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A B S T R A C T The pattem of urinary catecholamiiine
excretion in fasting differs in pregnant and nonpreg-
nant rats, which suggests that the sympathoadrenal re-
sponse to fasting is altered by pregnancy. In fasting
nonpregnant animals, urinary norepinephrine (NE)
excretion decreases and epinephrine (E) excretion re-
mains unchanged, whereas the excretion of both
catecholamines rises significantly with refeeding. In
contrast, fasting third-trimester pregnant rats exhibit a
420% increase in urinary E and a 345% increase in
urinary NE, elevations which fall with refeeding.
Specific evaluation of sympathoadrenal activity in fast-
ing pregnant rats reveals stimulation of the adrenal
medulla and suppression ofsympathetic nerves. In fast-
ing third-trimester rats the adrenal content of E is 37%
lower in innervated adrenals as compared with contra-
lateral denervated glands, which indicates the presence
of neurally-mediated adrenal medullary activation.
Adrenalectomy completely abolishes the fasting-
induced rise in urinary E and NE in pregnant rats. Stud-
ies with 2-deoxy-D-glucose suggest that stimulation of
the adrenal medulla results from hypoglycemia, which
is present after 3 d of fasting in pregnant rats (plasma
glucose 36.7 mg/dl). Sympathetic nervous system ac-
tivity, as measured by [3H]NE turnover in the heart,
decreases in fasting pregnant rats despite hypo-
glycemia, a response similar to that seen in fasting
nonpregnant animals where plasma glucose is niain-
tained above 50 mg/dl. The calculated NE turnover rate
is 44% lower in 2-d fasted pregnant rats than in fed
pregnant animals (17.6±1.3 vs. 31.3+1.8 ng NE/
heart per h, respectively). Thus adrenal medullary and
sympathetic nervous system responses in fasting preg-
nant rats appear to be dissociated, which suggests that
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diet-induced chaniges in sympathetic activity and
stimulation of the adrenal medulla by hypoglycemia
may be independently regulated.

INTRODUCTION

Studies from our laboratory with measuremiieints of
norepinephrine turnover have demonstrated de-
creased activity of the sympathetic nervous system in
fasting nonpregnianit rats (1). Urinary catecholamiiine
excretion in fastinig rats is reduced as well, thus sup-
porting the conicept of fasting-induced reduction in
sympathetic activity (2). The pattern of urinary cate-
cholamine excretioni during fasting in third-trimester
pregnant rats, however, is markedly different from that
observed in nonpregnant animals. Previous studies
have shown that pregnant rats excrete increased quanti-
ties of catecholamines during fasting, coincident with
the development of hypoglycemia (3). The studies de-
scribed in this report were designed to examine
specifically the functional state of the adrenal medulla
and of sympathetic nerves in fasting pregnant rats.
Adrenal medullary function was assessed by quanti-

tating changes in epinephrine (E)l excretion and in
adrenal E content, and sympathetic activity in the heart
was estimated by measuring cardiac norepinephrine
(NE) turnover. Whereas depletion of adrenal E clearly
reflects a rate of E secretion in excess of the rate of bio-
synthesis and thereby serves, when present, as a
readily understandable index of adrenal medullary
stimulation, measurement ofNE turnover is a less well-
appreciated means of assessing sympathetic activity.
The [3H]NE technique of NE turnover depends upon
the amine transport system of the axonal membrane;
after intravenous administration, [3H]NE is rapidly
cleared from the circulation by uptake into sympathetic

I Abbreviations used in this paper: 2-DG, 2-deoxy-D-glucose;
E, epinephrine; NE, norepinephrine.
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nerve endings (4). After equilibration with the endog-
enous NE stores (within 5 min) the tracer is released
along with endogenous NE and becomes a valid marker
of NE release (5). The rate of disappearance of the
tracer, expressed as the rate of change of specific ac-
tivity of NE, is a monoexponential function of time
which can be analyzed in quantitative terms: the slope
(k) represents the fractional NE turnover or percentage
of decline per hour; the NE turnover rate can be cal-
culated from the product of the fractional NE turnover
(k) and the endogenous NE content (pool size) of the
particular organ (5). Because release of NE depends
upon sympathetic nerve impulses, more rapid release,
reflected in a faster turnover, indicates increased
sympathetic activity; conversely, decreased turnover
implies decreased sympathetic activity. Calculation of
NE turnover allows statistical comparison of sympathe-
tic activity in various organs in different situations.
The results reported in this paper indicate that al-

though fasting rat pregnancy is associated with adrenal
medullary stimulation secondary to hypoglycemia,
the activity of cardiac sympathetic nerves is sup-
pressed by fasting as it is in nonpregnant animals. The
increase in urinary NE excretion observed during fast-
ing in pregnant rats originates exclusively from the
adrenal medulla. Thus, in pregnant rats, fasting selec-
tively stimulates the adrenal medulla at a time when
the activity of the sympathetic nervous system is
reduced. This dissociation between the functional state
of the adrenal medulla and the sympathetic nervous
system in fasting pregnant rats implies that diet-in-
duced changes in sympathetic activity are funda-
mentally different than the stimulation of the adrenal
medulla that occurs in response to hypoglycemia.

METHODS

Virgin and timed-pregnant Sprague-Dawley rats were ob-
tained from Charles River Breeding Laboratories (Wilming-
ton, Mass.) and from Zivic-Miller Laboratories (Allison Park,
Pa.). They were housed two per cage (or four per double cage)
in a constant-temperature animal room (20°C), except when
placed in individual metabolic cages, and were allowed free
access to water and Charles River Breeding Laboratories rat
chow (R-M-H 3000; Agway Inc., Syracuse, N. Y.), except where
noted. While fasting, the animals were permitted free access
to a hypotonic electrolyte solution of Na+ (78 meq/liter) and
K+ (15 meq/liter). In the metabolic-cage experiments animals
were fed a synthetic no-Na+ diet (49.1% sucrose by weight,
30.1% casein, 10.0% lard, 5.0% corn oil, 2.0% vitamin diet-
fortification mixture 3.04% normal mineral mixture, and
0.75% KCI) and were given the hypotonic electrolyte solu-
tion to drink. All studies in pregnant animals were performed
in the third week (third trimester) and were terminated on
day 20 or 21 of gestation (with the day of mating designated
as day zero).

Surgical procedures were performed by the supplier (Zivic-
Miller Laboratories). Unilateral splanchnic nerve section was
done on day 10 of gestation in the pregnant animals, bi-
lateral splanchnic nerve section on days 10 and 11, and bi-
lateral adrenalectomy on day 3. Similar surgical procedures in

virgin animals were performed on the same calendar days.
After adrenalectomy, operated animals received cortico-

sterone in oil (1 mg/kg) by subcutaneous injection daily;
controls received daily injections of vehicle. The daily re-

placement dose of corticosterone was increased to 3 ing/kg
immediately before metabolic-cage study and continued for
the duration of the experiment. 2-Deoxy-D-glucose (Sigma
Chemical Co., St. Louis, Mo.) was dissolved in isotonic saline
and injected in a dose of 500 mg/kg i.p.
L-[7,8-3H(N)]NE (30-40 Ci/mmol sp act; New England Nu-

clear, Boston, Mass.) was purified before use by column
chromatography with alumina as described below. Before
intravenous administration, the [3H]NE was diluted to an ap-
propriate concentration with isotonic saline. Tracer [3H]NE
was injected into the tail veins of unanesthetized animals in a

total volume of 1.0 ml. The rats were killed at preselected
times by cervical dislocation or decapitation. For each time

point in the studies of NE turnover four to nine animals were

killed from each experimental group, totalling 35-40 animals
per experiment. The organs were rapidly removed, frozen on

dry ice, and stored at -20°C for later processing (usually
within 2 wk). The tissues to be analyzed for NE (and for E
where indicated) were homogenized in iced 0.4 N perchloric
acid in a ground glass homogenizer (Duall-Kontes Glass Co.,
Vineland, N. J.) to extract the NE and precipitate the pro-
teins. After volume adjustment, the precipitated protein was

removed by low-speed centrifugation.
Isolation of NE (and E) from the perchloric acid extract

was by column chromatography with alumina as previously
described (6). NE (and E) was absorbed onto the alumina
column at pH 8.6 and eluted with 0.2 N acetic acid. The
alumina (Woelm neutral, ICN Nutritional Biochemicals,
Cleveland, Ohio) had previously been purified according to

the method of Anton and Sayre (7). Recovery of added NE
or E was usually in excess of 90% with a variation between
columns of <10%; the results were corrected for recovery as

determined in each experiment. Assay of NE on the alumina
eluate was by the fluorescent method of von Euler and
Lishajko (8) and of NE and E by a modification of the spectro-
photofluorometric method of Crout (9). Aliquots of the
alumina eluates were counted for [3H]NE by liquid scintilla-
tion spectrometry in a Nuclear-Chicago three channel
scintillation counter (Nuclear-Chicago Corp., Des Plaines,
Ill.) (6) Efficiency for 3H in this system is 6-8%.
Urine for E and NE determinations from animals in in-

dividual metabolic cages was collected under oil with the ad-
dition of 1.5 ml of2 N HCl for each 24-h collection. After isola-
tion on alumina columns as described above, urinary E and
NE were measured spectrophotofluorometrically by a modifi-
cation of the method of Crout (9). Plasma glucose was meas-

ured on blood obtained by decapitation with a glucose
analyzer (model 23A, Yellow Springs Instrument Co., Inc.,
Yellow Springs, Ohio). Glycogen in liver was measured
enzymatically (10), and DNA was measured by the method of
Burton (11).
Data are presented as mean±SEM unless otherwise noted.

Statistical analyses used the Student's t test for unpaired
variables, or for paired variables where appropriate. In the
studies of NE turnover the data were plotted semilogarith-
mically. The slope of the decline in NE specific activity over

time after [3H]NE administration was calculated by the least
squares method. The endogenous NE level remained constant
over the course of the turnover experiments. NE turnover

rates were calculated as the product of the fractional turn-
over rate and the endogenous NE concentration of a particular
organ (5). 95% confidence intervals were determined for the
NE turnover rates as previously described (12). Comparison of
fractional turnover rates was made with the Student's t test.
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RESULTS

Effect of fasting on plasma glucose and urinary
catecholamine excretion in third-trimester pregnant
rats. Plasma glucose levels during fasting are miark-
edly lower in pregnant than in nonpregnant animiials
and man (13-15). In 24 pregnant rats, fasted for 3 d,
plasma glucose levels were 36.7±3.1 mg/dl. After an ad-
ditional day of fasting (Table I) plasma glucose levels
were 35.9+3.3 mg/dl in pregnant rats as compiared
with 58.9±3.6 mg/dl in virgin fasted animals (P < 0.001).
The pattern of urinary catecholamine excretion with
fasting in pregnant rats also differs from that observed
in nonpregnant aniimals. Previous studies from this
laboratory (2) demonstrated that in nonpregnant rats,
urinary NE excretion declined 18% below basal values
over a 4-d fast whereas urinary E was unchanged.
With refeeding, both urinary NE and E rose to levels
significantly higher than base line. The results of a
similar study of fasting in third-trimester pregnant rats
are presented in Fig. 1. In these animals, in contrast
with nonpregnant rats, both urinary NE and E in-
creased during fasting from 0.48±0.05 to 2.12±0.29
,ug NE/rat per d and from 0.20±0.04 to 1.05±0.25 pug
E/rat per d by the 3rd d, and then decreased toward
base line with a single day of refeedinig.
Changes in the renal clearance of catecholaminies

with fasting could conceivably contribute to the ob-
served increase in urinary catecholamine excretion.
Marked alterations in renal handling of catecholamiinies
were, however, excluded by the following experimenit.
18 pregnant rats (day 19) were placed in metabolic
cages. One-half of the group was fed ad libitum for 2 d,
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FIGURE 1 Effect of fasting and refeeding on urinary NE and
E excretion in third-trimester pregnant rats. Pregnant rats in
individual metabolic cages were fed a synthetic no-Na' diet
for a 3-d base-line period and during the single day of re-
feeding. Free access to a hypotonic electrolyte solution was
provided throughout the experiment. Data are presented as

mean±SEM for daily urine catecholamine measuremiients
from six animals. The mean basal value is the average NE and
E excretion for the 3 d of base-line collections. Comparisons
are between individual fasting or refeeding days and the meian
basal values. *P < 0.05, **P < 0.02, and ***P < 0.005.

and the other group fasted; both groups were allowed
free access to hypotonic saline as described above.
After 2 d, an intravenous bolus of L-[3H]NE (200
,uCi/kg) was administered, and the urine was collected
for 2 h. L-[3H]NE exeretioni during this period did not
differ in fasted (2,117+370 nCi) as comiipared with fed
pregnaint animilals (2,638±397 nCi). Creatininie excre-
tion was also simiiilar over this period (0.55±0.07 mg
fasted vs. 0.62±0.05 mg fed).
Thus, in pregnant rats the urinary catecholamiiine re-

sponses to fasting and refeeding are opposite to the pat-
tern obtained in nonpregnant animals and reflect in-
creased catecholamine secretion rather than alterations
in renal clearance. The subsequent studies were under-
taken to define the activity of the sympathetic nervous
systemii anid the adrenal medulla during fasting in rat
pregnancvy as well as to explore the connection between
hypoglycemiiia and catecholamine stimulationi.

Effect of fasting on the activity of the adrenal
medulla in third-trimester pregnant rats. To examine
specifically the effect of fasting during pregnancy on
the activity of the adrenal medulla, adrenal E content
was measured after 3 d of fasting in third-trimester
pregnant rats (day 21). In fed pregnant animals, plasmia
glucose levels were 67.4±3.4 mg/dl, and adrenal E con-
tent was 10.2±0.8 g.g/glaind, whereas in the 3-d fasted
animals plasmla glucose levels were 24.1 ±4.3 mg/dl and
the adrenal glands contained only 7.6±0.9,ug E/gland, a
decrease in adrenal E with fasting significant at the
P < 0.05 level. Thus, fasting in pregnancy is associated
with both depletion of adrenal E and hypoglyeXemia,
a finding consistent with the evidence of increased
adrenal secretion obtained from measurements of
urinary E excretion.

Because the adrenal medullary response to hypo-
glycemia is dependent upon intact neural connections
(16), changes in the E content of innervated adrenals
relative to denervated glands serve as an index of
neurally mediated adrenal medullary stimulation. In
Fig. 2 the effect of fasting on the adrenal content of
E in innervated and denervated glands from virgin and
pregnant rats is shown. Note that the E contained
within the denervated glands did not differ among the
various groups, measuring 14-17 ,ug/gland in each
group. No difference in adrenal E was observed in pairs
of innervated and denervated glands from fed or fasted
virgin rats. This suggests, in conjunction with previous
studies of urinary E excretion in fasting nonpregnant
animals (2), that fasting for 4 d is not associated with
demonstrable adrenal medullary stimulation. On the
other hand, in pregnant rats, significant depletion of
adrenal E from innervated glands occurred, consistent
with neurally mediated stimnulation of adrenal medul-
lary secretion during fasting in these animals.
2-Deoxy-D-glucose (2-DG) is a glucose analogue

known to stimulate the adrenal medulla, presumably
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FIGURE 2 Effect of fasting and 2-DG on adrenal epinephrine
content in virgin and third-trimester pregnant rats. All animals
underwent unilateral splanchnic nerve section 11 d before
study. Fed and 4-d fasted animals received intraperitoneal
injections of2-DG (500 mg/kg) or saline 2 h before death. Data
are presentedl as mean+SEM for adrenal E content in pairs
of denervated (open bars) or innervated (closed bars) glands.

through inhibition of glucose metabolism in central
neurons, a situation generally accepted as being similar
to hypoglycemia (17, 18). To compare the effect of
fasting in pregnancy with an acute glucopenic stimulus,
2-DG was administered to fed and fasted virgin rats
and to fasted pregnant rats 2 h before removal of the
adrenals (Fig. 2). In virgin fed and fasted animals, 2-DG
induced an acute loss of E from the inniervated adre-
nals, which demonstrates that neuroglucopenia in non-
pregnant animals, either fed or fasted, causes com-
parable depletion of adrenal E to that seen in fasting
pregnant rats. In fasted pregnant rats, on the other
hand, no additional depletion of adrenal E in the in-
nervated glands was observed, which suggests that a
maximal or near maximal adrenal medullary response
had already been triggered.
The effect of 2-DG on plasma glucose in these ani-

mals is shown in Table I. In both fed and fasted virgin
rats, 2-DG administration produced a marked increase
in plasma glucose. The rise in plasma glucose after 2-
DG in fasted pregnant rats was much smaller. Although
the lesser glucose response to 2-DG in fasted pregnant
animals suggests that hypoglycemic stimulation of
counterregulatiori in the fasted pregnant animals is al-
ready near maximum, significant differences in fuel
homeostasis between pregnant and nonpregnant ani-
mals preclude a definitive statement of the extent of
counterregulation based on blood glucose values alone.
Furthermore, 2-DG is also detected by the glucose
analyzer and consequently contributes to the observed
increment in plasma glucose. Although the differential
response in plasma glucose to 2-DG in virgin and preg-
nant animals cannot be attributed entirely to a lack of

specificity of the glucose measurement (Table I), pos-
sible differences in the volume of distribution of2-DG
in pregnant as compared with nonpregnant animals
also confound the interpretation of counterregulatory
events based only on the plasma glucose level.

Effect of fasting on sympathetic nervous system
activity in third-trimester pregnant rats. Fasting in
virgin rats has been shown to decrease the activity of
sympathetic nerves in the heart, pancreas, and liver
(1, 19). To investigate the possibility that, like the
adrenal medulla, sympathetic nervous system re-
sponses to fasting differ between virgin and pregnant
rats, direct measurement of sympathetic activity in the
hearts of fasting pregnant rats was made with the NE-
turnover technique. The effect of fasting on cardiac NE
turnover in pregnant rats is shown in Fig. 3. In this
experiment fasting began 48 h before the injection of
[3H]NE and continued for the 24 h of the study. Half-
life of disappearance of [3H]NE increased during fast-
ing from 9.5 to 22.8 h. Fasting was associated with a
highly significant reduction in fractional NE turnover
(k) from 7.28+0.14 to 3.03+0.08%/h (P < 0.001) and in
the calculated NE turnover rate from 31.3±1.8 to
17.6±+1.3 ng NE/heart per h (95% confidence limits).
Thus, fasting appears to reduce sympathetic activity in
the heart in pregnant rats as it does in virgin animals.
To exclude the possibility that the increase in adrenal

medullary catecholamine secretion might be respon-
sible for the reduction in cardiac NE turnover in fasted
pregnant rats, a similar experiment was performed in
pregnant rats after bilateral splanchnic nerve section.
In splanchnic-sectioned animals the adrenal medullary
response to fasting is abolished by interruption of the

TABLE I
Effects of Fasting and 2-DG on Plasma Glucose in Virgin

and Third-Trimester Pregnant Rats

Plasma glucose

Virgin Pregnant

mg/dl

Fed 113 ±3.8 (8) 86.9±4.1 (8)*
+ 2-DG 254±8.9 (6)

Fasted (4-d) 58.9±3.6 (9) 35.9±3.3 (8)*
+ 2-DG 265+4.9(10) 50.1+7.1(4)*

Virgin and third-trimester pregnant rats were fed ad libitum
or fasted for 4 d. On the day of study, 2-DG (500 mg/kg) was

administered intraperitoneally, and the animals were killed
2 h later. Data are presented as mean±SEM. The numbers in

parentheses represent the number of animals in each group.
Glucose measured by the glucose analyzer also measures

2-DG. The addition of 50 mg/dl of 2-DG to a glucose solution
of 100 mg/dl increases the resulting glucose measurement

by =26 mg/dl.
* P < 0.001, virgin vs. pregnant.
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FIGURE 3 Effect of fasting on cardiac NE turnover in third-
trimester pregnant rats. Fasted animals had been without food
for 48 h before the injection of [3H]NE (48 ,uCi/kg) and re-
mained fasting for the duration of the experiment. Data are
plotted as mean+SEM for specific activity of NE in hearts
from five to six animals in each group at each time point. Open
circles represent fed and closed circles represent fasted
animals. Endogenous NE was constant over the course of
the experiment with fasted and fed groups, but the level
was significantly higher in the fasted animal (430 ng/heart
fed vs. 579 ng/heart fasted, P < 0.001). Some of this increase
represents E which was not specifically measured in this
experiment. As noted in the text, the slope or fractional turn-
over rate and calculated NE turnover differed significantly in
fed and fasted pregnant animals.

neural efferents to the adrenals. The results of this
turnover experiment are illustrated in Fig. 4. As in the
previous experiment, fasting began 48 h before the in-
jection of tracer [3H]NE and continued for the duration
of the 24-h study. Fasting increased t1/2 from 6.7 to
11.6 h, decreased fractional NE turnover (k) from
10.4+±0.3 to 5.79±0.17%/h (P < 0.01), and decreased
the calculated NE turnover rate from 59.1±6.0 to
39.0±2.8 ng NE/heart per h (95% confidence limits).
An indication of the efficacy of the adrenal decen-
tralization was provided by the lack of difference in
adrenal E content between fed and fasted pregnant
rats obtained at the completion of the turnover study
and by the 27% depletion (P < 0.01 compared with
fasted operated animals) of adrenal E in a similarly
fasted intact group of pregnant animals.
Because circulating catecholamines contribute to the

endogenous catecholamine stores in the heart by active
transport into sympathetic nerve terminals, adrenal
decentralization likewise obliterated the effect of
adrenal medullary stimulation upon cardiac cate-
cholamine content. In the animals from the 24-h time
point in Fig. 4, cardiac NE and E content were the
same in both fasted and fed groups (0.553±0.062 ,ug
NE and 0.041±0.013 ,ug E/heart in the fasted rats and
0.549±0.100,g NE and 0.040±0.014 ,Ag E/heart in the
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FIGURE 4 Effect of fasting on cardiac NE turnover in third-
trimester pregnant rats after bilateral splanchnic nerve sec-
tion. Bilateral splanchnic nerve section was performed 8-9 d
before the start of the turnover study. Fasted animals had
been without food for 48 h before the injection of [3H]NE
(56 ,tCi/kg) and remained fasting for the duration ofthe experi-
ment. Data are plotted as mean+SEM for specific activity of
NE in hearts from four to nine animals in each group at each
time point. Open circles represent fed and closed circles
represent fasted animals. Fractional turnover and calculated
NE turnover rate was significantly different in fed and fasted
groups (see text). Bilateral splanchnic section appears to in-
crease NE turnover (Fig. 3), perhaps by sequestering blood
in the splanchnic circulation, but does not obscure the ef-
fect of fasting.

fed animals), whereas hearts from the simultaneously
fasted group of intact rats containied 0.703+0.038 ,ug
NE (not significantly different fromn either operated
group) and 0.111±0.010IOg E/heart (P < 0.005 vs. both
operated groups). Thus fasting in pregnancy is asso-
ciated with reduced sympathetic activity (NE turnover)
in heart, a decrease not secondary to adrenal mnedullary
stimulation.

Effect of adrenalectomy or adrenal denervation
during fasting in third-trimester pregnant rats. With
evidence of increased adrenal medullary secretion and
decreased sympathetic nervous systemn activity, the
possibility that the adrenal medulla was also the source
of the increased NE excreted in the urine during fast-
ing was examined. In Fig. 5, urinary exeretioni of NE
and E in adrenalectomized, corticosterone-replaced,
and intact sham-in-jected pregnant rats is shown. Al-
though in control animals, urinary NE excretioni rose
with fasting from 0.76±0.06 ,ug NE/rat per d during
base-line collections to 1.89±0.26 ,ug NE/rat per d
(P < 0.01) by the 3rd d of fasting anid urinary E levels
rose from 0.15+0.03 to 1.02±0.14 ,ug E/rat per d (P
< 0.001) over the same period, in adIrenalectomiiized
animals no change was observed with fastinig in either
urinary NE or E excretioni. On the 3rd d of fasting,
urinary NE excretion in adrensalectomiiized rats was sig-
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FIGURE 5 Effect of fasting on urinary NE and E excretion in
intact and adrenalectomized, corticosterone-replaced, third-
trimester pregnant rats. Adrenalectomy was performed 12 d
before the start of urine collections. Daily subcutaneous in-
jections of corticosterone in oil or of vehicle alone began the
day after adrenalectomy and continued throughout the experi-
ment. Rats were fed a synthetic no-Na+ diet for the 3-d base-
line period and were given free access to a hypotonic electro-
lyte solution during the period of urine collections. Data are
presented as mean±SEM for daily urine catecholamine
measurements from seven control and nine adrenalectomized
animals. Mean basal value is the average NE and E excre-
tion for the 3 d of base-line collections. Comparisons are be-
tween individual fasting days and the mean basal values.
**P < 0.02 and ***P < 0.001.

nificantly less than in control animals (0.97+0.14 vs.
1.89±0.26 ,ug NE/rat per d, P < 0.01). Thus the in-
creases in E and NE excreted in the urine of fasted
pregnant rats both derive from stimulation of the adre-
nal medulla.
The effect of withdrawal of the adrenal medullary

contribution to counterregulation during fasting in
pregnancy is indicated in Table II. Neither adrenalec-
tomy nor bilateral splanchnic nerve section affected

the plasma glucose concentration compared with con-
trol in fasting pregnant rats. A small, but statistically
significant decrease in hepatic glycogen content re-

maining after 3 d of fasting in pregnant rats was ob-
served in the animals with bilateral splanchnic nerve

section. Because the difference was small and the
operation also interrupted sympathetic outflow to the
abdominal viscera, including liver, the physiologic im-
portance of this observation is unclear.

DISCUSSION

As described previously (13, 14) and confirmed in this
study, fasting produces greater plasma glucose lower-
ing in pregnant rats than in virgin controls, and levels
below 50 mg/dl are frequently observed. Although
hypoglycemia is a recognized stimulant of the adrenal
medulla (16), the effect of hypoglycemia on the ac-
tivity of the sympathetic nervous system is less well
defined. Although several studies (20-22) have re-
ported modest elevations in plasma NE with hypo-
glycemia consistent with sympathetic stimulation,
the source of the NE has never been determined.
Experiments in animals with analysis ofadrenal venous
effluent have demonstrated increased concentra-
tions of both E and NE in the adrenal venous blood
after hypoglycemia (23-26), thus raising the possibility
that the adrenal gland is responsible for the increase in
circulating NE. This study demonstrates conclusively
that the increased urinary excretion of NE in fasting
pregnant rats originates from the adrenal medulla and
suggests that increased plasma NE levels in man during
hypoglycemia may also derive, at least in part, from the
adrenal gland.

TABLE II
Effect ofAdrenal Denervation and Adrenalectomy on Plasma Glucose and

Hepatic Glycogen in Fed and Fasted Third-Trimester Pregnant Rats

Plasma glucose Hepatic glycogen

mg/dl mg/mg DNA-P

A
Fasted 3-d intact (9) . 39.4±3.8 8.0±2.0
Fasted 3-d bilateral splanchnic

section (9) 45.7±5.0 2.0±0.9*
Fed, bilateral splanchnic section

(5) 87.0±2.6 -335±48

B
Fasted 3-d intact (7) 47.7±4.7
Fasted 3-d adrenalectomized (9) 40.1±3.7

Protocol as described in Fig. 5 for (A) and as in Fig. 6 for (B). The fed and 3-d-
fasted operated animals in (A) comprised the 24-h time point in Fig. 5; the
3-d-fasted intact rats were studied concurrently. Data are presented as mean
±SEM. The numbers in parentheses represent the number of animals in each
group.
* P < 0.02 as compared with fasted intact.
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This study also demonstrates that sympathetic ac-
tivity in the heart is diminished by fasting in pregnant
rats (Fig. 3) as it is in nonpregnant animals (1). Be-
cause pregnant rats with bilateral splanchnic section
also demonstrate reduced cardiac NE turnover rate
with fasting (Fig. 4), the decrease in cardiac NE turn-
over shown here cannot be attributed to alterations in
the [3H]NE-turnover technique by increased cate-
cholamines of adrenal medullary origin. Although only
cardiac NE turnover was measured in this study, sup-
pression of NE turnover in the pancreas and the liver
has been demonstrated to occur with fasting in non-
pregnant animals (19). It seems likely that the sup-
pression of cardiac-sympathetic activity demonstrated
here reflects generalized suppression of the sympathetic
nervous system, but at this time the possibility that
sympathetic activity is not suppressed by fasting in
certain areas critical to metabolic regulation cannot be
excluded. Other studies of nerve impulse traffic from
implanted microelectrodes that demonstrate no
evidence of sympathetic nerve stimulation after 2-DG
administration at a time when a marked increase in
adrenal nerve impulse traffic occurs (27) support a dis-
sociation between sympathetic nervous system and ad-
renal medullary responses. Such a dissociation sug-
gests that hypoglycemic stimulation of the adrenal
medulla and diet-induced changes in sympathetic ac-
tivity may represent fundamentally different processes.
A dissociation in adrenal medullary and sympathetic

nervous system responses has implications for the sig-
nal(s) to the central nervous system that couple changes
in sympathetic activity with changes in diet. At this
time the mechanism(s) that coordinate central sym-
pathetic activity with dietary intake is unknown, but
presumably it accounts for both stimulation of sym-
pathetic activity with overfeeding (28) and suppression
with fasting (1). Although numerous factors may be in-
volved in the dietary regulation of sympathetic ac-
tivity, circulating glucose and(or) insulin probably play
an important role. The demonstration, in this study,
of sympathetic suppression during fasting in pregnant
rats despite concomitant hypoglycemia sufficient to re-
cruit adrenal medullary secretion, indicates either that
plasma glucose concentration is not directly involved
in control of sympathetic activity, or that the maximum
suppressive effect of decreased plasma glucose levels
in fasting occurs after the marginal reduction in the
plasma glucose level observed during a brief fast in
nonpregnant animals. Although the latter situation is
possible, it seems unlikely. Moreover, the plasma
glucose level does not provide a satisfactory explana-
tion for sympathetic stimulation by overfeeding. In-
sulin, on the other hand, would appear to be an ideal
signal for coordinating sympathetic activity with caloric
intake. The concentration of insulin in plasma, in con-
trast with that of glucose, varies widely over the course

of the day and provides an integrated assessment of
caloric intake. Furthermore, because insulin is the
major signal to tissues outside the central nervous sys-
tem that calories have been assimilated, it would be
both parsimonious and logical for insulin to serve that
function for the brain as well. Appropriate studies
to examine directly the influence of insulin on sym-
pathetic outflow are lacking, but a report demonstrating
increased plasma NE levels in diabetics in response
to insulin (without hypoglycemia) is consistent with
this hypothesis (29).
The contribution of catecholamines to metabolic

regulation in fasting pregnant rats is not entirely clear.
The adrenal medulla is apparently not essential for
the maintenance of the plasma glucose level itself be-
cause the removal of adrenal catecholamines by
adrenalectomy or denervation is not associated with
any further lowering of the plasma glucose level in
fasting pregnant rats (Table II). As metabolic substrates
are continually recycled between peripheral tissues
and the liver, however, static measurements of plasma
glucose may fail to detect important effects of adrenal
catecholamines in the metabolic adaptation to fasting.
Kusaka and Ui (30), on the basis of kinetic analysis
of E-induced activation of the Cori cycle, have sug-
gested that the importance ofE lies in the maintenance
of the circulating glucose pool without a concomitant
increase in glucose utilization. Increased adrenal E
secretion during fasting in pregnant animals may thus
contribute to the maintenance of the circulating glu-
cose pool, possibly by stimulation of gluconeogenesis
from muscle via the Cori cycle.
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