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Abstract

The 2-deoxy-D[1-*C]glucose method of Sokoloff was used to measure local cerebral glucose
utilization (LCGU) in rats after injections of the GABA receptor agonist, muscimol (1.6 mg/kg and
4.0 mg/kg, 1.v.); the muscarinic receptor antagonist, scopolamine (0.4 mg/kg and 2.0 mg/kg, i.v.); or
combinations of both drugs. The aim was to identify brain regions where functional effects of
GABAergic-cholinergic interactions could be seen. As noted previously, muscimol reduced LCGU
in many brain regions. In contrast, scopolamine alone had no effect on LCGU in most brain regions;
however, decreases were seen in the medial geniculate body, medial thalamic nucleus, and auditory
and frontal cortical areas. Scopolamine increased LCGU in the cerebellar vermis and mesencephalic
reticular formation. Although muscimol alone did not significantly affect LCGU in the external
plexiform layer of the olfactory bulb or the anterior, periventricular, and parafascicular thalamic
nuclei, rats treated with 0.4 mg/kg of scopolamine before 4.0 mg/kg of muscimol had LCGU
decrements in those brain regions. Furthermore, the muscimol-induced decrease in LCGU in the
medial cortex was enhanced by prior treatment with 0.4 mg/kg of scopolamine. In contrast, in
certain brain regions where muscimol alone reduced LCGU (locus ceruleus; central gray matter;
striatum; ventral, medial, reuniens, and rhomboid thalamic nuclei; and the auditory cortex),
scopolamine pretreatment antagonized these decrements.

These findings suggest that endogenous cholinergic and GABAergic systems act antagonistically
in some brain regions. However, in other brain regions, cholinergic transmission is required for full
expression of GABAmimetic effects on LCGU. This apparent positive cholinergic-GABAmimetic
interaction may have bearing on identifying the cerebral loci involved in GABAmimetic antinoci-

ception.

It is now generally accepted that GABA is a major
inhibitory neurotransmitter in the central nervous sys-
tem (Roberts, 1980). Because GABA itself does not read-
ily pass the blood-brain barrier (Kuriyama and Sze,
1971), GABA analogues that do enter the brain have
been used to study central GABAmimetic effects. Such
drugs include muscimol, SL-76002, kojic amine, and
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4,5,6,7-tetrahydroisoxazolo[5,4-Clpyridin-3-ol  (THIP)
(Enna and Maggi, 1979; Krogsgaard-Larsen and Falch,
1981; Palacios et al., 1981b, 1982; Kelly and McCulloch,
1982; Kendall et al., 1982). The behavioral effects of
GABAmimetic agents include sedation, muscle relaxa-
tion, antinociception, and an anxiolytic effect (Potash-
ner, 1978; Bartholini, 1980; Kendall et al., 1982).

There is evidence that GABAmimetic actions involve
central cholinergic systems. For example, in the rat,
muscimol decreases the rate of ACh turnover in the
midbrain and cortex (Zsilla et al., 1976), induces a dose-
related increase in striatal ACh content (Scatton and
Bartholini, 1979), and decreases striatal ACh turnover
(Bartholini et al., 1981). More recently, Kendall et al.
(1982) have demonstrated that the muscarinic receptor
antagonist atropine reverses the antinociceptive actions
of other GABAmimetic agents. This observation is con-
sistent with the concept that the antinociceptive action
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of GABamimetic agents involves the participation of
muscarinic systems.

The present study was conducted to investigate the
in vivo distribution of cerebral metabolic effects of
GABAergic-cholinergic interactions in the rat. There-
fore, we used the 2-deoxy-D-[1-"*C]glucose ([**C]DG)
technique of Sokoloff et al. (1977) to measure local
cerebral glucose utilization (LCGU) in rats treated with
the GABA agonist muscimol, the muscarinic receptor
antagonist scopolamine, or both drugs. Because LCGU
is related to cerebral functional activity (Sokoloff, 1979),
the autoradiographic ["*C]DG technique allows delinea-
tion of brain areas that are activated or depressed by
pharmacological manipulations. This technique has been
used previously to map metabolic responses to GABA
agonist and antagonist drugs in the rat brain (Kelly and
McCulloch, 1982; Palacios et al., 1982).

Materials and Methods

Thirty-eight Osborne-Mendel rats (250 to 370 gm)
were obtained from the animal facilities of the National
Institutes of Health (Bethesda, MD). [*C]DG (55 to 57
mCi/mmol) was purchased from New England Nuclear
Corp. (Boston, MA) and was rechromatographed to as-
certain purity. Muscimol and (—)-scopolamine hydro-
bromide (scopolamine) were purchased from Sigma
Chemical Co. (St. Louis, MO). Pentobarbital (Nembutal
sodium) was obtained from Abbott Laboratories (North
Chicago, IL).

Preparation of rats. Rats were fasted for approximately
15 hr prior to surgery to stabilize plasma glucose levels.
Under pentobarbital anesthesia (50 mg/kg, i.p.), cathe-
ters were surgically implanted into the left femoral artery
and vein. The skin was apposed with metal clips, and the
catheters exited from the left groin. The catheters were
plugged until the drug treatments were administered.
After surgery, each rat was restrained with a plaster cast
that enabled it to move only the forequarters but pre-
vented the rat from pulling the catheters. Rats were
allowed to recover for 4 hr in a sound-insulated wooden
box (62 X 46 X 43 c¢m), where body temperature was
monitored with a rectal thermoprobe connected to a
feedback device (YSI Indicating Controller model
T3ATA, Yellow Springs Instrument Co., Inc., Yellow
Springs, OH) that regulated body temperature by acti-
vating heating wires on the ceiling of the box when rectal
temperature fell below 35°C.

Drug treatments. Drug treatments were administered
about 4 hr after surgery was completed. Muscimol and
scopolamine were dissolved in 0.9% (w/v) NaCl and were
injected intravenously in a volume of 1 ml/kg of body
weight. The same volume of saline was injected intrave-
nously in control rats. Each rat was given two injections;
the first was at 30 min before and the second was at 14
min before [**C]DG. Evaluations of drug interactions
were undertaken in two separate experiments that em-
ployed different doses of muscimol and scopolamine. In
the first of these experiments, the muscimol dose was
high (produced a maximal effect on LCGU in most brain
regions; Palacios et al., 1982) and the scopolamine dose
was relatively low (Stewart and Blain, 1975). The treat-
ment groups for the first experiment were as follows:
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(1) saline + saline: (2) saline + muscimol (4.0 mg/kg);
(3) scopolamine (0.4 mg/kg) + saline: (4) scopolamine
(0.4 mg/kg) + muscimol (4.0 mg/kg). In the second
experiment, we used a high dose of scopolamine (2.0 mg/
kg), selected on the basis of behavioral studies (Stewart
and Blain, 1975), and a lower dose of muscimol (1.6 mg/
kg). Again, each rat was given two injections, 30 min and
14 min before [“C]DG. The treatment groups in this
second series were as follows. (1) saline + saline: (2)
saline + muscimol (1.6 mg/kg); (3) scopolamine (2.0 mg/
kg) + saline; and (4) scopolamine (2.0 mg/kg) + muscimol
(1.6 mg/kg).

Determination of LCGU. LCGU was determined after
injection of ["C]DG (125 uCi/kg of body weight, i.v.) as
previously described (Sokoloff et al., 1977). Rats were
killed 50 min after injection of [**C]DG by a pentobar-
bital overdose (60 mg in 1 ml, i.v.). Brains were removed
and frozen in 2-methylbutane (Eastman Kodak Co.,
Rochester, NY) at —60°C. The frozen brains were cut
into 20um sections, with a Cryo-Cut II cryostat (Ameri-
can Optical Co., Buffalo, NY) maintained at —20°C to
—22°C. Sections were picked up on glass coverslips, and
the radioactivity in individual regions was determined by
quantitative autoradiography (Sokoloff et al., 1977). An-
atomical structures were identified using stereotaxic at-
lases (Konig and Klippel, 1970; Pellegrino et al., 1979).
Eight to 10 densitometric readings were taken from each
brain region. LCGU was calculated from brain and
plasma radioactivities and plasma glucose concentra-
tions using published values for the lumped constant and
rate constants for [**C]DG transport and phosphoryla-
tion (Sokoloff et al., 1977), and an operational equation
that considers variations in the arterial plasma concen-
tration during the experimental period (Savaki et al.,
1980).

Physiological measures. Systolic and diastolic blood
pressures and pulse rate were recorded during the [*C]
DG experiment by connecting the arterial catheter to a
strain gauge transducer (Statham Instruments Co., Ha-
torey, PR) which led into a paper chart recorder (Gould
Recorder 2200, Gould Inc., Cleveland, OH).

Statistical analysis. LCGU values obtained after the
various treatments were compared in two separate one-
way analyses of variance (Steel and Torrie, 1960), cor-
responding to the two experiments. Statistical signifi-
cance of the differences between individual means was
assessed by Duncan’s new multiple range test (Duncan,
1957). Values of LCGU in the control groups from the
two experiments did not differ by Student’s ¢ test (p <
0.05). Values of pulse rate and blood pressure before and
after drug treatments were compared by Student’s paired
t analysis. Differences were considered significant when
p =< 0.05.

Results

Behavioral and physiological parameters. After musci-
mol injection, the rats appeared to be slightly sedated,
but we did not attempt to quantify the degree of sedation.
Within 1 min after the low dose scopolamine injection,
the rats seemed to struggle a bit within the confines of
their plaster casts for a few minutes. No consistent
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behavioral effects were noted after the higher dose of
scopolamine.

During the ['*C]DG experiment, there was a signifi-
cant increase in the pulse rate from 371 + 13 beats per
minute (bpm) (mean + SEM) to 439 + 16 bpm within 1
to 2 min after 0.4 mg/kg of scopolamine. The higher dose
of muscimol (4.0 mg/kg) significantly decreased the pulse
rate from 391 + 12 bpm to 341 *= 23 bpm; it also
significantly decreased both the systolic and diastolic
pressures. The systolic pressure dropped from 162 + 8.2
mm Hg (mean = SEM for five rats) to 141 + 10 mm Hg,
and the diastolic pressure dropped from 126 + 7.8 mm
Hg (mean = SEM for five rats) to 106 + 4.6 mm Hg. No
significant effects on pulse rate or blood pressure values
were produced by the lower dose of muscimol (1.6 mg/
kg), the higher dose of scopolamine (2.0 mg/kg), or saline
injections. Despite transient drug effects on cardiovas-
cular parameters, the values of these parameters meas-
ured in drug-treated animals during the [*C]DG proce-
dure were within the range of control values. Arterial
plasma glucose concentrations during the [*C]DG pro-
cedure did not differ between treatment groups.

LCGU effects of muscimol. In general, both doses of
muscimol (1.6 and 4.0 mg/kg) were equally effective in
reducing LCGU (Tables I and II). Significant decreases
(about 26 to 58%) occurred in the locus ceruleus, medial
geniculate body, central gray matter (substantia grisea
centralis), striatum, nucleus accumbens, almost all tha-
lamic nuclei sampled, ventral hippocampal CA1, and the
medial cortex. The most profound decreases were ob-
served in the frontal and auditory cortices (48 to 69%
decrease from control).

LCGU effects of scopolamine. Most regions showed no
scopolamine-associated changes in LCGU (Tables I and
II). However, scopolamine significantly decreased LCGU
by about 18 to 37% in the medial geniculate body, medial
nucleus of the thalamus, layers IV and V of the auditory
cortex, and layer IV of the frontal cortex. These signifi-
cant decrements were obtained with both doses of sco-
polamine, except in the medial geniculate body, where
the 23% decrease obtained with 0.4 mg/kg of scopolamine
was not significant. In contrast, the high dose of scopol-
amine significantly elevated LCGU over control values
in the cerebellar vermis (+65%) (Fig. 1) and mesence-
phalic reticular formation (+44%).

LCGU effects of 0.4 mg/kg of scopolamine + 4.0 mg/kg
of muscimol. In rats treated with a low dose of scopola-
mine and a high dose of muscimol, LCGU was reduced
significantly in the external plexiform layer of the olfac-
tory bulb (49%) (Fig. 2) and the anterior (45%), periven-
tricular (42%), and parafascicular thalamic nuclei (32%),
regions where neither of the drugs given alone produced
significant LCGU effects (Table I). In the medial cortex,
where muscimol alone significantly reduced LCGU (26%
less than control), scopolamine + muscimol decreased
LCGU further (51% less than control; 33% less than
muscimol alone) (Fig. 3). In many brain regions, musci-
mol alone produced significant LCGU decrements that
were not further affected by the combined treatment.
Such areas included the striatum (47% and 50% reduc-
tions from control by muscimol alone and scopolamine
+ muscimol, respectively); ventral nucleus (38% and 38%
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respectively), ventromedial nucleus (37% and 40%, re-
spectively), medial nucleus (41% and 50%, respectively),
and posterior nucleus of the thalamus (39% and 32%,
respectively); auditory cortex, layer IV (64% and 62%,
respectively) and layer V (59% and 57%, respectively);
frontal cortex, layer IV (52% and 56%, respectively) and
layer V (48% and 51%, respectively).

LCGU effects of 2 mg/kg of scopolamine + 1.6 mg/kg of
muscimol. A high dose of scopolamine prior to a low dose
of muscimol did not enhance the LCGU reductions as-
sociated with muscimol alone (Table II). On the contrary,
in some regions, scopolamine partially antagonized mus-
cimol-induced decreases in LCGU. These regions in-
cluded the striatum (LCGU after scopolamine + musci-
mol was 150% of muscimol alone, and 64% of control),
medial thalamic nucleus (137% and 57%, respectively),
auditory cortical layers IV (148% and 45%, respectively)
and V (146% and 53%, respectively). The negative inter-
action between scopolamine and muscimol in the medial
thalamic nucleus and auditory cortex was notable be-
cause scopolamine alone decreased LCGU in these brain
regions.

Discussion

The present report describes the effects of scopolamine
and muscimol alone and in combination on glucose uti-
lization in the rat brain. The [**C]DG technique was used
to identify functional interactions between muscimol and
scopolamine as well as the distributions within the brain
of such in vivo interactions.

The effects of scopolamine on LCGU in hippocampal
and cortical structures (medial, auditory layer IV, frontal
layers IV and V) agree well with the results of Dam et
al. (1982). Weinberger et al. (1979) found a significant
decrease in the auditory cortex, similarly noted in the
present study in layers IV and V, whereas Dam et al.
(1982) showed a nonsignificant decreased. The insignif-
icant changes in LCGU in the superior olive, ventral
thalamus, and nucleus accumbens, as well as a decrease
in the medial geniculate body reported by Weinberger et
al. (1979), were confirmed in this study. The decreases
in LCGU after scopolamine in the inferior colliculus,
frontal cortex, lateral thalamus and dentate gyrus pre-
viously noted by Weinberger et al. (1979) were not ob-
served in the present study. These discrepancies may
reflect strain differences. In the studies by Weinberger
et al. (1979) and Dam et al. (1982) and in the present
study, Wistar, Fischer-344, and Osborne-Mendel rats,
respectively, were used. Another possible source of the
discrepancies could be differences in the anatomical site
of measurement (frontal cortex versus separate layers,
lateral thalamus versus individual nuclei, dentate gyrus
versus dorsal-ventral).

Increased body movements were observed after a low
dose of scopolamine (0.4 mg/kg) but not after a high dose
(2.0 mg/kg). This observation is not inconsistent with
previous results, which indicate that scopolamine effects
on open field behavior follow an inverted U-shaped dose-
response curve (Anisman and Cygan, 1975; Stewart and
Blain, 1975). However, LCGU responses to scopolamine
apparently follow a different pattern. For example, the
low dose of scopolamine did not affect LCGU in the
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TABLE 1
Effects of high dose muscimol and/or low dose scopolamine on local cerebral glucose utilization
Muscimol and/or scopolamine were injected intravenously in 1 ml/kg body weight of 0.9%, w/v, NaCl, at 14 and 30 min before [“C]DG,
respectively. Rats injected intravenously with equal volumes of 0.9% NaCl served as a control group. Glucose utilization was determined as
previously described (Sokoloff et al., 1977; Dow-Edwards et al., 1981). Eight to 10 densitometric readings were taken from each brain region.
The values for LCGU (micromoles per 100 gm per minute) are expressed as means £ SEM for the number of rats indicated in parentheses. One-
way analysis of variance and Duncan’s new multiple range test were applied for statistical analysis.

Scopolamine

Muscimol Scopolamine (04 mg/ke)
Control (4.0 mg/kg) (0.4 mg/kg) +
Muscimol
(4.0 mg/kg)
Vermis cerebelli, uvula 75+ 2.9 (5) 81 +9.0 (5 91+ 17 (4) 68 + 10 (6)
Nucleus gracilis 56 + 3.6 (5) 62 + 4.7 (5) 60 + 6.3 (4) 56 +9.3 (6)
Nucleus cuneatus 76 + 11 (5) 84 £ 8.7 (5) 85 +9.7(4) 79 + 8.5 (6)
Formatio reticularis mesencephal- 49 + 2.2 (5) 46 + 4.7 (5) 55 + 7.3 (4) 49 + 6.6 (6)
ica
Nucleus raphe dorsalis 58 + 4.7 (5) 66 + 89 (5) 65 + 13 (4) 48 + 6.1 (6)
Locus ceruleus 90 + 4.4 (5) 86 + 9.3 (5) 102 = 15 (4) 86 + 12 (6)
Nucleus reticularis lateralis magno- 64 + 7.7 (5) 57 £ 4.7 (5) 57 £ 9.6 (4) 61 + 4.2 (6)
cellularis
Oliva superior 134 = 12 (5) 131 +£ 19 (5) 124 + 22 (4) 128 + 13 (6)
Colliculus inferior 178 £ 8.0 (5) 185 + 20 (5) 161 + 28 (4) 160 + 17 (6)
Nucleus lemnisci lateralis 96 + 5.5 (5) 108 £ 11 (5) 95 + 16 (4) 99 + 7.1 (6)
Nucleus interpeduncularis 110 % 10 (5) 106 + 2.5 (4) 112 £ 17 (4) 86 + 8.5 (6)
Corpus geniculatum mediale 92 + 5.2 (5) 60 + 6.2° (5) 71 £ 13 (4) 57 +6.5° (6)
Nucleus ruber 62 £ 5.2 (5) 62 £ 7.0 (4) 71 £6.5(4) 73 +£13 (6)
Nucleus habenularis lateralis 113 = 5.6 (5) 112 + 16 (5) 123 £ 11 (4) 91 + 8.5 (6)
Zona incerta 59 + 4.3 (5) 40 £ 5.1 (4) 50 £ 7.9 (4) 37 = 5.8 (6)
Substantia grisea centralis 53 +1.9 (5) 43 + 3.6 (5) 50 + 6.1 (4) 39 + 4.4 (6)
Substantia nigra
Pars compacta 54 + 4.6 (5) 47 £ 7.0 (4) 59 + 8.4 (4) 42 + 3.3 (6)
Pars reticulata 46 + 2.3 (5) 39+44(4) 57 + 6.1 (4) 40 £ 5.3 (6)
Striatum 76 £ 4.6 (5) 40 *+ 7.6° (5) 78 +9.9 (4) 38 £5.4¢ (6)
Nucleus accumbens 64 + 3.1 (5) 47 £ 6.0° (5) 68 + 6.8 (4) 36 + 5.0° (6)
Lamina plexiformis externa bulbi 75 + 8.4 (5) 67 £ 10 (4) 71 £ 8.0 (4) 38 + 8.9%* (6)
olfactorii
Tuberculum olfactorium 55 £ 4.1 (5) 51 + 4.9 (5) 60 + 8.6 (4) 44 £ 7.3 (6)
Thalamus
Nucleus anterior 62 £ 6.2 (5) 49 + 6.0 (5) 63 + 6.0 (4) 34 £ 3.1 (6)
Nucleus ventralis 78 £ 3.5 (5) 48 & 4.6° (5) 87+ 99 (4) 48 + 4.3° (6)
Nucleus ventromedialis 81 + 4.8 (5) 51 = 4.9° (5) 86 + 10 (4) 49 + 5.0% (6)
Nucleus periventricularis 63 + 3.9 (5) 52 + 8.7 (5) 56 + 5.7 (4) 36 + 3.9% (6)
Nucleus medialis 82+ 11 (5) 48 +£8.2° (5) 56 + 3.8° (4) 41 + 6.0° (6)
Nucleus reticularis 48 + 5.4 (5) 36 = 4.2 (5) 64 + 4.0° (4) 34 + 3.3% (6)
Nucleus reuniens 61 £ 5.7 (5) 50 + 6.9 (5) 74 £10 (4) 43 £ 6.1 (6)
Nucleus rhomboideus 65+ 5.3 (5) 54 + 7.8 (5) 78 £ 10 (4) 46 + 5.4 (6)
Nucleus posterior 77 + 5.2 (5) 47 + 5.8° (5) 74 £ 8.1(4) 52 + 7.3%(6)
Nucleus parafascicularis 73 + 8.6 (5) 54 + 5.8 (5) 75 + 9.5 (4) 50 + 4.8° (6)
Hippocampus
Gyrus dentatus dorsalis 50 £ 3.0 (5) 55 = 8.7 (5) 46 + 4.9 (4) 37 + 4.0 (6)
Gyrus dentatus ventralis 59 + 5.0 (5) 53 + 6.9 (5) 56 + 6.8 (4) 39 + 6.1 (6)
CA1, dorsalis 46 + 1.6 (5) 49 + 8.3 () 45 £ 5.0 (4) 35 + 4.5 (6)
CA3, dorsalis 52 £ 2.2 (5) 61 + 9.9 (5) 43 + 4.8 (4) 41 + 5.0 (6)
CA1, ventralis 50 + 3.2 (5) 44 + 4.1 (5) 46 £ 5.5 (4) 33 +4.5 (6)
CA2 + 3, ventralis 47 + 2.3 (5) 49 + 3.9 (5) 44+ 6.5 (4) 34 + 4.2 (6)
Cortex
Auditiva, lamina IV 124 £ 8.2 (5) 45 + 3.3% (5) 85 £ 12° (4) 47 £ 6.3° (6)
Auditiva, lamina V 99 + 5.7 (5) 41 £ 2.2°(b) 74 £9.9° (4) 43 + 6.0° (6)
Frontalis, lamina IV 81 +£4.9(5) 39  6.5° (5) 58 + 6.7° (4) 36 + 5.3° (6)
Frontalis, lamina V 67 + 5.0 (5) 35+ 6.8°(5) 51 + 6.8 (4) 33 +4.8° (6)
Medialis 65 £ 3.0 (b) 48 £ 4.5° (5) 61 + 6.3 (4) 32 +2.3%% (6)

@ Significantly different from control, p < 0.05.
b Significantly different from muscimol, p < 0.05.
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TABLE II
Effects of low dose muscimol and/or high dose scopolamine on local cerebral glucose utilization
Muscimol and/or scopolamine were injected intravenously in 1 ml/kg body weight of 0.9%, w/v, NaCl, at 14 min and 30 min before [*C]DG,
respectively. Control rats were injected with equal volumes of 0.9% NaCl. Glucose utilization was measured as previously described (Sokoloff et
al., 1977; Dow-Edwards et al., 1981). Eight to 10 densitometric readings were taken from each brain region. LCGU values (micromoles per 100
gm per minute) are expressed as means = SEM for the number of rats indicated in parentheses. One-way analysis of variance and Duncan’s new

multiple range test were applied for statistical analysis.

Scopolamine
R . 2.0 mg/k
il Sl o
’ . Muscimol
(1.6 mg/kg)
Vermis cerebelli, uvula 78 + 8.2 (3) 62 £ 5.7 (5) 129 + 10°% (5) 93 = 9.4° (5)
Nucleus gracilis 54 + 6.4 (3) 38 £ 4.0 (5) 67 + 7.6 (5) 47 + 4.9 (5)
Nucleus cuneatus 80 + 2.5 (3) 59 + 6.3 (5) 85 + 5.2 (5) 68 + 7.2 (5)
Formatio reticularis mesencephal- 48 + 5.0 (3) 39+ 3.5(5) 69 £ 5.4°(5) 58 + 6.4° (5)
ica
Nucleus raphe dorsalis 71 + 16 (3) 50 £ 4.2 (5) 81 + 4.8 (5) 65 £ 5.7 ()
Locus ceruleus 105 £ 4.3 (3) 70 + 5.8 (5) 127 £ 11 (5) 97 + 12 (5)
Nucleus reticularis lateralis magno- 59 + 6.7 (3) 53 +4.3 (5) 72 £ 4.5 (4) 60 + 6.1 (5)
cellularis
Oliva superior 143 + 26 (3) 133 £ 17 (5) 163 = 7.3 (5) 118 = 7.0 (5)
Colliculus inferior 186 + 22 (3) 146 + 12 (5) 198 + 10 (5) 150 £ 12 (5)
Nucleus lemnisci lateralis 105 £ 19 (3) 92 £ 12 (5) 120 + 6.2 (5) 98 £ 6.3 (5)
Nucleus interpeduncularis 121 £ 18 (3) 101 + 6.3 (5) 123 + 4.8 (5) 104 + 12 (5)
Corpus geniculatum mediale 106 = 3.9 (3) 53 +5.0%(5) 76 = 3.8° (5) 60 + 4.7% (5)
Nucleus ruber 70 + 4.6 (3) 58 + 6.0 (5) 79 + 4.5 (5) 73 £ 8.3 (5)
Nucleus habenularis lateralis 117+ 5.2 (3) 101 + 9.4 (5) 134 + 13 (5) 127 £ 11 (5)
Zona incerta 59 + 5.6 (3) 50 + 5.2 (5) 73 £ 6.0 (5) 59 + 4.1 (5)
Substantia grisea centralis 48 + 3.5 (3) 34 £3.8°(5) 58 + 4.0 (5) 41 £ 34 (5)
Substantia nigra
Pars compacta 56 + 4.9 (3) 42 + 4.0 (5) 66 £ 5.5 (b) 54 + 4.0 (5)
Pars reticulata 44 £ 4.3 (3) 34 + 3.4 (5) 53 £ 3.0 (5) 47 + 3.2% (5)
Striatum 89 + 18 (2) 38 + 5.0° (5) 9145 (5) 57 £ 4.9%% (5)
Nucleus accumbens 91 + 21 (2) 49 + 5.8° (5) 86 + 5.6 (5) 67 + 8.5 (5)
Lamina plexiformis externa bulbi 63 £ 1.5 (2) 55 + 7.1 (5) 62 + 6.3 (5) 49 + 5.8 (5)
olfactorii
Tuberculum olfactorium 82 + 23 (2) 47 £ 5.8 (5) 72 £ 8.4 (5) 55 + 9.9 (5)
Thalamus
Nucleus anterior 67 + 4.0 (3) 48 + 3.8 (5) 61 + 7.8 (5) 46 * 4.2° (5)
Nucleus ventralis 82+ 4.4 (3) 45 + 3.2% (5) 93+ 12 (5) 59 + 6.5 (5)
Nucleus ventromedialis 100 + 8.0 (3) 47 £ 4.9° (5) 94+ 12 (5) 67 £ 8.7% (5)
Nucleus periventricularis 63+59(3) 39 +3.7% (5) 62+ 29 (5) 45 + 3.82 (5)
Nucleus medialis 98 + 3.2 (3) 41 £4.0° (5) 80 + 6.1° (5) 56 + 4,0%% (5)
Nucleus reticularis 69 + 8.8 (3) 37+£2.7°(5) 72 +17.2(5) 48 + 3.7° (5)
Nucleus reuniens 65 + 11 (3) 41 + 4.4°(5) 61 + 4.4 (5) 49 + 6.7 (5)
Nucleus rhomboideus 83 + 8.4 (3) 44 + 4.5°% (5) 88 + 9.3 (5) 65 +6.9 (5)
Nucleus posterior 74 £ 6.5 (3) 47 + 4.8 (5) 80 + 8.1 (5) 63 + 7.0 (5)
Nucleus parafascicularis 80 + 11 (3) 59 + 3.3 (5) 87 + 7.4 () 66 + 4.8 (5)
Hippocampus
Gyrus dentatus dorsalis 47+ 7.1 (3) 42 + 4.3 (5) 51 +4.9(5) 40 + 2.6 (5)
Gyrus dentatus ventralis 53 + 5.0 (3) 43+ 5.6 (5) 56 + 2.8 (5) 43 + 1.9 (5)
CA1, dorsalis 50 £ 7.7 (3) 45 £ 4.5 (5) 44 + 4.8 (5) 39 + 1.8 (5)
CA3, dorsalis 56 + 11 (3) 55 + 5.2 (5) 46 + 3.6 (5) 42 +1.1 (5)
CAl, ventralis 59 £ 4.9 (3) 40 £ 3.5% () 54 + 3.3 (5) 42 + 2.6° (5)
CA2 + 3, ventralis 47+ 3.3 (3) 40 + 6.0 (5) 47 + 3.7 (5) 38 + 2.7 (5)
Cortex
Auditiva, lamina IV 144 £ 7.7 (3) 44 + 6.4° (5) 91 + 4.5% (5) 65 + 2.4%° (5)
Auditiva, lamina V 114 + 3.8 (3) 41 £ 6.3% (5) 73 £4.7°(5) 60 + 3.8%% (5)
Frontalis, lamina IV 99 + 12 (2) 40 + 2.8 (5) 75 + 4.0° (5) 52 + 5.5° (5)
Frontalis, lamina V 77+ 11 (2) 34 £ 3.2%(5) 72 £ 4.7 (5) 43 + 4.3 (5)
Medialis 73 + 4.6 (3) 45 £ 6.4° (5) 59 £+ 3.5 (5) 46 + 2.56° (5)

¢ Significantly different from control, p < 0.05.
b Significantly different from muscimol, p < 0.05.
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Figure 1. Effect of scopolamine on autoradiographic grain densities, representing glucose utilization, in the rat cerebellum.
These are photographs of x-ray film exposed to 20-um brain sections from a control rat (A) injected with 0.9%, w/v, NaCl (1
ml/kg, i.v., 30 and 14 min before [*C]DG) and another rat (B) injected with scopolamine (2.0 mg/kg, i.v., 30 min before ["*C]
DG) and 0.9% NaCl (14 min before ["C]DG). Note the increased density in the cerebellar vermis (V) after scopolamine
treatment. Magnification X 5.6,

mesencephalic reticular formation and produced a non-
significant increase in the cerebellar vermis. The high
dose significantly elevated LCGU in the mesencephalic
reticular formation and almost doubled LCGU in the
cerebellar vermis.

The effects of muscimol on LCGU reported here agree
with earlier findings (Kelly and McCulloch, 1982; Pala-
cios et al., 1982) in which the distribution of GABA
agonist-induced LCGU effects did not simply correspond
to the regional distribution of markers for GABAergic
synapses (Chalmers et al., 1970; De Montis et al., 1981;
Krogsgaard-Larsen and Falch, 1981). For example, the
pars reticulata of the substantia nigra, which has one of
the highest GABA concentrations in the brain, showed
only a slight nonsignificant decrease in LCGU after
muscimol treatment. In addition, LCGU in some regions
with high levels of [*’H]muscimol binding, such as the
molecular layer of the hippocampus, the dentate gyrus,
and the external plexiform layer of the olfactory bulb
(Chan-Palay, 1978; Palacios et al., 1980, 1981a), was not
affected by muscimol. These observations may reflect
the fact that muscimol is degraded rapidly and that only
a small proportion of injected muscimol seems to reach
the brain (Baraldi et al., 1979; Maggi and Enna, 1979).

Figure 2. Effects of muscimol and scopolamine + muscimol
on autoradiographic grain densities, representing glucose utili-
zation, in the rat olfactory bulb and frontal cortex. These are
photographs of x-ray film exposed to 20-um brain sections from
a control rat (A) injected with 0.9%, w/v, NaCl (1 ml/kg, i.v,,
30 and 14 min before ['*C]DG); a rat (B) treated with 0.9%
NaCl (30 min before ["C]DG) + muscimol (4.0 mg/kg, i.v., 14
min before ["*C]DG); and a rat (C) treated with scopolamine
(0.4 mg/kg, i.v., 30 min before ["*C]DG) + muscimol (4.0 mg/
kg, i.v., 14 min before ["*C]DG). Although muscimol alone was
without an effect in the olfactory bulb, scopolamine + muscimol
decreased labeling in the external plexiform layer (EPL) of the
olfactory bulb (OB). In rats treated with muscimol alone or
with scopolamine + muscimol, labeling of layers IV and V of
the frontal cortex was reduced. Magnification X 5.6.
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Figure 3. Effects of muscimol and scopolamine + muscimol on autoradiographic grain densities, representing glucose utilization,
in the rat cerebral cortex. These are photographs of x-ray film exposed to 20-um brain sections from a control rat (A) injected
with 0.9%, w/v, NaCl (1 ml/kg, i.v., 30 and 14 min before ['*C]DG); a rat (B) injected with 0.9% NaCl (30 min before ["*C]DG)
and muscimol (4.0 mg/kg., i.v., 14 min before ['*C]DG); and a rat (C) injected with scopolamine (0.4 mg/kg, i.v., 30 min before
["*C]DG) and muscimol (4.0 mg/kg, i.v., 14 min before ["*C]DG). Although muscimol decreased labeling in the medial cortex
(MC) and auditory cortex (AC), scopolamine pretreatment further decreased labeling in both areas. GM, medial geniculate body.

Magnification X 5.6.

Furthermore, as in all CNS systems, neural circuitry
influences the metabolic responses to GABAerigic drugs
(Palacios et al., 1982). Thus, in a particular region,
LCGU following systemic agonist treatment has contri-
butions from cells receptive to the agonist as well as from
projections which may not respond to the agonist; this
latter contribution would tend to dilute specific agonist
effects in that brain region. In addition, the distribution
of metabolic responses to a specific agonist would reflect,
to some extent, primary drug-receptor interactions in
various loci as well as secondary effects propagated to
other brain regions by way of efferents.

In some brain regions, scopolamine enhanced a mus-
cimol-induced decrease in LCGU. In the anterior, peri-
ventricular, reticular, and parafascicular thalamic nuclei,
where neither muscimol nor scopolamine alone affected
LCGU, the combined treatment with the lower dose of
scopolamine (0.4 mg/kg) and the higher dose of muscimol
(4.0 mg/kg) was associated with significant LCGU de-
creases. Furthermore, in the medial cortex and nucleus
accumbens, where muscimol alone significantly reduced
LCGU, scopolamine pretreatment enhanced the musci-
mol-induced decreases. The LCGU effects in the medial
cortex and nucleus accumbens may, in part, reflect the
combined drug effect on thalamic structures from which
these areas receive afferents (Newman, 1980; Domesick,
1981). These data suggest that GABA and GABAmimetic
drugs might antagonize cholinergic transmission in some
pathways, perhaps by inhibiting cholinergic or cholino-
ceptive neurons.

Among those brain regions where an antagonistic GA-
BAergic-cholinergic interaction was manifested, the re-
ticular nucleus and the parafascicular nucleus of the
thalamus have been implicated in analgesic and/or no-
ciceptive mechanisms. Electrophysiological data suggest
that the reticular thalamic nucleus has inhibitory control
over cutaneous and noxious mechanical stimuli (Pes-
chanski et al., 1980). Electrical stimulation of the spi-
nothalamic tract, which carries nociceptive information,
changes the firing rates of the parafascicular thalamic

nucleus, supporting the concept of a role for this nucleus
in coding for nociceptive input (Ryu et al., 1979; McClung
and Dafny, 1980). Therefore, LCGU in some brain re-
gions related to nociception shows an apparent GABA-
mimetic-cholinergic antagonism.

In other brain regions, a high dose of scopolamine (2.0
mg/kg) blocked the LCGU decreases produced by 1.6
mg/kg of muscimol. This occurred in the central gray
matter, locus ceruleus, and ventral thalamic nucleus,
which are brain regions typically associated with anal-
gesia (Mayer and Price, 1976; Behbehani and Fields,
1979; Bogduk and Lance, 1981) and which have high
opiate receptor densities (Pert et al., 1976). This obser-
vation implies that cholinergic neurotransmission is re-
quired, in some cases, for the expression of muscimol
effects on LCGU, and it supports previous evidence for
a cholinergic link in GABAergic antinociception (Ken-
dall et al., 1982). Furthermore, the present findings sug-
gest that the reported antagonism by atropine of GA-
BAmimetic-induced antinociception (Kendall et al.,
1982) has a metabolic correlate in brain regions including
the central gray matter, locus ceruleus, and ventral tha-
lamic nucleus.

Although it appears that the interactions described
here may represent in vivo GABA-acetylcholine links,
this interpretation is limited by several factors. For ex-
ample, it is not certain that all muscimol effects are
GABAergic. In this regard, systematically administered
muscimol is degraded rapidly, and many effects of mus-
cimol might be due to metabolites (Baraldi et al., 1979;
Maggi and Enna, 1979). On the other hand, muscimol
effects on LCGU resemble those of 4,5,6,7-tetrahydro-
isoxazolo[5,4-C]pyridin-3-ol (THIP); and muscimol-in-
duced LCGU decreases can be antagonized at least par-
tially by bicuculline (Palacios et al., 1982). Another com-
plication is the fact that GABA can produce inhibitory
electrophysiological responses even in neurons with no
known inhibitory input (Kuffler and Edwards, 1958).
Thus, even direct effects of GABA receptor agonists
could occur in brain regions which normally do not
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participate in GABAergic transmission. Therefore, ad-
ditional studies employing drugs which more selectively
activate GABAergic synapses by other mechanisms, such
as inhibition of GABA uptake, would be of value. The
present findings with muscimol can be useful in directing
such efforts.

References

Anisman H., and D. Cygan (1975) Central effects of scopola-
mine and (+)-amphetamine on locomotor activity: Interac-
tion with strain and stress variables. Neuropharmacology 14:
835-840.

Baraldi, M., L. Grandison, and A. Guidotti (1979) Distribution
and metabolism of muscimol in the brain and other tissues
of the rat. Neuropharmacology 18: 57-62.

Bartholini, G. (1980) On the neuropharmacological and poten-
tial therapeutic actions of GABA mimetics. Brain Res. Bull.
5: 487-490.

Bartholini, G., B. Scatton, P. Worms, B. Zivkovic, and K. G.
Lloyd (1981) Interactions between GABA, dopamine, acetyl-
choline, and glutamate containing neurons in the extrapyr-
amidal and limbic systems. In GABA and the Basal Ganglia,
G. Di Chiara and G. L. Gessa, eds., pp. 119-128, Raven Press,
New York.

Behbehani, M. M., and H. L. Fields (1979) Evidence that an
excitatory connection between the periaqueductal gray and
nucleus raphe magnus mediates stimulation produced anal-
gesia. Brain Res. 170: 85-93.

Bogduk, N, and J. W. Lance (1981) Pain and pain syndromes,
including headache. In Current Neurology, S. H. Appel, ed.,
Vol. 3, pp. 377-419, John Wiley & Sons, Inc., New York.

Chalmers, A., E. G. McGeer, V. Wickson, and P. L. McGeer
(1970) Distribution of glutamic acid decarboxylase in the
brains of various mammalian species. Comp. Gen. Pharma-
col. 1: 385-390.

Chan-Palay, V. (1978) Autoradiographic localization of y-ami-
nobutyric acid receptors in the rat central nervous system by
using [*H]muscimol. Proc. Natl. Acad. Sci. U.S.A. 75: 1024-
1028.

Dam, M., J. K. Wamsley, S. I. Rapoport, and E. D. London
(1982) Effects of oxotremorine on local glucose utilization in
the rat cerebral cortex. J. Neurosci. 2: 1072-1078.

De Montis, G. M., M. C. Olianas, G. Mulas, K. G. Lloyd, and
A. Tagliamonte (1981) GABA receptors distribution in rat
substantia nigra. Neurosci. Lett. 23: 257-261.

Domesick, V. B. (1981) Further observations on the anatomy
of nucleus accumbens and caudatoputamen in the rat: Simi-
larities and contrasts. In The Neurobiology of the Nucleus
Accumbens, P. B. Chronister and J. F. DeFrance, eds., pp. 7-
38, The Haer Institue for Electrophysiological Research,
Brunswick.

Dow-Edwards, D., M. Dam, J. M. Peterson, S. 1. Rapoport, and
E.D. London (1981) Effects of oxotremorine on local cerebral
glucose utilization in motor systems of the rat brain. Brain
Res. 226: 281-289.

Duncan, D. B. (1957) Multiple range test for correlated and
heteroscedastic means. Biometrics 13: 164-169.

Enna, S., and A. Maggi (1979) Biochemical pharmacology of
GABAergic agonists. Life Sci. 24: 1727-1738.

Kelly, P. A. T., and J. McCulloch (1982) Effects of the putative
GABAergic agonists, muscimol and THIP, upon local cere-
bral glucose utilisation. J. Neurochem. 39: 613-624.

Kendall, D. A., M. Browner, and S. J. Enna (1982) Comparison
of the antinociceptive effect of y-aminobutyric acid (GABA)
agonists: Evidence for a cholinergic involvement. J. Phar-
macol. Exp. Ther. 220: 482-487.

Konig, J. F. R., and R. A. Klippel (1970) The Rat Brain: A
Stereotaxic Atlas of the Forebrain and Lower Part of the Brain

Helén and London

Vol. 4, No. 6, June 1984

Stem, Robert E. Krieger Publishing Co., Inc., Huntington,
NY.

Krogsgaard-Larsen, P., and E. Falch (1981) GABA agonists,
development and interactions with the GABA receptor com-
plex. Mol. Cell. Biochem. 38: 129-146.

Kuffler, S. W., and C. Edwards (1958) Mechanisms of GABA
action and its relation to synaptic inhibition. J. Neurophys-
iol. 21: 589-610.

Kuriyama, K., and P. Y. Sze (1971) Blood-brain barrier to *H-
v-aminobutyric acid in normal and aminooxyacetic acid-
treated animals. Neuropharmacology 10: 103-108.

Maggi, A., and S. J. Enna (1979) Characteristics of muscimol
accumulation in mouse brain after systemic administration.
Neuropharmacology 18: 361-366.

Mayer, D. J., and D. D. Price (1976) Central nervous system
mechanisms of analgesia. Pain 2: 379-404.

McClung, R. E., and N. Dafny (1980) The parafascicular nu-
cleus of thalamus exhibits convergence input from the dorsal
raphe and the spinal tract of the trigeminal nerve. Brain Res.
197: 525-531.

Newman P. P. (1980) Neurophysiology, Spectrum Publications,
Inc., Jamaica, NY.

Palacios, J. M., W. S. Young, III, and M. J. Kuhar (1980)
Autoradiographic localization of ~y-aminobutyric acid
(GABA) receptors in the rat cerebellum. Proc. Natl. Acad.
Sci. U. S. A. 77: 670-674.

Palacios, J. M., J. K. Wamsley, and M. J. Kuhar (1981a) High
affinity GABA receptors—autoradiographic localization.
Brain Res. 222: 285-307.

Palacios, J. M., M. J. Kuhar, S. I. Rapoport, and E. D. London
(1981b) Increases and decreases in local cerebral glucose
utilization in response to GABA agonists. Eur. J. Pharmacol.
71: 333-336.

Palacios, J. M., M. J. Kuhar, S. 1. Rapoport, and E. D. London
(1982) Effects of v-aminobutyric acid agonist and antagonist
drugs on local cerebral glucose utilization. J. Neurosci. 2:
853-860.

Pellegrino, L. J., A. S. Pellegrino, and A. J. Cushman (1979) A
Stereotaxic Atlas of the Rat Brain, Plenum Press, New York.

Pert, C. B., M. J. Kuhar, and S. H. Snyder (1976) Opiate
receptor: Autoradiographic localization in rat brain. Proc.
Natl. Acad. Sci. U. S. A. 73: 3729-3733.

Peschanski, M., G. Guilbaud, and M. Gautron (1980) Neuronal
responses to cutaneous electrical and noxious mechanical
stimuli in the nucleus reticularis of the rat. Neurosci. Lett.
20: 165-170.

Potashner, S. J. (1978) Baclofen: Effect on amino acid release.
Can. J. Physiol. Pharmacol. 56: 150~-154.

Roberts, E. (1980) y-Aminobutyric acid (GABA): A major
inhibitory transmitter in the vertebrate nervous system. In
Nerve Cells, Transmitters and Behaviour, R. Levi-Montal-
cini, ed., pp. 163-213, Elsevier/North-Holland Biomedical
Press, Amsterdam.

Ryu, H., K. Uemura, W. K. Dong, and I. H. Wagman (1979)
Distribution of thalamic nuclei which respond to noxious
stimulation and localization of their spinothalamic tracts.
Appl. Neurophysiol. 42: 318-319.

Savaki, H. E., L. Davidsen, C. Smith, and L. Sokoloff (1980)
Measurement of free glucose turnover in brain. J. Neuro-
chem. 35: 495-502.

Scatton, B., and G. Bartholini (1979) Increase in striatal ace-
tylcholine levels by GABA mimetic drugs: Lack of involve-
ment of the nigro-striatal dopaminergic neurons. Eur. J.
Pharmacol. 56: 181-182.

Sokoloff, L. (1979) The [**C]deoxyglucose method: Four years
later. Acta Neurol. Scand. 72: (Suppl. 60): 640-649.

Sokoloff, L., M. Reivich, C. Kennedy, M. H. Des Rosiers, C. S.
Patlak, K. D. Pettigrew, O. Sakurada, and M. Shinohara
(1977) The [*C]deoxyglucose method for the measurement



The Journal of Neuroscience Muscimol-Scopolamine Interactions: A Study with [**C]DG 1413

of local cerebral glucose utilization: Theory, procedure, and Weinberger, J., J. H. Greenberg, M. T. G. Waldman, A. Syl-

normal values in the conscious and anesthetized albino rat. vestro, and M. Reivich (1979) The effect of scopolamine on

J. Neurochem. 28: 897-916. local glucose metabolism in rat brain. Brain Res. 177: 337-
Steel, R. G. D., and J. H. Torrie (1960) Principles and Proce- 345.

dures of Statistics, McGraw-Hill Book Co., Inc., New York.  Zsilla, G., D. L. Cheney, and E. Costa (1976) Regional changes
Stewart, W. J., and S. Blain (1975) Dose-response effects of in the rate of turnover of acetylcholine in rat brain following

scopolamine on activity in an open field. Psychopharmacol- diazepam or muscimol. Naunyn Schmiedebergs Arch. Phar-

ogia (Berl.) 44: 291-295. macol. 294: 251-255.



