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Reduced nephron number in adult sheep, hypertensive as a
result of prenatal glucocorticoid treatment
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There is some evidence, mainly from rodent studies, that any factor which alters the final total
number of nephrons formed, during nephrogenesis, will result in hypertension in adult life. Sheep,
programmed to become hypertensive by exposure to synthetic glucocorticoid (dexamethasone,
0.48 mg h™', for 48 h) early in development (~27 days of gestation), were killed at 7 years of age, and
had nephron counting performed by unbiased stereology. Mean arterial pressure was 83 + 4 mmHg
in the dexamethasone (DEX) group (n = 5), and 73 £ 5 in the control (CON; n = 7; P < 0.05). The
total nephron number, in the right kidney (249070 £ 14331; n =5) was significantly lower
(P < 0.01) than that of controls (402787 + 30458; n = 7). Mean glomerular volume was larger in
the DEX than the CON group (P < 0.01), but there was no significant difference in the sclerosis
index between the two groups. Low nephron number was associated with grossly enlarged and
dilated proximal tubules and greater accumulation of collagen type I and type III in the tubular
interstitium and periadventitia of the renal cortical vessels. These data suggest that the hypertensive
programming effect of glucocorticoid treatment, early in kidney development, results, at least in
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part, from impaired nephrogenesis.
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Some time ago we discovered, serendipitously, that if
pregnant ewes were treated with dexamethasone,
0.48 mg h™', for 48 h between days 26 and 28 of gestation,
the offspring developed hypertension (Dodic et al. 1998).
The hypertension was evident by 5 months after birth,
increased with age, and was accompanied by reset
baroreflexes, increased cardiac output, and eventually
with left ventricular hypertrophy and decreased cardiac
functional reserve (Dodic et al. 1998, 1999, 2001).
Importantly, the phenomenon was reproducible, in both
males and females (Dodic et al. 2002a) and could be
produced by the use of high physiological doses of cortisol
(5 mg h™) over the same time period (Dodic et al. 2002b).
The time at which the steroid treatment was given
coincided with the very early stages of nephrogenesis in the
permanent metanephric kidney (Wintour et al. 1996)
when the ureteric bud had invaded the metanephric
mesenchyme and started branching. In sheep the
permanent metanephric kidney completes nephrogenesis
by ~130 days of gestation (Moritz & Wintour, 1999) which
is well before birth (term is 145-150 days). In a similar
study in rats, it was shown that treatment of the pregnant
rat, at days 15-16, with dexamethasone, resulted in adult
offspring with 30% decrease in total nephron number,
and hypertension (Ortiz et al. 2001). The rat kidney, at this
time, is also preglomerular (Bertram et al. 2000), as the rat

has only 20 % of the adult nephron number at birth, and
does not complete nephrogenesis until 8-10 days after
birth. The times of glucocorticoid treatment, relative to
metanephric development were thus comparable in the rat
and sheep studies. It was hypothesized that early
glucocorticoid treatment would have decreased nephron
number in the adult ovine offspring. When the
hypertensive adult sheep were approximately 7 years of
age they were killed and their kidneys collected,
appropriately, for nephron counting. The recommended
‘gold standard’ method for assessment of nephron
number is unbiased stereology (Nyengaard & Bendtsen,
1990; Bertram, 2001; Douglas-Denton et al. 2002) and this
was used for the current experiment.

METHODS

Animals

All experiments were approved by the Animal Ethics Committee
of the Howard Florey Institute, and conducted according to the
guidelines of the National Health and Medical Research Council
of Australia. Data from animals used in this study have been
reported previously (Dodic et al. 1998, 1999, 2001). Ewes were
infused intravenously with dexamethasone (11.5 mgday™
(DEX)) for 48 h at a mean gestational age of 27 days. Five female
offspring were studied until 7 years of age along with seven female
control animals (CON). All animals were born at term. At birth
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these animals were of similar body weights (4.7 £ 0.3 kg in the
DEX group; n = 5) compared with the CON group (birth weight
4.6 £ 0.2 kg;n = 7). At 7 years of age, mean arterial blood pressure
was significantly higher in the DEX group (83 +4 mmHg
vs.73 £ 5 mmHgin the CON group; P < 0.05) (Dodic et al. 2001).

Kidney sampling

At 7years of age animals were killed with an overdose of
pentobarbital sodium (Lethabarb, Arnolds, Boronia, Australia:
100 mg (kg body weight)™"). Right kidneys were perfusion-fixed
with 4% paraformaldehyde, weighed (fixed weight), and
immersion-fixed in 10% formalin. Kidneys were cut in the
transverse plane into halves. One half was taken ‘randomly’ for
further sampling. The sampled half was cut into two sections and
these were cut into approximately 5 mm slices. Every third slice
was taken for further sampling, with the first slice chosen at
random from the first three. The medulla was trimmed but a thin
‘rim’ adjacent to the cortex was left intact to ensure no glomeruli
were excised or damaged. Sampled slices were cut into strips
approximately 5 mm in width, and then cut into smaller blocks
suitable for processing. Every 15th block of tissue was sampled,
with the first block chosen at random from the first 15. Tissue
blocks were processed by embedding in glycolmethacrylate
(Technovit 7100, Haraeus Kulzer Gmbh, Germany). Blocks were
exhaustively sectioned at a nominal thickness of 15 gm with every
10th and 11th section sampled, the first of which was chosen at
random from the first 10 sections. Sections were routinely stained
with periodic acid-Schiff reagent (PAS).

Estimating total glomerular number (Nyom, iia)

Total glomerular number was estimated using physical dissectors
as described in detail previously (Douglas-Denton et al. 2002). In
brief, total glomerular number was estimated using:

Ngom,kia =2 X 3 X 15X 10 X Pg/2P: X Q7

where 2 was the inverse of the first sampling fraction (1/2 of the
whole kidney), 3 was the inverse of the second sampling fraction
(1/3 of the slices), 15 was the inverse of the third sampling fraction
(1/15 of the blocks), 10 was the inverse of the section sampling
fraction (1/10 of the sections), Ps/2P; was the fraction of the
section area used for counting glomeruli, and Q™ was the actual
number of glomeruli counted. Approximately, 100-150 glomeruli
were counted for each kidney.

Estimating glomerular tuft and renal corpuscle volumes
Mean glomerular tuft (Vo) and renal corpuscle (V,,) volumes
were estimated using:

Vglom = VV(glom,kid)/NV(glom,kid)7

and
chrp = VV(corp,kid) /NV(corp,kid))

whereVy(gomkia) ad Ny (gomia) are volume density and numerical
density, respectively, of glomeruli in kidney and Vycorpyia) and
Ny(corpiiay are volume density and numerical density, respectively,
of renal corpuscles in kidney.

Total glomerular tuft (Vyomey) and renal corpuscle (Veomp(on)
volumes were also estimated using:

\%4

glom(tot) = Vglnm X Nglom,kid)

and
Vcorp(tot) = Vcorp X Nglom,kid-
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Scleroticindex

Four blocks of tissue from each kidney were processed to paraffin,
sectioned at 5 ym and stained with PAS. A semiquantitative
method was used to evaluate the degree of glomerulosclerosis.
Simultaneously, the stereological method of Weibel & Gomez
(1962) was used to estimate mean glomerular volume (Vo)
using:

Vigom = profilearea'’ x /K,

where K is 1.01 which is the size distribution coefficient that
assumes a coefficient of variation (CV) for glomerular size of
109%, and f is 1.38, which is the shape coefficient of a sphere.

As shrinkage is known to occur during paraffin processing,
glomerular volume was estimated again so that correlations with
sclerosis could be investigated. During counting, sampled
glomeruli were given a semiquantitative sclerosis score between 0
and 4. Normal (no sclerosis) glomeruli were representative of 0.
Glomeruli with 1-25 % sclerosis were graded as 1, glomeruli with
26-50% as 2, glomeruli with 51-75% as 3, and glomeruli with
76-100 % as 4. Exactly 100 glomeruli per kidney were evaluated.

Kidney morphology

Sections of the perfused kidney not taken for nephron counting
and embedded in paraffin were cut into approximately 4 gm slices
(DEX, n=4 and CON, n =2). Slides were then stained with
haematoxylin and eosin or Masson trichrome (as an indicator of
collagen deposition in the renal cortex). Briefly, sections were
stained with celestin blue, rinsed and stained with Mayer’s
haematoxylin. Following a further rinse in water, Biebrich scarlet-
acid fuchsin was added. Sections were again washed and
underwent differentiation with 5% tungstophophoric acid and
were then stained with aniline blue. Sections were placed in acetic
acid, rehydrated and coverslipped.

Determination of collagen content

The total collagen content of the kidney from the CON (n=7)
and DEX (n = 5) group of animals was determined as previously
described (Samuel et al. 1996). Triplicate 10 ul aliquots from each
sample were analysed for hydroxyproline content using a scaled-
down procedure (Bergman & Loxley, 1963). Hydroxyproline
values were then converted to collagen content by multiplying by
afactor of 7.46 (Caspari et al. 1977).

Determination of collagen types

Collagen was extracted from 2 mg of the dry weight tissue (from
each of the control and dexamethasone-treated animals) as
described (Samuel et al. 1996). The maturely cross-linked collagen
was extracted by limited pepsin digestion (enzyme to substrate
ratio, 1:10; 24 h) before the aliquots of each sample were analysed
by SDS-PAGE on 5% (w/v) acrylamide gels containing 3.5 %
(w/v) acrylamide stacking gels. Interrupted electrophoresis with
delayed reduction of the disulfide bonds of type III collagen was
used to separate the a1(I) chains from the e1(III) collagen chains
(Sykes et al. 1976). The gels were stained overnight with 0.1%
(w/v) Commassie blue (R-250) containing 45 % (v/v) methanol
and 7 % (v/v) acetic acid. Densitometry of the individual collagen
bands was performed using a Bio-Rad GS-710 calibrated imaging
densitometer.

Statistics

All data are expressed as means * s.E.M. Glomerulosclerosis data
were tested using a Mann—Whitney rank sum test as the data failed
normality tests. Other parameters were tested using a Student’s
ttest.
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RESULTS

Nephron number

Body and kidney weights were similar in the two groups of
animals (see Table 1). Kidney weight as a proportion of
body weight was also similar. Total glomerular number
ranged between 208 278 in a DEX animal and 464 508 in a
CON animal. Values for all parameters are shown in
Table 1. The mean number of glomeruli was significantly
higher in the CON group (P < 0.01). Mean glomerular tuft
and renal corpuscle volumes were significantly (P < 0.01)
higher in DEX animals compared to the CON group. Total
glomerular tuft and renal corpuscle volumes were not
significantly different.

The degree of glomerulosclerosis was not significantly
different between the two groups. Both DEX and CON
groups consisted of glomerular profiles with
approximately 15 % sclerosed glomeruli. The percentage
of glomeruli in each grade is shown in Fig. 1. Mean
glomerular volume did not change with the degree of
glomerulosclerosis. Renal corpuscle volume showed a
slight increase from grade 0 to 1, and a further increase
from grade 1 to 2. The volume decreased in grade 3
profiles. Two grade 4 profiles were observed in the DEX
animals, and none in the CON animals.

Kidney morphology

As shown in Fig. 2, in three out of four DEX animals (C, D
and F) the proximal tubules (large arrows) were markedly
dilated and enlarged compared to two animals from the
CON group (A and B). In one animal from the DEX group
(E), morphology of the proximal tubules resembled the
two animals from the CON group (A and B). As Fig. 2
demonstrates, there was no noticeable collagen
accumulation in the glomeruli of any animal from either
CON or DEX group (A—F). However, excess collagen can
be seen in the tubular interstitium (C, D and F) and the
periadventitia of cortical vessels (D) in animals from the
DEX group whose sections were stained with Masson
trichrome — an indicator of collagen deposition in the
renal cortex (C, D and F; small arrows).

Collagen: content and types

While the overall wet weights of the kidneys from the CON
and the DEX group of animals were similar, there was a
small, but non-significant increase (~10 %) in the total dry
weight of the kidneys from the DEX group of animals
(Fig. 3A). This was reflected in a tendency towards higher
total kidney collagen content (~22 %) found in the DEX
group (421 + 60 mg) compared to the collagen content in
the CON group of animals (357 = 38 mg) (P =0.08)
(Fig. 3A).

The ovine kidney was predominantly composed of type I
(a1(I) and a2(I) subunits) and type III collagen, while
type V collagen was not detected (Fig. 3B). As determined
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Table 1. Body weight and parameters in the right
kidney of control (CON; n=7) and prenatally
dexamethasone-treated (DEX; n = 5) animals

CON DEX
Body weight (kg) 55.4+2.4 56.0+ 1.9
Fixed kidney weight (g) 67836 68814
Kidney/body weight (gkg™)  1.22+0.04 1.23 + 0.03

Total glomerular number 402787 + 30458 249070 + 14331**

Mean tuft 43102 5.6 £ 0.3%*
volume (mm’ x 107)

Total glomerular tuft 1.7+£02 1401
volume (cm®)

Mean renal corpuscle 62103 8.1+ 0.5%*
volume (mm’ x 107)

Total renal corpuscle 25102 20+0.1
volume (cm’)

P <0.01.

by densitometry measurements of the collagen bands, the
small increase in total renal collagen content in the DEX
group (Fig. 3A) was reflected by significant increases in
both type I collagen (240 + 10 vs. 213 =4 in the CON
group; P < 0.05) and type III collagen (93 £ 3 v5. 84 £ 1 in
the CON group; P < 0.05) (Fig. 3C).

DISCUSSION

The finding that, in a long-gestation species, nephron
number can be decreased by glucocorticoid treatment, at
such an early stage of kidney development, suggests that
there are critical periods for programming hypertension at
much earlier stages than would have been predicted. It is
worth pointing out that at the time of glucocorticoid
treatment the future metanephric kidney contains no
glomeruli at all. The human metanephros is in a similar
stage of development towards the end of the second month
of pregnancy (Moritz & Wintour, 1999). It is consistent

100 -
80 -
Glomeruli gg -
sclerosed
(%) 40
20 -
0 -

0 1 2 3 4

Degree of glomerulosclerosis

Figure 1. Glomerulosclerosis index in adult control and
prenatally dexamethasone-treated animals

Degree of glomerulosclerosis (graded 0 (no sclerosis) to 4 (> 75 %
sclerosis); see text for details) in control (CON;[]) and prenatally
dexamethasone-treated animals (DEX; l) at 7 years of age.
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Figure 2. Renal morphology in adult control and prenatally dexamethasone-treated animals

Representative photomicrographs of the renal cortex from two animals from the control group (CON; A and
B) and four animals prenatally treated with dexamethasone (DEX; C-F); Tissues shown in A and E were
stained with haematoxylin and eosin and those in B, C, D and F were stained with Masson trichrome. In three
out of four DEX animals (C, D and F) the proximal tubules (large arrows) were markedly dilated and
enlarged. There was no noticeable collagen accumulation in the glomeruli of any animal, but excess collagen
can be seen in the tubular interstitium and the periadventitia of cortical vessels (small arrows). Bar represents
50 pm.

] Physiol 549.3
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with data showing that in the fetuses of protein-deprived
pregnant rats an increased rate of apoptosis of
metanephric mesenchyme cells can be detected by day 15
(Welham et al. 2002). It is also consistent with a number of
other studies in rats and sheep in which decreased nephron
number and subsequent adult hypertension have resulted
from different perturbations of the maternal-fetal
environment (Langley-Evans et al. 1999; Gilbert & Merlet-
Benichou, 2000; Woods, 2000; Manning & Vehaskari,
2001; Ortiz et al. 2001; Moritz et al. 2002b). However, mere
reduction in nephron number in the adult does not
necessarily lead to hypertension (Brenner, 1987; Narkun-
Burgess et al. 1993). Substantial changes were observed in
late-gestation kidneys from early-dexamethasone-treated
fetuses — increased maturity, and upregulation of
angiotensinogen, and functional angiotensin II receptors
(Moritz et al. 2002a). Compensatory increases in sodium
channel expression, which can contribute to the final
hypertension, were seen in rats (Bertram et al. 2001;
Manning et al. 2002).

The important fact seems to be that there is a different
outcome when reduction in nephron number occurs
during nephrogenesis, rather than after nephrogenesis is
complete. This suggests that it is not nephron number, per
se, that is the critical factor in the development of
hypertension, but the compensations made in the
remaining kidney, if the reduction occurs during
nephrogenesis.

Numerous studies have shown that donation of a kidney,
by a healthy adult, does not necessarily result in
deterioration of renal function and hypertension
(Narkun-Burgess et al. 1993; Fehrman-Ekholm et al
2001). Unilateral nephrectomy of the adult animal also
does not necessarily result in hypertension (Chevalier,
1982). Unilateral nephrectomy during the period of active
nephrogenesis, in both rats and sheep, results in the later
development of hypertension (Woods, 2000; Moritz et al.
2002b). In a relatively recent study it was shown that
children with congenital unilateral renal agenesis had
elevated 24 h blood pressures compared with others who
had had unilateral renal nephrectomy, after birth, for
Wilm’s tumour (Mei-Zahav et al. 2001).

Our second major finding was that low nephron number
was associated with grossly enlarged and dilated proximal
tubules and greater accumulation of collagen type I and
type III in the tubular interstitium and periadventitia of
renal cortical vessels. In these very same animals we have
already demonstrated a higher collagen type I content in
the heart (Dodic et al. 2001). Taken together, higher
accumulation of collagen in both kidney and heart may
have resulted from the structural changes in these two
organs that have developed as a result of chronic non-
treated hypertension.

Hypertension and nephron number 933

The enlargement of the proximal tubules probably
accounts, at least in part, for the observation that, in the
hypertensive animals, the total kidney weights were the
same although the nephron number was significantly
reduced. It is also possible that medullary tubules were
enlarged, but this was not investigated.
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Figure 3. Kidney dry weight, total collagen content and
collagen types (I and Ill) in adult control and prenatally
dexamethasone-treated animals

A, the total kidney dry weight, expressed as a percentage of the wet
weight of tissue and total kidney collagen content (converted from
the hydroxyproline values) from the control group (CON; [;

n = 7) and dexamethasone-treated group of animals (DEX; ll;

n =15). B, the pepsin-digested collagen (which represents the
maturely cross-linked collagen) was analysed by SDS-PAGE, using
delayed reduction of the disulphide bonds with 10%
f-mercaptoethanol. The samples consist of a type I and type I1I
collagen standard (from human dermis) (lane 1) and the pepsin
digests of renal tissues from the CON (lanes 2-8) and the DEX
group of animals (lanes 9-13). Type I collagen is normally
composed of two a1(I) chains and one a2(I) chain, while type III
collagen is composed of three a1(III) chains. #11 and #12
represent dimers of two x1(I) chains and an a1(I)/a2(I) chain,
respectively, while y represents collagen trimers. C, the optical
density (OD) of the type I and type ITI collagen chains (from the
individual samples of kidneys taken from the CON ([];) and DEX
() groups of animals was determined using a Bio-Rad GS-710
Calibrated Imaging Densitometer. The results from the individual
samples were then grouped. * P < 0.05, when compared to OD
values from the CON group.
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In summary, we have found a reduced nephron number in
adult sheep, programmed to become hypertensive by
exposure to excess glucocorticoid early in gestation. There
was no difference in the sclerosis index, indicating that this
probably resulted from a defect occurring during the
period of nephrogenesis. It is worth emphasising that these
animals were not growth-retarded at birth. Growth
retardation in sheep has been reported to be accompanied
by a reduced nephron number (Bains et al. 1996).
However, higher accumulation of renal collagen (outside
glomeruli) might be the result of long-standing
hypertension. When taken in context with other data from
humans and animals, in which hypertension resulted
when nephrogenesis was impaired, it is highly suggestive
that the kidney abnormality is an essential part of the
aetiology of the subsequent hypertension. The most
remarkable fact is that the timing of the glucocorticoid
treatment is so early in development. It also explains, in
part, why glucocorticoid treatment, in late gestation, when
nephrogenesis is nearing completion, in sheep, does not
result in subsequent hypertension (Moss et al. 2001).

More generally it is reasonable to suggest that any situation
in which nephron number 1is reduced, during
nephrogenesis, such as that occurring in the offspring of
mothers with diabetes (Amri et al. 2001), or mild
vitamin A deficiency (Lelievre-Pegorier et al. 1998), may
also lead to ‘programmed’ hypertension. Thus the
implications of the findings are not necessarily restricted
to the effects of early prenatal stress.

The incidence of adult essential hypertension is 25 % of
those aged 45 years and older, and in at least half of these
people there are no well-established genetic or
environmental risk factors (McKenzie et al. 1996; Smithies
et al. 2000). Maybe some subtle influence on renal
development, occurring in the second month of gestation,
has this long-term result.
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