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ABSTRACf. Accumulation of the fj-amino acid taurine is
higher in adult rat renal brush border membrane vesicles
than in nursing animals, which relates to a higher initial
rate Vmax. A low sulfur amino acid diet increases and a
3% taurine diet reduces the Vmax of Nat-taurine cotrans
port in brush border membrane vesicles at all ages after 7
days as compared to values on a normal diet. To determine
if changes in membrane fluidity account for these devel
opmental and adaptive events, the fluorescent probe 1,6
diphenyl-l,3,5-hexatriene was used to measure fluores
cence anisotropy. A two-component, single break curve fit
the data over the range 4 to 56° C. Values for the break
temperature centered around 23° C, not different than a
break temperature determined in adult membranes. The
values for membrane polarization range from 0.311 to
0.329 in membranes from 7-, 14-, and 21-day-old pups
exposed to each of the three diets, significantly lower than
the value in adult membranes (p < 0.02). The slopes of
each component, equivalent to the apparent energy of
activation, did not differ in relation to diet. The ontogenic
changes in taurine uptake by brush border membrane
vesicles related to the exposure to different dietary sulfur
amino acid levels are not related to changes in membrane
fluidity using 1,6-diphenyl-l,3,5-hexatriene as a probe.
However, there is a decrease in fluidity with age. Total
phospholipid content falls postweaning, and the percent of
total content of phosphatidyl choline and glycerol phos
phate fall, and phosphatidyl serine and ethanolamine rise
as the rat ages. The results indicate that alterations in the
phospholipid composition occur during the process of mat
uration and that changes in the fluidity of brush border
membranes may account for maturational differences in
Nat-dependent taurine transport. (Pediatr Res 22: 163
167,1987)

Immature animals of virtually all mammalian species have a
"physiologic" generalized aminoaciduria which results in excre
tion of a higher fraction of the filtered amino acid load of all
amino acid classes (1,2). Our laboratory has focused on physio
logic factors that modify the development of amino acid trans
port systems in order to better understand the processes by which
these transport sites achieve a mature transport profile (3-7). For
an appropriate transport probe , we have used the l3-amino acid
taurine, since it is relevant in the nutrition of young animals (8)
and since one can manipulate the dietary level of sulfur amino
acids to alter the renal handling of taurine (5,9-14). The Na"
dependent accumulation of taurine by BBMV isolated from
nursing animals shows enhanced uptake in BBMV prepared
from pups whose mothers art. fed a LTD and reduced in mem
branes from pups fed a HTD when compared to membranes
from pups whose dams were fed a NTO (15). Taurinuria is
greater in nursing or weanling pups as compared to adult con
trols, but animals of all ages (7, 14, 21, 28 day and adult) respond
to exposure to the LTO by urinary conservation of taurine and
to the HTD by hyperexcretion of this l3-amino acid (5, 15).

A precession of taurine uptake occurs, 7-day-old pup mem
branes <14 day <21 day <28 day = adult. The initial rate of
Na"-taurine co-transport (Na"-taurine symport) increases with
age (5, IS). Kinetic analyses of concentration-dependent uptake
indicate that this maturational process involves a change in the
Vmax of initial Nat-taurine symport with an increase in Vmax
by 50% in LTO fed or exposed pups and a decline after HTO
exposure. The factors governing this adaptive change as well as
the maturational rise in initial rate are uncertain and could
involve membrane-related events. It is clear that alterations in
the physical status or in the lipid content of plasma membranes
can change the transfer of ions and organic solutes across these
membranes (16). The method of fluorescence polarizat ion has
been used to describe the "fluidity" of various plasma membranes
including those present in the kidney (17). The status ofthe lipid
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microenvironment of the membrane is also potentially important
since the activity of membrane-associated enzymes and transport
systems can be modulated by changes in phospholipid compo
sition (18-20). Lipid-protein interactions may also influence the
activity of proteins inserted into the membranes (20-22). One
can speculate that the renal adaptive response to an altered sulfur
amino acid diet may be the result of changes in membrane
fluidity and phospholipid composition in conjunction with die
tary manipulation.

In this study we examine the influence of three diets varying
in their sulfur amino acid composition on membrane fluidity, as
measured by the fluorescent probe DPH over a wide range of
temperatures. Further, the influence of age on the composition
of membrane phospholipids was assessed. These measurements
permit one to appreciate if changes in BBMV transport oftaurine
are governed by alterations in membrane fluidity or phospholipid
content.

METHODS

Animals. Nursing rat pups born to female Sprague-Dawley
rats (King Animal Labs, Inc., Oregon, WI) aged 60-90 days were
used. The animals were 7, 14, and 21 days of age and were
sacrificed after 2 to 3 h of fasting with access to water only.

Diets.The composition of the diets fed to the nursing mothers
is described elsewhere (9, 10); maternal rats were placed on the
diet at the point of vaginal sperm positivity. Briefly each diet
(LTD, NTD, or HTD) is isoproteinic (20%) and employs soy
protein which contains limited amounts of the sulfur-containing
a-amino acids, methionine and cysteine. The LTD contains 0.2%
methionine, the NTD 0.7% methionine, and the HTD 0.7%
methionine and 3.0% taurine (w/w). The methionine content
that permits optional growth is 0.67% of diet (23). All diets are
purchased from ICN, Cleveland, OH.

Preparation ofmembranes. BBMV are prepared from kidney
cortex by a modification of the calcium chloride precipitation
method of Booth and Kenny (24) as described previously (9).
The method of preparing BBMV from nursing animals has been
described previously (15). The final BBMV pellet was resus
pended in 290 mM mannitol, 10 mM Tris/HEPES (pH 7.4) and
either used fresh or frozen at -700 C. Protein was measured
according to Lowry et at. (20) using BSA as a standard. In order
to assess the purity and relative enrichment of the membranes
used in these studies, marker enzyme activities of -y-glutamyl
transferase, 5' -nucleotidase, acid phosphatase (pH 4.8), N-acetyl
,6-D-glucosaminidase, succinyl-cytochrome C reductase, malate
dehydrogenase, DNA, and ouabain-inhibitable Na" + K+ ATP
ase were assessedby a previously described technique (9, 10). Of
all enzymes examined, the final pellet contained an 8- to 12-fold
enrichment of )'-glutamy1 transferase and 5' -nucleotidase rela
tive to the initial homogenate and a 0.8- to 1.2-fold increase in
Na" + K+ ATPase. Enrichment did not vary greatly with age.
All other marker enzymes had a lower specificactivity indicating
excellent enrichment of the brush border fraction.

Fluorescence polarization. In order to determine fluorescence
polarization, the lipid soluble fluorescent probe, DPH (Aldrich
Chemical Co., Inc., Milwaukee, WI) was used in a 2 mM stock
solution in tetrahydrofuran. In a typical study, vesicles (2-4 mg
protein/ml) in 288 mM mannitol, 10 mM Tris/HEPES pH 7.4,
and 1 mM Mg S04 were incubated at room temperature with
DPH (final concentration 4 JLM) for 15 min. Between four and
six separate membrane preparations at each age and exposed to
each diet were used to measure fluidity. The extent of P was
determined using an Elscint model MV-1 a microviscosimeter
(Elscint Inc., Hackensack, NJ). The excitation wavelength was
360 nM and the emission wavelength was 430 nm. This device
displays P = (III - 11)",;- (III + II) where III and II represent the
fluorescent intensities oriented parallel (11) and perpendicular
(1) to the path of polarization of the excitation light (25). Inter
pretation ofthe data obtained utilizes the Perrin equation, written

rO/r = 1 + 3 T/P, where r" is the maximal limiting anisotropy
(0.362) for DPH (26), r is the anisotropy measured, T is the
excited state fluorophobe lifetime, and P is the rotational relax
ation time. Fluorescence polarization is generally expressed as
the anisotropy parameter [(ro/r)-l]-I, where r = (III - 11)",;- (III
+ 211). Fluorescence polarization was determined from 4 to 56°
C with readings gathered every 2° using freshly prepared BBMV.
The temperature of the vesicle suspension was directly deter
mined with a digital thermometer (Digitec model 5810) which is
accurate to ±0.1° C.

Concern is warranted over appropriately drawing the shape of
the resulting function when [(ro/r) -lr l is plotted versus recip
rocal absolute temperature. Four models were assessed for their
ability to fit the data derived: linear, two-phase linear, three
phase linear, and quadratic using linear or quadratic regressions
where appropriate. The best two- and three-phase linear models
were derived using a computer program based on the theory of
Hudson (27) as designed by Gourley et at. (28). To test the
adequacy of each model, residual plots were determined. F tests
were performed to indicate the appropriateness of a two-phase
compared to a linear model and if a three-phase model was
superior to a two-phase model. Break points and anisotropy
parameters were thin compared with results obtained using
BBMV from rats of each age and one each diet. Mean values
were compared between diets using a two-way analysis of vari
ance.

Phospholipid composition. Phospholipids were extracted and
analyzed by established methods (29-31). Frozen membranes
from four to six preparations were thawed by incubation at room
temperature and a chloroform:methanol (2:1, v/v) extract was
prepared and washed free of nonlipid contaminants by the
method of Raden (30). Phospholipids were isolated by two
dimensional thin-layer chromatography using an internal stand
ard consisting of [14C] dipalmitoyl PC added to the membranes
to be extracted to measure recoveries for each analysis. Lipid
extracts were plated on silica gel H plates; first direction devel
opment was performed in a solvent system of chloro
form:methanoljwater (65:45:4). Plates were then air dired for 10
min, rotated 90°, and developed in tetrahydrofuran:
methyl:methano1:water (10:6:4:1). This system allows isolation
of PC, SM, Lyso PC, PI, PS, PE, and PG. The method of Bligh
and Dyer (29) was used to extract lipids from the gel and
phosphorus content was quantitated by the method of Perleman
et at. (31). The influence of age on phospholipid composition
was compared using Student's t test between groups or ANOVA
when indicated.

Supplies. All chemicals used were reagent grade. [14C]-dipal
mitoyl PC and [3H-]-taurine were purchased from New England
Nuclear, Boston, MA. DPH was purchased from Aldrich Chem
ical Co., Inc., Milwaukee, WI.

RESULTS

The uptake of taurine (Na"-dependent component) wasgreater
in BBMV prepared from animals nursed by mothers fed in
comparison to animals whose mothers were fed the NTD at 14
and 21 days of age (15). Similarly, the uptake of taurine is
diminished in HTD exposed pups at ages 14 and 21 days. At 7
days no difference in uptake is found. These results are presented
elsewhere (15) but are mentioned since the membranes prepared
for these transport studies were also used to measure membrane
fluidity and phospholipid composition herein. Thus, the mem
brane samples being evaluated demonstrate directly the renal
adaptive response to diet, at least 14, 21, and adult membranes.
The uptake of taurine is greater in adult membranes than in 21
day-old rat pups, which is greater than in 14-day-old rat mem
branes, which is greater than in 7-day-old rat membranes.

Fluorescence P data were examined by constructing Arrhenius
plots of the log P as a function of reciprocal temperature.
Residual plots were then derived by a computer best fit model
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wh ich allows evaluation of the adequacy ofthe four models being
examined. In order for a model to be appropriate using such a
system, no distinct pattern to the residuals plotted should exist
or they should be random. The residual plots for a linear model
were parabolic in shape. Th e two-phase model showed no pattern
to its residual plot, whereas a three-phase (two break point) and
qu adratic model demonstrated mark ed residual plots. The two
phase linear model also had the lowest sum of squares in all 48
data sets (7, 14, 21, adul t membranes on each diet performed in
quadruplicate ). By t test analysis the two-phase linear model was
far superior to a linear or three-ph ase model.

The transition temperatures or the temperature at which the
segmented log P versus reciprocal temperature function abruptly
changes slope centered around 22- 24° C. At any given age the
transition temperature is uninfluenced by dietary manipulation .
Further, no difference in temperatures between age groups is
evident. Table I indicates the absolute values for P and the slopes
of the upper and lower segments. It should be remembered that
each of these slopes represents the apparent energies ofactivation
of the process being examined (16, 18, 19). At a given age,
changes in dietary exposure do not alter either P or the apparent
energies of acti vation. When a given diet is compared at the

different ages examined, these parameters do not differ. Th us
diet and age do not change these computer det ermined kinetic
values using a one break , 2-slope model.

When the mean values for P are examined at each age, age
related changes are noted . These values are determined by pool 
ing all results from the 12 membrane preparations at each age.
The mean value for P in 7-da y-old rat membra nes is 0.3196 ±
0.0064, in 14-day-old membranes is 0.31 83 ± 0.0084, and in 2 1
day-old membranes is 0.314 2 ± 0.0081. The value in adult
membranes is 0.3347 ± 0.0071 , significantly higher (p < 0.02
by ANOVA) than in membranes from nursing pups.

The phospholipid composition of the membranes is displayed
in Table 2 and Figure I. The profile of phospholipids differs
significantly betwe en adult and immature membranes. Adult
membranes contain significantly less PC and glycerol phosphate
than membranes from rats of the three ages examined and
contain less Lyso-PC and SM than membranes prepared from
7- and 14-day-old animals, respectively. On the other hand, adult
membranes contain more PS and PE than immature mem
branes. We confined the se ana lyses to membranes prepared from
NTD animals since no differences in phospholipid content
amo ng dietary groups was evident when adult membranes were

Table I. Valuesforfluorescencepolarization and apparent energies ofactivation ofboth linear components

LTD NTD LTD
LTD NTD HTD vsNT D vsHTD vsHTD

7 day P 0.3298 0.3059 0.3232 NS NS NS
±0.OO43 ±0.0126 ±0.OO24

Upper segment 341.4 313.5 316.8 NS NS NS
±6 ±12.7 ±11.2

Lower segment 211.3 181.9 189.6 NS NS NS
±6.3 ±22.6 ± 13.3

14day P 0.3198 0.3120 0.3232 NS NS NS
±0.OO50 ±0.013 ±0.OO74

Upper segment 334.4 329.1 350.3 NS NS NS
±4.6 ±12.4 ± 16.4

Lowersegment 198.2 205.1 207.5 NS NS NS
±7.0 ±8.8 ± 1.2

21 day P 0.3165 0.3000 0.3260 NS NS NS
±0.0072 ±0.0167 ±0.0126

Upper segment 328.4 311 .6 326.1 NS NS NS
±2.8 ±9.7 ±1.2

Lowersegment 192.1 175.1 209.2 NS NS NS
±3.07 ± 17.4 ±30.9

Adult P 0.3340 0.3341 0.3361 NS NS NS
±0.0060 ±0.0081 ±0.0106

Upper segment 353.0 320.3 341.1 NS NS NS
±9.10 ±23.1 ±2.9

Lower segment 231.1 170.4 196.8 NS NS NS
±32.1 ± 16 ± 12.5

Tabl e 2. Phospholipid composition ofbrush border membranes"

Age Diet Lyso PC SM PC PS PI PE GPt

7 day 15.76:1: 86.77 252.97§ 47.1:1: 5.94 35.3§ 4.8911
±2.43 ±18.34 ±3.74 ±4.98 ±0.66 ±6.07 ±0.95

14day NTD 10.94 99.84 228.48§ 56.38§ 4.94 50.42t 5.5511
± 1.06 ±4.53 ±24.46 ±6.00 ±0.65 ±2.42 ±0.28

21day NTD 10.65 111.7611 213.2§ 55.25§ 6.86 49.7:1: 5.65:1:
±2.12 ±7.05 ±9.73 ±7.58 ± 1.82 ±7.08 ± 1.I9

Adult 6.78 82.27 62.48 133.5 2.50 60.39 1.27
±2.18 ±2.30 ±12.05 ±II.OI ±I .OI ±0.78 ±0.59

• Pi/rng brush border membrane; mean ± SE, n = 4.
t Glycerol phosphate.
t p < 0.05 versusadult.
§p < 0.00I versusadult.
II p < 0.0I versus adult.
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DISCUSSION
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Fig. I. Phospholipid composition profile expressed as percent of total
phospholipid content. Each percent shown is the mean of four determi
nations. All animals were fed or exposed to the NTD.

Since the LTD contains limited amounts of methionine and
cysteine, changes in the availability of these sulfur amino acids
could potentially limit the synthesis of glutathione from cysteine
and its other precursors. It is known that cysteine and cystine
taken up into renal tubular epithelium will be incorporated into
reduced glutathione , even in neonatal and immature animals,
and that glutathione synthesis relates to the level of precursor
administered (39). Glutathione, in its reduced form, is a major
membrane component protecting against membrane lipid per
oxidation (40). A decline in the degree of unsaturation of the
phospholipid acyl chains will increase membrane fluidity and
could lead to phase separations in the lipid domain of the
membrane (40). Although a glutathione-oxidizing agent, such as
diamide, does not alter brush border taurine accumulation (41),
the potential for changes in sulfur amino acid intake to alter
phospholipid composition by such a mechanism and, thereby,
to increase fluidity is worthy of study.

At all ages, in terms of DPH fluorescence in relation to
temperature, the two-phase linear model gavethe best fit. Despite
the diets to which these nursing pups were exposed, the transition
temperature at which the data points abruptly change slope was
similar. These transition temperatures did not vary among 7-,
14-, 21-day-old, or adult rat membranes. Indeed for all ages and
all diets this transition temperature is 23 ± 2° C. Since the
determined values for P and the upper and lower segment
apparent energies of activation are also unchanged by diet and
by age, these results indicate that alterations in the physical
constituency and in the membrane fluidity, as probed by the
fluorescent agent DPH, do not appear to be important in the
expression of the renal adaptive response in the brush border
membrane. We employed a single membrane fluidity probe,
DPH, which has been used with a wide variety of biological
membranes (16, 18, 19,38,39). For this reason we must limit
our conclusions regarding the influence of diet on membrane
fluidity. However, other groups have shown in renal brush border
membranes that other probes including tPnA and TMA-DPH
often give similar results even though they distribute differently
and as a result may inform on different lipid domains (37, 39,
41). Other probes are more influenced by ions present in the
incubation medium than is DPH (32). Hence we have concen
trated our efforts on a single probe.

In contrast to diet, an age-related change in fluidity was noted
with a significantlyhigher P value in adult membranes . This age
related increase in P, indicative of reduced fluidity, has been
noted by others (42-44) . In the present study the values for P at
the break point were higher than in the other reports. This may
relate to the point that our membranes were isolated by calcium
chloride precipitation (15), rather than magnesium chloride pre
cipitation (43) or magnesium chloride followed by free flow
electrophoresis (44). However, the values for P determined at
extreme values (5_15° and 37-56°) were similar in all four
studies. Further each study is consistent in that adult membranes
have the highest P values.

Alterations in the physical state and composition of brush
border membrane lipids in relation to maturation have been
described. During the process of differentiation from a crypt cell
to a villus cell in rat small intestine there is a decline in lipid
fluidity and crypt cells have a lower ratio of cholesterol to
phospholipid, protein to lipid, and saturated fatty acyl chains to
unsaturated chains (22). Changes in phospholipid composition,
in phospholipid/cholesterol ratio, and in the incremental change
in free energy of transfer of rabbit small intestinal brush border
occur with maturity (45). An increment in the Vmax of phos
phate uptake by BBMV prepared from fetal sheep kidney as
compared to results in the pregnant ewe has been ascribed to a
change in membrane lipid fluidity (46). In this study both DPH
and DL-2 (9-anthroyl) stearic acid fluorescence increased with
age, as well as membrane protein/lipid ratio. The data in this
study were consistent with the hypothesis that membrane ma
turity is characterized by an increase in lipid fluidity. Our failure
to show any significant alteration in DPH fluorescence may

7 DAY

ADULT

14 DAY

21 DAY

GP mmpcmmLPcD

examined (Chesney RW, Gusowski N, unpublished observa
tions).

The total amount of phospholipid per mg membrane protein
is higher in immature animals membranes: (448.73 /lmol Pi/rng
protein at 7 day; 456.55 at 14 day; 463.07 at 21 day; and 349.18
adult, P < 0.00 I). The phospholipid content is also expressed as
percent of the total phospholipd content (Fig. 1). As can be seen,
membranes from immature animals contain from 46 to 56% PC
versus 18% in adult membranes . PS accounts for 38% of adult
membrane phospholipids in contrast to 10 to 13% in immature
membranes. PE content is also significantlyhigher in and glycerol
phosphate levelsare lower in adult membranes.

Because of the large differences in Nat-taurine uptake into
vesicles and the difference in initial rate Nat-taurine symport as
a result of dietary intervention (5, 15), it is appropriate to wonder
if changes in the lipid microenvironment of the membrane might
underlie these developmental developmental and adaptive
changes.

A precedent for this question exists in that numerous studies
suggest that changes in the exposure to various nutrients can
change both the fluidity and/or the lipid composition of plasma
membranes. Further, these changes can influence transport.
Changes in salt concentration gradient can alter the degree of
lipid peroxidation in porcine intestinal brush border membranes
(32), which alters membrane bound enzyme activity. Vitamin D
administration is associated with changes in phospholipid com
position and with the nature of the fatty acids found in these
phospholipids in brush border membrane of the small intestine
(33,34). This effect occurs despite inhibition of protein synthesis
with cyclohexamide and has been termed a liponomic effect of
vitamin D. The initial rate of calcium uptake into BBMV from
chick intestine is also influenced by acylation of endogenous
phospholipids (35). Cholecalciferolis needed to effect the transfer
of phosphatidyl groups from liposomes into the brush border
membrane (36).

Dietary changes can induce alterations in the lipid microen
vironment and in phospholipids in membranes. Dietary phos
phate restriction can change both cholesterol and neutral lipid
content of brush border membrane in the rat with a simultaneous
change in alkaline phosphatase activity and uptake of phosphate
by a Nat-dependent process (37). This reduction in dietary
phosphate also is associated with a reduction in membrane
fluidity (38).
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relate to the fact that we are using membranes prepared from
postnatal rather than fetal cortex or that our studies are being
carried out in rat rather than ovine kidney. Moreover, the change
in DPH fluorescence polarization in fetal versus ewe membranes
was 0.099 U which is roughly the difference between NTD 7
day-old in comparison to values found in membranes from 14
and 21-day-old and adult animals. In our experiments these
differences were not significant while they reached p < 0.05
significance in the ovine studies (45). Further changes between
immature and adult membranes were found.

We now have focused on changes in the phospholipid com
position of membranes from pups fed or exposed to the NTD,
since the increase in the uptake of taurine with age occurs to an
equal extent within each dietary group. These studies do indicate
that minor but significant differences in phospholipid content
are evident with maturity.

Phospholipid composition is influenced by age in that the
adult profile in phospholipids found in the membrane is com
pletely different than that found in immature animal mem
branes. PC and glycerol phosphate are higher and PS and PE are
lower in immature membranes, whereas Lyso PC, SM, and PI
were unchanged. Whether these changes in the phospholipid
profile or the fall in total phospholipid content with aging is
related to the higher initial rate uptake of taurine in older rat
BBMV is uncertain. Clearly the ratio of protein/phospholipid is
higher in membranes from mature animals which is compatible
with the notion that more transport sites are inserted into the
membrane as part of the maturation process.

In conclusion , Nat-dependent uptake increases with age in
isolated BBMV (15). This increase is paralleled by a change in
phospholipid composition and by a fall in total phospholipid
content, and a change in fluorescence anisotrophy but no change
in apparent energies of activation. Thus changes in membrane
fluidity in proceeding from immaturity to adulthood may govern
these increases in transport. However, the change in taurine
transport brought about by diet are not accompanied by differ
ences in DPH fluorescence.
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