
addition of THC in a 20-,/l volume of eth- 
anol, to the incubation medium, in order 
to achieve THC concentrations of 0.25, 
2.5, 12.5, or 25 jug/ml resulted in 25, 18, 
29, or 86 percent inhibition, respective- 
ly, in the accumulation of T in the 
incubation medium. In another experi- 
ment, with testes obtained from imma- 
ture mice, the dose of 25 ,ug THC per 
milliliter resulted in a 53 percent de- 
crease (P < .001) in the accumulation of 
T (Table 1). In a subsequent experiment 
with adult animals, the addition of 25 or 
250 /g CBN per milliliter of incubation 
medium significantly (P < .001) inhib- 
ited the production of T (Table 2). These 
results complement the findings of Jacu- 
bovic and McGeer (11), who demon- 
strated that THC, CBN, and other can- 
nabinoids can inhibit the synthesis of nu- 
cleic acids, proteins, and lipids in 
testicular slices in vitro. 

Recently, THC has been shown to 
possess estrogenic activity (15), and 
some investigators have suggested that 
estrogens may inhibit testosterone syn- 
thesis by a direct action on the testis 
(16). However, in this incubation sys- 
temn, the addition of estradiol, at doses as 
high as 5 /g/ml, did not affect T accumu- 
lation in the incubation medium (17). 

It is always difficult to extrapolate 
from experiments conducted in vitro to 
conditions in vivo. Although THC can 
concentrate in testicular tissue (18), the 
actual in vivo concentrations in human 
marihuana users, or in experimental ani- 
mals treated with cannabinoids, may 
vary considerably from those used in this 
study. However, the results do indicate 
that (i) THC, in a wide range of doses 
(including the relatively low level of 0.25 
,tg/ml), can significantly reduce T bio- 
synthesis in the decapsulated mouse tes- 
tis and (ii) CBN can have a similar ef- 
fect. 

The ability of either cannabis or THC 
to lower plasma T levels in vivo has been 
described (1, 2). We have observed that 
subcutaneously injecting male mice with 
100 ,ug CBN per day for 4 days signifi- 
cantly reduced T levels in the plasma 
sampled approximately 5 hours after 
the last injection (1.73 + 0.75 versus 
8.50 + 2.26 ng/ml; P < .02) (19). The 
similarity of the response of mouse tes- 
tes in vitro to both THC and CBN sug- 
gests that nonpsychoactive constituents 
of cannabis can contribute to its effects 
on the endocrine system. Furthermore, 
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Table 2. The effect of treatment with can- 
nabinol (CBN) in vitro on the production of 
testosterone (T) by the decapsulated testes 
from adult mice. The results represent mean 
(+ S.E.) concentration of T in the incubation 
medium at the end of a 4-hour incubation. 

CBN T 
con- 

centra- Inhibi- 
tion ng/ml N tion P 

(,ug/ml) (%) 

368 + 27 9 
25 99 + 10 9 73 < .001 

250 18 ? 5 8 95 < .001 
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on testicular function remains to be 
elucidated, but our results indicate that 
the reduction in peripheral T levels ob- 
served in vivo (1, 2) impaired sperma- 
togenesis (3, 4), and decreases in andro- 
gen-dependent behaviors (6, 7) may be 
due, at least in part, to a direct inhibitory 
effect of cannabinoids on the production 
of T by the testis. 
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cells within its microenvironment. The 
action of released NE is terminated by 
an active transport mechanism within 
the membrane of the sympathetic nerve 
terminal. This uptake process conserves 
transmitter and, together with de novo 
biosynthesis of NE, serves to maintain 
the level of NE within a narrow range. 
The endogenous level of NE within a 
particular tissue does not, therefore, 
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Suppression of Sympathetic Nervous System During Fasting 
Abstract. Two days of fasting in rats significantly reduces the turnover of norepi- 

nephrine in the heart. In contrast to the effects of ganglionic blockade in fed con- 
trols, similar blockade in fasted animals is without significant effect on [fH]- 
norepinephrine retention or endogenous norepinephrine in the heart. These data are 
consistent with suppression of centrally mediated sympathetic activity in the fasted 
state. The decrease in norepinephrine turnover during fasting is completely reversed 
by I day of refeeding. 
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Fig. 1. [3H]NE turnover in rat heart in fed, iO4- 
fasted, and refed animals. Female Sprague- o 
Dawley rats (150 to 200 g) were separated into ed 
two groups 2 days before the start of the turn- t = 12.3 hr 
over experiment. Fed animals were continued / 
on their diet of free access to rat chow and 
water; fasted animals were deprived of food o_ 
but given unlimited access to both water and a ., 
hypotonic electrolyte solution containing 78 . 103 
meq of Na and 15 meq of K per liter. (Esti- Fasted 
mated, voluntary Na+ intake was 1 to 2 and 3 z 

ti/2 = 26.1 hr --' 

to 4 meq per rat per day for fed and fasted . Refed 

animals, respectively.) Refed animals, simi- X 
larly starved for 2 days before the turnover -2 6 2 24 
study, were given rat chow and water after Hours 
the study began. At the start of the turnover 
study, each animal received an intravenous injection of [3H]NE (250 ,uc per kilogram of body 
weight; 32.5 c/mmole, New England Nuclear) by tail vein. At 2, 6, 12, and 24 hours after injec- 
tion, five rats from each group were killed, and their hearts were removed and quickly frozen 
on Dry Ice. The organs were stored at - 20?C until analyzed within 2 to 3 days. After the organs 
were homogenized in 0.4N perchloric acid at 4?C, NE was isolated chromatographically with 
alumina and the eluates were analyzed for [3H]NE and NE as described (4). Values were cor- 
rected for recovery of 80 to 90 percent, as determined for each experiment. Specific activity of 
cardiac NE was determined for each time point and expressed as mean ? standard error of 
mean. The line representing the decline in specific activity with time was calculated by the 
method of least squares. For both fed and fasted groups, the significance of each slope is 
P < .001. For the fed group the slope or fractional turnover rate is 5.66 + 0.14 percent with an 
NE turnover rate of 23.1 + 1.5 ng per heart per hour [95 percent confidence interval (4)]. For 
the fasted group the fractional turnover rate is 2.66 ? 0.15 percent per hour, and the NE turn- 
over rate is 13.1 + 1.2 ng per heart per hour (95 percent confidence interval). The slopes are 
significantly different [P < .005, Student's t-test (4)]. In the single refed group the specific 
activity at 24 hours is significantly lower than that in either the fed or fasted groups (P < .005 and 
.025, respectively). 

vary widely despite marked fluctuations 
in sympathetic activity because changes 
in the activity of membrane transport 
and in the rate of NE biosynthesis paral- 
lel changes in sympathetic activity (1). 
The kinetic measurement of NE turn- 
over is therefore necessary for the as- 
sessment of sympathetic activity. 

Two techniques of estimating NE 
turnover are employed in the present 
study. In the first, tracer doses of 
[3H]NE are used to label intraneuronal 
NE stores. Following intravenous in- 
jection [3H]NE is taken up by the axonal 
membrane uptake process; it rapidly 
equilibrates with intraneuronal NE 
stores and is released in response to 
sympathetic nerve impulses. The rate of 
disappearance of [3H]NE is thus an in- 
dication of NE turnover in sympathetic 
nerves (2). This technique provides a re- 
liable and reproducible measure of NE 
turnover (3-5). In the second method of 
assessing NE turnover, a-methylpara- 
tyrosine (aMPT) is used to inhibit tyro- 
sine hydroxylase, the rate-limiting en- 
zyme in NE biosynthesis (6). With NE 
biosynthesis inhibited, NE levels cannot 
be maintained and the rate of decrease of 
endogenous NE is an indication of NE 
turnover (6). 

A variety of physiologic and path- 
ophysiologic states known to increase 
sympathetic activity are associated with 
increased NE turnover as well. Hy- 
pothyroidism, hypopituitarism, cage re- 
straint, exercise, and cold exposure, for 
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example, stimulate NE turnover (3, 4, 7). 
Although pharmacologic agents such as 
ganglionic blocking drugs that decrease 
sympathetic outflow also decrease NE 
turnover, physiologic and pathophysio- 
logic states that consistently reduce NE 
turnover have not been described. This 
report provides evidence that fasting 
for 2 days reduces cardiac NE turnover 
in rats. 

The effect of 2 days of fasting on NE 

Fed 

DControl 

Fasted Refed 

E3aMPT EN aMPT +cold 

Fig. 2. Effect of inhibition of NE biosynthesis 
on endogenous NE in rat heart from fed, fast- 
ed, and refed animals. Animals were prepared 
as described in Fig. 1, except that refed ani- 
mals after a 2-day fast were given access to rat 
chow and water 1 day before the experiment. 
Animals were injected intraperitoneally with 
the methyl ester of aMPT (Sigma) dissolved 
in saline, 250 mg/kg at to and 125 mg/kg 3.5 
hours later; controls received the same vol- 
ume of saline in two injections. Animals were 
killed at 7 hours, and the endogenous NE lev- 
els in the heart determined as described for 
Fig. 1. A group of aMPT-treated animals was 
placed in cages in a cold room (4?C) during the 
experiment. Each group contained six to eight 
animals: *P < .05, **P < .02, ***P < .001 
for comparisons to the corresponding saline 
control. 

turnover as measured by the rate of dis- 
appearance of [3H]NE is shown in Fig. 1. 
In this experiment fed rats and rats fast- 
ed for 48 hours received an intravenous 
injection of [3H]NE at to. At 2, 6, 12, and 
24 hours after injection, five animals 
from each group were killed and their 
hearts analyzed for [3H]NE and endog- 
enous NE. As shown in Fig. 1, fasting 
is associated with a highly significant 
(P < .005) increase in the calculated 
half-time of disappearance (t1/2), from 
12.3 + 0.3 hours in the fed group to 
26.1 + 1.5 hours in the fasted group (8). 
The fractional NE turnover rate de- 
creased significantly (P < .005) during 
fasting (from 5.66 ? 0.14 percent per 
hour in the fed rats to 2.66 ? 0.15 per- 
cent per hour in the fasted animals). En- 
dogenous cardiac NE increased signifi- 
cantly (P < .001) in the fasted rats com- 
pared to the fed animals (492 + 16.9 and 
407 ? 16.3 ng per heart, respectively). 
The NE turnover rate, calculated as the 
product of the fractional turnover rate 
and endogenous NE content, was de- 
creased (P < .05) in the hearts of fasting 
animals (23.1 ? 1.5 and 13.1 + 1.2 ng 
per heart per hour in fed and fasted ani- 
mals, respectively). In the refed group, 
which had been fasted for 48 hours be- 
fore the start of the experiment but al- 
lowed access to food and water during 
the 24 hours after injection of [3H]NE, 
there is a significant reduction (P < .025) 
in cardiac NE specific activity compared 
to that of animals fasted for 72 hours. 
This difference between fasting and refed 
animals is consistent with reversal of 
starvation-induced suppression of NE 
turnover by refeeding. Fasting for 2 
days, therefore, is associated with de- 
creased [3H]NE turnover which is re- 
versed by a single day of refeeding. 

The effect of inhibition of NE biosyn- 
thesis on endogenous NE in hearts of 
fed, fasting, and refed animals is shown 
in Fig. 2. In both fed and refed groups, 
significant (P < .02 and < .05, respec- 
tively) decreases in NE content in the 
heart were found after 7 hours of inhibi- 
tion of NE biosynthesis; in the fasted an- 
imals, however, no decrease in cardiac 
NE occurred. The lack of change in car- 
diac NE after inhibition of NE biosyn- 
thesis in the fasted animals provides fur- 
ther evidence of decreased NE turnover 
in rats after a 2-day fast. Fed animals ex- 
posed to cold (4?C) exhibit a further de- 
crease in cardiac NE after inhibition of 
NE biosynthesis (P < .001 and < .005 
for comparison with control animals and 
aMPT-treated animals at room temper- 
ature, respectively) and provide an inter- 
nal, positive control for the experiment. 
Thus, two independent methods for as- 
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sessing NE turnover demonstrate sup- 
pressed turnover during fasting which is 
reversed by refeeding. 

Ganglionic blockade decreases sympa- 
thetic activity by interrupting central 
sympathetic outflow (9). The effect of 
such blockade on endogenous NE and 
on the residual [3H]NE remaining in the 
hearts of fed and fasted animals 10 hours 
after administration of labeled NE is 
shown in Fig. 3. In this experiment 
chlorisondamine, a ganglionic blocking 
agent, was administered 5 minutes after 
injection of [3H]NE into fed and fasted 
animals and again 5 hours after injection. 
The animals were killed 10 hours after 
the first injection. In the fed animals, the 
residual [3H]NE is 61 percent greater 
(P < .001) and the endogenous NE is 25 
percent greater (P < .05) in the group 
treated with ganglionic blockade than in 
the untreated control group. These dif- 
ferences are manifestations of reduced 
release of NE (both labeled and unla- 
beled) at the nerve terminal by pharma- 
cologic reduction in impulse traffic. In 
the fasted animals, ganglionic blockade 
leads to only a 15 percent increase in re- 
sidual [3H]NE and a 5 percent increase in 
endogenous NE (neither difference sta- 
tistically significant). The observation 
that ganglionic blockade produces small- 
er changes in cardiac NE in fasted ani- 
mals than in fed controls is consistent 
with reduced impulse traffic in cardiac 
sympathetic nerves in fasting; the com- 
bination of fasting and ganglionic block- 
ade yields little further decrease in im- 
pulse traffic beyond that produced by 
fasting alone. 

Previous attempts to assess sympa- 
thetic activity during fasting have pro- 
duced variable results. In studies of the 
effects of infusions of blocking drugs on 
tissues potentially responsive to cate- 
cholamines, such as pancreatic islets and 
adipose tissue, drug effects distant from 
the site of interest cannot be avoided (10, 
11). Measurements of urinary or plasma 
catecholamines or their metabolites have 
likewise yielded no consistent results 
(I1, 12). One factor apparently ignored in 
such studies is the natriuresis of fasting 
that occurs within the first week of a fast 
(13). Such a phenomenon in man, if not 
taken into account, might be expected to 
stimulate the sympathetic nervous sys- 
tem sufficiently on an orthostatic basis to 
obscure changes due solely to caloric 
deprivation. In the rat, an animal in 
which postural considerations are mini- 
mal, a significant decrease in urinary NE 
during the first of two 48-hour fasts in 
control animals has been reported (14). 
Thus, while no consensus exists con- 
cerning the functional state of the sym- 
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Fig. 3. Effect of ganglionic blockade on car- 
diac endogenous NE and [3H]NE in fed and 
fasted rats. Animals were fasted for 2 days as 
described in Fig. 1. At 5 minutes and 5 hours 
after the intravenous injection of [3H]NE (200 
/uc/kg), chlorisondamine (5 mg/kg; Ecolid, 
Ciba), a ganglionic blocking agent, was ad- 
ministered intraperitoneally. Control animals 
received intraperitoneal injections of saline. 
Animals were killed 10 hours after injection of 
[3H]NE. Each group contained seven or eight 
rats. Percentages shown are increases in 
blockade group relative to control; *P < .05, 
***P < .001 for comparison to control. 

pathetic nervous system during fasting, 
this question has apparently not been 
studied before in the direct manner de- 
scribed here. 

Work in our laboratory suggests that 
the suppression of sympathetic activity 
reported here in heart occurs in other 
sympathetically innervated organs (15). 
In all organs examined, including liver, 
pancreas, spleen, small intestine, and 
salivary gland, fasting decreases sympa- 
thetic activity as measured by NE turn- 
over. Thus, the fasting-related suppres- 
sion of NE turnover in the heart, report- 
ed here, appears to reflect changes 
throughout the organism. 

It is generally thought that the sympa- 
thoadrenal system is important in the ad- 
aptation to fasting. Glycogenolysis, 
gluconeogenesis, and lipolysis are stimu- 
lated by catecholamines, and the release 
of stored fuels and increase in hepatic 
glucose production during fasting have 
been thought to be controlled, in part, 
by circulating or locally released cate- 
cholamines (16). Although the suppres- 
sion of NE turnover by fasting is evi- 
dence against that widely accepted be- 
lief, the possibility that circulating epi- 
nephrine may mediate some of the 
metabolic changes during fasting was not 
tested in the present study. 

The association of fasting with de- 
creased sympathetic activity has at least 
three significant implications. (i) This re- 
duction in sympathetic activity may be a 
mechanism whereby the body attempts 
to conserve calories; therefore, manipu- 
lation to increase sympathetic activity 
may be useful in treatment of obesity. (ii) 
Since the sympathetic nervous system is 
important in the body's "fight or flight" 
response to stress, individuals who are 

suffering from caloric deprivation may 
have an impairment in this survival re- 
sponse, especially as it pertains to car- 
diovascular reflexes. (iii) Since hyper- 
tension probably involves the sympa- 
thetic nervous system, dietary factors 
may be important in the pathogenesis 
and treatment of some patients with high 
blood pressure. 
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