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Abstract

Newborns are less able to concentrate urine than adults are.
With development of the concentrating system and a hyper-
tonic medullary interstitium, there is a need to generate intra-
cellular osmolytes such as sorbitol, which is produced in a reac-
tion catalyzed by the enzyme aldose reductase. We sought to
discriminate between two possible mechanisms of aldose reduc-
tase induction during development: (a) a response to an osmotic
stimulus generated by the concentrating mechanism; or (b)
part of the genetic program for development of the kidney. We
measured the change in aldose reductase mRNA and activity in
terminal inner medullary collecting ducts (IMCDs) microdis-
sected from Sprague-Dawley rats during the first month of life.
Aldose reductase mRNA was assayed by Northern analysis of
total RNA from inner medulla and by detection of the reverse
transcription-polymerase chain reaction (RT-PCR) product
obtained from single IMCDs using aldose reductase-specific
primers. Aldose reductase activity was measured in IMCDs
taken from the same rats using a fluorescent microassay. New-
born rat IMCDs had minimal aldose reductase mRNA or activ-
ity, however mRNA was readily detected in IMCDs from rats
older than 3 d of age, with peak expression occurring at 1-3 wk
of age before decreasing to adult levels. In contrast, the mRNA
level for a housekeeping metabolic enzyme, malate dehydroge-
nase, did not change during maturation. Aldose reductase en-
zyme activity was readily detectable by 6 d of age, peaked at 20
d, then decreased to adult levels. Urine osmolality remained
< 600 mosmol/kg until 16 d, then increased to > 1,100 mos-
mol/kg after 20 d. Thus, aldose reductase mRNA and activity
increased before urinary osmolality reached 870 mosmol/kg.
Because urine osmolality may not be indicative of inner medul-
lary osmolality and because mother's milk may provide exces-
sive free water to the pups under 3 wk ofage, halfofthe animals
in several litters were separated from their mothers for 1 d and
inner medullary osmolality, in addition to urine osmolality, was
measured by vapor pressure osmometry, while aldose reduc-
tase mRNA was assessed densitometrically in IMCDs after
RT-PCR. Although fluid restriction resulted in a near doubling
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of urine osmolality and a tendency towards increased aldose
reductase mRNA, there was no consistently significant in-
crease in aldose reductase mRNA or inner medullary osmolal-
ity during the first 13 d of life compared to the suckling ani-
mals. On the other hand, 2-3-wk-old rats showed significant
increases in aldose reductase mRNA, accompanied by in-
creases in inner medullary osmolality, after fluid restriction.
Thus, the dissociation between the increases in aldose reduc-
tase expression and inner medullary hyperosmolality indicates
that the maturational induction of the aldose reductase gene is
not a consequence ofosmotic stimulation, but rather, part of the
developmental program of the kidney. (J. Clin. Invest. 1992.
90:1275-1283.) Key words: aldose reductase * development -

concentrating mechanism * malate dehydrogenase * osmoregu-
lation

Introduction

The newborn has a limited ability to concentrate urine ( 1-3).
Urine osmolality ofneonatal rats rises from 300 mosmol /kg at
birth to nearly 2,000 mOsm/kg by 3 wk ofage (4-6). Papillary
tip osmolality rises in parallel with the increase in urine osmo-
lality, especially in animals deprived ofmother's milk for 8-24
h (7, 8). Although rats being suckled ingest large amounts of
free water, it is unlikely that this water loading inhibits the
development ofthe concentrating system. Indeed, urinary con-
centrating ability is not accelerated by early weaning or delayed
by prolonged suckling (9). Thus, the ability to generate a con-
centrated urine appears to be developmentally regulated. As
the concentrating system matures and inner medullary tissue
osmolality rises, the cells ofthe inner medulla need to accumu-
late osmotically active organic solutes for the maintenance and
regulation of the intracellular milieu (10, 11 ).

A major intracellular osmolyte in the inner medulla is sor-
bitol ( 10-12), a polyhydric alcohol produced from D-glucose
in a NADPH-dependent reduction reaction catalyzed by the
enzyme aldose reductase (13). Sands et al. (14) showed that
the highest levels of aldose reductase activity were found in the
terminal half of the inner medullary collecting duct (terminal
IMCD). 1 Moreover, in response to water diuresis or antidiure-
sis, aldose reductase activity was regulated in this part of the
nephron ( 15). This response appears to be controlled princi-
pally by changes in the rate of aldose reductase mRNA tran-
scription ( 16-19). Recently, aldose reductase mRNA was de-
tected in IMCD segments by the reverse transcription-polymer-
ase chain reaction (RT-PCR) (20).

The maturational pattern of aldose reductase expression
has not been investigated in the IMCD, although Bondy et al.
(21 ) report that aldose reductase mRNA is not as abundant in

1. Abbreviations used in this paper: IMCD, inner medullary collecting
ducts; MDH, malate dehydrogenase; RT-PCR, reverse transcription-
polymerase chain reaction; VRC, vanadyl ribonucleoside complex.
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newborn rat papilla as in mature papilla. The purpose of the
present studies was to compare the pattern of maturation of
aldose reductase expression in the terminal IMCD and the abil-
ity to concentrate the urine. This was done to determine
whether the increase in aldose reductase expression was in re-
sponse to the development ofthe concentrating system or, alter-
natively, was under the control ofa genetically regulated devel-
opmental program.

Methods

Experimental animals. Sprague-Dawley rats were obtained as litters
from Taconic Farms, Inc., (Germantown, NY) and raised in the Ani-
mal Facility of the Albert Einstein College of Medicine. Rat pups were
fed mother's milk ad lib. until weaning, which occurred at - 21 d
postnatally, and were thereafter allowed free access to rat chow (Ral-
ston-Purina, St. Louis, MO) and water. Some litters were divided ran-
domly into two groups, one ofwhich was left with the mother while the
other was deprived ofsuckling and maintained for 20-24 h at 33/340C
to induce dehydration (5); each group generally contained three to five
pups. Adults, fed an ad lib. diet, were studied at 2-3 mo of age.

The animals were anesthetized by intraperitoneal injection of so-
dium pentothal (30 mg/kg body weight). Collagenase was used to
partially digest kidneys to isolate IMCDs for aldose reductase enzyme
assay and for some RT-PCR studies. In animals older than 15 d ofage,
the left kidney was selectively perfused, as previously described ( 14),
with 10 ml of ice cold dissection solution (see below), followed by 10
ml of the same solution, to which were added 1 mg/ml BSA and 1
mg/ml collagenase (type 1; Sigma Chemical Co., St. Louis, MO) ( 14).
In younger rats, a 19-gauge butterfly needle was placed directly in the
left ventricle to allow perfusion of the kidneys.

After perfusion the kidney was excised, cut coronally, and the pa-
pilla was transferred to a tube containing prewarmed dissection solu-
tion with collagenase and BSA, gassed with oxygen, and digested with
gentle oxygen bubbling for 30-40 min at 370C. The incubated tissue
was washed with cold dissection solution and stored on ice in dissection
solution containing 10mM vanadyl ribonucleoside complex (VRC) (5
Prime 3 Prime, Inc., West Chester, PA) to inhibit RNA degrada-
tion (20).

Urine, plasma, and inner medullary osmolality. Urine was ex-
pressed from the pups' bladders by applying suprapubic pressure (4)
before death and osmolality was measured by vapor pressure osmome-
try (model 5IOOB; Wescor Inc., Logan, UT). For the litters that were
divided into suckling and nonsuckling (fluid restricted) groups, urine
was obtained either before death or thereafter by bladder aspiration,
and blood was collected into microcentrifuge tubes.

To obtain inner medullary tissue for osmolality, we sliced kidneys
longitudinally to reveal the papillary tip (which did not protrude
beyond the kidney during the first 2 wk of life). The terminal 1-2 mm
of inner medulla was cut out of the kidney using forceps and vascular
scissors under a dissecting microscope. Depending on the age, three to
five ofthese inner medullary tips were blotted dry, placed on a 6.5-mm
diameter filter disc (Wescor), wrapped in clear plastic film wrap (Bor-
den, North Andover, MA), and frozen on dry ice. Osmolality was
measured on these tissues by vapor pressure osmometry (22) using an
equilibration chamber that was specially designed to accomodate tissue
(kindly provided by Dr. Mark Knepper, National Institutes of Health,
Bethesda, MD). Calibrations were made using 290, 500, and 1,000
mosmol/kg standards provided by the manufacturer. Collagenase di-
gestion was not used in these studies because of the potentially detri-
mental effects on the maintenance of the papillary osmolality.

Preparation oftotalRNA from inner medulla. For Northern analy-
sis (see below) the papilla was dissected on ice from a nonperfused
kidney, homogenized for - 15 s with an Ultra-Turrax (Janke-Kunkel;
Tekmar Co., Cincinnati, OH) using a S25N probe at 24,000 rpm in
guanidinium solution (containing 5 M guanidinium isothiocyanate, 50

mM Tris-HCl, pH 7.5, 10 mM Na2EDTA, and 8% vol/vol fl-mercap-
toethanol at 7 ml/g tissue) (23). In 3- and 14-d-old animals, the whole
inner medulla was processed, while in 22-d and adult animals, the
terminal halfofthe inner medulla was used to prepare RNA. In mature
rats, aldose reductase expression is highest in the terminal half of the
inner medulla ( 14, 16).

RNA was precipitated from inner medullary homogenates using
LiCl (23) and extracted two to three times in 1:1 Tris-saturated (pH 8)
phenol CIA (where CIA is chloroform isoamyl alcohol 24:1 ), followed
by two extractions in CIA, and precipitation at -20'C in 0.1 vol 3 M
Na acetate plus 2.5 vol of ethanol (23).

Microdissection ofIMCDs. In those kidneys for which IMCD seg-
ments were to be obtained for RT-PCR, the papilla, as well as the
tubules, were microdissected at 17'C in dissection solution (containing
in mM: 145 NaCl, 2.5 K2HPO4, 2.0 CaCl2, 1.2 MgSO4, 4.0 Na lactate,
1.0 Na3 citrate, 6.0 L-alanine, and 5.5 glucose; pH was 7.4 and osmolal-
ity 290±2 mosmol/kg) (24) plus 10 mM VRC (20). Segments were
dissected from the terminal half of the inner medulla, wherein the
highest aldose reductase activity is found in mature rats ( 14). In new-
born and very young rats, the inner medulla did not extend beyond the
outlines of the coronal section and ranged in length from 1 to 2 mm. In
older animals, the inner medulla extended well beyond that limit and
exceeded 4 mm in length by 20 d of age.

In general 1-2-mm segments, as measured using a calibrated eye-
piece micrometer, were microdissected and used for each RT-PCR run;
2-3 mm were usually obtained for each enzyme assay. We collected
four to eight tubules per animal for the aldose reductase assay and
RT-PCR (see below).

Northern analysis ofRNA from inner medulla. 20 ,gg of total cellu-
lar RNA from each age group was size fractionated by electrophoresis
on 1% agarose gels containing 3% formaldehyde and blotted overnight
to nylon filters (Nytran; Schleicher& Schuell, Inc., Keene, NH), which
were baked at 80°C in vacuo for 1 h (25).

DNA probes were labeled with [ 32p]dCTP to a specific activity of
1-5 X 108 cpm/Mg by random hexanucleotide extension (Amersham
Corp., Arlington Heights, IL). The filters were prehybridized for 2-4 h
in 50% formamide at 37°C and then hybridized overnight in the same
solution and temperature to which the labeled DNA probe was added.
To probe for aldose reductase activity, we used the 1.3-kb insert of the
rabbit aldose reductase cDNA, pAR10 (19). Afterwashingat 55-650C
with 0.1% SDS/ 1 X standard saline citrate (SSC) (where 20 X SSC is 3
M NaCl and 0.3M Na3 citrate), the filter was exposed at -80°C for 2-5
d to Kodak XAR film. To assure that the RNA was of comparable
quality from each animal, we removed the probe by washing the filter
at 950C in 0.1 X SSC/0.1% SDS for 15 min and then reprobed with a
1.2-kb insert of the rat cDNA of a general metabolic enzyme, malate
dehydrogenase (MDH) (26). The filter was exposed for 3 d at -800C.

RT-PCR. RT-PCR was performed with modifications of the
method described by Moriyama et al. (20). Rat aldose reductase-spe-
cific primers (25 mer) were prepared at the Albert Einstein College of
Medicine Oligonucleotide Synthesis Facility and purified by ethanol
precipitation in 2M ammonium acetate. The sequence ofthe antisense
primer was 5'-CCCCCATAGGACTGGAGTTCTAAGC-3' and that
ofthe sense primer was 5'-ACTGCCATTGCAAAGGCATCGTGGT-
3'(20).

Individual IMCD segments from at least 10 different litters were
transferred to well dishes containing PBS plus 10 mM VRC, rinsed
twice in PBS and three times in PBS containing 5 mM DTT and 0.7
U/h RNAse-inhibitor (RNAsin; Promega Corp., Madison, WI). The
washed segment was transferred to a 0.5 ml microcentrifuge tube con-
taining 10 Ml ofTriton mix (composed of2% Triton, 0.7 U/Mul RNAsin,
5 mM DTT) and frozen at -80°C until use. Freezing allowed us to
simultaneously compare IMCD segments from littermates of different
ages and of different states of hydration.

To the tube containing Triton mix and 1-2 IMCD segments were
added 2 Md diethylpyrocarbonate-treated (DEPC) water, 2 ul of
10 X PCR buffer (Promega), 2 Ml deoxynucleotide mixture (1.25 mM
stock of each nucleotide) (Pharmacia LKB Biotechnology, Inc., Pis-
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cataway, NJ), 1 Al (40 U) RNAsin, 2 Al oligo(dT) (80 pmol; Pharma-
cia), 1 Ml (8 U/Ai) AMV reverse transcriptase (Promega) and reverse
transcription proceeded at 420C for 1 h. The reverse transcriptase was
inactivated by heating to 940C for 5 min, and the contents were cooled
to 4VC before adding (in the same tube) 65.5 Ml DEPC water, 8 Al 10 x
PCR buffer, 5 Ml deoxynucleotide mixture, 0.5 Ml antisense primer, 1.0
Ail of sense primer (80-100 pmols of each primer), and 0.5 Ml (2.5 U)
Taq polymerase (Promega). Amplification was performed on a ther-
mal cycler (MR Research, Inc., Watertown, MA) programmed as fol-
lows: initial melt at 940C for 3 min, then cycled 35-40 times at 940C
for 1 min, 60'C for 1 min, 720C for 2 min, followed by a 7-min final
extension at 72°C and storage at 4°C (20). 20% ofeach sample was size
fractionated by electrophoresis on a 2% agarose gel and PCR products
were visualized by ultraviolet fluorescence after ethidium bromide
staining.

RT-PCR was generally performed on 1-2 mm of terminal IMCD
(300-1,000 cells). Comparisons of signal intensities of PCR products
from IMCDs of different age groups or of different lengths from the
same age group were always performed on tubules that were processed
simultaneously for RT-PCR after freezing at -80°C. Tissue from un-
treated rats appeared to provide comparable signals to those observed
from collagenase-treated kidneys (see Results).

When comparing expression from suckling and fluid restricted ani-
mals within the same litter, we obtained five to eight IMCD segments
from the kidney of one animal in each group (the other animals were
used to provide kidneys for measurement ofinner medullary osmolal-
ity). Segments from both suckling and fluid restricted groups of the
same litter were dissected on the same day and frozen. Batches of 10-30
segments were subjected to RT-PCR, along with two frozen aliquots of
0.5 Mg total RNA from adult rat kidney serving as controls. The RT-
PCR products were quantitated from the ethidium bromide-stained
gels using a laser densitometer (Ultroscan XL; LKB Instruments, Inc.,
Gaithersburg, MD) (kindly loaned to us by Dr. Marshall Horwitz)
(27). The values were normalized by tubule length and expressed as a
percentage of the signal from the total RNA samples (28).

For another group of tubules, we divided the reverse transcribed
cDNA into two parts and amplified halfusing aldose reductase-specific
primers (as described above) and the other half using MDH-specific
primers. The latter were derived from the nucleotide sequence of rat
pre-MDH (26). The sequence of the sense primer (24-mer) was 5'-
CAAGAAGCATGGCGTATACAACCC-3' and that of the antisense
primer (22-mer) was 5'-TTTCAGCTCAGGGATGGCCTCG-3'. Am-
plification of this MDH sequence was predicted to yield a product of
507 bp in length, the intensity of which would serve as a basis for
comparison to the aldose reductase-specific product by densitometry.
The amplification conditions were the same as for aldose reductase,
except that 45 cycles were used to generate products from the smaller
amount of cDNA.

Southern analysis ofRT-PCR products. Amplified DNA from the
tubules on the mini-gel was denatured in alkali, neutralized, and blot-
ted over 36 h to Nytran in 10 x SSC, baked, and probed as described
above with the rabbit aldose reductase cDNA. 30 min to 2 h of expo-
sure of the filters at -80°C was sufficient for detection of the signal.

Aldose reductase enzyme assay. Tubule segments were transferred
to well dishes containing dissection solution, rinsed three times in dis-
section solution, and transferred to a microcentrifuge tube containing
25 Ml of0.1% BSA in water. The tubes were vortexed, quick-spun, and
rapidly frozen in dry ice. They were maintained frozen at -80°C until
the time of assay. In preliminary studies, we found that segments dis-
sected from kidneys that had not been previously digested with collage-
nase gave aberrantly low and inconsistent values for aldose reductase
activity (data not shown).

The aldose reductase assay measures the amount of NADP+
formed when aldose reductase reduces the added in vitro substrate
DL-glyceraldehyde (14, 15). With this method NADP+ production is
linear with incubation time and tubule length, and the reaction is spe-
cific for aldose reductase ( 14). After thawing, the tubules were incu-
bated in a solution containing 10 mM NaCI, 60 mM K2S04, 50 mM

KH2PO4, 10 mM DL-glyceraldehyde, 0.25 mM NADPH (pH 7.15;
osmolality, 290 mosmol/kg) at 370C for 90 min in a shaking water
bath ( 14). Next, 0.5 N HCI was added to stop the reaction and destroy
the remaining NADPH. After cooling, 6 N NaOH was added, the tubes
mixed thoroughly, and transferred to a 60'C shaking water bath for 30
min to maximize conversion of NADP+ to its highly fluorescent con-
densed form ( 14). The tubes were cooled and fluorescence was mea-
sured in a manual spectrofluorimeter (model 450; Sequoia-Turner
Corp., Mountain View, CA) with the excitation wavelength set to 360
nm and the emission wavelength set to 450 nm. The amount of
NADP+ generated was determined from NADP+ calibration curves.
For each sample, aldose reductase activity was calculated in picomoles
NADP+ generated per minute incubation per millimeter tubule length
(pmol/min per mm).

Cell count. To determine if there was any maturational change in
the number of cells per millimeter, 3% paraformaldehyde-fixed IMCD
segments were obtained from newborn and 20-d-old rats and stained
with the ultraviolet chromatin dye Hoechst 33258 (bisbenzimide; 10
Mg/ml) (24). Nuclear counts at 500x were obtained in two to five
40-Mm sections of tubule and normalized by 1 mm tubular length.
Also, the volume of each segment was calculated from the outer diame-
ter and expressed as cubic millimeter per millimeter tubular length.

Statistics. Data are given as mean±SE. Multiple measurements per
animal were averaged to provide a single value. All blots and amplifica-
tions were performed in duplicate using different tubules or RNA sam-
ples. Statistical analysis was performed using analysis of variance with
multiple range test and Bonferonni's inequality. A value of P < 0.05
was used to assert statistical significance.

Results

Changes in urinary osmolality with maturation. The urine
osmolality of normal suckling rats did not exceed 400 mos-
mol/kg during the first days of life, or 600 mosmol/kg by 18 d
of life (Fig. 1). After 20 d, there was a dramatic increase in
urine osmolality, with most values exceeding 1,100 mosmol/
kg (Fig. 1).

Aldose reductase mRNA expression in inner medulla. In
agreement with previous studies (16, 21), aldose reductase
mRNA expression was very low in kidney cortex and outer
medulla of mature rats, but was much higher in the inner me-
dulla (data not shown).

A maturational study of inner medullary aldose reductase
mRNA indicated very low expression in 3-d-old rat inner me-
dulla with increasing levels at 14 and 22 d postnatally (Fig. 2).
The expression at maturity was somewhat less than that ob-
served at 22 d (Fig. 2). Maturational studies of the control
("housekeeping") mRNA, MDH, indicated that the low ex-
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Figure 1. Urine osmolality as a function of age. Urine was obtained
from the bladders of rats fed an ad lib. diet, and from pups fed
mother's milk ad lib.
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3d 14d 22d adult

3d 14d 22d adult
Figure 2. Northern blot showing aldose reductase mRNA expression
as a function of age. 20 ,g oftotal RNA from the inner medullas of
3-, 14-, and 22 d, and adult rats were fractionated in each lane. The
blot was originally hybridized to pARIO, shown above. The same
blot was then rehybridized to malate dehydrogenase cDNA, shown
below. The 18 S ribosomal RNA marker is located in each blot at
the solid triangle. Expression of aldose reductase mRNA was minimal
in the inner medulla ofthe 3- and 144-old rats. In contrast, the MDH
mRNA expression was relatively constant during maturation. AR,
aldose reductase.

pression of aldose reductase mRNA in the newborn was not
attributable to RNA degradation or variable loading of the gel
(Fig. 2).

To investigate this maturational pattern ofaldose reductase
mRNA expression required 40 kidneys from 3-d-old rats, and
four kidneys from 14- and 22-d-old animals, a rather insensi-
tive analysis. Moreover, we used the whole inner medulla (and
not the terminal half) from the 3- and 14-day-old animals be-
cause of the limited amount of tissue available, and this may
have resulted in dilution ofthe cells expressing aldose reductase
mRNA and an apparently lower signal, especially for the 14-d-
old animals. Because ofthe high activity ofthe terminal IMCD
(14), we chose to measure aldose reductase activity and
mRNA levels in this specific segment during maturation.

Aldose reductase mRNA in IMCDsfrom maturing rats as
detected by RT-PCR. The ethidium bromide-stained gels of
RT-PCR product from microdissected terminal IMCDs taken
from 3-d-old and 20-d-old rats showed increased signal with
increasing tubular length (Fig. 3). Relative to the intensity of
the comparably loaded DNA molecular weight markers, the
signals from the 20-d-old rats were more intense than those
from the 34-old animals at any tubular length and were depen-
dent on reverse transcriptase (Fig. 3 B), indicating PCR ampli-
fication from cDNA rather than from genomic DNA (20).

To characterize the RT-PCR product, we transferred the
DNA to filters and probed them with the pAR10 aldose reduc-
tase cDNA. Fig. 4 shows increased aldose reductase expression
in progressively longer tubules from an 8-d-old rat, indicating
that 40 cycles did not extend the PCR amplification beyond the
exponential phase (20). Also, it can be seen that the signal
from a 1.8-mm IMCD segment from an 8-d-old rat was high
and easily detectable, even though smaller than the signal de-
rived from 0.5 ;tg of total RNA from adult rat kidney. No
RT-PCR product was observed in the absence ofRNA or Taq
polymerase.

When comparable lengths of IMCDs from the same litter
were reverse transcribed and specifically primed and amplified
by PCR, it can be seen that segments from 26-d-old rats ex-
pressed less PCR product than did those from 6-20-d-old rats,
and that expression during the first day oflife was nearly unde-
tectable (Fig. 5). Furthermore, when the RT-PCR products
from 1 mm of tubule were compared by ethidium bromide
staining and Southern analysis, aldose reductase expression
was highest in IMCDs from 6-20-d-old rats, less in segments
from 26-d-olds, less in those from adult rats, and least in those
from newborn rats (Fig. 6).

These results disagree somewhat with the Northern analysis
(see Fig. 2, signal at 14 d was not as intense as from older
animals), but were achieved from 1-2 mm of tubule (300-
1,000 cells) rather than from milligrams of tissue. The North-
ern analysis required RNA prepared from the whole inner me-
dulla, which is a mixture of different nephron segments, in-
cluding initial inner medullary collecting ducts that express
little aldose reductase activity ( 14); the RT-PCR was accom-
plished with single collecting duct segments from the terminal
inner medulla and thereby must be considered more indicative
of the situation in the papillary tip. By comparing Figs. 1, 5,
and 6, one finds that the increase in aldose reductase mRNA
preceded the maturation of urinary concentrating ability.

The low expression of aldose reductase mRNA in IMCDs
from 3-d-old animals, compared with that of older animals,

A
MW

T.L.(mm) .6 1.0 1.5 2.0

B
-RT MW

1.1 3.3 2.1
.A...W,.it

tIMCD-3d tIMCD-20d
Figure 3. Product analysis of RT-PCR for aldose reductase mRNA in
terminal IMCD segments isolated from 3- and 20d-old rats and frac-
tionated on 2% agarose gels stained with ethidium bromide. (A)
IMCDs from 3-d-old rat. Lane I shows molecular weight markers,
from top to bottom (in basepairs) 1353, 1078, 872, 603, 310, 276,
234, and 194. The aldose reductase product is located at 670 bp, as
expected (20). (B) IMCDs from 20-d-old rat. In lane 3, the segment
was handled identically, except that reverse transcriptase was omitted.
Lane 4 shows the same molecular weight markers. The expression
ofaldose reductase was not detectable in 1-mm segments from 34-old
rats, but was found in similar sized segments from 204d-old rats, in-
creased with increasing tubular length, and was dependent on reverse
transcription. T.L., tubular length.
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T.L.(mm) 0.5 0.5 0.8 1.0 1.8 + i e

mt

EtBr

Southern
T.L.(mm)1.1 1.0 1.1 1.0 0.9 1.0 0.8 0.9 MW

Age (d)o.s 6 10 15 18 20 26 adult

Figure 4. Southern analysis of products from RT-PCR ofIMCD seg-
ments taken from 8-d-old rat probed with pARlO. The arrow denotes
the location ofthe aldose reductase product. Lanes 1-5 show varying
lengths of IMCDs. Control run in lane 6 shows product from RT-
PCR of 0.5 gg of total RNA from adult rat kidney; those in lane 7
(no total RNA) and lane 8 (no Taq polymerase) show no product.
Increasing length resulted in increased product, which was dependent
on the presence ofRNA and Taq polymerase. RT-PCR product was
easily seen with 0.8-1 mm of tubule (300-400 cells).

could be attributed to more rapid degradation ofthe RNA or to
artifacts in the amplification ofcDNA from the younger rats.

Therefore, we simultaneously reverse transcribed the RNA
from IMCDs of two different ages and amplified half of each

sample for aldose reductase cDNA and the other half for a

housekeeping cDNA, MDH. From Fig. 7, it is evident that
MDH expression was comparable in 2-mm IMCDs from 2-
and 25-d-old rats, while aldose reductase expression was mark-
edly less in the younger animal. The densitometric ratio of
aldose reductase to MDH was 0.25 in the IMCD from the 2-d-

A
T.L.
(mm) MW 1.6 1.8 1.4 1.4

Age(d) <0.5 6 8 28

B C
1.5 1.2 1.8 2.4 1.1 1.4 1.6 1.251.56 0.9 0.9
0 2 6 8 11 15 20 26 0.2 0.2 8 8

Figure 5. Product analysis of RT-PCR for aldose reductase from
IMCD segments obtained from maturing rats and run on a 2% aga-
rose gel. (A) RT-PCR performed on terminal IMCD segments ob-
tained from one litter of rats whose kidneys were not subjected to
collagenase digestion. Lane I shows molecular weight markers from
top to bottom (in bp): 1353, 1078, 872, 603, 310, 276, 234, and 194.
The major PCR product is found at 670 bp. (B) RT-PCR performed
on terminal IMCD segments obtained from another litter of rats
whose kidneys were subjected to collagenase digestion and whose ter-
minal IMCD segments were also assayed for aldose reductase activity
(see Fig. 9). (C) RT-PCR performed on additional IMCD segments
from litter presented in (B). Peak expression was observed between 6
and 20 d of age; expression in the first day of life was nearly unde-
tectable.

Figure 6. Product and Southern analysis of RT-PCR for aldose re-
ductase from IMCD segments obtained from rats throughout matu-
ration and run on 2% agarose gel. (A) RT-PCR performed on termi-
nal IMCD segments obtained from rats without collagenase digestion
yielded a single product at 670 bp. Lane 9 shows 872 and 603 bp
markers. (B) Southern analysis of products visualized by ethidium
bromide at top and probed with pARlO. A single product is seen on

this 30-min exposure, from 6 d to maturity. Definite but minimal
expression was detected in the newborn (this was better visualized on
the 2-h exposure of the autoradiogram, not shown). Maximal ex-

pression was seen at 6 d, but expression remained high through 20 d
of age, before declining at 26 d. Aldose reductase expression at matu-

rity was also less than observed at 6-20 d.

old compared with 0.44 in that from the 25-d-old rat. From
four separate runs, the mean aldose reductase/MDH ratio was
0.14±0.07 (n = 3) in 2-3 d old rat IMCDs compared with
1.04±0.25 (n = 5) in IMCDs from 17-35-d-old rats
(P < 0.05).

Aldose reductase activity in IMCDs isolatedfrom maturing
rats. The foregoing data would indicate that the abundance of
aldose reductase mRNA increases during the first week of life,
peaks between 1 and 3 wk of age, and then stabilizes at the
lower adult levels. We therefore assessed aldose reductase activ-
ity in isolated segments of terminal IMCDs obtained from the
same litter of rats used to prepare Fig. 5 B and C to correlate
changes in enzyme activity with steady state mRNA expres-
sion. As can be seen in Fig. 8, aldose reductase activity rose
gradually before peaking at 20 d of age; levels in both new-
borns, 26-d-olds and adults were significantly less than peak
values. By comparing Figs. 1 and 8, one finds that the increase
in aldose reductase activity occurred before the maturation of
urinary concentrating ability.

Because the tubules were larger later in maturation, it was
possible that normalizing enzyme activity by tubular length
would not be the best standard for comparison. Accordingly,
we corrected aldose reductase activity by tubular volume and
by number of cells. In six IMCDs from 0.2-2-d-old rats, the
outer diameter and cell counts per millimeter were signifi-
cantly less than observed in four IMCDs from 20-d-old rats
(outer diameter in gm: 24.9±1.8 vs. 34.5±1.0; cells per mm:
326±26 vs. 488±33). The estimated volume of 1 mm ofIMCD
was 4.87 x 10-4 mm3 in the newborn compared with 9.34
X 10-4 mm3 in the 20-d animals. From Fig. 9, it can be seen
that the aldose reductase activity per millimeter IMCD of20-d-
old rats was 16.6 times that of neonates, and that correction by
cell number ( 1 1.1 times) or tubular volume (8.7 times) did not
account for the higher activity of the segments from 20-d-old
rats. Clearly, there was increased aldose reductase activity with
maturation.
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Effect offluid restriction on the development of urine and
inner medullary osmolalities and on aldose reductase gene ex-
pression. The interpretation ofour results could be obscured by
two potential flaws in the experimental design: first, we used
urine osmolality as a measure of inner medullary osmolality,
which is the ultimate regulator of aldose reductase expression
in the adult ( 12, 13, 16, 19); and second, because the pups were
suckling mother's milk, it was possible that they were ingesting
excess free water, which might reduce urine and probably inner
medullary osmolality, thereby resulting in an apparent delay in
the development of aldose reductase gene expression.

10 z

N N

I I I

Figure 7. Product analysis ofRT-PCR for MDH and aldose reductase
(AR) from IMCD segments obtained from 2-d-old rat (2.1 mm, lanes
I and 2) and 25-d-old rat (1.6 mm, lanes 3 and 4), compared with
positive control obtained from 0.5 Arg of total RNA from mature rat
kidney (lanes 5 and 6). Molecular weight markers, as described in
Fig. 5, are present in lane 7. The expression ofMDH (arrow) at

500 bp was approximately constant for the IMCDs taken from 2
and 25 d (raw densitometric readings 0.32 and 0.30, respectively),
whereas there was little aldose reductase expression (arrowhead) by
the 2-d-old segment relative to the 25-d-old (raw densitometric read-
ings 0.078 and 0.130, respectively). The AR/MDH ratio was 0.25 in
the 2-d-old IMCD vs. 0.44 in the 25-d-old segment, indicating that
the low expression of aldose reductase in the newborn was not caused
by degradation ofthe RNA or faulty reverse transcription or amplifi-
cation of the cDNA. In control experiments with total RNA from rat
kidney, eliminating reverse transcriptase or Taq polymerase resulted
in the appearance of no MDH RT-PCR product on the ethidium
bromide-stained gel (not shown). Also, increasing total RNA from
0.2 to 1.0 yg gave a more intense band on the ethidium bromide-
stained gel (not shown), indicating that MDH RT-PCR was log-linear
at 45 cycles.

E25*
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Figure 8. Aldose reductase activity (pmol/min per mm) in terminal
IMCD segments isolated from maturing rats. Means are given by the
height of the bars, SE by the length ofthe tics extending therefrom;
numbers ofsegments studied are given in parentheses. The value from
20-day-old rats was significantly greater than that from adults and
newborns.

To address these problems, we divided several litters into
two groups on the day before study: Suckling animals (con-
trols) were left with their mothers, while fluid restricted pups
were separated from their mothers for 20-24 h. The next day,
blood, urine, and inner medullary tissue were obtained from
some animals, and from a separate animal, the inner medulla
was dissected free using RNAse-free techniques to provide tis-
sue for RT-PCR of terminal IMCD segments.

During the first 2 wk of life, urine and inner medullary
osmolalities did not equilibrate in control animals (Fig. 10),
with urine osmolality being - 50% ofinner medullary osmolal-
ity. Fluid restriction brought urine and inner medullary osmo-
lalities much closer to equilibration, but not> 800 mosmol/kg
(Fig. 10), despite a 5-10% body wt loss during the 24-h period.
On the other hand, the 19-d-old rats had higher control urine
and inner medullary osmolalities and the pups deprived of
water showed osmolalities approaching adult levels of 2,000
mosmol/kg. There were no significant changes in plasma os-
molality induced by fluid and food restriction at any age (data
not shown).

Relative
c R$elative 1 6.6 1 1.1 8.750V Value. 6 li

40

< D
per Tubular per Cell (x 103) per Tubular
Length (mm) Volume (mm'Xl10)

Figure 9. Aldose reductase activity (pmol/min) in terminal IMCD
segments from 4-h and 20-d-old rats. Aldose reductase activity was
normalized by tubular length (left bars), cell number (center bars),
and cell volume (right bars). Regardless of normalization method,
aldose reductase activity was higher in 20-d-old rat segments than in
newborn tissue *, 4 h old; a, 20 d old.
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Figure 10. Urine and inner medullary osmolalities in suckling and
antidiuretic littermates during maturation. At each age group, the bars
depict mean urine osmolality of control rats, and of antidiuretic rats,
and mean inner medullary osmolality of control and experimental
rats, respectively. The SE ranges were generally determined from
three to nine urines and two to four samples of inner medulla (*, P
< 0.05, suckling vs. antidiuretic urine osmolality; the low numbers of
assays of inner medullary osmolality, pooled from several animals,
did not allow statistical analysis). At every age, the urine osmolalities
obtained after fluid restriction were significantly higher than after
suckling and were equilibrated with inner medullary osmolalities;
control urines were always less than inner medullary osmolalities.
Antidiuresis did not result in urine or inner medullary osmolalities
exceeding 870 mosmol/kg until after 2 wk of age. o, urine osmolality
(control); o, urine osmolality (diuretic); a, inner medullary osmolality
(control); *, inner medullary osmolality (diuretic).

Fluid restriction caused urine osmolality to double at all
ages during maturation, consistently exceeding 1,300 mosmol/
kg by 16-17 d of age (Fig. 10, 11 ). On the other hand, aldose
reductase mRNA (RT-PCR product normalized by 1 mm tu-
bular length) tended to increase in IMCDs of fluid restricted
animals at all ages, but the changes were significant only at 14
and 17 d of age (Fig. 11 ). Furthermore, the aldose reductase
mRNA levels were highest during the second week of life, well
before the urine osmolality exceeded 800 mosmol/kg (Fig.
11). A representative run shows the variability of fluid restric-
tion-induced stimulation of aldose reductase expression (Fig.
12). Thus, the expression of aldose reductase mRNA was in-
duced while the inner medullary osmolality was relatively di-
lute and while the animals were ingesting excess free water.
These are clearly not the conditions that stimulate aldose re-
ductase expression in mature animals ( 10, 12, 13, 15, 19).

Discussion

Our major findings are that aldose reductase mRNA increases
dramatically during the first and second weeks ofpostnatal life,
the increase in mRNA is associated with an increase in aldose
reductase activity, and that these changes occur before the mat-
uration ofthe urinary concentrating mechanism. The increases
in aldose reductase mRNA and aldose reductase activity are
likely to be caused, at least in part, by increased gene transcrip-
tion. The increase in aldose reductase before the production of
a concentrated urine suggests that this transcriptional activity
was stimulated by an undefined developmental signal that is
distinct from changes in osmolality. Thus, in the immature
kidney, it appears that the mechanism for accumulation of at

least one organic osmolyte is set in place before the matura-
tional increase in inner medullary hyperosmolality.

Associated with the maturation ofthe concentrating system
during the first 3 wk of postnatal life in the rat are increased
urine osmolality (see Fig. 1) (4, 6, 7), vascularization and cyto-
differentiation of the inner medulla, and lengthening of the
papilla (7, 8, and data not shown), which includes the long
loops ofHenle and the inner medullary collecting ducts. These
changes lead to development of a corticopapillary osmotic gra-
dient, and intracellular osmolytes become important for main-
tenance of cellular functions in this concentrated milieu. A
major cell osmolyte is sorbitol, which is produced from glucose
via aldose reductase. As first shown by Bondy et al. (21 ), there
is little aldose reductase mRNA in the inner medulla of the
neonatal rat (Fig. 2). More specifically, we have shown that
there was little mRNA or activity in IMCD segments isolated
from the neonatal terminal inner medulla (see Figs. 2, 3, 5-9,
11, 12).

During the second week of postnatal life, before the major
increase in urinary concentration, there was evidence for in-
creased aldose reductase mRNA in IMCDs obtained there-
from, as well as increased aldose reductase activity in isolated
IMCDs (compare Figs. 1 and 5-8, 10, 11). Bondy et al. used in
situ and Northern hybridization analyses to show that aldose
reductase expression was low at birth and increased at 12 d of
age, but the cell-specific expression ofthe gene was not evident
from their sections (21 ). Our studies show that the terminal
IMCD was a major segment expressing aldose reductase
mRNA and activity throughout the maturational process.

By 20 d of life, when the concentrating system was fully
developed, IMCDs obtained from the terminal inner medulla
showed high aldose reductase mRNA levels (Figs. 5 and 6) and
peak activities (Fig. 8). The correlation between IMCD
mRNA levels (as estimated from RT-PCR) and single segment
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Figure 11. Densitometric analysis of IMCDs taken from suckling
(control) and antidiuretic (experimental) rats during maturation. The
bars indicate the mean plus SE of the densitometric readings, factored
by 1 mm tubular length (T.L.) and normalized by percentage of values
obtained from simultaneous run of two samples of 0.5 Itg total RNA
prealiquoted from rat kidney and quantified at OD 260 nm. T.L.
ranged from 0.9 to 1.2 mm. The dots represent urine osmolalities
obtained from the rats providing the IMCD segments, with a calibra-
tion presented on the right side of the figure. No urine was obtained
from the control animal at 17 d of age. Peak expression of aldose
reductase was noted at 8 d of age; expression was stimulated at all
ages by water deprivation, but the increases were only significant at
14 and 17 d of age (+ P < 0.05 compared to segments from paired
suckling littermate). [i], control densitometry; *, experimental
densitometry; o, control urine osmolality; e, experimental urine
osmolality.
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Figure 12. Representative aldose reductase RT-PCR run of IMCDs
taken from paired suckling (control) and antidiuretic (experimental)
rats during maturation. Segments ranged in length from 0.9 to 1.1
mm. Fluid restriction appeared to increase the product in segments
from 3-, 14-, and 23-d-old rats, but not in those from 8- and 35-d-old
rats. Each of six runs was analyzed densitometrically, as summarized
in Fig. 11.

aldose reductase activity suggested that changes in aldose re-
ductase mRNA levels play a major role in preparing the cells
for the synthesis of intracellular sorbitol; however, this mRNA
appeared to be stimulated by a nonosmolar factor because it
was increased before the corticopapillary osmotic gradient fully
developed (compare Figs. 1 and 5-8, 10, and 1 1).

Note that weaning occurs at - 21 d ofage, such that aldose
reductase activity has matured before the rats switch their diets
from mother's milk to solid food plus water. It is unlikely that
dietary modifications influenced the maturation of aldose re-
ductase activity because mRNA levels were already high at
6-14 d, well before the rats attempt to wean. Previous studies
have confirmed that premature weaning at 14-16 d failed to
perceptively affect the histological structure of the kidney (29)
or induce early maturational increases in urine osmolality after
24 h of fluid and food deprivation (9). We did see increased
aldose reductase mRNA (following restriction of suckling) in
terminal IMCDs from rats of all ages, but these increases were
only significant in 14 and 17 d old rats. The latter result con-
trasts with a previous study showing that 72 h of water restric-
tion did not stimulate aldose reductase activity in inner medul-
lary homogenates from adult rats ( 16).

Bondy et al. showed that aldose reductase gene expression
was higher in papillas from 1 2-d-old rats than from mature rats
(2 1). We expanded this maturational study and showed peak
expression to be at 6-20 d postnatally; both mRNA and en-
zyme activity were less in IMCDs from older rats (see Figs. 5-8,
1 1, and 12). From the correlation between single segment RT-
PCR and aldose reductase activities, it appeared that this de-
cline in synthesis was pretranslationally controlled. Presum-
ably, with the maturation ofthe concentrating system, enzyme
synthesis was only necessary to maintain steady state levels of
aldose reductase, as determined from the enzyme turnover
( 12). Additionally, in inner medullary collecting duct cells,
intracellular osmolyte accumulation exerts a negative feedback
on aldose reductase mRNA and enzyme synthesis (12, 17,
19, 30).

In many situations, changes in papillary osmolality can in-
duce changes in aldose reductase synthesis ( 12, 13, 15, 16, 21).
The mechanism for osmotic induction ofaldose reductase gene
transcription is unclear ( 12, 13, 16, 21 ), but increased intracel-
lular ionic strength appears to be the distal signal (31 ). During
development, with the increase in aldose reductase expression

preceding the achievement of a concentrated urine and not
being well correlated with an increase in inner medullary osmo-
lality, it is likely that some other form oftranscriptional control
is being elaborated. The developmental biology of this genetic
regulation represents an important area for further investiga-
tion.
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