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ABSTRACT  El hysiological evidence for the existence
of dendritic spikes in the Purkinje cells of pigeon cerebellar
cortex is presented. Intradendritic records indicate that the
electroresponsive properties of the dendrites linger after volt-
age-dependent sodium and potassium conductances are reduced
by superfusion of the cortex with Ringer’s solution containing
20 ug/ml tetrodotoxin and 5 mM 3-aminopyridine.

Dendritic spikes could be evoked, in the complete absence
of activity from all cerebellar afferents and from the soma and
axon of the Purkinje cells, by direct electrical activation of the
surface of the cerebellar cortex or by intracellular injection of
current via the recording electrode. The dendritic electrores-
ponsiveness was blocked by superfusion with 20 mM Mn* or
Co?t, It is thus concluded that dendrites of Purkinje cells in
birds are capable of generating calcium-dependent spikes. The

c ssibl::l-ole of such a calcium current in neuronal sFunction is
iscussed.

The presence of action potentials in the dendrites of Purkinje
cells was originally demonstrated in alligators by field potential
analysis (1, 2) and by means of direct intradendritic recording
at the level of the molecular layer (3).

Comparative studies of cerebellar electrophysiology indi-
cated that surface stimulation of the cerebellar cortex evokes
a sharp, superficial, positive-negative wave produced by direct
stimulation of the parallel fibers, followed by a secondary
negativity (cf. ref. 4). In most vertebrates this latter negativity,
which is produced by the activation of the parallel fiber-Pur-
kinje cell junction, reverses to a positive wave at 100 um depth
and remains positive throughout the depth of the molecular
layer. The above comparative study further determined that
in pigeons, as in alligators (2), the superficial negativity does
not reverse in depth. This particular distribution of the late
negative wave has been found to be correlated with the active
current sinks which characterize dendritic electroresponsiveness
in the cerebellar cortex (2, 3).

The present study provides experimental evidence for the
presence of dendritic spikes in avian Purkinje cells and considers
the possible role of calcium as an active component in this form
of activity.

MATERIALS AND METHODS

Experiments were performed in domestic pigeons (Columba
livia), 300-400 g in weight, anesthetized with pentobarbital
(Nembutal®, 35 mg/kg), immobilized with gallamine tri-
ethiodide (Flaxedil®, 5 mg/kg), and artificially ventilated by
perfusion with a 95% oxygen and 5% carbon dioxide mixture
which escaped through the abdominal air sacs. The cerebellar
cortex was exposed by carefully removing the occipital bone
with a dental drill. The border of the severed cranial skin was
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sutured around a circular metal holder in order to establish a
continuous perfusion pool over the cerebellar cortex. Intraso-
matic and dendritic recordings were obtained with 2 M po-
tassium citrate-filled microelectrodes with a dc resistance of
10-15 MQ selected for linear properties with test sinusoidal
currents from 100 to 1000 Hz. The surface of the cerebellar
cortex was electrically activated with a bipolar local stimulating
electrode (Loc) and the underlying cerebellar white matter,
with a bipolar concentric electrode (Wm), located at a depth
near the cerebellar nuclei.

RESULTS

Local surface stimulation of the cerebellar cortex evoked the
set of extracellular field potentials illustrated in Fig. 1A. Analysis
of the laminar field potential confirmed the presence of large
negative potentials attributable to inward ionic transmembrane
current in the molecular layer between 100 and 300 um from
the surface. Characteristically, this negative field demonstrated
a shift in latency with depth, as indicated by the second broken
line in the figure. This delay has been interpreted as the con-
duction time of dendritic current sinks from their site of origin
to the somatic level (2).

Following Loc stimulation it is possible to obtain, at 400 um
depth, intrasomatically recorded spikes from Purkinje cells
which are identified by their antidromic invasion (3, 5). These
intracellular records are characterized by a resting potential
of —60 to —65 mV and by the generation of increasing numbers
of action potentials as the Loc stimulus intensity is increased
(Fig. 1B). Note that, as in alligators, local stimulation can pro-
duce burst responses which are graded, as opposed to the all-
or-nothing climbing fiber activation (6). This type of graded
burst response is characteristic of neurons having dendritic
electroresponsiveness (7); the prolonged nature of the potential
indicates summation of long-lasting dendritic spikes (3).

Typical intradendritic recordings (3) (i.e., long-lasting action
potentials with multinotched rising phase) were routinely ob-
tained in the molecular layer at 150-300 um from the cerebellar
surface. The resting potential of the dendrites was similar to that
of the soma; the spikes evoked by Loc stimulation had, on the
average, a duration of approximately 10 msec and a complex
waveform (Fig. 1C). As reported for the alligator, hyperpo-
larizing current pulses injected through the recording pipette
uncovered several distinct all-or-nothing components, indi-
cating that these action potentials had more than one site of
spike initiation (Fig. 1C). As in other Purkinje cells (3), the
dendritic spikes thus appear to be conducted to the soma in a
noncontinuous manner and produce, at that level, the prolonged
after-depolarization seen in Fig. 1B. In conclusion, the striking
similarity of the present potentials with those reported in alli-
gators (3) strongly suggests that the Purkinje cells in pigeons
have dendritic electroresponsiveness.

Following this initial investigation, a set of experiments was
developed to study the possible ionic mechanisms responsible
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FI1G. 1. Electrophysiological evidence for dendritic spikes in pigeon Purkinje cells. (A) Laminar field potentials evoked by local stimulation
of the cerebellar cortex. Recordings were taken under a beam of activated parallel fibers at the depth indicated to the left in micrometers. Note
the marked late negative field indicated by the second broken line and its increased latency with depth. (B) Intrasomatic penetration of a Purkinje
cell. Spikes were evoked with Loc stimuli of increasing strength. (C) Intradendritic recordings show the amplitude and duration of dendritic
spikes and their multiple all-or-none components as revealed by intracellular injection of hyperpolarizing currents. In C, the line marked by
arrows indicates duration of the hyperpolarizing current pulse. Time and voltage calibration as indicated.

for these spikes. Thus, the potential-dependent sodium and
potassium membrane conductances were blocked with tetro-
dotoxin (TTX) and 3-aminopyridine (3-AmP), respectively.
TTX is known to block such sodium permeability in many types
of excitable cells (8, 9) with few exceptions (10-12); however,
this drug spares the “late” calcium conductance change (183,
14). The potassium currents were reduced with 3-AmP, which
decreases voltage-dependent potassium conductance change
in invertebrate nerve (15, 16) and synapse (17) without blocking
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the voltage-dependent late calcium current (17). After the su-
perfusion of 5 mM 3-AmP for 10 min, Wm and Loc stimulation
generated field potentials with an unusually late negative
component (note arrows in Fig. 2B and E), probably due to
prolonged synaptic action of parallel fibers on Purkinje cells
and/or of the electroresponsive properties of the Purkinje cells
themselves. This slow response has been seen also in the cat
cerebellum, where it is apparently accompanied by a large
transient increase in extracellular potassium (C. Nicholson, G.

TO msec

FIG. 2. Dendritic spike generation after administration of TTX and 3-AmP. (A and D) Field potentials generated by Wm and Loc stimulation,
respectively. (B and E) Changes of these waveforms following administration of 3-AmP. (C and F) Complete blockage of these responses after
15 min of 20 ug/ml of TTX perfusion. (G-J) Intradendritic action potentials recorded 250 um from cerebellar surface after 30 min of TTX and
3-AmP superperfusion. In G, Loc stimulation produces either a direct activation of dendritic spike or activation after a delay. In H, a similar
action potential is activated in the same dendrite by intracellular outward current injection through the recording microelectrode; hyperpolarization
with inward current pulse is also shown. (I and J) Records similar to those in G at a higher sweep speed. Note that as the Loc stimulus is decreased,
the response moves from a direct activation (four superimposed records) to those showing progressive increase in latency. In J, several all-or-none
components generating this spike are indicated by arrows. Note the prolonged nature of the action potential and the rather slow rate of rise.
In H, the current injection is indicated by bar at the bottom of the record. Time and voltage calibration for A-F are indicated in F.
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ten Bruggencate, and R. Senekowitsch, personal communica-
tion). This drug was followed by 20 ug/ml of TTX continuously
superfused over the cortex of the cerebellum for up to 2 hr.
After about 15 min of this superfusion, all electrical activity
produced by Wm and parallel fiber stimulation was completely
abolished (Fig. 2C and F). (In fact, a similar finding was ob-
tained with a TTX superfusion of 2 ug/ml.) The blockage of
the field potentials evoked by Loc and Wm stimuli was used
as a probe to test the completeness of the TTX poisoning. A
depth study of the antidromic field potential revealed the TTX
blockage of cerebellar activity to be complete down to 2000 um
from the surface. No active field potential response of any type
could be evoked by the Wm stimulus down to that depth.

Under these conditions, microelectrode penetrations into
cellular elements of the molecular layer of the cerebellar cortex
revealed the persistence of prolonged, low-voltage, action po-
tentials which could be generated either by strong Loc stimu-
lation or by passing current through the recording electrode.
The action potentials were recorded most frequently between
150 and 300 um from the surface of the cortex. They consisted
of several components, as illustrated in Fig. 2G-J. As in the case
of dendritic action potentials seen in pigeons under normal
circumstances, several sites of spike generation were probably
involved, given the multiple all-or-nothing components present
in the recording.

Their break points were, however, more numerous and their
amplitude smaller. The overall duration of the spikes was, in
fact, as long as 40 msec. No difference in the resting dendritic
membrane potential was apparent. On several occasions, Loc
stimulation near the site of impalement produced, besides direct
activation of these elements, a more delayed spike response (Fig.
2G, I, and ]). As this happened in the absence of any parallel
fiber action potentials, it is most probably due to direct depo-
larization of parallel fiber terminals. Such depolarization should
be capable of releasing synaptic transmitter from these fibers,
and thus of depolarizing Purkinje cells in a manner similar to
that observed in squid giant synapse under similar conditions
(17, 18).

The dendritic electroresponsiveness encountered after the
TTX and 3-AmP superfusion was abolished by substances
known to block the late calcium channel such as Mn?* or Co?*
(18, 14, 19). These ions were applied to the cerebellar cortex in
concentrations of 10 and 20 mM in Ringer’s solution, and the
excitability of Purkinje cells was tested after periods of 0.5-2
hr of continuous exposure. At these concentrations, the cere-
bellar cortex showed no action potentials or other electrical
activity, either spontaneously or following strong Loc stimu-
lation.

In order to ensure that neither Co?* or Mn2* had a marked
effect on the TTX-sensitive excitability of either Purkinje cells
or parallel fibers, a separate set of experiments was designed.
The effects of these ions on the field potentials produced by the
parallel fiber volley following Loc stimulation and on the field
potential produced by the antidromic invasion of the cerebellar
cortex was tested during superfusion with Co?* and Mn?* as
utilized above. Under these circumstances, the positive-negative
field potential produced by the parallel fiber activation was
slightly reduced, while that corresponding to the activation of
the parallel fiber-Purkinje cell synapse was totally abolished.
This is to be expected, since the above ions blocked synaptic
transmission through the blockage of the calcium current.
Similarly, the antidromic field potential produced by Wm
stimulation consisted of a large negative field at the level of the
Purkinje cell layer and below, with none of the complex po-
tentials produced by the synaptic activation of the granular
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layer. Again, as with the parallel fiber volley, there was a slight
decrease in the field potentials and a reduction of the invasion
of the field into the molecular layer.

These experiments indicate, therefore, that the concentra-
tions of Co?* and Mn2* which block the TTX-insensitive
dendritic potentials do not interfere significantly with excita-
bility of the soma or axon of the Purkinje cell nor with that of
the parallel fibers. We conclude, therefore, that the dendritic
spiking observed after TTX and 3-AmP superfusion is produced
by inward calcium current similar to that reported in the squid
nerve by Baker et al. (19) and named by them the “late calcium

»”
current.

DISCUSSION

This paper presents electrophysiological evidence that the
dendrites of Purkinje cells in pigeons have electroresponsive
properties similar to those of alligators. The evidence obtained
by field potential analysis and intracellular recording at the
molecular layer strongly suggests that the dendrites of these
Purkinje cells are capable of generating spikes. Our suggestion
that these dendritic spikes are generated by calcium currents
is based on two sets of evidence. First, they persist after super-
fusion with TTX at a concentration one order of magnitude
higher than needed for complete blockage of parallel fiber
activation and of antidromic Purkinje cell invasion. (Since the
antidromic fields were blocked to a depth of 2000 um, this in-
dicates that TTX diffuses through the molecular layer and
reaches the Purkinje cell and granular layer, continuing into
the white matter of the cerebellar cortex.) Second, Co?* and
Mn2*—which are known to block potential-dependent calcium
conductances (13, 14, 19)—produce total abolition of these
TTX-resistant spikes but do not themselves block either parallel
fiber action potentials or axonic or somatic activation (i.e., they
do not appear to interfere largely with the TTX-sensitive-
electroresponsiveness).

In conclusion, therefore, the Purkinje cell dendrites appear
to have calcium electroresponsiveness, very much in keeping
with similar findings in invertebrate neurons and in the frog
spinal ganglion and motoneuron, which have been reported to
generate calcium-dependent action potentials (20-23; cf. ref.
24). As in the case of the presynaptic terminal in the squid, it
is probable that the calcium electroresponsiveness may not
normally be large enough to produce full-size action potentials
due to the shunting effect produced by potassium conductance
change (25). Indeed, the addition of 3-AmP, which can act in
the squid synapse very much like tetraethylammonium (17),
does tend to make the presence of these TTX-resistant spikes
more conspicuous.

The presence of calcium electroresponsive properties in
dendrites of Purkinje cells in birds suggests that the dendritic
spikes present in many different types of central neurons (26,
27) may be partly carried by this ion. In fact, indirect evidence
for this possibility is provided by field potential analysis of the
cat cerebral cortex (28).

The functional significance of a calcium current in dendrites
is difficult to assess at this moment. It may be speculated,
however, that calcium current may be an important component
in the dendro-dendritic interaction (cf. ref. 29), where calcium
entry must be essential for the release of transmitter from the
“reciprocal” synapses. Further, it has now been shown in ver-
tebrate and invertebrate neurons that the late potassium con-
ductance that generates the long-lasting after-hyperpolarization
may be caused by an inward calcium current during the action
potential (23, 30-35, cf. ref. 36). Moreover, a slow, noninac-
tivating, inward calcium current has recently been reported
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in snail neurons (37-39), which may be related to the pace-
maker activity of these cells.

Finally, it has been shown that calcium is important in the
regulation of the intracellular level of guanosine 3’:5'-cyclic
monophosphate (¢cGMP) (40). In the cerebellum of mice it has
been found that depolarizing agents such as veratridine and
ouabain or an increase in extracellular potassium raise the level
of cGMP only in the presence of extracellular calcium (41, 42).
These data are supported by experiments in the bovine superior
cervical ganglion (43). There too the magnitude of the acetyl-
choline-induced increase in cGMP was considerably reduced
by incubation of the tissue in calcium-free Ringer’s solution
prior to the addition of acetylcholine. Though it is not clear
whether depolarization alone is sufficient to cause an increase
in cGMP (cf. ref. 43), conditions leading to depolarization (such
as repetitive activation of the climbing fiber-Purkinje cell sy-
napse) increase the intracellular cGMP concentration (44),
while those increasing the level of y-aminobutyric acid tend
to decrease cGMP intracellularly.

It is quite conceivable, therefore, that entry of calcium fol-
lowing activation of a potential-dependent calcium channel
may be the link between electrical activity of the neuronal
membrane and increased levels of intracellular cGMP, leading,
among other changes, to alterations in the molecular matrix of
the plasma membrane.
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