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The epileptogenic properties of the mast cell degranulating peptide (MCD) have been investigated in the CA3 region of the hippo- 
campal slice preparation. Brief (3-5 min) bath application of MCD (0.5-2 pM) to CA3 hippocampal neurones i~roduced an enhance- 
ment of the spontaneous synaptic activity and the appearance of spontaneous bursts that persisted for several hours. These bursts were 
network driven and the underlying paroxysmal depolarizing shift met the criteria for a giant excitatory postsynaptic potential (EPSP), 
with a reversal potential close to 0 mV. Furthermore following the application of MCD, stimulation of the mossy fibres, commissural 
or temporo-ammonic pathway evoked an EPSP followed by an evoked network burst. The bursts which could be elicited for several 
hours were reversibly blocked by a brief application of tetrodotoxin (T'I'X; 1 pM) or cobalt (2 mM). In contrast, prior and concomitant 
treatment with T'I'X or cobalt prevented the occurrence of the bursts induced by MCD. The effects of MCD were not due to a block- 
ade of GABAergic inhibition since the toxin did not reduce the fast and slow IPSP. Furthermere, the N-methyl-D-aspartate (NMDA) 
antagonists D-2-amino-phosphonovalerate (D-APV; 30 pM) or OL-amino-phosphoheptanoic acid (AP-7, 30 pM) did not block the ac- 
tion of MCD, suggesting that the activation of NMDA receptors are neither r.ecessary nor sufficient for MCD-induced bursts. It is 
concluded that MCD induces in the CA3 region long-lasting changes in the synaptic responses which may be mediated through a pre- 
synaptic mechanism. 

INTRODUCTION 

Several peptides with neurotoxic action have been 

isolated from bee venom 15, notably apamin, a block- 

er of the calcium-dependent potassium channel 21 and 

a closely related 22 amino acid peptide, the mast cell 

degranulating peptide (MCD).  MCD releases hista- 
mine from mast cells 7'19'22 and upon intracerebroven- 

tricular administration induces hippocampal theta 

rhythm, paroxysmal activity and convulsions fol- 

lowed by death of the animal 5'~6. These effects are 

mediated through the activation of a high affinity re- 

ceptor 35, localized mainly in cortical structures and 

hippocampus 5. Understanding the mechanisms of ac- 

tion of MCD is of general interest since, as for apa- 

min 12, the brain contains an endogenous MCD-like 

peptide 8. In a reccnt in vitro study, it was found that 
brief appli~:ation of MCD induces a long-term poten- 

tiation (LTP) of the synaptic responses evoked by 

Schaffer collateral stimulation in the CA1 region of 

the hippocampus. This potentiation was indistin- 

guishable from the classical LTP produced by a train 

of high frequency stmmlation8; thus the long-lasting 

effect was not associated with significant changes in 

postsynaptic cell excitability, suggesting that the tox- 

in acts at a presynaptic level to release a factor(s) 

wiwh !:r:;duces LTP. 
The principal aim of the present study was to ex- 

amine the epileptogenic actions of MCD in the CA3 

region of the hippocampus, which is well known for 

its pacemaker  properties ~7. 

MAI'ERIALS AND METHODS 

Adult male Wistar rats (150-200 g) were anaes- 

thetized with ether and killed by a heavy blow to the 
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chest. Transverse 450 ~m thick hippocampai slices 
were prepared and maintained in vitro following the 
technique fully described previously 13. The slices 
were superfused (2 ml/min) with artificial cerebrospi- 
hal fluid containing (mM): NaC! 126, KCI 3.5, 
NaH2PO 4 1.2, MgC! 2 1.3, CaCl 2 2, glucose 11, Nail- 
CO 3 25, at 36 °C, gassed with a mixture of 02 95% 
and CO2 5% (pH = 7.3). Intracellular recordings 
were made with glass micropipettes filled with 3 M 
KCI, 4 M potassium acetate or 2 M potassium me- 
thylsuiphate (resistance 50-100 Mf~). Concomitant 
extracellular recordings were made with NaCl-filled 
electrodes (resistance 5-10 Mf~). The extracellular 
electrodes were usually positioned in the mossy fibre 
terminal region (i.e. stratum lucidum). Bridge bal- 
ance was checked repeatedly during the course of the 

impalement. Capacitative transients with the elec- 
trode tip outside the neurone were reduced to a mini- 
mum by negative capacity compensation. The mossy 
fibre, the commissural or the temporo-ammonic 
pathways were stimulated by means of bipolar nick- 
el-chrome electrodes (50/~m diameter). Stimuli con- 
sisted of 0.01-0.02 ms pulses (10-50 V) delivered 

at a frequency of 0.05 Hz. The stimulus intensity was 
adjusted to evoke an EPSP subthreshold for spike 
generation. Individual action potentials, electrotonic 
potentials, spontaneous or evoked bursts and post- 
synaptic potentials were digitized and displayed on a 
digital oscilloscope and on a computer-driven chart 
recorder. 

Drugs were dissolved in the artificial cerebrospinal 
fluid and bath applied via a 3-way tap system; effects 
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Fig. ]. MCD induces spontaneous network bursts. Spontaneous activity before (a) and 1 h after MCD (b). MCD (] pM) was applied to 
the bath for 5 rain. Spontaneous bursts started to develop after 3 rain of drug application, c: faster display of burst shown in b (arrow). 
d: the frequency of the bursts produced in another neurone by MCD (1/~M) was not changed by membrane hyperpolarization. Note 
that at more hyperpolarized potentials, the aftcrhyperpolarization following the burst was almost completely abolished. In a, b and c, 
the neurone has been recorded with KCi-filled microe!ectrode; in d and the following figures with potassium acetate electrodes. 
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of different drugs were observed within 20-30 s of 
the solution entering the bath and equilibrium was 
apparently reached within 3 min. MCD was purified 
according to Taylor et al. 35. The MCD II fraction was 

used throughout (see for further details on purifica- 
tion ref. 8). MCD was dissolved in water. Since the 
peptide is positively charged, plastic and glass tubes 
were treated with Sigmacoat (Sigma). Tetrodotoxin 
(TTX) and bicuculline were purchased from Sigma 
and D-2-amino-phosphonovalerate (D-APV) was 
from Cambridge Research Biochemicals, Dt-Amino- 
phosphoheptanoic acid (AP-7) was a gift of Dr. Herr- 
ling (Sandoz, Berne). Naloxone was obtained from 
Endo. 

RESULTS 

MCD induces spontaneot,,s .network bursts (SNB) 
Long-lasting intr~cellular recordings were made 

from 50 CA3 pyramidal neurones. All the neurones 
fulfilled the following criteria: resting membrane po- 
tential greater than -58 mV, average input resistance 

48 + 6 Mf~ (~ + S.E.M., n -- 8) and action potential 

amplitude greater than 85 mV. MCD (0.5-2/~M) 

was applied in the bath for 3-5 min, The application 
rapidly (2-5 min) induced an increase in sponta- 
neous synaptic activity (Fig. 1). These were often 
grouped in clusters and led to an increased cell dis- 
charge. In 45 out of 50 neurones, MCD induced 
spontaneous epileptiform bursts, within 3-5 min of 
its application. These usually developed in the ab- 
sence of any change in membrat'e potential or resis- 
tance and consisted of a brief high frequency spike 
discharge riding on a paroxysraal depolarizing shift 
(PDS) 25. Each burst was followed by a long-lasting 
hyperpolarization. The burst frequency was variable 
from cell to cell, ranging between 5 and 22 
bursts/min. Typically the highest frequency was ob- 
served during the first minutes of wash. Bursting con- 
tinued at the same rate for 3-4  h and then slowly de- 
clined but a complete wa,~h was never achieved (Fig. 
9). Synchronous inte~'ictai events were recorded with 
the extracellular electrode (Fig. 2). These consisted 
of multiple population spikes riding on a positive field 
potential when the electrode was located in the pyra- 
midal layer. In keeping with the observations made 
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Fig. 2. Spontaneous and evoked bursts induced by MCD are blocked by TFX. In a and b the upper traces are intraceilular recordings, 
the lower traces are extracellular recordings. In a, while recording from the same neuron, MCD was applied and induced bursts (con- 
trol); 20 rain later, TTX ( 1/tM) completely blocked the bursts. The bursts reappeared 40 min after TTX was w~shed out (WashL In h, 
faster display of the same records to depict spontaneous and mossy fibre evoked bursts (triangles); note that "lq'X (middle trace) 
blocked the bursts which, however, re~lppeared 40 min after 'I'TX was washed out. Resting membrane potential -68 mV. 



94 

with other convulsants 34, negative field potentials 

corresponding to the site of generation of the PDS 
were recorded in the distal apical dendrites of the 
CA3 region. The following observations suggest that 
the bursts were network-driven events and not en- 
dogenous pacemakersE3: (i) they were synchronous 
in intracellular and extracellular recordings; (ii) their 
frequency was independent of the membrane poten- 
tial (Fig. 1); (iii) their amplitude was a linear function 
of the membrane potential; (iv) the extrapolated re- 
versal potential was near n mV (not shown), suggest- 
ing that the PDS was a giant EPSP (n = 2). In keep- 
ing with these observations, the SNB we~'e abolished 
by agents which block spike propagation or synaptic 
activity, notably TTX, 1/zM (Fig. 2) or cobalt, 2 mM 

(Fig. 3). During washout the spontaneous bursts 
reappeared; however, their frequency was reduced. 

Treatment with TTX or cobalt (n = 4) prior and 
during perfusion with MCD prevented the occur- 
rence of bursts, suggesting that synaptic activity is re- 
quired to produce the SNB (Fig. 4). As shown in Fig. 
4, while recording from the same neurone, bursts de- 

veloped during a second application of MCD, once 
TTX or cobalt had completely been washed out (Fig. 
4). This observation eliminates the possibility that 
the long-lasting occurrence of the spontaneous bursts 

is somehow dependent on the continous presence of 
the toxin in the tissue. It bears stressing that in the 
presence of TTX, MCD produced an increase in 

spontaneous synaptic events raising the possibility 
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Fig. 3. Spontaneous and evoked bursts induced by MCD are temporarily blocked by cobalt. While recording from the same nevrone 
MCD and cobalt were successively applied. Spontaneous and evoked bursts (triangles) are shown at a faster sweep on the right side ef 
the figure (b). Before MCD, stimulation of the mossy fibres elicited an EPSP-IPSP sequence (b, top trace). MCD induced sponta- 
neous and evoked bursts which persisted for a prolonged period after the drug was washed out (Wash). Cobalt applied 40 min after 
MCD, completely blocked the bursts. These, however, reappeared 25 rain after cobalt was washed out (lowest trace). Note that the 
EPSP is apparent as a small inflection on the rising phase of the PDS in the evoked responses. 
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Fig. 4. Prior administration of TTX prevents the effects of MCD. While recording from the same neuron, T r x  was first applied for l0 
rain to completely block the sodium spikes. In a, application of MCD with "FIX failec; to elicit bursts, b: 1 h and 40 rain after TTX was 
washed out, an action potential could be elicited by intracellular current injection at the arrow (action potential shown in c). At this 
time, a second application of MCD induced bursting activity. In b, the upper and lower traces are continuous. 

that  the peptide acts directly at the terminal  level t o  

release endogenous  transmitters .  We cannot  ex- 

clude, however,  the possibili ty that  TTX and cobal t  

block specific membrane  conductances possibly acti- 

vated by M C D  and which contr ibute  to burst gener- 

ation. 
In the remaining  5 neurones ,  MCD produced an 

increase in spontaneous  synaptic activity and spike 
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Fig. 5. Bistable behaviour induced by MCD in a CA3 neurone. The abrupt depolarization and repolarization of the membrane poten. 
tial and increased firing lasted for 12 min, then the effects of MCD completely washed out. In this neurone MCD did not induce spon- 
taneous and evoked network bursts. 
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discharges but did not induce spontaneous bursts. In 
two of these cells the peptide induced a bistable be- 
haviour, consisting of consecutive abrupt depolariza- 
tions of the membrane leading to a plateau followed 
by abrupt repolarizations (Fig. 5). Similar plateau 
potentials have been described following NMDA ap- 
plication n. In the remaining 3 neurones, MCD pro- 

duced a membrane depolarization of 11.6 + 2 mV (R 
+ S.E.M.) that in two cases was associated with a 
small increase in membrane input resistance 
(<10%). The actual values were 38 and 52 Mr2 be- 
fore MCD and 40 and 56 M~2 during MCD-induced 
depolarization. The depolarization started 1-2 min 
after MCD application and reached a peak within a 
few mi,mtes. The membrane potential returned to 
control values 8-15 min after wash. The MCD-in- 
duced depolarization was probably synaptically me- 
diated since it was completely blocked by superfusion 
of TI 'X (! pM) or cobalt (2 mM). All the effects ob- 
selved in these 5 neurones were transient as they dis- 
appeared within 15 min of washing MCD. 

, \ 
\ 
\ 

MCD induces evoked network bursts (ENB) 
Superfusion with MCD also led to the appearance 

of evoked network bursts. Thus, as shown in Fig. 3, 
whereas in control medium, stimulation of the mossy 
fibres evoked an EPSP followed by an IPSP, after 
perfusion with MCD this response was replaced by 

an EPSP followed by a burst of action potentials and 
an afterhyperpolarization. These evoked bursts 
shared a number of similarities with the spontaneous 
network bursts: (i) they were synchronous in the in- 
traceUular and extracellular records suggesting that 
the evoked bursts are of the network type (Fig. 2); 

(ii) like the SNB, the extracellular field consisted of a 
positive or negative wave in the stratum pyramidale 
or radiatum respectively; (iii) the amplitude of the in- 
tracellular PDS was a linear function of the mem- 
brane potential, depending only on the driving force 
of this giant EPSP and the extrapolated reversal po- 
tential was near 0 mV (n = 3), not shown. Further- 
more, like the SNB, the ENB were only temporarily 
blocked by superfusion of TTX (1/~M) and cobalt (2 
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Fig. 6. Heterosynaptic convergence and the all-or-none characteristic of the evoked network burst induced by MCD. As shown in the 
diagram, stimulating electrodes were positioned to activate the mossy fiber (1), the commissurai pathway (2) and the temporo-am- 
monic pathway (3). After MCD application, stimulation of the 3 pathways elicited network bursts, a: reflects the convergence of these 
inputs at the circuitry generating the bursts; the arrows indicate the synaptic responses before application of MCD. b: the ENB elicited 
by commissural pathway stimulation after MCD had a variable latency, c: the bursts evoked by the mossy fibres stimulation after 
MCD were elicited in an all-or-none manner. 
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raM), see Figs. 2 and 3. However, during washout 

the delay between the monosynaptic EPSP and the 
burst was increased, suggesting the involvement of a 
polysynaptic pathway in the generation of these 

bursts. 
Other observations reflect the involvement of a 

polysynaptic circuitry in generating the ENB. Thus, 
the bursts were evoked by the electrical stimulation 
in an all-or-none manner and with a variable latency 
(Fig. 6). Occasionally the preceding EPSP was only 
apparent as a small inflection in the rising phase of 

the PDS. The ENB were elicited by the stimulation 
of afferent input to the CA3 pyramidal neurones, no- 
tably the mossy fibres, the commissural or the tempo- 
ro-ammonic pathway (Fig. 6). This suggests that 
there is a considerable convergence of inputs on the 
polysynaptic circuitry generating the ENB. Fig. 6 il- 
lustrates another important feature of the action of 
MCD, i.e. the long-lasting changes in the synaptic re- 

sponses. ENB were readily evoked for up to 4 h after 
a brief application of the toxin (longest stable intra- 
cellular record performed). 

Effects of  various transmitter antagonists on the bursts 
induced by MCD 

The long-term induction of bursts by MCD may re- 
sult from a prolonged blockade of the GABAergic in- 
hibition. We have therefore examined the effects of 
MCD on the IPSP (n = 2). To prevent the occurrence 
of the bursts, the slices were perfused with a medium 
containing elevated concentrations of calcium (5 
mM) and magnesium (5 mM). Under these circum- 

stances MCD failed to produce spontaneous and 
evoked bursts. As shown in Fig. 7, the IPSP was not 
reduced by MCD. After return to a normal medium, 
spontaneous and evoked network bursts did develop 
as a consequence of MCD's action (Fig. 7). In addi- 
tional experiments (n = 4), the G A B A  antagonist, 
bicuculline, was applied at a concentr~.,tion which 
completely blocks the O--mediated GABAergic in- 
hibition (30/zM) and in the presence of a high diva- 
lent cation concentration (4 mM calcium and 6 mM 
magnesium), to prevent burst firing 27. In these condi- 

tions, addition of MCD readily evoked burst dis- 
charge (Fig. 8), raising the possibility of a direct el- 
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Fig. 7. The fast and slow IPSP are not reduced by MCD. a: EPSP followed by a fast and a slow IPSP evoked by mossy fibre stimulation 
(triangles) in a medium containing 5 mM calcium and 5 mM magnesium. Note that during and after MCD application the EPSP and 
the IPSP were slightly increased. Potassium methylsulphate containing electrode, b: after return to a medium containing 2 mM calci- 
um and 1.3 mM magnesium, spontaneous bursts developed. They were network bursts since their frequency was not changed by hv- 
perpolarizing the membrane to -75 and -90 mV. c: V/I curve before (©) and during (O) MCD application. 
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Fig. 8. The ENB induced by MCD are not clue to the blockade of the O--dependent GABAergic inhibition, a: in a medium containing 
higher concentrations of divalent cation and bicuculline (30/~M), MCD failed to induce spontaneous bursts; it caused only a small de- 
polarization of the membrane potential. However, as shown in b, in the same neurone, the mossy fiber EPSP (left side) was followed 
after application of MCD (right side) by a typical ENB. c: V/I curve before (C)), 10 min (0) and 50 min (&) after MCD. 

fect on excitatory transmission. Another  possibility is 

that MCD acts presynaptically releasi~lg other pep- 

tides or amino acids which might produce the sponta- 

neous and evoked network bursts. The endogenous 

opioid peptides, known to induce paroxysmal activity 

in the hippocampus 2°, are present in the mossy fi- 

bres e6. Interictal bursts also develop in CA3 neu- 

rones in the absence of magnesium presumably as a 

* ° of .k., magnesium block consequence of ,h~ " . . . . . .  ! • ~.., s 1 i,i..7 v ~ . 1  Lll~t.~ 

of the N-methyi-D-aspartate (NMDA) receptor-acti- 

vated channel TM. We have therefore tested the ef- 

fects of the opioid antagonist naloxone (1/~M) and 
the NMDA antagonists D-APV and AP-7 (30pM) on 

the spontaneous and evoked network bursts induced 
by MCD. 

Prior or subsequent to exposure of the slices to 

naloxone (n = 2) or D-APV and AP-7 (n = 4) did not 

prevent the occurrence of SNB and ENB (Fig. 9), 

ruling out the possibility that the bursts induced by 

MCD were mediated through the activation of an 

opioid or an NMDA type of receptor. 

DISCUSSION 

The major finding reported in the present study is 

that MCD produces in CA3 hippocampal neurones 

spontaneous and evoked network bursts that persist 

for prolonged periods of time after washout of the 

toxin. The effects of MCD are mediated through spe- 
cific, high affinity receptors 35 which are localized in 

the hippocampus and other cortical structures s. 

Moreover, similarly to the MCD analogue, apamin,  

for which there is an endogenous equivalent in the 
CNS 12, binding and radioimmunoassay techniques 
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Fig. 9. Bursts induced by MCD are not antagonized by AP-7. a: 
stimulation of the mossy fibres (triangles) evoked before MCD 
application an EPSP (control). Following MCD, the same stim- 
ulus evoked a burst. This was not blocked by AP-7. In b, the 
frequency of the spontaneous burst vs time is plotted in the 
same neurone. Spontaneous bursts only developed following 
wash out of MCD. Period of MCD application is indicated by 
solid bar. Note that the frequency of the bursts remained stable 
despite superfusion of AP-7 for 25 rain. 



suggest the presence of an endogenous MCD like 
peptide in the brain s. This raises the possibility that 
an endogenous ligand plays a role in generating par- 
oxysmal interictal events. 

It bears stressing that the bursts produced by MCD 
are very similar to those produced by several convul- 
sants, including pentylenetetrazol 6, penicillin and bi- 
cuculline 37, high potassium 29, (+)- tubocurarine and 

kainate 2 or produced by electrical stimulation of af- 
ferent pathways to CA3 32. These agents produce par- 
oxysmal interictal events which are generated in a 
polysynaptic circuitry 2"37. MCD also probably oper- 

ates through a polysynaptic circuitry since the bursts 
induced by the peptide are readily blocked by a medi- 
um containing high divalent cation concentrations, 
known to reduce polysynaptic transmission 4. Al- 
though the exact anatomical substrate for the syn- 
chronous activity has not been completely eluci- 
dated, the existence of recurrent excitatory collater- 
als between the pyramidal neurones of CA3 appears 
to play an important role in producing the network 
burst 27. 

Several mechanisms may account for the MCD-in- 
duced epileptogenic activity. Thus interictal bursts 
may develop as a consequence of a reduction of the 
GABA-mediated synaptic inhibition as it has been 
shown in the case of bicuculline 37, penicillin 9, kai- 
nate H~ or repetitive stimulation of afferents 3"33. How- 
ever this possibility is very unlikely since: (i) the IPSP 
is not reduced during and after application of MCD; 
(ii) MCD still induces bursts when the CI--mediated 
GABAergic inhibition is blocked by bicuculline. 

Another possibility is that MCD acts at a presynap- 
tic site e~hancing the release of neurotransmitters.  

The enhancement of the frequency of the sponta- 
neous postsynaptic potentials by MCD, even after 
blockade of spike discharge and synaptic transmis- 
sion by TTX, is suggestive of such a mechanism. In 
this respect MCD may act like the potent protein ki- 
nase C (PKC) activator, phorbol ester -'4. Like phor- 

99 

"M 
bol e s t e r ,  MCD produces in CA1 a long-term po- 
tentiation of the EPSP 8. It is therefore possible that 
like phorbol derivates, MCD enhances transmitter 
release through the activation of PKC which is loca- 
lized on the presynaptic nerve terminals m4. In favour 
of a possible presynaptic site of action is also the lack 
of clear postsynaptic effects on the membrane poten- 
tial, resistance and cell excitability, particularly when 
measured in the absence of spontaneous interictal 
bursts during superfusion with a medium containing 
high divalent cation concentrations. Alternatively 
MCD, like apamin, a selective blocker of one type of 
Ca-activated potassium channel 2~ may block or di- 
rectly activate ionic channels involved in neurotrans- 
mitter release. It has been recently shown that MCD 
interacts with dendrotoxin, inhibiting its binding to 
solubilized extracts of synaptosomes 28. Like this tox- 
in 18, MCD causes in CA1 hippocampal neurones the 
generation of an anode break action potential consis- 
tent with a blockade of a transient K+-current (IA) 28. 
This effect may contribute to the enhancement of 
transmitter release in the same way as 4-aminopyri- 
dine 30.36. 

The nature of the transmitter or factor released by 

the toxin is not known; however, on the basis of phar- 
macological experiments we can exclude that 
NMDA and/or an opioid peptide play a major role in 
the SNB or ENB elicited by MCD. In conclusion, 
MCD produces a long-term potentiation of the EPSP 
in CA 1 s and long-lasting induction of SNB and ENB 
in CA3 region. It is possible that in both cases, the 
toxin acts presynaptically to release factor(s) which 
produce the long-lasting changes in the synaptic re- 

sponses. 

ACKNOWLEDGEMENT 

We are grateful to Dr. M. Lazdunski for the gen- 

erous gift of MCD. 

REFERENCES 

1 Anderson, W.W., Lewis, D.V., Swartzwelder, H.S. and 
Wilson, W.A., Magnesium-free medium activates seizure- 
like events in the rat hippocampal slice, Brain Research, 
398 (1986) 215-219. 

2 Ben Ari, Y., Cherubini, E. and Gho, M., Long-lasting in- 

duction of an evoked network burst in rat hippocampal 
CA3 neurones in vitro, J. Physiol. (Lond. 1.388 (1987) 50P. 

3 Ben Ari, Y., Krnjevic, K. and Reinhardt, W.C., Hippo- 
campal seizures and failure of inhibition, Can. J. Physiol. 
Pharmacol., 57 (1979) 1462-1466. 

4 Berry, M.S. and Pentreath, V W., Criteria for distinguish- 
ing between monosynaptic and polysynaptic transmission, 



100 

Brain Research, 105 (1976) 1-20. 
5 Bidard, J.N., Gandolfo, G., Mourre, C., Gottesman, C. 

and Lazdunski, M., The brain response to the bee venom 
peptide MCD. Activation and desensitization of an hippo- 
campal target, Brain Research, 418 (1987) 235-244. 

6 Bingmann, D. and Speckmann, E.J., Actions of pentylene- 
tetr~ol (PTZ) on CA3 neurons in hippocampal slices of 
guinea pigs, Exp. Brain Res., 64 (1986) 94-104. 

7 Breithaupt, H. and Habermann, E., Mastzeildegranulalie- 
rendes peptid (MCD-Peptid) aus bienengift: isolierung, 
biochemische und pharmakologische eigenschaften, Nau- 
nyn-Schmiedeberg's Arch. Exp. Pharmacol., 261 (1968) 
252-270. 

8 Cherubini, E., Ben Ari, Y., Gho, M., Bidard, J.N. and 
Lazdunski, M., A bee venom peptide induces long term po- 
tentiation of synaptic transmission in the hippocampus, Na- 
ture (Lond.), 328 (1987) 70-73. 

9 Dingledine, R. and Gjerstad, L., Reduced inhibition dur- 
ing epileptiform activity in the in vitro hippocampal slice, J. 
Physiol. (Lond.), 305 (1980) 297-313. 

10 Fisher, R.S. and Alger, B.E., Eiectrophysiological mecha- 
nisms of kainic acid-induced epileptiform activity in the rat 
hippocampal slice, J. Neurosci., 4 (1984) 1312-1323. 

11 Flatman, J.A., Schwindt, P.C., Crill, W.E. and Statstrom, 
C.E., Multiple actions of N-methyl-D-aspartate on cat _,aeo- 
cortical neurons in vitro, Brain Research, 266 (1983) 
169-173. 

12 Fosset, M., Schmid-Antomarchi, H., Hugues, M., Romey, 
G. and Lazdunski, M., The presence in pig brain of an en- 
dogenous equivalent of apamin, the bee venom peptide 
that specifically blocks Ca2+-dependent K + channels, Proc. 
Natl. Acad. Sci. U.S.A., 81 (1984) 7228-7232. 

13 Gho, M., King, A., Ben Ari, Y. and Cherubini, E., Kainate 
reduces two voltage-dependent potassium conductances in 
rat hippocampai neurons in vitro, Brain Research, 385 
(1986) 411-414. 

14 Girard, P.R., Massei, G.J., Wood, J.G. and Kuo, J.F., 
Polyclonal antibodies to phospholipid, Ca2+-dependent 
protein kinase and immunocytochemical localization of the 
enzyme in rat brain, Proc. Natl. Acad. Sci. U.S.A., 82 
(1985) 3030-3034. 

15 Habermann, E., Bee and wasp venoms, Science, 177 (1972) 
314-322. 

16 Habermann, E., Neurotoxicity of apamin and MCD pep- 
tide upon central application, Naunyn-Schmiedeberg's 
Arch. Pharmacol., 300 (1977) 189-191. 

17 Hablitz, J. and Johnston, D., Endogenous nature of sponta- 
neous'bursting in hippocampal pyramidal neurons, Cellular 
and Molecular Neurobiol., 1 (1981) 325-334. 

18 Halliwell, J.V., Othman, I.B., Pelchen-Matthews, A. and 
Dolly, J.O., Central action of dendrotoxin: selective reduc- 
tion of a transient K conductance in hippocampus and bind- 
ing to localized acceptors, Proc. Natl. Acad. Sci. U.S.A., 83 
(1986) 493-497. 

19 Hanson, J.M., Morley, J. and Soria-Herrera, C., Anti-in- 
flammatory property of 401 (MCD-peptide), a peptide 
from the venom of the bee, Apis mellifera (L.), Br. J. Phar- 
macol., GO (1974) 383-392. 

20 Henriksen, S.J., Bloom, F.E., Mc Coy, F., Ling, N. and 
Guillemin, R., fl-Endorphin induces non convulsive limbic 
seizures, Proc. Natl. Acad. Sci.  U.S.A., 75 (1978) 
5221-5225. 

21 Hugues, M., Romey, G., Duval, D., Vincent, J.P. and 
Lazdunski, M., Apamin as a selective blocker of the calci- 

urn-dependent potassium channel in neuroblastoma cells: 
voltage-clamp and biochemical characterization of the tox- 
in receptor, Proc. Natl. Acad. Sci. U.S.A., 79 (1982) 
1308-1312. 

22 Jasani, B., Kreil, G., Mackler, B.F. and Stanworth, D.R., 
Further studies on the structural requirements for polypep- 
tide-mediated histamine release from rat mast cells, Bin- 
chem. J., 181 (1979) 623-632. 

23 Johnston, D. and Brown, T.H., Mechanisms of neuronal 
burst generation. In P.A. Schwarzkroin and H.V. Wheal 
(Eds.), Electrophysiology of Epilepsy, Academic, New 
York, 1984, pp. 227-301. 

24 Malenka, R.C., Ayoub, G.S. and Nicoll, R.A., Phorbol es- 
ters enhance transmitter release in rat hippocampal slices, 
Brain Research, 403 (1987) 198-203. 

25 Matsumoto, H. and Ajmone-Marsan, C., Cortical cellular 
phenomena in experimental epilepsy: interictal manifesta- 
tions, Exp. Neurol., 9 (1964) 286-304. 

26 McLean, S., Rothman, R.B., Jacobson, A.E., Rice, K.C. 
and Herkenham, M., Distribution of opiate receptor sub- 
types and enkephalin and dynorphin immunoreactivity in 
the hippocampus of squirrel, guinea pig, rat and hamster, J. 
Comp. Neurol., 255 (1987) 497-510. 

27 Miles, R. and Wong, R.K.S., Excitatory synaptic interac- 
tions between CA3 neurones in the guinea pig hippocam- 
pus, J. Physiol. (Lond.), 373 (1986)397-418. 

28 Parcej, D.N., Stansfeld, C.E., Marsh, S.J., Halliwell, J.V., 
Hider, R.C., Breeze, A.L., Dolly, J.O. and Brown, D.A., 
Blockade of voltage sensitive K + channels by dendrotoxin 
and mast cell degranulating factor and their interaction with 
neuronal acceptors. In S. Tucek (Ed.), Synaptic Transmit- 
ters and Receptors, Wiley, in press. 

29 Rutecki, P.A., Lebeda, F.J. and Johnston, D., Epilepti- 
form activity induced by changes in extracellular potassium 
in hippocampus, J. Neurophysiol., 54 (1985) 1363-1374. 

30 Rutecki, P.A., Lebeda, F.J. and Johnston, D., 4-Aminopy- 
ridine produces epileptiform activity in hippocampus and 
enhances synaptic excitation and inhibition, J. Neurophys- 
iol., 57 (1987) 1911-1924. 

31 Schneidermann, J.H. and Mac Donald, J.F., Effects of re- 
duced magnesium on hippocampal synchrony, Brain Re- 
search, 410 (1987) 174-178. 

32 Stasheff, S.F., Bragdon, A.C. and Wilson, W.A., Induc- 
tion of epileptiform activity in hippocampal slices by trains 
of electrical stimuli, Brain Research. 344 (1985) 296-302. 

33 Stelzer, A., Slater, N.T. and ten Bruggencate, G., Activa- 
tion of NMDA receptors blocks GABAergic inhibition in 
an in vitro model of epilepsy, Nature (Lond.), 326 (1987) 
698-701. 

34 Swann, J.W., Brady, R.J., Friedman, R.J. and Smith, E.J., 
The dendritic origins of penicillin-induced epileptogenesis 
in CA3 hippocampal pyramidal cells, J. Neurophysiol., 56 
(1986) 1718-1738. 

35 Taylor, J.W., Bidard, J.N. and Lazdunski, M., The charac- 
terization of high affinity binding sites in rat brain for the 
mast cell degranulating peptide from bee venom using the 
purified monoiodinated peptide, J. Biol. Chem., 259 (1984) 
13957-13967. 

36 Thesleff, S., Aminopyridines and synaptic transmission, 
Neuroscience, 5 (1980) 1413-1419. 

37 Wong, R.K.S, and Traub, R.D., Synchronized burst dis- 
cimrge in disinhibited hippocampal slice. I. Initiation in the 
CA2-CA3 region, J. Neurophysiol.. 49 (1983) 442-458. 


