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Abstract

Antenatal steroid administration is associated with alterations in fetal kidney development and
hypertension. However, a causal relationship between nephron deficit and hypertension has not
been established. In this study, we measured nephron number, renal function, and blood pressure
in sheep exposed antenataly to betamethasone. Pregnant sheep were given 2 betamethasone doses
(0.17 mg/kg) or vehicle at 80 and 81 days gestational age and allowed to deliver at term. Data
were obtained from a fetal cohort and 2 adult cohorts and were analyzed by analysis of variance
(ANOVA) and/or 2 sample t test. Antenatal betamethasone induced a 26% reduction in the
number of nephrons in both males and females in the absence of intrauterine growth restriction
and/or prematurity. Adult males presented a reduction in glomerular filtration rate (GFR; 132 =
12.7 vs 114 + 7.0 mL/min, P < .05). Betamethasone administration was also associated with an
increase in arterial blood pressure of similar magnitude in male (mean arterial pressure [MAP] in
mm Hg; 98 £ 2.7 vs 105 £ 2.4) and female (96 + 1.9 vs 105 + 2.4) adult sheep and the increase in
blood pressure preceded the decrease in GFR in the males. Furthermore, we found no significant
association between the magnitude of the decrease in nephron number and the magnitude of the
increase in arterial blood pressure. Our data thus support the conclusion that exposure to
glucocorticoids at a time of rapid kidney growth is associated with an elevation in blood pressure
that does not appear related solely to the reduction in nephron number.
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Antenatal steroid administration for accelerating fetal lung maturation has been in use for
over 30 years!; however, controversy still exists regarding potential long-term side
effects.2~* Antenatal steroid exposure is associated with alterations in fetal kidney
development, in particular a reduction in nephron number and the development of
hypertension.>8 Animal studies have also linked a reduction in nephron number with
elevations in arterial blood pressure.”~13 Although a causal relationship between nephron
deficit and hypertension has not been definitively established, one of the mechanisms
thought to be involved is an effect on single nephron hyperfiltration caused by the reduction
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in nephron number.? Nephrons can be observed as early as 14 weeks in the human fetus,
with peak nephrogenesis occurring at about 24 weeks (0.6 of gestation) and ending at 32
weeks (0.8 of gestation).14 Very similar to humans, sheep nephrogenesis is an early fetal
event, beginning by 30 days of gestational age (dGA), peaking at 0.6 gestation (80 dGA)
and ending at 0.8 of gestation.1® These similarities in renal development prompted us to
evaluate the effects of antenatal exposure to glucocorticoids at a gestational age and dose
regime equivalent to that currently used in clinical practice. We recently reported that a
single course of betamethasone induced a 25% decrease in nephron number in late gestation
fetuses and an elevation in arterial blood pressure in the 6-month-old offspring.16:17 The aim
of the current study was to assess the importance of the decrease in nephron number in the
development of hypertension, following exposure to glucocorticoids during peak
nephrogenesis. We measured nephron number, indices of renal function, and blood pressure
in sheep exposed antenatally to betamethasone and evaluated the existence of an association
between these variables. Data were obtained from 3 different groups of animals treated with
either vehicle or betamethasone; a fetal cohort in which we only evaluated nephron number,
a cohort ranging in age from 6 to 32 months in which we evaluated indices of renal function,
and an adult cohort in which we measured blood pressure, indices of renal function, and
number of nephrons within a 2-week period.

MATERIALS AND METHODS

Mixed Western breed sheep were mated during the reproductive season during spontaneous
estrus. Pregnant sheep received 2 doses of 0.17 mg/kg of a 1:1 mixture of betamethasone
acetate and betamethasone phosphate (Celestone Soluspan). The total dose never exceeded
12 mg/d, which is equivalent to the dose a 70-kg pregnant women would receive.
Intramuscular injections were given 24 hours apart at 80 and 81 days of gestation (term
gestation is 145 days). Offspring were studied as either part of the fetal cohort (control n =
21, betamethasone n = 14), the renal function cohort (control n = 23, betamethasone n = 20),
or the blood pressure cohort (control n = 24, betamethasone n = 18). Pregnant sheep were
maintained with free access to food and water in open pasture. To obtain fetal tissues, sheep
were brought to the laboratory at 130 days gestation for cesarean section delivery of the
fetus at 135 days gestation. For the adult studies, lambs were weaned at 3 months of age
after spontaneous term delivery, placed in sex-specific enclosures and brought to the
laboratory at different times starting at 6 months of age. In all adults, a nonocclusive femoral
artery and vein catheters were placed under general isofluorane anesthesia using strict
aseptic procedures as previously described.16 Sheep were housed in a study cart into which
they were placed after the surgical procedure and experiments were conducted at least 5
days after surgery. All procedures were approved by the Institutional ACUC (Animal Care
and Use Committee).

Determination of Nephron Number

In the fetal cohort, fetuses were delivered by cesarean section performed under general
anesthesia and euthanized with 4 mL of Euthasol, dried, and body weight obtained before
harvesting the kidneys. In the adult cohort, sheep were euthanized by exsanguination under
general inhalation anesthesia and the kidneys removed. Kidneys were weighed, and the
caudal half (adult) or the entire right kidney (fetus) was used to count the number of
glomeruli. Nephron counting was performed in a blinded fashion using the acid maceration
method.16 Briefly, the right kidney was weighed and minced, and two 0.8 g aliquots were
digested at room temperature in 10 mL of 8 N HCI for 2 hours in a rocking platform. From
each aliquot, fifteen 10 uL samples were placed on a grided microscope slide and glomeruli
counted under phase contrast. In addition, in a subset of the adults, glomerular density, and
diameter were evaluated on 5 um sections of kidney tissues from a transverse formalin-fixed
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specimen obtained at the level of the kidney hilum. Glomerular density and diameter were
measured on digital 20x microphotographs of hematoxylin and eosin-stained kidney
sections using Sigma Scan (Systat Software Inc, New Jersey). The number of glomeruli
within the measuring grid on a random area of the specimen was used to determine the
density, and the average of the 2 major axes on each glomerulus was used to determine
diameter. The number of glomeruli examined for each animal ranged from 60 to 100.

Blood Pressure recording

The arterial catheter and an open tip catheter filled with saline were connected to pressure
transducers (World Precision Instruments, Sarasota, Florida). Pressure was recorded
continuously for a minimum of 2 days using Windaq Pro+ data acquisition software
(DATAQ Instruments, Inc, Akron, Ohio). The output of the amplifiers was sampled at 150
Hz, digitized, and stored on the hard disk of a desktop computer. Pressure recorded from the
open tip catheter was used as a reference to subtract pressure changes related to changes in
the animal’s position. One minute averages of heart rate, systolic, mean, and diastolic
pressure were calculated using custom designed software (Cruncher, Instrument Concepts
Inc., Debert, Nova Scotia, Canada). The variable used for statistical purposes was the
computed mean of 2400 1-minute pressure averages over 2 days.

Inulin and Para aminohippuric Acid Clearance

Renal function was evaluated by measuring glomerular filtration rate and effective renal
plasma flow (ERPF) using inulin and para aminohippuric acid (PAH), respectively (Sigma
Chemical, St Louis, Missouri). A bolus of 850 mg inulin and 225 mg PAH was followed by
a 10 mg/min and 11 mg/min continuous infusion for 3 hours, respectively. Samples of
arterial blood were obtained after 80-min equilibrium time; clearances were calculated using
the average of 4 samples taken 15 minutes apart.16

Statistical Analysis

RESULTS

Data are expressed as mean £ SEM and were analyzed by either 2-way ANOVA or 2 sample
t test.

Fetal Studies

Betamethasone administration at 80 dGA reduced glomerular number by approximately
25% at 135 dGA in both male and female fetuses (Table 1). The decrease in nephron
number occurred without a significant decrease in either fetal or kidney weight. A
statistically significant correlation between the kidney weight and the total number of
glomeruli, which was positive, and between kidney weight and glomeruli per gram of
kidney weight that was negative was observed in both the control and the steroid exposed
groups (Figure 1, panels A and B). Similarly, kidney weight (r =.7, P <.001;r=.8, P <.
001) and nephrons per gram of Kidney (r = —.7, P <.01; r = —.9, P <.001) were highly
correlated to body weight in control and betamethasone groups, respectively. In contrast,
total nephron number was not associated with fetal body weight in either group.

Adult Studies

Inulin and PAH clearance—To account for sex and age differences in weight, clearance
data were normalized for body surface area. Glomerular filtration rate was not significantly
different between control and steroid exposed sheep by 1 year of age (Figure 2). In older
animals, GFR was significantly lower compared to sheep up to a year of age, in control and
steroid-exposed groups of both sexes (Figure 2). In addition, in this older group, a
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significant betamethasone effect was observed only in males (Figure 2). Similarly, in the
cohort in which we have contemporaneous measurements of blood pressure, GFR and
nephron number at an average age of 17 months, a significant decrease in GFR from 132.0 +
12.7 to 114.0 + 7.0 mL/min was present only in the male betamethasone-exposed group
(Table 2). No sex, age, or treatment differences were observed in ERPF (data not shown).

Blood pressure, GFR, and nephron number—Measurements of arterial blood
pressure, GFR, and nephron number were obtained at similar ages in both groups (females
16.0£1.0vs 18.0 £ 2.0; males 17.0 £ 2.1 vs 17.0 £ 1.5; age in months betamethasone vs
control). We did not observe sex or betamethasone treatment effects on birth weight and on
kidney or body weights at the time of tissue harvest (Table 2). The number of glomeruli in
the adult kidney was significantly reduced in both male and female sheep exposed to
antenatal betamethasone (Table 2). Both the absolute number as well as the magnitude of the
decrease (~25%) were in the same range as those found in the fetal cohort at 135 dGA. We
found no differences in glomerular density or diameter between the 2 groups; density in
arbitrary units 23.0 £ 1.0 vs 22.0 £ 1.6 and diameter in pm 148.0 + 2.4 vs 145.0 £ 2.5 for
control (n = 8) and betamethasone, respectively (n = 9). Similar to the findings in the fetal
cohort, the weight of the adult kidney also exhibited a statistically significant correlation
with either the total number of glomeruli (positive) or glomeruli per gram of kidney weight
(negative) in both the control and the steroid exposed groups (Figure 1, panels C and D).
Total nephron number was not associated with birth weight (data not shown). In contrast to
the fetal cohort, adult kidney weight was not correlated to either birth or adult body weight.
As shown in Figure 3, there was no trend for a progressive decrease in nephron number with
advancing age in either the control or the betamethasone-treated groups. Arterial blood
pressure was significantly elevated in both female and male adult sheep exposed antenataly
to betamethasone (Figure 4). As in the case of nephron number, there were no sex
differences in either the absolute value or the magnitude of the betamethasone effect in
arterial blood pressure. Figure 5 shows a scatter plot of the individual values of mean arterial
blood pressure as a function of total nephron number in male and female sheep. There was
no statistically significant association between the number of nephrons and the arterial blood
(mean, systolic or diastolic) pressure in either the control or the steroid exposed groups.
Similarly, there was no statistically significant association between GFR and arterial blood
pressure in either the control or the steroid-exposed group (Figure 6) and ERPF (data not
shown).

DISCUSSION

The purpose of the current study was to assess the importance of the decrease in nephron
number by evaluating the relationship between nephron number, blood pressure, and indices
of renal function in adult sheep that were exposed to betamethasone before birth. We found
that antenatal administration of clinically relevant doses of betamethasone during peak
nephrogenesis induces a reduction in the number of nephrons in both males and females in
the absence of intrauterine growth restriction and/or prematurity. In adult males, but not
females, the reduction in nephron number was accompanied by a reduction in GFR. We also
demonstrated that betamethasone administration was associated with an increase in arterial
blood pressure of similar magnitude in male and female adult sheep and the increase in
blood pressure precedes any decrease in GFR in the males. Furthermore, we found no
significant association between the magnitude of the decrease in nephron number and the
magnitude of the increase in arterial blood pressure. Our data thus support the conclusion
that exposure to glucocorticoids at a time of rapid kidney growth is associated with an
elevation in blood pressure that does not appear related solely to the reduction in nephron
number.
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In sheep as in humans, nephrogenesis takes place during intrauterine life and is complete
well before normal term delivery. We administered betamethasone to fetal sheep at the time
of peak nephrogenesis that would be comparable to a gestational age of about 24 weeks in
humans. The time was chosen because more than 50% of pregnant women receiving
antenatal steroids are treated between 23 and 28 weeks of gestation.181° As in our previous
report,16 we observed a decrease in the number of glomeruli of about 25% without any
decrease in fetal body or kidney weights. In addition, betamethasone treatment did not alter
the linear relationship between kidney weight and body weight or total number of nephrons
and kidney weight. The lack of any detectable effect on fetal or postnatal growth indicates
the steroid-induced reduction in nephron number can occur in the absence of alterations in
growth. This finding is highly relevant as antenatal steroid administration is still the only
effective treatment to decrease the incidence of acute respiratory distress in newborns of less
than 32 weeks gestation. More than 90% of women threatened with premature labor receive
at least 1 course of antenatal steroids.1819

The estimation of total number of glomeruli using the acid maceration technique compares
very well to the unbiased fractional dissector technique. The total number of nephrons for
the control group in both the fetal and the adult cohorts are consistent with the number
reported for this species and agrees very well with those reports using the same
technique.29-27 The 2-fold range in the number of nephrons that we observed in both the
control and the betamethasone-exposed groups is in keeping with reports of high variability
in the number of glomeruli within a given species. In fact, sheep seem to have a smaller
variability when compared to humans where an 8-fold range was observed in individuals
with no known renal pathology.28 As reported for humans and other species, we found that
total nephron number is highly correlated with kidney weight. However, we did not find a
significant correlation of nephron number with either fetal weight in the 135 dGA group or
birth weight in the adult cohort. In humans, several studies have reported that nephron
number is directly correlated with birth weight.2%-28 The correlation is stronger in those
studies in which the sample included individuals with birth weights outside of what is
normally considered adequate for gestational age (<2.5 kg at term).2%:28 In a more recent
study, although a relationship between birth weight and nephron number was also found, the
authors suggest that it was heavily influenced by the existence of extreme values.3? The lack
of a steroid effect on fetal or birth weight in the offspring and the lack of correlation of
nephron number with fetal birth weight suggests that such a correlation exist only if the
group in question includes small-for-gestational age or intrauterine-restricted individuals.
Nevertheless, it is important to note that in the case of IUGR the reduction in nephron
number is associated with a decrease in kidney weight, representing a proportional decrease
in number and size of renal structures. In contrast, a decrease in nephron number without a
concomitant decrease in kidney size and/or weight, as the one in the current study, would
suggest a compensatory growth of parts of the nephron or other renal structures. Although
we did not find differences in glomerular density or size, we cannot rule out that possibility,
as we examined only tissue representing the middle section of the kidney and we did not
look for changes in elements of the kidney medulla.

The data presented herein suggest that it is unlikely the reduction in nephron endowment is
the main mechanism for the elevation in blood pressure in the betamethasone-exposed adult
sheep. This view has also been advanced by others in the case of protein restriction-induced
nephron deficit.31 The magnitude of the blood pressure increase did not change with
advancing age, and there was no significant correlation between the decrease in the number
of glomeruli and the increase in arterial blood pressure. A 50% reduction of the nutritional
allowance during early ovine pregnancy has been shown to be associated with a decrease in
nephron number in the offspring ranging from 11% to 44%.27:26 Interestingly, a persistent
elevation in blood pressure was found only in those animals in which the reduction in
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nephron mass was 11%.27 In animals with a 44% decrease in nephron number, an elevated
blood pressure was found only under fasting conditions.26 Brenner et al32 have proposed
that a congenital deficit in nephron number, as the one observed in association with IUGR,
increases the susceptibility to develop hypertension. The hypothesis states that in the setting
of low nephron endowment there is compensatory hypertrophy of the remaining glomeruli
and hyperfiltration at the level of each nephron. Hypertension develops as a consequence of
the progressive decrease in nephron number due to glomerulosclerosis.33 We saw a
significant increase in arterial blood pressure as early as 6 months of agel® and neither the
decrease in nephron number nor arterial blood pressure show progression with advancing
age. During the first year of age, GFR was normal in these animals with reduced number of
nephron, indicating that single nephron hyperfiltration must have developed. However, no
further decrease in nephron number was observed in older animals, and we found no
evidence of glomerular hypertrophy or severe glomerular damage in a subset of animals. In
humans born with a single kidney, the changes associated with hyperfiltration are thought to
take two to three decades.33 Therefore, the relatively short follow-up time in our studies
would preclude us from finding extensive nephron damage. Reports by us and others on
alternative mechanisms for the development of hypertension following exposure to antenatal
steroids notwithstanding,34-36:6:37 3 permissive effect of the reduction in nephron number
cannot be ruled out. Administration of dexamethasone to sheep early in gestation is also
associated with hypertension in the adult offspring. Although a reduction in nephron number
of similar magnitude has been reported in adult females, the authors suggest that an increase
in cardiac output is the most likely mechanism for the elevation in blood pressure.® In
contrast, upregulation of AT1 angiotensin Il receptor expression in the brain seems to
mediate the observed hypertension in males.3’

Animal studies have clearly shown an association between antenatal steroid exposure and
the development of hypertension later in life, and in all cases low nephron endowment was
present.38:5:3%-41 | contrast, data on the long-term effects of antenatal steroids in humans
are contradictory and also have the confounding effects of prematurity, very low birth
weight and differences in the stage of gestation at which steroids were given. For example, a
small but significant increase in arterial blood pressure was reported in 14-year-old children
born prematurely3 who received steroids, and an increased odds ratio for hypertension was
found in infants exposed to steroids before birth.#2 However, other studies have failed to
find elevations in blood pressure associated with antenatal steroid treatment#3:44 although
one did note a reduction in GFR in the steroid group.?4 The fact that questions remain
regarding the long-term effects of antenatal steroids on blood pressure and renal function in
adulthood and that the use of antenatal steroids has become standard of care in women with
premature labor makes the use of animal models to study the consequences of prenatal
steroid exposure both necessary and important.

In conclusion, this study establishes the long-term effects of antenatal glucocorticoids on
nephron number, arterial blood pressure, and GFR in the same animals when used at a dose
and gestational age comparable to clinical usage. An important finding is the lack of support
for the decrease in nephron number being the underlying mechanism of the elevation in
blood pressure. Additional work is needed to further our understanding of the mechanisms
leading to the development of hypertension in the adult exposed antenatally to
glucocorticoids.
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Total nephron number (A and C) and nephron number per gram of kidney (B and D) in fetal
and adult male and female sheep exposed antenataly to either vehicle (o males; fetus n = 11,
adult n = 11, A females fetus n = 10, adult n = 8) or betamethasone (e males fetusn =7,
adultn =12, A females fetus n =7, adult n = 12) at 80 days of gestation. A significant
correlation between kidney weight and either total nephron number or nephrons per gram of
kidney was present in both treatment groups in the fetal and adult cohorts.
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Normalized glomerular filtration rate (GFR) in male (top panel) and female (lower panel)
adult sheep exposed antenataly to either vehicle (o) or betamethasone (m) at 80 days of
gestation. No significant decrease in GFR was observed in animals younger than 12 months.

* Significant age effect P < .05 by ANOVA,; ¢ significant treatment effect P < .05 by

ANOVA. [Control: n =12 and n = 17 in young and old malesand n =10and n =11 in
young and old females; betamethasone n = 10 and n = 10 in young and old males, n = 12

and n = 14 in young and old females].
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Figure 3.

Total nephron number plotted against age at which the tissue was obtained in fetal and adult
sheep of both sexes exposed antenataly to either vehicle (o) or betamethasone (4p) at 80
days of gestation. No systematic trend in the number of glomeruli with advancing age was
present.
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Figure 4.

Avrterial blood pressure in adult sheep of both sexes exposed antenataly to either vehicle (o;
n =5 females, n = 10 males) or betamethasone (m; n = 8 females, n = 12 males) at 80 days of
gestation. Panels A and B; mean arterial pressure, Panels C and D; systolic arterial pressure
and Panels E and F; diastolic arterial blood pressure. xP < .05 treatment effect by analysis

of variance (ANOVA).

Reprod Sci. Author manuscript; available in PMC 2011 December 6.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

120 A ‘

@ ®
* o

£ ¢ _2° 7
é X 4 0’9"000
8100— 000 aQ:
7 S © O
o°
e,
= g0 A O
)
R
<

0 T T T T T

4.0x10° 6.0x10° 8.0x10° 1.0x106 1.2x106
Number of nephrons

Figure 5.
Mean arterial blood pressure in adult sheep of both sexes exposed antenataly to either

vehicle (o) or betamethasone (4p) at 80 days of gestation. No systematic trend in the
number of glomeruli with advancing age was present.
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Figure 6.

Mean arterial blood pressure versus glomerular filtration rate (GFR) in adult sheep of both
sexes exposed antenataly to either vehicle (o) or betamethasone (4p) at 80 days of gestation.
No significant correlation was present between arterial pressure and GFR.
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