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Preterm birth and ventilation decrease surface density of
glomerular capillaries in lambs, regardless of postnatal

respiratory support mode

Eveline Staub'?, Mar Janna Dahl?, Calan Yost?, Sydney Bowen? Toshio Aoki?, Adam Blair?, Zhengming Wang?, Donald M. Null?3,

Bradley A. Yoder? and Kurt H. Albertine?

BACKGROUND: Prematurity is often complicated by respi-
ratory support, including invasive mechanical ventilation
(IMV) and noninvasive support (NIS). Compared with IMV, NIS
reduces injury to the lung and brain. Prematurity may also
disrupt glomerular architecture. Whether NIS differentially
affects glomerular architecture is incompletely understood.
We hypothesized that IMV would lead to greater disruption of
glomerular architecture than NIS.

METHODS: This is a secondary analysis of kidneys from mod-
erately preterm lambs delivered at ~131 d gestation (term
~150 d) that had antenatal steroid exposure and surfactant
treatment before resuscitation by IMV. At ~3h of age, half of
the lambs were switched to NIS. Support was for 3 d or 21 d.
Structural indices of glomerular architecture were quantified.
RESULTS: The number of glomerular generations was unaf-
fected by moderate preterm birth and respiratory support,
either IMV or NIS. At 3 d and 21 d of IMV or NIS, glomerular
capillary surface density was not different. Glomerular capillary
surface density was significantly lower in the inner and outer
cortex compared with unventilated gestation age-matched or
postnatal age-matched reference lambs.

CONCLUSION: Moderate preterm birth and invasive or non-
invasive respiratory support decreases glomerular capillar-
ization in the lamb kidney. This adverse effect on glomerular
development may contribute to increased risk for adult-onset
hypertension and renal dysfunction.

Ithough the absolute number of nephrons appears to be

in place by around 36 wk gestation in the kidney of the
human fetus, maturation of nephrons is only about 60% com-
plete (1-4). After preterm birth, the immaturity of the kidneys
makes them vulnerable to perinatal and postnatal stresses
that may disrupt kidney development. Increasing evidence of
prematurity as a risk factor for impaired renal function and
hypertension with onset early in childhood (5,6) suggests that
altered postnatal renal maturation has a long-term impact on
renal health.

Management of premature infants is often complicated by
the need for either invasive or noninvasive respiratory support
for respiratory distress (7). Invasive support entails endotra-
cheal intubation with invasive mechanical ventilation (IMV),
whereas noninvasive support (NIS) provides respiratory gases
via the nose/pharynx of spontaneously breathing neonates.
Acute lung injury during IMV in adults is associated with
acute kidney injury, and various animal and human stud-
ies provide evidence of the interplay between IMV and renal
function (8,9). The effects of IMV on the immature kidney
are incompletely understood. An autopsy study of premature
human infants showed ongoing, but altered postnatal glo-
merulogenesis and glomerular maturation (10). However, the
causes of illness and death varied, not all of the preterm infants
had respiratory failure, and others had intrauterine growth
restriction. Therefore, the impact of IMV per se could not be
determined. Analysis of the kidney of premature baboons sup-
ported by IMV for up to 21 d revealed that glomerulogenesis
continued postnatally, but postnatal glomerular development
was disrupted (11). Both studies examined subjects born
before the completion of glomerulogenesis and may demon-
strate effects that are different in preterm subjects born around
or after the time when all glomeruli are formed. Both studies
also reveal that vulnerability of glomeruli is greater in the outer
cortex than the inner cortex, a finding that matches the cen-
trifugal wave of glomerulogenesis (12).

Noninvasive respiratory support (NIS) is widely used for pre-
term infants. Together with other measures such as antenatal
steroid exposure, surfactant replacement therapy, and caffeine
administration, NIS is associated with less bronchopulmonary
dysplasia (BPD)compared with IMV (13). Evidence from pre-
term lambs and preterm baboons shows that NIS,compared
with IMV, not only reduces injury to the lung, but also the
brain (14-16). Whether IMV and NIS have differential effects
on glomerular development is not known.

The aim of this study is to identify differential effects of IMV
vs. NIS on glomerular architecture in the kidneys of preterm
lambs. Our study is a secondary analysis of fixed kidneys from
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moderately preterm lambs (~131 d gestation; term ~150 d)
that were supported by either IMV or NIS for 3 d or 21 d
for the purpose of identifying effects of mode of respiratory
support on alveolarization in the immature lung (14,15). For
this study, we quantified glomerular generations, glomerular
capillary surface density (SV ), and glomerular surface area.
We hypothesized that IMV would lead to greater disruption
of glomerular architecture than NIS. Our results suggest that
glomerular development is vulnerable to disruption by either
invasive or noninvasive respiratory support.

METHODS

The protocols adhered to the American Physiological Society/
National Institutes for Health guidelines for humane use of animals
for research, and were approved by the Institutional Animal Care and
Use committee at the University of Utah, Health Sciences Center.

Preterm Lamb Groups for Respiratory Support for 3d or21d
This is a secondary analysis of kidneys from moderately preterm
lambs delivered at ~131 d gestation that we studied for lung out-
comes (15). At the time of the lung study, indices of renal func-
tion were not measured, other than urine output. The methods for
chronically ventilated preterm lambs are reported (14,15). Briefly,
time-pregnant ewes at —131 d of gestation (term ~150 d) were used.
Glomerulogenesis finishes at —120 d of gestation in sheep (17);
therefore, our model of moderately preterm ventilated lambs exam-
ined glomerular development after glomeruli are formed. Preterm
lambs were exposed to antenatal betamethasone (6 mg/kg; American
Regent, Shirley, NY), perinatal surfactant (240 mg; Curosurf, Chiesi,
Parma, Italy), and postnatal caffeine citrate (loading dose of 15mg/
kg; Paddock Laboratories, Minneapolis, MN; 5mg/kg/d). Before,
delivery, fetuses were prospectively assigned to one of two modes of
respiratory support: (i) invasive mechanical ventilation (IMV) or (ii)
NIS. After operative delivery, preterm lambs were supported by IMV
(Bird VIP ventilator, Palm Springs, CA), with warmed, humidified
gases. Target respiratory gas parameters were partial pressure of arte-
rial oxygen (PaO,) of 60-80 mmHg, partial pressure of arterial carbon
dioxide (PaCO,) of 45-60 mmHg, and pH of 7.25-7.35.

Preterm lambs assigned to NIS were weaned from IMV at 2-3h
of postnatal life (14,15). An uncuffed Murphy tube (ID 3.0-4.0 mm)
was inserted through one nostril, after application of topical lido-
caine (2%; Hospira, Lake Forest, IL) to minimize pain and discom-
fort. When the lambs breathed spontaneously, the endotracheal tube
was removed before the nasal tube was attached to a pulsatile Flow
Ventilator (VDR4; Percussionaire, Sandpoint, ID) equipped with a
humidifier.

Preterm lambs were ventilated for 3 d or 21 d. Lambs in the IMV
group were sedated with pentobarbital sodium (1-3mg/kg per dose,
iv; Abbott Laboratories, North Chicago, IL) as needed to minimize
discomfort associated with the endotracheal tube. However, mid-
way into the study, injectable pentobarbital sodium became unavail-
able. Consequently, the protocol was changed to Fentanyl (5 pg/kg/
dose, Hospira, Lake Forest, IL). Additional sedation was buprenor-
phine (3 pg/kg every 12h, iv; Buprenex, Reckitt Benckiser Healthcare,
Richmond, VA). Lambs in the NIS group were minimally sedated to
permit effective spontaneous breathing (pentobarbital sodium, <1 mg/
kg per dose; Fentanyl <1 pg/kg/dose). All preterm lambs had dextrose
and saline solutions administered (iv). Antibiotics were given daily
(100,000 U/kg potassium penicillin; Pfizer, Groton, CT, and 2.5 mg/kg
gentamicin; Hospira, Lake Forest IL, for the first 10 d of the 21 d study).
Enteral (orogastric) feeding of sheep colostrum began at ~4h of post-
natal life. The volume was advanced as tolerated to 60 kcal/kg/d. For the
21 d groups, orogastric feeding was switched to sheep milk on postnatal
day of life 4 and continued for 21 d. The volume of milk was advanced
as tolerated. Target for total energy substrate was 150 kcal/kg/d.

Monitoring
During respiratory support, we measured heart rate, blood pressure,
fractional inspired oxygen (FiO,), PaO,, PaCO,, pH, peak inspiratory
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pressure, positive end-expiratory pressure, mean airway pressure,
oxygen saturation, hematocrit, plasma sodium, and plasma glucose.
Daily measurements included weight, enteral colostrum/milk and
total (enteral plus intravenous) fluid intake, urine and stool output,
rectal temperature, and total and differential white blood cell counts.
Because the present assessment of renal development was a secondary
analysis, relevant biochemical parameters for renal function (creati-
nine, Blood urea nitrogen (BUN), glomerular filtration rate) were not
measured and could not be measured retrospectively.

Lamb Groups for Normal Developmental Reference
Fetal lambs were delivered at gestational ages of 130 d (F130) and 136
d (F136), bracketing the gestational age at delivery (131-132 d) and
age at the end of 3 d respiratory support (134-135 d), respectively for
preterm lambs. None of the ewes for the fetal lambs received prepar-
tum dexamethasone. Fetal lambs were not allowed to breathe before
tissue collection. Two groups of term lambs were spontaneously born
and left with their mothers for 1 d after birth (T1d) or 21 d after birth
(T21d). The T1d group provided the gestation age-matched refer-
ence for preterm lambs that were supported for 21 d because preterm
lambs were delivered 21 d early. The T21d group provided the postna-
tal age-matched reference for the 21 d preterm lamb groups that were
supported for 21 d. The T1d and T21d groups were fed ad libitum by
their mothers.

None of the preterm lambs had, or required, urinary bladder cath-
eters. None of the preterm lambs had structural evidence of urinary
tract anomalies or obstruction at necropsy.

Postmortem Analyses

Lambs were given 1,000 U heparin sodium (iv; APP Pharmaceuticals,
Schaumberg, IL) followed by pentobarbital sodium (60mg/kg;
Beuthanasia solution, Ovation Pharmaceuticals, Deerfield, IL). The
abdomen was opened and both kidneys were removed. One kidney
was cut into uniform slices that were immersed in 10% neutral buff-
ered formalin at 4°C for 24 h. Systematic, uniform, random methods
were used for unbiased sampling (11,18) to obtain paraffin-embedded
sections (5 um thickness).

Immunohistochemistry

We used a polyclonal rabbit anti-sheep CD-31 antibody (optimal
dilution 1 : 500) made in our laboratory as a capillary endothelial
cell marker (14,19). Glomerular capillaries (as well as other capil-
laries) were uniformly immunostained brown for measurement of
SV,.. Immunohistochemical staining controls were substitution of
the primary antibody with an irrelevant primary antibody (monoclo-
nal mouse antiactin alpha-smooth muscle antibody, Cat. no. A5225,
Sigma-Aldrich, St Louis, MO), omission of the primary antibody
(replaced with blocking buffer), and omission of the secondary anti-
body (replaced with blocking buffer).

Quantitative Histologic Analyses

Glomerular generations and indices of glomerular architecture were
measured by computer-assisted image analysis (Bioquant True-
Color Windows, R&M Biometrics, Nashville, TN). For glomerular
generations, five medullary rays were cut longitudinally to count all
glomeruli along one side of each medullary ray (20). For glomerular
capillarization, we quantified SV _. The cortex was visually stratified
into three layers of equal depth: inner, middle, and outer cortex. From
a randomly chosen starting point, 25 sequential glomeruli each were
photographed within the inner and outer stratum at 100x magnifica-
tion. A cycloid grid was placed over each digital image. Intersections
and endpoints were counted as either crossing immunostained capil-
laries or lying over tissue, respectively, within a glomerulus. The ratio
of counts of capillary intersections over tissue points was calculated
for SVgc (21). We also measured glomerular surface area (20).

Data analysis

Results are reported as mean + SD. Data were normally distributed
(Shapiro-Wilk test); therefore, for physiological results, between-
group comparison was by unpaired ¢-test, and within-group compar-
ison was by ANOVA followed by Dunnetts post hoc test, using day
of life 1 as the comparison age. Likewise for morphometric results,
we used ANOVA followed by Fishers PLSD post hoc test. We used

Copyright © 2017 International Pediatric Research Foundation, Inc.
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StatView 5.0 (StatView, Nasbit, MS) and assessed statistical signifi-
cance at P < 0.05.

RESULTS

Demographic Characteristics of Preterm Lamb 3 and 21d

Groups

Gestational age at delivery was ~131 d for the 3 d groups of
preterm lambs (Table 1). Males made up to half of the lamb
groups. Birth weight and ending weight were not different
among the groups.

For the 21 d preterm lambs, gestational age at delivery was
~132 d (Table 2). Males made up one-third of the 21 d group.
Birth weight was not different among groups. Ending weight
was not different between the preterm lamb groups, although
the change in weight from birth to the end of 21 d was 0kg for
the IMV group and +0.8 kg for the NIS group. As expected, the
T21d reference group weighed more than the preterm lambs.

Physiological Parameters for 3 and 21 d Preterm Lamb groups

For the 3 d preterm groups (Figure 1), peak inspiratory pres-
sure setting at the ventilator was similar for the IMV and NIS
groups. Mean airway pressure setting at the ventilator was sig-
nificantly higher for the IMV group compared with the NIS
group. Positive end-expiratory pressure was kept constant

Table 1. Demographic characteristics of preterm lambs for 3 d
ventilation studies, compared with unventilated fetal reference lambs
at matched gestational ages

Fetal Fetal
reference Preterm 3 d reference
F130 IMV NIS F136
Sex (Male:Female) 2:6 4:4 3:5 4:4
Gestational age (d) 1311 1311 133+£2 136+1
Weight at delivery (kg) 3.1+0.8 3708 4.8+1.1 40+14
Weightatstudyend (kg)  3.1+£0.8 33+09 43+1.1 4.0+14

(mean + SD; n=8/group). F130 = fetal age 130 d. F136 = fetal age 136 d. Fetal ages of
reference lambs match gestational ages of preterm ventilated lambs at beginning and
end of the study, respectively,

IMV, invasive mechanical ventilation; NIS, noninvasive support.

Table 2. Demographic characteristics of preterm lambs for 21 d
ventilation studies, compared with unventilated fetal and term
reference lambs at matched gestational and chronological age

Fetal Term Reference
reference Preterm21d (~150d)
F130 IMV NIS T T21d
Sex (Male : Female) 2:6 2:6 2:6 5:3 5:3
Gestational age (d) 131£1  132+2 132%1

3.1+08 4.1+08 4.0+0.8 53+1.7 48+04
3.1+£08 4.4+06 48+1.2 53+1.7 145+£3.8*

Weight at delivery (kg)
Weight at study end (kg)

(mean +SD; n = 8/group).

F130 = fetal age 130 d, matching gestational age of preterm ventilated lambs at
beginning of the study. T = unventilated term born lamb on day 1 of life, matching
gestational age at end of preterm ventilation study. T21d = unventilated term born lamb
onday 21 of life, matching chronological age at end of preterm ventilation study.

IMV, invasive mechanical ventilation; NIS, noninvasive support; T, term.

*P < 0.05compared with matched preterm ventilated lambs.

Copyright © 2017 International Pediatric Research Foundation, Inc.

at 8 cmH, O for both groups (see Supplementary Figure
S1 online). FiO, setting at the ventilator was not different
between the two groups and decreased during the first 24 h of
life. These ventilator settings kept arterial blood pH, PaCO,,
and PaO, within target range (see Supplementary Figure S1
online). Systolic blood pressure and heart rate were not dif-
ferent between the two groups. Total fluid intake (intravenous
plus enteral) and enteral milk intake also were not different
between the two groups. Urine output, plasma sodium and
glucose levels (see Supplementary Figure S1 online) also were
not different between the IMV and NIS groups.

We did not measure creatinine, BUN, or glomerular filtra-
tion rate because this study was secondary to respiratory gas
exchange and alveolarization assessements.

For the 21 d preterm groups (Figure 2), peak inspiratory
pressure and mean airway pressure settings at the ventilator
remained constant for the IMV group, whereas peak inspira-
tory pressure and mean airway pressure settings at the ven-
tilator progressively declined for the NIS group. Positive
end-expiratory pressure was kept constant at 8 cmH,O for
both groups (see Supplementary Figure S2 online). FiO, set-
ting at the ventilator was significantly lower for the IMV group
on the first day of life compared with the NIS group. Thereafter,
FiO, setting at the ventilator was not different between both
groups. Arterial blood gas values (pH, PaO,, and PaCO,)
were not different and within target range for both groups
(see Supplementary Figure S2 online). No differences were
detected for systolic blood pressure and heart rate between the
two groups. Systolic blood pressure peaked during the second
week of life for both groups. Total fluid intake (intravenous
plus enteral) and enteral milk intake progressively increased
for the NIS group, whereas both intakes decreased for the IMV
group. Total fluid intake and enteral milk intake were constant
and not different during the first 14 d of life for both groups.
Both intakes decreased significantly during the third week of
life for the IMV group, whereas both intakes increased dur-
ing the same period for the NIS group. Urine output was not
different between the two groups, with an exception of lower
urine output on day of life 19 for the IMV group (P < 0.05).
Plasma sodium and glucose levels were not different between
the IMV and NIS groups during the 21 d study period (see
Supplementary Figure S2 online).

Indices of Glomerular Number and Maturation for 3 and 21 d
Preterm Lamb Groups
Preterm lambs that were supported by IMV or NIS for 3d
did not have differences in the number of glomerular genera-
tions (Figure 3). We saw no histological evidence of imma-
ture or shrunken glomeruli in either the inner or outer cortex.
Immunostaining of glomerular capillaries is shown in Figure 4.
We used the immunostained sections for SV measurements.
SV, and glomerular surface area were not different between
the IMV and NIS groups, regardless of cortical region.

Figure 3 includes results for normal development for con-
trast with the results for the preterm lamb groups. Glomerular
generations were not different among the F130 and F136
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Figure 1. Physiological parameters for 3 d preterm lamb groups. Parameters measured at 12 h intervals for (a) peak inspiratory pressure (PIP), (b) mean
airway pressure, (c) fractional inspired oxygen (Fi0,), (d) systolic blood pressure, (e) heart rate, (f) total fluid intake (intravenous plus enteral), (g) enteral
milk intake, and (h) urine output for preterm lambs that were supported by invasive mechanical ventilation (IMV; white circles) or noninvasive support
(NIS; black circles) over the first 72 h of life. Between-groups comparisons at indicated hour-of-life by unpaired t-test (*P < 0.05compared with NIS group,
and within-group by ANOVA and Dunnett’s post-hoc test (P < 0.05compared with d1 IMV; *P < 0.05compared with d1 NIS).

a b
50 E 20
@
o) o * % *
T D'ON e XAk e %
E o5 * T 10
£ * * % E g
o T =
o c
8
0+ T T 1 s 0+ T T ?
1 7 14 21 1 7 14 21
Day of life Day of life
e f
300 - 400 -
= Q
£ 3 1 Tx
g £s
=2
£ 150 1 2¥ 200
b TE
I 4 s~ i
T °
0+ T T 1 0+ T T 1
1 7 14 21 1 7 14 21
Day of life Day of life

c d
[
1.0 5 150 —#
* @
o
235
~ o £
Q os SE 75 P
S E
o
°
0+ T T 1 & 0+ T T 1
1 7 14 21 1 7 14 21
Day of life Day of life
g h
i #
S 250 oo 250
4 -
2 $2 12
s £ E
£ =)
=
= 0+ T T T
1 7 14 21
Day of life Day of life

Figure 2. Physiological parameters for 21 d preterm lamb groups. Parameters measured at 24 h intervals for (a) peak inspiratory pressure (PIP), (b) mean
airway pressure, (c) fractional inspired oxygen (FiO,), (d) systolic blood pressure, (e) heart rate, (f) total fluid intake (intravenous plus enteral), (g) enteral
milk intake, and (h) urine output for preterm lambs that were supported by invasive mechanical ventilation (IMV; white circles) or noninvasive support
(NIS; black circles) over 21 d of life. Between-groups comparisons at indicated day-of-life by unpaired t-test (*P < 0.05compared with NIS group), and
within-group by ANOVA and Dunnett’s post-hoc test (P < 0.05compared with d1 IMV; #*P < 0.05compared with d1 NIS).

reference groups and preterm lamb groups. SV - was sig-
nificantly greater for glomeruli located in the inner cortex of
the F130 reference group compared with both preterm lamb
groups. SV __ was significantly greater for the outer cortex of
the F130 and F136 reference groups compared with both pre-
term lamb groups. Glomerular surface area was significantly
less for glomeruli located in the inner cortex of the F130 refer-
ence group compared with preterm lambs supported by IMV
and NIS. Glomerular surface area was significantly less for the
outer cortex of the F130 and F136 reference groups compared
with the NIS preterm lamb group.
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Preterm lambs that were supported by IMV or NIS for 21 d
also did not have differences in the number of glomerular gen-
erations (Figures 4 and 5). SV__was not different between the
IMV and NIS groups, regardless of cortical region. Glomerular
surface area was significantly less for glomeruli in the inner
cortex of the IMV group compared with the NIS group. For
the outer cortex, glomerular surface density was not different
between the IMV and NIS groups.

The panels in Figure 5 likewise provide contrasting results
for normal development. Glomerular generations were not dif-
ferent among the reference groups and preterm lamb groups.

Copyright © 2017 International Pediatric Research Foundation, Inc.
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SV, was significantly greater for glomerulilocated in the inner
cortex among the F130, T1d, and T21d groups compared with
preterm lambs supported by IMV or NIS. Glomerular surface
area was significantly less for glomeruli located in the inner
cortex within the F130 reference group compared with the NIS
group of preterm lambs. The 21 d reference group had signifi-
cantly greater glomerular surface area than the NIS group of
preterm lambs. Glomerular surface area for the outer cortex
was significantly less for the F130 reference group compared
with both NIS preterm lamb group. The 21 d reference group
had significantly greater glomerular surface area than the NIS
group of preterm lambs.

DISCUSSION

The principal finding of our study is that moderate preterm
birth and 3 d or 21 d of respiratory support, either IMV or NIS,
impairs postnatal development of SV and glomerular surface
area. Glomerular generations were not affected, as expected
because the preterm lambs were delivered after glomerulogen-
esis is completed in sheep. Contrary to our hypothesis, early
initiation of NIS after premature birth does not minimize the
glomerular impairments compared with IMV. Thus, we con-
clude that moderate preterm birth and respiratory support,
whether invasive or noninvasive, impairs glomerular archi-
tecture in preterm lambs. This adverse effect on glomerular
maturation may contribute to increased risk for adult-onset
hypertension and renal dysfunction.

The rationale for this study is based on comparison of the
mode of respiratory support on lung outcomes for preterm
lambs (14,15). Briefly, noninvasive respiratory support of
preterm lambs improves respiratory gas exchange and alveo-
larisation in the lung compared with IMV. Better physiologi-
cal and morphological outcomes for the lung during NIS are
also evident in the brain of preterm lambs (16) and baboons
(22). Those findings led to this secondary analysis of the kid-
neys. The detrimental effect of prematurity accompanied by
IMV specifically on glomerular architecture development after
completion of glomerulogenesis in this study is consistent with
reduced total renal filtration surface and reduced glomerular
capillary length during IMV in moderately preterm lambs
(23). Our study adds the insight that NIS also decreases glo-
merular architectural development equally in the kidney of
moderately premature lambs.

Abnormally shaped glomeruli, fewer glomerular genera-
tions, and glomerular hypertrophy are abnormal structural
findings in autopsy studies of preterm human infants who died
with BPD and necropsy studies of mechanically ventilated pre-
term baboons (10,11). Our study did not detect abnormally
shaped glomeruli or fewer glomerular generations. The spe-
cies-specific relation between gestational age at delivery and
the gestational age at which glomerulogenesis is complete may
account for the differences between studies. Glomerulogenesis
in humans is completed by ~36 wk gestation (1,10,24), so pre-
term birth earlier makes glomerulogenesis vulnerable to dis-
ruption. Likewise, glomerulogenesis in baboons finishes by
~175 d gestation, whereas the preterm baboon model uses

Copyright © 2017 International Pediatric Research Foundation, Inc.
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Figure 3. Morphometric results for glomerular architecture for 3 d
preterm lamb groups. Glomerular generations (a), glomerular capillary
surface density (b), and glomerular surface area (c) were not different
between the invasive mechanical ventilation (IMV) and noninvasive
support (NIS) groups. For normal developmental reference, unventilated,
untreated fetal (F) lambs bracket the delivery age in days (F130) and end-
ing age (F136) of the preterm lambs. Between-groups comparisons by
ANOVA and Fishers PLSD post-hoc test ("P < 0.05compared with IMV and
NIS; *P < 0.05compared with NIS).

delivery ~50 d earlier (25). We deliver preterm lambs ~10 d
after glomerulogenesis is completed in sheep (~120 d gesta-
tion) (26). Lambs delivered at gestational age earlier than 120
d are unlikely to survive despite respiratory and other support,
based on our experience (27).

Our study shows that SV __is greater in the kidney of
normal term lambs that are 3wk old compared with fetal
lambs and term lambs that are 1 d old (Figure 5b). Postnatal
growth of glomerular capillaries may reflect the rise in
functional demand after birth. Vascular resistance falls and
renal blood flow increases postnatally with concomitantly
greater glomerular filtration rate in the first 24 h of postna-
tal life in sheep (28) and further increase in glomerular fil-
tration rate during the first weeks and months of postnatal
life in lambs (29) and humans (30). The increased perfusion
of the kidneys may trigger lengthening and branching of
glomerular capillaries, reflected in increased filtration area.
Further studies will be necessary to determine the time-
course of normal postnatal glomerular capillary lengthen-
ing and branching.
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Figure 4. Immunohistochemical localization of CD-31 to identify glo-
merular capillaries. Anti-CD-31 antibody provided uniform immumolocal-
ization of glomerular capillary endothelial cells (brown color; black arrow
in e). Images are representative of the morphometric results shown in
Figures 3 and 5. (a) Unventilated, untreated fetal lamb at 136 d gestation
(F136), (b) preterm lamb at 3 d IMV, (c) preterm lamb at 3 d NIS, (d) unven-
tilated, untreated term 21 d-old lamb (T21d), (e) preterm lamb at 21 d IMV,
(f) preterm lamb at 21 d NIS. The scale bar is 20 micrometers in length.

IMV may alter kidney function in adults by reducing renal
blood flow. We did not measure renal blood flow, owing to the
secondary nature of our study, so it does not provide mecha-
nistic insight. Interestingly, the 21 d IMV group of preterm
lambs had lower systolic blood pressure (not statistically sig-
nificant) than the NIS group, which might reduce renal blood
flow. Another caveat is that blood pressure is not necessarily
proportional to blood flow in preterm subjects (31).

Our study was not designed to test independent effects of
other factors that may influence glomerular architecture the
preterm period, either fetal or postnatal. These include expo-
sure to antenatal steroids, respiratory support with oxygen-
rich gas, systemic hypotension, exposure to aminoglycosides,
sedatives, intrauterine and extrauterine growth restriction, and
fluid and dietary intakes. Antenatal steroid exposure prior to
the completion of glomerulogenesis in sheep (~120 d gesta-
tion) decreases nephron endowment (32,33). Whether ante-
natal steroid exposure after 120 d gestation in sheep affects
glomerular architectural maturation remains to be deter-
mined. Oxygen-exposure of preterm neonates, including the
preterm lambs reported here, was higher postnatally than in
utero and therefore could inhibit vascular endothelial growth
factor expression, leading to reduced glomerular capillary
development (34,35). Systemic hypotension did not occur in
the preterm lambs. Also, systolic blood pressure did not differ
between the IMV and NIS groups. Our study design minimized
potential nephrotoxicity among the 21 d ventilated groups of
preterm lambs by stopping Gentamicin at 10 d of treatment, as
is done clinically. All of the preterm lambs, regardless of mode
of ventilation, were exposed to antenatal steroid and postnatal
aminoglycoside antibiotic, and thus were treated uniformly.
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Figure 5. Morphometric results for glomerulogenesis and glomerular
architecture for 21 d preterm lambs. Glomerular generations (a), glomeru-
lar capillary surface density (b), and glomerular surface area (c) were not
different between the invasive mechanical ventilation (IMV) and noninva-
sive support (NIS) groups. For normal developmental reference, unventi-
lated, untreated fetal lambs match gestational age at delivery (F130) and
unventilated, untreated term lambs match gestational age that preterm
lambs would have been if not delivered prematurely (T1d) and postna-
tal age of the preterm lambs (T21d). Data assessed between-groups by
ANOVA and Fishers PLSD post-hoc test (*P < 0.05compared with IMV and
NIS; *P < 0.05compared with NIS).

This uniform design emulates the neonatal intensive care set-
ting for the majority of preterm human infants.

A potential confounding element of study design is the IMV
group which received more sedative (pentobarbital)compared
with the NIS group (36) to prevent discomfort or pain from the
endotracheal tube, and to minimize breathing over the ventila-
tor. Larger amounts of sedative may decrease blood pressure,
renal blood flow, and renal vascular regulation (37,38), which
could affect glomerular architecture. However, glomerular
architecture was altered the same in the IMV and NIS groups.
Thus, differences in the amount of sedative between IMV and
NIS did not affect glomerular architectural.

Total fluid intake (IV fluids plus enteral milk) and enteral
milk intake alone were lower in the IMV group of preterm
lambs only in the last week of the 21 d study compared with
the NIS group. This difference was due to feeding intolerance
of the IMV group, evident as residual milk in the stomach.
Because enteral milk intake diminished over the last 7 d, IV
fluid administration was increased to sustain total fluid intake

Copyright © 2017 International Pediatric Research Foundation, Inc.
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(targeted at ~160 ml/kg/d). Interestingly, despite greater total
intake of fluids for the NIS group during the same period, SV
was not different compared with the IMV group. Therefore,
total fluid intake or enteral milk intake does not appear to
influence glomerular architecture in preterm lambs at the end
of 21 d of respiratory support. This contrasts with findings in
human adults that show larger intravenous volume abrogates
hemodynamic effects on the kidney (8,9).

Our study design included untreated, unventilated fetal lambs,
and term lambs for normal developmental reference from pre-
term birth at ~131 d gestation to term-plus-21 d postnatal
age. To provide this context, none of the reference lambs were
exposed to antenatal steroid or postnatal aminoglycoside anti-
biotic. Consequently, our study did not assess the independent
effect of either treatment on normal glomerular architecture.

Our study has methodological limitations because of its
secondary design. Measurements of kidney weight or volume
were not assessed during the original studies. Also, we used
morphometric methods, rather than stereological methods
(39), to quantify glomerular architecture. We also used par-
affin-embedded tissue blocks for the morphometric analyses
for economy of time and cost for preparing tissue blocks from
multiple organs from the same lambs. Nonetheless, we used
random, systematic, and uniform sampling approaches and
a cycloid grid (21,40). We used the same approaches for all
lamb groups, so any effects of analytical approach are common
among the groups. Nonetheless, our findings of significantly
reduced SVgc represent an important starting point for future
stereological assessments of glomerular architecture in venti-
lated preterm lambs.

We also did not measure renal function, such as creati-
nine, BUN, or glomerular filtration rate. This limitation is the
consequence of secondary assessment after analysis of lung
alveolarisation (14,15). Without measures of renal function,
uncertainty remains about evidence for renal dysfunction in
the preterm lamb groups. Indirectly, Figures 1 and 2 show that
urine output was normal (typically 1-3 ml/kg/h) and equiva-
lent between the IMV and NIS groups, as were plasma sodium
and glucose levels (in supplemental material). We currently
measure serum creatinine and BUN, and urinary microalbu-
min, with attention to the postnatal adaptive changes of renal
function in newborn and preterm ventilated subjects (25-27).

We consider prematurity and respiratory support (IMV and
NIS) to be two influential factors on glomerular architecture. A
new report by our group focused on prematurity as an influen-
tial factor by comparing glomerular stereological parameters
between preterm and term lambs (23). That study provides the
insight that regardless of being preterm or term, lambs sup-
ported by IMV for 3 d have significantly decreased glomeru-
lar capillary length and surface area, and reduced total renal
filtration surface area. This study provides a different insight;
namely, that the mode of respiratory support, either IMV or
NIS for 3 d or 21 d of preterm lambs does not influence glo-
merular architecture in the kidney. Together, the two studies
are complementary and suggest that the immature kidney is

Copyright © 2017 International Pediatric Research Foundation, Inc

vulnerable to prolonged respiratory support. Mechanisms
remain to be identified.

In summary, moderate preterm birth after completion of
glomerulogenesis and prolonged respiratory support (invasive
or noninvasive) impair glomerular architectural development.
These adverse effects during the early period of postnatal life in
preterm neonates may increase risk for systemic hypertension
and renal dysfunction later in life.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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