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ABSTRACT. The regional distribution of blood flow to
the brain and to other major organs was studied during
wakefulness and sleep in growing piglets. A young group
was studied at 6.8 £ 1.3 d of age and an older group at
33.5 £ 5.5 d. Two d before the experiments, we instru-
mented the animals for measurement of blood flow by the
microsphere technique. We determined sleep state using
EEG and behavioral criteria. Although we did not find
significant differences in blood gas tensions and cardiac
output with changes in behavioral states, we did note a
number of important changes in brain and muscle blood
flow with sleep. 1) Although total brain blood flow changed
little between wakefulness and sleep at both ages, regional
differences existed. Indeed, at both ages, during rapid eye
movement sleep (active sleep), blood flow to the thalamus-
hypothalamus and brainstem was significantly higher than
during wakefulness (p < 0.025); in older piglets, blood flow
to these two regions was significantly lower in quiet sleep
than in wakefulness (p < 0.05). 2) Blood flow to most
skeletal muscle groups, and particularly to the diaphragm,
was lower during sleep than during wakefulness. 3) Age
did not have a significant effect on the regional distribution
of blood flow during sleep. We conclude that behavioral
states influence the regional distribution of blood flow in
early life, but not in an age-dependent fashion. We specu-
late that, because no difference was observed in other
hemodynamic variables, the regional changes in organ
blood flow with sleep most probably reflect the differences
in local metabolic needs. (Pediatr Res 28: 218-222, 1990)

Behavioral states are known to influence cardiovascular func-
tion in a major way in both animals and humans (1). For
example, there is a decrease in heart rate, blood pressure, and
cardiac output when passing from wakefulness to quiet sleep;
further decreases in blood pressure and heart rate also occur
during tonic rapid eye movement sleep (or active sleep) and
marked heart rate variability and blood pressure fluctuations
characterize the phasic active sleep period (1). Behavioral states
are also known to influence the distribution of cardiac output.
For example, Mancia et al. (2), using flow probes placed around
several vessels in adult cats, have shown a redistribution of
cardiac output in active sleep accompanied by vasodilatation in
skin and mesenteric and renal vascular beds, and vasoconstric-
tion in the skeletal muscular vascular bed (2). Other investigators
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have noted increases in brain blood flow during active sleep as
compared with wakefulness and quiet sleep in both humans and
animals (3-5).

Although the influence of behavioral states on heart rate, blood
pressure, and cardiac output has been studied, there is, to our
knowledge, virtually no information about the influence of be-
havioral states on regional distribution of blood flow in early life
(6, 7). We therefore asked 1) how the various states of conscious-
ness affect organ blood flow in the young and, more specifically,
2) how blood flow within the different organ regions (for example
within the brain) varies from one behavioral state to another.
We accordingly performed experiments in young and older
piglets, studying blood flows to organ subregions in three separate
states: active sleep, quiet sleep, and wakefulness. Piglets were
chosen because the maturation of their autonomic nervous sys-
tem and cardiovascular function, as well as their brain develop-
ment, occurs postnatally in the first few weeks of life (8, 9) and
correlates well with human postnatal development.

MATERIALS AND METHODS

Animal preparation. The animals used for these studies were
divided into two groups: young piglets [mean age 6.8 = 1.3 d
(SD); mean wt 2.0 + 0.5 kg] and older piglets (mean age 33.5 =
5.5 d and mean wt 7.7 + 1.9 kg). The animals were obtained a
few days before the experiments and kept in our animal quarters.
We provided the young piglets with sow milk replacer ad libidum
throughout day and night and the older ones with a combination
of sow milk replacer and solid food. The environmental temper-
ature in the animal quarters was kept between 26 and 30°C,
although additional heat was provided for the young piglets (32—
33°C) (10, 11).

We performed surgery for catheter insertion 2 to 3 d before
the experiments, using halothane/N,O/O, anesthesia. In young
piglets, one catheter was inserted in the left atrium from a femoral
vein via the foramen ovale (5 Fr polyurethane, NIH type; Cordis
Laboratories, Inc., Miami, FL), and a second in the descending
aorta from a femoral artery (polyvinyl, Tygon microbore tubing,
Norton Co., Wayne, NJ). In older piglets, one catheter was
inserted in the left ventricle (4 or 5 Fr polyethylene, pediatric
pigtail type, Cook Co., Bloomingdale, IN) and a second in the
descending aorta (polyvinyl). In older piglets, the left ventricle
was used as the site of injection of microspheres inasmuch as the
foramen ovale is rarely patent at that age. The aortic catheter
was positioned below the renal arteries. The position of all
catheters was verified by fluoroscopy. Once the anesthesia was
stopped, the animals woke up rather rapidly (15-20 min); within
a few hours after surgery, they appeared to behave, walk, and
feed normally.

Blood flow measurement. We measured blood flow using the
microsphere technique described by Heymann et al. (12). The
microspheres were 15 = 5 pm in diameter and were labeled with
one of the following radionuclides: “Sc, **Nb, '*Ru, '*Sn, or

218



SLEEP, MATURATION, AND BLOOD FLOW

S7Co (New England Nuclear, Boston, MA); we injected 9 x 10°
microspheres into the young and 1.5 X 10°® microspheres into
the older piglets. These microspheres were injected into the left
heart over a period of 30 s, and we withdrew a reference sample
from the descending aorta at a rate of 2 mL/min in the young
and 4 mL/min in the older piglets, for a total of 2 min. Blood
withdrawal started 15 s before the injection of microspheres. All
blood losses were replaced with blood from a compatible piglet
donor immediately after the measurement of blood flow.

At the end of the experiment, we killed the animals with an
overdose of pentobarbital. The brain was then removed and the
following regions were identified and separated: cerebral hemi-
spheres, cerebellum, thalamus-hypothalamus, and brainstem.
The brainstem was further divided into midbrain, pons, and
medulla oblongata. We assessed the thalamus and hypothalamus
together because no clear anatomical division separated the two.
The heart, adrenals, kidneys, spleen, and diaphragm were taken
as whole organs. We further separated the heart into right and
left ventricles (free wall only) and took samples in a systematic
way from the liver, gastrointestinal tract, intercostals and skeletal
muscles, and the skin. The samples from the skeletal muscles
were taken from the fore limb (unaffected by arterial catheteri-
zation), and the skin samples included s.c. tissue. Each tissue
sample from the various organs was counted in a well-type
gamma counter (Packard Instrument Co., Inc., Downers Grove,
IL). We used a computer program to correct the individual
counts for spillover of the different radionuclides and to calculate
the blood flow (13).

Validation of microsphere technique in piglets. The micro-
sphere technique has been validated in acutely instrumented,
awake or anesthetized piglets. Because we used unanesthetized
animals during both wakefulness and sleep at two different ages
and with different microsphere injection sites, we had to validate
the technique in our piglet preparation. In a series of experiments
(n = 6), we therefore examined the degree of evenness of mixing
in the circulation, the adequacy of the site of withdrawal for the
reference sample, the optimum withdrawal rate, the adequate
dose of microspheres, and the absence of hemodynamic changes
with the repeated injections. In all the studies reported, we also
tested the evenness of the microsphere mixing in the circulation
by comparing the blood flow to paired organs such as kidneys
and cerebral hemispheres. We could detect no evidence of un-
evenness of mixing.

Cardiac output measurement. We measured cardiac output
using the dye-dilution technique. To that end, we injected Car-
diogreen (Hynson, Westcott, and Dunning, Inc., Baltimore, MD)
into either the left atrium (young piglets) or the inferior vena
cava (older piglets) and withdrew blood from the arterial catheter,
passing it through a calibrated densitometer. The doses of Car-
diogreen ranged from 0.5 to 0.75 mg for the young and from
0.75 to 1.25 mg for the older piglets.

The technique was also used to verify that no shunting existed
between the aorta and the pulmonary artery through the ductus
arteriosus.

Determination of behavioral states. We used both EEG and
behavioral criteria to determine the state of consciousness. The
EEG was recorded via thin s.c. stainless steel wires inserted over
the temporoparietal region (14) and the following criteria were
used to differentiate the three states: wakefulness was character-
ized as low-amplitude high-frequency waves on the EEG, eyes
open, and no movement (although there were periods during
wakefulness that were characterized by moderate activity, we
considered only those periods during which the piglets were calm
and lying down in the study chamber); quiet sleep involved eyes
closed, no movement, and high-amplitude slow waves on the
EEG; active sleep involved eyes closed, frequent rapid eye move-
ments, multiple twitching of the muscles of the face and of the
extremities, and low-amplitude high-frequency waves on the
EEG. We made no attempt to differentiate tonic from phasic
active sleep.

BLOOD FLOW (ml/min x 100g)
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Experimental protocol. We studied the animals in a Plexiglass
chamber in which the temperature was maintained in the ther-
moneutral range, that is, at a temperature between 32 and 33°C
for the young piglets and between 26 and 30°C for the older ones
(10, 11). A gas circulation system was used to control COs, O,
and H,O vapor. CO, was kept below 0.1%, O, above 19.8%, and
H,O between 50 and 70%.

The animals were not sleep deprived before the study and were
fed normally on the morning of the experiment. During each
experiment, the animals could move freely and were allowed to
stay awake or fall asleep spontaneously. The studies started at
about 1000 h and usually lasted 2 to 3 h. We conducted 5 to 10
min of baseline recordings in each behavioral state at the begin-
ning of each experiment. After a specific state had been clearly
identified and had lasted for at least 30 s, we then administered
the various microsphere injections (the order of the isotope
having been chosen randomly). Because there could be variability
in blood flow to organs within a single state, we performed two
measurements in each state. If the animal changed state during
the 2 min required to collect the reference sample, the trial was
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Fig. 1. Influence of active sleep on regional distribution of blood flow.
The results are expressed as % change in blood flow (mean = SE) between
active sleep and wakefulness, wakefulness considered as baseline. 7B,
total brain; 7L, ileum; SK¥, skin; KID, kidneys; COL, colon; SPL,
spleen; LIV, liver; LV, left ventricle; ADR, adrenals; DI/A, diaphragm;
SKL, skeletal muscles; /NT, intercostals. Significance based on difference
in blood flow between the two states; statistical analysis done with the
values of blood flow, not the % difference. * p < 0.05, ** p < 0.01.
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Fig. 2. Regional brain blood flow during wakefulness, quiet sleep
(0S), and active sleep (4S) in older piglets. Note that blood flow to the
thalamus-hypothalamus and some regions of the brainstem was signifi-
cantly higher in active sleep than during quiet sleep and wakefulness.
Blood flow is expressed in mL/min X 100 g; values are mean + SE. * p
< 0.005 AS vs QS, T p < 0.05 AS vs wakefulness.
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rejected. At the end of this 2-min period, we withdrew an arterial
blood sample for analysis of blood gas tensions. In addition, we
measured the hematocrit at the beginning and end of the study.

Our protocol was approved by the Animal Care Committee of
the institution.

Data analysis. Although we were able to study all three states
in older piglets, we could not examine blood flow in quiet sleep
in the young. Instead, quiet sleep occurs relatively infrequently
in young piglets and when it is present, it is generally of a very
short duration (less than 2 min). We therefore studied only active
sleep and wakefulness in the young.

We averaged the different measurements of blood flow in the
same state for each animal and then calculated the mean value
+ SD for the group. To compare the results between states within
the same age group, we used either the paired ¢ test when only
two states were compared or a single-factor analysis of variance
when a comparison of repeated measures was necessary. Com-
parisons with a significant F value were then further evaluated
with the Newman-Keuls’ multiple range test. To compare the
two age groups, we used a two-way analysis of variance with age
as the between-group factor and state as the within-group factor
(15). Differences in means were considered statistically signifi-
cant if p < 0.03.

RESULTS

The regional distribution of blood flow during sleep was stud-
ied in a total of 20 piglets. We succeeded in studying all three
states in six older piglets. In the other animals of that age group
(n =T7), only wakefulness and active sleep could be examined,
thus giving us a total of 13 older piglets that we could compare
with seven young piglets in terms of wakefulness and active sleep.
In all studies, we had very good reproducibility of the micro-
sphere measurement of blood flow in the same animal during
wakefulness (at both ages) and during quiet sleep (older animals).

On the basis of our results vis-a-vis regional distribution of
blood flow, we were able to divide the different organs studied
into three categories. This categorization was especially clear
when we compared wakefulness and active sleep (Fig. 1). We
found that the brain regions such as thalamus-hypothalamus and
brainstem had a significantly higher blood flow during active
sleep than during quiet sleep or wakefulness. The muscle groups
such as skeletal muscles and diaphragm had, in general, a lower
blood flow during sleep than during wakefulness. Finally, organs
such as the spleen, liver, gastrointestinal tract, and the skin did
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not exhibit a preferential change in blood flow as a function of
state.

Effect of Behavioral States on Regional Distribution of Blood
Flow. Regional brain blood flow. The six older piglets in which
measurements were obtained in all three states clearly demon-
strated a significant effect of state in both the brainstem and the
thalamus-hypothalamus. Figure 2 shows that these regions had
a higher rate of blood flow during active sleep than during
wakefulness or quiet sleep, the latter state having the lowest
value. Indeed, the average percent difference in blood flow
between active and quiet sleep was quite marked for the thala-
mus-hypothalamus (81%) and all regions of the brainstem (60—
82%).

No significant effect of age appeared when the effects of active
sleep were compared in the young and the older piglets. However,
Table 1 shows that the young piglets had a mean total brain
blood flow during active sleep that was significantly higher than
during wakefulness. The older piglets had a mean total brain
blood flow during wakefulness that was not significantly different
from that in active sleep. In fact, of the 13 older animals studied,
six had a higher total brain blood flow in active sleep, three had
alower value in active sleep, and four showed little change. There
was, however, a preferential distribution of blood flow to the
thalamus-hypothalamus and brainstem in active sleep at both
ages. This preferential distribution of blood flow was seen in all
animals, including those older piglets with a lower total brain
blood flow in active sleep than in wakefulness.

Heart and skeletal muscle blood flow. Sleep was found to have
a significant effect on muscle blood flow. In older piglets, during
both active and quiet sleep, blood flow to the left ventricle,
diaphragm, and intercostal muscles was significantly lower than
during periods of wakefulness (Table 2). No significant difference
was found, however, between the two sleep states. Also, blood
flow to the skeletal muscles was not influenced by sleep.

Table 1 shows the comparison of blood flow to the heart and
skeletal muscles during wakefulness and active sleep between the
young and the older piglets. Clearly, the influence of sleep on
muscle blood flow was not age dependent.

Other organs. Behavioral state did not have any effect on the
blood flow to kidneys, spleen, liver, gastrointestinal tract, and
skin. Blood flow to the adrenals, however, was higher during
wakefulness than during active sleep at both ages.

Cardiac output, hemodynamic status. Cardiac output was
measured in a subgroup of six young and six older piglets in the
different behavioral states because we wanted to know whether
a change in cardiac output was responsible for the changes

Table 1. Regional blood flow during wakefulness and active sleep*

Young Older

Wakefulness Active sleep Wakefulness Active sleep
Total brain 94+ 8 111 £ 19¢ 97 £ 18 107 £ 21
Cerebrum 94 + 8 109 + 19¢ 100 + 19 107 £ 22
Cerebellum 96 + 14 110 £ 18 98 = 19 110 £ 18
Thalamus-hypothalamus 95+ 14 129 + 337 91 +28 119 + 38%
Brainstem 86 £ 10 110 + 24% 73+ 13 92 + 22%
Midbrain 96 +9 127 + 26% 89 £ 18 109 + 27+
Pons 86 + 10 110 + 247 69 + 19 92 + 29%
Medulla T4+5 94 + 17¢ 58 +£11 76 + 16}
RV 150 £ 27 136 + 20 155 + 46 158 = 57
LV 283 £ 26 249 + 37% 236 + 47 208 + 35%
Diaphragm 42 + 12 29 + 6t 40 £ 17 27 £ 10t
Intercostals 27 £ 11 13+7% 18+9 12+£9
Skeletal muscles 20+ 9 11 £ 3% 16 +8 13+£9

* Results expressed in mL/min X 100 g. Values are mean = SD. Young, # = 7; Older, 7 = 13. Significance based on paired data. RV, right

ventricle; LV, left ventricle.
T p <0.05.
Tp<0.0l.
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Table 2. Muscle blood flow during wakefulness and sleep in

older piglets*
Wakefulness  Active sleep  Quiet sleep
RV 199 + 30 190 = 16 165 + 22+
LV 238 + 36 212 + 367 161 + 22%
Diaphragm 43+9 29 = 107 24 + 8t
Intercostals 21 £ 11 10 = 37 9+ 2%
Skeletal muscles 18£8 167 13+7

* Results expressed in mL/min X 100 g. Values are mean = SD. RV,
right ventricle; LV, left ventricle.

T p < 0.05, sleep vs wakefulness.

1 p<0.01, sleep vs wakefulness.

observed in the regional blood flows with sleep. We measured
cardiac output in different animals than those already studied
for blood flow determination because we wanted to avoid volume
overload secondary to administration of large volumes of fluid
(needed for the injections of both the Cardiogreen and micro-
spheres). We found no significant difference in mean cardiac
output between the different behavioral states at either age. Mean
cardiac output was, respectively, 0.92 + 0.08 and 0.90 + 0.07 L/
min during wakefulness and active sleep in the young and 1.73
+0.17, 1.65 £ 0.14, and 1.58 = 0.1 1 L/min during wakefulness,
active sleep, and quiet sleep in the older piglets.

As for the mean blood pressure, it did not change significantly
in the young piglets between wakefulness and active sleep (71 =
5 versus 69 + 11 mm Hg). In the older piglets, however, although
the mean blood pressure in quiet sleep and wakefulness was not
significantly different (85 £ 9 versus 84 + 10 mm Hg), the value
in active sleep (73 £ 8 mm Hg) was significantly lower than that
in the two other states.

Heart rate did not change significantly as a function of state
at either age. In addition, there was no significant difference in
pH, arterial CO, tension, or arterial O, tension between the
different behavioral states at any age. The hematocrits in the
young were not different from those found in the older piglets.
Finally, no significant differences were found between hemato-
crits at the beginning and end of the studies.

DISCUSSION

Our studies demonstrate that in piglets, behavioral state has a
major influence on regional blood flow to different organ vas-
cular beds.

Brain blood flow. The two sleep states, as compared with
wakefulness, elicited sharply opposite effects in terms of blood
flow to the thalamus-hypothalamus and brainstem. In fact, these
regions received significantly more blood flow during active sleep
and significantly less during quiet sleep than during wakefulness.
The preferential distribution of blood flow to the thalamus-
hypothalamus and brainstem during active sleep was seen at
both ages, even in animals that had a lower total brain blood
flow in active sleep than in wakefulness. Our results in piglets
are similar to those of others in adult animals (3-5). Indeed, in
their investigation of cats, Reivich et al. (3) found a preferential
distribution of blood flow to the thalamus and some regions of
the brainstem in active sleep as compared with wakefulness.
Because of the absence of change in total brain blood flow with
active sleep in our animals, this consistently higher blood flow
to the thalamus-hypothalamus and brainstem probably reflects
an increase in activity in these regions during active sleep. Studies
in adult animals have shown an increase in neuronal activity in
various regions of the brainstem and in some thalamic nuclei
during active sleep as compared with wakefulness (16, 17). The
increase in neuronal activity in the brainstem might well be
related to the fact that active sleep is generated in that region of
the brain and, more specifically, in the pontine reticular forma-
tion (17).

There was also no change in total brain blood flow with quiet
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sleep in our animals. A decrease in metabolic activity in the
brainstem and the thalamus in quiet sleep is a possible explana-
tion for the decrease in blood flow to these regions in our older
piglets. Ramm and Frost (18) and Kennedy et al. (19) have
shown such a decrease in metabolic activity in some regions of
the brainstem and in the thalamus during quiet sleep in rats and
monkeys. These authors have speculated that the decrease in
metabolic activity in the thalamus during quiet sleep (an area
that is concerned with the relaying of sensory information) may
actually reflect functional deafferentiation of the brain during
quiet sleep.

The changes in the total brain blood flow found in our study
were not consistent between animals of different ages during
active sleep. For example, although six of the seven young piglets
had a higher blood flow in active sleep as compared with wake-
fulness, only about half (six of 13) of the older piglets had a
higher blood flow during active sleep; three actually had a lower
blood flow during active sleep than during wakefulness. This
finding contrasts with previous observations demonstrating that,
in both adult animals (3, 4) and humans (5), brain blood flow is
higher during active sleep than during wakefulness. The fact that
active sleep is not a homogeneous state may be the main reason
for the difference between our studies and those previously
published. For instance, there is some evidence that changes in
cerebral blood flow with active sleep depend on whether the
animal is in tonic or phasic active sleep. Risberg et al. (20), for
example, found a positive correlation between the frequency of
rapid eye movements (characteristic of the phasic stage) and the
changes in cerebral blood volume (estimate of cerebral blood
flow) in adult humans; they also found that cerebral blood
volume was either unchanged or lower in tonic active sleep than
in the wakeful state. As well, Townsend et al. (5) found a positive
correlation between cerebral blood flow and eye movement
density.

In our studies, we did not attempt to separate tonic from
phasic active sleep; nevertheless, it is possible that our blood flow
measurements in the young piglets were determined mostly in
phasic active sleep because of the predominance of phasic active
sleep in newborns (21). Thus, this factor could explain why a
greater proportion of young piglets had higher rates of blood flow
during active sleep than during wakefulness.

The differences between our results and those of others might
also be explained by the sleep deprivation factor. It is well known
that sleep deprivation leads to the appearance of “rebound”
active sleep, a pattern characterized by an increase in phasic
events and blood flow (22). Interestingly, the cats studied by
Reivich et al. (3) and the goats studied by Santiago et al. (4) were
all sleep deprived; our piglets, in contrast, were not.

Muscle blood flow. The behavioral state also seems to be
important in determining the blood flow to cardiorespiratory
muscles. In our study, the blood flow to the diaphragm was
consistently lower in active sleep than in wakefulness (over 25%)
at both ages; blood flow was also lower in quiet sleep as compared
with wakefulness in the older group. We therefore raise the
question as to whether the diaphragm needs less O, and nutrients
during sleep than during wakefulness. It is difficult, however to
establish a functional parallel between blood flow to the dia-
phragm and diaphragmatic work output, inasmuch as the dia-
phragm work load has not been previously well assessed during
sleep and wakefulness in mature and immature subjects. Venti-
lation, for example, is clearly not a good correlate for the work
of breathing because it depends on the strength of central output
and also on respiratory mechanics. Electromyographic variables,
however, to the extent that they reflect work load, show that
whereas phasic diaphragmatic activity in active sleep is similar
to that found in wakefulness in newborns and aduits (23-25),
tonic activity is decreased in active sleep (23, 26). Therefore, if
the diaphragmatic activity that occurs during sleep is not very
different from that occurring during wakefulness, our blood flow
results would suggest that diaphragmatic tissue extraction of O,
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and nutrients is greater during active sleep than during wakeful-
ness.

Other organs. The behavioral states did not influence the
regional blood flow to most abdominal organs in our piglets at
either age. Interestingly, however, at both ages the adrenal blood
flow was significantly lower in active sleep than in wakefulness.
This finding seems to correlate with the general decrease in
sympathetic nervous system activity recorded in cardiac, renal,
splanchnic, and sympathetic nerves with active sleep (1).

Effect of active sleep during maturation. We did not find any
significant effect of age on the regional distribution of blood flow
between wakefulness and active sleep in our piglets. Because our
results for the brain are somewhat similar to those generally
found in adult species (3-3), it seems that the effect of active
sleep on regional brain blood flow is not age dependent.

It is impossible, however, for us to draw any conclusion with
regard to the effect of maturation on organ blood flow (other
than the brain) during sleep, inasmuch as no similar data is
available in the literature for adult species. We did not, however,
see any age effect in our piglets.

In summary, we have shown that although there is little
difference in cardiac output and blood gas tensions between
wakefulness and sleep in piglets, the behavioral states influence
regional distribution of blood flow in early life in a major way,
especially for the brain and skeletal muscles. Indeed, we have
shown that, with respect to blood flow, the different behavioral
states generate three kinds of vascular bed responses: /) an
increased blood flow to some brain regions (thalamus-hypothal-
amus and brainstem) during active sleep and a decreased blood
flow to the same regions during quiet sleep, 2) a decrease in
blood flow to most skeletal muscle groups with sleep, and 3) a
nonresponse in the other vascular beds to change in behavioral
states. We speculate that the effect of behavioral state on brain
and muscle blood flow reflects a change in local metabolic needs
induced by or accompanying sleep.
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