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Magnesium Transport in the Cortical Thick Ascending
Limb of Henle’s Loop of the Rabbit

G. REzA SHAREGHI and ZALMAN S. AGUS, Renal-Electrolyte Section, Department of
Medicine, University of Pennsylvania School of Medicine, Philadelphia,

Pennsylvania 19104

ABSTRACT Isolated cortical thick ascending limbs
of Henle’s loop were perfused in order to directly
evaluate magnesium transport in this segment. Trans-
epithelial potential difference was altered by varying
the NaCl concentration in perfusate and bath and add-
ing 50 uM furosemide to the perfusate. Perfusion un-
der standard conditions with isotonic solutions resulted
in a mean transepithelial potential difference of
+8.8+0.7 mV and net magnesium absorption at a rate
of 0.32+0.06 pmol/mm per min. Perfusion with a hy-
potonic solution significantly increased potential dif-
ference and the net absorptive rate of magnesium,
calcium, and potassium. Conversely, reversal of the
polarity of the potential difference with low NaCl bath
and luminal furosemide produced net secretion of
magnesium, calcium, and potassium. Parathyroid hor-
mone in a bath concentration of 1.0 U/ml increased
magnesium absorption from 0.34+0.06 to 0.63+0.06
pmol/mm per min (P <0.001) and calcium from
0.52+0.08 to 0.97+0.08 pmol/mm per min (P
< 0.001). Dibutyryl cyclic AMP produced similar ef-
fects on both calcium and magnesium absorption. In-
creasing bath calcium concentration twofold
significantly inhibited net calcium absorption from
0.791£0.27 to 0.16+0.02 pmol/mm per min but mag-
nesium transport was unaffected. Increasing bath mag-
nesium concentration twofold significantly inhibited
net magnesium absorption from 0.56+0.14 to
—0.0910.13 pmol/mm per min but had no effect upon
net calcium transport. Net absorption of magnesium
was significantly increased with increased concentra-
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tion in the perfusate but calcium transport was un-
changed. Similarly, increasing perfusate calcium con-
centration produced an increase in net calcium
transport but did not alter magnesium transport. These
data indicate that this segment of the loop of Henle
is an important site for magnesium transport. Trans-
port is influenced by luminal and bath concentration
and is stimulated by parathyroid hormone and cyclic
AMP. The data do not provide support for the concept
of an interactive process between calcium and mag-
nesium, and suggest that the positive transepithelial
voltage is an important driving force for net reab-
sorption of magnesium, as well as calcium and potas-
sium in this segment.

INTRODUCTION

The kidney plays a major role in the regulation of the
extracellular magnesium concentration. Previous stud-
ies of sites of transport within the kidney using mi-
cropuncture techniques have suggested that the mid-
dle segment of the nephron—pars recta and loop of
Henle—is the major segment responsible for reabsorp-
tion of the bulk of the filtered load of magnesium (1-
4). Although there are no direct studies of magnesium
transport in the pars recta, data obtained from de-
scending limb micropuncture suggested that the as-
cending limb of the loop of Henle was the important
site (2, 5).

The mechanism of transport in this segment has not
been directly evaluated, but recent studies in the rat
using in vivo perfusion of the pars recta and loop of
Henle (6-8) have demonstrated that reabsorption is
increased by parathyroid hormone (PTH)! and luminal
magnesium concentration but inhibited by both hy-
permagnesemia and hypercalcemia. These studies and
others have suggested an interaction between the

! Abbreviations used in this paper: CTALH, cortical thick
ascending limb of Henle’s loop: PD, potential difference;
PTH, parathyroid hormone.
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transport of calcium and magnesium. Because of the
different effects of increasing luminal magnesium and
hypermagnesemia, and because of similarities between
calcium and magnesium transport in this segment, it
has been postulated that absorption of magnesium in
the thick ascending limb is characterized by passive
uptake at the luminal membrane and a competitive
interaction with calcium at the contraluminal mem-
brane (9).

The present experiments using isolated tubule per-
fusion were designed to characterize directly the
mechanisms of magnesium transport in the cortical
thick ascending limb of Henle’s loop (CTALH), and
to evaluate the effects of transepithelial potential dif-
ference (PD), PTH, dibutyryl cyclic AMP, and changes
in luminal as well as bathing solution concentrations
of calcium and magnesium.

METHODS

Techniques

Tubules were perfused using the techniques of isolated
tubular perfusion developed by Burg and co-workers (10)
and modified by Shareghi and Stoner (11). Briefly, kidneys
of New Zealand White female rabbits maintained on rabbit
chow (Ralston Purina Co., St. Louis, MO) were removed
immediately after decapitation of rabbits by guillotine.
Slices 1-3 mm thick were cut along the corticomedullary
axis of the tissue and then slices were further cut perpen-
dicular to the corticomedullary axis at the junction of the
cortex and outer medulla. Cortical slices were then dissected
while immersed in the isotonic bath solution at room tem-
perature. CTALH were transferred to the perfusion chamber
and perfused at 39°C using concentric glass pipettes. The
pipette system is similar to that previously described (11)
providing a means of changing perfusion fluid with the tu-
bule in place, Sylgard 184 liquid dielectric (Dow Corning
Corp., Midland, MI) in the outside pipette of the collecting
end and a volumetric constriction pipette for fluid collection.

The perfusate and bath ionic composition are defined in
Table I. Perfusion solution A and bath solution C are stan-
dard isotonic solutions. Perfusion solution B was hypotonic,
containing about 59 mM sodium and chloride, while bath
solution D contained 38 mM sodium and 8 mM chloride,
brought to isotonicity with 200 mM mannitol. All the per-
fusion solutions were brought to pH 7.4 by addition of a few
drops of 0.15M HCI or 0.15M NaOH. The bath pH was
kept at 7.4 during the experiment by continuous vigorous
bubbling with a 95% 0y-5% CO, gas mixture. Tubules were
warmed to 39°C and the chamber temperature maintained
with a thermistor probe and a temperature controller (model
73A, Yellow Springs Instrument Co., Yellow Springs, OH)
attached to a heating filament embedded in the chamber.
Collections were begun ~30 min after beginning perfusion
at 39°C. Perfusion was carried out at 2-9 nl/min and reg-
ulated by adjusting the height of the column of perfusion
fluid. Timed collections of fluid emerging from the tubular
lumen averaging 3-10 min in duration were made under
water saturated mineral oil with a precalibrated constriction
pipette.

The perfusion pipette served as a luminal electrode and
was connected to a calomel half-cell through a 0.16 M NaCl-
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4% agar bridge. The calomel half-cell was connected to an
electrometer (Keithley Instruments, Inc., Cleveland, OH)
and the circuit completed through a 0.16 M NaCl-4% agar
bridge connecting the bath to a reference calomel half-cell
connected to ground.

Sodium, potassium, chloride, calcium, phosphate, and
magnesium concentrations in bulk solutions were analyzed
daily using flame photometry, a chloridometer, autoanaly-
zers and atomic absorption spectrometry as previously de-
scribed (12). Simultaneous samples from bath, perfusate, and
collected tubular fluid were processed immediately and an-
alyzed in six replicates of 0.3-nl samples using the technique
of electron probe microanalysis as previously described from
this laboratory (12). Osmolality of bath and perfusion fluid
was determined with an Osmette Precision Osmometer (Pre-
cision Systems, Inc., Sudbury, MA) and pH with a Beckman
pH meter (Beckman Instruments, Inc., Fullerton, CA).

The bath solutions were completely changed every 7-10
min throughout the experiment to maintain a constant os-
molality. Tubular leaks were monitored by the use of [meth-
oxy-*Hlinulin (New England Nuclear, Boston, MA) in the
perfusate. [methoxy-*H]Inulin was dialyzed before use against
distilled water for 12-18 h at room temperature, and the
radioactivity in perfusate and collected fluid was measured
with liquid scintillation spectrometry as previously described
(12). Any tubule with an inulin leak of 2% or more, as es-
timated by the ratio of concentration of inulin in collected
fluid to perfusate, was excluded from analysis. Tubular
length was measured during perfusion with a calibrated re-
ticle in the ocular of the microscope.

Protocols

After the initial 30 min of perfusion, for equilibration, the
tubules were studied according to the following protocols.

Controls. Nine tubules were studied for three consecutive
40-min periods. These tubules were perfused with isotonic
perfusion solution A and bathed with isotonic solution C
(Table I). These tubules provide a time control for subse-
quent studies.

Effects of PD. In these series of experiments the effects
of a wide variety of transepithelial PD on net transport rates
of calcium, magnesium, and potassium were studied. To
achieve a wide range of positive and negative luminal po-
tentials with respect to the bath, we took advantage of the
ionic and permeability properties of this segment, similar
to previously reported studies by Bordeau and Burg (13).

Normally in CTALH the lumen potential is positive with
respect to the bath due to a voltage generated by active
chloride transport out of the lumen and a dilution potential
secondary to NaCl absorption along the length of the tubule.
This latter potential is caused by the greater permeability
of CTALH to sodium than to chloride. To increase the lumen
positive potential therefore we used perfusate solution B
(Table I) containing ~59 mM NaCl, a concentration that
approximates the limit of the diluting ability of CTALH in
vitro (14), and therefore should maximize the dilution po-
tential. To achieve a negative luminal voltage, active chlo-
ride transport and its resultant positive luminal potential
were abolished by luminal 50 uM furosemide (15) and the
polarity of dilution potential was reversed by perfusing tu-
bules with solution A and bath solution D (Table I) contain-
ing 38 mM Na and 200 mM mannitol to maintain isotonicity.

In one set of experiments six tubules were perfused and
bathed in a random sequence with the following solution
combinations: isotonic perfusion (perfusion A and bath C),
isotonic, low NaCl bath (perfusion A and bath D), or hy-



potonic low NaCl perfusion (perfusion B and bath C). For
each combination a 20-min collection period was followed
by 15-20 min to achieve a new steady state.

Another seven tubules were alternately perfused and
bathed with isotonic perfusate (perfusion A and bath C) and
hypotonic, low NaCl perfusate (perfusion B and bath C). In
each experiment a 20-25-min collection period with one
combination was followed by a 10-15-min equilibration pe-
riod to achieve a new steady state with the second combi-
nation before obtaining a 20-25 min collection.

In all subsequent protocols of this study tubules were per-
fused and bathed with solutions identical in composition,
osmolality, and pH to perfusion B and bath C (Table I),
i.e., hypotonic, low NaCl perfusion.

PTH. In four tubules control collections were obtained
during the initial 20-30 min of perfusion. Then, PTH (Wil-
son Laboratories, 1,200 U/mg) was added to the bath in a
final concentration of 0.1 U/ml. Collections were obtained
during 40-50 min following PTH. In another seven tubules
the same procedure was repeated but 1.0 U/ml of PTH was
added to the bath.

Dibutyryl cyclic AMP. In six tubules control collections
were obtained during the first 20-25 min of perfusion. Then,
dibutyryl-8',5'-cyclic AMP (Schwartz Bioresearch, Inc.,
Orangeburg, NY) was added to the bath in a final concen-
tration of 0.1 mM. Collections were obtained during 40-45
min of perfusion following the cyclic nucleotide.

CALCIUM AND MAGNESIUM CONCENTRATION
GRADIENTS

High calcium lumen. To determine the effects of in-
creasing luminal calcium concentration on the tubular pa-
rameters under study, six tubules were perfused and bathed
in a random order with either a hypotonic perfusate con-
taining 1.25 mM Ca** as in Table I or an otherwise identical
solution containing 2.5 mM Ca**. Each tubule was perfused
with one gradient for 20~25 min and samples were collected.
Then the perfusate solution was changed. 15-20 min were
allowed to reach a new steady state. Then samples were
collected over a subsequent 20-25-min period.

TABLE I
Composition of Perfusion and Bathing Solutions

Perfusion solutions Bathing solutions
A B (o] D

Sodium 145.7 59.1 146.4 38.0
Potassium 5.03 4.96 5.00 4.88
Chloride 1339 58.2 120.1 7.8
Calcium 1.03 1.00 1.03 1.01
Phosphate 1.28 1.28 1.29 1.29
Magnesium 0.73 0.70 0.72 0.68
Bicarbonate 25.0 25.0
Acetate 10.0 10.0
Sulfate 1.5 15
Dextrose 5.5 5.5
Mannitol 200
Osmolality

(mosmol /kg H,0) 289.8 134.2 292.3 301.5

All concentrations, with the exception of osmolality, are expressed
as millimolar.

Mg Transport in the Thick Ascending Limb of Henle’s Loop

High magnesium lumen. To study the effects of in-
creased luminal magnesium on transport parameters, five
tubules were perfused and bathed in a random order with
either hypotonic perfusate (Table I) or an identical solution
containing 1.40 mM Mg**. The time sequence of this pro-
tocol was identical to that of the high calcium perfusion
protocol described above.

High calcium or magnesium bath. To evaluate the ef-
fects of high calcium bath and/or high magnesium bath on
tubular parameters five tubules were perfused with the hy-
potonic, low NaCl perfusate and bathed in isotonic bath so-
lution containing 0.70 mM Mg** and 1.25 mM Ca**. Two
to four control collections were obtained over a 15-20-min
period. Then either calcium concentration or magnesium
concentration in the bath was raised to 2.50 or 1.40 mM,
respectively, and after a 15-min time period for equilibra-
tion, collections were continued for a second 15-20-min pe-
riod. Then the concentration of the other element was in-
creased and the element that had been increased in the
second period was restored to control concentrations. After
a 15-min equilibration period, a third 15-20-min collection
was obtained.

Calculations

For each tubule the data from three to six collections during
a control or experimental perfusion period was averaged and
the mean value used as a single data point. The statistical
significance of the difference in means of the various groups
was calculated using the Student’s ¢ test for paired and/or
unpaired observations, as appropriate. Regression analysis
was used in defining linearity relationships.

The observed transepithelial PD were corrected for liquid
junction potentials generated due to the differences between
the ionic compositions of perfusion and bath solutions de-
picted in Table 1. These junction potentials were calculated
at 39°C by the method described by Bourdeau and Burg
(13). The observed transepithelial PD were also corrected
for the dilution potential generated due to the change in
sodium concentration along the tubular length (14, 16) as
follows. 20 tubules were first perfused with a perfusate con-
taining 146 mM Na™* and bathed in a solution containing 146
mM Na* and the PD was recorded; then the perfusate was
exchanged for a solution containing 59 mM Na*. The dif-
ference in the observed perfusion end PD under the above
conditions is due to a dilution potential caused by an 87 mM
drop in Na concentration. This dilution potential was
1.33+£0.09 mV /10 mM decrement in Na concentration in the
perfusion solution. Assuming a homogeneous tubule and a
direct relationship between the dilution potential and lu-
minal NaCl concentration, we then calculated, for each tu-
bule, the average PD along the length of the tubule, i.e., the
logarithmic mean of perfusion end PD and collecting end
PD. The collection end PD was estimated as perfusion end
PD + (0.133 mV/mM Na) (perfused [Na] — collected [Na]).

Net transport of the various ions was calculated as the
product of the perfusion rate (calculated as the collection
rate) and the difference between the concentration of that
ion in perfusate and collected fluid. All transport rates were
calculated as picomoles per millimeter of tubular length per
minute. All data are expressed as the mean+SEM of the
number of tubules studied.

RESULTS

Effects of time. To control for the effects of time in
the subsequent studies, nine tubules were perfused
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TaBLE II
Effect of Time on Electrolyte Transport in CTALH

Flow rate PD ];u Ja Je Img J
nl/min mv pmol/mm/min
Period 1 3.07+0.21 +7.9+1.7 53.8+17.5 47.4+15.1 0.43+0.01 0.37+0.07 —1.40+0.98
© )] 9) (9) (9) (©)] ©)
Period 11 2.81+0.14 +7.4+1.7 58.9+17.6 51.1+17.6 0.39+0.01 0.26+0.08 —-0.27+0.83
)] Y] 9 ) 9) ) 9)
Period III 2.74+0.12 +6.5+0.9° 67.711.5 52.8+10.8 0.30+0.10° 0.27+0.01° —0.51+0.81

©) Y] 9)

9) (8) ©) ®)

Nine tubules were perfused with isotonic perfusate for three consecutive 40-min periods. All values are given as mean+SEM; number
in parentheses refers to numbers of tubules for which data was available. Jx., Jai. Jca, Jmg: and Jx refer to the net transport of Na, Cl,

Ca, Mg, and K.

° Asterisk indicates statistically significant difference between each mean value and the mean value for period I using a paired ¢ test.

with isotonic perfusate and bath, and data were ob-
tained over three consecutive 40-min collection pe-
riods. These data are shown in Table II. There was a
tendency toward a fall in transepithelial PD that be-
came significant in the third period. Net calcium and
magnesium absorption also fell with time, beginning
during the second 40 min of perfusion and becoming
statistically significant during the third consecutive
period of perfusion.

Effects of PD. Perfusion of 22 tubules with fluid
isotonic to bath containing 146 mM NaCl, 1.25 mM
calcium, and 0.70 mM magnesium at a mean rate of
8.62+0.27 nl/min resulted in a mean transepithelial
PD of +8.8+0.7 mV, lumen positive. There was net
absorption of calcium and magnesium representing
16.2+2.1 and 18.8+2.0% of the delivered load, re-
spectively.

In 42 tubules studied in the various protocols, per-
fusion with a solution hypotonic to the bath, containing
59 mM NaCl, resulted in a significantly increased PD
and an increased net absorptive rate of calcium and
magnesium and potassium when compared with the
data obtained with isotonic perfusates (Table III). 13
of these tubules, not shown separately in the table were
initially perfused with isotonic perfusate. In this group,
the PD increased from 7.6+0.9 mV to 15.8+1.2 mV,
lumen positive (P < 0.001), associated with an increase
in net absorption of calcium from 0.29%+0.10 to
0.66+0.11 pmol/mm per min (n = 9, P < 0.001), and
an increase in net absorption of magnesium from
0.28+0.03 to 0.54+0.08 pmol/mm per min (n = 13,
P < 0.001).

Perfusion of six tubules with perfusion solution A
to which luminal 50 uM furosemide was added and

TasBLE III
Effect of PD on Electrolyte Transport in CTALH
Flow rate PD Je Img )
nl/min mV pmol/mm/min
Isotonic perfusate 3.62+0.27 +8.8+0.7 0.36+0.07 0.32+0.06 —0.16+0.45
(22) (20) (18) (1) (22)
Hypotonic perfusate 4.43+0.24 +13.6+0.8° 0.56+0.05° 0.45+0.04° 2.06+0.24°
(42) (42) (87 (42) (40)
Isotonic, low NaCl 3.95+0.52 —10.4%2.1° —0.49+0.05° —0.45+0.08° —1.49+0.36°
bath (6) (6) (6) (6) (6)

22 tubules were perfused with perfusate isotonic to bath. Some of these 22 tubules as well as a separate group of tubules totaling 42
tubules were perfused with the perfusate hypotonic to the bath and 6 tubules were perfused in an isotonic, low NaCl bath, and 50 uM
furosemide added to the perfusate. All data are given as the mean+SEM and number in parenthesis refers to numbers of tubules for

which data was available.

* Asterisk indicates statistically significant differences between each value and the value in the other two groups using an unpaired ¢

test. Jc,, Jmg, and Jx refer to the net transport of Ca, Mg, and K.
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20F

Net Magnesium Transport Rate (pmol/mm/min)

y=0.0274x - 0.0415
r =069
n=69

Transepithehal Potential Difference (mV)

FIGURE 1 Relationship between net magnesium transport and transepithelial PD. Each point
represents the mean value for two to four collections during a 15-30-min period for a single
tubule. The values for transepithelial PD are corrected as described in Methods for dilution
potential and expected change along the tubule as calculated from the sodium concentration
in collected fluid. A minus value for magnesium transport indicates net secretion and a positive
value net absorption. For transepithelial PD, minus refers to lumen negative and plus, lumen
positive. Tubules were exposed to isotonic perfusate (n = 21), hypotonic, low NaCl perfusate
(n = 42), or isotonic, low NaCl bath with luminal furosemide, 50 uM (n = 6), to provide the

range of voltages.

an isotonic, low NaCl bath resulted in a negative lu-
minal voltage with respect to the bath and net secretion
of calcium, magnesium, and potassium as shown in
Table III. In those six tubules, net transport of calcium
and magnesium under the three perfusion conditions
were 0.58+0.11, 0.18+0.08, —0.49+0.05 pmol/mm per

min for calcium and 0.50+0.10, 0.24+0.05, and
—0.45+£0.08 pmol/mm per min for magnesium. The
mean values for transepithelial voltages in these six
tubules during the three different conditions were
+15.7+£2.6, +6.9+1.2, and —10.4%+2.1 mV, respec-
tively. Net calcium and net magnesium transport as

254
< 2.0
§
3 1.5 *
& ;
2 x x
S 104 .
< *
g x “l: x x x
" x x
g 054 x X x x
= * = Fx x x X x
£ sk
.= x xx
L2y 1 1 1 1 1 X 1 1 1 )
S - A5 -10 5 _—0% o 0 1S 20 25 30
2 y=0.0351x + 0.0253
-0.54 r=0.73
x x x n:=61
-10-

Transepithelial Potential Difference (mV)

FiGURE2 Relationship between net calcium transport and transepithelial PD. See legend to
Fig. 1. Tubules were exposed to isotonic perfusate (n = 18), hypotonic, low NaCl perfusate
(n = 87), or isotonic, low NaCl bath with luminal furosemide, 50 uM (n = 6).

Mg Transport in the Thick Ascending Limb of Henle’'s Loop
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Net Potassium Transport Rate (pmol/mm/min)

y=0132x - 0205
r=0.63
n=68

Transepithelial Potential Difference (mV)

FIGURE3 Relationship between net potassium transport and transepithelial PD. See legend
to Fig. 1. Tubules were exposed to isotonic perfusate (n = 22), hypotonic, low NaCl perfusate
(n = 40), or isotonic, low NaCl bath with luminal furosemide, 50 uM (n = 6).

well as PD for each of the protocols was significantly
different from the other two (P < 0.05).

Linear regression analysis of net calcium, magne-
sium, and potassium transport vs. transepithelial volt-
age for all of the tubules studied under the different
conditions showed similar results as depicted in Figs.
1, 2, and 3. For calcium the slope equaled 0.0351
pmol/mm per min per mV and the intercept +0.0253
(r=10.73, P <0.001). For magnesium the slope equaled
0.0274 pmol/mm per minute per mV and the intercept
—0.0415 (r = 0.69, P < 0.001). For potassium the slope
equaled 0.1320 pmol/mm per minute per millivolt and
the intercept —0.2050 (r = 0.63, P < 0.001).

Effects of PTH and cyclic AMP. In four tubules,
PTH was added to the bath in a final concentration
of 100 mU/ml and no effects on transport of any ion
were observed consistent with previously published
studies at this dose level (11). Subsequently, PTH was
added to the bath in a final concentration of 1.0 U/ml

following a 30-min control period during perfusion
with hypotonic low NaCl perfusate in seven tubules.
The data are shown in Table IV. There was no effect
upon PD or potassium transport while net calcium
absorption increased from 0.44+0.10 to 0.69+0.14
pmol/mm per min (P < 0.01). Similarly as shown in
Table V, dibutyryl cyclic AMP added to the bath in
six tubules significantly increased both calcium (from
0.52+0.08 to 0.97+0.08 pmol/mm per min, P < 0.001),
and magnesium (from 0.34%0.06 to 0.63%0.06 pmol/
mm per min, P < 0.001) absorption, but had no effect
upon transport of potassium, although PD decreased
slightly. The time-course of these changes in calcium
and magnesium transport are shown in Fig. 4 for PTH
and Fig. 5 for dibutyryl cyclic AMP. In both instances,
effects were evident within the first 10 min and sus-
tained throughout the 40-50-min experimental period.

Effects of concentration differences. To evaluate
the effects of concentration difference as well as pos-

TABLE 1V
Effects of PTH on Electrolyte Transport in CTALH
Flow rate PD Ine Ja Jea Jmg Jx
nl/min mV pmol/mm/min
Control 3.39+0.43 16.1+2.2 —47.3+15.4 -37.2+12.9 0.44+0.10 0.47+0.14 1.90+£0.30
PTH, 1.0 U/ml 3.14+0.27 15.8+2.2 —46.5+12.6 —41.8+12.0 0.69+0.14 0.89+0.20 1.56+0.20
P value® NS NS NS NS <0.01 <0.01 NS

Control data were obtained in seven tubules during a 20-30-min period of perfusion with hypotonic, low NaCl perfusate. PTH was then
added to the bath and experimental data obtained during a subsequent 40-50-min period. All values are the mean+SEM for each group.
* P value denotes significance of the difference between control and experimental periods using a paired ¢ test. Jna, Joi, Jcas Jumg, and Jx
refer to the net transport of these elements.
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TABLE V
Effects of Dibutyryl Cyclic AMP on Electrolyte Transport in CTALH

Flow rate PD Jna Ja Jau )™ Jx
nl/min mV pmol/mm/min
Control 4.87+0.33 12.6+1.5 —48.9+14.3 —47.4+13.6 0.52+0.08 0.341+0.06 2.62+0.56
Experimental 4.53+0.37 10.3%1.5 —48.2+13.1 —44.5+16.2 0.97+0.08 0.63+0.06 2.58+0.60
P value® NS <0.05 NS NS <0.01 <0.01 NS

Control data were obtained in six tubules during a 20-30-min period of perfusion with hypotonic, low NaCl perfusate. Dibutyryl cyclic
AMP was then added to the bath (final concentration 0.1 mM) and experimental collections obtained over a subsequent 40-50-min

period. All data given as mean+SEM for each group.

* P value denotes significance of the difference between control and experimental periods by paired ¢ test. Jxa, Jai, Jcas Jmg, and Jx refer

to the net transport of these elements.

sible interactions between calcium and magnesium
absorption, transport was evaluated during a control
phase and after alteration of calcium or magnesium
concentration in the bath and lumen. The effects of
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FIGURE 4 Time-course of the effects of PTH upon net mag-
nesium (A) and net calcium (B) transport. In each of seven
CTALH, perfused with hypotonic, low NaCl perfusate, con-
trol measurements were obtained at ~5-10-min intervals
for 20-30 min before and 40-50 min after the addition of
PTH, 1.0 mU/ml, to the bath. In each case, there was an
immediate increase in calcium and magnesium absorption.
The mean data are described in Table IV.
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alterations in bath concentration are shown in Fig. 6.
Increasing the bath calcium concentration from 1.25
mM to 2.50 mM in five tubules perfused with hypo-
tonic, low NaCl perfusate, significantly inhibited net

20 A I dibutyryl cyclic AMP ]
16F l
12+

e

00

Net Magnesium Transport Rate (pmol/mm/min)
T

1 1
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Net Calcium Transport Rate (pmol/mm/min)

Time (min)

FIGURES5 Time-course of the effects of dibutyryl cyclic
AMP upon net magnesium (A) and net calcium (B) transport.
In each of six CTALH perfused with hypotonic, low NaCl
perfusate, control measurements were obtained at ~5-10-
min intervals for 20-30 min before and 40-50 min after the
addition of 0.1 mM dibutyryl cyclic AMP to the bath. In
each case, there was an immediate increase in both calcium
amil) lm.':\gnesium absorption. The mean data are described in
Table V.
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FIGURE 6 Effects of increasing bath concentration of cal-
cium and magnesium upon net calcium absorption (A) and
net magnesium absorption (B). In five tubules perfused with
hypotonic, low NaCl perfusate, two to four control collec-
tions were obtained over a 15-20-min period with bath con-
centrations of 1.25 mM Ca and 0.70 mM Mg. Then either
calcium concentration or magnesium concentration in the
bath was increased to 2.50 mM or 1.40 mM, respectively,
and after a 15-min time period to reach a new steady state,
collections were continued for a second 15-20-min period.
In the third collection period, the concentration of the other
element was increased and the element that had been in-
creased in the second period was restored to control con-
centrations. After a 15-min time period to reach a new steady
state, collections were made for another 15-20-min period.
The data are given as the mean+SEM for each period. Cal-
cium transport (A) was significantly (P < 0.05) reduced by
increasing bath calcium concentration, but was unaffected
by increasing bath magnesium. Magnesium transport (B) was
inhibited by increasing bath magnesium (P < 0.01), but was
unaffected by increasing bath calcium.

calcium absorption from 0.79+0.27 to 0.16+0.02 pmol/
mm per min (P < 0.001) and magnesium transport was
unaffected (0.63+0.15 vs. 0.56+0.14 pmol/mm per
min). Increasing bath magnesium concentration to
1.40 mM while restoring bath calcium to 1.25 mM
resulted in restoration of calcium transport, while
magnesium absorption fell significantly from 0.56+0.14
to —0.09+0.13 pmol/mm per min (P < 0.001). PD fell
from 15.6+3.9 mV during control, to 13.5+3.5 mV
(P < .05) during high calcium, and 13.6+3.4 mV (P
< .05) during high magnesium. Neither increasing the
bath calcium nor the magnesium concentration had
any detectable effect upon potassium transport.

The effects of changes in luminal concentration of
calcium and magnesium were studied in separate tu-
bules and these data are shown in Fig. 7. Calcium
absorption increased significantly from 0.43+0.07 to
1.09+0.16 pmol/mm per min, P < 0.01, when the per-
fusate calcium concentration was increased from 1.25
to 2.50 mM in six tubules perfused with hypotonic
perfusate. Increasing the magnesium concentration
from 0.70 to 1.40 mM in five tubules, however, had
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FIGURE 7 Effects of increasing perfusate concentration of
calcium and magnesium upon net calcium absorption (A)
and net magnesium absorption (B). 11 tubules were perfused
with hypotonic, low NaCl perfusate, and two to four control
collections obtained during a 20-25-min period. In six tu-
bules, perfusate calcium concentration was increased to 2.50
mM and in five, perfusate magnesium concentration was
increased to 1.40 mM, and after a 15-20-min time period
to reach a new steady state, collections were continued for
a second 20-25-min period. The data are given as the
mean*SEM for each group of tubules during the control and
experimental periods. Calcium transport (A) increased with
increasing perfusate calcium concentration (P < 0.01), but
was not affected by increasing magnesium concentration.
Similarly, magnesium absorption (B) was increased by in-
creasing magnesium concentration (P < 0.02), but was un-
affected by increasing perfusate calcium concentration.

no effect upon calcium transport. Conversely, increas-
ing calcium concentration had no effect upon mag-
nesium absorption, while increasing the magnesium
concentration in the perfusate increased magne-
sium absorption significantly from 0.29+0.04 to
0.60+0.11 pmol/mm per min, P < 0.02. In both cir-
cumstances, PD fell slightly from 15.4+1.5 to 12.5+1.7
mV, P < 0.001, with increased luminal calcium, and
from 14.4+1.9 to 12.4+1.8 mV, P < 0.05, with in-
creased luminal magnesium. There were no significant
effects observed upon potassium transport.

DISCUSSION

These studies, representing the first direct evaluation
of magnesium transport in the CTALH, indicate im-
portant effects of voltage, concentration, and PTH and
dibutyryl cyclic AMP. There was a clear relationship
between voltage and net transport such that with re-
versal of the voltage net secretion of magnesium was
observed. At no time was net absorption found in the



absence of a favorable electrical gradient and thus we
found no direct evidence for active magnesium trans-
port. However, since we did not examine transport in
the absence of net driving forces, i.e., at a transepi-
thelial PD of zero in the absence of a concentration
gradient, we cannot exclude a component of active
transport. The high lumen positive voltage expected
in vivo, from a combination of chloride transport and
greater sodium than chloride permeability, could play
a major role in regulating magnesium transport.

Previous studies in vivo have demonstrated in-
creased magnesium absorption with an increase in
delivered load to the loop of Henle (6). Our studies
are consistent with this observation and demonstrate
a proportional increase in transport with increases in
perfusate concentration in the thick ascending limb.
Increasing magnesium perfusate concentration had no
effect upon potassium or calcium transport and pro-
duced only a slight change in transpithelial PD. Sim-
ilarly, increasing calcium concentration was associated
with an increase in calcium absorption and no de-
tectable effect upon magnesium transport. These data
are compatible with the thesis suggested by Quamme
and Dirks (9) that magnesium entry across the mucosal
membrane is passive and gradient dependent, and
provide no evidence for interaction of magnesium with
other ions.

When magnesium concentration in the bath was in-
creased twofold, there was a significant reduction in
net magnesium absorption. Quamme and Dirks (6),
however, demonstrated in vivo that hypermagnese-
mia, which is considered analogous to an increase in
bath magnesium, produced an inhibition of net mag-
nesium absorption, which was independent of the lu-
minal concentration. In neither our studies, nor the in
vivo studies (6), was there evidence of major alterations
in sodium transport, but important differences in the
two studies are evident with respect to calcium trans-
port. In vivo hypermagnesemia produced an inhibition
of calcium reabsorption and similarly hypercalcemia
was associated with reduced fractional and absolute
absorption of magnesium in the perfused segment (6).
On the basis of these observations, Quamme and Dirks
(6, 9) have postulated a magnesium transport system
that includes a competition between magnesium and
calcium for transport, operating on the contraluminal
surface of the ascending limb cell. The difference be-
tween the in vivo data and the present results may be
due to species differences. There are also obviously a
number of differences in the two techniques that could
account for these results. The most obvious are that
the microperfusion studies measure transport across
the entire middle portion of the nephron, including
the pars recta, where studies of magnesium transport
have not yet been done. In addition to inability to

Mg Transport in the Thick Ascending Limb of Henle’s Loop

localize transport effects directly to the CTALH, it is
possible that in vivo studies might reflect other sys-
temic and hemodynamic effects of hypercalcemia and
hypermagnesemia, which would not be operative in
the isolated tubule system. It should also be pointed
out, however, that our studies were carried out at only
two bath concentrations of calcium and magnesium.
While the concentration range we used included the
values for ultrafiltrable calcium and magnesium ob-
tained in the in vivo studies, it is possible that higher
values were achieved for the interstitial concentration
of these ions. It remains possible, therefore, that at
higher bath concentrations, interactions between cal-
cium and magnesium would be observed in vitro. To
the extent that the concentration ranges utilized in our
studies include the expected values in a normocal-
cemic, normomagnesemic animal, the data do not pro-
vide for an important role of a Ca-Mg competitive
transport mechanism in the CTALH. As calcium trans-
port may differ in the cortical and medullary portions
of the TALH, it is possible that the discrepancy be-
tween in vivo data and the present results may reside
in a different interaction between calcium and mag-
nesium transport in the medullary TALH. Because of
the hypotonic perfusate, our studies were carried out
in the relative absence of net sodium or chloride reab-
sorption. If the proposed interaction involved a sepa-
rate pathway linked to sodium or chloride, it may not
have been detected therefore in our studies. This seems
unlikely, however, as no effects of either hypercal-
cemia (7), or hypermagnesemia (6) were noted upon
loop sodium transport in in vivo microperfusion
studies.

Previous studies, using a variety of techniques, have
shown that PTH stimulates adenylate cyclase activity
and reduces urinary excretion of calcium and mag-
nesium (17-21). The data for the effects of PTH on
magnesium excretion have been less consistent than
those for calcium, but in some studies hypercalcemia
may have obscured an independent effect upon mag-
nesium. The site of action of PTH upon calcium trans-
port has been shown to include the ascending limb of
Henle’s loop (22), as well as the distal tubule and ter-
minal portions of the nephron (11, 17, 23-25). The site
of PTH enhancement of magnesium transport has not
been as extensively studied. Harris et al. (26) demon-
strated effects of PTH to enhance magensium reab-
sorption in the loop of Henle in the thyroparathy-
roidectomized hamster (26). Similarly, Quamme (6,
8) demonstrated PTH-induced magnesium reabsorp-
tion when transport had been initially reduced by ei-
ther hypermagnesemia or furosemide. Our data pro-
vide the first direct demonstration of stimulation of
magnesium absorption in the CTALH by PTH and by
dibutyryl cyclic AMP. We were unable to detect any
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change with smaller doses of PTH (0.1 U/ml), similar
to data previously published for calcium (11). The re-
quirement for higher doses of PTH in this segment as
compared with distal portions of the nephron is com-
patible with the relative activities in these segments
described by Chabardes et al. (27) in the rabbit. As
dibutyryl cyclic AMP had identical effects, the data
are compatible with mediation of the action of PTH
by altering the intracellular concentration of cyclic
AMP. Our data offer no new insights into the mech-
anism of action of PTH in this segment. Under the
conditions studied, either stimulation of active trans-
port or an increase in passive permeability could ad-
equately explain our observations.

Our data on calcium transport are qualitatively sim-
ilar to those previously published by Bourdeau and
Burg (13, 22). Measuring net transport with the elec-
tron probe rather than unidirectional fluxes, we found
that calcium transport was strongly voltage dependent
and enhanced by large doses of PTH; however, regres-
sion analysis of net calcium transport vs. voltage re-
vealed a slope significantly steeper than that reported
by these authors. The differences probably relate to
the fact that Bordeau and Burg calculated their linear
regression using groups of tubules perfused at signif-
icantly different flow rates and estimated the collected
fluid sodium concentration. In our studies, all flows
were relatively constant and the PD was calculated
based upon actual measurements of collected sodium
concentration in each tubule. We found no evidence
for active calcium transport, as defined by net ab-
sorption in the absence of an electrochemical gradient,
and in addition we demonstrated that there is a striking
influence of calcium concentration upon net transport.
Thus, similar to magnesium, increasing luminal or bath
calcium concentration twofold, produced opposite
changes in net transport without large changes in
transepithelial PD.

Micropuncture studies in the rat (28, 29), and iso-
lated perfusion studies of pars recta (30), suggest that
there is a large addition of potassium to the luminal
fluid before the ascending limb of Henle’s loop and
that the bulk of this secreted potassium is reabsorbed
before the early distal tubule. While these studies were
not specifically designed to evaluate the mechanism
of potassium transport in this segment, the data do
provide some useful information. They demonstrate
that potassium can be both reabsorbed and secreted
as suggested previously (31), and that net transport
similar to calcium and magnesium is highly voltage
dependent. Under conditions characterized by a high
lumen positive voltage and the absence of a concen-
tration gradient, potassium is reabsorbed at a rate of
2 pmol/mm per min, ~10% of the delivered load. It
is likely that increasing the luminal potassium con-
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centration several fold, as is presumed to occur via
secretion of potassium between the proximal convo-
luted tubule and tip of the loop of Henle, could mark-
edly increase the rate of transport. This, however, re-
mains to be directly evaluated.

In summary, the data demonstrate voltage-depen-
dent magnesium transport in the CTALH. Transport
is also influenced by both luminal and bath concen-
tration, and reabsorption is stimulated by PTH and
dibutyryl cyclic AMP. These studies and others suggest
that the positive transepithelial voltage in the thick
ascending limb is an important driving force for net
reabsorption of calcium, magnesium, and potassium
in this segment. The data do not provide support for
either the concept of a calcium-magnesium interac-
tion, or a unique transport system for magnesium,
whose modulation would alter net transport indepen-
dent of changes in passive forces. Whether or not PTH
is physiologically important in the regulation of trans-
port in this segment, the role of other hormones, such
as calcitonin, and differences between the CTALH and
other components of the segment of the nephron be-
tween the proximal convoluted tubule and distal tu-
bule, remain to be explored.
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