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The kidney continues to mature postnatally, with significant elongation of nephron tubules and collecting ducts to maintain fluid/electrolyte homeostasis. The aim of this project was to develop methodology
to estimate lengths of specific segments of nephron tubules and
collecting ducts in the CD-1 mouse kidney using a combination of
immunohistochemistry and design-based stereology (vertical uniform
random sections with cycloid arc test system). Lengths of tubules
were determined at postnatal day 21 (P21) and 2 and 12 mo of age and
also in mice fed a high-salt diet throughout adulthood. Immunohistochemistry was performed to identify individual tubule segments
[aquaporin-1, proximal tubules (PT) and thin descending limbs of
Henle (TDLH); uromodulin, distal tubules (DT); aquaporin-2, collecting ducts (CD)]. All tubular segments increased significantly in length
between P21 and 2 mo of age (PT, 602% increase; DT, 200%
increase; TDLH, 35% increase; CD, 53% increase). However, between 2 and 12 mo, a significant increase in length was only observed
for PT (76% increase in length). At 12 mo of age, kidneys of mice on
a high-salt diet demonstrated a 27% greater length of the TDLH, but
no significant change in length was detected for PT, DT, and CD
compared with the normal-salt group. Our study demonstrates an
efficient method of estimating lengths of specific segments of the
renal tubular system. This technique can be applied to examine
structure of the renal tubules in combination with the number of
glomeruli in the kidney in models of altered renal phenotype.
stereology; proximal tubule; collecting duct; loop of Henle; distal
tubule
THE PLACENTA REGULATES MUCH of the extracellular fluid homeostasis of the fetus, but upon birth the neonatal kidney is forced into
maintaining the body’s fluid homeostasis (5). Within a few hours
after birth, mean arterial pressure increases, and renal vascular
resistance decreases significantly, which contribute to the postnatal increase in renal blood flow and glomerular filtration rate
(GFR). In response to the increase in filtered load, tubular reabsorption of sodium also increases significantly (2, 26). In contrast
to the newborn/infant where distal tubules have been shown to
modulate sodium reabsorption, proximal tubules in the adult
kidney are the primary site for reabsorption of sodium (26). These
functional adaptations are supported over time by structural
changes in nephron tubules.
Nephrogenesis (the formation of new nephrons) is complete
before term in humans and in early postnatal life in rodents (16,
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18). Although no new nephrons form after term birth in
humans, an increase in size of glomeruli (hypertrophy) supports the increase in GFR during postnatal maturation of the
kidney. Additionally, the significant increase in reabsorption of
sodium from infancy into adulthood is associated with a
significant increase in diameter and length of proximal tubules
and, to a lesser extent, distal tubules, which maximizes reabsorptive area (4, 13, 24, 30). This process of postnatal tubular
maturation allows the adult kidney to cope with daily fluctuations in fluid and sodium intake and maintain body fluid
homeostasis (14).
Suboptimal kidney development has been implicated in the
development of chronic kidney disease, with low numbers of
functional glomeruli (a surrogate marker for nephron number)
strongly associated with hypertension and renal disease (29).
However, the development of the renal tubule system has not
been studied in detail, which is surprising given its primary
role in sodium reabsorption and the known capacity for compensatory growth following unilateral nephrectomy (11, 35).
Although postnatal maturation of the glomerulus and proximal
tubule has been well described (13), an analysis of the postnatal growth of the loop of Henle, distal tubule, and collecting
duct is lacking. This is partly due to technical limitations of
assessing the structural characteristics of the nephron and
collecting duct, with traditional light microscopy suitable for
easy identification of the proximal tubule and glomerulus but
more difficult for the loop of Henle, distal tubule, and collecting duct.
The primary aim of this study was to quantify the postnatal
morphological maturation of nephron segments and collecting
ducts in the mouse kidney using a combination of immunohistochemistry and stereology. To determine lengths of all major
tubular segments of the nephron and collecting ducts, we used
immunohistochemistry to unambiguously identify proximal
tubules, thin descending limbs of loop of Henle, distal tubules,
and collecting ducts. Some segments of the nephron, as well as
collecting ducts, exhibit marked anisotropy, meaning the lineal
structures are not identical in all orientations (50). This presents difficulties in terms of traditional stereology. To combat
this, we have used thin vertical uniform random sections in
combination with the cycloid arc test system to determine
tubule length density [length per volume (Lv)] as well as the
estimation of the absolute length of renal tubules (L̂) in an
unbiased manner as previously described (7, 15). Tubule
lengths were determined in mice at postnatal day 21 (P21), 2
mo, and 12 mo. In addition, we measured tubule lengths in
12-mo-old mice fed a chronic high-salt diet from 10 wk of age,
as high-salt diets are known to cause renal hypertrophy. We
hypothesized that all nephron tubule segments as well as
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collecting ducts would elongate between P21, 2 mo, and 12 mo
of age and indicate postnatal maturation of the kidney. We also
hypothesized that a chronic high-salt diet may increase lengths
of tubules as an adaptation to an initial increase in filtered load
of sodium (27) and this may account for some of the renal
hypertrophy associated with increased dietary salt intake observed in the rodent.
Glossary
⌺P
A
a(p)
GFR
Ii
l
L̂
Lv
P
Pi
SSF
TDLH
UNaV
Vkid

Number of test points per kidney
Area
Area associated with each test point
Glomerular filtration rate
Number of intersections between cycloid and tubules
Unit length of cycloid
Length (m)
Length density (m⫺2 ⫻ 10⫺4)
Postnatal day
Number of test points per section
Section sampling fraction
Thin descending limb of Henle
Urinary sodium excretion (mol/24 h)
Volume of kidney

METHODS

Animals
All experiments were approved in advance by the University of
Queensland animal ethics committee and were conducted in accordance with the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes. Male CD-1 mice from nine separate
litters were weaned at P21 and humanely killed, and their left kidneys
were excised, decapsulated, weighed, and fixed in 4% paraformaldehyde (PFA) for further analysis.
Urinary electrolyte excretion was assessed in animals at 2 mo of
age (N ⫽ 6) by housing in individual metabolic cages for 24 h, with
food and water provided ad libitum. Urine was collected and stored at
⫺20°C for future analysis of sodium concentration and osmolality.
These animals were killed humanely, and left kidneys were excised,
decapsulated, weighed, and fixed in 4% PFA.
In another group of mice, the effect of chronic high-salt intake was
examined. For these experiments, mice (N ⫽ 8) aged 10 wk were
randomly allocated to receive a high-salt diet [5% NaCl (wt/wt);
modified AIN 93M, SF05-023; Specialty Feeds, Glen Forrest, WA] or
maintained on a matched control diet (N ⫽ 9, AIN 93M; Specialty
Feeds) (48). The animals were maintained on their respective diets
until 12 mo of age when renal function was assessed in both groups
as described earlier, following which the animals were humanely
killed and their left kidneys collected. Urinary sodium concentration
was measured for all urine samples using a COBAS Integra 400 Plus.
Urinary excretion rate of sodium (UNaV; mol/24 h) was calculated
from urine flow times urine sodium concentration over 24 h. Urine
osmolarity was assessed by freezing point depression using a MicroOsmette osmometer (Precision Systems, Natick, MA).
Tissue Sectioning
Whole kidneys were prepared for paraffin processing, but prior to
embedding, the kidneys were laid down flat on the laboratory bench
and rotated along an arbitrary vertical axis, then embedded in paraffin
in this final orientation. Then beginning at a random start (n), the
entire kidney was exhaustively sectioned at 5 m. Sections at intervals [section sampling fraction (SSF)] of 100, 170, 200, and 210 for

kidneys from offspring aged P21, 2 mo, 12 mo, and 12 mo ⫹ high-salt
diet, respectively, were collected to provide 3 sets of 10 evenly spaced
sections across the entire length of each kidney.
Immunohistochemistry
Each set of 10 sections per kidney were immunohistochemically
stained with either anti-aquaporin-1 (Aqp1) to identify proximal
tubules (PT, Fig. 1A) and thin descending limbs of Henle (TDLH)
(Fig. 1B), anti-Tamm Horsfall-glycoprotein [also referred to as uromodulin (Umod)] to identify distal tubules (DT, Fig. 1C), or antiaquaporin-2 (Aqp2) to identify collecting ducts (CD, Fig. 1D). Antibodies were observed to be specific and reliable, with strong expression in the desired segments with minimal background staining (Fig.
1). The PT was distinguished from the TDLH on the basis of the
presence of a brush border and location within the renal cortex.
Kidney sections were dewaxed and rehydrated in xylene and a
series of ethanol washes. Endogenous peroxidase activity was blocked
using 0.9% H2O2 in distilled water for 30 min. Nonspecific binding
was blocked using 2% bovine serum albumin (BSA) in goat serum in
phosphate buffer (PB) or rabbit serum in PB for 1 h at 37°C. Slides
were incubated with primary antibodies at a 1:1,000 dilution (antiAqp1 and anti-Aqp2, Millipore; and anti-Umod, Chemicon International) at room temperature for 1 h in a sealed, humidified chamber.
Slides were washed in PB and incubated with a biotinylated antirabbit secondary antibody (anti-Aqp1 and anti-Aqp2) or a biotinylated
anti-sheep secondary antibody (anti-Umod) for 30 min at 37°C.
Following PB washes, slides were incubated in avidin-biotin enzyme
complex (ABC; Vector Laboratories VECTA-STAIN Elite ABC
Reagent, PK-6101 or PK-6106) for 30 min at 37°C. Slides were then
washed in PB and color developed with ImmPACT DAB peroxidase
substrate solution (Vector Laboratories). Slides were counterstained in
Mayer’s hematoxylin for 30 s, blued in Scott’s tap water, and
mounted.
Estimation of Kidney Volume
Kidney volume was estimated using Stereo Investigator’s (MBF
Bioscience, Williston, VT) “paint into contour” feature for Cavalieri
point counting. Each section (10 per kidney) was mounted on a Zeiss
Axioplan 2 light microscope viewed at ⫻2.5. The kidney section
profile was delineated using the “contour” function, and the area was
provided by the Stereo Investigator program. Kidney volume (Vkid)
was calculated from the above area estimate:
Vkid ⫽ SSF ⫻ ⌬ ⫻

n

兺A
i⫽1

where SSF is the section sampling fraction, ⌬ is section thickness, and
⌺A is the sum of the areas of all 10 kidney sections sampled.
Estimation of Lengths of Renal Tubules
The principles of the cycloid test system for determination of
lengths of linear structures (15) were utilized in the present study.
Stereological analysis was carried out by one researcher on a computer-controlled, motorized Zeiss Axioplan 2 light microscope using
Stereo Investigator software (version 5; MBF Bioscience). The “cycloids for Lv” probe was selected, which enables the determination of
total line length per unit reference volume. Each section (10 per
kidney; N ⫽ 6 –9 animals per age) was delineated using the twodimensional area function at low power (⫻2.5 objective, Fig. 2B) and
then switched to ⫻40 objective. The systematic random sampling
(“SRS”) grid layout was defined manually as X ⫽ 450 m and Y ⫽
450 m. This yielded, on average, 40, 80, 130, and 140 frames on
each kidney section at ages P21, 2 mo, 12 mo, and 12 mo ⫹ high-salt
diet, respectively, spaced 295 m apart (Fig. 2C). Following this, the
section thickness (5 m) and width of cycloid (106.1 m) were
specified, and the software then overlaid a test grid of cycloids and test
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Fig. 1. Nephron tubular segments and collecting ducts in P21
mouse kidneys identified using immunohistochemical markers.
A: proximal tubules identified using antibodies to Aqp1. B: thin
descending limbs of the loop of Henle identified using antibodies to Aqp1. C: distal tubules identified using antibodies to
uromodulin. D: collecting ducts identified using antibodies to
Aqp2. Scale bar represents 50 m.

points on the image projected. The vertical axis was defined (under
“define vertical axis” prompt) to align with the vertical axis of the
tissue. The dimensions of the sampling sites and the cycloid probe
were determined in a pilot study to reduce the coefficient of variation

to below 5%, and this sampling regime yielded a minimum of ⬃200
intersections per kidney between immunohistochemically stained renal tubules and cycloids. To estimate length density (Lv), the “count
objects” prompt was followed, and places where the cycloids crossed

Fig. 2. Diagrammatic representation of cycloid arc test system
to estimate lengths of renal tubules. A: immunostained kidney
sections (10 sections per kidney; Aqp2 staining of collecting
ducts shown) are projected onto a screen at low power (⫻2.5
objective). B: kidney sections were delineated using the Stereo
Investigator program. C: total kidney section area was sampled
using unbiased counting frames of known area (450 ⫻ 450 m)
spaced 295 m apart. D: sampling is performed at high magnification (⫻40 objective). Cycloid probes (black arcs) are
projected onto the tissue. Intersections between immunopositive tubules are marked (3 intersections visible), and test points
(black “⫹” symbols) that fall on renal tissue are marked (3 test
points visible). Note that diagram is not to scale.
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the “backbone” of the tubule segments (tubule segments stained
positively for their respective antibodies) were marked as intersections (I); intersections were marked in all focal planes (by focusing up
and down through the section) of the tissue, and test points (P) that fell
on all renal tissue were marked as well (Fig. 2D). If one arc crossed
more than one tubule, its intersections with these additional tubules
were marked. Similarly, if one arc crossed the “backbone” of one
tubule X number of times, then X number of intersections were
marked. This process was repeated for each of the 10 sections per
kidney, and the final results for Lv for each kidney were generated by
the software using the following formula (Stereo Investigator; MBF
Bioscience):
n

Lv ⫽

冉 冊兺

2 p
⌬ l

兺 Ii

i⫽1
n

i⫽1

Pi

where ⌬ is section thickness, p/l is test points per unit length of
cycloid, Ii is number of intersections between cycloids and immunostained renal segments, and Pi is the number of test points falling on
the renal tissue sampling frame.
The absolute length (L̂) of each tubular segment (length of
tubule segment for entire kidney) was determined by multiplying
Lv with Vkid.
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Statistical Analysis
All data are presented as means ⫾ SE. Multiple comparisons were
made using one-way analysis of variance (ANOVA) in conjunction
with a post hoc Tukey’s test (Graphpad Prism 6.0c). In addition, data
from 12-mo-old mice fed the normal-salt and high-salt diets were
analyzed by unpaired Student’s t-tests. The level of significance was
taken as P ⱕ 0.05.
RESULTS

Body and Organ Weights and Electrolyte Excretion
Body weight increased significantly with age (P ⬍ 0.0001
comparing P21 to 2 mo and P ⬍ 0.0001 comparing 2 mo to 12
mo). However, a high-salt diet had no significant effect on
body weight compared with normal-salt control animals (Fig.
3A). With age, a significant increase was also observed for
kidney weight (P ⬍ 0.0001 for both, comparing P21 to 2 mo
and for 2 mo to 12 mo, Fig. 3B) and kidney volume (P ⬍
0.0001 comparing P21 to 2 mo and P ⫽ 0.0001 comparing 2
mo to 12 mo, Fig. 3D). Kidney weight normalized to body
weight was not different between P21 and 12 mo of age (Fig.
3C). Although kidney weight and kidney weight normalized to
body weight were not significantly affected by a high-salt diet,

Fig. 3. Body weight (A), kidney weight (B), kidney-to-body
weight ratio (C), and estimated kidney volume (D) in CD-1
male mice aged 21 days (P21), 2 mo, and 12 mo and
12-mo-old mice that consumed a chronic high-salt diet
(12⫹HS). Urinary excretion of sodium (UNaV; mol/24 h; E)
and urine osmolality (mOsm/kg H2O; F) in mice at 2 and 12
mo of age. Data are presented as means ⫾ SE and analyzed
via one-way ANOVA comparing groups at P21, 2 mo, and 12
mo (on a normal-salt diet) followed by a Tukey’s multiplecomparisons test. N ⫽ 6 –11 mice, with 1–2 mice per litter.
Letters represent statistical differences by ANOVA when
comparing data from offspring aged P21, 2 mo, and 12 mo.
The effect of diet was examined by a t-test comparing mice
from the normal and high-salt diet groups at 12 mo of age. For
E and F a t-test was performed comparing urinary sodium
excretion and osmolality at 2 and 12 mo (normal-salt group).
Values (bars) signified by the same letter are not significantly
different.
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Table 1. Estimated length density of renal tubule compartments in kidneys of male CD-1 mice using a cycloid arc test
system
Length Density, m⫺2 ⫻ 10⫺4

Proximal tubule
Thin descending limb of Henle
Distal tubule
Collecting ducts

P21

2 mo

12 mo

12 mo ⫹ High Salt

One-Way ANOVA

16.54 ⫾ 2.8a
6.77 ⫾ 0.46a
18.91 ⫾ 0.80a
11.66 ⫾ 1.18a

14.35 ⫾ 1.0a
1.15 ⫾ 0.10b
6.83 ⫾ 0.34b
2.06 ⫾ 0.17b

17.56 ⫾ 1.6a
0.81 ⫾ 0.07b
5.08 ⫾ 0.42b
1.68 ⫾ 0.14b

21.17 ⫾ 0.8a
1.04 ⫾ 0.06b*
6.67 ⫾ 0.78b
1.60 ⫾ 0.09b

ns
P ⬍ 0.0001
P ⬍ 0.0001
P ⬍ 0.0001

Values are means ⫾ SE and analyzed via one-way ANOVA with a Tukey’s multiple-comparisons test. In addition, a Student’s t-test was performed between
the two groups at 12 mo of age to examine the effect of a high-salt diet. N ⫽ 6 –11 mice, with 1–2 mice per litter. Letters represent statistical differences by
ANOVA when comparing data from offspring aged P21, 2 mo, and 12 mo. *P ⱕ 0.05 when comparing 12-mo-old mice fed normal-salt or high-salt diet.

kidney volume was significantly increased in animals on a
high-salt diet compared with their normal-salt counterparts
(P ⫽ 0.02, Fig. 3D). Animals fed the high-salt diet showed
elevated urinary sodium excretion (UNaV, P ⫽ 0.0007, Fig.
3E) compared with animals fed the normal-salt diet. Urine
osmolality was greatest at 2 mo of age (P ⫽ 0.03, Fig. 3F) but
was similar in mice fed the normal-salt and high-salt diet at 12
mo of age (Fig. 3F).
Length Density and Absolute Length of Tubules at Postnatal
Day 21 and 2 and 12 mo of Age
The length density of PT was similar at all ages studied
(Table 1). However, there was a significant increase in the
absolute length of PT at 2 and 12 mo of age compared with P21
[PT length (m): P21, 30.2 ⫾ 4.7; 2 mo, 211.8 ⫾ 13.0; 12 mo,
372.5 ⫾ 30.5; P ⬍ 0.0001 for both 2 and 12 mo compared with
P21, P ⬍ 0.0001 comparing 2 mo to 12 mo, Fig. 4A]. This
reflected an increase in PT length of 602% between P21 and 2
mo and an increase of 76% between 2 and 12 mo of age. In
contrast to proximal tubules, the length densities of TDLHs,
distal tubules, and collecting ducts were greatest at P21 (P ⬍

0.0001; Table 1); length densities were not different for any of
the aforementioned segments between 2 and 12 mo of age. The
absolute length of TDLH was greater at 2 and 12 mo compared
with P21 [TDLH length (m): P21, 12.6 ⫾ 1.1; 2 mo, 17.1 ⫾
1.3; 12 mo, 17.3 ⫾ 1.5; P ⫽ 0.04 comparing P21 and 2 mo,
P ⫽ 0.03 comparing P21 and 12 mo, Fig. 4B]. This reflected an
increase of 35% between P21 and 2 mo, but there was no
further increase in length of TDLH after 2 mo of age. Compared with P21, the length of DT was significantly greater at 2
and 12 mo of age reflecting a threefold increase between P21
and 2 mo, but no significant increase in length was observed
between 2 and 12 mo of age [DT length (m): P21, 33.8 ⫾ 1.5;
2 mo, 101.2 ⫾ 4.5; 12 mo, 108.1 ⫾ 7.9; P ⬍ 0.0001 for both
2 and 12 mo compared with P21, Fig. 4C]. Total CD length
increased by 53% from P21 to 2 mo of age (P ⬍ 0.05, Fig. 4D),
with no further elongation between 2 and 12 mo of age.
Tubule lengths in kidneys from mice fed high-salt diet. There
was a significant increase in TDLH length (27%, P ⫽ 0.02,
Fig. 4B) and length density (28%, P ⫽ 0.02, Table 1) in the
kidneys from animals fed a high-salt diet compared with their
normal-salt counterparts. A chronic high-salt diet did not cause

Fig. 4. Estimated lengths of renal tubule compartments in
kidneys of male CD-1 mice aged 21 days (P21), 2 mo, and 12
mo and mice that consumed a high-salt diet from 10 wk of age
(12⫹HS). Proximal tubule (PT) length (A), thin descending
loop of Henle (TDLH) length (B), distal tubule (DT) length (C),
and collecting duct (CD) length (D). Data are presented as
means ⫾ SE. Data at P21 and 2 and 12 mo (normal salt) were
analyzed via one-way ANOVA with a Tukey’s multiple-comparisons test. Differences between 12-mo-old mice fed a normal-salt or high-salt diet were analyzed by t-test. N ⫽ 6 –11
mice, with 1–2 mice per litter. Letters represent statistical
differences by ANOVA when comparing data from offspring
aged P21, 2 mo, and 12 mo. Note differences in y-axis scale
between tubule segments.
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an increase in PT length (P ⫽ 0.06; Fig. 4A), length density of
PT (P ⫽ 0.06; Table 1), DT length (P ⫽ 0.09; Fig. 4C), CD
length (Fig. 4D), and DT and CD length densities (Table 1)
compared with animals fed the normal-salt diet.
DISCUSSION

The present study demonstrates that simultaneous measurement of length of nephron tubular segments and collecting
ducts is feasible in a single kidney of the mouse across the
lifespan. Importantly, it provides additional evidence that tubular elongation of the nephron persists into adulthood. Our
primary finding is that in the CD-1 mouse kidney, there is a
substantial increase in lengths of PT, TDLH, DT, and CD
between P21 (juvenile) and 2 mo of age (early adulthood), but
the PT is the only nephron segment to lengthen from 2 to 12
mo of age, likely contributing to increased renal mass in late
adulthood. Our second major finding is that a chronic high-salt
diet caused an increase in the length of the TDLH but did not
significantly affect lengths of other segments. This suggests
that tubular elongation may contribute to some of the renal
hypertrophy previously observed with chronic salt intake (17).
Several stereological methods to estimate renal tubule
lengths have been described in detail (31). Although these
methods have been used to estimate the length of a particular
tubule segment, very few studies have examined more than one
tubule type within a single kidney (20), with most studies
focusing only on the renal cortex (34, 42, 43). We have
designed this approach so that nephron number and tubule
lengths can be determined in the same kidney. In our study,
sections were collected from the same kidney for tubule
lengths and for nephron number (data not shown in this study).
The sampling approach that was used is the same as that for
design-based estimation of glomerular number on paraffin
sections (3). For example, at every sampling fraction, 10 serial
sections were collected (3 sections for tubule immunohistochemistry, their serial pair as spares) and 2 serial pairs (2
sections apart) for glomerular number as described by CullenMcEwen et al. (9). Therefore this method can be applied to
examine alterations in kidney tubular lengths in situations of
nephron loss.
In the present study, in order to unambiguously identify the
different tubular compartments, we performed immunohistochemistry using specific markers for PT, TDLH, DT, and CD.
This combined immunohistochemical/stereological approach
can be modified to estimate lengths of other tubules or tubular
structures in the kidney, such as the ascending limb of Henle or
the vasculature, simply by substituting appropriate immunohistochemical markers. For the method to be feasible for a
wide range of studies, it was essential that it was relatively
quick and easy to perform. We have used an automated system
(Stereo Investigator; MBF Bioscience) to increase the speed of
analysis, with volume estimation taking ⬍10 min per kidney
and length estimation of a tubule segment within a kidney
possible in 1–2 h. The cycloid test system can be used without
a specialized stereology microscope and software; however,
this would increase analysis time significantly. A caveat to our
approach was that it necessitated the use of paraffin-embedded
tissues and thus our estimates of length are most likely underestimates given that paraffin processing results in significant
tissue shrinkage. However, all samples were manually pro-
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cessed at the same time and treated identically, so comparisons
between groups are unlikely to be significantly affected. It
should also be emphasized that tubule identification in the
present study relied on identification using immunohistochemistry. In settings of pathology, expression of markers may be
diminished to an undetectable level, reducing the validity of
this method of tubule identification.
Comparing our estimates of tubule lengths in the rodent
kidney with those of previous studies, we have identified some
similarities and some distinct differences. Hoseini et al. (20)
reported lengths of renal tubules by point counting in female
BALB/c- mice using the orientator method for generating
isotropic uniform random sections, and our estimates of
lengths of all tubular segments in the P21 CD-1 mouse kidney
compare well with that study. However, our estimate of PT
length at 2 mo of age was almost sevenfold greater than the
estimate of Hoseini et al. (20). This discrepancy could be a
result of several factors, including greater kidney-to-body
weight ratio in 2-mo-old CD-1 mice compared with the
BALB/c mice (20). The same group (36) demonstrated in male
mice similar lengths of CD to our study but shorter lengths for
PT, DT, and loop of Henle than those obtained in our 2-mo-old
mice. However, their estimates for lengths of distal tubules and
loop of Henle were also significantly less than their estimates
in the previous study (20). The differences may result from
differences in animal strains and sexes. Additionally, our study
examined considerably more fields of view (400 –500 sites per
kidney compared with their 10 –14 sites per kidney), which
may have decreased the variance observed. Using point counting to estimate tubule lengths in the renal cortex of the male
Wistar rat, Pfaller et al. (34) reported lengths of PT (⬃500 m),
DT (⬃75 m), and CD (⬃13 m) in a ⬃1,200-mg kidney.
Relative to kidney size, based on these estimates in the Wistar
rat, our estimates of PT length in the kidneys of 21-day-old
mouse are ⬃11% lesser and ⬃40 greater in the 2-mo-old
mouse with estimates of DT and CDs significantly greater.
These differences may be accounted for by the fact that Pfaller
et al. (34) only sampled the renal cortex. Furthermore, it is
unclear whether that study used isotropic sections to estimate
tubule lengths. The orientator/point-counting method was also
used recently to estimate tubule lengths in the kidneys of
Persian squirrels (1). The Persian squirrel kidney was ⬃2.5
times larger than the CD-1 mouse kidney at 12 mo of age;
however, the overall length of the PT was approximately the
same in the two species. Notably, the total length of the CD in
the Persian squirrel kidney is equivalent to the total length of
the proximal tubule, suggesting these animals have a larger
cortex/medulla ratio than CD-1 mice and likely increased
capacity to concentrate urine given their arid habitat. Overall,
there appears to be significant variation between species and
strains in the lengths of various renal tubules. Given the
extensive use of the mouse in developmental biology, further
studies in this species under a variety of genetic and environmental manipulations are needed to assist in more clearly
defining how tubule lengths vary with age and disease.
In the present study we have demonstrated that kidney
weight/volume in the mouse increased from P21 to 2 mo of
age. Over this period, although all tubule segments increased in
length, the PT underwent the greatest increase (⬃600%),
followed by the DT (⬃200%). This finding in the mouse is
consistent with previous documentation of PT and DT growth
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during early postnatal life in the rat and human (4, 13). Over
the first few months of postnatal life, the PT rapidly increases
in length and volume (13) and supports marked increases in
GFR and tubular reabsorption of sodium (3, 39, 45). The
postnatal increase in GFR is rapid, occurring within a few
hours after birth in the sheep (26), rodent (21), and human (38),
but structural changes in the kidney occur over a longer period
of time, and consequently, sodium reabsorption in the infant is
lower than the adult. Studies in the newborn puppy (6) and late
gestation sheep fetus (26) demonstrate that both the PT and DT
contribute to glomerulotubular balance but the PT becomes the
primary site of tubular sodium reabsorption in the adult. This
corroborates with our structural findings that the PT and DT are
of similar lengths in the early juvenile mice but the PT is the
longest tubule segment in the adult mouse. There is indirect
evidence that sodium transport efficiency increases with increases in size of tubules. In the postnatal period, significant
growth of proximal tubules occurs (4, 13), and this growth is
characterized by a significant increase in expression of mitochondria and Na⫹/K⫹-ATPases (19) on the basolateral membrane that actively transport sodium out of the tubules and
increased expression of the Na⫹/H⫹ exchanger (19) and
amiloride-sensitive epithelial sodium channels (23) on the
apical membrane mediating entry of sodium into the tubular
epithelium from the lumen (23, 25, 41).
Our data show that the TDLH and CD both increase in
length from P21 to 2 mo of age. The kidney rapidly increases
the ability to concentrate urine during the postnatal period, and
this occurs in parallel with elongation of the loop of Henle and
CD within the renal medulla and papilla (47), which are
responsible for urine concentration (46). In the rat, this process
occurs rapidly during weaning (37) and involves rapid elongation of the loops of Henle by cellular proliferation (8) and
apoptosis (22). The cells of the CD undergo substantial postnatal proliferation and differentiation into principal cells
(Aqp2-positive), which influence the fine-tuning of fluid and
electrolyte balance, and intercalated cells, which are responsible for acid-base balance (28). Therefore our data demonstrating the increase in lengths of both the TDLH and collecting
duct suggest that mice develop an increased capacity to concentrate urine between weaning at P21 and 2 mo of age.
Between 2 and 12 mo of age, there were further increases in
the weight and volume of the kidney, but this was associated
only with lengthening of the PT, which doubled in length over
this time. Whether the further increase in PT length observed in
this 10-mo period occurred to maintain the body’s extracellular
fluid volume (which would now be greater respective to kidney
size) is unknown and needs further examination. The increase
in kidney weight and volume is likely driven not only by an
increase in tubular growth but also by growth of glomeruli,
vessels, and the interstitium. The TDLH and CD did not
elongate from 2 to 12 mo of age, and no change in osmolar
excretion was observed.
Evidence from animal and epidemiological studies has
shown that excess sodium intake leads to progressive renal
damage marked by hypertension, proteinuria, and altered renal
outcomes including glomerular hypertrophy, glomerulosclerosis, fibrosis, hyperfiltration, and whole-kidney hypertrophy
(40, 49, 51). In the present study, a significant increase in
kidney volume in response to high-salt intake was observed,
indicating renal hypertrophy. Increase in lengths of tubules,

primarily of TDLH, was observed, but the signals for these are
unclear in the present study and may be reflecting an overall
increase in kidney size and not directly associated with an
increase in salt intake. Interestingly, the only tubule examined
that was not at all affected by the high-salt diet was CD. Given
that this is the final tubular component before the calyceal
system, where only a small proportion (⬃7%) of the water and
sodium is reabsorbed, it may be that compensatory adaptations
in the earlier segments are sufficient to compensate for the
increased filtered load.
In conclusion, the present study demonstrates a robust
method to determine lengths of three nephron tubule segments
and collecting ducts in a single mouse kidney. It will be of
interest to examine if, or indeed how, the renal tubules may
adapt to an insult to the developing kidney. Many prenatal
insults leading to a congenital nephron deficit (32, 44) or
perturbations during postnatal kidney maturation such as acute
kidney injury (12) or nephrotoxic drug administration (33) are
associated with increased risk of cardiovascular and kidney
disease, which may involve alterations to the renal tubules
which perform the bulk of fluid homeostasis. This is a pertinent
topic to pursue as postnatal development of the kidney, particularly the papilla, is poorly understood, and a reduced nephron
number cannot fully explain the increased prevalence of
chronic kidney disease and hypertension (10).
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