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Abstract

In dietary phosphate (Pi) deprivation and in aging there is an
inverse correlation between renal proximal tubular brush
border membrane (BBM) cholesterol (Chol) content, BBM
fluidity, and BBMsodium gradient-dependent Pi transport ac-
tivity (Na-Pi cotransport). The purpose of this study was to
determine whether in vitro enrichment of renal BBMwith Chol
has a direct modulating effect on Na-Pi cotransport. 12 and 24
mol % increases in Chol content caused dose-dependent de-
creases in Na-Pi cotransport activity, 2,000 in control, vs.
1,450 in Chol (+12%), vs. 900 pmol/5 s/mg BBMprotein in
Chol (+24%), all P < 0.01, which was paralleled by dose-de-
pendent increases in the fluorescence anisotropy of diphenyl-
hexatriene, rDpH, i.e., decrease in BBMfluidity, 0.203 in con-
trol, vs. 0.210 in Chol (+12%), vs. 0.219 in Chol (+24%), all P
< 0.01. Wefound that increasing ambient temperature, which
increases BBMfluidity independent of changes in Chol con-
tent, increased Na-Pi cotransport. When Na-Pi cotransport
was analyzed as a function of BBMfluidity, l/rDpH, we found
that at an equivalent BBMfluidity BBMChol enrichment still
resulted in a dose-dependent decrease in Na-Pi cotransport.
Finally, in BBMisolated from rats fed a low Pi diet in vitro
enrichment with Chol completely reversed the adaptive in-
creases in Na-Pi cotransport and fluidity. Our study therefore,
indicates that Chol is a direct modulator of renal BBMNa-Pi
cotransport activity, and that in vivo alterations in BBMChol
content most likely plays an important role in the regulation of
renal tubular Pi transport. (J. Clin. Invest. 1990.85:231-237.)
acid binding - brush border membrane * cholesterol * fluidity-
Na-Pi cotransport- phosphonoformic

Introduction

Cholesterol is a major constituent of the plasma membrane
(1). Changes in the cholesterol content of biological mem-
branes alter the fluidity of the lipid bilayer (2), and concur-
rently influence a variety of plasma membrane functions in-
cluding enzyme activity and ion transport processes (3-6).
Specifically, the role of in vivo and in vitro alterations in cell
membrane cholesterol content and/or fluidity in the modula-
tion of Na,K-ATPase activity has been well studied (7-9). Re-
cent studies indicate that alterations in renal proximal tubular
brush border membrane (BBM)' cholesterol content may also
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play an important role in the regulation of sodium gradient-
dependent phosphate transport (Na-Pi cotransport). The age-
related decrease in the Vmax of renal BBMNa-Pi cotransport
(10) is associated with an age-related increase in BBMcholes-
terol content (1 1). Furthermore, the age-related impairment in
the renal tubular adaptation to a low Pi diet is associated with
the inability to lower BBMcholesterol content (1 1). In con-
trast, in young adult rats fed a low Pi diet the adaptive increase
in the Vmax of BBMNa-Pi cotransport (12) is associated with a
selective decrease in BBMcholesterol content (13).

Although these in vivo studies suggest an important physi-
ologic role for cholesterol in the regulation of Na-Pi cotrans-
port, they do not necessarily establish a definite cause and
effect relationship between an increase in BBMcholesterol
content and a decrease in Na-Pi cotransport activity. In addi-
tion, since in each case the alteration in BBMcholesterol con-
tent is paralleled by a change in BBMfluidity, it is also not
clear whether cholesterol modulates Na-Pi cotransport activity
directly or through its effects on BBMfluidity. The purposes of
the present study were, therefore, to determine (a) whether in
vitro alteration in BBMcholesterol content has a direct modu-
lating effect on Na-Pi cotransport activity, (b) whether choles-
terol and/or fluidity per se or both modulate BBMNa-Pi co-
transport activity, and (c) whether in rats fed a low Pi diet, in
vitro cholesterol enrichment reverses the in vivo adaptive in-
crease in BBMNa-Pi cotransport activity.

Methods

Animals. All studies were performed in male Sprague-Dawley rats
(Harlan Industries, Indianapolis, IN). Before the studies, the rats were
equilibrated on a control diet (0.6% Pi, 0.6% Ca, wt/wt; Teklad, Madi-
son, WI) for a 2-wk period. In studies where the effect of in vitro
cholesterol enrichment on the in vivo adaptation to a low Pi diet was
determined, the rats were fed a low Pi diet (0.1% Pi, 0.6% Ca) for a
l-wk period.

BBMisolation. BBMfrom the renal superficial cortex were isolated
by a differential centrifugation and magnesium precipitation method
exactly as previously described from our laboratory (1 1, 14). Protein
was determined by the method of Lowry et al. (15) using crystalline
BSA as standard. Enzyme activity measurements including alkaline
phosphatase, maltase, leucine aminopeptidase, and y-glutamyl trans-
ferase (BBM-specific), and Na,K-ATPase (basolateral membrane-spe-
cific) were measured by kinetic spectrophotometric techniques on ho-
mogenate and BBMfractions to determine the specific activity and
enrichment factor (specific activity in BBMfraction/specific activity in
homogenate) of each BBMpreparation (11, 14). Typically the BBM
were enriched at least 12.0-fold for alkaline phosphatase, maltase, leu-
cine aminopeptidase, and y-glutamyl transferase and < 1.3-fold for
Na,K-ATPase.

Modulation of BBMcholesterol content. In vitro increase in BBM
cholesterol content was achieved by incorporation of cholesteryl
hemisuccinate (CHS) (Steraloids Inc., Pawling, NY), a hydrophilic
cholesterol ester, by a slight modification of methods previously de-
scribed (16). Briefly, freshly isolated BBMwere suspended in 3.5%
polyvinylpyrrolidone, 1.0% BSA, 0.5% glucose in PBS, pH 7.50. Eth-
anol or CHS freshly dissolved in ethanol were then added, and the
BBMwere incubated in a shaking water bath at 37°C for 60 min. In
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additional experiments to determine for nonspecific sticking rather
than specific incorporation of the lipid to the BBM, cholesterol freshly
dissolved in ethanol was also added. BBMwere then washed three
times in an ice-cold intravesicular buffer consisting of 300 mMman-
nitol, 16 mMHepes, 10 mMTris, pH 7.50, and then aliquoted for
simultaneous measurements of (a) lipid composition, (b) fluidity, (c)
Na-Pi cotransport activity, (d) Na gradient-dependent phosphonofor-
mic acid (Na-PFA) binding, and (e) enzyme activity.

BBMlipid composition measurements. Total lipids were extracted
by the method Bligh and Dyer (17). Coprostanol (Supelco, Inc., Belle-
fonte, PA) was added as an internal standard for cholesterol determina-
tion. To determine the BBMtotal cholesterol content, i.e., free choles-
terol plus cholesteryl ester, an aliquot of the BBMsample was sub-
jected to alkaline hydrolysis in a reaction mixture consisting of 0.3 ml
of 33% KOHand 3.0 ml of 88% ethanol, at 70'C for 30 min (18).
Cholesterol content was determined by gas chromatography as pre-
viously described from our laboratory (1 1, 14). BBMcholesterol con-
tent was also determined by measuring free cholesterol and c4holestryl
ester content separately. Free and esterified cholesterol were separated
by a one-dimensional TLC (silica gel; Eastman Kodak, Rochester,
NY) with a solvent system which consisted of heptane/diethylether/
glacial acetic acid (85:15:2, vol/vol) (19). The amount of cholesterol in
the cholesterol and cholesteryl ester spots were then measured as
above. Individual phospholipid polar head group species were sepa-
rated by a two-dimensional TLC (20) (silica gel 60; E. Merck, Darm-
stadt, West Germany) as previously described from our laboratory (1 1,
14). Phospholipid content in the total and individual phospholipid
extract was determined by measuring the phosphorus content by the
method of Ames and Dubin (21).

BBMfluidity measurements. The effect of cholesterol enrichment
on BBMfluidity was determined by measuring the steady-state and
time-resolved fluorescence polarization of 1,6-diphenyl-1,3,5-hexa-
triene (DPH; Molecular Probes, Eugene, OR). BBMsamples corre-
sponding to 0.3 mgBBMprotein were diluted with a phosphate- and
Hepes-buffered saline solution, pH 7.4, to a concentration of 0.48 mg
protein/ml. 1 ;d of the lipid fluorophore was then added from a 1-mM
stock solution resulting in a probe/lipid ratio of 1:300. The steady-state
fluorescence anisotropy (rDpH) was measured using a photon counting
spectrofluorometer (SLM 8000, SLM Instruments, Inc., Urbana, IL)
as previously described from our laboratory (I 1). The parameter r
provides an index that is inversely related to membrane fluidity (22).
The fluorescence lifetime of DPHwas determined by time-resolved
fluorescence measurements using a multifrequency phase and modu-
lation fluorometer based on the Gratton design (23), as previously
described (24). The measured phase and modulation values were ana-
lyzed assuming either that the decay was made up of a discrete sum of
exponential components, or that the decay was made up of one or
more continuous distributions of lifetime components (25-27).

BBMphosphate transport measurements. Transport measure-
ments were performed in freshly isolated BBMvesicles (BBMV) by a
radiotracer uptake and rapid millipore filtration technique (10, 12). To
determine Na+ gradient-dependent 32Pi uptake, 10 ,ul of BBMV, which

were preloaded with a 300-mM mannitol, Hepes-Tris, pH 7.50 intra-
vesicular buffer were vortex mixed with 40 Ad of an extravesicular
buffer consisting of 100 mMmannitol, 100 mMNaCl, Hepes-Tris, pH
7.50, and 100 AMK2H32P04. To determine non-Na+ gradient-depen-
dent or diffusive Pi uptake, 100 mMNaCi was replaced with 100 mM
KCL. Uptake was terminated by the stop solution, which consisted of
135 mMNaCl, 10 mMNa2 arsenate, Hepes-Tris, pH 7.50.

BBMphosphonoformic acid binding measurements. To determine
the effects of cholesterol enrichment on the number and affinity of the
Na-Pi cotransport units, Na+ gradient-dependent equilibrium binding
of phosphonoformic acid (Na-PFA) was determined by a slight modifi-
cation of methods previously described (28). Briefly, BBMVwere pre-
loaded with the 300-mM mannitol, Hepes-Tris, pH 7.50 buffer. Bind-
ing was initiated in the presence of a 100 mMNaCl, 100 mMmanni-
tol, 0.2-12.8 mM['4C]PFA, Hepes-Tris, pH 7.50 solution. Maximal
binding occurred at 30 min, and binding was terminated with addition
of an ice-cold stop solution, which consisted of 150 mMNaCI, Hepes-
Tris, pH 7.50, followed by rapid Millipore filtration. The Vm.,L and Km
of the equilibrium binding were determined according to the Eadie-
Scatchard transformation of the binding data (29).

Statistical analyses. All the data were expressed as mean±SE. A
one-way analysis of variance with Student-Newman-Keuls multiple
range test and/or a two-tailed unpaired Student's t test were used to
compare results between the control and the cholesterol-enriched
BBM(30). Significance was accepted at P < 0.05.

Results

The effect of in vitro cholesterol enrichment on brush border
membrane lipid composition. As per the design of the study to
achieve increases in BBMcholesterol content, which would
simulate the 18% increase in cholesterol content in BBMde-
rived from the aged rat (9), the in vitro incubations with CHS
resulted in 12 and 24 mol % increases in BBMcholesterol
content and BBMcholesterol to phospholipid molar ratio
(Table I). The in vitro incubations with CHS resulted in a
selective alteration in BBMcholesterol composition, as there
were no significant changes in BBMtotal (Table I) or individ-
ual phospholipid composition (results not shown).

The measured increase in BBMcholesterol content indi-
cates incorporation of CHSinto the BBMlipid bilayer rather
than nonspecific sticking, as when BBMwere similarly incu-
bated with equimolar amounts of cholesterol rather than CHS,
the resultant percent increases in BBMcholesterol content
were 1.1% and 2.4% respectively, which indicates that nonspe-
cific sticking accounts for < 10% of the measured increase in
BBMcholesterol content.

The effect of in vitro cholesterol enrichment on brush border
membrane transport activity. The in vitro increases in BBM
cholesterol content of 12% and 24% caused dose-dependent

Table I. Effect of In Vitro Cholesterol on Brush Border Membrane Lipid Composition

Cholesterol
Cholesterol Total phospholipid

Total phospholipid

nmol/mg BBMprotein nmol/mg BBMprotein

Cholesterol (+0%) 408.8±12.2 501.6±12.1 0.815±0.016
Cholesterol (+ 12%) 459.5±17.3* 500.1±11.9 0.919±0.019*
Cholesterol (+24%) 510.6±18.4*§ 498.9±13.4 1.023±0.020W§

Results are expressed as mean±SE, n = 6 in each group. * P < 0.05, cholesterol (+ 12%) vs. cholesterol (+0%), t P < 0.05, cholesterol (+24%)
vs. cholesterol (+ 12%), § P < 0.01, cholesterol (24%) vs. cholesterol (+0%).
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decreases in BBMVNa-Pi cotransport activity (Fig. 1). The
control as well as the cholesterol-enriched BBMVexhibited
the "overshoot" phenomenon, which indicates time- and Na+
gradient-dependent concentrative uptake of Pi. The initial rate
(5 s) of Kt gradient-dependent or diffusive uptake of Pi was
< 5%of the Na-Pi cotransport activity in the control and cho-
lesterol-enriched BBMV. The equilibrium (2 h) uptake of Pi
was the same in all the three groups (Fig. 1), which indicates
that intravesicular volume was not altered by the in vitro cho-
lesterol enrichment. Further uptake experiments performed at
2, 4, 6, 8, and 10 s indicated that Na-Pi cotransport was linear
at least up to lO s. Extrapolation of uptake by linear regression
to 0 s also indicated that binding of Pi is negligible in all the
three groups and that differences in uptake represent true in-
travesicular transport of Pi (results not shown).

The differences in the initial rate (5 s) of Na-Pi cotransport
activity between the control and the cholesterol-enriched
BBMVwere independent of alterations in transmembrane po-
tential difference, as in voltage-clamped BBMV(Kin = Kut
= 50 mMKCl plus valinomycin, 10 ,ug/mg BBMprotein),
Na-Pi cotransport activity was 1,159±68 in control vs. 793±74
in Chol (+ 12%), P < 0.05, vs. 527±74 pmol/5 s/mg BBM
protein in Chol (+24%), P < 0.05.

The effect of cholesterol enrichment to decrease Na-Pi co-
transport activity was shown not to be caused by a faster dissi-
pation of the Nat gradient by three independent experiments.
First, in the presence of 5 mMamiloride in the uptake solu-
tion, Na-Pi cotransport activity was 1,383±59 in control vs.
975±49 in Chol (+12%), P < 0.05, vs. 628±51 pmol/5 s/mg
BBMprotein in Chol (+24%), P < 0.05. Second, in the pres-
ence of Na+, but in the absence of a Na+ gradient, i.e., Nain
= Na0u, = 100 mMNaCl plus monensin, 5 ug/mg BBMpro-
tein, Na-Pi cotransport activity was 148±0.07 in control vs.
108±6 in Chol (+12%), P < 0.05, vs. 73±0.06 pmol/5 s/mg
BBMprotein in Chol (+24%), P < 0.05. Finally, the effect of
cholesterol on BBMNat transport was determined directly by
measuring Na-H exchange activity, and cholesterol enrich-
ment was found not to significantly alter Na-H exchange activ-
ity (Table II).

While the in vitro increase in BBMcholesterol content
caused a dose-dependent decrease in Na-Pi cotransport activ-
ity, it did not significantly alter BBMVNa-glucose or Na-pro-
line cotransport activities (Table II). In addition, cholesterol
enrichment also did not significantly change the specific activi-
ties of BBM-bound alkaline phosphatase, maltase, leucine
aminopeptidase, or y-glutamyl transferase (Table III). Thus,
the levels of BBMcholesterol enrichment achieved in this
study had selective and specific modulating effects on Na-Pi
cotransport activity.

+ 0%Choi

_4 +12%Chol

-4 + 24%Choi

J~r _as_-

7,/,/ d

Figure 1. Dose-depen-
dent effect of choles-
terol enrichment on the
time course of Nat gra-
dient-dependent 32pi
uptake (pmol/mg BBM
protein), measured in

2 the presence of intrave-
sicular 300 mMman-

nitol, Hepes-Tris, pH 7.50, and extravesicular 100 mMNaCG, 100
mMmannitol, Hepes-Tris, pH 7.50, 100 ,M K2H32PO4. Results are

expressed as mean±SE. n = 6 in each group.

Table II. Effect of In Vitro Cholesterol on Brush Border
Membrane Transport

Na-H Na-Glucose Na-Proline

pmol/S s/mg pmol/S s/mg pmol/S s/mg

Cholesterol (+0%) 1,466±106 202±21 198±12
Cholesterol (+12%) 1,378±96 199±17 218±17
Cholesterol (+24%) 1,335±112 196±16 184±19

Results are expressed as mean±SE, n = 4 in each group. pH gra-
dient-dependent Na uptake (Na-H exchange) was measured by vor-
tex mixing 10 1d of BBMVpreloaded with a 150 mMKCI, 25 mM
MES, pH 5.50 intravesicular buffer with 40 pi of uptake solution
which consisted of I mM'NaCI, 149 mMKCG, 25 mMHepes, pH
7.50, ±1 mMamiloride. Uptake was terminated by the stop solution
which consisted of 150 mMKCI, 25 mMHepes, 0.1 mMAmiloride,
pH 7.50. Na' gradient-dependent glucose and proline uptake were
measured by vortex mixing 10 ul of BBMVpreloaded with 300 mM
mannitol, Hepes-Tris, pH 7.50 intravesicular buffer with 40 yd of up-
take solution, which consisted of 100 mMNaCl, 100 mMmannitol,
Hepes-Tris, pH 7.50, and 50 ,M [3H]-D-glucose or 25 MM[3H]-L-
proline. Uptake was terminated by the stop solution, which consisted
of 150 mMNaCl, 0.25 mMphloridzin, Hepes-Tris, pH 7.50.

The effect of in vitro cholesterol enrichment on brush border
membrane Na-Pi cotransport kinetics. To determine whether
cholesterol enrichment caused a decrease in Na-Pi cotransport
activity by altering either the binding of Na+ to the Na-Pi
cotransporter and/or the stoichiometry of Na-Pi cotransport,
the initial rate of 32Pi uptake was measured as a function of
extravesicular Na+ ranging from 0 to 150 mMNaCl. A sig-
moidal relationship between Pi uptake and extravesicular Na+
concentration was observed for both the control and choles-
terol-enriched BBM(Fig. 2). Kinetic analysis of the Hill plot
indicated a coefficient (n) of 1.82 for control, 1.91 for +12%
Chol, and 1.86 for +24% Chol BBM, which indicates the in-
teraction of at least two Na+ ions with the Na-Pi cotransporter,
and that cholesterol enrichment did not significantly alter the
stoichiometry of the Na-Pi cotransporter. In addition, when
the data in Fig. 2 were analyzed according to the Wolf-Augus-
tinsson-Hofstee linear transformation of the Michaelis-Men-
ten equation (29), the best fit in linear regression analysis was
obtained with the Na concentration expressed as [Na]2 (Fig. 2,
inset). Kinetic analysis of the data yielded KNa values of 35±2
mMin control, 33±3 mMin + 12%Chol, and 32±3 mMNa in
+24% Chol, which indicates that cholesterol enrichment did
not alter the binding of Na+ to the Na-Pi cotransporter.

The effect of cholesterol enrichment on the kinetics of
Na-Pi cotransport was further analyzed by measuring the ini-
tial rate of 32Pi uptake in the presence of 100 mMNaCl and as
a function of extravesicular Pi ranging from 25 to 800 ,uM Pi
(Fig. 3). Analysis of the data according to the Wolf-Augustins-
son-Hofstee linear transformation of the Michaelis-Menten
equation (29) indicated that cholesterol enrichment decreased
the Vmax of Na-Pi cotransport, 4,380±100 in control vs.
3,100±120 in +12% Chol, P < 0.01, vs. 1,550± 100 pmol Pi/5
s/mg BBMprotein in +24% Chol, P < 0.01, whereas choles-
terol enrichment did not alter the Kpi, 132±6 in control vs.
131±4 in + 12%Chol, P = NS, vs. 128±6 sM Pi in +24%Chol,
P = NS (Fig. 3 inset).
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Table III. Effect of In Vitro Cholesterol on BBMEnzyme Activity

Alkaline phosphatase Maltase Leucine aminopeptidase -y-Glutamyl transferase

pmol/h per mg pmol/h per mg umol/h per mg AMin/h per mg

Cholesterol (+O%) 977±49 228±14 52±8 1,951±74
Cholesterol (+ 12%) 981±61 244±12 56±9 1,962±81
Cholesterol (+24%) 950±59 252±18 57±7 1,873±89

Results are expressed as mean±SE, n = 4 in each group.

The effect of in vitro cholesterol enrichment on brush border
membrane Na-Pi carrier number and/or accessibility. To de-
termine whether cholesterol enrichment caused a decrease in
the Vmax of Na-Pi cotransport activity by causing a decrease in
the number and/or accessibility of the Na-Pi carrier units, Na'
gradient-dependent equilibrium binding of ['4C]PFA was
measured. Eadie-Scatchard analysis of the equilibrium binding
data indicated that cholesterol enrichment did not alter the
Vmaxs, 21.4±1.8 in control vs. 20.6±2.7 in + 12% Chol, P = NS,
vs. 23.3±2.2 nmol PFA/30 min/mg BBMprotein in +24%
Chol, P = NS, or the KPFA, 4.1±0.9 in control vs. 3.7±1.2 in
+12% Chol, P = NS, vs. 4.3±0.8 mMPFA in +24% Chol, P
=NS.

The effect of in vitro cholesterol enrichment on brush border
membrane fluidity. The dose-dependent effect of cholesterol
enrichment to decrease the initial rate of Na-Pi cotransport
activity was paralleled by the dose-dependent effect of choles-
terol enrichment to increase the steady-state fluorescence an-
isotropy of DPH, rDpH (Table IV). Analysis of the time-re-

solved fluorescence measurements indicated that the phase
and modulation lifetimes exhibited a small deviation (< 5%)
from a single-exponential decay, as is typically found for DPH
in membrane systems above the lipid phase transition (25-27).
The average lifetimes, 9.9 in control, vs. 10.0 in + 12% choles-
terol, vs. 10.1 ns in +24% cholesterol, were not significantly
different between the control and the cholesterol-enriched
BBM. Hence, the increase in rDpH as a function of cholesterol
enrichment reflects a decrease in BBMfluidity, rather than a
decrease in the lifetime of the fluorophore.

The effect of temperature on BBMfluidity and Na-Pi co-
transport activity. BBMfluidity and the initial rate of Na-Pi
cotransport activity were also measured as a function of am-
bient temperature. Increasing ambient temperature from 250
to 370C (which is above the lipid phase transition for rat renal
BBM) resulted in parallel increases in BBMfluidity (decrease
in rDpH) and Na-Pi cotransport activity (Table IV). Analysis of
the data indicates that increasing BBMfluidity, i.e., increasing
1/rDpH, causes an increase in Na-Pi cotransport activity. In
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Figure 2. The effect of varying extravesicular Na' concentration
(mM) on the initial rate of 32Pi uptake (pmol/5 s/mg BBMprotein),
measured in the presence of intravesicular: 300 mMmannitol,
Hepes-Tris, pH 7.50, and extravesicular: 0 to 150 mMNaCl, Hepes-
Tris, pH 7.50, 100 AsM K2H32P04. NaCl was isomotically replaced
with choline chloride. Results are expressed as mean±SE. n = 6 in
each group. The insert shows the Woolf-Augustinsson-Hofstee trans-
formation of the data assuming a Hill coefficient of 2.0 for Na'. The
coefficient of correlation in each group was 0.97-0.99.
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Figure 3. The effect of varying extravesicular Pi concentration (AtM)
on the initial rate of Na' gradient-dependent 32Pi uptake (pmol/5
s/mg BBMprotein), measured in the presence of intravesicular: 300
mMmannitol, Hepes-Tris, 7.50, and extravesicular: 100 mMNaCl,
100 mMmannitol, Hepes-Tris, 7.50, 25-800 AMK2H32P04. Results
are expressed as mean±SE. n = 6 in each group. The insert shows
the Woolf-Augustinsson-Hofstee transformation of the data. The co-

efficient of correlation in each group was 0.97-0.99.
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Table IV. Effect of In Vitro Cholesterol on Brush Border
Membrane Fluidity and Na-Pi Cotransport Activity as a
Function of Temperature

Anisotropy (rDpH) Na-Pi

pmol/5 s/mg BBMprotein

250C
Chol (+0%) 0.255±0.001 1,483±69
Chol (+ 12%) 0.260±0.001* 1 ,075+59*
Chol (+24%) 0.265±0.001t§ 728±61 U

31 OC
Chol (+0%) 0.240±0.001 1,665±64
Chol (+ 12%) 0.245±0.001* 1,366+74*
Chol (+24%) 0.249±0.001*5 1,023±81*§

370C
Chol (+0%) 0.220±0.001 1,925±55
Chol (+ 12%) 0.225±0.001* 1,722±59*
Chol (+24%) 0.230±0;001*5 1,381±71*$

Results are expressed as mean±SE, n = 4 in each group. * P < 0.05,
cholesterol (+ 12%) vs. cholesterol (+0%), * P < 0.05, cholesterol
(+24%) vs. cholesterol (+ 12%), § P < 0.01, cholesterol (+24%) vs.
cholesterol (+0%).

fact, when Na-Pi cotransport activity is plotted as a function of
I/rDpH, there is a highly linear relationship (r > 0.98, results
not shown). Further analysis of the data also indicates that for
a given identical BBM fluidity, for example, rDPH 0.242 or
l/rDpH 4.125, BBMcholesterol enrichment still causes a de-
crease in Na-Pi cotransport activity, 1,630±64 in control, vs.
1,389±71 in + 12% Chol, P < 0.01, vs. 1,133±59 pmol/5 s/mg
BBMprotein in +24% Chol, P < 0.01.

The effect of in vitro cholesterol enrichment on BBMNa-Pi
cotransport and fluidity in rats fed a low-phosphate diet. In
agreement with the earlier studies (11-13), we found that in
rats fed a low Pi diet, there were significant increases in BBM
Na-Pi cotransport activity and BBMfluidity (Fig. 4). Since in
rats fed a low Pi diet, the increase in BBMfluidity is caused by
a selective decrease in BBMcholesterol content (11, 13), we
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0. 2,

0.2;

0L%'0 0. 2
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Figure 4. Effects of cholesterol enrichment on the adaptive increase
in the initial rate of Na+ gradient-dependent 32Pi uptake (Na-Pi,
pmol/5 s/mg BBMprotein, A), and the adaptive decrease in the fluo-
rescence anisotropy of diphenylhexatriene (rDpH, B) in brush border
membranes isolated from rats fed a low Pi diet. Results are expressed
as mean±SE. n = 4 in each group.

wished to determine whether in vitro enrichment of these
BBMwith cholesterol would then reverse the adaptive in-
creases in BBMNa-Pi cotransport activity and BBMfluidity.
Indeed, when BBMisolated from rats fed a low Pi diet were
incubated with CHS to result in BBMcholesterol content,
which was the same as the cholesterol content of BBMisolated
from rats fed a control Pi diet, there was a complete reversal of
BBMNa-Pi cotransport activity and fluidity to the same levels
as measured in the BBMisolated from rats fed a control Pi diet
(Fig. 4).

Discussion

In vivo and in vitro alterations in the Vm. of enzyme and
transport protein activity, including Na-Pi, have been pro-
posed to be mediated by several mechanisms including alter-
ations in de novo protein synthesis and/or degradation, pro-
tein exocytosis and/or endocytosis, protein phosphorylation
and/or dephosphorylation, and protein ribosylation and/or
deribosylation. Recent studies suggest that alterations in
membrane lipid composition and/or lipid fluidity may also
play an important role in the regulation of enzyme and trans-
port protein activity (3-9), including renal I3BM Na-Pi co-
transport activity (11, 13, 31, 32). In our previous study we
found that the age-related decrease in the Vmin of Na-Pi co-
transport activity was correlated with an increase in BBM
cholesterol content and a decrease in BBMfluidity, and that
the increase in BBMcholesterol content could play a further
role in the age-related impairment in the renal tubular adapta-
tion to a low Pi diet (11). In this study we show that in BBM
isolated from young adult rat in vitro enrichment with choles-
terol, to an identical level observed in the aged rat, results in
similar reductions in BBMfluidity and in the Vm. of Na-Pi
cotransport activity. In addition, in BBMisolated from young
adult rats adapted to a low Pi diet, in vitro enrichment with
cholesterol completely reverses the adaptive increases in BBM
fluidity and the Vma. of Na-Pi cotransport activity. Altogether,
these results strongly indicate a physiologic role for BBMcho-
lesterol content and/or fluidity in the regulation of renal tubu-
lar Na-Pi cotransport activity.

Wefound that the decrease in Na-Pi cotransport activity as
a function of cholesterol enrichment is paralleled by a similar
decrease in BBM fluidity. In the present study we did not
measure the effects of cholesterol enrichment on the static and
dynamic components of membrane fluidity separately, how-
ever, previous studies in artificial liposomes and biological
membranes have indicated that in lipid bilayers with a low
cholesterol to phospholipid (< 0.33) and/or saturated to unsat-
urated fatty acid molar ratio, cholesterol enrichment has a
more pronounced effect on the static component of fluidity,
whereas in lipid bilayers with a high cholesterol to phospho-
lipid (> 0.40) and/or saturated to unsaturated fatty acid molar
ratio, such as the renal BBM, cholesterol enrichment has simi-
lar effects on both the static as well as the dynamic compo-
nents of membrane fluidity (33-35).

As cholesterol enrichment has concurrent and similar ef-
fects on both Na-Pi cotransport activity and BBMfluidity, an
interesting question is whether BBMcholesterol content and/
or fluidity per se or both modulate Na-Pi cotransport activity.
In trying to answer this question we took advantage of the fact
that independent of changes in BBMcholesterol content, both
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BBM fluidity and Na-Pi cotransport activity increase as a
function of increasing ambient temperature. This allowed us
to express Na-Pi cotransport activity as a function of fluidity
for each of the three BBMcholesterol groups. In this fashion,
for a given level of identical BBMfluidity, we found that there
was still a significant decrease in Na-Pi cotransport activity as a
function of increasing BBMcholesterol content. Thus, our
analysis indicates that BBM fluidity and BBMcholesterol
content each modulate Na-Pi cotransport activity. Since the
fluorescence anisotropy of DPHmay largely reflect changes in
bulk membrane fluidity, it is still possible that cholesterol may
exert its effects through alterations in the fluidity of the lipid
annulus (microdomain) surrounding the Na-Pi cotransporter
(36). Alternatively, it is also likely that cholesterol may modu-
late the Na-Pi cotransporter by directly binding to it, or
through some other chemical modification of the trans-
porter (6).

The ['4C]PFA binding and the Na-Pi uptake kinetic studies
provide important insights into the mechanisms by which
cholesterol enrichment modulates Na-Pi cotransport activity.
The ['4C]PFA binding studies indicate that cholesterol enrich-
ment does not alter the number or the accessibility of the
Na-Pi cotransport units. Na-Pi uptake studies as a function of
extravesicular [Na] indicates that cholesterol enrichment does
not alter the stoichiometry of Na-Pi cotransport. In addition,
Na-Pi uptake kinetic studies as a function of extravesicular
[Na] and [Pi] also indicates that cholesterol enrichment does
not alter the KNa or Kpi. Thus cholesterol enrichment does not
alter the binding of Na or Pi to the Na-Pi carrier units. We
propose that cholesterol enrichment most likely decreases the
Vmax of Na-Pi cotransport activity by decreasing the rate of
movement of the carrier, i.e., turnover, once loaded with Na
and Pi.

In the present study we found that cholesterol enrichment
selectively modulated Na-Pi cotransport, as cholesterol enrich-
ment had no significant effects on Na-H exchange, or Na-glu-
cose and Na-proline cotransport activities. The lack of the
effect of increase in BBMcholesterol content and/or decrease
in BBM fluidity on Na-H exchange activity is in agreement
with a previous study that showed that in isolated renal BBM
n-alkanols, which caused a dose-dependent increase in BBM
fluidity, did not influence Na-H exchange activity (37). Simi-
larly, the results of our study are in agreement with the findings
in dietary Pi deprivation and in the aged rat where the alter-
ations in BBMcholesterol content and/or fluidity were found
to have selective effects on Na-Pi cotransport, and not to influ-
ence Na-glucose or Na-proline cotransport activities (10, 12).
The effect of in vitro cholesterol enrichment on renal BBM
Na-glucose cotransport activity has not been previously deter-
mined. On the other hand, in LM cells (mouse fibroblasts)
cholesterol depletion has been shown to reduce the Vm. of
3-0-methyl-glucose transport with no change in Km, and sub-
sequent cholesterol repletion in the same cells was shown to
result in restoration of the Vmax of glucose transport to baseline
values (38, 39). In this respect the renal BBMmay differ from
the LM cells. In renal BBMthe effect of in vitro alterations in
BBMfluidity on Na-glucose cotransport has been studied but
the results are conflicting. Increasing ambient temperature,
which increases BBMfluidity, has been shown to increase
renal BBMNa-glucose cotransport, whereas incubation of
BBMwith either oleic acid (40), or benzyl alcohol (41, 42),
which also increase BBMfluidity, has been shown to decrease
renal BBMNa-glucose cotransport activity. Oleic acid, how-

ever, causes a faster dissipation of the Na' gradient (40), and
benzyl alcohol causes a decrease in the number of Na-depen-
dent phloridzin binding sites (42). Therefore, the effects on
Na' gradient-dissipation and the number or accessibility of
glucose carrier units, rather than the effects on BBMfluidity
per se, may mediate the inhibitory effects of oleic acid and
benzyl alcohol on Na-glucose cotransport activity.

In this study we also found that cholesterol enrichment had
no significant effects on BBM-bound alkaline phosphatase,
maltase, leucine aminopeptidase, or y-glutamyltransferase
specific activities. The lack of effect of cholesterol enrichment
on alkaline phosphatase activity, was actually surprising since
in dietary Pi deprivation and in the aged rat the changes in
BBMcholesterol content and fluidity were associated with spe-
cific alterations in the Vms, of alkaline phosphatase activity
(1 1, 14). In addition, in a recent study in small intestinal BBM
in vitro alteration of BBMcholesterol content was shown to
specifically modulate the Vmx of alkaline phosphatase activity
(43). We cannot readily explain these apparent differences,
however, the renal and small intestinal alkaline phosphatase
molecules are known to differ in catalytic and antigenic prop-
erties (44), and therefore could differ in their response to in-
creases in BBMcholesterol content. In addition, in dietary Pi
deprivation and in aging (1 1, 14), it is possible that the alter-
ations in the Vm. of alkaline phosphatase were mediated by
other factors in addition to changes in BBMcholesterol con-
tent, such as alterations in the number of enzyme units. It is of
interest that in small intestinal and renal BBMbenzyl alcohol
which increases BBM fluidity has been shown not to affect
alkaline phosphatase activity (41, 43). Further studies are
needed to determine if selective in vitro changes in BBMcho-
lesterol content and/or fluidity regulate renal alkaline phos-
phatase activity.

In summary, the results of our study indicate that BBM
cholesterol content is a direct modulator of Na-Pi cotransport
activity, and that in vivo alterations in BBMcholesterol con-
tent most likely play an important physiologic role in the regu-
lation of renal tubular Pi transport in pathophysiologic condi-
tions, including in aging and in dietary Pi deprivation.
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