PHYSIOLOGICAL EFFECTS OF SLEEP RESTRICTION DURING PREGNANCY

Sleep Restriction during Pregnancy: Hypertension and Renal Abnormalities in
Young Offspring Rats
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Study Objectives: Because the maternal environment can affect several physiological functions of the newborn, the aim of the present study
was to examine the impact of sleep restriction during pregnancy on renal morphology and function in young offspring.

Design: Female 3-month-old Wistar rats were divided in 2 experimental groups: C (control) and SR (sleep restriction between the 14th and 20th
day of pregnancy). Pregnancy was confirmed by vaginal smear. SR females were subjected to sleep restriction by the multiple platform technique
for 20 h daily. After birth, only male litters (6 for each mother) were selected and designated OC (offspring from C) and OSR (offspring from SR). At
2 months of age, blood pressure (BP) was measured by tail plethysmography; at 3 months the renal plasma flow (RPF), glomerular filtration rate
(GFR), glomerular area, and number of glomeruli per mm? were evaluated.

Measurements and Results: Offspring from SR had higher systolic blood pressure than OC. In this group (OSR), we also observed significant
increase in RPF and GFR, enlarged glomeruli diameter, and reduced number of glomeruli per mm?® of renal tissue.

Conclusions: Our data suggest that sleep restriction during pregnancy is able to modify renal development, resulting in morphologic and functional

alterations in young offspring.
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ALTERATIONS IN THE MATERNAL ENVIRONMENT
CAN AFFECT EMBRYONIC AND FETAL LIFE, PRE-
DISPOSING AN INDIVIDUAL TO CARDIOVASCULAR,
metabolic, and endocrine diseases in adult life. This has been
known as perinatal programming (or the Barker hypothesis)'* and
has been demonstrated both in epidemiologic and experimental
research.>* Studies from our laboratory have shown that altera-
tions in the maternal environment, such as undernutrition and
diabetes mellitus, are capable of causing renal morphologic and
functional impairment, as well as hypertension in the offspring.**

Franco et al.” demonstrated that nutritional restriction during
pregnancy is able to promote renal impairment and hyperten-
sion associated with endothelial dysfunction in the offspring.
Similarly, Rocha et al.” showed that diabetes mellitus during
pregnancy in addition to functional and morphologic alterations
in kidneys from the offspring led to the development of hyper-
tension in the animals after 2 months of age.

Numerous studies suggest that sleep deprivation disrupts
vital biological processes necessary for physical health
and leads to problems such as reduced glucose tolerance,"
increased blood pressure,'"'> activation of the sympathetic ner-
vous system,'’and reduced leptin levels.'* Some sleep disorders
have been associated with a larger body mass index (BMI) and
the prevalence of obesity.!"!* Recent data from the National
Sleep Foundation have suggested that women are more sus-
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ceptible to biological and lifestyle factors than men.'s During
pregnancy, there are hormonal, physiological, and behavioral
changes that may affect the sleep pattern and duration, increas-
ing the risk for developing sleep disorders such as insomnia,'®
restless legs syndrome, and breathing disorders (snoring and
obstructive sleep apnea).'”'® Although sleep restriction has
achieved much attention in the last decade, there are few
studies evaluating the effect of sleep debt during pregnancy
on fetal development. Sleep deprivation as a stress stimu-
lus in pregnancy has been shown to alter maternal and fetal
outcomes'” and also promote changes in offspring during
adulthood such as emotional response, sexual behavior and
biochemical alterations,?*?* but the impact of this sleep debt
on renal development remains unclear.

The aim of this study was to examine the impact of sleep
restriction during pregnancy on renal morphology and func-
tion in young offspring rats.

MATERIALS AND METHODS

All experiments in this study were approved by the Ethical
Research Committee of the Universidade Federal de Sao Paulo
- UNIFESP (1627/07) and followed international guidelines for
the care of research animals.

Experimental Groups

Pregnant female rats

For the study, we used 3-month-old female and male Wi-
star rats from our colony, weighing 200-250 g and 300-350 g,
respectively. The virgin females in proestrus were caged over-
night with a male, and vaginal smears were taken the following
morning. A positive smear was subsequently defined as day 0
of gestation. The pregnant females were divided in 2 groups: C
(control mothers, n = 12) and SR (sleep restriction mothers, n =
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12). Both groups had free access to food and water for all the ex-
perimental period. The animals were maintained in a room with
controlled temperature and humidity (21 +2°C, 60%) ona 12:12
h light/dark cycle with lights on at 07:00, until the 12th day of
pregnancy. After this period, they were transferred to a sleep re-
striction room, under the same conditions. During pregnancy,
body weight of C and SR animals was measured once a week.

Sleep restriction

The sleep restriction technique was based on the muscle ato-
nia that accompanies paradoxical sleep.”® Briefly, 18 narrow
circular platforms (6.5 cm in diameter), were placed inside a
tiled tank (123 x 44 x 44 cm) filled with water to within 1 cm of
the upper border of the platform. The SR animals (n = 12) were
placed on the platforms (exceeding number) in an arrangement
that allowed them to move inside the tank, jumping from one
platform to the other. Two days before the beginning of the
study, the animals were adapted to the water tank for a period
of 1 h to avoid unnecessary drops in the water. On the 14th
day of pregnancy, the SR animals were placed into the tank at
14:00. On the following day, at 10:00, they were placed back in
their home cages where they could sleep freely, with free access
to food and water. This procedure was repeated until the 20th
day of pregnancy. At 10:00 on the 20th day of pregnancy, the
rats were placed back in their home cages. All groups had free
access to food and water throughout the study. The animals of
C group remained in their home cages (4 animals/ cage) until
the 20th day of pregnancy in the same room where deprivation
took place. Six animals from each group were randomly chosen
and sacrificed by decapitation on the 20th day of pregnancy
(corresponding to the end of sleep restriction) for analysis of
adrenal weight. The remainder was kept in their home cages for
spontaneous parturition and weaning of the offspring.

Offspring Groups

After birth, the litters, consisting of 6 male rats, were left
with the mother for 28 days. After weaning, the rats were
placed in individual cages and were divided into 2 groups: (OC)
offspring from control mothers; (OSR) offspring from sleep re-
stricted mothers. The groups had water and food ad libitum.
OC and OSR body weights were evaluated from birth until 3
months of age.

Measurement of Arterial Blood Pressure

At 2 and 3 months of age, systolic blood pressure was deter-
mined in conscious rats by an indirect tail cuff method (pleth-
ysmography, IITC Life Science, Inc.).

Renal Function Evaluation

Renal function was studied in 3-month-old offspring (groups
OC and OSR).

The animals were anesthetized with sodium thiopental (30
mg/kg) and placed on a warm table to maintain body temperature
at 37°C. A tracheotomy was performed, followed by insertion of
polyethylene catheters into the jugular vein for infusions and into
the carotid artery for blood sampling. After the catheter inser-
tion into the carotid artery, a sample of blood was collected for
the analysis of pH, pCO, HCO, Na",and K" (i-STAT1 Analyser;
Abbot, USA). Urine was collected from a catheter inserted into
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the bladder. After the surgical procedure, a one-hour stabilization
period was allowed before the beginning of 4 collection periods.
The animals were primed with 1 mL of saline containing inulin
(300 mg/Kg) and sodium para-aminohippurate (PAH, 6.66 mg/
Kg) and then underwent continuous infusion of a saline solution
containing inulin (5§ mg/ min/ Kg) and PAH (1.33 mg/ min/ Kg)
at 0.1 mL/min. Plasma and urine inulin and PAH concentrations
were measured by colorimetry for estimation of glomerular fil-
tration rate (GFR) and renal plasma flow (RPF). Titratable acid
(TA) in urine was measured by microtitration with 0.01 M so-
dium hydroxide, and the excreted amount of ammonium (EA
was evaluated by colorimetry as described previously.>*

NH4)

Morphometric Analysis

Morphometric analysis was performed in 3-month-old off-
spring (groups OC and OSR) by the following method: kidneys
from the rats of each group were dissected out rapidly after sac-
rifice, cleaned of connective tissue, weighed, and fixed in Bouin
Liquid. Kidneys were longitudinally cut, wax embedded, and
histological sections (5 um width) near renal hilus were pre-
pared. Sections were stained with hematoxylin and eosin stain
for morphological analysis. Glomerular area and diameter were
measured using the image analysis program Image-Pro Plus.
Images were acquired through a Leica DMLA microscope con-
nected to a microcomputer by a Sony video camera. Twenty
different images (fields) in each slide were analyzed for each
group. Each image had an area 0f 277,000 um?. Glomeruli were
counted and expressed as the number of glomeruli/mm? (n), cal-
culated by the formula n = G/ (F x 4 x (D+T1)), where G = total
glomeruli number in the examined fields, F = number of fields,
A = area of the examined fields, D = mean glomerular diameter,
and T = the thick section in millimeters’ (magnification 200x).

Glucose Tolerance Test

This test was performed in 3-month-old OC and OSR groups,
fasted for 12 hours. The rats were anesthetized with Fentanyl
(Virbac) and Zoletil (Janseen-Cilag) (20 mg/kg and 0.025 mg/
kg, respectively) and placed on a heated table to maintain body
temperature at 37°C. A sample of blood from the tail was col-
lected to measure the glucose basal level (time 0), using an
Accu-Check Advantage glucose meter. After this procedure,
the glucose solution was injected into the penile vein (1 g/kg).
Blood samples were collected after 4 min from the beginning
of the infusion and in the following periods of 4 min each until
44 min, to measure the glucose level.

Effect of Maternal Sleep Restriction on Vascular Reactivity in
Adult Offspring

In the offspring, the vascular reactivity was assayed at 16
weeks of age as described previously.” Isolated fragments
of the descending thoracic aorta (4 mm in length) were con-
nected to a force transducer to record the isometric force and
placed in organ baths filled with 15 mL Krebs solution (37°C;
94% 0O, /6% CO,; pH 7.4). Concentration-dependent response
curves to acetylcholine (ACh) (10 — 10-° M) and sodium nitro-
prusside (SNP) (10 — 10-° M) were cumulatively obtained dur-
ing submaximal contractions of phenylephrine (PE) (107M) (a
concentration that induces 60% to 80% of the maximum effect).
In some experiments, the endothelium was removed by gently
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Figure 1—Weight gain during pregnancy and relative adrenal weight from mothers SR (sleep restricted) and C (control mothers). *P < 0.05 vs. group C
(Two-way ANOVA, Bonferroni post-test); **P < 0.0001 vs. group C (Student t-test).
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rubbing the intimal surface with a stainless-steel rod. The effec-
tiveness of endothelium removal was confirmed by the absence
of relaxation induced by acetylcholine (10°° mol/L). Isometric
tension was recorded by using an isometric force displacement
transducer connected to a data acquisition system (PowerLab
8/S, AD Instruments Pty Ltd, Castle Hill, Australia).

Statistical Analyses

All values are expressed as means + SD. Prisma (Graph Pad
Software) was used for all statistical analysis. Data were ana-
lyzed by the unpaired Student #-test or 2-way ANOVA followed
by Bonferroni post-test. P < 0.05 was considered an indicative
of significant difference.

RESULTS

Pregnant Female Rats

We observed that animals subjected to sleep restriction dur-
ing pregnancy presented a decrease in weight gain when com-
pared to control group (C). In this group, we also observed an
increase in the relative adrenal weight, suggesting indirectly
that sleep restriction was a stressful stimulus (Figure 1).

Offspring

Body weight, kidney weight, and relative kidney weight

We did not observe differences in body weight during the
time period from birth until 2 months of age. However, in
OSR rats, at 3 months of age, body weight (BW) and kidney
weight (KW) were decreased in comparison to the OC group.
No differences were found in relative kidney weight (RKW
— normalized per 100 g of body weight) among the studied
groups (BW: OC: 384.67 = 4.43; OSR: 361.83 + 8.38 g, KW:
OC: 1.57+0.03; OSR: 1.43 £ 0.03 g, RKW: OC: 0.41 £ 0.01;
OSR: 0.39 £ 0.01%).

Arterial blood pressure

As shown in Figure 2, arterial blood pressure (BP) was sig-
nificantly increased in OSR in comparison to the OC group at
2 and 3 month of age.
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Figure 2—Arterial blood pressure of the offspring. OC refers to offspring from
control mothers; OSR, offspring from sleep-restricted mothers. *P < 0.001
vs. group OC (Two-way ANOVA, Bonferroni post-test).

Morphological parameters

In the OSR group, the number of glomeruli was significantly
decreased in comparison to the OC group. Moreover, the glo-
merular area was increased in the OSR group in comparison
to OC (OC: 7716.85 + 144.63; OSR: 8628.68 + 146.79 pm?)
(Figure 3), suggesting a compensatory hypertrophy.

Renal function parameters

Renal plasma flow (RPF) and glomerular filtration rate
(GRF) were increased in the OSR group when compared to OC
rats. No significant changes in the urinary titratable acidity or in
the excreted amount of ammonium (normalized by GFR) were
observed in OSR compared to OC (Table 1), in addition to pH,
pCO, HCO-, Na’, and K" in arterial blood among the studied
groups (data not shown).

Glucose tolerance test
A Glucose tolerance test showed that glycemia remained at
normal levels in the studied groups, suggesting no differences
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Figure 3—Morphometric renal parameters of the studied groups.OC refers to offspring from control mothers; OSR, offspring from sleep-restricted mothers.
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Table 1—Renal function parameters in the studied groups

Group V (mL/min/kg) GFR (mL/min/kg) RPF (mL/min/kg) FF% TA/GFR (MEg/mL) EA,,/GFR (UEg/mL)
ocC 0.09 + 0.04 (34/09) 740 +1.40(34/09)  22.79 +£5.32 (34/09) 33.44 +£6.60 (34/09) 0.14 £0.10 (34/09) 0.34 £ 0.59 (34/09)
OSR 0.11 £0.04* (45/12)  9.58 £ 1.87** (45/12) 26.90 + 5.83" (45/12) 35.82 +5.36 (45/12) 0.14 £0.06 (45/12) 0.32 +0.10 (45/12)

Data are reported as means + SD. The number of measurements/number of animals is indicated in parentheses. OC refers to offspring from control mothers;
OSR, offspring from sleep restricted mothers; V, urinary flow; GFR, glomerular filtration rate; RPF, renal plasma flow; FF%, filtration fraction (RPF/GFR%);
TA; titratable acid; EA,,,,, excreted amount of ammonium. *P < 0.05 vs. group OC; **P < 0.001 vs. group OC (Student t-test).
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Figure 4—Glucose tolerance test of the offspring. Data are reported as
means * SD. OC refers to offspring from control mothers; OSR, offspring
from sleep-restricted mothers.

in glucose metabolism in the offspring from sleep-restricted
mothers (Figure 4).

Vascular studies

Endothelium-dependent relaxation in response to acetyl-
choline: No significant changes were observed in the cumula-
tive concentration-effect curves for both Ach and SNP in aortic
rings isolated from the studied groups (Table 2).

DISCUSSION
In the present work, we observed that sleep restriction dur-
ing pregnancy is able to modify renal development, resulting
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Table 2—Vascular reactivity in the studied groups

Ach Relaxation (n) Rmax (%) pEC,°
OC (10) 90.79 £4.16 6.99 (6.8-7.2)
OSR (10) 88.78 £ 1.76 7.07 (6.9-7.1)

SNP Relaxation (n)

OC (E+) (10) 101.2+£2.95 8.1(7.9-8.3)
OC (E-) (10) 107.8 .92 8.3 (7.7-8.8)
OSR (E+) (10) 99.9 247 8.1(7.9-8.3)
OSR (E-) (10) 99.1+2.18 7.6 (7.9-8.3)

n refers to number of observations; OC, offspring from control mothers;
OSR, offspring from sleep restricted mothers; E+, with endothelium; E-,
without endothelium. #Values are expressed as means + SEM; "Mean
(95% confidence interval).

in morphologic and functional alterations in young offspring.
Adequate daily sleep is an important part of a healthful and
productive lifestyle; however, chronic sleep restriction in to-
day’s society is very common. There are some potential ex-
planations for the high prevalence of sleep restriction. The
demands of today’s 24-hour society, including lifestyle, long
work hours, and rotating night shift work, can lead to sleep re-
striction.?*?” Clinical and experimental studies have shown that
insufficient sleep results in a variety of adverse physiologic
effects, including hypertension, stress responses (such as acti-
vation of the sympathetic nervous system and sympathovagal
balance),'>"* impairment of glucose control, and development
of type 2 diabetes mellitus,'**?* obesity,''*** and damage to
the immune system.***' Moreover, during normal pregnancy,
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anatomic and physiologic changes occur, predisposing preg-
nant women to sleep disturbances, such as insomnia, snoring,
obstructive sleep apnea, and restless legs syndrome.'”** Con-
sistent with the literature, we observed that sleep restriction
was a stressful stimulus to pregnant rats, since the SR rats pre-
sented a decrease in weight gain and hypertrophy of adrenals
glands, which are classic signs of stress.*? It is important to
mention that sleep restriction/ deprivation involves, to variable
degrees, imposition of nonspecific stress, which may interact
with the effects attributable to sleep loss per se. Discrepan-
cies in literature may be related at least in part to technical
approaches and the duration of SR. It is difficult to compare
results of different deprivation protocols and durations, but it
is known that the principal approaches used in the literature
(disk over water, platform, and gentle handling) in fact induce
sleep deprivation. Despite these limitations, there is emerging
evidence that in rodents, chronic sleep loss is more detrimental
rather than acute sleep loss.

In a previous work from Martins et al.,** a decrease in body
weight gain in rats subjected to a similar sleep deprived model
was shown to be due to a decrease in food intake in the first
hours of sleep changes. As expected, in pregnant rats, the same
effect on body weight gain induced by sleep restriction was
observed during the second half of the gestational period. The
impairment in body weight in 3-month-old offspring seems to
indicate that long-term consequences are present in this model,
confirming that the maternal environment exerts a fundamental
role in offspring homeostasis.

It is well established that the prenatal environment exerts a
profound influence on the development of the organism, and
that stressful events during pregnancy can cause long-term
physiological and behavioral alterations in offspring.*2!-34-36
Regarding kidney development, it has been shown that sev-
eral factors other than fetal undernutrition can adversely af-
fect nephrogenesis,”’ and this effect can be transferred and
perpetuated across generations.*® In both animal and human
studies, it has been shown that environmental changes have
the greatest impact if they occur during the early periods of
nephrogenesis. Singh et al. demonstrated that acute fetal ex-
posure to corticosterone, which represents the most important
endocrine response to stress, promotes a decrease in nephron
number and hypertension in the animals at 4 month of age.*
Our results suggest that maternal sleep restriction during the
beginning of metanephrogenesis,*’ besides acting as stressful
stimuli, is able to influence this intrauterine process, resulting
in a decreased nephron number. It is not clear how a stressful
stimuli may cause a reduction in nephron formation, however,
different hypotheses have been formulated, including changes
in DNA methylation, increased apoptosis in the developing
kidney, alterations in renal renin—angiotensin system activ-
ity, and increased fetal glucocorticoid exposure.*** Molecular
mechanism(s) through which fetal programming exerts its ef-
fects on different organs, including the kidney, may also con-
tribute to this effect.*'*?

In addition to reduction in number of nephrons, we observed
that offspring from sleep restricted mothers developed hyperten-
sion. This alteration was detected when measurements of blood
pressure were performed at 2 and 3 months of age. However,
it is possible that changes in blood pressure have happened
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before this period. Because OSR rats exhibited hypertension,
we tested the vascular reactivity in the offspring. Our experi-
ments showed that the maternal stressful condition studied in
this work did not affect aortic vascular reactivity in 3-month-old
offspring. However, the effect of hypertension on microvessels,
as in the mesenteric bed, remains to be further elucidated, as
well as the long-term effect of hypertension on endothelial func-
tion. It is also possible that a lack of sleep may increase circulat-
ing norepinephrine, which mediates peripheral vasoconstriction
via a-adrenergic receptors, leading to increased blood pressure
and heart rate.In 3-month-old offspring, renal morphologic and
functional alterations, such as enlarged glomeruli, increased re-
nal plasma flow, and glomerular filtration rate, were observed
in OSR. According to Brenner’s theory,* the reduction in neph-
ron number could result in decreased sodium excretion and
therefore in the development of hypertension, especially with
increased sodium ingestion. Moreover, once the nephron num-
ber is reduced, the remaining glomeruli undergo compensatory
hypertrophy and hyperfiltration (increasing the single nephron
filtration rate) to maintain adequate renal function.*

Our results show that maternal sleep restriction during
nephrogenesis was able to increase global GFR. This effect
is probably related to the increase in RPF observed in these
animals and may be due to changes in the autoregulation of
the glomerular filtration rate. In a classical model of reduced
nephron number by subtotal nephrectomy, Kimura et al.* ob-
served changes in the resistance of renal arterioles, suggesting
that hyperfiltration in this model could be the consequence of
a dysfunction in the autoregulatory mechanism, which is also
observed in the course of diabetic nephropathy.

Lucas et al.’ showed that 3-month-old intrauterine food-re-
stricted rats, born with a reduced nephron number, presented a
decline in renal function and compensatory glomerular hyper-
trophy; these group also observed that glomerulosclerosis was
accelerated in 18-month-old rats.?* Further studies investigat-
ing our sleep-restricted model are required to determine if the
alterations observed in 3-month-old offspring will worsen with
age, exacerbating the nephron loss.

To our knowledge, this is the first study to report that mater-
nal sleep restriction results in a nephron deficit, renal functional
alterations, and the development of hypertension in offspring.
These results may have important implications for pregnant
women who exhibit sleep disturbances that may result in a
sleep-deprived condition.
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