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Multiple sites of spike initiation in a single dendritic system 
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Crayfish multisegmental tactile interneurons (MTIs) provide a unique and con- 
vincing illustration that multiple axonal spike-initiating zones exist in individual 
central neuronsL The implications of  these findings for other neuronal systems have 
largely been ignored; the association of each initiating zone with a separate ganglionic 
neuropile allows the phenomenon to be dismissed as a curiosity found only in inverte- 
brates with ladder-like nerve cords 1. In all cases of  central neurons in which multiple 
spike-initiating zones have been demonstrated within a single dendritic arbor (e.g., 
Purkinje ceils of  alligator cerebellumS, 9, pyramidal cells of  cat hippocampus, crab eye 
stalk motor  neuronslZ, 1~, and crayfish fast flexor motor  neurons15), the dendritic 
spikes contribute only subthreshold excitation to a main axonal spike initiating zone. 
Such dendritic spikes, which do not propagate into the axon because they must 
traverse regions of  low safety factor, serve the same function as classical postsynaptic 
potentials in neurons with large dendritic trees (e.g., Purkinje cells s,9) or small (e.g., 
crab eye stalk motor  neuronsl2, ~3) diameter dendrites. There are indications in some 
neurons, however, that dendrite spikes may have access to the axon. In immature cat 
neocortical neurons and the hippocampal neurons of  adult cats in which seizures have 
been induced, dendritic spikes often actively invade the somalL Some dendritic spikes 
in Purkinje cells are conducted to the axon without failure s,9 and in fish oculomotor 
neurons, firing level differences indicate that some spikes that actively invade the axon 
may be initiated at sites distant from the main axonal site v. 

We here report that the crayfish MTIs  with bilateral receptive fields have 
multiple spike-initiating zones within a single dendritic arbor, and that each has 
direct access to the axon. Moreover, we show that these spike-initiating zones are so 
widely separated that they cannot be jointly influenced by subthreshold EPSPs. 

The abdominal nervous system of the crayfish (Procambarus clarkii) was isolated 
f rom the animal except for its connection to the tactile hair receptors of  the telson via 
the fourth and (sometimes) the fifth roots of  the sixth abdominal ganglion. These roots 
are almost exclusively sensory and represent potent excitatory pathways for a number 
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Fig. 1. A: the bottom traces are intracellular recordings from the contralateral dendrite of interneuron 
C. The top traces are simultaneous extracellular recordings from the axon of interneuron C (spikes 
marked with arrows) in the interganglionic connectives. The extracellular electrode also records the 
spikes associated with other interneurons beside C. In 1 the contralateral fourth root has been stim- 
ulated, while in 2 the ipsilateral homolog has been stimulated. Ati (the difference in occurrence time of 
the interneuron spike at the two recording sites, measured from the foot of rising phase of the spikes, 
for ipsilateral stimulation) equals 0.5 msec, while 2xtc (the corresponding occurrence time difference for 
contralateral stimulation) equals 0.9 msec. The latency and the intradendritically recorded amplitude 
of interneuron C spikes are both variable. Calibrations: 5 mV and 2.0 msec. B: drawing of a cobalt 
sulfide impregnation of interneuron C within the sixth abdominal ganglion (ventral view). The cell 
was filled by dipping its isolated axon in 300 m M  CoCI~ overnight and then developing with (NH4)2S. 
al, ae, and b are the main dendritic branches of interneuron C within the sixth ganglion. S and Ax are 
soma and axon, respectively. R4r and R41 are right and left fourth roots, respectively. Calibration: 
1 ram. C: stick models of interneuron C within the sixth ganglion. Y is the site of extracellular record- 
ing, and X is the site of intracellular recording for the experiment described in A. I, h,  and Ic are 
hypothetical sites of spike-initiating zones. In 1 there is a single spike-initiating zone, while in 2 there 
are separate spike-initiating zones for the two sides of the cell. All other symbols are the same as in B. 
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of  MTIs. Suction electrodes were used for electrical stimulation of these roots and for 
extracellular recording from the ventrolateral surface of the desheathed interganglion- 
ic connectives that contain the axons of the MTIs. The sixth abdominal ganglion was 
desheathed and probed from the ventral surface with 3 M KCl-filled micropipettes 
having resistances in the range of  40-60 MR when measured in the physiological 
saline. With such microelectrodes, it is possible to penetrate dendrites of  the MTIs and 
to record both subthreshold and spike activityL 

We were encouraged to look for multiple spike-initiating zones because of the 
observation of Kennedy and Mellon 4 that, in MTIs with bilateral receptive fields, the 
apparent voltage thzeshold for firing differed for synaptic input from the two sides. 
Synaptic input from roots ipsilateral to the dendritic penetration generated spikes 
arising from large EPSPs, whereas contralateral root stimulation generated spikes that 
arose from very small EPSPs 4. We have repeated this observation for an identified 
MTI, interneuron C (Fig. 1A) 14. This finding could be explained by assuming that the 
two sides have separate spike-initiating zones, and that the microelectrode is closer to 
the one associated with the larger compound EPSP. 

We tested this hypothesis by employing a two-point recording technique similar 
to the one used by Kennedy and Mellon to demonstrate that MTIs have separate 
spike-initiating zones for each ganglion in which they receive input 4. In this case 
we recorded extracellularly from the axon of an MTI in the interganglionic con- 
nectives and intracellularly from its dendrites in the neuropile of the sixth ganglion. 
Fig. 1B is a drawing of a cobalt sulfide impregnation ofinterneuron C. There are three 
main dendritic branches (two ipsilateral to the axon and one contralateral labeled al, 
a2 and b, respectively) and we reasoned that each might have its own spike-initiating 
zone. However, since we were primarily concerned with the comparison of synaptic 
input from bilateral pairs of  roots, we did not consider the added complexity of more 
than one spike-initiating zone on a particular side, although this possibility does not 
alter the logic of  our analysis. Anatomical and physiological evidence will be presented 
elsewhere (Calabrese, in preparation) that in the abdominal nerve cord tactile afferent 
fibers never cross the midline. Therefore we can be sure that stimulation of  a sensory 
root  on one side results in monosynaptic input confined to MTI dendritic branches of 
that same side. 

Fig. 1C gives two alternative schematic models of  interneuron C with recording 
electrodes in place (Y is the extracellular recording site, and X is the intracellular 
recording site). Model 1 (Fig. 1C1) assumes the existence of  a single spike-initiating 
zone at the arbitrary point I. Under these circumstances, no matter where the micro- 
electrode is located in the dendritic arbor, the difference in the time of  occurrence at 
X and Y of  a spike evoked by ipsilateral stimulation (Ati) will be equal to the corre- 
sponding difference in the time of  occurrence at X and Y of  a spike evoked by contra- 
lateral stimulation (Ate). Model 2 (Fig. 1C~) assumes that there are at least two spike- 
initiating zones (one for each side), for example at the arbitrary points I~ and Ie. In 
this case, if the microelectrode tip is located between the two initiating zones, for ex- 
ample at X, then Ah will not equal Ate. (The amount by which Ati deviates from Ate 
will increase as X is made closer to Ie, regardless of  whether X is to the left or to the 
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Fig. 2. Interaction of subthreshold EPSPs between two spike-initiating zones of interneuron C. Re- 
cordings are from same penetration as Fig. 1A. A: the bottom traces are intracellular recordings from 
the contralateral dendrite of interneuron C and the top traces are simultaneous extracellular record- 
ings from the axon of interneuron C (spikes marked with arrows) in the interganglionic connectives. 
At equals 0.5 msec for both A2 and A3. B: traces are as described in A. At equals 0.9 msec for both B2 
and Bs. See text for explanation of figure. Calibrations: 5 mV and 2.0 msec. 

right o f  I.) Even if there are separate spike-initiating zones associated with the two 
synaptic inputs tested, At~ can equal Ate if  the microelectrode penetrat ion is at a point  

on  a c o m m o n  or thodromic  conduct ion path  for  spikes initiated at the two zones, or  
under  certain other  fortuitous circumstances (e.g., if  the microelectrode is in branch al 

and spikes are initiated at I~ and Ie by the inputs tested). If, however, it is possible to 
show that  Atg does not equal Ate for the two inputs tested, then it is a logical necessity 

that  separate spike-initiating zones exist for  the two inputs. 
In order to maximize our  chances o f  detecting a difference between Ati and Ate, 

we penetrated interneuron C in a dendritic branch located contralateral  to its axon. 
In terneuron C was identified by its receptive field, the posit ion o f  its axon in the inter- 
ganglionic connectives and its characteristic firing pattern. We confirmed that  we had 
penetrated a contralateral  dendritic branch by showing (1) that  an ant idromic spike 
could be evoked by electrical stimulation o f  the interganglionic connective opposite 

the intracellular recording site, and (2) that  each intracellular spike was followed by 
impulses in a single unit recorded intracellularly in the interganglionic connective 

opposite the microelectrode. We then compared  the At's associated with shocks to the 
two four th  roots. The results o f  such an experiment are shown in Fig. 1A and lB. 
Note  that  Ati (0.5 msec) does not  equal Ate (0.9 msec), indicating that  the cell has 
separate spike-initiating zones associated with the two populat ions  o f  four th  roo t  
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afferents. A clude estimate of  the average conduction velocity within the dendritic 
arbor can be obtained by dividing the distance from X to Y (in this case about 2.5 mm) 
by Ate. This yields a value of  2.6 m/sec, in the same velocity range as axonal con- 
duction in the same neurons. In two other similar experiments (one on interneuron 
C and the other on an unidentified MTI) the difference between Ati and Ate was 0.3 
msec for each, which is similar to the 0.4 msec difference for the experiment of  
Fig t. 

Fig. 2 shows the result of  another experiment on the same cell, designed to 
detect subthreshold interactions between synaptic input to the two sides. Fig. 2At 
shows the EPSP associated with a just-subthreshold shock to the fourth root  contra- 
lateral to the axon. In Fig. 2A2 the cell is brought to threshold by adding the smallest 
effective simultaneous shock to the ipsilateral fourth root. Note that the At associated 
with the spike is 0.5 msec, indicating that it is initiated at the zone ipsilateral to the 
axon. In Fig. 2A8, the subthreshold stimulus to the contralateral fourth root  is remov- 
ed, with no change in the firing of  the cell. Fig. 2B shows that the converse experi- 
ment produces equivalent results. We conclude that the two spike-initiating zones are 
incapable of significant subthreshold interaction. Since ipsilateral subthreshold root  
shocks do result in recordable EPSPs contralaterally, the microelectrode penetration 
must be between the two spike-initiating zones but much closer to the contralateral 
one. 

Using similar techniques, we tested (in another MTI) the possibility that input 
from fourth and fifth root from the same side might influence different spike-initiating 
zones; the results were negative. This is not surprising, since fourth and fifth root  
afferents project to the same neuropilar areas and, therefore, probably terminate on 
the same dendritic branch of a given postsynaptic cell. We have to date not performed 
this experiment using homolateral pairs of  roots which terminate in disparate neuro- 
pilar areas. 

Unlike the dendritic spikes observed in other neurons, those in crayfish MTIs 
have direct access to the axon. Multiple spike-initiating zones exist within a single 
dendritic arbor, and the interaction of subthreshold EPSPs between them is limited. If  
these properties are found by similar tests to occur in other neurons, it will challenge 
the widely accepted view that all inputs upon a postsynaptic neuron are integrated at a 
single point by subthreshold potentials. Crayfish MTIs are known to receive powerful 
postsynaptic inhibition in the sixth ganglion resulting from giant fiber discharge 5& 
Our results indicate that such inputs would have to be widely distributed in the den- 
dritic tree of such an MTI in order to act against all its excitatory inputs. Conversely, 
the existence of  multiple spike-initiating zones within a single dendritic arbor, each 
associated with a different set of excitatory synaptic inputs, makes it possible for post- 
synaptic inhibition to be directed against specific sources of  excitation. 
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