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Abstract

The stimulation of the formation of inositol phosphates by various cholinergic agonists and antagonists was
studied in rat brain cortical slices. Incubation of the slices with [*H]inositol led to the incorporation of
radioactivity into inositol lipids. The accumulation of inositol phosphates was then followed in the presence of
8 mM lithium which blocks the hydrolysis of inositol phosphate. The release of inositol phosphate was linear
up to 15 min when stimulated by 1 mM carbachol. Acetylcholine, muscarine, and methacholine also stimulated
the release of inositol phosphates with about the same efficacy as carbachol. Oxotremorine, arecoline,
pilocarpine, and bethanechol were not as effective as carbachol at stimulating the accumulation of inositol
phosphates. Indicative of partial agonist activity, oxotremorine and pilocarpine inhibited the maximal response
induced by carbachol. Muscarinic antagonists atropine, scopolamine, and pirenzepine blocked the stimulation
by acetylcholine in contrast to nicotinic antagonists, which had no effect. The brain regional response to
carbachol-stimulated inositol phosphate release varied widely with large responses observed in the striatum,
cerebral cortex, and hippocampus. Smaller responses were seen in the brainstem, hypothalamus, and cerebellum.
Although carbachol stimulated inositol phosphate release in cortical slices in the absence of added calcium,
EGTA completely blocked the response. These results suggest that the previously characterized stimulation of
the incorporation of *P; into phosphatidylinositol by cholinergic agonists in synaptosomes (Fisher, S. K., P.
D. Klinger, and B. W. Agranoff (1983) J. Biol. Chem. 258: 7358-7363) is due to the initial hydrolysis of inositol
lipids. This response may be coupled to the M1 subtype of muscarinic receptor and may represent the initial
step in an intraneuronal cascade involving the activation of phospholipid-calcium-dependent protein kinase by

the liberated diacylglycerol.

Acetylcholine is one of the major neurotransmitters in brain.
The muscarinic cholinergic cascade in brain and other tissues
appears to involve the hydrolysis of phosphoinositides to form
diacylglycerol and inositol phosphates which can serve as sec-
ond messengers (Berridge et al., 1983; Michell, 1983). Although
muscarinic cholinergic stimulation can increase [**PJortho-
phosphate incorporation into phosphatidylinositol (PI) (Fisher
et al., 1983), the synthesis and breakdown of PI are not always
linked (Farese, 1983). Recent studies have indicated that lith-
ium prevents the dephosphorylation of inositol phosphate
(Sherman et al., 1981). By incubating brain slices in the pres-
ence of lithium, the breakdown of PI can be directly followed
by measuring the accumulation of inositol phosphate (Berridge
et al., 1982). Therefore, we have developed a method to measure
inositol phosphate in brain slices and have characterized the
effects of various cholinergic agonists and antagonists on the
accumulation of inositol phosphate in rat brain.

We report here that acetylcholine and other cholinergic
agonists cause a marked increase in inositol phosphate accu-
mulation. Cholinergic stimulation is blocked by atropine, sug-
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gesting a muscarinic receptor. Certain muscarinic agents such
as oxotremorine appear to be partial agonists at this receptor.
There is a regional distribution to this response, with the
cerebral cortex, hippocampus, and striatum exhibiting the
greatest responses. The cholinergic stimulation of inositide
breakdown probably represents the initial step in a cascade
which leads to the activation of protein kinases which alter
membrane conductances and nerve firing.

Materials and Methods

All drugs used in this study were purchased from Sigma Chemical
Co. with the exception of pirenzepine, which was kindly donated by L.
Potter, University of Miami. Solvents were analytical grade from Fisher
Scientific Co.

Brain slice preparation. Male Sprague-Dawley rats (200 to 300 gm)
were obtained from the colony maintained at the University of Florida
(Gainesville, FL). Rats were decapitated, and brains were rapidly
removed and bathed in warm Krebs-Ringer bicarbonate buffer (KRB)
(118 mM NaCl 4.7 mM KC], 0.75 mMm CaCl,, 1.18 mMm KH,PO,, 1.18
mM MgSO0,, 24.8 mM NaHCOj;, 10 mM glucose) which had been bubbled
with 0,/CO, (95:5). In most experiments, slices of cerebral cortex were
made parallel to the surface, taking care to exclude white matter. Slices
from two rat cortices were pooled and then further sliced using a
Mcllwain tissue chopper to a thickness of 350 um in two perpendicular
directions. The minced tissue was rapidly transferred to a flask con-
taining KRB at 37°C and dispersed. The tissue was continually agitated
gently while being bubbled with O,/CO,. After the slices had been
dispersed, they were washed four times in 30 min with fresh KRB.
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Washing was performed by allowing the slices to settle, removing the
buffer with a pipette, and rapidly replacing it with fresh oxygenated
KRB.

Dissection of brain regions. Brains were dissected as follows. The
brain was rapidly removed and placed upright on a dissection platform
wetted with warm KRB. The olfactory bulbs were removed at the stalk,
cut in half longitudinally, and placed on the tissue chopper disc for
slicing. The cortices were dissected using a razor blade to cut slices 1
to 2 mm in thickness, avoiding underlying white matter. For this report,
frontal cortex refers to slices made from the upper surface of the brain
between the frontal pole and rostral to the optic chiasm. Parietal cortex
is caudal to the optic chiasm occupying the upper and lateral cortex
corresponding to anterior and posterior cingulate cortex (Paxinos and
Watson, 1982). Occipital cortex is defined as being above and behind
the posterior portion of the rat hippocampus and folding over the
colliculi, i.e., the striatal and retrosplenial cortex (see Paxinos and
Watson, 1982). After the cortical slices were removed, the remaining
cortex and corpus callosum were peeled back to reveal the intact
hippocampus. The septal hippocampal connections were cut and both
hippocampi were removed intact. The brain was then rotated such that
the inferior surface was up. A frontal section cut was made at the optic
chiasm. The striatum was dissected from the frontal piece by trimming
away the surrounding regions. The striatum was sliced with a razor
blade into slices 1 to 2 mm thick and then further sliced using the
Mcllwain tissue chopper as described above. The cerebellum was re-
moved by severing the peduncles, sliced into sheets by hand, and then
further sliced with the tissue chopper. The brainstem was prepared in
a similar way. The hypothalamus was dissected by making frontal
section cuts at the optic chiasm and just caudual to the mammillary
bodies. Sagittal cuts were made approximately 2 mm lateral to the
central plane. A coronal cut was then made through the anterior
commissure to denote the upper surface of the hypothalamus.

Incubation with [PH]inositol. Following the wash period, the slices
were allowed to settle, excess buffer was aspirated, and the volume of
packed slices was estimated (usually 1.5 ml/cortex). The slices were
transferred to a 50-ml conical tube and then diluted with 4 vol of KRB
to which had been added [*H]inositol (15.5 or 16.4 Ci/mmol; Amersham
Corp.) to give a final concentration of 0.1 to 0.3 uM. The tube was
gassed with O,/CO,, capped tightly, and then incubated for 1-hr at
37°C in a shaking water bath. Care was taken to agitate the slices
enough to prevent settling during this incubation. Placing the tube at
an angle facilitated this process. To measure the amount of label
incorporated into lipids, 0.2 ml of the slices was added to 0.8 ml of ice-
cold water to stop the incorporation. The slices were then homogenized
with a Tekmar SDT for 15 sec at a medium setting. Aliquots were then
taken for determination of protein by the method of Lowry et al. (1951)
and for lipid extraction as described below.

Slices used for [*H]inositol phosphate release were allowed to settle
and the medium was removed. The slices were washed twice with fresh
KRB and then made up to a volume 3 to 4 times the initial incubated
volume of packed slices. This volume is critical to maintain the protein
concentration below 600 pg in a 50-ul aliquot. While gently agitating
the slices, 50 ul were transferred to a Falcon 2063 polypropylene tube
(12 X 75 mm) containing 190 ul of KRB with 10 mM LiCl substituted
isotonically for NaCl (8 mMm final Li* concentration). To start the
reaction, 10 ul of an appropriate agonist or buffer were added. The tube
was gassed with 0y/COs, capped tightly, and shaken in an incubator at
37°C. The reaction was stopped by adding 1.0 ml of chloro-
form:methanol (1:2, v/v).

Lipid extraction and separation. To tubes containing 0.25-ml slices,
either homogenized or intact, 1.0 ml of chloroform:methanol (1:2, v/v)
was added. An additional 0.35 ml of distilled water and 0.35 ml of
chloroform was added, and the tubes were capped tightly and shaken
for 10 min. The tubes were then briefly centrifuged at low speed to
separate the phases and 0.75 ml of the upper aqueous phase was taken
for Dowex chromatography. The remaining upper phase and interface
were aspirated, and 200 ul of the chloroform layer were taken for
determination of radioactivity incorporated into membrane lipids. Five
milliliters of OCS scintillation fluid (Amersham) were used as the
scintillant, and radioactivity was determined using a Beckman L.S7500
liquid scintillation counter.

For thin layer chromatography (TLC), the chloroform was evapo-
rated to dryness and the residue was taken up in a small volume of
fresh chloroform (usually 100 ul). This was then spotted at the origin
of a Silica Gel G thin layer plate (Redi-Coat-2D, 0.25 mm from Supelco,

Cholinergic Stimulation of PI Breakdown in Brain Slices

3121

Inc.). Authentic phospholipid standards were also spotted (Avanti Polar
Lipids). For one-dimensional chromatography, the solvent system was
chloroform:methanol:ammonium hydroxide:water (70:30:2:3, by vol-
ume). For two-dimensional chromatography, the second solvent system
was chloroform-methanol:acetone:acetic acid:water (30:10:40:10:5, by
volume) according to the method of Rouser et al. (1969). PI was
completely separated from the other major phospholipids under these
conditions.

Separation of water-soluble products. Labeled inositol phosphates
were analyzed following the methods of Berridge et al. (1982) and
Berridge (1983). For analysis of inositol phosphate derived from the
receptor-stimulated breakdown of phosphoinositides, a sample of the
aqueous phase was diluted to 3 m] with water. One milliliter of a slurry
of Dowex-1 (50%, v/v; X8; 100 to 200 mesh from Sigma) in the formate
form was added. The slurry containing the bound inositol phosphates
was then poured into a polypropylene column with a fritted disk. After
allowing the liquid to drain, the resin was washed four times with 2.5
ml of 5 mM myo-inositol. Total inositol phosphates were eluted with
five 1-ml washes with 0.1 M formic acid/1.0 M ammonium formate
directly into a vial. Ten milliliters of Liquiscint (National Diagnostics)
were added prior to determination of radioactivity as described above.
To separate the individual inositol phosphates, the technique of Ber-
ridge et al. (1983) was used. Five 1-ml aliquots of each of the following
solutions were added to the Dowex column: 5 mM disodium tetraborate/
60 mM sodium formate; 0.1 M formic acid/0.2 M ammonium formate;
0.1 M formic acid/0.4 M ammonium formate; 0.1 M formic acid/1.0 M
ammonium formate. These solutions elute sequentially glycerophos-
phoinositol, inositol 1-phosphate, inositol 1,4-diphosphate, and inositol
1,4,5-triphosphate.

Analysis of polyphosphoinositides by lipid deacylation and Dowex
chromatography. Slices of cortex (0.2 ml of packed tissue) which had
been incubated with [?H]inositol for 1 hr were extracted as described
above except that 0.35 ml of 1 N HCI was added to the slices instead of
water to ensure complete extraction of these acidic lipids (Downes and
Michell, 1982). The upper phase was removed and the lower phase was
evaporated to dryness. Using the method of Clarke and Dawson (1981),
the residue was taken up in 0.75 ml of methylamine reagent (methyl-
amine:methanol:water:butanol; 5:4:3:1) and incubated for 60 min at
53°C. The reagent was subsequently removed by evaporation and the
residue was resuspended in 1 ml of water. This mixture was extracted
with 1.2 ml of n-butanol:petroleum ether:ethyl formate (20:4:1). After
removing the upper phase, the lower phase was washed again with 0.75
ml of the same solvent. An aliquot (0.70 ml) of the lower phase
containing the water-soluble products from deacylation of phospholip-
ids was then diluted to 3 ml with water prior to chromatography on a
Dowex-1 column as previously described. The eluting solvents were 10
ml each of: water, 5 mM sodium tetraborate/0.18 mM ammonium
formate, 0.3 M ammonium formate/0.1 M formic acid, 0.75 M ammo-
nium formate/0.1 M formic acid. These solvents remove free inositol,
glycerophosphoinositol, glycerophosphoinositol 4-phosphate, and gly-
cerophosphoinositol 4,5-diphosphate, respectively (Berridge, 1983).

Statistical analysis. Significant differences between control and ex-
perimental groups were determined by analysis of variance using the
Newman-Keuls method as the post hoc test. Differences were consid-
ered significant if p < 0.05 was achieved. EDs, values for concentration-
effect curves were determined using probit analysis as outlined by
Goldstein (1964).

Results

Incorporation of [PH]inositol into phospholipids. To charac-
terize the incorporation of [*H]inositol into phospholipids, cer-
ebral cortical slices were incubated for various times with [*H]
inositol, and the lipids were extracted. For the first 15 min,
there was a slow linear incorporation of [*H]inositol into lipids
which increased in rate after 15 min (Fig. 1, inset). This rate
was linear for approximately 60 min, when it began to slow.
Incorporation reached a maximum at about 240 min.

To determine into which lipids [*H]inositol was incorporated,
we extracted and separated the various lipid components of the
membrane. Analysis by one-dimensional TLC indicated that
88.5% of the radioactivity recovered co-migrated with PI. A
small proportion of the radioactivity remained at the origin
(11%), suggesting the presence of labeled polyphosphoinosi-
tides. Two-dimensional TLC confirmed that the major radio-
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active peak was associated with PI and not the other major
lipid components of the membranes. To further identify the
lipids which were labeled, lipid extracts were deacylated and
the water-soluble products were separated by anion exchange
chromatography. The label was incorporated into three frac-
tions corresponding to hydrolysis products of PI, phosphati-
dylinositol 4-phosphate, and phosphatidylinositol 4,5-bisphos-
phate in a ratio of 85:10:5.

To characterize further the incorporation of [*H]inositol into
brain slices, we studied the effect of [?H]inositol concentration.
Incorporation was linear up to approximately 100 nM and then
began to fall off (Fig. 2). Our studies of the breakdown of
inositides were done using a prelabeling concentration of [*H]
inositol in the range of 100 to 200 nM. The incorporation studies
described here indicate that [*H]inositol is specifically incor-
porated into inositol lipids in rat cerebral cortical slices.

Release of [*H]inositol phosphates. To investigate the ability
of cholinergic agonists to stimulate the breakdown of inositol
lipids, cortical slices were labeled for 60 min with [*H]inositol,
washed, and then stimulated with various drugs in the presence
of lithium. We chose carbachol as our prototypical agonist.
Slices incubated with carbachol for 60 min had an increase in
radioactivity recovered in aqueous extracts. To determine the

3H-INOSITOL CONCENTRATION (NANOMOLAR)

relative contribution of individual inositol phosphates to the
increase in radioactivity, phosphate esters bound to a Dowex
column were eluted by the stepwise addition of various formate
solutions which separate inositol 1-phosphate, inositol 1,4-
diphosphate, and inositol 1,4,5-triphosphate (see “Materials
and Methods” and Berridge et al., 1983). A single peak was
obtained which was eluted with 0.1 M formic acid/0.2 M am-
monium formate, suggesting that only inositol 1-phosphate was
increased. To confirm that this peak co-eluted with inositol 1-
phosphate, we synthesized [*H]inositol 1-phosphate by purify-
ing labeled PI by TLC and hydrolyzing it with phospholipase
C (bacillus cereus, Sigma). The standard inositol 1-phosphate
we prepared was eluted at the same concentration of formate
as that found released from stimulated cortical slices. Thus, as
in other peripheral tissues, the stimulation of inositide hydrol-
ysis in the presence of lithium results in the accumulation of
inositol phosphate in rat brain cortex (Berridge et al., 1982;
Brown and Brown, 1983).

Preliminary experiments were done to determine the rela-
tionship between protein concentration and the stimulation of
hydrolysis of inositides by carbachol. These studies indicated
that it was difficult to distribute slices such that each tube
contained the same amount of protein. Careful attention to the
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Figure 3. Time course of [*H]inositol phosphate release. Slices were
labeled for 1 hr with 0.27 uM [*H]inositol (16.4 Ci/mmol). After washing
and dilution of the slices, 50-ul aliquots of the dispersed slices were
transferred to tubes containing KRB with lithium. Ten microliters of
buffer with or without carbachol (1 mM final concentration) were added
and the tubes were gassed with 0,/CO, (95:5), capped, and incubated
for various times. Reactions were terminated by the addition of 1.0 ml
of chloroform:methanol (1:2, v/v). Lipids were extracted and the
amount of label in inositol phosphates was determined by Dowex-1
chromatography (see “Materials and Methods”). Results from a single
preparation are shown as the mean + SEM of triplicate incubations
and are expressed as the ratio of the amount of label in [*H]inositol
phosphate to the total label incorporated into lipids.

TABLE 1
Potencies and efficacies of a series of cholinergic agonists on the
breakdown of inositides in cortical slices

Slices were labeled with [°*H]inositol and incubated in triplicate with
various concentrations of the indicated drugs for 60 min as described
under “Materials and Methods.” Drug concentrations usually ranged
from 1 to 3000 uM. EDs, was determined by probit analysis. Where N
> 1 the mean + SEM or range is shown. Carbachol (1 mM) was included
in every experiment as a positive control. Eserine (10 uM) was included
in the experiments with acetylcholine.

Maximum Response

Agonist EDgo (uM) (Fraction of Maximal N
Carbachol Response)

Carbachol 47+ 9 1.0 3
Acetylcholine 36 +12 1.40 £ 0.2 3
Methacholine 205 0.96 1
Muscarine 33 0.84 1
Oxotrernorine 25 0.23 £ 0.1 2
Arecoline 66 = 18 0.42 £ 0.05 2
Pilocarpine 15 0.32 1
Bethanechol 53 0.59 1

protein concentration revealed that nonstimulated release was
linear over a broad range of protein concentrations. The ability
of carbachol to stimulate the release of inositol phosphate
increased linearly with protein concentration up to approxi-
mately 600 pg/tube and then began to plateau. Variations in
the release of inositol phosphate due to variations in the
amount of slices per aliquot are less at higher protein concen-
trations since the flattening of the protein curve reduces vari-
ations in responses due to different amounts of protein. We
thought it was important to do our studies on the linear portion
of the protein curve, i.e., below 600 ug of protein/tube, where
the carbachol response was maximal.

To account for variations in the amount of slices per tube at
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low protein concentrations, we have expressed our data as [*H]
inositol phosphate released per total [*H]inositol incorporated
into lipid for each tube (dissociations per minute (DPM) re-
covered from column/(DPM from column + DPM in lipid) X
100). When the protein curve data are expressed in this way, a
reduction in carbachol response is observed at protein concen-
trations above 600 ug/tube.

To determine the time course of [*H]inositol phosphate
release, slices were incubated with carbachol for various times.
Although there was a hint of stimulated release at 1 min, there
was a significant increase in release at 5 min which continued
linearly for about 15 min (Fig. 3). Stimulated release continued
to increase at a much slower rate beyond 15 min reaching a
maximum of approximately 40% between 60 and 90 min. Non-
stimulated release was approximately 12 to 17% throughout
the time period studied.

Effects of cholinergic agonists. Complete dose response curves
to a series of cholinergic agonists were performed. Marked
differences in efficacy and potency were found. Acetylcholine,
carbachol, methacholine, and muscarine were found to be the
most effective agonists (Table I, Fig. 4). Bethanechol had
intermediate activity, and arecoline, pilocarpine, and oxotre-
morine were relatively weak agonists. These results indicate
that there are striking differences in the ability of various
cholinergic agonists to stimulate inositol lipid breakdown which
are not related to their potency (Table I).

To characterize the apparent partial agonist activity of oxo-
tremorine, a concentration-effect curve was done in the pres-
ence and absence of a maximally stimulating concentration of
carbachol. Indicative of a partial agonist, oxotremorine caused
an increase in the release of inositol phosphate by itself while
decreasing the ability of carbachol to stimulate release down to
the maximum induced by oxotremorine alone (Fig. 5). Similar
results were obtained with pilocarpine. These results suggest
that oxotremorine, pilocarpine, arecoline, and bethanechol are
partial agonists at this cholinergic receptor.

The properties of the cholinergic receptor responsible for
mediating inositol lipid breakdown were investigated by using
various cholinergic antagonists. Scopolamine and atropine (1
uM) completely blocked the release of inositol phosphate in-
duced by 100 uM acetylcholine (Fig. 6). Gallamine, hexametho-
nium, and d-tubocurarine had no effect on acetylcholine-stim-
ulated inositol phosphate release at a concentration of 1 uM
(Fig. 6). In addition, pirenzepine, a selective M; antagonist,
blocked the carbachol (100 uM)-stimulated release of inositol
phosphate with an ED;, of approximately 0.1 uM (Fig. 7). None
of the antagonists had any effect on nonstimulated release at
this concentration. In addition, the nicotinic receptor agonist
1,1-dimethyl-4-phenylpiperazinium iodide had no effect on the
release of inositol phosphate at concentrations up to 1 mM.
These results indicate that the cholinergic receptor which me-
diates inositide breakdown in brain slices is muscarinic.

Brain regional characterization of carbachol-stimulated ino-
sitide breakdown. Nine separate brain regions were analyzed
for their ability to form inositol phosphate in the presence and
absence of a maximally stimulating concentration of carbachol.
There were large differences in the regional response to car-
bachol (Fig. 8). Striatum, cerebral cortex, hippocampus, and
olfactory bulb showed the largest responses. Frontal, parietal,
and occipital cortex showed approximately equal responses.
The cerebellum had the lowest stimulated inositol phosphate
release, and the brainstem and hypothalamus were intermedi-
ate in responsiveness.

Calcium dependence of carbachol-stimulated inositide break-
down. Many studies have suggested that the increased metab-
olism of PI induced by a variety of agents may be involved in
the control of calcium gating (Michell, 1975). If this were true
in brain slices, one would expect that the response produced by
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Figure 4. Concentration-effect curves for
cholinergic agonists for the stimulation of ino-
sitide breakdown. The release of [*H]inositol
phosphate after 60 min in the presence of ago-
nists was determined as described under “Ma-
terials and Methods.” The amount of radioac-
tivity found in the inositol phosphate fraction
at time zero was taken as the blank and sub-
tracted from both nonstimulated and stimu-
lated values. To determine the curve for acetyl-
choline, 10 uM eserine was added. Data are a
compilation of five separate experiments
(means = SEM of triplicates). Carbachol (1
mM) was used as a positive control (shown on
the right as the single open circle) in all exper-
iments. ACh, acetylcholine; Carb, carbachol;
Arec, arecoline; Ozxo, oxotremorine; Meth,
methacholine; Musc, muscarine; Beth, bethan-
echol; Pilo, pilocarpine.
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Figure 5. Partial agonist activity of oxotremorine. Data were derived
as described in the legend to Figure 4. Shown are the mean + SEM of
triplicate determinations on a single preparation.

[®H]-INOSITOL-PO, RELEASE
(% Total 3y Incorporated)

carbachol would be independent of the extracellular calcium
concentration. We have investigated the calcium dependence
of carbachol-stimulated inositide breakdown using the present
method. Removal of calcium from the incubation medium still
allowed a robust response in the presence of carbachol. How-
ever, addition of calcium to concentrations as low as 0.1 M
caused a significant increase in this response (Fig. 9). Addition
of calcium seemed to increase basal release slightly, but this
effect did not reach statistical significance (analysis of variance,
p > 0.05). When EGTA (200 uM) was added to the buffer, no
significant stimulation of inositol lipid breakdown was ob-
served.
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Figure 6. Effects of cholinergic antagonists on acetylcholine-stimu-
lated inositide breakdown. Data were obtained as described in the
legend to Figure 4. Slices were incubated in the presence of 1 uM of the
antagonists and 10 uM eserine 10 min before addition of acetylcholine
(100 uM final concentration). Results are presented as the mean +
SEM of triplicates for a single slice preparation. Similar results were
obtained with atropine in two separate experiments. Asterisks indicate
significant difference from control (analysis of variance, followed by
Newman-Keuls test, p < 0.05).
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Discussion

Cholinergic neurotransmission in rat brain occurs predomi-
nantly through stimulation of muscarinic receptors (Krnjevic,
1974). A typical response to muscarinic receptor activation in
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‘\» Figure 8. Carbachol-stimulated inositide breakdown
in rat brain regions. Data were obtained as described in
the legend to Figure 4. Release in the absence of car-
bachol was subtracted from that in the presence of
carbachol (1 mM), and only the net carbachol-stimu-
lated response is shown. Nonstimulated release was
similar in all brain regions. Shown are the means *+
SEM of six determinations for two separate experiments
except the olfactory bulb and occipital cortex (triplicate
determinations on a single preparation). The different
regions are labeled as follows: FC, frontal cortex; PC,
parietal cortex; OC, occipital cortex, HIP, hippocampus;
CB, cerebellum; BS, brainstem; HYP, hypothalamus;
ST, striatum; OB, olfactory bulb.
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several peripheral tissues is the stimulation of PI breakdown
(Berridge et al., 1982; Brown and Brown, 1983; Putney et al,,
1983). We have characterized this response in rat brain slices
by following the accumulation of inositol phosphate. During
the characterization of this method, we have made modifica-
tions to previous methods (Berridge et al., 1982; Berridge, 1983)
which allow a more rigorous analysis of the effects of various
agents on the breakdown of inositides in brain tissue. In par-
ticular, our decision to express our data as percentage of release
corrects for variations in the amount of slices incubated in each
tube (i.e., protein). This modification allows experiments to be

done on the linear portion of the protein curve.

The muscarinic receptor-stimulated accumulation of inositol
phosphates could be due to hydrolysis of any or all of the
inositol lipids. Recent studies in other tissues have suggested
that the initial receptor-stimulated event is the hydrolysis of

BS HYP ST OB

the polyphosphoinositides to release inositol polyphosphates
which are then rapidly dephosphorylated to inositol 1-phospha-
tase (Berridge et al., 1983). Due to inhibition of inositol 1-
phosphatase by lithium (Berridge et al,, 1982), inositol 1-
phosphate accumulates under conditions of receptor activation.
Thus, it is not clear which of the inositol lipids is hydrolyzed
during muscarinic receptor stimulation in rat brain slices. The
differences in efficacy for hydrolysis of inositol lipids by various
muscarinic receptor agonists which we obtained in rat brain
slices agree well with those of Fisher et al. (1983) using *P;
incorporation into guinea pig synaptosomal inositol lipids and
appear to be related to the ability of agonists to induce confor-
mational changes in the muscarinic receptor which subse-
quently stimulate the hydrolysis of inositol lipids (Fisher et al.,
1984). Thus, muscarinic receptor stimulation in brain appears
to involve the rapid hydrolysis and resynthesis of inositol lipids.
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Figure 9. Calcium dependence of carbachol-
stimulated inositide breakdown. Cortical slices
were labeled as described under “Materials and
Methods.” Slices were washed with KRB without
calcium before aliquoting into tubes containing
KRB + lithium + the amount of calcium or EGTA
indicated. Carbachol was then added (1 mM) for 60
min. Asterisks indicate significant differences from
the carbachol stimulation with no calcium added
(analysis of variance followed by Newman-Keuls
test, p < 0.05). No significant differences were
found for nonstimulated release. Open bars indi-
cate basal release and hatched bars are the release
in the presence of carbachol. Shown are the means
+ SEM of triplicate determinations for a single

[3u]-INoSITOL-PO, RELEASE
(% Total Incorporated)

preparation. Separate experiments confirmed that
concentrations of EGTA down to 50 uM inhibited

| x

carbachol-stimulated inositide breakdown.
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The muscarinic receptor-stimulated breakdown of inositide
as shown in this study appears to be calcium sensitive. Other
investigators have suggested that the muscarinic receptor stim-
ulation of **P; incorporation into PI in brain is calcium de-
pendent (Griffin et al., 1979; Fisher and Agranoff, 1980). Thus,
our results suggest that inositide breakdown may not be asso-
ciated with calcium mobilization in brain, unlike that found for
many peripheral tissues (Kirk et al., 1981; Billah and Lapetina,
1982; Weiss et al., 1982). However, we cannot exclude the
possibility that one of the polyphosphoinositides may be pref-
erentially hydrolyzed in a calcium-independent step (Berridge
et al., 1983). Results from other tissues suggest that phospha-
tidylinositol 4-phosphate or phosphatidylinositol 4,5-bisphos-
phate may be broken down first (Berridge et al., 1983; Putney
et al., 1983). The polyphosphoinositides represented only 15%
of the total [*H]inositol incorporated into brain slice phosphoi-
nositides. It is possible that the specific calcium-independent
breakdown of one of the polyphosphoinositides would not be
detected in brain slices.

Inositol lipids have been shown to be hydrolyzed to inositol
phosphates and diacylglycerol (DAG) in a number of peripheral
tissues (Michell, 1983). DAG formed from thrombin stimula-
tion of inositide breakdown activates a calcium phospholipid-
dependent protein kinase in platelets causing aggregation and
serotonin release (Sano et al., 1983). Calcium phospholipid-
dependent protein kinase activity is higher in brain than in any
other tissue (Kuo et al., 1980) and is likely to be activated by
DAG formed from muscarinic receptor stimulation of inositide
breakdown. Thus, cholinergic stimulation of inositol lipid hy-
drolysis is likely to be the first step in an important intraneu-
ronal cascade.

The cholinergic stimulation of inositide breakdown in brain
slices is clearly muscarinic. Muscarinic agonists stimulate the
response, whereas nicotinic agonists do not (e.g., 1,1-dimethyl-
4-phenylpiperazinium); muscarinic antagonists block the re-
sponse (e.g., atropine and scopolamine), and nicotinic antago-
nists do not alter the response. Although gallamine has been
reported to modify muscarinic receptor binding at high concen-
trations (Stockton et al., 1983), the concentration we used (1
uM) would be selective for nicotinic sites. Recent binding stud-
ies have suggested that there are muscarinic receptor subtypes
(Hammer et al., 1980). One of these muscarinic receptor sub-
types is likely to be coupled to inositide hydrolysis. We found
large responses in the striatum, cerebral cortex, and hippocam-

pus. These findings are consistent with the regional distribution
of M, receptors (Hammer et al., 1980; Watson et al., 1984). In
addition, pirenzepine, a selective M, antagonist (Potter et al.,
1984; Watson et al., 1984), blocked carbachol stimulation of
inositol phosphate release. However, more data are required to
determine definitively the subtype of muscarinic receptor cou-
pled to inositide hydrolysis. Variations in agonist efficacy,
selective antagonists, and/or modifiers may be important tools
for the characterization of central muscarinic receptor sub-
types. Clearly, one type of central muscarinic receptor is cou-
pled to hydrolysis of inositides and this is likely to be the initial
step in an intraneuronal cascade including the activation of the
calcium phospholipid-dependent protein kinase.
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