT2 receptor
by PD123319 increased both JNa and JHCO3, but did not
affect the flow-induced changes on tubule transport.
These results indicate that the AT1 receptor is important
to maximize the NHE activity activated by flow.
However, it is not critical for the flow stimulated HCO3

-

transport, which still exists when the inhibitors are present
or when the AT1a receptor is knocked out.

Dopamine (DA)
Dopamine is the most important natriuretic signal to the
proximal tubule.30,31  Urinary dopamine derives largely
from circulating L-DOPA,32,33 and proximal tubules are
a source for this excreted dopamine.34  Within the
proximal tubule, conversion from DOPA to dopamine is
due to the enzyme L-amino acid decarboxylase (L-
AADC), and the importance of the local generation of
dopamine was underscored by the demonstration that
maximal L-AADC activity is modulated by dietary salt
intake.35  Proximal tubules are also a target for the locally
generated dopamine, with inhibition of apical NHE3 and
basolateral Na+/K+ATPase.30  A mouse model in which
the intrarenal dopamine is deficient becomes hypertensive
with increased NHE3, NKCC2, NBC, NCC and AQP2
mRNA expression in the kidney36 consistent with
dopamine downregulation of Na+ transport in the kidney.

In Opossum Kidney cells, the dopamine-induced acute
decrease in surface NHE3 is dependent on both DA1 and
DA2 receptors, and dopamine-stimulated NHE3
endocytosis can be blocked by PKA inhibition, or by
mutation of protein kinase A target serines on NHE3.37

At least 5 isoforms of dopamine receptors (DA1 to DA5)
have been identified and they have all been found in the
mammalian kidney.38  The DA1 receptor is expressed in
kidney proximal tubules at both the apical and basolateral
sides, and the DA2 receptor is also detected in the
proximal tubule and distal nephron segments.38  Previous
studies show both DA1 and DA2 receptors regulate Na+

transport in proximal tubule and proximal tubule cells.37,39

We examined whether the effect of dopamine on flow-
stimulated Na+ absorption is due to a DA1 and/or a DA2
receptor mediated mechanism.

Luminal dopamine did not change Jv, JNa and JHCO3 at
low flow rates, but completely abolished the increments
of Na+ absorption by flow (Figure 6A) and partially
inhibited the flow-stimulated HCO3

- absorption (Figure
6B).  The remaining flow-stimulated HCO3

- absorption
was completely abolished by bafilomycin.8  In addition,
the DA1 receptor blocker, SCH23390, and the PKA
inhibitor, H89, blocked the effect of exogenous dopamine,
and produced a 2- to 3-fold increase in the sensitivity of
proximal Na+ reabsorption to luminal flow rate.8  A
comparison of DA1 and DA2 receptor functions in torque-
dependent changes in Na+ and HCO3

- absorption
displayed in Figure 6 indicated the DA1 receptor is the
major receptor responding to dopamine effects on
proximal tubule.  These results are consistent with the

Figure 6.  Effect of dopamine, dopamine receptor (DA1), and DA2 antagonist, on flow-induced changes in torque
(T) and sodium (A), bicarbonate (B) reabsorption in proximal tubules.  Dopamine (10-5 M), SCH23390 (DA1
antagonist, 10-5 M), sulpiride (DA2 antagonist, 10-5 M) were added to the luminal perfusate.  *: P < 0.05 compared
from the control group.  (Reproduced with permission from Reference8)

Flow-activated proximal tubule function underlies glomerulotubular balance
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hypothesis that increased flow causes redistribution of
NHE3 within the luminal membrane to a domain where
it is active; this activation is essential for flow-stimulated
Na+ and HCO3

- absorption.  It is also the first
demonstration that tubule sensitivity to flow-induced
changes in torque can be regulated.

Calcium signals and the IP3 receptor
Calcium signals are the major second messenger
m e c h a n i s m s  f o r  p r i m a r y  c i l i u m - m e d i a t e d
mechanosensation in MDCK cells40 in cortical collecting
duct41 and in kidney epithelial cells.42  However,
regulation of flow effect by calcium signals in the
proximal tubule has never been studied.  In the collecting
duct, flow-stimulated K+ secretion is dependent on apical
calcium entry; removal of Ca2+ from the luminal perfusate
prevents luminal Ca2+ entry and abrogates flow
stimulation of net K+ secretion.43  It is not known whether
the proximal tubule cell response of Ca2+ is similar to
other cell types.  In the proximal tubule, however, it is
generally believed that an increase in cytosolic Ca2+ is

associated with a decrease in NHE3-mediated Na+

reabsorption.44  It has been suggested that in the proximal
tubule, cytosolic Ca2+ functions as a negative feedback
signal at the luminal membrane to blunt Na+ entry.41,45

For those reasons, the effect of low and high luminal
Ca2+, the Ca2+ chelator BAPTA-AM, the IP3 receptor
antagonist 2-APB, and the Ca-ATPase inhibitor
thapsigargin on flow stimulated Na+ and HCO3

-

absorption were examined to investigate the role of
calcium signals in flow-activated proximal tubule
transport.9  As shown in Figure 7 (A, C), luminal high
Ca2+ reduced torque-dependent Na+ and HCO3

- absorption
but low Ca2+ had no effect, indicating Ca2+ influx does
not mediate flow-stimulated Na+ and HCO3

- absorption
and increasing cytosolic Ca2+ downregulates proximal
tubule transport.  Additional salient findings of this work
are clamping cytosolic Ca2+ with a chelator (BAPTA) or
application of the IP3 receptor antagonist 2-APB abrogates
the flow-dependent increase of Na+ and HCO3

- absorption
(Figure 7B, D).  These observations suggest that a local
Ca2+ puff, triggered by IP3, is part of the signal transduction

Figure 7.  Effect of low or high Ca2+ and Ca2+ inhibitors on flow-induced changes in torque-dependent Na+ and HCO3
-

absorption.  Data are represented as the ratio of changes in ion absorption and changes in torque by flow (A) Na+

absorption, (ΔJNa/JNar)/(ΔT/Tr) and (B) HCO3
- absorption, (ΔJHCO3/JHCO3r)/(ΔT/Tr); r, Reference volume from low

flow rate (5 nl/minute).  *P < 0.05, compared with the change in control group.  The cell-permeable calcium chelator
BAPTA-AM (2 × 10-5 M), and inositol 1,4,5-trisphosphate (IP3) receptor antagonist 2-aminoethoxydiphenyl borate
(2-APB; 10-5 M) were added to the luminal perfusate, respectively.  *Significant difference from the control group (*P
< 0.05).  (Reproduced with permission from Reference9)
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pathway from the force on the actin cytoskeleton to the
activation of NHE3.  This activation could plausibly be
insertion of new transporters from vesicle reservoirs, or
shuttling of NHE3 already within the luminal membrane
from a basal location to a more available site.  Such a role
for the IP3 receptor is consistent with its function in other
cells (e.g., endocrine secretion, lymphocyte function, or
synaptic transmission), but has not been previously
identified in kidney proximal tubule.46

Discussion

GTB was first established in rat kidney via micropuncture
by Schnermann et al four decades ago.1  The fundamental
mechanism or mechanisms underlying this action had
been a point of intense study, and possible explanations
included metabolism of a filtered or secreted substance,
alteration in the peritbular environment, changes in tubule
dimensions, or direct flow effects on the cells.13  Our
group has focused effort on elucidating this behavior and
has made significant contributions in the last 10 years in
understanding the mechanism and regulation of GTB.
The major advances are three fold.  First, (a) we have
demonstrated that the underlying mechanism of GTB is
the flow regulation of both NHE3 and H-ATPase
activities.  This modulation is torque-dependent and is
modulated by an intact actin cytoskeleton; (b) we have
shown that fluid drag forces acting on the tips of the
microvilli stimulates NHE3 and H-ATPase trafficking
to the apical and Na+/K+-ATPase to the basolateral
membrane surfaces in mouse proximal tubule cells17; this
observation is supported by a mathematical model that
shows that both apical and basolateral transporters are
regulated by flow.6,47  Second, we have developed a
simplified theoretical formula for calculating the forces
and torques on the microvilli, which includes the effect
of changing tubular diameter, and demonstrated that flow-
induced changes of proximal tubule absorption are torque
dependent.  Changes in luminal diameter are inversely
correlated to the changes in torque, and the greater
compliance of the rabbit tubule compared to the mouse
tubule has been shown explain a four decade old mystery
as to why rabbit tubules which were shown by
Schnermann et al.1 to exhibit increments of Na+ absorption
with increased flow in vivo did not appear to be present
in vitro.  Third, we have demonstrated that dopamine
completely blocks flow-stimulated Na+ transport and
partially abolishes flow-stimulated HCO3

- absorption, and
the remaining portion of the increment of JHCO3 by flow is
blocked by the H-ATPase inhibitor bafilomycin.  The
effects of dopamine were completely abolished by the

DA1 receptor antagonist Sch23390.8  We also
demonstrated a dopamine-dependent decrease in the
sensitivity of the renal brush border to a change in
microvillus torque; a DA1 receptor antagonist increased
the transport sensitivity to torque.  These results are
consistent with the hypothesis that increased flow causes
redistribution of NHE3 within the apical membrane, as
we have reported, in the proximal tubule cells8; this
activation is essential for flow-stimulated Na+ and HCO3

-

absorption.  Finally, we have demonstrated that IP3

receptor-mediated intracellular Ca2+ signaling plays a
critical role in transduction of microvillus torque to
increase Na+ and HCO3

- absorption, but increasing Ca2+

influx has no impact on flow-stimulated proximal tubule
transport. High luminal Ca2+ down- regulates Na+ and
HCO3

- absorption in the proximal tubule.  Substantial
uncertainties involving flow-dependent transport remain:
Among all of the transporters within luminal and
peritubular cell membranes, which are flow-modulated?
What is the signal cascade from microvillus to luminal
transporter, and the transduction pathway to peritubular
transporters?  What role does impaired GTB play in
disorders of kidney function and in the progression of
chronic kidney disease?  Thus, it will be important to
define the roles of GTB under pathophysiological
conditions.

Acknowledgment

This investigation was supported by Public Health Service
Grants RO1-DK62289 (T Wang) and RO1-DK-29857
(AM Weinstein) from the National Institute of Diabetes
and Digestive and Kidney Diseases.

References

  1. Schnermann J, Wahl M, Liebau G, et al.  Balance
between tubular flow rate and net fluid reabsorption
in the proximal convolution of the rat kidney.
I. Dependency of reabsorptive net fluid flux upon
proximal tubular surface area at spontaneous
variations of filtration rate.  Pflügers Arch 1968; 304:
90-103.

  2. Burg MB, Orloff J.  Control of fluid absorption in
the renal proximal tubule.  J Clin Invest 1968; 47:
2016-24.

  3. Du Z, Yan Q, Duan Y, et al.  Axial flow modulates
proximal tubule NHE3 and H-ATPase activities by
changing microvillus bending moments.  Am J
Physiol Renal Physiol 2006; 290: F289-96.

Flow-activated proximal tubule function underlies glomerulotubular balance



116

  4. Du Z, Duan Y, Yan Q, et al.  Mechanosensory
function of microvilli of the kidney proximal tubule.
Proc Natl Acad Sci U S A 2004; 101: 13068-73.

  5. Wang T.  Flow-activated transport events along the
nephron.  Curr Opin Nephrol Hypertens 2006; 15:
530-6.

  6. Weinstein AM, Weinbaum S, Duan Y, et al.  Flow-
dependent transport in a mathematical model of rat
proximal tubule.  Am J Physiol Renal Physiol 2007;
292: F1164-81.

  7. Du Z, Wan L, Yan Q, et al.  Regulation of
glomerulotubular balance: II: impact of angiotensin
II on flow-dependent transport.  Am J Physiol Renal
Physiol 2012; 303: F1507-16.

  8. Du Z, Yan Q, Wan L, et al.  Regulation of
glomerulotubular balance.  I. Impact of dopamine on
flow-dependent transport.  Am J Physiol Renal
Physiol 2012; 303: F386-95.

  9. Du Z, Weinbaum S, Weinstein AM, et al.  Regulation
of glomerulotubular balance.  III. Implication of
cytosolic calcium in flow-dependent proximal tubule
transport.  Am J Physiol Renal Physiol 2015; 308:
F839-47.

10. Wang T, Hropot M, Aronson PS, et al.  Role of NHE
isoforms in mediating bicarbonate reabsorption along
the nephron.  Am J Physiol Renal Physiol 2001; 281:
F1117-22.

11. Wang T, Yang CL, Abbiati T, et al.  Mechanism of
proximal tubule bicarbonate absorption in NHE3 null
mice.  Am J Physiol 1999; 277: F298-302.

12. Green R, Moriarty RJ, Giebisch G.  Ionic
requirements of proximal tubular fluid reabsorption
flow dependence of fluid transport.  Kidney Int 1981:
20: 580-7.

13. Gertz KH, Boylan JW.  Glomerular-tubular balance.
In: Orloff J Berliner RW, editors.  Handbook of
Physiology.  Section 8: Renal Physiolology.
Washington, D.C.: Am Physiol Soc; 1973; 763-90.

14. Chan YL, Biagi B, Giebisch G.  Control mechanisms
of bicarbonate transport across the rat proximal
convoluted tubule.  Am J Physiol 1982; 242: F532-
43.

15. Alpern RJ, Cogan MG, Rector FC Jr.  Flow
dependence of proximal tubular bicarbonate
absorption.  Am J Physiol 1983; 245: F478-84.

16. Liu FY, Cogan MG.  Flow dependence of bicarbonate
transport in the early (S1) proximal convoluted tubule.
Am J Physiol 1988; 254: F851-5.

17. Duan Y, Weinstein AM, Weinbaum S, et al.  Shear
stress-induced changes of membrane transporter
localization and expression in mouse proximal tubule
cells.  Proc Natl Acad Sci U S A 2010; 107: 21860-5.

18. Maunsbach AB, Giebisch GH, Stanton BA.  Effects
of flow rate on proximal tubule ultrastructure.  Am J
Physiol 1987; 253: F582-7.

19. Maunsbach AB, Christensen EI.  Functional
ultrastructure of the proximal tubule.  In: Windhager
EE, editor.  Handbook of Physiology: Renal
Physiology.  Volume 1: Chapter 2.  Bethesda, MD:
Am Physiol Soc; 1992; 41-107.

20. Guo P,  Weinstein AM, Weinbaum S.   A
hydrodynamic mechanosensory hypothesis for brush
border microvilli.  Am J Physiol Renal Physiol 2000;
279: F698-712.

21. von Baeyer H, Haeberle DA, van Liew JB, et al.
Glomerular tubular balance of renal D-glucose
transport during hyperglycemia: clearance and
micropuncture studies on its characterisation at
saturated transport conditions.  Pflügers Arch 1980;
384: 39-47.

22. Xie MH, Liu FY, Wong PC, et al.  Proximal nephron
and renal effects of DuP 753, a nonpeptide
angiotensin II receptor antagonist.  Kidney Int 1990;
38: 473-9.

23. Liu FY, Cogan MG.  Angiotensin II stimulation of
hydrogen ion secretion in the rat early proximal
tubule.  Modes of action, mechanism, and kinetics.  J
Clin Invest 1988; 82: 601-7.

24. Wong PS, Johns EJ.  The receptor subtype mediating
the action of angiotensin II on intracellular sodium
in rat proximal tubules.  Br J Pharmacol 1998; 124:
41-6.

25. Brown GP, Douglas JG.  Angiotensin II binding sites
on isolated rat renal brush border membranes.
Endocrinology 1982; 111: 1830-6.

26. Brown GP, Douglas JG.  Angiotensin II-binding sites
in rat and primate isolated renal tubular basolateral
membranes.  Endocrinology 1983; 112: 2007-14.

27. Wang T, Chan YL.  Mechanism of angiotensin II
action on proximal tubular transport.  J Pharmacol
Exp Ther 1990; 252: 689-95.

28. Zhuo J, Harris PJ, Skinner SL.  Modulation of
proximal tubular reabsorption by angiotensin II.  Clin
Exp Pharmacol Physiol 1986; 13: 277-81.

29. Cervenka L, Mitchell KD, Oliverio MI, et al.  Renal
function in the AT1A receptor knockout mouse during
normal and volume-expanded conditions.  Kidney
Int 1999; 56: 1855-62.

30. Aperia AC.  Intrarenal dopamine: a key signal in the
interactive regulation of sodium metabolism.  Annu
Rev Physiol 2000; 62: 621-47.

31. Carey RM.  Theodore Cooper Lecture: Renal
dopamine system: paracrine regulator of sodium
homeostasis and blood pressure.  Hypertension 2001;
38: 297-302.

32. Baines AD, Chan W.  Production of urine free
dopamine from DOPA; a micropuncture study.  Life
Sci 1980; 26: 253-9.

33. Ball SG, Gunn IG, Douglas IH.  Renal handling of
dopa, dopamine, norepinephrine, and epinephrine in
the dog.  Am J Physiol 1982; 242: F56-62.

Zhaopeng Du, et al.



117

34. Baines AD, Drangova R, Hatcher C.  Dopamine
production by isolated glomeruli and tubules from
rat kidneys.  Can J Physiol Pharmacol 1985; 63:
155-8.

35. Seri I, Kone BC, Gullans SR, et al.  Influence of Na+

intake on dopamine-induced inhibition of renal
cortical Na+-K+-ATPase.  Am J Physiol 1990; 258:
F52-60.

36. Zhang MZ, Yao B, Wang S, et al.  Intrarenal
dopamine deficiency leads to hypertension and
decreased longevity in mice.  J Clin Invest 2011;
121: 2845-54.

37. Hu MC, Fan L, Crowder LA, et al.  Dopamine acutely
stimulates Na+/H+ exchanger (NHE3) endocytosis
via clathrin-coated vesicles: dependence on protein
kinase A-mediated NHE3 phosphorylation.  J Biol
Chem 2001; 276: 26906-15.

38. Missale C, Nash SR, Robinson SW, et al.  Dopamine
receptors: from structure to function.  Physiol Rev
1998; 78: 189-225.

39. Bertorello A, Aperia A.  Inhibition of proximal tubule
Na+-K+-ATPase activity requires simultaneous
activation of DA1 and DA2 receptors.  Am J Physiol
1990; 259: F924-8.

40. Praetorius HA, Spring KR.  The renal cell primary
cilium functions as a flow sensor.  Curr Opin Nephrol
Hypertens 2003; 12: 517-20.

41. Woda CB, Leite M Jr, Rohatgi R, et al.  Effects of
luminal flow and nucleotides on [Ca2+]i in rabbit
cortical collecting duct.  Am J Physiol Renal Physiol
2002; 283: F437-46.

42. Nauli SM, Alenghat FJ, Luo Y, et al.  Polycystins 1
and 2 mediate mechanosensation in the primary
cilium of kidney cells.  Nat Genet 2003; 33: 129-37.

43. Liu W, Morimoto T, Woda C, et al.  Ca2+ dependence
of flow-stimulated K secretion in the mammalian
cortical collecting duct.  Am J Physiol Renal Physiol
2007; 293: F227-35.

44. Weinman EJ, Shenolikar S.  Regulation of the renal
brush border membrane Na+-H+ exchanger.  Annu
Rev Physiol 1993; 55: 289-304.

45. Friedman PA, Figueiredo JF, Maack T, et al.  Sodium-
calcium interactions in the renal proximal convoluted
tubule of the rabbit.  Am J Physiol 1981; 240: F558-
68.

46. Foskett JK, White C, Cheung KH, et al.  Inositol
trisphosphate receptor Ca2+ release channels.  Physiol
Rev 2007; 87: 593-658.

47. Weinbaum S,  Duan Y,  Sat l in  LM, et  a l .
Mechanotransduction in the renal tubule.  Am J
Physiol Renal Physiol 2010; 299: F1220-36.

Flow-activated proximal tubule function underlies glomerulotubular balance


