methamine by sulfamethoxazole for inhi-
bition of the E. coli dihydrofolate reduc-
tase, a 2 mM concentration of sulfameth-
oxazole is required. High concentrations
of sulfamethoxazole, for example, mean
values of 1.2 mM free and 2.0 mM total,
are attained in the urines of patients
treated with normal doses of tri-
methoprim plus sulfamethoxazole (22),
although concentrations in the serum are
lower, near 0.2 mM (23).

Direct experimental confirmation of
the ability of E. coli MB 1428 dihydrofo-
late reductase to bind simultaneously
pyrimethamine and 4,4’-diaminodiphen-
ylsulfone (dapsone) has been made by
an ultraviolet difference spectrum titra-
tion (24).
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Cholinergic Stimulation of the Rat Hypothalamus:

Effects on Liver Glycogen Synthesis

Abstract. Cholinergic ctimulation of the lateral hypothalamic neurons with intra-
hypothalamic microinjections of acetylcholine or carbachol caused a marked in-
crease in the content of the active form of glycogen (starch) synthase in the liver.
Total activity of the enzyme (active plus inactive forms) was not increased significant-
ly. The lowest effective dose of acetylcholine was 5 X 107" mole, and the optimum
dose was 5 % 107° mole. Similar applications of other neurotransmitters, such as
norepinephrine, dopamine, serotonin, and y-aminobutyric acid, did not affect the en-

zyme’s activity.

The hypothalamus and its autonomic
nervous connections aid in regulating en-
zymic activities implicated in carbohy-
drate metabolism in the liver, and the
ventromedial (VMH) and the lateral hy-
pothalamic nucleus (LH) act reciprocally
in that regulation (/-3). Electrical stimu-
lation of the VMH causes glycogenolysis
and enhances gluconeogenesis in the liv-
er to produce hyperglycemia (/, 2). Stim-
ulation of the LH in rabbits and rats,
however, can induce glycogenesis and in-
hibit gluconeogenesis in the liver (I, 3).
In contrast to VMH stimulation, electri-
cal stimulation of the LH generally pro-
duces effects on the metabolic altera-
tions that are less pronounced; such stim-
ulation sometimes results in obscure
changes, presumably because neuronal
organization of the LH is complex.

Since the fundamental work of Gross-
man (), the roles of neurotransmitters in
normal feeding, drinking, and thermoreg-
ulation have often been studied by their
intracranial injection. However, there
are few studies in which metabolic
changes have been observed in the extra-
cerebral organs after neurotransmitters
have been injected into the hypothala-
mus. In order to gain further insight into
the regulatory function of the LH in liver
metabolism, we selectively stimulated
neurons of the lateral hypothalamus with
local applications of the different neuro-
transmitters and studied changes in the
activity of liver glycogen synthase (E.C.
2.4.1.11), an enzyme catalyzing the rate-
limiting step in glycogen biosynthesis.

Male Wistar rats weighing 250 to 300 g
were housed in individual cages and giv-
en free access to laboratory chow and
water. A double-walled cannula, which
had outer and inner diameters of 0.65
mm and 0.30 mm, respectively, was
stereotaxically implanted into the LH of
each rat under pentobarbital anesthesia.
The coordinates used for implantation
have been described (/). The cannula
was permanently anchored to the skull
by screws and dental cement. Correct
placement of the tip of the cannula was
verified microscopically in brain sections
made after the experiments were com-

pleted. Two weeks after the implanta-
tion, intrahypothalamic injections of dif-
ferent neurotransmitters were given in
single doses (usually 5 X 10™® mole)
through the inner cannula. Transmitters
were dissolved in 0.9 percent saline solu-
tion, and the injection volume was 1 ul.
To minimize the effects of circadian vari-
ation of glycogen synthase activity in
the liver, all the experiments were start-
ed at 1:00 p.m., and the animals were not
fed during the 4 hours before and during
the experiments. At the time indicated af-
ter administration of transmitters, the an-
imals were anesthetized by intra-
peritoneal injection of sodium pen-
tobarbital (50 mg per kilogram of body
weight), the abdominal wall was cut
open, and a portion of the liver was
quickly removed and immersed in liquid
nitrogen. The activity of glycogen syn-
thase was then assayed (Table 1). Intra-
hypothalamic injection of norepineph-
rine or dopamine at the experimental
dose sometimes elicited sniffing and
grooming behavior of the animals, but
that of serotonin or y-aminobutyric acid
(GABA) generally produced little change
in behavior. Administration of acetyl-
choline at doses less than 1 X 107* mole
also produced little behavioral change,
but at higher doses it induced salivation,
analgesia, and cataleptic reactions.
Cholinergic stimulation of the LLH neu-
rons by intrahypothalamic administra-
tion of acetylcholine plus neostigmine
greatly increased the amount of the ac-
tive form (I form) of liver glycogen syn-
thase 1 hour after its administration
(Table I). Total activity (T) of the en-
zyme showed little change. Con-
sequently, the I/T ratio of the enzyme in-
creased as a result of hypothalamic stim-
ulation with acetylcholine. It is therefore
likely that the effect is due largely to con-
version of the inactive form (D form) of
glycogen synthase into the active form.
Control injections of equally minute
amounts of neostigmine alone did not
have a significant effect on glycogen syn-
thase, which suggests that cholinesterase
was not significantly inhibited by these
small doses; in consequence, acetyl-
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Fig. 1. Time course of changes in the activity
of liver glycogen synthase-I produced by a mi-
croinjection of acetylcholine (Ach; 5 x 107%
mole) into the lateral hypothalamic nucleus
(LH). Enzyme activity in control rats (saline
group) was taken as 100, and that obtained
from rats with acetylcholine treatment was ex-
pressed as a percentage of the activity of the
control group. Each point is the mean * the
standard error of between four and eight deter-
minations.

choline did not accumulate in concentra-
tions sufficient to elicit the response. The
administration of carbachol (carba-
mylcholine chloride), a cholinergic agon-
ist that is not hydrolzed by cholinester-
ase, resulted in similar but somewhat
smaller effects on liver glycogen syn-
thase than those produced by the same
molecular amounts of acetylcholine.

Noradrenergic, dopaminergic, and se-
rotonergic stimulations of the LH neu-
rons, however, had no significant effects
on glycogen synthase activity. Micro-
injection of GABA into the LH tended to
cause decreases in the content of the I
form of liver glycogen synthase and also
in the I/T ratio, but these were not statis-
tically significant (P > .05).

The response of glycogen synthase be-

came evident 30 minutes after acetyl-
choline application (P < .05) (Fig. 1).
The magnitude of the response increased
progressively to beyond 2 hours, an ap-
proximately threefold increase.

The dose-response curve for acetyl-
choline-induced activation of liver glyco-
gen synthase (Fig. 2) shows that the I
form (and the I/T ratio) of the enzyme
rose progressively as the dose increased,
a significant increase being observed at
the lowest dose of 5 x 107 mole
(P < .05). The maximum effects on en-
zyme activity at 1 hour occurred with a
dose of acetylcholine of 5 X 107° mole.
Higher doses resulted in a submaximum
increase in enzyme activity. The concen-
tration of acetylcholine in the rat hy-
pothalamus has been reported to be
3.4 X 107% mole per gram (5). The dose
used in this study does not greatly ex-
ceed the amount in the brain. In addi-
tion, judging from the results of studies
on the regional distribution of the rate-
limiting enzyme for acetylcholine syn-
thesis, that is, choline acetyltransferase
(6), the LH seems to contain a relatively
high concentration of acetylcholine, com-
pared with most other hypothalamic nu-
clei.

The specific activation of liver glyco-
gen synthase produced by the stimula-
tion of LH with cholinergic agents sug-
gests that, among other neurons, cholin-
ergic neurons in the hypothalamus are
particularly active in regulating glycogen
biosynthesis in the liver. Electrical stimu-
lation of the wvagus nerve, para-
sympathetic nerves innervating the liver,
causes a marked increase in the activity
of glycogen synthase followed by an ac-
cumulation of glycogen in the liver (3).

Table 1. Effects of microinjections of the different neurotransmitters into the lateral hypothala-
mic nucleus on the activity of glycogen synthase in rat liver. Animals were killed 1 hour after the
neurotransmitters were administered. The doses of transmitters were 5 X 10~® mole, except for
the dose of neostigmine of 2 X 10~® mole. For the enzyme assay, a portion of the liver that had
been frozen in liquid nitrogen was homogenized with five volumes of cold 50 mM imidazole-HCI
buffer (pH 7.4) containing 50 mM NaF, 5 mM EDTA, and 0.25M sucrose. The homogenate was
centrifuged for 10 minutes at 600g and 0°C. The supernatant was immediately analyzed for
glycogen synthase activity with (for total activity) and without (for I-form activity) glucose 6-
phosphate added (8). One unit of the enzyme is the amount which catalyzes the incorporation of
1 umole of glucose into glycogen per minute. Results are means * standard errors of the means
for the number of animals in each group. Activities are given as 10~% unit per milligram of pro-
tein. Values significantly different from the group treated with saline at P < .05 are in boldface

type.

Neuro- N Total I-form I/T ratio
transmitter activity (T) activity (I) (%)
Saline (control) 7 4.84 = 0.18 0.96 = 0.11 21.0 £ 1.5
Acetylcholine + 8 5.02 £ 0.33 2.05 = 0.33 42.1 + 6.3

neostigmine
Neostigmine 4 5.30 + 0.42 0.96 = 0.24 17.6 = 3.7
Carbachol 8 4.85 = 0.31 1.82 = 0.21 35.6 + 2.5
Serotonin 4 4.61 = 0.39 0.94 = 0.16 19.9 = 2.1
Dopamine 4 5.52 £ 0.20 0.97 £ 0.12 17.4 £ 2.0
Norepinephrine 4 5.19 = 0.60 1.30 = 0.23 25.0 =34
y-Aminobutyric acid 4 4.67 = 0.09 0.73 £ 0.12 15.7 = 2.7
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Fig. 2. Effects of various doses of acetyl-
choline (Ach) on liver glycogen synthase 1
hour after intrahypothalamic application.
Glycogen synthase-I activity (black bars) is
expressed as a percentage of that of the saline
control group. The I/T ratio (white bars) de-
notes the value of I-activity relative to the to-
tal activity. Each column is the mean * the
standard error of between four and eight deter-
minations.

Also, acetylcholine can stimulate glyco-
gen synthase in isolated, perfused, rat liv-
er and in isolated hepatocytes (7). The
neural regulation of liver glycogen syn-
thesis therefore appears to be mediated
by the cholinergic system centrally as
well as peripherally.
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