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Summary

Studies of maternal metabolism during pregnancy have focused
principally upon the latter half of gestation. However, maternal
metabolic adaptations to pregnancy may occur at all stages of
pregnancy. To study maternal metabolism throughout pregnancy,
we developed a chronically catheterized rabbit model in which
animals could be studied under conscious, stress-free conditions
when nonpregnant and then serially throughout pregnancy.

Anesthesia produced marked hyperglycemia. In contrast,
chronic catheterization and daily handling did not affect blood
concentrations of glucose, lactate, ketone bodies, or free fatty
acids, or food intake. Glucose concentration decreased with preg-
nancy to a value at term equal to 85% of the prepregnancy value.
Lactate concentration rose significantly in the second half of
pregnancy but changes in free fatty acids and ketoacid levels
were not significant. These results are discussed from a compar-
ative physiologic point of view, emphasizing the unique aspects
of rabbit metabolism during pregnancy and the importance of
performing such studies under conscious, stress-free conditions.

The impact of pregnancy upon maternal metabolism of car-
bohydrates and lipids has been studied in the rat (14, 20), guinea
pigs (11, 37), and man (8, 18, 30). In these species, most studies
were performed over the latter third of gestation. It is probable
that the timing and the magnitude of maternal metabolic changes
during pregnancy may be related to such factors as the growth
rate of the fetus and the placenta, the fetal and placental mass
and metabolic rate at different stages of pregnancy, and the
maternal diet. In particular, animal species with a relatively short
gestation that produce a large fetal to maternal mass ratio at
term (i.e., guinea pig, 0.50; rat, 0.17; and rabbit, 0.15) are of
interest with regard to the maternal metabolic changes which
occur during the entirety of gestation.

The majority of metabolic studies during pregnancy have
involved surgical, anesthetic, and handling stress. In particular,
in the rabbit there have been no studies describing maternal
metabolism at any time of pregnancy under chronic, stress-free,
steady state conditions. The present paper describes our results
in developing techniques for chronic catheterization of rabbits
prior to pregnancy, permitting metabolic studies in the conscious
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animal, free of surgical and anesthetic stress. Serial measurements
of blood metabolite levels (glucose, lactate, free fatty acids, ketone
bodies) and hormone levels (insulin and glucagon) were meas-
ured on the same animal before pregnancy and throughout
pregnancy. These data provide an additional dimension for
interspecies comparisons of the effects of pregnancy upon ma-
ternal metabolism including data for the very earliest pregnancy
stages.

MATERIALS AND METHODS

Nonpregnant New Zealand White rabbits were obtained from
a commercial breeder. Animals were housed in stainless steel
cages and fed ad libitum a solid rabbit diet (Purina Rabbit Chow).
The food intake was determined gravimetrically each morning.

Surgery was carried out on nonpregnant rabbits. Animals were
anesthetized with ketamine hydrochloride (35 mg-kg™' IM) and
xylazine hydrochloride (6 mg-kg™' IM). Using sterile technique,
a 20-gauge polyvinyl catheter was introduced into the right
carotid artery and advanced into the left ventricle. Another
polyvinyl catheter of the same size was introduced into the
contralateral jugular vein. Catheters were tied in place and se-
cured with tissue adhesive (No. 910 Eastman Kodak). The cath-
eters were tunneled under the skin to exit into a capped plastic
cap sutured to the back of the neck (37). Catheters were filled
with a heparin solution (200 units/ml of 0.9% NaCl) and were
flushed with this solution every 3 days. The catheters were kept
patent for withdrawal for at least 5 weeks. The arterial catheter
was used to draw blood samples and the venous catheter was
used for any infusions.

The rabbits were allowed to recover from surgery for at least
2 days. A week later they were bred by artificial insemination
(4). Females were injected intravenously with 5 mg of pituitary
luteinizing hormone (Armour-Baldwin Laboratories, Omaha,
NE) (25), and immediately thereafter 0.5 ml of freshly collected
semen from a buck was injected into the vagina.

The rabbits were handled daily, in a gentle manner, by the
same two persons. The rabbits were kept in standard stainless
steel cages which were darkened by drapes except at the front.
Studies and sampling were performed with the rabbit in this
same cage, or, after adaptation, in an 8 X 8 X 16 inch plastic
tray open at the top. No attempt was made to restrain the rabbits.
These careful methods of handling were necessary to ensure
stability of the rabbit for chronic, stress-free studies. In this
regard, the rabbit poses a unique challenge for careful chronic
handling quite unlike the guinea pig which tolerates movement
and handling without significant difficulty (37).

Arterial blood samples were obtained every 2 to 3 days between
0900 and 1000 h for substrate and hormone determinations.
Whole blood glucose concentration was measured with a glucose
oxidase method (16). Concentrations of lactate, acetoacetate, and



PREGNANT RABBIT METABOLISM

B-hydroxybutyrate in whole blood were determined by standard
enzymatic methods after perchloric acid precipitation (12). Se-
rum free fatty acids were determined by the method of Ho (15).

Immunoreactive insulin was measured with a heterologous
immunoassay system as previously described (19). The standard
hormone was crystalline rabbit insulin (22.7 U/mg; batch K
13369) supplied by Novo Industry, Copenhagen, Denmark. Im-
munoreactive glucagon was assayed using specific antibody
(30K) for pancreatic glucagon (1). For each hormonal determi-
nation, all plasma samples were run in the same assay. The intra-
assay variation for replicate determinations of the same sample
was 10 £ 1% (SEM) for both hormones.

Statistics. Multiple values of a given measurement for one
animal were averaged for that animal before comparison among
animals. Results are expressed as mean + SEM. Calculations of
statistical significance of differences between groups were per-
formed using Student’s ¢ test for unpaired data. Linear regressions
of substrate concentrations versus gestational age were calculated
by the least squares method. Mean substrate values for each
animal on each sampling day were averaged and the mean value
for a given substrate among animals was used for calculating the
regression equation and the correlation coefficient.

RESULTS

Studies on Nonpregnant Rabbits. Effects of anesthesia on blood
glucose concentration. Most studies of substrate concentrations
in small animals have been carried out with animals under
anesthesia and/or surgical stress. In order to assess the impact of
these surgical procedures and anesthesia upon blood glucose
concentration, four conscious animals (three nonpregnant and
one pregnant on day 28) with indwelling catheters were studied
in the following manner. Glucose concentration was first meas-
ured on a conscious animal that had been operated upon previ-
ously for the placement of catheters (Fig. 1). The rabbits were
then anesthetizied as already described. Fifteen minutes later,
Just prior to surgery, another blood sample was drawn. Surgery
was then performed similar to that for catheter insertion (skin
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incision, muscle manipulation, jugular vein and carotid artery
isolation by blunt dissection). Blood samples were obtained every
15 min for the next 60 min.

For the first 15 min following anesthetic administration, all
rabbits increased their glucose concentration by about 50% and
sustained this level for 45 min. Surgery itself appeared to have
little additional effect on blood glucose concentration. However,
after surgery, two rabbits sustained their hyperglycemia for 60
min.

Effects of long term catheter implantation on substrate concen-
tration. Data in Table 1 show that chronic catheterization in six
nonpregnant, female rabbits for 1 month did not affect the
concentration of glucose, lactate, acetoacetate, and free fatty
acids as well as food intake. There was no relationship between
substrate concentration and the duration of gestation (p > 0.1).

Studies on Pregnant Rabbits. Identical techniques were applied
to study pregnant rabbits during full pregnancy (30 days) to
determine the effects of pregnancy upon substrate and hormone
levels. Seven rabbits were studied before pregnancy and through-
out pregnancy.

Food intake and maternal weight. Over the first 25 days of
pregnancy, food intake remained constant averaging 40 g-day™!
kg™', similar to that measured in the group of six nonpregnant
rabbits. Five of the seven rabbits reduced their food intake by
about 15% for the last 4 days of gestation (Fig. 2). Food intake
was also monitored for 24 h at 4-h intervals in two groups of
pregnant rabbits (Fig. 3). The first two groups with gestational
ages of 8-14 days (five rabbits) and 22 days (three rabbits),
respectively, showed that the food intake per animal (12 g-4 h™')
remained almost constant from 0430 to 1230 and then rose
progressively until 0030 (35 + 5 g-4 h™!) when it was about 3
times higher than morning values. On day 29 of gestation (second
group, four rabbits), the animals ate less over a 24-h period and
showed less of an increase of food intake during the evening.

The rabbits’ weight ranged from 3.5-4.0 kg. The maternal
weight gain was negligible throughout pregnancy (r = 0.030; p >
0.1).

Substrate Concentrations. Blood glucose. Blood glucose con-
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Fig. 1. Effect of ketamine-xylazine anesthesia and surgery on blood glucose concentration in four conscious rabbits: three nonpregnant (——),

and one pregnant on day 29 of gestation (- - ~).

Table 1. 30-Day studies in six nonpregnant, female rabbits (x £ SEM)

Metabolic Regression
levels line r n D

Food intake

g-day~' kg™ 39.0+£0.9 —-0.0638x + 39.81 0.047 148 >0.1

g-day™! animal™ 1322+ 3.0 —0.0104x + 134.9 0.025 148 >0.1
Glucose (mg/dl) 92.6 £ 1.0 +0.0539x + 91.84 0.052 58 >0.1
Lactate (mM) 0.819 +0.135 +7.37x + 0.721 0.066 31 >0.1
Acetoacetate 0.065 = 0.071 +0.16x + 0.062 0.025 37 >0.1
Free fatty acids (uM) 519.1 £ 40.8 +2.413x + 486.8 0.061 48 >0.1
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Fig. 2. Food intake in six nonpregnant and seven pregnant rabbits over 4 weeks (g-kg™' day™'; mean + SEM). Food intake decreased during the
last week of pregnancy (days 24 to 29) in five of the seven pregnant rabbits averaging 15% less than in the Ist week of pregnancy.
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Fig. 3. Food intake, mean + SEM, for pregnant rabbits over 24 h. The late evening food intake is significantly greater than the morning food
intake (**, p < 0.01 from 1630-2030 versus 0430-0830; ***, p < 0.001, from 2030-0030 versus 0430-0830).

centration averaged 94 + 1.6 mg/dl in the nonpregnant state. In
pregnant animals, there was a progressive decline in glucose
concentration with advancing gestation (y = —0.54x + 93.4; r =
0.64; p < 0.001). A significant change in glucose level (88 + 15
mg/dl; p < 0.02) occurred as early as 8 days of gestation when
compared with the nonpregnancy value (Fig. 4). On day 29, the
glucose concentration averaged 79.5 + 2.7 mg/dl, equal to 85%
of the prepregnancy level (significantly less than the prepreg-
nancy value; p < 0.01).

Lactate, free fatty acids, and ketone bodies. For the first half
of gestation, the mean concentrations of lactate and free fatty
acids (Fig. 54) remained unchanged and similar to the nonpreg-
nant levels. For lactate, this plateau was followed by a progressive
increase in concentration until day 27. At term, the mean value
averaged nearly 3-fold higher than on day I (p < 0.05). A
progressive, slight rise in fatty acid concentration occurred from
days 25 to 29, but the final values were not significantly different
from those in early pregnancy. The concentrations of acetoace-
tate and S-hydroxybutyrate (Fig. 5B) did not change throughout
pregnancy.

Insulin and glucagon concentrations. Plasma insulin concen-

tration remained unchanged (9-10 pU/ml) during pregnancy
(Fig. 6). By contrast, the mean plasma glucagon concentration
tended to decrease for the first two-thirds of gestation but the
change was not statistically significant. In the last third of preg-
nancy, the glucagon concentration declined progressively until
term. On day 29, the mean value (167 + 8 pg/ml) was approxi-
mately one-half that of the concentration on day 4 (279 + 12
pg/ml; p < 0.001).

DISCUSSION

To our knowledge, this is the first longitudinal study through-
out pregnancy carried out in a conscious, pregnant small mam-
mal. In rats, which have been most extensively studied, there are
no metabolic data from conception to term. In addition, most
of the data in rats have been obtained over the latter half of
gestation using a variety of techniques [by decapitation (9, 27);
under anesthesia (14, 20, 33); in awake animals (39); and most
recently, in chronically chatheterized animals (10)]. These studies
have produced quite variable results. Because of these problems,
the first goal of the present studies was to establish a stress-free
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Fig. 4. Blood glucose concentrations in seven pregnant rabbits samp

led between 0800 and 1100 every 3rd to 4th day of pregnancy. The

progressive decline in glucose concentration (y = —0.54x + 93.4) is highly significant (» = 0.64; p < 0.001).
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Fig. 5. Lactate, free fatty acid, and ketone concentrations throughout
pregnancy (mean = SEM). On day 29, blood lactate concentration (A4)
was 3-fold higher than the prepregnant value (p < 0.005). In late gestation,
serum free fatty acid (FFA) values (4) were not significantly greater than
the prepregnancy values (p > 0.1). Ketone body levels (B) remained
unchanged throughout pregnancy.

small animal model that could be studied over the entire length
of gestation. The present studies demonstrate that chronic cath-
eterization and daily handling did not affect blood concentrations
of metabolic substrates. Similar results have been observed with
a chronically catheterized pregnant guinea pig model. In contrast,
the present study clearly demonstrates changes in glucose con-
centrations induced by anesthetic stress. In both guinea pigs and
sheep, substrate concentration changes induced by such stress
have been well documented (2, 37). Thus, the choice of a chronic,
conscious, stress-free animal preparation is essential to answer
questions of maternal metabolic changes induced by pregnancy.

During pregnancy, the mother must meet both its own and
the nutritional requirements of the conceptus. To accomplish
this goal, one might expect that maternal food intake would
increase. In rats (10, 20, 38) and guinea pigs (37), the absolute
values of food intake over the last haif of gestation increased by
25 and 50%, respectively. In the present study, the rabbits did
not increase food intake throughout pregnancy (Fig. 2) in agree-
ment with previous data (6, 21, 42). In fact, food intake was
reduced by about 15% for the last 4 days of gestation, similar to
the rat in which the food intake drops by 15-20% 2 days before
term (10, 20, 38).

The present study also demonstrates that the bulk of the
rabbit’s daily food intake is ingested during the night. In rats,
Strubbe and Gorissen (38) also found that feeding activity was
primarily nocturnal. Thus, differences in blood substrate concen-
trations among species may simply reflect differences in feeding
behavior and sampling time.

At term in the guinea pig, the rat, and man, the mother has
increased her total weight by about 60% (37), 30% (2, 20), and
16% (31), respectively. In guinea pigs 80-90% of the total body
weight gain can be accounted for as fetal mass (37). In the rat,
for the initial two-thirds of gestation, the maternal body weight
rises by 10% (38) corresponding to an increase in fat storage
(21). For the remaining third of pregnancy, maternal weight
increases by about 20% (20, 38), and this weight gain can be
ascribed to the growing fetal mass. The present study demon-
strates that in the rabbit at term, when the total fetal mass equals
about 10-15% of the prepregnant weight, nonuterine maternal
tissues must have lost weight since maternal body weight did not
increase significantly during gestation. These results are in agree-
ment with those reported previously (21).

The present study demonstrates that neither an increased food
intake nor an increased maternal weight can be considered a
uniform characteristic of mammalian reproduction.

The second goal of these studies was to observe the effects of
pregnancy on circulating substrate concentrations from concep-
tion to term. In the present study, the rabbits’ blood glucose
concentration decreased progressively from the 1st week of preg-
nancy until term (Fig. 4). In anesthetized rats, several studies
have observed a progressive decline of the blood glucose concen-
tration over the latter half of gestation (14, 20, 23). By contrast,
in conscious pregnant rats, a constant glucose concentration was
found from midgestation until term (10). In conscious, pregnant
guinea pigs, Sparks et al. (37) observed the glucose concentration
to fall with advancing gestation. A longitudinal study has de-
scribed a progressive fall in blood glucose concentration through-
out human pregnancy (41) and in late human pregnancy, follow-
ing an overnight fast (3, 34, 41) or in the postabsorptive state (5,
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Fig. 6. Plasma insulin and glucagon concentration throughout pregnancy (mean + SEM). On days 22 and 27, the glucagon level was significantly
lower (p < 0.01) than on any previous sample day. The average glucagon concentration on day 29 (167 + 8 pg/ml) was about one-half that of the
average prepregnancy value of 295 £ 15 pg/ml (p < 0.001). Plasma insulin concentration did not change during pregnancy (p > 0.1).

41), blood glucose concentration has been found to be lower
than in the nonpregnant state.

The reasons for the fall in glucose concentration with advanc-
ing gestation are not known although pancreatic glucoregulatory
hormones have been implicated in producing this phenomenon.
At term in pregnant rats, plasma insulin levels are higher (14,
20, 32) or unchanged (22) compared to those of nonpregnant
animals. In pregnant women, prepartum values are slightly
higher than postpartum values (28). In the same set of expen-
ments, glucagon levels rose by 40% in late gestation in rats (32)
but did not change in pregnant women (28). In the rabbits in the
present study, plasma insulin concentration remained unchanged
throughout pregnancy. In contrast, plasma glucagon progres-
sively declined over the period studied, the largest decrease
occurring during the last third of gestation. The lowered plasma
glucagon levels could be explained by decreased glucagon stores
in the pancreas since a degranulation of « cells occurs in pregnant
rabbits (24). The decline in the glucagon levels without concom-
itant changes in insulin levels produced an increase in the insu-
lin:glucagon ratio. An increased insulin:glucagon ratio might
affect glucose concentration by decreasing hepatic glucose pro-
duction. It is well known that the rat of hepatic glucose produc-
tion is directly related to the insulin:glucagon ratio in nonpreg-
nant dogs and humans (40). In this regard, Hay et a/. (13) have
shown a constant weight-specific glucose utilization rate through-
out pregnancy in chronically catheterized, conscious rabbits.
Similar results have been obtained for the pregnant rat (23) in
which additional evidence supports a decreased insulin sensitivity
in late gestation for the liver (22).

The present study does not show a marked rise of free fatty
acid concentration during the rabbits’ pregnancy until 4-5 days
before term, when the food intake is also reduced. The absence
of a change in ketone body concentrtions near term may suggest
only a moderate rate of lipolysis, although a simultaneous in-
crease of ketone body utilization may have masked an elevation
in concentration. In rats, plasma free fatty acid concentrations
rise progressively from midgestation until term (10, 20). There
are conflicting data for other species: the levels of fatty acids
during pregnancy have been reported unchanged in chronically
catheterized guinea pigs (37), and in humans (7, 29) while there
have been reported increases in acutely stressed guinea pigs (17)
and in humans (26).

The present studies also confirm the rise of blood lactate with

gestation, similar to previous reports in rats (10). Causative
factors are not yet established although recent studies have
demonstrated a net placental production of lactate in the sheep
(35) and in the uterus of the guinea pig and rabbit (36). Hence,
the placental mass may be a site of high lactate production
contributing to the rise of maternal lactate concentration.
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Vasodilators and Ventricular Septal Defect:
Comparison of Prazosin, Minoxidil, and
Hydralazine in a Chronic Lamb Model

MARK M. BOUCEK, RICHARD CHANG, AND DAVID P. SYNHORST

Department of Pediatrics, Division of Pediatric Cardiology, University of Utah College of Medicine and Primary
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Summary

The volume overloading of the left ventricle which results from
left to right (L-R) shunting through a ventricular septal defect
(VSD) may be reduced by pharmacologic agents which lower
systemic vascular resistance (R;) in excess of pulmonary arteri-
olar vascular resistance (R,,). To study agents capable of decreas-
ing the L-R shunt through systemic vasodilatation, we created a
chronic lamb model with VSD and administered three vasodila-
tors, prazosin (0.05 mg/kg), hydralazine (0.75 mg/kg), and mi-
noxidil (0.25 mg/kg). Prazosin increased the R,, while lowering
R;, resulting in an increase in R,./R. by 43% (p < 0.005).
Prazosin decreased the pulmonary flow (Q,) slightly, decreased
L-R shunt by 16%, reduced the pulmonary to systemic flow ratio
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(Q;/Qs) by 22% (p =< 0.005), and lowered the left atrial mean
pressure (LA) by 16% (p < 0.005) with no effect on heart rate.
Hydralazine lowered the R,, and R; equally and thus did not
change the R./R; or the volume of L-R shunt (7.6 versus 8.1
liters/min/m?). No change in LA was seen with hydralazine but
heart rate increased from 162 to 200/min (p < 0.01). Minoxidil
did not change the L-R shunt (6.9 versus 6.8 liters/min/m?) and,
in general, produced effects intermediate between prazosin and
hydralazine. The data support a selective systemic vasodilation
with prazosin, a property not shared by either minoxidil or
hydralazine, which results in a reduction of shunting and left
ventricular volume overloading in lambs with VSD. Furthermore,
since prazosin did not decrease the pulmonary resistance, the
data indicate that the elevation in pulmonary resistance in lambs
with VSD is not mediated by the a;-adrenergic receptor.

Abbreviations

VSD, ventricular septal defect
R,., pulmonary arteriolar vascular resistance
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