The Journal of Neuroscience
February
1986, 6(2): 475-480

Phorbol Esters Mimic Some Cholinergic
Hippocampal
Pyramidal Neurons
Robert C. Malenka,
Daniel
Departments
of Pharmacology

Actions

in

V. Madison,
Rodrigo Andrade,
and Roger A. Nicoll
and Physiology, University of California, San Francisco,

Muscarinic receptor stimulation in the hippocampus has been
associated with inositol phospholipid breakdown. In other systems this leads to the formation of inositol trisphosphate and
diacylglycerol, which promotes the activation of protein kinase
C. Phorbol esters, which directly activate protein kinase C, exhibit high and specific binding in the hippocampus. This, along
with the advantages of the hippocampal slice preparation, including direct pharmacological access to a cell population (CA1
pyramidal cells) having clearly defined muscarinic responses,
makes this an ideal preparation to examine whether protein
kinase C serves as the intracellular signal for muscarinic receptor occupation.*Like muscarinic agonists, phorbol esters abolish
the slow calcium-activated potassium afterhyperpolarizing
potential (AHP) and its underlying current without reducing calcium action potentials. Those phorbol analogs that do not activate kinase C have no effect, suggesting that activation of this
enzyme is required to reduce the AHP. The accommodation of
spike discharge normally seen during a long depolarizing stimulus is also markedly reduced by phorbol esters as well as by
muscarinic receptor activation. However, unlike muscarinic agonists, phorbol esters have no effect on the muscarine-sensitive,
voltage-dependent, potassium current termed IM, nor do they
consistently cause an increase in input resistance. Moreover,
unlike ACh, they do not appear to have a presynaptic inhibitory
action on the fast EPSP elicited by orthodromic stimulation.
The slow cholinergic EPSP was blocked by phorbol esters, but
this could be accounted for by a postsynaptic action. Thus, if
inositol phospholipid turnover is involved in mediating muscarinic responses in the hippocampus, the activation of protein kinase C can account for only part of the electrophysiological
response.
A common electrophysiological property of CNS neurons is that
the frequency of spike discharge declines during a constant depolarizing stimulus. This accommodation or adaptation in hippocampal pyramidal cells is due in large part to a calciumactivated potassium conductance (Madison and Nicoll, 1984).
It appears that a number of putative neurotransmitters, including acetylcholine (ACh) (Benardo and Prince, 1982; Cole and
Nicoll, 1984a), norepinephrine (Haas and Konnerth, 1983;
Madison and Nicoll, 1982), histamine (Haas and Konnerth,
1983), and corticotropin releasing factor (Aldenhoff et al., 1983),
can modulate the output of pyramidal cells by reducing accommodation through a blockade of calcium-activated potassium
conductance. Norepinephrine acting on p receptors is thought
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to exert this effect via the secondmessengerCAMP (Madison
and Nicoll, 1982). While this mechanism might also account
for the actions of someof the other putative neurotransmitters,
it is unlikely to explain muscarinic effects on pyramidal cells.
There is little evidence in any system that the actions of ACh
are mediated by stimulation of adenylate cyclase and the possible involvement of cGMP in cholinergic responsesis as yet
unsettled (Cole and Nicoll, 1984b; Volle, 1983).
In a number of model systems,muscarinic receptorsappear
to signal their actions by eliciting the breakdown of inositol
phospholipids, leading to the production of inositol trisphosphate and diacylglycerol, a promoter of protein kinaseC activity
(Nishizuka, 1984). In the hippocampus, carbachol, acting on
muscarinic receptors, has been shown to elicit the breakdown
of inositol phospholipids(Downes, 1982;Janowsky et al., 1984;
Labarca et al., 1984), suggestingthat this transduction mechanism might also mediate muscarinic responsesin this region.
Consistentwith this possibility, high concentrationsof binding
sitesfor phorbol esters,a classof compoundsknown to be potent
activators of protein kinaseC (Castagnaet al., 1982; Nishizuka,
1984), have been found in the hippocampus (Murphy et al.,
1983).Therefore, in the presentstudy we have examined whether phorbol estersmimic the effect of ACh on the calcium-activated potassiumconductancein CA1 pyramidal neurons. In
addition, ACh is known to elicit a variety of other actions in
the hippocampus,including a depolarization associatedwith a
conductancedecrease(Benardo and Prince, 1982; Cole and Ni~011,1984a;Dodd et al., 198l), a blockade of a voltage-dependent potassium current, I, (Halliwell and Adams, 1982), and
presynaptic inhibition of excitatory transmission(Hounsgaard,
1978; Rovira et al., 1983; Valentino and Dingledine, 1981;
Yamamoto and Kawai, 1967$We have examinedwhether these
actions of ACh were also mimicked by protein kinase C activation. After submissionof this paper, the report of Baraban et
al. (1985b) appeared. Some of the present conclusionsare in
agreementwith theirs.
Materials and Methods
The methods used in this paper are similar to those used in other studies
from this laboratory (Nicoll and Alger, 1981).Briefly, rat hippocampal
slices, 400 pm thick, were cut and placed in a holding chamber for at

least1 hr. A singleslicewasthentransferredto the recordingchamber
and held between two nylon nets, submerged beneath a continuously
superfusing medium that had been pregassed with 95% 0,. 5% CO,.
The composition of this medium was (mM): NaCl, 119; KCl, 2.5; MgSO,,
1.3; CaCl,, 2.5; NaH,PO,, 1.0; NaHCO,, 26.2; glucose, 11. The tem-

peratureof the mediumwasmaintainedbetween29 and 31°C.Stock
solutions of phorbol esters (10 mM) were made in dimethyl sulfoxide
(DMSO) andweredilutedin oxygenated
mediumbeforeadministration.
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tested on the M-current (I,), it was important to demonstrate the sensitivity of the current to muscarinic receptor activation, since this is
one of the properties used to define this current. This required applying
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Figure 1. PDBu causes small depolarization of membrane potential and blocks both the slow AHP and accommodation. A, The AHP in response
to a brief (60 msec) depolarizing current pulse is shown at a fast chart speed. The chart speed was then reduced, and constant current hyperpolarizing
pulses were applied at 0.3 Hz. The superfusate was switched to one containing PDBu (10 PM) at the arrowhead. During the interval labeled -DC,
hyperpolarizing current was applied to repolarize the membrane potential to the control value. Little change in Ri, was seen. After 9 min in PDBu,
the slow AHP had been abolished. B, Film records from the same cell of action potentials evoked by a 650 msec current pulse. Film records
obtained within 1 min of the records of the AHP in part A. Membrane potential, -60 mV. The time calibration for the AHP in PDBu also applies
to the control AHP. The voltage calibration applies to all chart records in A.
muscarinic agonists first, because phorbol esters appeared to antagonize
the responses to muscarinic receptor activation on the M-current.
Conventional intracellular recording techniques were used for most
of the experiments reported here. Intracellular electrodes were pulled
from “omega dot” glass capillary tubing (O.D. 1.2 mm, I.D. 0.6 mm;
Glass Co. of America) and were filled with 2 M potassium methylsulfate
(KMeSO,; ICN Pharmaceuticals; electrode resistance 100-l 40 MQ).
To examine the effects of phorbol esters on potassium currents, singleelectrode voltage clamp techniques were used. Such recordings were
made with an Axo-Clamp-2 single-electrode voltage clamp. Electrodes
were pulled from thin-wall “omega dot” glass (O.D. 1.2 mm, I.D. 0.9
mm) and were filled with 3 M KC1 (resis,mnce 25-80 MQ). Electrodes
were coated to within approximately 50-l 00 pm of the tip with M-Coat
D (Measurements Group Inc., Raleigh, NC) to reduce electrode capacitance. The voltage clamp head stage output was continuously monitored, and the switching frequency was adjusted to the maximum rate
that still allowed the electrode voltage to settle completely between
oscillations. A switching frequency of between 3 and 7 kHz was usually
obtained, depending on the characteristics of the electrode employed.
Results

In most of our studies,we have usedthe phorbol ester,phorbol12,13-dibutyrate (PDBu), but we have obtained similar effects

with 12-deoxyphorbol, 13-isobutyrate, and phorbol- 12,13-diacetate.Hippocampal pyramidal cellsrespondto short-duration
(50-100 msec)depolarizing current pulseswith a two-component afterhyperpolarization (AHP), the slower of which is mediated by acalcium-activated potassiumconductance(Alger and
Nicoll, 1980;Hotson and Prince, 1980; Schwartzkroin and StafStrom, 1980). At 10 PM, PDBu completely abolished the slow
component of the AHP within 5-10 min (Fig. 1A; n = 41). It
has previously been found that a number of conditions that
block the AHP also severely reducespike frequency adaptation
(Madison and Nicoll, 1982, 1984). This is also the casefor the
phorbol esters(Fig. 1B). This effect is essentiallyirreversible,
sinceno recovery wasseenafter washingfor more than an hour.
Concentrations of phorbol estersbelow 10 MM were also effective, but longer applicationswere required to produce an effect.
For 1 PM, it took approximately 30 min to block the AHP and
reduceaccommodation(n = 4), whereasfor 100nM, AHPs were
reduced only after applications of at least 1 hr (n = 8).
While the effect of PDBu on the AHP could occur in the
absenceof any changein membrane potential or input resistance, in the majority of cells (68%), PDBu (10 PM) causeda
4a-Phorbol1

Figure 2. Inactive phorbol esters do
not block the AHP. At the top, a continuous record of the application of
the inactive analog 4cy-phorbol- 12,13didecanoate (1 0 PM) begins at the arrowheadand continues until PDBu (10
PM) is applied at the arrowhead in the
lower record. AHPs were elicited every
15 set during this experiment. Membrane potential, -58 mV. Voltage
calibration applies to all records. Slice
was bathed in 0.3 PM TTX and 5.0
mM tetraethylammonium
(TEA)
throughout this experiment.
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Figure 3. Phorbolestersreducecalcium-activated
potassium
currents
in CA1 pyramidalcells.A, Chartrecordsshowingthe resultsof experimentsusinga hybrid current/voltageclampprotocol. 1, The cell was
heldin voltageclampat a holdingpotentialequalto the restingpotential
(-6 1 mv). At the time indicatedby the bracket, the voltageclampwas
switchedoff briefly (100msec).Concurrently,the cell wasstimulated
with a depolarizingcurrent pulsethat causedthe cell to fire action
potentials,afterwhichthe voltageclampwasswitchedbackon to measuretheresultingmembrane
current.Theoutwardcurrentresultingfrom
this stimulationisshownin control and 10min after bath application
of 10UM PDBu. 2. TheAHP from the samecellelicitedbv anidentical
stimuiusrecorded entirely in current clamp. Z?,Voltage clamp records
from anothercell showingthe outwardrelaxationthat occurswhenthe
cell is steppedfrom -60 to -40 mV and the tail current (arrow) that
results when the membrane potential is stepped back to -60 mV. This
outward current and tail are shown in control and after 10 min in 10
FM PDBu. The voltage trace is positioned below the current trace.

small depolarization (4.0 -t 2 mV, IZ= 17) of the membrane
potential. Unlike muscarinic depolarization, in most cells there
was no apparent changein input resistance(Fig. 1A) or a small
decrease.
It has been found in a number of systemsthat someanalogs
of phorbol are not effective in activating protein kinaseC (CasControl
u-
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tagna et al., 1982). To examine whether the effects observed
following phorbol ester administration were mediated by this
protein kinase,inactive analogsof phorbol were used.As shown
in Figure 2, the inactive phorbol ester, 4ar-phorbol-12,13-didecanoate(10 PM) did not reducethe AHP and causedno change
in the membrane potential (n = 6), while PDBu applied to the
samecell was fully effective in reducing the AHP. 4/3-Phorbol
wasalso without effect (n = 4).
The actions of phorbol estersunder current clamp did not in
all respectsappear to mimic muscarinic responses,since they
causedno consistent increasein input resistance.Hence, we
choseto examine their actions under voltage clamp, where individual currents could be clearly separated.We first examined
the current that underliesthe AHP (I& with a singleelectrode
voltage clamp. Two procedures were used. First, we used a
hybrid current/voltage clamp protocol (Pennefatheret al., 1985)
in which the cell was taken out of voltage clamp immediately
before evoking a seriesof action potentials with a depolarizing
current pulseand switchedback into voltage clamp immediately
after the pulse.Figure 3A, 1 showsthe outward current evoked
by such a train of action potentials and the abolition of this
current by phorbol esters(n = 3). The abolition of the AHP in
this samecell, recorded in current clamp mode, is also shown
(Fig. 3A, 2). In the secondprotocol, the cell was held continuously in voltage clamp at approximately -60 mV and 1 set
duration depolarizing commandswere applied. As seenin Figure 3B, depolarizing the cell to -40 mV evoked a slowly developing large outward current. Repolarizing the cell to -60
mV resultedin a prolonged outward tail current. PDBu greatly
reducedthe time-dependentoutward current and the tail (n = 5).
We have alsousedthe voltage clamp to study possibleeffects
of phorbol esterson the M-current (Z,). Z, is a time- and voltage-dependentpotassiumcurrent that is blocked by muscarinic
receptor activation (Halliwell and Adams, 1982). This current
is seenmost clearly when cellsareheld at depolarizied potentials
(- 30 to -40 mV) and are then stepped 10 to 20 mV, hyperpolarized for about 1 sec. Hyperpolarization, which closes
M-channels, results in a time-dependent inward relaxation of
membranecurrent. In Figure 4, we have compared the effects
of muscarinicreceptor activation, using carbachol, to PDBu on
the M-current. While carbachol(1 O-40 FM) produced large inward shifts in holding current and blocked the M-current, PDBu
produced only small inward shifts in holding current and had
no effect on the M-current. The M-current in all nine cellstested
wasunaffected by PDBu.
One possiblemechanismthat could account for the blockade
of the calcium-activated outward currents is that calcium influx
Atropine

PDBu

-u

Figure 4. Phorbol esters do not reduce the M-current (ZJ in CA1 pyramidal cells. The illustrated cell was held in voltage clamp at a potential
of -40 mV and stepped to - 50 mV for 1 sec. This step resulted in a time-dependent inward relaxation of membrane current. In this experiment,
the electrode contained 0.5 M CAMP (with 3 M KCl) to eliminate possible contamination by calcium-activated potassium current. Carbachol (10
PM) was applied and caused an inward shift in holding current and a blockade of the inward relaxation to hyperpolarizing
steps (record shown 12
min after application),confirmingthat this relaxation was due to closure of M-current channels. Carbachol was washed from the chamber and
atropine (10 PM) was added to the bath to facilitate the recovery of the M-current relaxation (record shown after 25 min). In some cells, atropine
was not used, but this did not affect the result of the experiment. Following this recovery, 10 PM PDBu was added to the medium and did not
reduce the M-current even after 30 min. The voltage trace is positioned above the current trace.

478

Malenka et al.
PDBu
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Figure 5. Phorbol esters do not reduce calcium action potentials. The
slice was bathed in a solution containing 0.3 PM TTX and 5 mM TEA.
A, Calcium spike (upper trace) evoked
by depolarizing current pulse. The
current monitor for the pulse is shown
in the lower trace. The response to a
subthreshold pulse is also superimposed on the record. The right-hand
record is a superimposition of the control calcium spike and that evoked in
the presence
of PDBu (5 MM) applied
for 10 min. B, Chart records of the
after-hyperpolarization
produced by
the calcium spikes illustrated in A.
Membrane potential, - 58 mV.
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is reduced by phorbol esters. To examine this possibility we
have recorded calcium spikes in the presenceof tetrodotoxin
(TTX; 0.3 KM) and tetraethylammonium (TEA; 5 mM). At a
time when PDBu had completely blocked the slow AHP, the
calcium spike wasstill present(Fig. 5A; II = 6) with little change
in its duration. In fact, there was often an increasein the peak
amplitude of the spike. This result suggeststhat blockade of

A
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calcium entry could not account for the blockade of the AHP.
Muscarinic agonists have been shown to have presynaptic
inhibitory effectsin the hippocampus(Hounsgaard, 1978; Rovira et al., 1983; Valentino and Dingledine, 1981; Yamamoto
and Kawai, 1967). To test whether phorbol estersmight share
thesepresynaptic inhibitory actions, we have studiedthe effects
of phorbol esters on two monosynaptic excitatory potentials,
namely, the fast EPSPelicited by stimulating in stratum radiaturn and the slow cholinergic EPSP elicited by high-frequency
stimulation of cholinergic afferents in stratum oriens (Cole and
Nicoll, 1984).At a time when PDBu had blocked the AHP, the
fast EPSPelicited by orthodromic stimulation wasnot reduced
and in most caseswasconsiderablyincreasedin amplitude (Fig.
6A; n = 10). On the other hand, PDBu entirely blocked the slow
muscarinic EPSP (Fig. 6B; it = 8). Since this effect could possibly occur pre- or postsynaptically, we examined the effect of
PDBu on the postsynaptic muscarinic excitations produced by
bath-applied carbachol. In theseexperiments,PDBu effectively
antagonizedthe depolarizing action of carbachol (n = 4).
If protein kinase C activation mediatesthe blockade of the
AHP causedby muscarinic agonists,one might expect other
compounds,which are known to increaseinositol phospholipid
breakdownin cortical tissue,to have a similar action. Therefore,
we bath-applied a number of thesecompounds. Phenylephrine
acting on (Yereceptors(10 PM, IZ= 9); substanceP (10 PM, n =
5); vasopressin(10 PM, n = 5); and cholecystokinin (10 pM,
n = 3) were all ineffective in reducing the AHP.
Discussion

Figure 6. Actions of phorbol esters on fast and slow EPSPs. A, Fast
EPSP, elicited by orthodromic stimulation, along with the AHPs from
the same cell are shown before and 8 min after start of bath application
of 10 MM PDBu. The fast EPSP is larger when the slow AHP is completely
blocked. Membrane potential, -62 mV. Cell was hyperpolarized with
direct current to -75 mV when EPSPs were elicited. B, I, Slow cholinergic EPSP elicited by 30 Hz, 0.5 set stimulation in stratum oriens
is completely blocked by 10 PM PDBu. Inset shows the fast EPSP recorded from the same cell. Action potentials are truncated in both the
chart record and inset. Membrane potential, -59 mV. B, 2, The depolarization elicited by bath application of 5 PM carbachol is completely
blocked by 10 PM PDBu. Action potential amplitude is again truncated
by the chart recorder. Membrane potential, -64 mV.

Previous studies on hippocampal pyramidal cells have demonstratedthat muscarinicreceptor activation resultsin a membrane depolarization associatedwith a conductance decrease
(Benardo and Prince, 1982; Cole and Nicoll, 1984a; Dodd et
al., 1981) and blockade of both the M-current (Halliwell and
Adams, 1982) and calcium-activated potassium conductance
(Benardoand Prince, 1982;Cole and Nicoll, 1984a).Sincework
in a number of systems,including the hippocampus,hasshown
that muscarinic agonists induce inositol phospholipid breakdown and therefore presumably activate protein kinase C, we
have examined whether directly activating this kinase using
phorbol estermimics the muscarinicactions of acetylcholine in
the hippocampus.The major finding of this study is that phorbol
estersexert a remarkably powerful and selective antagonismof
the calcium-activated AHP and correspondingoutward current.
This wasdemonstratedin three ways. First, the slow AHP that
follows a train of action potentials was abolished. Second,the
outward current recordedunder a hybrid current/voltage clamp
protocol (Lancasterand Adams, 1984) was eliminated. Third,
under voltage clamp, the time-dependent outward current that
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develops during a depolarizing command and the subsequent
prolongedtail were severelyreduced.This prolongedtail current
has been shown to correspond to the current underlying the
AHP (Adams and Lancaster, 1985). The block of the slow AHP
could occur in the absenceof any change in the cell’s resting
membrane properties (although a small depolarization often
occurred). In addition, as would be expected from the results
of previous studiesfrom this laboratory (Madison and Nicoll,
1982, 1984), blockade of the calcium-activated potassiumcurrent by phorbol estersresulted in a marked reduction in the
accommodation of action potential dischargegeneratedin responseto long depolarizing stimuli.
Phorbol estersin a wide variety of tissueshave been shown
to activate protein kinaseC directly. Sincethe block of the AHP
only occurred with application of phorbol estersknown to activate protein kinase C and not when inactive phorbol esters
were applied, the block of the AHP is likely to be mediated by
protein kinase C. Concentrations of phorbol estersas low as
100 nM were effective in blocking the slowAHP and in reducing
accommodation. However, with low concentrations of phorbol
estersit often took up to an hour for the effectsto develop fully.
Furthermore, no recovery of the AHP was seenafter washing
the tissuewith control solution for more than an hour. As suggestedby others (Castagnaet al., 1982), a likely explanation for
the slow onset of action and lack of recovery is that phorbol
estersare highly lipid soluble and once intercalated into the
membrane may remain active for hours.
Norepinephrine, acting via p receptor stimulation and subsequentincreasesin intracellular CAMP, blocks the slow AHP
without reducing calcium action potentials (Madison and Ni~011,1982). Similarly, phorbol estersappear to block the calcium-activated potassium current underlying the slow AHP
without altering calciuminflux. The actionsof CAMP arethought
to be mediated by activation of a CAMP-dependent protein
kinase (protein kinaseA) (Greengard, 1982). In a number of in
vitro systems,phosphorylation of the sameprotein (possibly at
different sites)by both protein kinase C and protein kinase A
has been demonstrated (Takai et al., 1984). This raisesthe intriguing possibility that both protein kinaseC and protein kinase
A act on a common membrane protein or group of proteins.
The calcium-activated potassiumchannel would seemto be an
especially ideal site for modification, since it appearsto have
potent effectson the cell’sresponseto depolarizingstimuli. There
are, however, severaldifferencesbetweenthe presentresultsand
those produced by p receptor stimulation and CAMP. First,
although norepinephrine and CAMP rarely block the slow AHP
completely, application of phorbol estersalmostalwaysresulted
in a complete abolition of the slow AHP. Second, fl receptor
stimulation often results in a small depolarization associated
with a conductancedecrease(Madison and Nicoll, unpublished
observations), whereasthe smalldepolarization seenwith phorbol esterswas usually associatedwith a small increaseor no
changein conductance.
Sincephorbol estersblock the slow AHP, we testeda number
of compounds, which have been reported to induce inositol
phospholipid breakdown in the brain, to determine if they might
alsoblock the slow AHP. Phenylephrine, in cerebralcortex (Berridge et al., 1982) and hippocampus (Janowsky et al., 1984);
substanceP, in many regions,including hippocampus(Mantyh
et al., 1984); vasopressinin hippocampus(Downes, 1982); and
cholecystokinin in cerebral cortex (Downes, 1982) all increase
inositol phospholipid breakdown but failed in our experiments
to reduce the slow AHP. Similar negative results have been
obtained by Haas and Konnerth (1983) for histamine acting on
H, receptors, which is known to increaseinositol phospholipid
breakdown (Berridgeet al., 1982).Therefore, basedon the above
findings, the possibilitiesshould be consideredthat the increase
in inositol phospholipid breakdown induced by these com-
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pounds either doesnot occur in hippocampal CA1 pyramidal
cellsor that phorbol estersmay have actions unrelated to those
induced by inositol phospholipid breakdown.
Of all of the compounds we have tested that are known to
increaseinositol phospholipid breakdown, only muscarinic agonists block the AHP. However, somedifferencesdo exist between the actions of phorbol estersand muscarinic agonists.
First, muscarinicreceptor activation blocks I,, whereasphorbol
estershave no effect on this current. Second,ACh exerts a potent
muscarinic presynaptic inhibition of excitatory synapsesin the
hippocampus(Hounsgaard,1978;Rovira et al., 1983;Valentino
and Dingledine, 1981; Yamamoto and Kawai, 1967). Although
phorbol esters had no depressantaction on, and indeed increasedthe size of, the fast EPSP, they did abolish the slow
cholinergic EPSP.This effect wasconsistentwith a postsynaptic
action of phorbol esters, since the depolarization elicited by
direct application of carbachol was also blocked. This antimuscarinic action of phorbol estersis similar to that found in
somesmooth musclepreparations(Baraban et al., 1985a).The
mechanismunderlying this antagonism is unclear, but it has
been found that phorbol estersinhibit carbachol-induced inositol phospholipid breakdown in the hippocampus(Labarca et
al., 1984), providing rather indirect evidence that muscarinic
actions may be linked to the breakdown of inositol phospholipids.
The questionremainsasto whether somemuscarinicactions
are mediatedthrough protein kinaseC. Like carbachol,phorbol
estersblock the calcium-activated potassiumcurrent underlying
the slowAHP, but they do not have the sameconsistenteffects
on membranepotential and input resistancenor do they block
the M-current. Moreover, unlike ACh, they do not appear to
exert a presynaptic inhibition of excitatory afferents. Thus, if
inositol phospholipid breakdown is involved in muscarinic responses,the activation of protein kinaseC can only account for
part of the response.Until selective blockers of protein kinase
C and phospholipaseC, the enzyme responsiblefor the breakdown of inositol phospholipid, are available, the involvement
of inositol phospholipid breakdown in the electrophysiological
actionsof muscarinicreceptor activation will remain inferential.
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