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The contribution of apical Na*—H™ exchange to sodium reabsorption in the thick ascending
limb of the loop of Henle (TALH) in vivo was examined in anaesthetized rats by perfusing
loops of Henle of superficial nephrons with solutions containing the Na'—H™ exchange
inhibitor, ethyl isopropyl amiloride (EIPA).

Using a standard perfusate, no statistically significant effect of EIPA on net sodium
reabsorption (Jy,) was detected. However, when sodium reabsorption in the pars recta of the
proximal tubule was minimized by using a low-sodium perfusate, EIPA reduced Jy, from
828 + 41 to 726 + 37 pmol min~" (P < 0-05), indicating that apical Na*—H" exchange can
malke a small contribution to net sodium reabsorption in the TALH in vivo. This contribution
appears to be dependent on the bicarbonate load, since an increase in the latter led to an
enhancement of EIPA-sensitive sodium transport.

Addition of the Na'—K*—2Cl™ cotransport inhibitor, bumetanide, to the low-sodium
perfusate reduced baseline Jy, to 86 + 27 pmol min". In this setting, EIPA reduced Jy,
further, to —24 + 18 pmol min~" (P < 0:05), an effect similar to that seen in the absence of
bumetanide. This finding argues against previous suggestions (based on in vitro evidence)
that inhibition of the Na*~K*™—2CI~ cotransporter leads to an increase in apical Na‘'—H*
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exchange in the TALH.

Reabsorption of sodium chloride in the thick ascending
limb of the loop of Henle (TALH) provides the driving
force for the operation of the countercurrent multiplier.
Approximately half of the sodium reabsorption in the TALH
is believed to be transcellular, the remainder being driven
through the paracellular shunt as a consequence of the
lumen-positive potential difference (Jamison & Gehrig, 1992).

The bulk of transcellular sodium reabsorption results from
sodium entry on the apical Na'~K*—2CI~ cotransporter,
coupled with expulsion across the basolateral membrane by
the Na'~K'-ATPase. However, a Na'~H" exchanger
(NHE-3) has been identified in the apical membrane of the
rat TALH (Amemiya et al. 1995), and in vitro evidence
suggests that this exchanger mediates most of the
bicarbonate reabsorption in this nephron segment (Good &
Watts, 1996). Consequently, it is possible that Na™—H*
exchange might make a small but significant contribution to
transcellular sodium reabsorption. However, no direct
information is available concerning its magnitude. The
present investigation has addressed this issue by using ethyl

isopropyl amiloride (EIPA), a specific and potent inhibitor
of Na"—H" exchange (Geibel et al. 1989), to assess the extent
of Na"—H™ exchange in loops of Henle perfused in vivo.

The loop of Henle is a heterogeneous nephron segment. In
superficial nephrons it comprises, in addition to the TALH,
the thin descending limb of Henle and the pars recta of the
proximal tubule. Information on transport processes in the
pars recta is limited, but it is thought that the reabsorptive
mechanisms for sodium and water are similar to those in the
late proximal convoluted tubule (Schafer & Barfuss, 1982).
Bicarbonate reabsorption in the pars recta is believed to be
mediated partly by an apical Na'—H™ exchanger and partly
by an apical H*-ATPase (Mackovic-Basic & Kurtz, 1990),
but it is thought likely that this segment plays only a minor
role in bicarbonate transport under in wivo conditions

(Good, 1993).

In the present study, we attempted to achieve some
functional differentiation between the heterogeneous loop
segments by using the model of Peterson et al. (1993) in
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which the loop is perfused with a low-sodium perfusate
(sodium concentration, 110 mmol 1™") designed to suppress
net reabsorption in the pars recta. A reduction in sodium
concentration of this order results in enough passive sodium
backflux to match active uptake (Giebisch et al. 1964).

In additional experiments, the role of the Na"*—H™ exchanger
was investigated during blockade of the Na™~K*—2CI~
cotransporter with bumetanide. The latter approach allowed
us to test the hypothesis that, by lowering intracellular
sodium, inhibition of the Na"—K*—2CI™ cotransporter leads
to an increase in apical Na'~H" exchange in the TALH

(Hropot et al. 1985; Good, 1993).

METHODS

Male Sprague—Dawley rats (n= 27; body weight, 200—-240 g) were
used in all experiments. They had been maintained on a standard
diet with a sodium content of 140 mmol (kg dry weight)™ and a
potassium content of 180 mmol (kg dry weight)™. The rats were
anaesthetized intraperitoneally with 5-ethyl-5-(1’-methyl-butyl)-2-
thiobarbiturate (Trapanal; 110 mg (kg body weight)™; Byk Gulden,
Konstanz, Germany) and prepared surgically for micropuncture as
described previously (Unwin et al. 1994), the left kidney being
exposed through a flank incision, freed of perirenal fat and
immobilized in a Perspex dish with 3% (w/v) agar in 0:9% (w/v)
NaCl solution. All animals were infused intravenously with 0-9 %
NaCl solution at 2 ml h™ throughout. The depth of anaesthesia was
monitored by testing the limb withdrawal and pupillary reflexes at
regular intervals; when necessary, supplementary doses of Trapanal
were administered intravenously.

One hour after the completion of surgery, [*H]inulin (Amersham)
was included in the intravenous infusion (2 #Ci primer, 2 uCi h™),
and 1 h later loop microperfusions were begun. Superficial loops of
Henle were perfused at 20 nl min™ using methods described in
detail in previous publications (Capasso et al. 1991; Unwin et al.
1994). The perfusion micropipette, connected to a thermally
shielded microperfusion pump (Hampel, Neu-Isenburg, Germany),
was positioned in a final surface proximal convolution and the
collection micropipette in the first surface distal loop. Three
perfusion solutions were used:

1. Standard perfusate. This was designed to mimic native late
proximal tubular fluid and had a composition as described previously
(Capasso et al. 1991), viz. (mmol 1™"): 128 NaCl, 12 NaHCO,, 36
KCl, 1 MgCl,, 0-38 NaH,PO, and 1-62 Na,HPO,, together with
FD & C Blue dye (0:07%, w/v) and ["“Clinulin (12:5 #Ciml™;
Amersham).

2. Low-sodium perfusate. The solution proposed by Peterson et
al. (1993) was used in order to minimize the contribution of the pars
recta to sodium reabsorption. The perfusate sodium concentration
is lowered in order to approximate the proximal tubular equilibrium
concentration, while the total osmolality is maintained by addition
of mannitol. The composition of the perfusate was as follows
(mmol 17"): 93 NaCl, 10 NaHCO,, 3-8 KCI, 1 MgS0,, 1 NaH,PO,,
1 CaCly, 4 urea, 6 sodium gluconate and 61 mannitol, together with
FD & C Blue dye (0-07%) and [“C]inulin (12-5 #Ciml™). It has
been shown by Peterson et al. (1993) and confirmed by us (see
Results) that the use of this perfusate almost abolishes fluid
reabsorption by the perfused loop. Peterson and colleagues also
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showed that the addition of frusemide to the perfusate (to block the
Na"™—K*—2CI" cotransporter in the TALH) resulted in the abolition
of chloride reabsorption. Both these findings are consistent with an
absence of fluid reabsorption in the pars recta.

3. Low-sodium, high-bicarbonate perfusate. This was identical
to the low-sodium perfusate described above, except that the
NaHCO, concentration was raised to 24 mmol 1™ and the NaCl
concentration correspondingly lowered to 79 mmol 17"

EIPA (2 x 107* mol 1™"; Research Biochemicals) was included in
some perfusates of all three types; bumetanide (10™° mol I™*; Leo
Pharmaceuticals, Copenhagen, Denmark) or a combination of
bumetanide (107® mol 17) and EIPA (2 x 10™* mol 1™") was included
in some ‘low-sodium’ perfusates. The maximum number of
different perfusates used in a given rat was four. The combinations
of perfusates were varied from rat to rat; in every animal, loops
were perfused with at least one EIPA-containing solution and with
its appropriate control perfusate.

Urine collections and femoral arterial blood samples (for
measurement of plasma [*H]inulin) were taken at approximately
hourly intervals. Arterial blood pressure was monitored using a
Druck (Groby, Leics, UK) transducer. At the end of the experiment,
the animal was killed by an overdose of anaesthetic.

Analyses

Urine sodium and potassium concentrations were measured by flame
photometry (model 543, Instrumentation Laboratory, Warrington,
UK). Fluid collections from perfused tubules were deposited under
water-saturated paraffin oil prior to analysis. Their volumes were
measured using calibrated constriction pipettes and duplicate
samples were taken for measurement of [““Cinulin activity and
sodium and potassium concentrations. [*C]inulin activities in
perfusates and collectates, and [*H]inulin activities in plasma and
urine, were measured by f emission spectroscopy (model 2000 CA,
Canberra Packard, Pangbourne, Berks, UK); sodium and potassium
concentrations in perfusates and collectates were measured by
helium glow photometry (Aminco, Silver Spring, MD, USA) or by
electrothermal atomic absorption spectroscopy (model 3110,
Perkin-Elmer, Beaconsfield, Bucks, UK).

Calculations

Glomerular filtration rate (GFR) was calculated as the renal
clearance of [*H]inulin. The microperfusion pump was calibrated
by direct measurement of volumes delivered under oil over timed
periods. When set at the nominal rate of 20 nl min™, the actual
pump rate was 199 + 0-2 nl min™" (mean + s.E.m., n=6). The in
vivo perfusion rate during microperfusion was calculated as the
rate of fluid collection at the early distal site multiplied by the
collectate/perfusate concentration ratio for [“Clinulin ((C/P)y,).
Collected samples were accepted only if the calculated in vivo
pump rate was in the range 90—110 % of the pre-determined rate.

Net fluxes of water (J,), sodium (Jy,) and potassium (Ji) were
calculated as the differences between perfusion and collection rates.
Values were expressed per individual loop. Fractional reabsorption

was calculated as absolute reabsorption per perfused load.

Statistics

Values are presented as means + s.E.M. The effect of EIPA in each
of the four different conditions was assessed using Student’s
unpaired ¢ test; EIPA values were compared with those in the
appropriate control group in each case.
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Table 1. Effect of EIPA on water and ion transport in perfused loops of Henle

n Perfusion rate (C/P)yy . Collectate [Na'] JIxa Collectate [K*] Jx
(nl min™") (nlmin™)  (mmol1™)  (pmol min™") (mmol 1) (pmol min™)

Standard perfusate

Control 34 197403 1694006 77+04 6943 1971 + 71 2:54+0-2 47+ 2

EIPA 28 196+03 161+005 74404 76+ 4 1851 £ 90 26101 44+ 2
Low-Na' perfusate

Control 46 199402 1084001 15401 73+ 2 828 + 41 24401 2842

EIPA 40 2002402  1-084£0:01 14402 0+ 2% 726 + 37* 25401 27+ 2
Low-Na' perfusate + bumetanide

Control 32 198+02 1024001 04402 108 +1 86 + 27 47402 —20+3

EIPA 30 2003+04  1:00+£0:01  01+02 11242 —24 4+ 18%* 45401 —18+2
Low-Na', high-bicarbonate perfusate

Control 15 199403 1044002 08402 68 + 2 887 + 42 26402 2443

EITPA 16 1984+03 1064001 11402 80+1¢ 689 + 24 F 26401 25+3

Values are means 4+ s.EM. n, number of tubules perfused; (C/P)y,, collectate/perfusate [“*C]inulin
concentration ratio; J;, net water flux; Jy,, net sodium flux; Ji, net potassium flux; EIPA, ethyl isopropyl
amiloride. * P < 0:05, ¥ P < 0-001 compared with corresponding value in the absence of EIPA.

RESULTS
Whole animal data
In the group of rats as a whole (n=27), mean arterial
pressure was 103 + 2mmHg, GFR was 112+

0-12 ml min_l, sodium excretion was 0°9 4 0:2 gmol min~*

and potassium excretion was 1+1 02 gmol min™" (renal
data apply to the left kidney only). These values fall within
the normal ranges for Sprague—Dawley rats as documented
in this laboratory (e.g. Shirley et al. 1990; Unwin et al.
1994).

Microperfusion with standard perfusate

Control values for net fluxes of water, sodium and potassium
(Jy, Jna and Jg) were comparable to those reported
previously in perfused loops (Stanton, 1986; Capasso et al.
1991; Unwin et al. 1994). Inclusion of EIPA in the perfusate
had no statistically significant effect on any of the variables
measured, although a slight tendency for a reduced Jy, and
a corresponding increase in the sodium concentration of the
collectate was noted (Table 1).

Microperfusion with low-sodium perfusate

When using the low-sodium perfusate, the control value for
Jna Was reduced to approximately half that found with the
standard perfusate (Table 1). J, was also reduced markedly,
although remaining slightly greater than zero, as reflected
by a (C/P);, ratio exceeding unity. Ji was also lower than
that seen with the standard perfusate.

In this setting, when EIPA was included in the perfusate,
small inhibitory effects on Jy, and fractional sodium

reabsorption, associated with an increase in the sodium
concentration of the collectate, were discernible (Table 1,
Fig.1). There were no significant changes in the other
variables monitored.

Inclusion of bumetanide in the low-sodium perfusate
severely reduced Jy, to a value that only just exceeded zero
(P < 0-05, 95% confidence limits), and markedly increased
the sodium concentration of the collectate (Table 1).
Somewhat surprisingly, Jy and (C/P);, were also reduced
significantly, compared with control values, while the
direction of net potassium transport was reversed,
reabsorption being replaced by net secretion.

When EIPA and bumetanide were both included in the low-
sodium perfusate, Jy, fell to a value that was significantly
lower than with bumetanide alone, and which was not
significantly different from zero (Table 1). The same
comment applies to the fractional reabsorption of sodium
(Fig.1). Values for other variables were indistinguishable
from those seen with bumetanide alone.

Microperfusion with low-sodium, high-bicarbonate
perfusate

These experiments were performed to assess the effect of
EIPA in the presence of a raised bicarbonate load. EIPA
was found to cause greater reductions in absolute and
fractional sodium reabsorption than those seen with the
normal bicarbonate load (Table 1, Fig. 1). This effect was
associated with an increase in the sodium concentration of

the collectate, but no changes in J, or Jix were observed
(Table 1).
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DISCUSSION

Previous studies have established the existence of a Na™H™
exchanger in the apical membrane of the rat TALH
(Amemiya et al. 1995), and functional evidence for Na'—H™*
exchange at this site has come from in vitro microperfusion
of rat medullary TALH segments (e.g. Good & Watts, 1996).
However, the quantitative significance of any such mechanism
in vivo, in circumstances in which the loop of Henle is
operating within its normal surroundings in the intact
animal, has not previously been assessed. In order to do
this, we elected to use in vivo microperfusion of loops of
Henle, rather than free-flow micropuncture, for two reasons.
First, microperfusion allows precise quantitative assessment
of net water and ionic fluxes, as the quantities entering and
emerging from a given loop can be compared directly.
Secondly, the Na'~H" exchange inhibitor (EIPA) can be
included directly in the perfusate, thereby avoiding
unwanted systemic effects. The concentration of EIPA used
in the present study has been shown previously to be
effective in inhibiting bicarbonate reabsorption in perfused
loops in vivo (Capasso et al. 1991).

It should be emphasized at the outset that the potential
contribution of Na*—H™ exchange to net sodium transport
is likely to be limited by the availability of luminal
bicarbonate (in the absence of substantial acidification of the
luminal contents of the TALH). The sodium bicarbonate
concentration of the standard perfusate, designed to
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mimic native end-proximal convoluted tubular fluid, was
12 mmol 17, i.e. < 10 % of the total sodium load. It may not
seem surprising, therefore, that when EIPA was included in
the standard perfusate, no evidence was found for a
significant inhibitory effect on overall absolute or fractional
sodium reabsorption in the loop segments. On this basis,
apical Na'~H" exchange is unlikely to make a major
contribution to sodium reabsorption in the TALH. However,
a relatively small contribution, beyond the resolution of our
methodology, could not be ruled out. Moreover, a small
effect on the TALH might be masked by other mechanisms
operating in the loop segments as a whole. In this context, it
should be recalled that the loops of Henle of superficial
nephrons comprise three nephron segments: the pars recta,
the thin descending limb and the TALH. Any sodium
reabsorption in the thin descending limb of superficial
(short-looped) nephrons is likely to be trivial (Imai et al.
1987), but a significant quantity of sodium is reabsorbed in
the pars recta. We therefore re-assessed the effect of EIPA
using the model of Peterson et al. (1993), in which the
contribution of the pars recta to net sodium reabsorption is
minimized by perfusing the loop with a low-sodium
perfusate to which mannitol has been added to maintain
approximate isotonicity.

Peterson and colleagues have reported that with their
perfusate J, was only slightly greater than zero (McKay &
Peterson, 1993). Furthermore, when frusemide was included,
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chloride reabsorption fell to zero (Peterson et al. 1993).
However, in those studies Jy, was not measured; moreover,
the criteria for acceptance of perfusion results (collectate/
perfusate inulin concentration ratios between 0:95 and 1-15)
excluded the possibility of substantial water reabsorption.
The present study included all perfusions for which the
perfusion rate was in the acceptable range. In agreement
with Peterson and colleagues, we found that the low-sodium
perfusate greatly reduced water reabsorption (to a value
consistent with that presumed to occur in the thin
descending limb; Jamison & Gehrig, 1992) and halved Jy,.
Addition of bumetanide, to block the Na"'—K*—2CI~
cotransporter in the TALH, reduced Jy, almost (but not
quite) to zero. These results indicate that the contribution of
pars recta segments to overall sodium reabsorption in the
loop was greatly reduced if not abolished.

When using the low-sodium perfusate, inclusion of EIPA
caused a small but significant reduction in sodium
reabsorption and a small increase in the sodium concentration
of the collectate; J, was unaffected. These observations
strongly suggest that under the conditions of our study the
apical Na'~H" exchanger does make a small contribution to
sodium transport in the TALH.

The fact that EIPA-sensitive sodium transport was detectable
with the low-sodium perfusate (when sodium reabsorption
in the pars recta was absent or minimal), but not with the
standard perfusate, is probably a consequence of the lower
variability of overall Jy, in the former situation; there is no
reason to believe that Na"—H™ exchange should be enhanced
when using the low-sodium perfusate. Indeed, the mean
EIPA-induced reduction in Jy, was very similar with the two
perfusates. At the same time, in our view it is unsurprising
that there was no diminution of Na'~H" exchange when
using the low-sodium perfusate. Immunohistochemical
studies and Western blot analyses using polyclonal anti-
bodies have demonstrated intense staining for NHE-3 in
the apical membrane of rat medullary and cortical TALH
(Amemiya et al. 1995; Attmane-Elakeb et al. 1996), whereas
staining in the pars recta was relatively meagre in the S,
segment and completely absent from the S; segment
(Amemiya et al. 1995). Furthermore, apical carbonic
anhydrase (type IV) is present in the TALH and the S,
segment of the pars recta, but not in the S; segment
(Brown et al. 1990). These observations, together with our
experimental findings, suggest that the bulk of the Na"~H*
exchange in the loop as a whole is located in the TALH.

Although, as discussed above, the residual J;, observed when
using the low-sodium perfusate (~1 nl min™) is most likely
to be attributable to water reabsorption in the thin
descending limb, it could be argued that there is normally
no water reabsorption in the thin descending limb of
superficial nephrons and that only a J, of zero would
guarantee complete suppression of fluid reabsorption in the
pars recta. If so, it could be claimed that the EIPA-sensitive
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sodium reabsorption we observed with the low-sodium
perfusate resulted at least partly from residual Na'—H*
exchange in the pars recta. To investigate this, we
performed an extra series of microperfusion studies in five
Sprague—Dawley rats using a perfusate with a lower sodium
concentration (104 vs. 110 mmol 17"), and re-assessed the
effect of EIPA (2 x 107 mol 17"). The results were as follows
(figures for control perfusions given first): number of
perfusions, 19 wvs. 20; perfusion rate, 19:6 + 0:4 vs. 194 +
0-4nlmin™; J,, 01 +£04 vs. =01 £ 0-4nlmin™"; Jy,,
754 + 69 wvs. 585 + 44 pmol min_l, P < 0:05. Thus although
it would be unwise to rule out some contribution to Na'—H™"
exchange by the pars recta under normal conditions, this
reduction in Jy, in the complete absence of water
reabsorption by the loop as a whole provides strong support
for EIPA-sensitive sodium reabsorption in the TALH.

Although the contribution of Na"~H™ exchange to overall
sodium reabsorption in the loop of Henle is relatively minor
under normal circumstances, our results indicate that it
becomes more significant if the bicarbonate load presented
to the loop is increased. Thus raising the bicarbonate
concentration of the low-sodium perfusate from 10 to
24 mmol 1™ resulted in a 2-fold increase in EIPA-sensitive
sodium reabsorption, so that the proportion of total sodium
reabsorption in the TALH attributable to Na"~H™ exchange
increased from ~12 to ~23 %.

As already noted, when bumetanide was included in the low-
sodium (normal bicarbonate) perfusate, sodium reabsorption
in the loop was reduced to a very low value. This residual
sodium reabsorption was abolished by EIPA. These findings
confirm that the major route for apical sodium entry in the
TALH is the Na"™~K*—2CI™ cotransporter and in addition
indicate that all the sodium reabsorption in the TALH can
be accounted for by a combination of Na'~H™ exchange-
dependent and Na'~K*—2Cl”™ cotransporter-dependent
mechanisms.

It is well known that loop diuretics increase urinary
acidification, and micropuncture studies have shown that
frusemide lowers tubular fluid pH within the loop itself
(Hropot et al. 1985). In the amphibian early distal tubule
(diluting segment), which is believed to be functionally
analogous to the TALH (Oberleithner et al. 19824), inhibition
of the Na"~K*—2CI~ cotransporter with frusemide leads to
a fall in intracellular sodium activity (Oberleithner et al.
19820), and it has been proposed that this increased sodium
gradient might be responsible for enhanced tubular
acidification, through stimulation of Nat—-H* exchange
(Hropot et al. 1985; Good, 1993). However, no support for
this proposal can be found in the present in wivo
investigation: the magnitude of EIPA-sensitive sodium
reabsorption was virtually identical in the presence and
absence of bumetanide. An alternative explanation for
increased acidification of tubular fluid in the loop during
treatment with loop diuretics might be reduced paracellular
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reabsorption of H ions as a result of the abolition of the
lumen-positive potential difference in the TALH. In addition,
there is evidence for an apical H"-ATPase in the TALH
(e.g. Brown et al. 1988), the activity of which might be
enhanced in this situation.

Potassium transport

When using the standard perfusate, there was net
reabsorption of potassium in perfused loops, amounting to
~65% of the delivered load. With the low-sodium perfusate,
potassium reabsorption was only ~40% of the delivered
load, suggesting that the net contribution of the pars recta
to potassium transport is in the reabsorptive direction.
When bumetanide was added to the low-sodium perfusate,
net potassium reabsorption was converted to net secretion.
The source of this potassium secretion is unknown. However,
recent experiments in our laboratory have shown that
approximately half of it can be prevented by the addition
of the potassium channel blocker, barium, to the perfusate
(S. J. Walter, R. J. Unwin & D. G. Shirley, unpublished
observations), suggesting that the secretion occurs partly
via the apical potassium channels present in the TALH,
through which potassium ions are normally ‘recycled’ (Wang
et al. 1997).

In wvitro patch-clamp studies of rat TALH and amphibian
diluting segment have indicated that the apical potassium
channels are pH sensitive, channel activity decreasing when
intracellular pH is lowered (Greger et al. 1990; Hurst &
Hunter, 1990; Schlatter et al. 1993). Since blockade of apical
Na'—H" exchange in the TALH will cause intracellular
acidification, the observation in the present study that
potassium secretion was unaffected by EIPA might be taken
as evidence that the channels responsible for potassium
recycling are insensitive to changes in intracellular pH in
vivo. However, without additional information, such a
conclusion would be unwarranted for at least two reasons.
First, although the apical Na'~H" exchanger has been
shown to be a major determinant of intracellular pH (Good
& Watts, 1996), it is likely that the basolateral Na'—H*
exchanger (Good, 1993) also contributes to the control of cell
pH. (The in vivo nature of the present experiments precluded
direct measurement of the pH of TALH cells.) Secondly, it is
possible that cellular acidification could result in both a
reduction in potassium channel activity and depolarization
of the apical membrane, the latter increasing the driving
force for potassium exit. If so, these two effects could offset
one another and explain why no change in potassium efflux
was seen in vivo.

In summary, the present study in loops of Henle perfused
in vivo suggests that a small component of sodium
reabsorption in the TALH is mediated by apical Na™~H"
exchange. No evidence was found for upregulation of Na"™~H"
exchange during blockade of the Na*—K*—2CI~ cotransporter
or for pH sensitivity of potassium efflux across the apical
membrane of the TALH.
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