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LEVI, MOSHE, DAVID M. JAMESON, AND B. WIEB VAN DER 
MEER. Role of BBM lipid composition and fluidity in impaired 
renal Pi transport in aged rat. Am. J. Physiol. 256 (Renal Fluid 
Electrolyte Physiol. 25): F&j--F94, 1989.-Renal tubular phos- 
phate (Pi) transport is impaired in the aged rat. The decrement 
in Pi transport is manifested as a decrease in the Vmax of the 
luminal brush-border membrane (BBM) sodium-dependent Pi 
transport. In the present study we determined the potential 
role of alterations in cortical BBM lipid composition and flu- 
idity in the age-related phosphaturia observed in rats. In the 
aged rat there are significant increases in the BBM cholesterol 
(Chol, 504 vs. 422 nmol/mg protein in adult, P c 0.01) and 
sphingomyelin (Sph, 41.8 vs. 37.5 mol% in adult, P < 0.01) and 
a decrease in the BBM fluidity [increase in fluorescence ani- 
sotropy of diphenylhexatriene (DPH), rnPH, 0.221 vs. 0.215 in 
adult, P < 0.011. The BBM lipid compositional and fluidity 
alterations may also play an important role in the impaired 
renal adaptation to a low-Pi diet in the aged rat. In the adult 
rat the renal adaptation to a low-Pi diet is associated with a 
decrease in BBM Chol (370 to 307 nmol/mg protein, P < 0.01) 
and an increase in fluidity (decrease in rnPH 0.207 to 0.201, P 
< 0.05). In the aged rat the renal adaptation to a low-Pi diet is 
incomplete and is associated with impaired ability to lower 
BBM Chol (441 to 429 nmol/mg protein, P = NS) and to 
increase fluidity (rnPH 0.211 to 0.211, P = NS). The results of 
this study therefore suggest that in the aged rat the increase in 
BBM Chol and Sph content, and the decrease in BBM fluidity 
play an important role in the impaired renal tubular Pi trans- 
port and adaptation to a low-Pi diet. 

age-related effect; renal phosphate reabsorption; brush-border 
membrane; alkaline phosphatase; fluorescence anisotropy; low- 
phosphate diet 

THE AGING PROCESS in humans and in the rat is associ- 
ated with alterations in renal tubular function including 
phosphate (Pi) transport (36). Metabolic balance and 
clearance studies in the rat reveal an age-related decre- 
ment in renal tubular reabsorption of Pi (2, 7, 11, 21, 29, 
31). The impairment in renal tubular Pi transport occurs 
in spite of an age-related decrement in intestinal absorp- 
tion of Pi (2). In addition, renal tubular adaptation to a 
low-Pi diet is also impaired in the aged rat (2, 7, 29). In 
spite of increased levels of serum parathyroid hormone 
(29, 40), the impairment in renal Pi transport is inde- 
pendent of endogenous parathyroid hormone activity, 
since parathyroidectomy is associated with significant 
improvement, but not normalization of renal tubular 

reabsorption of Pi (7, 20, 29, 31). 
Recent studies of Pi uptake in proximal tubular brush- 

border membrane (BBM) vesicles have also demon- 
strated an age-related decrease in the sodium-dependent 
Pi (Na-P;) uptake (7, 29, 31). In these studies as well, 
parathyroidectomy improved but did not normalize the 
age-related decrease in BBM Na-P; uptake (7, 29, 31). 
Furthermore, adaptation to dietary Pi restriction, which 
in the young and adult rat is characterized by increased 
BBM Na-P; uptake (8), was also significantly impaired 
in the aged rat (29). Kinetic studies of Na-P; uptake 
revealed a decrease in the maximum velocity ( Vmax) and 
no change in the affinity (&) of the Na-P; cotransport 
units (29). It is not known whether the decrease in Vmax 
is due to an age-related decrease in the number of the 
Na-P; cotransport units, or a decrease in the functional 
activity of the existing Na-P; cotransport units. 

Recent evidence indicates that interaction between 
membrane lipids and proteins are important for regula- 
tion of membrane functions and that alterations in the 
chemical composition and physical state of membrane 
lipids can modulate certain membrane functions includ- 
ing enzyme activity and passive and carrier-mediated 
transport activity (3, 49, 50). In this regard, in a recent 
study renal tubular adaptation to dietary Pi restriction, 
which is characterized by an increase in the Vmax of 
proximal tubular BBM Na-P; cotransport (8), was shown 
to be associated with a decrease in BBM cholesterol 
content and an increase in BBM fluidity (41). More 
recently, the increase in the Vmax of BBM Na-P; cotrans- 
port in response to dietary Pi restriction has been found 
not to be associated with an increase in the number of 
Na-P; cotransport units (57). Moreover, in renal tubular 
cells grown in culture, benzyl alcohol, which increases 
membrane fluidity, has been shown to increase Na-Pi 
cotransport (16). Because these preliminary data suggest 
that alterations in BBM lipid composition and fluidity 
may be important in regulating BBM Na-P; cotransport, 
it is also possible that alterations in BBM lipid compo- 
sition and fluidity play a role in the age-related impair- 
ment of renal tubular Pi transport. In this regard, in 
several tissues including the liver (22), the myocyte (54), 
the aorta (13), the platelet (lo), the lymphocyte (46), the 
red blood cell (23), and the adipocyte (26), age-related 
alterations in cellular functions are associated with age- 
related increases in cell membrane cholesterol and/or 
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sphingomyelin content, and decrease in membrane flu- 
idity. Previous studies in microsomal membranes iso- 
lated from the kidneys of Sprague-Dawley rats (19, 20) 
and BBM purified from the renal cortex of Wistar rats 
(44, 45) have demonstrated an age-related increase in 
the cholesterol-to-total phospholipid ratio. These stud- 
ies, however, did not include individual phospholipid 
composition or membrane fluidity measurements, and 
did not correlate BBM lipid compositional and/or fluid- 
ity alterations with the age-related phosphaturia. 

The purposes of th.e present study were, therefore, to 
determine whether BBM lipid composition and/or flu- 
idity are altered in the aged rat and whether the altera- 
tions in BBM lipid composition and fluidity result in 
impaired renal tubular adaptation to dietary Pi restric- 
tion. 

METHODS 

Animals 

Male Fischer 344 rats were purchased from Harlan 
Sprague Dawley, Indianapolis, IN, through a contract 
administered by the National Institute on Aging, Be- 
thesda, MD, and were studied at 6 mo (representing 
young adult rat beyond the age of rapid linear growth), 
and 24 mo (representing the aged rat) of age. The Fischer 
344 rat has been well characterized as a model for aging 
studies and it has a 50% mean survival of 24 mo when 
maintained under microbarrier, pathogen-free conditions 
(18, 39). When the rats arrived at the Dallas Veterans 
Administration Animal Care Facility, they were main- 
tained in a laminar flow unit until the time of the study. 
Animals that were not healthy and animals who at the 
time of death had evidence of infection or gross organ 
pathology were excluded from the study. In addition, 
since the Fischer 344 rat, similar to the Wistar-derived 
rat, has an age-related nephropathy including mesangial 
thickening, focal glomerular sclerosis, and tubular atro- 
phy (1‘7,37), creatinine clearance was routinely measured 
in all the 6-mo- and 24mo-old rats studied. To minimize 
the role of renal failure on urinary Pi excretion or BBM 
lipid composition and fluidity, it was decided a priori to 
exclude aged rats with creatinine clearance two standard 
deviations less than the mean creatinine clearance for 
adult rats. Although creatinine clearance is significantly 
reduced in the aged Wistar rats (II), the creatinine 
clearance in the aged Fischer 344 rats, as also docu- 
mented in an earlier study (4), was not different from 
the adult Fischer 344 rats, and therefore, no aged rats 
had to be excluded from the study on this basis. Alto- 
gether, only one aged rat was excluded from the study 
because the rat had a liver mass and ascites. 

Study Groups 

Once the animals arrived at our animal care facility 
they were stabilized on a control diet (0.6% Pi, 0.6% Ca, 
wt/wt, Teklad, Madison, WI) for a 3-wk period before 
they were assigned to the different dietary treatment 
groups. 

Group 1. Twelve rats from each age group were fed the 
control diet (0.6% Pi, 0.6% Ca) for a lo-day period. 

Group 2. Six rats from each age group were fed a high- 
Pi diet (1.2% Pi, 0.6% Ca) and six other rats from each 
age group were fed a low-Pi diet (0.1% Pi, 0.6% CA) for 
a lo-day period. 

Metabolic Studies 

All animals were maintained in metabolic cages 
(Nalge) and were carefully pair-fed during the lo-day 
study period. Two 24-h urine collections were obtained 
on days 9 and 10 into acidified tubes. On the day of the 
experiment the rats were anesthetized with intraperito- 
neal pentobarbital sodium and a midabdominal incision 
was made. Blood was collected from the inferior vena 
cava into heparinized tubes. Blood and urine samples 
were analyzed for creatinine by a creatinine auto analyzer 
(Creatinine II Analyzer, Beckman, Fullerton, CA), so- 
dium by a flame photometer (model IL343, Instrumen- 
tation Laboratory, Lexington, MA), calcium by an 
atomic absorption spectrophotometer (model 290B, Per- 
kin Elmer, Norwalk, CT), and ultrafilterable Pi by a 
modification of the Fiske and Subbarow method (15) 
after serum samples were applied to a centrifree micro- 
partition system (no. 4104, Amicon, Danvers, MA) to 
separate free (ultrafilterable) Pi from protein-bound Pi, 
and then both serum and urine samples were also treated 
with 20% trichloroacetic acid to further remove (precip- 
itate) protein and lipid-bound Pi. 

BBM Isolation 

BBM from the renal cortical tissue of 6-mo- and 24- 
mo-old rats were simultaneously isolated by a differential 
centrifugation, and magnesium precipitation method as 
previously described (33,41). Rats were anesthetized, the 
kidneys were removed through a midabdominal incision 
and placed in an ice-chilled isolation buffer containing 
300 mM mannitol, 5mM ethylene glycol-bis (P-amino- 
ethylether)-N,-N,N’,N’-tetraacetic acid (EGTA), 0.1 
mM phenylmethylsulfonylfluoride (PMSF), and 18 mM 
tris(hydroxymethyl)aminomethane (Tris), pH 7.4. 
EGTA, a chelator of Ca, and PMSF, a protease inhibitor, 
were added to the isolation buffer to minimize potential 
effects of Ca, phospholipases, and proteases during the 
isolation procedure on the resultant BBM enzyme activ- 
ity, lipid composition, and fluidity. Thin cortical sections 
were cut and homogenized using a polytron (Brinkman, 
Westbury, NY) in 15 ml of buffer, diluted with 21 ml of 
distilled, deionized water (dd HzO), and centrifuged at 
40,000 g for 36 min at 4°C in a high-speed centrifuge 
(model 52-21, Beckman, Fullerton, CA). The resulting 
pellet was resuspended, Mg2+ precipitation (15 mmol/l) 
was carried out for 20 min, and then centrifuged at 3,000 
g for I2 min. The pellet was discarded, and the super- 
natant was centrifuged at 40,000 g for 36 min to obtain 
the crude BBM pellet. This pellet was resuspended using 
a Potter-Elvehjem homogenizer in 30 ml of 1:l diluted 
buffer (with dd H20), taken through the Mg2+ precipi- 
tation process again, washed free of Mg2+ using resus- 
pension with the Potter-Elvehjem, and centrifuged at 
40,000 g for 36 min. The final BBM pellet was resus- 
pended in the isolation buffer with a 20-gauge spinal 
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needle at a protein concentration of -2 mg/ml. Protein 
was determ .ined by the method of Lowry et al. (38) using 
crystalline bovine serum albumin (BSA) as standard. 

Enzyme Activity Measurement 

Enzyme activity determinations were made on homog- 
enates and BBM fractions frozen at -20°C for 12 h. 
Enzyme activity assays were performed under conditions 
of substrate concentration and reaction time so that the 
rate of each reaction represented the Vmax and was lin- 
early related to the amount of sample protein added. 
Specific activities of alkaline phosphatase and leucine 
aminopeptidase (BBM-bound), Na+-K+-ATPase (baso- 
lateral membrane-bound), succinic dehydrogenase (mi- 
tochondrial membrane-bound), NADPH cytochrome C 
reductase (endoplasmic reticular membrane-bound), and 
N-acetyl-B-D-glucosaminidase (lysosomal membrane- 
bound) were measured in samples of cortical homogenate 
and BBM fractions as previously described (33,41) using 
a Gilford response spectrophotometer (Ciba-Corning, 
Oberlin, OH) equipped with a kinetic and temperature 
control unit. 

Alkaline phosphatase activity was measured by a ki- 
netic assay, monitoring the production of p-nitropheno- 
late from p-nitrophenyl phosphate at 405 nm and 37OC. 
Leucine aminopeptidase activity was measured by a ki- 
netic assay, monitoring the conversion of L-leucine-4- 
nitroanilid at 380 nm and 37OC. Na+-K+-ATPase activity 
was measured by a kinetic assay system coupling ATP 
hydrolysis to pyruvate kinase and lactate dehydrogenase 
and monitoring the utilization of NADH at 340 nm and 
37OC. Succinic dehydrogenase activity was measured by 
a kinetic assay, monitoring the production of reduced 2, 
6-dicholorophenolindophenol at 600 nm and 37OC. 
NADPH cytochrome C reductase activity was measured 
by a kinetic assay, monitoring the increase in absorbance 
produced by the reduction of cytochrome C at 500 nm 
and 37OC. N-acetyl-B-D-glucosaminidase activity was de- 
termined spectrophotometrically at 405 nm and 37°C by 
measuring the conversion of p-nitrophenyl-N-acetyl-B- 
D-ghCOSe aminidine to p-nitrophenol. 

Enzyme activities are expressed as micromols per hour 
per milligram cortical homogenate or BBM protein. En- 
richment (sp act in BBM fraction/sp act in homogenate) 
and recovery (total activity in BBM fraction/total activ- 
ity i .n homogenate) of each BBM preparation was deter- 
mined by use of the above 
subcellular organelles. 

enzymes as markers of specific 

Lipid Composition Determination 

Total lipids were extracted by the method of Bligh and 
Dyer (5, 33). One milligram of BBM protein was used 
for the extraction. Coprostanol (Supelco, Bellefonte, PA) 
was included as an internal standard for cholesterol 
determination. The original sample was extracted twice 
and the combined extract evaporated to residue under 
nitrogen. The residue was resuspended in chloroform 
and divided into aliquots for cholesterol, total, and indi- 
vidual phospholipid determinations. 

The cholesterol sample was evaporated to a residue, 

resuspended in hexane, and injected into a 530 pm 50% 
phenylmethyl silicone column (Hewlett-Packard, Palo 
Alto, CA) in a Hewlett-Packard model 5890 gas chro- 
matograph with flame ionization detector run isother- 
mally at 280°C, with coprostanol serving as internal 
standard. Area ratios were computed with an on-line 
Hewlett-Packard 3392A integrator for quantitation and 
cholesterol expressed in nanomoles per milligram brush- 
border membrane protein (33). 

The phospholipid sample was dried to residue and 
resuspended in chloroform. Phospholipid content in the 
total lipid extract was determined by measuring the 
phosphorus content by the method of Ames and Dubin 
(1, 33). Individual phospholipid polar head group species 
were isolated by two-dimensional thin-layer chromatog- 
raphy (TLC) (14, 33). The phospholipid sample was 
spotted onto Kieselgel silica gel 60 precoated TLC plates 
(E. Merck, Darmstadt, FRG). The plates were developed 
in two dimensions. The first-dimension solvent system 
consisted of chloroform:methanol:acetic acid (65:25:10, 
vol/vol) and the second chloroform:ethanol:88% formic 
acid (65:25:10, vol/vol). This system results in an excel- 
lent separation of sphingomyelin, phosphatidylcholine, 
phosphatidylethanolamine, phosphatidylserine, phos- 
phatidylinositol, as well as lysophosphatidylcholine and 
lysophosphatidylethanolamine. After development chro- 
matograms were a llowed to dry and then were exposed 
to iodine crystals. Individua l phospholipids were identi- 
fied by comparison with cochromatography of authentic 
standards (Supelco, Bellefonte, PA). Areas of silica gel 
containing phospholipids were scraped into acid-washed 
test tubes. The phospholipids were reextracted from the 
gel by the Bligh and Dyer method (5, 33), the silica gel 
was removed by centrifugation, and the phospholipids 
were separated into the chloroform phase. The sample 
was dried to a residue and the phosphorus content was 
determined by the Ames and Dubin method (1, 33). 
Samples were corrected for background by using an area 
of the TLC plate known to be free of phospholipids. 
Total phospholipid content is expressed as nanomoles 
per milligram BBM protein and individual phospholipid 
content as mol% of total phospholipid content. The 
percentage recovery of total phospholipids from the TLC 
plate and reextraction from the gel was determined by 
dividing the sum amount of individual phospholipids by 
the total phospholipid applied to the TLC plate. 

Fluorescence Anisotropy Measurement 

The steady-state fluorescence anisotropy of 1,6-di- 
phenyl 1,2,5-hexatriene (DPH, Molecular Probes, Eu- 
gene, OR) in BBM samples was measured using a micro- 
processor-controlled T-format polarization spectrofluo- 
rometer based on the Weber and Bablouzian design (53), 
as previously described (9, 27). The parameter rnpn (see 
definition below) reflects the degree to which the rotation 
of DPH molecules embedded in membranes is hindered, 
and as documented widely in the literature, provides an 
index that is inversely related to membrane fluidity (52). 
Of note, the term “membrane fluidity” is used here and 
in the discussion to follow to deno te the structural and 
dynamic properties that determine the relative motions 
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and order of lipid molecule in the membrane (9). 
For the fluorescence anisotropy measurements BBM 

samples corresponding to 0.3 mg BBM protein were 
diluted with a phosphate and N-2-hydroxyethylpipera- 
zine-N,2’-ethanesulfonic acid (HEPES)-buffered saline 
solution, pH 7.4 to a concentration of 0.48 mg protein/ 
ml. One microliter DPH was then added from a 1 mM 
stock solution in tetrahydrofuran resulting in a 
probe:lipid ratio of 1:300 and the sample was vortexed 
vigorously. The excitation wavelength of 360 nm was 
selected with use of a 0.25 meter SPEX monochromator 
with a 5-nm broad bandpass; a Corning 7-61 bound pass 
filter was also utilized in the excitation light path to 
reduce parasitic stray light. Emitted light at wavelengths 
greater than 420 nm was viewed through Schott cut on 
filters (KV 399, OG 061, Schott Optical Glass, Duryea, 
PA). All measurements were done in a 3-mm square 
quartz cuvette that minimizes the depolarization of the 
emitted light due to scattering. The cuvette temperature 
was maintained to within O.l°C using a circulating water 
bath. The parallel and perpendicular intensity compo- 
nents were sampled using an Apple IIE computer 
equipped with an analog-to-digital card (Mountain Hard- 
ware, CA). The intensities of the parallel and perpendic- 
ular components of the emission were measured for both 
parallel and perpendicular exciting light. The anisotropy 
(r) of diphenylhexatriene (DPH), rnPH was then calcu- 
lated as 

(I,,/II)N - 1, 
rDPH = (I,,/& + 2 

where 

(I, ,/IdN = 
(II l/ILmq I 

(I, ,/L)ExcL 

111 and 11 represent the intensities of the parallel and 
perpendicular components of the emission, respectively, 
and Excll and Excl correspond to parallel and perpen- 
dicular excitation respectively (27) *Typically 10 readings 
were averaged for each determination and the averages 
and standard deviations were calculated by an on-line 
software. 

Because sample turbidity can depolarize emitted light 
and the fluorescence anisotropy of probes in membrane 
preparations is expected to be linearly and inversely 
proportional to the optical density or the protein and/or 
lipid concentration of the membrane suspension (32), 
the fluorescence anisotropy of each BBM sample was 
measured at two different protein concentrations (0.48 
and 0.24 mg BBM protein/ml) to determine the magni- 
tude of this effect. The fluorescence anisotropy of the 
sample was then determined as the value extrapolated to 
zero protein concentration. 

Statistical Analyses 

All the data are expressed as means t SE. A two-tailed 
unpaired Student’s t test was used to compare results 
between aged and adult rats for a given Pi diet (i.e., aged 
0.6 Pi diet vs. adult 0.6% Pi diet), and a one-way analysis 
of variance with Student-Newman-Keuls multiple range 
test was used to compare results among the aged or adult 
rats fed the various Pi diets (i.e., aged 0.1% Pi vs. 0.6% 

Pi VS. 1.2% Pi, and adult 0.1% Pi VS. 0.6% Pi VS. 1.2% Pi) 
(48). Significance was accepted at P < 0.05. 

RESULTS 

Metabolic and Functional Data 

Compared with 6-mo-old (adult) rats, body weight and 
kidney weight were both significantly increased in the 
Wmo-old (aged) rats (Table 1). In addition, the ratio of 
kidney weight to body weight, 6.15 t 0.17 vs. 6.78 t 0.15 
g/g x 1o-3, was also significantly increased in the 24-mo- 
old rats. In agreement with previous observations in the 
Fischer 344 rats (4), the glomerular filtration rate was 
not altered in the 24mo-old rats (Table 1). 

Effect of Age on Urinary Phosphate Excretion 

Under strict pair-feeding conditions, the 24-h urinary 
excretion of Pi was not significantly altered in the 24- 
mo-old rats (Fig. 1). However, since this occurred in the 
face of a decreased filtered load of ultrafilterable Pi, 
fractional excretion of ultrafilterable Pi (FEQ) was sig- 
nificantly increased in the 24mo-old (aged) rat (Fig. 1). 

Effect of Age on BBM Isolation and Enzyme Activity 

Age had no significant effect on the purification of 
BBM isolated from the renal cortex (Table 2). The 
enrichment for the BBM-specific enzyme markers alka- 
line phosphatase and leucine aminopeptidase were iden- 
tical in the two age groups (Table 2). The recovery for 
alkaline phosphatase and leucine aminopeptidase were 
also identical in the two age groups (Table 2). Except for 
a minor difference in cross contamination with the baso- 
lateral marker Na+-K+-ATPase, cross contamination 
with the other subcellular membranes was minimal and 
not different in the 6- and 24-mo-old rats (Table 2). In 
agreement with previous studies (4, 17, 26, 38, 39), we 
observed significant decrements in the specific activities 
of alkaline phosphatase and Na+-K+-ATPase in the 24- 
mo-old rats (Table 2). The activities of the other subcel- 
lular enzymes in the aged rat, however, were not signifi- 
cantly altered (Table 2). 

Effect of Age on BBM Lipid Composition and Fluidity 

BBM lipid composition was significantly altered in the 
24-mo-old rats (Table 3). There were significant in- 
creases in the cholesterol and sphingomyelin content in 
the 24-mo-old rats (Table 3), which resulted in signifi- 
cant increases in the cholesterol-to-total phospholipid 

TABLE 1. Metabolic and functional data 
in the adult and aged rats 

Body Kidney GFR, 
GFR, GFR, 

Weight, g Weight, g ml/min 
ml. mine1 . g ml. mine1 l 100 g 
kidney wt-’ body wt-’ 

Adult 346.9t6.5 2.12t0.03 2.65kO.25 1.25t0.11 
Aged 372.6t9.8 2.59kO.11 2.78kO.38 1.05t0.12 
P value CO.05 co.01 NS NS 

0.76t0.08 
0.75t0.12 

NS 

Values are means t SE for 12 rats in each group. GFR, glomerular 
filtration rate. Statistics are determined by two-tailed unpaired Stu- 
dent’s t test. 
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FIG. 1. Serum ultrafilterable phosphate concentration (Sri, mg/dl), Left, urinary ultrafilterable phosphate excretion 
rate (U$?, mg/24 h), middle, and fractional excretion of ultrafilterable phosphate (FEri, %), right in adult and aged 
rats. n = 12 rats in each group. Values are mean & SE. Statistics determined by two-tailed unpaired Student’s t test. 

TABLE 2. Effect of age on brush-border membrane isolation 

Enzyme Membrane Fraction Adult Aged P Value 

Alkaline phosphatase 

Leucine aminopeptidase 

Na+-K+-ATPase 

Succinic dehydrogenase 

Cytochrome-c reductase 

Brush border 

Brush border 

Basolateral 

Mitochondria 

Endoplasmic 
reticulum 

CH 
BBM 
Enrichment 
Recovery 
CH 
BBM 
Enrichment 
Recovery 
CH 
BBM 
Enrichment 
CH 
BBM 
Enrichment 
CH 
BBM 

Glucosaminidase Lysosome CH 
BBM 
Enrichment 

86.08k2.91 52.67k2.42 <O.OOl 
855.95t22.40 579.14t35.07 eo.001 

10.00t0.25 11.05t0.85 NS 
30.00t0.75 32.04t2.46 NS 

2.7920.07 2.8820.09 NS 
25.45-c-0.64 25.7321.11 NS 

9.09t0.13 8.96kO.40 NS 
27.27zko.39 25.98t1.16 NS 
24.4Ok1.05 19.80t0.82 co.01 
37.85t1.30 28.87k2.42 NS 

1.56t0.07 1.9720.13 co.05 
8.4520.40 7.67kO.76 NS 
3.10t0.73 2.29t0.54 NS 
0.36t0.08 0.32t0.09 NS 
0.18t0.02 0.23t0.02 NS 
0.06t0.02 0.05t0.02 NS 
0.34t0.11 0.19t0.08 NS 
0.67t0.01 0.7420.02 NS 
0.13t0.01 0.14t0.01 NS 
0.19t0.01 0.20t0.01 NS 

Values are means t SE, for 12 rats in each group. CH, cortical homogenate, BBM, brush-border membrane. Enzyme specific activities are 
expressed as micromoles per hour per milligram homogenate-’ or membrane protein-‘. Enrichment is defined as the ratio of specific activity in 
membrane fraction/specific activity in homogenate. Recovery is defined as the ratio of total activity in homogenate (%). Statistics are determined 
by two-tailed unpaired Student’s t test. 

and sphingomyelin-to-phosphatidylcholine molar ratios diminishing both the absolute and the fractional excre- 
(Fig. 2). The ratios of these lipids are important deter- 
minants of membrane fluidity (47), and increases in the 

tion of Pi (Fig. 3). The 24-mo-old rat is also able to adapt 

ratios would predict a decrease in membrane fluidity 
to a low-Pi diet by &creasing urinary Pi excretion, but 

(47). In fact, the fluorescence anisotroPY of' DPEI was 
the adaptation is not as efficient as in the 6-ma-old rat,. 
Inthe 24-mo-oldratboththeabsolute an&he fractional 

significantly increased in the BBM of 24mo-old rats 
(Fig. 2), which in the absence of significant changes in 

excretion of Pi are significantly increased when compared 

the fluorescence lifetime of DPH indicates a decrease in 
with 6-mo-old rat pair fed the low-Pi diet (Fig. 3). 

BBM fluidity (46, 47). In addition to the increases in 
cholesterol and sphingomyelin, the phosphatidylinositol Effect of Age on BBM Lipid Composition and 
content was also increased and the phosphatidylethanol- Fluidity During a Low-Pi Diet 
amine content was decreased in the-24-mo-old rat (Table 
3). The percent recovery of phospholipids from the TLC In the 6-mo-old rat the renal tubular adaptation to the 

plate, 81.2 t 2.9% in adult and 78.3 t 3.2% in aged, was low-Pi diet is associated with a decrease in the BBM 
identical in the two age groups. cholesterol content (Table 4). The resultant decrease in 

the BBM cholesterol-to-total phospholipid molar ratio 
Effect of Age on Urinary Pi Excretion 
During a Low-Pi Diet 

(Fig. 4), is also paralleled by a decrease in the fluores- 
cence anisotropy of DPH (Fig. 4), which indicates an 

In the 6-mo-old rat fed a low-Pi diet, the renal tubule increase in the BBM fluidity in response to a low-Pi diet. 
adapts to the decreased filtered Pi load by markedly These results are in agreement with an earlier study in 
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TABLE 3. Effect of age on brush-border membrane lipid composition 

Cholesterol 
Total 

Phospholipid 
SPH PC PE PS PI 

Adult 421.8t14.9 491.4t11.8 37.5t0.8 21.2t0.8 25.2k0.4 13.9kO.5 2.1t0.2 
Aged 504.4t22.3 504.2t12.2 41.8tl.O 19.9t0.5 20.6t0.9 14.3t0.6 3.420.2 
P value co.01 NS <O.Ol NS co.01 NS co.01 

Values are means k SE for 12 rats in each group. Cholesterol and total phospholipid content are expressed as nmoles per milligram brush- 
border membrane protein. Individual phospholipids are expressed as molar percent of total phospholipid content. SPH, sphingomyelin; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol. Statistics are determined by two-tailed 
unpaired Student’s t test. 
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FIG. 2. Cholest,erol-to-total phospholipid molar ratio (left), sphingomyelin-to-phosphatidylcholine molar ratio 
(middle), and fluorescence anisotropy of DPH (37°C) (right), in adult and aged rats. n = 12 rats in each group. Values 
are means t SE. Statistics determined by two-tailed unpaired Student’s t test. 
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FIG. 3. Serum ultrafilterable phosphate concentration (S pi, mg/dl; left), urinary ultrafilterable phosphate excretion 
rate (UpiV, mg/24 h; middle), and fractional excretion of ultrafilterable phosphate (FEQ, %; right), in adult rats fed a 
high- or a low-phosphate diet, and in aged rats fed a high- or a low-phosphate diet. n = 6 rats in each group. Values 
are means t SE. Statistical analysis of the effects of dietary phosphate in the adult rats and in aged rats is determined 
by one-way analysis of variance using Student-Newman-Keuls multiple-range test. 
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TABLE 4. Effect of dietary phosphate restriction on brush-border membrane lipid composition 

F91 

Cholesterol 
Total 

Phospholipid 
SPH PC PE PS PI 

Adult 370.4k5.5 502.2t7.5 35.4t0.6 22.2t0.7 25.3t0.2 13.9kO.2 3.1t0.1 
(1.2 Pi) 
Adult 307.2k6.2 493.4t16.7 38.5t0.5 21.8kO.l 22.6t0.9 13.6kO.5 3.4t0.2 
(0.1 Pi) 

P value co.01 NS co.01 NS co.05 NS NS 
Aged 441.lt9.4 546.0t15.0 38.0t0.6 19.lkO.4 24.2t0.3 15.0t0.6 3.720.2 
(1.2 Pi) 
Aged 429.2t33.2 534.9t14.4 38.4kO.l 19.6kO.l 24.3k0.1 14.4t0.1 3.420.2 
(0.1 Pi) 

P value NS NS NS NS NS NS NS 

Values are means t SE for 6 rats in each group. Cholesterol and total phospholipid content are expressed as nmoles per milligram brush- 
border membrane protein. Individual phospholipids are expressed as molar percent of total phospholipid content. SPH, sphingomyelin; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol. Statistical analysis of the effects of dietary 
phosphate in the adult rats and in the aged rats is determined by one-way analysis of variance using the Student-Newman-Keuls multiple range 
test. 
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FIG. 4. Cholesterol-to-total phospholipid molar ratio (left), sphingomyelin-to-phosphatidylcholine molar ratio 
(middle), and fluorescence anisotropy of DPH (37°C) (right), in adult rats fed a high- or low-phosphate diet, and in 
aged rats fed a high- or a low-phosphate diet. n = 6 in each group. Values are means t SE. Statistical analysis of 
effects of dietary phosphate in adult rats and in aged rats is determined by one-way analysis of variance using Student- 
Newman-Keuls multiple-range test. 

the 3-mo-old Sprague-Dawley rat (35), which has shown 
that increased BBM Na-Pi transport during a low-Pi diet 
(8) is associated with a decrease in BBM cholesterol and 
increase in BBM fluidity. In comparison, in the 24-mo- 
old rat BBM cholesterol content is not decreased (Table 
4), and BBM fluidity is not increased (Fig. 4) during a 
low-Pi diet. The inability to alter BBM cholesterol con- 
tent and/or BBM fluidity may therefore play an impor- 
tant role in the incomplete renal tubular adaptation to a 
low-Pi diet in the Wmo-old rat. 

DISCUSSION 

The aging process in humans and in the rat is associ- 
ated with a decrease in the renal tubular reabsorption of 
Pi (36). The age-related impairment in the tubular reab- 
sorption of Pi is of particular interest because it occurs 

in spite of a lower serum Pi and impaired intestinal Pi 
absorption (Z), and may play a role in the pathogenesis 
of the age-related osteopenia. 

In the present study the increase in FEpi in the aged 
rat was associated with striking and significant altera- 
tions in cortical BBM lipid composition, including in- 
creases in the molar content of cholesterol, sphingomye- 
lin, and phosphatidylinositol, and a decrease in phospha- 
tidylethanolamine (Table 3). The lipid alterations in the 
BBM isolated from the aged rat cannot be ascribed to 
differences in the purification and cross contamination 
with other subcellular membranes, since the enrichment 
of the membrane-specific enzymes in the BBM are iden- 
tical in the adult and aged rat (Table 2). The increases 
in cholesterol and sphingomyelin, which result in 
decreases in the molar ratios of cholesterol-to-total 
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phospholipid and sphingomyelin-to-phosphatidylcholine 
(Fig. 2) would be expected to cause a decrease in BBM 
fluidity, since these lipid ratios are important determi- 
nants of membrane fluidity (51). In fact, the fluorescence 
anisotropy of DPH was significantly increased in the 
BBM from the aged rat, which indicates a decrease in 
BBM fluidity (52). Of note, a recent study in the lo-, 
ZO-, and 3O-mo-old male Wistar rats (WAG/Rij, Rijswijk, 
The Netherlands) found similar age-related increases in 
the BBM cholesterol molar content and in the choles- 
terol-to-total phospholipid molar ratio (44, 45). In this 
study the BBM individual phospholipid composition was 
not determined, however, a significant increase in the 
ratio of saturated to unsaturated fatty acid content was 
found (44). In the present study although we did not 
determine the BBM fatty acid composition, the increase 
in the sphingomyelin to phosphatidylcholine molar ratio 
in the aged rat would predict an increase in the saturated 
to unsaturated fatty acid ratio, since sphingomyelin is 
composed of relatively highly saturated fatty acids and 
phosphatidylcholine is composed of relatively unsatu- 
rated fatty acids (24). 

The impairment in renal tubular Pi transport and 
alterations in renal cortical BBM enzyme activity and 
lipid composition in the aged Fischer 344 rat are strik- 
ingly similar to that observed in the Wistar rats from 
The Netherlands (11, 44, 45). Similar alterations in 
membrane lipid composition and fluidity also occur in 
the liver (22), the myocyte (54), the aorta (13), the 
platelet (IO), the lymphocyte (46), the red blood cell (23), 
and the adipocyte (26) obtained from aged humans and/ 
or aged rats. The renal functional and biochemical alter- 
ations in the aged Fischer 344 rats in our study are, 
therefo re, most likely representativ ‘e of generalized age- 
related cell membrane alterations, and not just limited 
to the kidney as a simple consequence of an “age-related 
nephropathy.” 

In view of recent evidence which suggests that BBM 
Na-P; cotransport is directly correlated with membrane 
lipid composition and/or fluidity (12, 16, 41), our results 
suggest that the age-related increases in BBM cholesterol 
and sphingomyelin content and decrease in BBM fluid- 
ity, which has also been reported to occur in several 
nonrenal tissues, may play a major role in the impaired 
BBM Na-Pi cotransport in the aged rat. The molecular 
mechanism whereby alterations in membrane lipid com- 
position and/or fluidity influences the activity of certain 
transporters including Na-P; is not known, but it could 
be that the rigid lipid environment in the aged BBM may 
hinder the conformational changes that accompany the 
transport steps and thus decrease the rate of overall Na- 
Pi transport. In this regard, increasing hydrostatic pres- 
sure, which causes a decrease in membrane fluidity, is 
thought to inhibit Na+-K+-ATPase activity by hindering 
the conformational changes that accompany the inter- 
mediary reaction steps, thus decreasing the rate of the 
overall reaction (9). 

BBMV transport studies indicate that the age-related 
decrease in Na-dependent Pi transport is quite specific 
for Pi, since Na-dependent glucose or Na-dependent pro- 
line transport are not significantly altered in the aged 

rat (29). The reasons that a decrease in BBM fluidity 
would cause a decrease in Na-Pi transport and not Na- 
glucose or Na-proline transport rate is not clear, but 
since the lipid microenvironments around various trans- 
porters may differ, it is possible that only those trans- 
porters located in microenvironments that are changed 
by particular types of lipid modifications are affected (3, 
49). It should be noted that seemingly small changes in 
membrane fluidity, i.e., 3% in the present study, is more 
than sufficient to bring about marked changes in the 
activities of fluidity-sensitive enzymes and transport pro- 
teins. In this regard, a 3% decrease in membrane fluidity 
achieved by increasing hydrostatic pressure was shown 
to cause a 25% decrease in Na+-K+-ATPase activity (9). 
Furthermore, in preliminary studies, we have found that 
in hypercalcemia a 3% decrease in BBM fluidity is as- 
sociated with a 50% decrease in BBM Na-Pi cotransport 
activity (35), and following dietary calcium loading a 5% 
increase in BBM fluidity is associated with a 256% 
increase in BBM Na-P; cotransport activity (34). 

The age-related alterations in BBM lipid composition 
and fluidity may also play a role in the previously re- 
ported age-related decrease in the BBM-bound enzyme 
alkaline phosphatase specific activity (29,43,44), as also 
confirmed in the present study (Table 2). It is of interest 
that aging causes similar reductions in the Vmax of Na- 
Pi cotransport (29), and alkaline phosphatase specific 
activity (44). Although alkaline phosphatase is not re- 
quired for Pi transport (47, 56) or Pi binding (47), in 
many pathophysiological situations, its activity parallels 
that of Na-Pi cotransport activity and may share the 
same lipid microenvironment as the Na-Pi cotransporter 
(12, 41). Recent studies have shown that alkaline phos- 
phatase is anchored to the BBM via a glycosylated phos- 
phatidylinositol (25, 37). The BBM-glycosylated phos- 
phatidylinositol interaction results in a markedly in- 
creased lateral mobility of the alkaline phosphatase 
molecule within the lipid bilayer. In fact, the lateral 
mobility of alkaline phosphatase is an order of magnitude 
higher than other conventional membrane proteins that 
are anchored by a transmembrane stretch of hydrophobic 
amino acid residues, and it approaches the lateral mobil- 
ity of membrane lipid molecules (42). The activity of 
alkaline phosphatase, similar to the Na-Pi cotransporter, 
would therefore be expected to be strongly modulated by 
alterations in the composition and fluidity of the lipid 
microenvironment. The increases in the cholesterol-to- 
total phospholipid and sphingomyelin-to-phosphatidyl- 
choline molar ratios, which have been shown to result in 
a decrease in the lateral mobility of N-4-nitrobenzo-2- 
oxa-1,3-diazolyl-phosphatidylethanolamine (55) can 
therefore cause the age-related decrements in alkaline 
phosphatase and Na-P; cotransport activity. Of note, 
although the increase in the BBM phosphatidylinositol 
content in the aged rat would a priori be expected to 
result in increased alkaline phosphatase activity, it seems 
that the age-related decrease in fluidity has an overriding 
effect. The age-related BBM lipid compositional and 
fluidity changes, on the other hand, have no effect on 
the specific activity of leucine aminopeptidase (Table 2). 
Leucine aminopeptidase, in contrast to alkaline phos- 
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phatase, is anchored to BBM by a sequence of hydropho- 
bic amino acid residues, and in several studies its activity 
has been shown to be independent of alterations in BBM 
lipid composition and fluidity (6, 12, 33, 41). 

The age-related alterations in BBM lipid composition 
and fluidity probably also play a role in the impaired 
renal adaptation to a low-Pi diet in the aged rat (Fig. 3). 
Renal tubular adaptation to a low-Pi diet is characterized 
by a marked increase in the BBM Na-P; cotransport, 
which is caused by an increase in the Vmax and no change 
in the K, (8). The increase in the Vmax of Na-Pi cotrans- 
port during dietary Pi deprivation has been shown not to 
be caused by an increase in the number of Na-Pi cotrans- 
port units (57). On the other hand, a recent study in the 
young Sprague-Dawley rat has shown that these changes 
in BBM Na-P; cotransport are associated with signifi- 
cant alterations in BBM lipid composition and fluidity. 
Specifically, in rats adapted to a low-Pi diet, BBM cho- 
lesterol content and cholesterol total phospholipid ratio 
are decreased and BBM fluidity is increased (41). In 
renal epithelial cells grown in culture, benzyl alcohol, 
which increases membrane fluidity, causes an increase 
in Na-P; cotransport activity (16). It is therefore quite 
possible that the increase in BBM fluidity modulates the 
increase in Na-Pi cotransport during dietary Pi depriva- 
tion. In the adult Fischer 344 rat we have also found a 
similar decrease in BBM cholesterol content (Table 4), 
a decrease in the cholesterol-to-total phospholipid molar 
ratio (Fig. 4) and an increase in BBM fluidity (Fig. 4) 
during adaptation to a low-Pi diet. In the aged rat, 
however, similar changes in BBM cholesterol (Table 4) 
and fluidity (Fig. 4) do not occur, and may at least in 
part, explain the incomplete adaptation to a low-Pi diet 
in the aged rat (Fig. 3). 

The results of our study therefore indicate that there 
are significant increases in BBM cholesterol and sphin- 
gomyelin content and there is a significant decrease in 
BBM fluidity in the aged Fischer 344 rat. These age- 
related BBM biochemical and biophysical alterations 
may play an important role in the decrease in the renal 
tubular reabsorption of Pi and in the impaired renal 
tubular adaptation to a low-Pi diet. Further studies are 
needed to determine if these BBM lipid composition and 
fluidity changes in the aged rat also play a role in the 
age-related impairments in other renal tubular functions 
(36), including the recently reported decrease in BBM 
Na+-H+ exchange activity (30). 
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