
Picrotoxin Convulsions Involve Synaptic and Nonsynaptic 
Mechanisms on Cultured Mouse Spinal Neurons 

Abstract. The cellular mechanisms underlying picrotoxin-induced convulsive ac- 
tivity were studied by using mouse spinal neurons growing in tissue culture. Picrotox- 
in-induced convulsive activity in most but not all of the cells studied. The activity 
could be inverted by polarizing to positive potentials and eliminated either by de- 
creasing the ratio of calcium to magnesium or by applying tetrodotoxin. When ap- 
plied locally to individual cells, picrotoxin lowered spike threshold and induced spon- 
taneous firing in some but not all cells tested. The results suggest that picrotoxin- 
induced convulsive activity involves rapidly summating synaptic activity which may 
be evoked by high-frequency repetitive firing. 

One cellular event associated with some supraspinal areas of the central 
pharmacologically induced epileptic foci nervous system (CNS) these depolariz- 
in vivo is the paroxysmal depolarizing ing events appear to have an inversion 
shift (PDS) (1, 2). The PDS is an abrupt potential (1, 3), a property characteristic 
membrane depolarization with repetitive of conventional synaptic activity (5). In 
spiking and is thought to be either synap- the hippocampus, PDS-like activity con- 
tic or nonsynaptic in origin (3, 4). In sists of synaptically triggered spike 
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Fig. 1. Convulsive activity requires Ca2+ and is tetrodotoxin (TTX)-sensitive. This figure shows 
potassium acetate recordings from two different spinal cord neurons bathed in a solution con- 
taining 50 uM picrotoxin; P marks trace monitoring pressure, V is membrane voltage, and I is 
current injected intracellularly. (Panel la) Local pressure application of a bathing solution con- 
taining 0 mM CaCl , 10 mM MgCl2, and 50 ,uM picrotoxin from a nearby pipette rapidly and 
reversibly eliminates convulsive activity. (Panel lb) This effect occurs with little change in the 
spike threshold (ritarked by arrowheads) of the cell under study. Bursts of excitatory synaptic 
activity of low amplitude can be seen during and after the application period before the con- 
vulsive activity is fully restored. (Panel 2) Continuous membrane potential trace showing that 
pressure application of a bathing solution containing 50 pLM picrotoxin and 50 nM TTX eliminates 
both spike and convulsive activity (upper trace) in a reversible manner. Upward-going events 
toward the end of TTX application and at the beginning of middle trace are voltage responses to 
depolarizing current stimuli used to test for the presence of spikes. Arrowhead delineates spike 
from subthreshold voltage responses (middle trace). Convulsive activity returns in a graded 
fashion. Initially it is comprised of synaptic bursts which barely trigger spikes (middle trace). 
The synaptic input gradually increases and summates to provide a sustained depolarization 
sufficient to repetitively excite the cell (lower trace). Baseline membrane potentials (in milli- 
volts): -57 (panel 1) and -54 (panel 2). 
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bursts (4, 6). Thus, while abrupt depolar- 
izing shifts are a cellular correlate of con- 
vulsive activity evoked in different CNS 
areas, the mechanisms underlying their 
generation may not be identical. The pre- 
cise mechanisms involved in the events 
have been difficult to study in vivo owing 
to the relative complexity of the intact 
mammalian CNS. Convulsive activity 
can be readily induced in monolayer cul- 
tures of mouse spinal neurons by a varie- 
ty of convulsants active in vivo, includ- 
ing penicillin, pentylenetetrazole, picro- 
toxin, bicuculline, and strychnine (7). 
Monolayer cultures may thus be a suit- 
able model system to resolve some of the 
mechanisms underlying convulsive ac- 
tivity. We report here that (i) picrotoxin- 
induced convulsive activity is generated 
by rapidly summating excitatory synap- 
tic activity, and (ii) picrotoxin lowers 
spike threshold and induces spontaneous 
firing. The results indicate that picrotox- 
in-induced convulsive activity has both 
synaptic and nonsynaptic components. 

Mouse spinal neurons were grown in 
dissociated cell culture according to 
methods previously described (8). By 
means of conventional or voltage clamp 
techniques we obtained intracellular re- 
cordings using 4M potassium acetate mi- 
cropipettes. Picrotoxin (Sigma) was ei- 
ther added to the bathing medium or ap- 
plied to individual cells under study by 
pressure from pipettes positioned close 
to the cell surface. Divalent cation con- 
centrations in the vicinity of individual 
cells were changed by microperfusion 
from closely positioned pipettes. Tetro- 
dotoxin (TTX, Calbiochem) was also ap- 
plied to individual cells by pressure from 
nearby pipettes. 

Most of the cultured spinal cord cells 
(72 of 98) generated convulsive activity 
in the presence of picrotoxin (Fig. 1). 
The activity consisted of paroxysmal de- 
polarizing events (PDE's) superimposed 
on a baseline relatively devoid of synap- 
tic activity. The PDE's were character- 
ized by abrupt membrane depolariza- 
tions 10 to 30 mV in amplitude that were 
associated with sustained repetitive ac- 
tion potential activity. Less than 10 per- 
cent of cells recorded in the normal bath- 
ing medium generate membrane poten- 
tial behavior that resembles this type of 
activity. The PDE's were blocked in a 
reversible manner by local perfusion of 
bathing solutions that contained elevated 
magnesium ion concentrations and were 
nominally free of calcium ions (Fig. 1, 
panel la). This result was obtained on all 
eight cells tested. Microperfusion of 
bathing solutions containing elevated 
magnesium ion concentrations and the 
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normal complement of calcium ions 
blocked PDE generation in only 2 of 20 
cells tested. The complete block of the 
convulsive activity could be obtained 
with little, if any, change in either the in- 
put resistance of the cell or in the thresh- 
old for spike generation (Fig. 1, panel lb) 
or repetitive firing, although micro- 
perfusion with solutions containing more 
than 10 mM magnesium was usually as- 
sociated with an increase in spike thresh- 
old and depression of repetitive firing. 
Both spike and convulsive activity were 
completely and reversibly blocked by 
microperfusion of bathing solutions con- 
taining TTX on all seven cells tested 
(Fig. 1, panel 2). The PDE's recovered 
as action potential generation was re- 
stored. 

When the membrane voltage was 
clamped to -50 mV the convulsive 
membrane potential activity was re- 
placed by abrupt paroxysmal episodes of 
inward membrane currents superim- 
posed on a relatively quiet baseline (Fig. 
2, panel la). These paroxysmal episodes 
were composed of many smaller discrete 
current events (Fig. 2, panel lb) that 
were frequently present at such a high 
frequency (> 50 Hz) that they sum- 
mated, causing a sustained change in 
membrane current which then abruptly 
relaxed (Fig. 2, panel 2b). Sometimes the 
frequency of occurrence and summating 
effect of the events declined gradually, 
eventually resolving into distinct bursts 
that became less and less frequent (Fig. 
2, panel la). The events in these bursts 
typically occurred at a frequency that 
could be recorded on the pen-recorder 
(< 50 Hz) (Fig. 2, panel lb). The small 
events themselves closely resembled 
synaptic currents (9) (Fig. 2, panel lc) in 
that they had a rapid rise time and ex- 
ponential decay. Both the summated 
currents and the discrete synaptic-like 
events inverted in polarity between -20 
and 0 mV on the nine cells where this 
was examined (Fig. 2, panel 2) (10). 
Although the steady-state current-volt- 
age relations were nonlinear over the 
-80 to +30 mV range, a region of nega- 
tive resistance, a membrane property 
characteristic of "bursting" pacemaker 
(11) was not observed in any of the cells 
(Fig. 2, panel 2a). Thus, a convulsive 
episode could never be triggered by sim- 
ply depolarizing the cell with extrinsic 
current unless that current also evoked 
intensive synaptic activity in a recurrent 
pathway. 

When picrotoxin was applied to indi- 
vidual cells bathed in a medium contain- 
ing elevated magnesium ion concentra- 
tions to prevent ongoing evoked synaptic 
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activity, it induced spontaneous action 
potential activity in 16 of 28 cells tested 
in a rapid and easily reversible manner 
(Fig. 3). This activity was either random 
in appearance or occurred as brief bursts 
of spikes (Fig. 3, panel 1). In half of the 
cells excited by picrotoxin, the sponta- 
neous activity was associated with sev- 
eral millivolts of depolarization, but little 
detectable change in input resistance 
(Fig. 3, panel 2). The induction of spon- 
taneous activity was always associated 
with a lowering of spike threshold (see 
Fig. 3, panel 3, where picrotoxin appli- 
cation was adjusted to lower spike 
threshold without inducing spontaneous 
action potential activity). Picrotoxin ap- 
plication also lowered the current neces- 
sary to induce repetitive spike firing (not 

shown). These effects on spike threshold 
were observed with little change in either 
spike amplitude (Fig. 3, panel 5) or rest- 
ing membrane properties (Fig. 3, panel 
3). 

These results show that (i) picrotoxin- 
induced convulsive activity is reversibly 
blocked by simultanesouly lowering cal- 
cium and raising magnesium ion concen- 
trations or by applying TTX, (ii) under 
voltage clamp the convulsive episodes 
are replaced by rapidly summating syn- 
aptic-like currents which invert between 
-20 and 0 mV, and (iii) application of 
picrotoxin to the cell bodies of individual 
cells induces spontaneous firing by 
lowering spike threshold. The PDE's in 
culture thus appear to reflect intense ex- 
citatory synaptic activity, because they 
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Fig. 2. Picrotoxin-induced convulsive activity is due to summating synaptic currents. This fig- 
ure shows pen-recorder tracings of membrane current behavior recorded under voltage clamp 
from two different spinal neurons bathed in a solution containing 50 pM picrotoxin. Each cell 
generated convulsive activity in the unclamped state. (Panel la) Clamping the cell's membrane 
potential to -50 mV reveals the presence of episodic bursts of inward-going currents superim- 
posed on a stable baseline relatively free of synaptic currents. Smaller, shorter bursts of activity 
occur toward the end of the larger, longer events (see panel 1, b and c). Traces at faster record- 
ing speeds show that the larger events are composed of many discrete smaller events that close- 
ly resemble synaptic currents. (Panel 2a) Plot of membrane current as a function of membrane 
voltage for steady-state membrane current and for the peak amplitude of the episodic current 
events (PDE). Arrowhead indicates the inversion potential of these events to be about 0 mV. 
(Panel 2b) Specimen records of membrane current activity at various membrane potentials. 
Small arrowheads mark the places on the traces which constitute the data points for the plot in 
panel 2a. 
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can be resolved into rapidly summating te 
synaptic-like currents that have a dis- P] 
tinct inversion potential and because se 
they can be blocked by applying a cal- of 
cium or magnesium solution that blocks w 
evoked synaptic activity. The synaptic s) 
bombardment that comprises the PDE is re 
probably derived from transmitter re- sy 
lease evoked by a burst of spikes in cells tie 
presynaptic to the cell under study since to 
the PDE's are eliminated by TTX, which th 
blocks sodium-dependent spikes in spi- tiA 
nal cord cells (12). hi 

The effects of picrotoxin on active pe 
membrane properties would act to con- ac 
vert subthreshold depolarizing synaptic n( 
events into spike-firing potentials as well 
as increase the likelihood of sustained pi 
repetitive firing, which is associated with to 
most PDE's. If the excitability-enhanc- cc 
ing effects of picrotoxin extend to th 
presynaptic terminal membranes, then all 
high-frequency repetitive firing at pre- in 
synaptic terminals could evoke the in- er 

lp?- P icrotoxin 1 

3 P _ Picrotoxin 
I- ?- r 

V - > . 

I ..,i111111lll . ...lllllL,, , .,,llllllli . ..llllllll,,, - 1 1 0 .. 

10 sec 

5 Control 

nse transmitter release involved 
DE generation. We have never ol 
Trved such spike firing at the lev 

the cell body independent of th 
hich is superimposed on the intens 
ynaptic activity during a PDE. Thus, 
'petitive firing does occur at pr 
inaptic terminals under these cond 
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) invade the cell body. The suggestic 
iat changes in presynaptic terminal al 
vity occur during convulsive activi 
as been made before (4), and in fa 
enicillin produces antidromic bursts 
:tivity originating in axon terminals 
euromuscular junctions (13). 
That all cells do not generate PDE's 
crotoxin and that all are not sensitiv 

the threshold-lowering effects of th 
)nvulsant suggests some specificity 
lese actions of the convulsant. In fac 
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Fig. 3. Picrotoxin induces spontaneous firing by lowering spike threshold. This figure shows 
potassium acetate recording from a spinal cord cell in bathing medium containing 10 mM MgCI 
Picrotoxin was applied by pressure from a nearby pipette containing a 20 uM concentration ( 
the drug. Traces show pressure (P), membrane voltage (V), and intracellularly injected currel 
(I). (Panels 1 and 2) The pressure pipette is 10 /am from the cell surface. Picrotoxin application 
associated with several millivolts of depolarization and the induction of spontaneous firing. Th 
small membrane potential oscillations in panel 1 are associated with little, if any, change in th 
input resistance of the cell (panel 2). (Panels 3 to 5) The pressure pipette is now 50 /m from th 
surface. Picrotoxin application lowers spike threshold (marked by arrowheads) without depol. 
rizing the cell. The time course of the effect is shown on the pen-recorder trace of panel 
Current-voltage relations over the membrane potential range from resting membrane potenti 
to the threshold potential for spike activation in control (open circles) and during picrotoxi 
application (filled circles) are plotted in panel 4 from data shown in panel 3. A 5-mV lowering ( 
threshold during picrotoxin application with little change in the slope conductance of the men 
brane is evident. Resting membrane potential: -59 mV. 
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in spike threshold and induce spontaneous 
b- activity in a manner similar to picrotox- 
el in, but these effects do not always oc- 
at cur on the same cells (14), suggesting 
se that different receptors are involved. The 
if present results do not explain the parox- 
e- ysmal nature of the excitatory synaptic 
li- activity nor the relative absence of such 
ly activity between convulsive events. Fur- 
)n thermore, the precise role of convulsant 
c- antagonism of y-aminobutyric acid-me- 
ty diated postsynaptic inhibition in PDE 
ct generation is also unclear. Presumably 
of such antagonism would increase the pro- 
at portion of synaptic excitation to inhibi- 

tion and thereby contribute to the pre- 
in dominance of synaptic excitation ob- 
ve served during convulsive activity. In 
ie conclusion, convulsive activity in tissue 
to culture includes both synaptic and non- 
:t, synaptic components and these may un- 
d, derlie some forms of chemically induced 
1- epileptiform activity recorded in vivo. 
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