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Geraci S, Chacon-Caldera J, Cullen-McEwen L, Schad LR,
Sticht C, Puelles VG, Bertram JF, Gretz N. Combining new tools
to assess renal function and morphology: a holistic approach to study
the effects of aging and a congenital nephron deficit. Am J Physiol
Renal Physiol 313: F576–F584, 2017. First published May 10, 2017;
doi:10.1152/ajprenal.00329.2015.—Recently, new methods for as-
sessing renal function in conscious mice (transcutaneous assessment)
and for counting and sizing all glomeruli in whole kidneys (MRI)
have been described. In the present study, these methods were used to
assess renal structure and function in aging mice, and in mice born
with a congenital low-nephron endowment. Age-related nephron loss
was analyzed in adult C57BL/6 mice (10–50 wk of age), and con-
genital nephron deficit was assessed in glial cell line-derived neu-
rotrophic factor heterozygous (GDNF HET)-null mutant mice. Renal
function was measured through the transcutaneous quantitation of
fluorescein isothiocyanate-sinistrin half-life (t1/2) in conscious mice.
MRI was used to image, count, and size cationic-ferritin labeled
glomeruli in whole kidneys ex vivo. Design-based stereology was
used to validate the MRI measurements of glomerular number and
mean volume. In adult C57BL/6 mice, older age was associated with
fewer and larger glomeruli, and a rightward shift in the glomerular
size distribution. These changes coincided with a decrease in renal
function. GNDF HET mice had a congenital nephron deficit that was
associated with glomerular hypertrophy and exacerbated by aging.
These findings suggest that glomerular hypertrophy and hyperfiltra-
tion are compensatory processes that can occur in conjunction with
both age-related nephron loss and congenital nephron deficiency. The
combination of measurement of renal function in conscious animals
and quantitation of glomerular number, volume, and volume distri-
bution provides a powerful new tool for investigating aspects of renal
aging and functional changes.
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THE HYPERFILTRATION THEORY was proposed in 1981 by Brenner
et al. (2, 11), who suggested that a nephron deficit, whether
congenital or acquired, leads to multiple compensatory glomer-
ular hemodynamic alterations, eventually leading to a condi-
tion termed “glomerular hyperfiltration.” In this context, the
remaining nephrons will experience a persistent increase in

intraglomerular pressure, fostering a vicious cycle that will
eventually lead to local glomerulosclerosis, further nephron
loss, and renal failure (2, 10, 26, 28, 29, 35, 36, 46).

More than 30 years have passed, and the mechanisms
governing glomerular hyperfiltration are still unclear (12, 26).
To study glomerular hyperfiltration, at least three parameters
should be rigorously assessed: total nephron number, glomer-
ular volume, and renal function. Numerous methods have been
used to quantify these parameters, but many of these methods
and the results, thereby, obtained are now considered unreli-
able. For example, many methods that used to measure glo-
merular filtration rate are now considered inadequate (1, 14,
19, 21, 22, 45), while morphometric methods to estimate
glomerular number were either biased and/or too time-consum-
ing for many laboratories to adopt (7, 30). Moreover, no
method was available to measure the volume of every glom-
erulus in a kidney and, thereby, to obtain the glomerular
volume distribution. These technical limitations severely re-
stricted our analysis of hyperfiltration and its consequences.

In recent years, an MRI approach based on cationic ferritin
labeling of perfused glomeruli has successfully been used to
image, count, and size every glomerulus in whole mouse (13),
rat (5, 8, 25), and human (4, 6) kidneys. For the first time, the
volume of every glomerulus in a whole kidney, and, thereby,
the glomerular volume distribution for that kidney, can be
obtained. Moreover, a technique for noninvasive assessment of
renal function in conscious rodents based on the transcutaneous
measurement of fluorescein isothiocyanate (FITC)-sinistrin has
emerged as a preferred method for assessing glomerular filtra-
tion rate (GFR) (27).

In the present study, we used these new methods to evaluate
the effects of aging on renal structure and function, as well as
the effects of a congenital low-nephron endowment. Our re-
sults suggest that glomerular hyperfiltration is a normal com-
pensatory mechanism in the setting of age-related nephron loss
and congenital nephron deficit.

MATERIALS AND METHODS

Animal groups. All experiments were conducted in accordance
with the German Animal Protection Law and approved by the local
authority [Regierungspräsidium Nordbaden, Karlsruhe, Germany, in
agreement with European Union (EU) guideline 2010/63/EU].

The animal groups consisted of 10 male C57BL/6, 8 male glial cell
line-derived neurotrophic factor heterozygous (GDNF HET) and 2
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male GDNF wild-type mice. GDNF mutants were generated by
mating male GDNF heterozygous (129Sv-C57BL/6 hybrid) with
female C57BL/6 (17).

Transcutaneous measurement of renal function in conscious mice.
Transcutaneous assessment of renal function in mice was performed
as described previously (27, 42, 43). The procedure was designed to
reduce the unpredictable impact of anesthesia on renal function and
stress on the animal (14).

Briefly, each mouse was prepared for the measurement by depil-
ating part of the back under short isoflurane anesthesia. The depilation
was performed by using an electric shaver for laboratory animals.
Thereafter, a depilation cream was applied and removed with water
after 2 min of exposure. This procedure was performed 1 day before
measurements were taken. The transcutaneous device was fixed on the
depilated region, with specifically designed double-sided adhesive
patches (Lohmann, Neuwied, Germany).

The measurement started automatically when the battery was
connected to the device. Once secured on the back of the animal, the
background signal was measured for ~4 min until the fluorescent renal
marker FITC-sinistrin (Fresenius Kabi, Linz, Austria) was adminis-
tered intravenously (37–39). The dose of FITC-sinistrin injected was
7.5 mg/100 g body wt and was dissolved in Deltajonin (DeltaSelect,
Rimbach, Germany). The fluorescent signal was measured for 60 min
postinjection (43).

Single-exponential regression was used to fit the data points ac-
quired during the time interval, where the single exponential trend of
the excretion phase was predominant (43). FITC-sinistrin half-life
(t1/2) was used in this work as an indicator of renal function. The
parameter was derived from the rate constant of the exponential
function, corresponding to the excretion phase of the measured kinet-
ics. The validity of t1/2 as a functional parameter has been previously
demonstrated (43).

Quantification of glomerular number and volume. Two days after
FITC-sinistrin half-life (t1/2) was assessed, the quantification of glo-
merular number and volume was performed.

Only minor changes in the sample preparation were required
compared with previously published descriptions (5, 8, 25). Briefly,
three boli of 3.3 mg/100 g body wt of cationic ferritin (CF; Sigma-
Aldrich, St. Louis, MO) were injected via the tail vein at intervals of
90 min. CF labels exclusively the glomeruli, because of its cationic
charge, as the glomerular basement membrane (GBM) is negatively

charged. Therefore, CF accumulates in the GBM without altering the
integrity of the tissue (8).

Ninety minutes after the last injection of CF, mice were killed by
retrograde perfusion with heparinized 0.9% NaCl solution for 30 min
and 4% paraformaldehyde for 3 min under a pressure of 150 mbar.
Then, the kidneys were dissected, keeping their capsules intact. The
kidneys were embedded in 1.2% agarose in PBS (Biozym Scientific,
Hessisch Oldendorf, Germany) in specific polystyrene tubes. MRI
was performed within the next 7 days. After MRI, the kidneys were
removed from agarose gel and transferred into 10% formalin for
stereological analysis.

MRI-based glomerular counting. The MRI-based method previ-
ously described for the ex vivo counting and sizing of glomeruli in rat
kidneys (25) was modified for mouse kidneys.

Imaging of the kidneys was performed in a 9.4-T Bruker BioSpec
94/20USR small animal MRI scanner (Bruker BioSpin, Ettlingen,
Germany), equipped with a two-channel cryogenically cooled surface
coil (Bruker CryoProbe). A three-dimensional FLASH sequence was
used with the following parameters: SECH excitation pulse with a
10-kHz bandwidth, TE/TR � 7/50 ms, resolution � 25 � 25 � 25
�m3, averages � 3 kHz, and acquisition bandwidth � 50 kHz. The
field of view was 16.16 � 10 � 10 mm wide, and the matrix size was
zero-filled to 646 � 400 � 400, for an acquisition time of 1 h and 40
min. Data set reconstructions and glomerular segmentation were
performed with MATLAB (The Mathworks, Natick, MA). For the
segmentation, a purpose-made algorithm (13) was applied. The algo-
rithm identified the CF-labeled glomeruli as dark three-dimensional
(3-D) objects (i.e., groups of voxels) surrounded by a lighter back-
ground corresponding to the kidney cortex (Fig. 1, A–C). The seg-
mented objects were used to create the histogram of the glomerular
volume distribution in the whole 3-D image (Fig. 2A).

The analysis of the histogram of volumes allowed the calculation of
the mean glomerular volume and total glomerular number per kidney
(nGlom). A Gaussian distribution of glomerular volumes in the kidney
was hypothesized. Therefore, a Gaussian fit was applied to the
measured distribution. The mean glomerular volume and total nGlom
were derived by the fit under the assumption of spherical glomeruli
(see Fig. 2, A and B).

Stereology. After the MRI-based analysis was performed, the
stereological estimation of total nGlom was performed for the same
kidneys using the physical disector/fractionator combination, the

Fig. 1. Sample MR images of three mouse
kidneys. A: 49-wk-old C57BL/6. B: 11-wk-
old C57BL/6. C: 22-wk-old GDNF heterozy-
gous with solitary kidney (HET 1K).
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gold-standard unbiased stereological method (15). Kidneys were em-
bedded in paraffin and serially sectioned at 5 �m. Ten evenly spaced
section pairs were systematically sampled and histochemically stained
with the lectin peanut agglutinin (PNA) to localize the plasma mem-
brane of glomerular epithelial cells (podocytes). Sections were coun-
terstained with hematoxylin. It was previously estimated that the
paraffin embedding causes shrinkage of the kidney tissue by up to
50%. It was also observed that the degree of shrinkage in different
compartments of the kidney differs. Therefore, we chose not to
include stereology-based volumetric measurements in this work.

Statistical analysis. The software R for statistical analysis was used
for realizing the Bland-Altman plots. Paired t-tests and Pearson
correlation coefficients (JMP SAS) were used to compare the esti-
mates of glomerular number obtained by MRI and stereology. One-
way ANOVA (JMP SAS) was used to evaluate the correlation
between single pairs of parameters measured in the selected groups of
animals. Additionally, kernel density estimation (KDE) was used to
analyze the distribution of glomerular size in each kidney (R statis-
tics). A principal component analysis (PCA) was applied to the whole
data set (JMP SAS). P values less than 0.05 were considered to
indicate statistical significance.

RESULTS

Total glomerular number (nGlom) was assessed by MRI in
a group of 10 C57BL/6 mice, in 8 GDNF heterozygous (HET)
mice and in 2 GDNF wild-type (WT) mice. From these animals
19 C57BL/6, 10 GDNF HET, and 4 WT kidneys were har-
vested for MR-based counting and sizing glomeruli. Gold-
standard stereology (16) was additionally used for counting
and sizing glomeruli in the whole group of C57BL/6 kidneys
(Table 1), in five GDNF HET, and four WT kidneys (Table 2)
for comparison. Agreement was found between the nGlom
estimates obtained with the two approaches, with mean values
differing by just 390 glomeruli (Fig. 3, A and B). Tables 1 and
2 display the raw data.

Values of FITC-sinistrin t1/2 were obtained for the C57BL/6
group. One-way ANOVA highlighted a significant impact of
age on t1/2. An upward trend of the parameter can be recog-
nized between 20 and 49 wk (Fig. 4).

ANOVA revealed a limited impact of FITC-sinistrin t1/2 and
age on glomerular number and mean glomerular volume (Fig.
5). However, a trend toward larger glomeruli with increasing
age (Fig. 5B) and decreasing renal function with lower nGlom
(Fig. 5C) can be noted.

The MRI-based method allowed the visualization of the
glomerular volume distribution in each kidney. Therefore, a
KDE was determined for each kidney of the group. For the
group of 19 C57BL/6 kidneys, the same color was used to
group kidneys of similar age to visualize any age-related
differences (Fig. 6). This representation shows that glomerular
volume distributions of kidneys belonging to the same mouse
are highly comparable. Moreover, the rightward shift of the
distributions with increasing age indicates an age-related up-
ward trend of glomerular size until the age of 34–49 wk in
C57BL/6 mice (Fig. 6). The concomitant reduction of the peak
height of the density function indicates an age-related reduc-
tion of glomerular number.

The same analysis revealed marked morphometric differ-
ences between GDNF HET and WT mice (Fig. 7), with the
glomerular volume distributions of the GDNF HET rightward
shifted compared with WT mice, indicating an overall increase
of glomerular size in the HET mice. The lower peaks reflected
the lower glomerular number. These effects were more pro-
nounced in GDNF HET 1K mice, especially when aged, in
comparison to GDNF HET 2K.

A simplified view of the overall variation of nGlom, mean
glomerular volume, and FITC-sinistrin t1/2 was obtained by
applying a quadratic regression on the whole data set after
standardization to an arbitrary scale (Fig. 8). This representa-
tion allows us to highlight the association between aging and
the observed changes in glomerular number, glomerular size,
and renal function. The decrease in glomerular number with
age parallels a complementary increase of t1/2 over the same
period. Although to a lesser extent, glomerular size increases
consistently.

A PCA was applied to all kidneys together. According to
Component 1, which accounts for the highest variability in the
whole data set, nGlom obtained by MRI positively correlated
with nGlom obtained by stereology, further corroborating the
good agreement between the two glomerular counting meth-
ods. Age was positively correlated with t1/2 and glomerular
volume, confirming the overall reduction in renal function (i.e.,

Fig. 2. A: distribution of volumes obtained from one of the three-dimensional
(3-D) MR data sets (C57BL/6 right kidney no. 3, Table 1). The x-axis indicates
the volume of the detected 3-D object in voxel (1 voxel � 25 � 25 � 25 �m3).
The y-axis indicates the number of detected 3-D objects. B: the noise contri-
bution ( � “fitted noise”) was subtracted from the measured volume distribu-
tion ( � “measured data”), and a Gaussian fit ( � “fitted glomeruli”) was used
to identify glomeruli among the detected 3-D objects. The similarity between
the measured volume distribution ( � “measured data”) and the curve recon-
structed by combining “fitted noise” and “fitted glomeruli” ( � “reconstructed
data”) shows the validity of the hypothesis of Gaussian glomerular volume
distribution in the kidney (15).
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increase in t1/2) and increase in glomerular size with age.
Consistently, nGlom negatively correlated with glomerular
volume, therefore, also with age and t1/2. Figure 9 is the
two-dimensional plot of nGlom, glomerular volume, age, and
t1/2, expressed as a function of the first principal component.

DISCUSSION

This is the first study to use MRI-based measurement of
glomerular number, glomerular volume, and the glomerular
size distribution with measurement of renal function in con-
scious animals. This new methodological approach allowed us
to confirm that GDNF heterozygous mice have fewer nephrons
than WT mice, identify a positive correlation between mean
glomerular size and age, and show a decrease of renal function
with age.

These findings suggest that in the settings of aging and
congenital nephron deficit, glomerular hyperfiltration and,

thereby, glomerular hypertrophy, appears to be normal com-
pensatory mechanisms that occur in an attempt to sustain renal
function. Nevertheless, we observed a reduction in renal func-
tion with age that may eventually manifest as a pathological
step.

A major strength of the current study is the integrated
analysis of renal physiology and morphology using state-of-
the-art techniques. Importantly, renal function was assessed in
conscious mice, and with MRI, we obtained the number and
the volume of every glomerulus in the kidney and, thereby, the
glomerular size distribution. These are major technical ad-
vances that have the potential to provide important new in-
sights into renal function and structure.

The MRI results for total glomerular number obtained in
C57BL/6 and GDNF HET and WT mice were compared with
estimates obtained using gold-standard stereology. Excellent
agreement was found, corroborating the validity of the meth-

Table 1. Morphological and functional parameters measured on a group of C57BL/6 mice at different ages

Mouse No. Side Body Weight, g Kidney Weight, mg Age, wk t1/2, min

MRI
Stereology

nGlomnGlom Mean Glomerular Volume, �m3

1 R 27.6 220 20 11.7 13,973 202,853 14,586
2 L 37.3 257 34 25.0 12,368 312,561 11,636

R 37.3 283 34 25.0 13,710 312,561 13,144
3 R 29.9 277 18 14.9 14,435 281,365 15,283

L 29.9 251 18 14.9 14,465 281,365 14,432
4 R 30 233 18 12.4 13,436 265,078 14,128

L 30 198 18 12.4 12,169 281,365 11,745
5 R 31.9 322 18 11.4 15,622 266,077 15,963

L 31.9 293 18 11.4 13,649 266,077 14,017
6 R 28.4 225 49 22.6 13,626 265,078 14,548

L 28.4 238 49 22.6 14,083 281,365 13,825
7 R 34.6 267 49 24.9 12,399 328,413 11,809

L 34.6 209 49 24.9 11,863 312,561 11,191
8 R 28.3 215 20 14.9 13,933 234,414 14,976

L 28.3 219 20 14.9 13,625 281,365 13,739
9 R 23.5 210 11 21.8 13,546 234,414 11,835

L 23.5 183 11 21.8 12,250 219,131 13,388
10 R 24.8 202 11 17.0 14,163 250,391 13,877

L 24.8 165 11 17.0 12,449 250,391 11,180

Side (R, right; L, left), body weight, kidney weight, age, FITC-sinistrin excretion half-life ( t1/2), stereological and MRI-based estimates of glomerular number
(nGlom), and mean glomerular volume estimated by the MRI-based method are reported.

Table 2. Morphological and functional parameters measured on a group of HET 1K, HET 2K, and wild-type mice

Mouse No. Type Body Weight, g Side Kidney Weight, mg Age, wk t1/2, min

MRI

Stereology nGlomnGlom Mean Glomerular Volume, �m3

5 WT 32.5 L 221 22 14.3 17,649 187,500 15,479
R 256 22 14.3 16,724 234,375 14,884

6 WT 30.5 L 208 21 15.2 16,804 171,875 15,057
R 210 21 15.2 13,692 171,875 14,053

4 HET2K 30.6 L 207 22 13.5 12,542 250,000 10,655
R 216 22 13.5 13,020 281,250 11,171

7 HET2K 27.0 L 155 15 14.7 9,726 250,391 *
R 196 15 14.7 10,363 312,561 *

2 HET1K 28.4 L 254 22 18.0 10,903 234,375 9,983
3 HET1K 32.0 L 309 21 16.5 11,877 343,750 10,473
8 HET1K 28.1 R 248 14 15.5 6,784 437,675 *
9 HET1K 26.4 R 286 15 15.8 9,241 266,077 *
1 HET1K 41.1 R 360 49 31.4 8,475 328,125 9,465
10 HET1K 38.6 L 303 66 28.0 6,114 390,679 *

Side (R, right; L � left), body weight, kidney weight, age, FITC-sinistrin excretion half-life ( t1/2), stereological and MRI-based estimates of glomerular
number (nGlom), mean glomerular volume estimated by the MRI-based method are reported. HET 1K, GDNF HET mice with solitary kidney; HET 2K, GDNF
HET mice with two kidneys; GDNF HET, glial cell line-derived neurotrophic factor heterozygous; WT, wild type. *Not available.
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ods and the reliability of the results reported in this work. Our
glomerular number estimates also agree with a recent study
that reported an MRI-based method to quantify total glomer-
ular number in the mouse (3, 6).

The use of the transcutaneous method for the assessment of
renal function is particularly appropriate for studying age-
related changes because it is well tolerated by old and senes-
cent mice, which are typically more sensitive to the stress
induced by laboratory procedures. C57BL/6 mice were chosen
because this strain is widely used for preclinical studies. The
results obtained by measuring renal function showed pro-
nounced heterogeneity, confirming previous findings for this
mouse strain (33, 41, 42). In those studies, high variability in
renal function was observed in adult mice with normal renal
function and reserve capacity. This finding was previously
ascribed to a higher influence of the adaptation process to
protein intake, hydration status, blood pressure, or renal blood
flow in this strain (31, 42).

This is the first study, to our knowledge, to report the
glomerular size distribution in conjunction with renal function.
This is important as a mean value of glomerular volume, which
is often reported, masks any variations in glomerular size

within the kidney, and it is also likely that hyperfiltration might
not affect all glomeruli to the same extent.

For the first time, we report age-related changes in the
glomerular size distribution for better clarifying the effect of
age on glomerular morphology. This kind of analysis could not
be performed in previously published studies. The lowering
and rightward shift of the glomerular size density function,
with increasing age, provides new insights into changes of
glomerular size with age.

Although it was unclear whether all glomeruli in a kidney
undergo hypertrophy to the same extent, the present findings
suggest substantial changes in the glomerular size distribution
with age and in the setting of a congenital nephron deficit.
These findings in aged mice confirm our findings in older
humans, who have larger glomeruli than the young and a
greater heterogeneity in glomerular size (30).

The same analysis was performed for the GDNF HET mice
with the aim of validating our approach with a model of
reduced nephron number (17, 18). One of the conventionally
used surgical models, such as unilateral nephrectomy, could
have been chosen for this scope. However, in such models the
reduction of glomerular number is induced by a sudden inter-
vention normally accompanied by numerous nonrenal physio-
logical reactions, such as body weight reduction, which may
interfere with the purely morphological and functional evalu-
ations (18, 20, 24, 34).

GDNF is an important regulator of ureteric branching mor-
phogenesis during kidney development. GDNF homozygous-
null mutant mice have kidney agenesis and die within 24 h of
birth. Previously, using gold-standard stereology, we showed
that GDNF HET 2K mice have ~30% fewer nephrons than WT
(17, 18), but their life expectancy is comparable to WT mice.
GDNF HET mice are often born with a single kidney, due to
the failure of ureteric bud outgrowth on one side of the body
(17). Furthermore, in these mice, hyperfiltration does not seem
to lead to glomerulosclerosis, as uniform high-quality CF
labeling was observed even in the oldest GDNF mice. This

Fig. 3. Comparison between glomerular number (nGlom) estimates of 19 C57BL/6, 5 glial cell line-derived neurotrophic factor heterozygous (GDNF HET) and
4 wild-type (WT) mouse kidneys obtained by stereology and MRI using regression analysis (linear regression, R2 � 0.7, y � 0.83x � 2596.4) (A) and
Bland-Altman plot (B). Bias: �390, Limit of agreement (LoA; mean bias � 1.96 SD): upper LoA: 1,654, lower LoA: �2,435.

Fig. 4. Trend of FITC-sinistrin t1/2 measured in 10 C57BL/6 mice at different
ages (cubic regression, R2 � 0.91).
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characteristic makes this mouse model even more interesting
for the study of glomerular hyperfiltration, with recent studies
suggesting that, in contrast to several findings from rat models
of nephrectomy, hyperfiltration would not necessarily lead to
late-stage hypertension and glomerulosclerosis in humans (9,
32). Moreover, there is significant evidence from human au-
topsy studies that surrogate markers for hyperfiltration, such as
glomerular hyperfiltration, can be found in kidneys from sub-
jects without renal disease (40). Overall, our findings, albeit
based on a relatively small sample size, suggest that glomerular
hyperfiltration is a normal compensatory step that does not

necessarily lead to glomerulosclerosis and chronic kidney dis-
ease.

Another interesting observation was found in the study of
GDNF HET and WT mice. In agreement with a previous
publication (18), GNDF HET mice with two kidneys (HET
2K) had similar renal function as WT mice. However, a
substantial difference was found between heterozygous mice
with one kidney (HET 1K) and WT of the same age. Renal
function was ~20% lower in HET 1K mice, despite the fact that
these mice had a 50% reduction in renal mass compared with
WT. This difference became more pronounced with increasing

Fig. 5. A: nGlom of 19 kidneys belonging to 10 C57BL/6 mice at different ages (cubic regression, R2 � 0.21). B: mean glomerular volume at different ages (cubic
regression, R2 � 0.50). C: nGlom plotted against the corresponding t1/2 (cubic regression, R2 � 0.33). D: mean glomerular volume plotted against the
corresponding t1/2 (cubic regression, R2 � 0.40). A cubic regression was chosen to provide an impression of the trends.

Fig. 6. Density functions of glomerular vol-
ume distributions of 19 C57BL/6 kidneys of
different ages (Table 1). Each density func-
tion represents the statistical distribution of the
glomerular volume in each kidney. Distinct
colors were associated with each age-group.
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age (18). Interestingly, these variations are in the same range as
previously shown after uninephrectomy (34, 43).

Future studies should include sex-related factors in the
analysis of hyperfiltration. It is becoming increasingly clear
that males are more susceptible to the development of chronic
kidney disease than females (23, 44), so future studies analyz-
ing females would be warranted. Moreover, the number of
animals over 35 wk of age should be increased to broaden the
analysis of hyperfiltration during aging. Finally, it is our hope
that in the not too distant future, it will be possible to image
and quantify glomerular number and size in vivo, allowing
longitudinal studies to be conducted and physiological and
morphological data to be obtained in living animals.

In conclusion, we present the first systematic approach—
based on the most advanced technologies available—to assess
glomerular number, mean glomerular volume, and the glomer-
ular size distribution, as well as renal function in the setting of
low nephron endowment and increasing age. Our findings
suggest that the kidney compensates for a low glomerular

endowment with glomerular hypertrophy in order to maintain
total GFR.
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Fig. 7. Density functions of glomerular vol-
ume distributions of 10 kidneys of male
GDNF heterozygous and 4 WT mice (Table
2). Each density function represents the sta-
tistical distribution of glomerular volume in
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Fig. 9. Principal component analysis (PCA) of half-life (t1/2), age, glomerular
number (nGlom), and mean glomerular volume of the whole data set (19
C57BL/6, 10 GDNF HET, and 4 WT).

Fig. 8. Simplified summary graph of the whole data set between 11 and 66 wk
of age (19 C57BL/6, 10 GDNF HET, and 4 GDNF WT kidneys). A quadratic
regression was used as a trend line after standardization to an arbitrary scale.
The secondary axes show the corresponding original values. Mean glomerular
volume, nGlom and t1/2 are depicted as functions of age.
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