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Although cerebellar Purkinje cells display spontaneous electrical activity in vivo and in slice experiments,
the mechanism of the spontaneous activity generation has not been clearly understood. The aim of this
study was to investigate whether cerebellar Purkinje cells of postnatal rats generate spontaneous electrical
activity without synaptic inputs. Dissociated cerebellar Purkinje cells were used for reducing synaptic inputs
in the present study. Cerebellar Purkinje cells with dendrites were dissociated from postnatal rats using
enzymatic treatment followed by mechanical trituration. Spontaneous electrical activities were recovded
from dissociated cells without any stimulus using whole-cell patch clamp configuration. Two types, spon-
taneously firing or quiescent, of dissociated Purkinje cells were observed in postnatal rats. Both types of
cells were identified as Purkinje cells using immunocytochemical staining technique with anti-calbiudin
after recording. Spontaneously active cells displayed two patterns of firing, repetitive and burst firings.
Two thirds of dissociated Purkinje cells displayed repetitive firing and the rest of them did burst firing
under same recording condition. Repetitive firing activities were maintained even after further isolation
using either physical or pharmacological techniques. Neither high magnessium solution nor excitatory
synaptic blockers, AP-5 and DNQX, block the spontaneous activity. These results demonstrate that
spontaneous electrical activity of isolated cerebellar Purkinje cells in postnatal rats is generated by intrinsic
membrane properties rather than synaptic inputs.
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INTRODUCTION

Spontaneous electrical activity of neurons has been
investigated to better understand motor behaviors of
invertebrates and vertebrates, and certain neurological
disorders of vertebrates (Delcomyn, 1980; Llinas,
1988). Further it has been recently known that spon-
taneous activity plays an important role in synaptic
connections and neuronal circuit development. For
example, spontaneous activity was involved in the
establishments of connections at many different stages
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throughout the visual pathway (Shatz, 1990; Goodman
& Shatz, 1993). Spontaneous activity of one or a few
trigger neurons in the neocortex activates the rest of
the cells resulting in the formation of a neuronal do-
main (Yuste et al, 1995). In the cerebellum electrical
activity plays an important role in the timing pro-
perties of motor execution that characterizes the cere-
bellar control of motor coordination (Welsh et al,
1995).

Since cerebellar Purkinje cells receive numerous
inputs through climbing and parallel fibers and are
the sole source of output from the cerebellar cortex,
their activity is very important in various cerebellar
functions. In vivo experiments demonstrated that
electrical activity of Purkinje cells was closely related
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to various movements such as limbs (Thach, 1967),
head and smooth-pursuit eye movements (Lisberger
& Fuchs, 1978). Spontaneous electrical activity of
Purkinje cells can be generated by either intrinsic
membrane properties or synaptic inputs. There is in-
direct evidence indicating that Purkinje cells display
endogenous electrical activity in vivo and in vitro
experiments. Purkinje cells displayed spontaneous ac-
tivity either before synapses formed or after the exci-
tatory pathway were eliminated in vivo (Woodward
et al, 1974; Crepel et al, 1981). Half of cultured
Purkinje cells examined in high Mg saline also dis-
played spontaneous activity in vitro (Gahwiler et al,
1973). Bursting electrical activity recorded from adult
Purkinje neurons in cerebellar slices persisted in the
presence of TTX (Llinas & Sugimori, 1980). However,
no direct evidence that Purkinje cells generates elec-
trical activity by intrinsic membrane properties exists.
Moreover, Hockberger et al (1989) did not observe
spontaneous electrical activity in acutely isclated
Purkinje cells of postnatal rats. Thus the source of
spontaneous electrical activity and ionic mechanisms
underlying the spontaneous activity in Purkinje cells
is still unclear.

I examined whether spontaneous activity of Purkinje
cells was generated by intrinsic membrane properties
using acutely isolated Purkinje cells. Results in the
present study demonstrate that spontaneous repetitive
firing activity of dissociated Purkinje cells with den-
drites is generated by endogenous membrane prop-
erties.

METHODS

Animals

Postnatal Sprague-Dawley rats were used. Birth-
date of offspring was determined within 12 hrs after
delivery, and this period together with the next 12 hrs
was designated as postnatal day 1 (P1). P7 to P14
rats were used in most experiment. There were a few
experiments using three week-old rats. Young rats
were decapitated using a guillotine or a scissors. The
heads were placed in an antibiotic-isotonic buffered
saline at 4°C, and the cerebella were separated from
the central nervous system using iridectomy scissors
under a dissecting microscope.

Cell dissociation techniques

Cell dissociation methods which used in previous
experiments were modified to get Purkinje cell with
dendrites (Hockberger & Nam, 1994). First, lower
concentration of enzyme without DNAse was used to
minimize any possible influence of enzymes. Sec-
ondly, cerebellar slices were used for better accessing
to low concentration of enzyme instead of minced
cerebellar pieces. The cerebellar vermis was sliced at
400 to 500 um in thickness with tissue chopper. The
slices were added to 10ml of antibiotic-isotonic solu-
tion containing papain (0.1 mg/ml, Worthington Bio-
chemical Co., Freehold, NJ, USA) and incubated in
a shaker waterbath with bubbling of 100% O, for 30
to 50 minutes at 22°C. After enzyme treatment, the
slices were washed twice and transferred into a
centrifuge tube (Falcon, USA) filled with a minimal
essential medium (Gibco BRL Life Technologies,
Inc., Gaithersburg, MD, USA). Afterward, the slice
fragments were mechanically triturated with two or
three fire-polished Pasteur pipettes, having a tip di-
ameter 100~300 ym under the hood. Dissociated
cells were plated on the poly-d-lysine coated cover-
slips (no. 2, Corning Inc. Corning, NY, USA) in a
multiwell tissue culture plate for 30 min. Solution
was changed to minimal essential medium containing
20% horse serum (Gibco) or bovine serum albumin
(Irvine Scientific, USA). The plate was kept in incu-
bator (NAPCO, model 6100, Tualatin, OR, USA)
with 10% CO; at 37°C. Dissociated Purkinje neurons
were easily recognized by their characteristic den-
drites.

Electrophysiological procedures

Intracellular recordings were performed using whole-
cell patch recording techniques as described by Hamill
et al (1981). Coverslips containing isolated cells were
mounted on the stage of a Nikon inverted microscope
(Diaphot; Frank Fryer Co., Carpentersville, IL, USA)
resting on a vibration-free, isolation table (Technical
Manufacturing Corp., Peabody, MA, USA). Recording
and puffing electrodes were made from glass micro-
capillary tubes (Dynalab, Rochester, NY, USA), pulled
and polished using Narishige puller and microforge,
and positioned using Narishige hydraulic micromani-
pulators (Medical Systems, Great Neck, NY, USA).
Recording electrodes were not coated and had 2~3
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MQ of resistance in recording solutions. Solutions
transferred to the electrodes using plastic cannula to
avoid the effects of Cu”* and Zn”" released from me-
tallic needles (Nam & Hockberger, 1992). After the
gigaseal between the pipette and the membrane was
established the membrane inside the pipette was bro-
ken by gentle negative pressure using suction. Spon-
taneous spikes were recorded from the cell with a
good gigaseal without injection of any currents under
current clamp. All recordings were performed at
room temperature (18 ~22°C).

Spontaneous activity was stored on a videocassette
recorder (model SLV-393, Sony, Japan) through a
digital data interface (Instrutech Corp., model VR-
10B, Great Neck, NY, USA). Currents were recorded
using a List EPC-7 patch clamp amplifier (Medical
Systems Corp., Greenvale, NY, USA), sampled at 3
kHz and digitized using a Labmaster 80 kHz A/D
board interfaced with a Dell personal computer (Sys-
tem 210; Dell Computer Corp., Austin, TX, USA).
The computer generated the voltage protocols and
recorded the resulting currents using pClamp software
(Axon Instruments, Burlingame, CA, USA) or Basic
Fastlab software (Indec Corp., Sunnyvale, CA, USA).
Data were displayed on a Tektronix storage oscillo-
scope (model 5113, Beaverton, OR, USA) during ac-
quisition. Analysis of data were using Axotape (Axon
Instrments), pClamp software (Axon Instruments) and
Basic Fastlab software (Indec Co.). Data were plotted
using a plotter (model 7470A, Hewlett Packard, USA)
and a LaserWriter through AxoGraph software (Axon
Instruments).

Composition of solutions

All solutions were prepared with water filtered
through a Milli-Q Water Purification System (Millipore,
Bedford, MA, USA). A recording electrode was filled
with internal saline without any blockers (normal
internal saline) containing (mM) KAsp 130, Mg-ATP
2, CaCl; 1, EGTA 10, HEPES 10. The pH was ad-
justed to 7.3 with KOH. Cells on the coverslips were
in the bath purfused with external saline. Spontaneous
spikes were recorded in external saline contained
(mM): NaCl 130, KC1 5.4, CaCl, 2, MgCl, 2, glucose
25, HEPES 10. The pH was adjusted to 7.3 with
NaOH. Pharmacological agents were applied either in
the bath or delivered locally via a nearby glass micro-
pipet (2 um opening). All chemicals was purchased

from Sigma chemical Co. (St. Louis, MO, USA).
APS5 (Sigma) was solved in distilled water and diluted
with external saline. (+) Bicuculline (Sigma) and
DNQX (Tocris Cookson, St. Louis, MO, USA) were
solved in chloroform and DMSO, respectively and
diluted with external saline. Experimental solutions
were prepared using at least 1000-fold dilutions of
stock solutions.

Immunohistochemistry

Although isolated Purkinje cells with dendrites
were easily identified with morphological characteris-
tics, we need to confirm those cells without dendrites
resulting from either cutting dendrites during disso-
ciation or resorbing dendrites after dissociation. We
identified the Purkinje cells using immunocyioche-
mical staining techniques. Peroxidase-antiperoxidase
(PAP) staining techniques was used using antisera
and PAP complex supplied commercially (DAKO,
Corp. and Vector Laboratories, Inc.). After recording,
isolated cells on coverslips were washed in PBS for
5 min and fixed with paraformaldehyde for 30 min.
Coverslips were washed three times with sterile PBS
and then stored in aseptic tissue culture plates at 4°C
until ready for staining. The staining procedure for
polyclonal anitbodies was performed at room tem-
perature and was as follows. ‘

(1) 40 min incubation in blocking (non-immune)
swine serum (DAKO) diluted 1:10 with PBS con-
taining 0.5% Triton and 0.3% hydrogen peroxide; (2)
three hour incubation in PBS-Triton solution con-
taining rabbit polyclonal antibody in dark place; con-
trol tissues received PBS-Triton solution only; (3) ten
min wash in PBS solution three times; (4) one hour
incubation in swine anti-rabbit secondary antibody
(DAKO) diluted 1:100 in PBS-Triton solution; (5) ten
min wash in PBS solution three times; (6) one hour
incubation in rabbit PAP antibody (DAKO) diluted
1:200 in PBS-Triton solution; (7) ten min wash in
PBS solution three times; (8) stained for 5 to 30 min
in 3-amino-9-ethylcarbazole (AEC) substrate solution
(DAKO) in 0.1M actate buffer containing 0.03%
hydrogen peroxide; (9) ten min wash in PBS soltion
twice; (10) ten min wash in phosphate buffer solution
twice; (11) mounted in a glycergel solution (DAKO)
and covered with a glass coverslip.

Antibody against calbindin was used because it had
been shown to stain Purkinje neurons selectively in
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tissue sections from adult rat cerebellum (Enderlin et
al, 1987). The diluted calbindin antibody (1:100,000)
was used as the primary antibody. Positive stainings
with anti-calbindin provided that the cell was a
Purkinje neuron.

Digital photography and image processing

Photographs of immunostained tissue and isolated
cells were taken with a video CCD camera interfaced
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with a Perceptics image processing system. All pho-
tographs were frame-averaged and stored as digital
images. Images were contrast-enhanced and sharpened
using image processing software (BDS, Biological
Detection Systems, Inc., Pittsburgh, PA, USA). Col-
lages were created using BDS, Canvas 3 (Deneba
Software, Miami, FL, USA) and Photoshop 2.5
(Adobe Systems Inc., Mountain View, CA, USA)
software programs.
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Fig. 1. Two types of spontaneous activity in acutely isolated cerebellar Purkinje
cells. Two Purkinje cells (A: P14, B: P9) displayed two types of spontaneous
activity, repetitive (A) and burst firing (B). Some Purkinje cells with burst firing
at hyperpolarized potentials (D) displayed repetitive firing at depolarized membrane

potential (C).
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RESULTS

A tissue dissociation procedure used by Hockberger
and his collegues was modified because they did not
record spontaneous activity from isolated Purkinje
cells (Hockberger et al, 1989). The modified proce-
dure included changes of enzyme treatment and
mechanical trituration. 107 cells out of 165 Purkinje
cells (65%) isolated with the modified procedure
displayed spontaneous electrical activity in normal
saline under current clamp. The percentage of sponta-

neously firing cells was dependent upon the isolation
procedure. If cells were gently triturated, resulting in
a high percentage of cells with dendrites and axons,
more cells displayed spontaneous activity. However,
if there was a small number of cells with dendrites
and axons, the percentage of spontaneous activity
decreased.

Two types of spontaneous activity, repetitive (70%)
and burst (30%) firing, were observed in spontane-
ously firing Purkinje cells isolated from postnatal
rats. Figure 1A and 1B show examples of each re-

Fig. 2. Immunocytochemical identification of isolated cerebellar Purkinje cells
with anti-calbindin after recording. A. Low power photomicrograph shows im-
munoreactivity of acutely isolated cells (P11) includuing the Purkinje cell from
which spontaneous activity was recorded (arrow). B. Spontaneously firing cell
stained with anti-calbindin was clearly shown on the center under high mag-
nification. C. Low power photomicrograph shows immunoreactivity of cells
(P11) including quiescent Purkinje cell (arrow) on another coverslip. D.
Quiescent cell located on the center was also stained with anti-calbindin. B and
D are higher magnification of A and C, respectively. Calibration bars are 250

zm (A,C) and 50 gm (B, D).
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corded from different cells. Spontaneous repetitive
firing activity was recorded from a cell at —50 mV
of membrane potential (Fig. 1A). Spontaneous bursting
activity was recorded from another cell at hyper-
polarized membrane potential, —70 mV (Fig. 1B).
When the cell with burst firing was depolarized,
firing pattern was converted into repetitive firing. The
cell with hyperpolarized resting membrane potential
generated spontaneous burst firing (Fig. 1D). When
the cell was held at depolarized level, —60 mV, it
displayed repetitive firing (Fig. 1C).

Fig. 2 shows immunocytochemical staining of
isolated cerebellar Purkinje cells (P11) using anti-cal-
bindin after recording. A spontaneously firing cell
was immunocytochemically stained with anti-calbin-
din after recording spontaneous activity in normal
saline (Fig. 2A). High power photomicrograph shows
clearer immunoreactivity of the marked spontane-
ously firing cell (Fig. 2B). Low power photomicro-
graph shows immunoreactivity of acutely isolated
cerebellar cells in another coverslip containing a
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marked quiescent cell (Fig. 2C). The quiescent cell
was also immunocytochemically stained with anti-
calbindin (Fig. 2D). These results demonstrated that
both spontaneously and quiescent cells were cere-
bellar Purkinje cells.

Further studies were performed to investigate
whether acutely isolated Purkinje cell can generate
spontaneous activity without any synaptic inputs.
Although acutely isolated Purkinje cells generated
spontaneous activity in previous studies, possible
synaptic inputs could not be excluded because of the
limited resolution of a light microscope. Scanning
electron microscopy of Purkinje cells isolated during
the second week of birth demonstrated Purkinje cells
with many fine processes touching granular cells,
excitatory neurons (Hockberger et al, 1994). Two
different methods, physical and pharmacological,
were used to remove any possible synaptic inputs in
the present study. For these experiments, a small
number of cells were plated on coverslips to reduce
the possibility of connections between cells.
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Fig. 3. Spontaneous activity recorded from physically isolated Purkinje cells. A.
An acutely isolated Purkinje cell with dendrites (P14) displayed spontaneous ac-
tivity. To eliminate any possible synaptic connections the cell was lifted off the
coverslip and moved away as diagrammed in C. This cell still displayed sponta-
neous activity after lifting off (B). In another method of physical isolation (E) the
region around a cell was scraped to destroy any possible connections before elec-
trical activity was recorded. A Purkinje cell (P10) isolated in this way displayed
spontaneous activity at resting membrane potential, —52 mV under current clamp (D).
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First, physical isolation was petformed in two
ways: the cell was lifted off the coverslip and moved
away from the site during recording (Fig. 3C) or the
area around cells was scraped and cleaned (Fig. 3E).
Since most of cells were not detached from the
coverslip in the first approach, the period of time was
reduced from 30 min to 10 min after plating cells on
coverslips, resulting in a weaker cell-coverslip adhe-
sion. Fig. 3 shows spontaneous activity recorded from
isolated Purkinje cell (P14) before (A) and after (B)
lifting. There was slight decrease in spike frequency

A before high Mg®* solution

B after high Mg?* solution
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from 15.6 Hz to 14.4 Hz and no change in amplitude,
70 mV. This cell maintained firing for longer than
30 min after lifting. Although lifting cells off cover-
slips without losing the seal was not easy, the lifted
cells kept firing until the cell was leaky or dead
(N=3). In the second approach the region around cell
was scraped to sever any possible connections (Fig.
3E). The region around cell was scraped before in-
stead of during recording so I could scrape all around
the cell (360°). Thirteen out of fourteen cells isolated
with this procedure displayed spontaneous activity.
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Fig. 4. Spontaneous activity recorded from acutely isolated Purkinje cells in high
Mg” external saline. A. A Purkinje cell (P14) displayed spontaneous activity in
normal saline. B. When the bath was changed to high Mg2+ external saline (10
mM) spontaneous activity was also recorded from the same cell. Another Purkinje
cell (P11) displayed spontaneous activity at resting membrane potential, —56 mV

in high Mg"* external saline (C).
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One example of spontaneous activity recorded from
isolated Purkinje cell (P10) is shown in Fig. 3D.

Second, general synaptic blockers or antagonists of
the neurotransmitter were used in pharmacological
isolation method. High Mg®" saline (10 mM) was
used for general synaptic blocker. Fig. 4 shows an
effect of high Mg®* saline on spontaneous activity
generation. Spontaneous spikes were recorded from
acutely isolated Purkinje cell (P14) before (Fig. 4A)
and after (Fig. 4B) changing the bath to high Mg>*
saline (10 mM) or from cells bathed in high Mg**
saline from the start (Fig. 4C). The high Mg®" saline
did not block spike generation even though spike
frequency and amplitude were slightly changed. This
subtle change of spike frequency occurred as mem-
brane potential changed because of voltage depen-
dence of spike frequency.

In addition to general synaptic blocker, the effects
of antagonists of excitatory and inhibitory neuro-
transmitters such as DNQX, AP-5, and bicuculline on

A betore DNQX

B after DNOX

ALLLLLLLLLLALELLLPALLE

C belore AP-5

JULLUUUULLLL

D atter AP-5

UL

ml__

90ms

Fig. 5. The effects of excitatory neurotransmitter antago-
nists on the generation of spontaneous activity. A. Spon-
taneous activity was recorded from an acutely isolated
Purkinje cell (P14) under current clamp. B. DNQX (50
£M) was applied to the bath during recording of sponta-
neous activity. Another isolated Purkinje cell (P13) dis-
played. spontaneous activity before (C) and after (D)
applying AP-5 (50 ¢M) to the bath.

the spike generation were also examined. Fig. 5
shows spontaneous activity before (A) and after (B)
applying DNQX which is known as antagonist of
non-NMDA receptor. Acutely isolated Purkinje cell
(P14) displayed spontaneous activity with 27 Hz of
frequency, 85 mV of amplitude at resting membrane
potential, —54 mV (Fig. 5A). Amplitude and frequen-
cy of spikes were not changed after applying DNQX
(50 uM) to the bath (Fig. 5B). Although there is a
controversy about an existence of NMDA receptor in
rat cerebellar Purkinje cell, an effect of antagonist of
NMDA receptor, AP-5 was tested (C: before, D: after
applying). Spontaneous spikes were recorded from
different cell (P13). Frequency and amplitude of spikes
were 17 Hz, 80 mV, respectively (Fig. 5C). Spike
frequency was not changed after applying AP-5 (50
UM) even though amplitude of spikes decreased
slightly from —80 to —75 mV (Fig. 5D). GABA an-
tagonist was applied to eliminate any influence of in-

A before bicuculiine
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B after bicucutiine
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C in AP-5, DNQX and bicucutiine

Fig. 6. The effects of either inhibitory or both excitatory
and inhibitory neurotransmitter antagonists on the genera-
tion of spontaneous activity. Spontaneous activity was
recorded from an isolated Purkinje cell (P14) before (A)
and after (B) applying bicuculline (10 M) to the bath.
C. Another isolated Purkinje cell (P14) displayed sponta-
neous activity in the presence of 50 uM AP-5, 50 uM
DNQX, and 10 zM bicuculline.
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Fig. 7. Voltage dependency of spike frequency. Spike
frequency of acutely isolated Purkinje cells was changed
as membrane potential changed under current clamp.
Each data point is the average frequency of spikes
recorded from five cells at different membrane potentials.
Error bars indicate standard deviations. The inset shows
an example of voltage dependency of spike frequency.

hibitory synapse during recording spontaneous activi-
ty. Acutely isolated Purkinje cell (P14) displayed
spontaneous activity with 19 Hz of frequency and 65
mV of amplitude at resting membrane potential —48
mV (Fig. 6A). Spike frequency was not changed after
applying bicuculline (10 M) to the bath (Fig. 6B).
Furthermore, isolated Purkinje cell (P14) can still
generate spontaneous activity in the presence of all
three antagonists of excitatory and inhibitory neuro-
transmitters, DNQX, AP-5 and bicuculline (Fig. 6C).

Traditional methods using electrophysiological re-
cording technique have been used to verify that the
source of spontaneous activity is endogenous. One of
the methods, a voltage dependency of spike frequen-
cy, was tested in this experiments. Membrane poten-
tial was changed during the recording of spontaneous
activity. Average frequency of spike in five cells was
7.7 Hz at —60 mV of membrane potential (Fig. 7).
When cells were held at a more depolarized level, — 50

mV, the spike frequency increased from 7.7 Hz to
26.7 Hz. The spike frequency was decreased from 7.7
Hz to 0.9 Hz at hyperpolarized membrane potential,
—70 mV. Sufficient hyperpolarizing membrane po-
tential terminated spontaneous activities completely
and there was no evidence of synaptic activity (Fig.
7, inset). Another electrophysiological test for sponta-
neous activity, a rthythm reset test, is useful in burst
firing cells. However, the test could not be examined
because burst firing in isolated Purkinje cells was
irregular,

DISCUSSION

In this report it was determined that ce-ebellar
Purkinje cells dissociated from postnatal rats display
spontaneous electrical activity in the absence of
synaptic inputs. The cell isolation procedure was very
important to detect this activity. When the majority
of Purkinje cells were isolated without dendrites, they
did not display spontaneous activity. This might
explain why Hockberger et al (1989) did not observe
spontaneous activity in Purkinje cells isolated from
animals of the same age. By modifying their dissocia-
tion procedures to obtain more Purkinje cells with
dendrites, spontaneous activity was recorded from
isolated Purkinje cells. However, not all Purkinje
cells examined in this study displayed spontaneous
electrical activity. About one third of Purkinje cells
isolated using the modified procedure did not display
spontaneous electrical activity in normal saline under
current clamp but two thirds did. Although there was
no morphological difference between quiescent and
spontaneously firing cells, both types of cells dis-
played positive immunoreactivity of antibody against
calbindin identifying as Purkinje cells. Previous ex-
periment already determined that positively immuno-
stained cerebellar cells with anti-calbindin were iden-
tified as Purkinje cells (Hockberger et al, 1994).

The discrepancy of the spike generation between
two types of Purkinje cells was probably due to two
possibilities. One is that Purkinje cell dendrites might
play an important role in generating spontaneous acti-
vity. If they do, intrinsic properties of their membrane
could differ from those of membane on Purkinje cell
body. This possibility is supported by several results
from molecular biological studies. For example, type
I alpha subunit of sodium channels was segregated in



364 SC Nam

rat Purkinje cell bodies whereas type II alpha subunit
was located in molecular layer containing dendrites
of Purkinje cells (Westenbroek et al, 1989; Mandel,
1992). The other possibility is that Purkinje cells
without dendrites were too weak to generate spon-
taneous activity due to enzymatical and mechanical
damage. This possibility is unlikely to explain the
discrepancy in the spike generation since Purkinje
cells with or without dendrites displayed sodium or
calcium currents in previous experiments (Nam &
Hockberger, 1992; Hockberger & Nam, 1994). Purkinje
cells with or without spontaneous activity were
observed in other types of experiments in vitro. For
example, half of cultured Purkinje cells examined in
the presence of high Mg™* displayed spontaneous
activity but half did not (Gahwiler et al, 1973). Qui-
escent and several types of firing patterns of Purkinje
cells were also observed in slice experiments (Chang
et al, 1993).

The mechanisms for the generation of these spon-
taneous activities can be divided into two broad cate-
gories, endogenous and exogenous (Moffett, 1977;
Friesen & Stent, 1978). Some neurons can generate
spontaneous electrical activity through electrical or
chemical synaptic inputs from an endogenously active
neuron or network of neurons. Spontaneous bursting
activities generated by synaptic interactions among a
group of neurons have been found in a number of
systems including swimming system in Tritonia
(Getting et al, 1980), locomotion and mastication in
vertebrate animals (Grillner, 1975; Lund & Enomoto,
1988). In contrast endogenously firing cells display
spontaneous activity in the absence of electrical or
chemical synaptic inputs. The spontaneous activity of
endogenously firing cells results from their intrinsic
membrane properties. Endogenous electrical activity
has been observed in both invertebrate and vertebrate
neurons. For example, surgically or enzymatically
isolated Aplysia neurons (R15) displayed spontaneous
electrical activity (Alving, 1968; Chen et al, 1971).
Hippocampal pyramidal neurons also displayed spon-
taneous activity in the presence of synaptic blocker
(Hablitz & Johnston, 1981). Furthermore this sponta-
neous activity was recorded from isolated hippocam-
pal pyramidal neoruns (Wong et al, 1986).

In the case of repetitive firing of cerebellar Purkinje
cells, I determined that the spontaneous firing was
due to endogenous membrane properties since it
persisted under conditions that eliminated synaptic

inputs. Data in this stady demonstrated that dissoci-
ated Purkinje cells with dendrites displayed sponta-
neous activity like other endogenously firing cells.
Spontaneous activity of dissociated Purkinje cells was
not eliminated by physical further isolations such as
detaching cell from coverslip or scraping around cell.
Furthermore dissociated Purkinje cells displayed
spontaneous activity in the presence of either general
synaptic blocker like high Mg2+ or specific synaptic
blockers, antagonists of excitatory and inhibitory
neurotransmitters. DNQX, an antagonist of non-NMDA
receptor, known to exist in cerebellar Purkinje cells
did not block spontaneous activity of the cells. Another
antagonist of excitatory neurotransmitter NMDA,
AP-5 did not eliminate the spontaneous electrical
activity of dissociated Purkinje cells. Bicuculine, an
antagonist of an inhibitory neurotransmitter GABA
did not affect the generation of spontaneous activity
in dissociated Purkinje cells, suggesting that inhi-
bitory synaptic transmission did not involve in spike
generation. These results are consistent with those in
rat Purkinje cell in vivo and in vitro experiments.
Purkinje cells displayed spontaneous activity either
before synapses formed (P1) or after elimination of
the excitatory pathway in vivo (Woodward et al,
1974; Crepel et al, 1981). High Mg2+ saline did not
eliminate spontaneous activity of cultured Purkinje
cells (Gahwiler et al, 1973). Spontaneous electrical
activity recorded from adult Purkinje cells in cere-
bellar slices persisted in the presence of TTX (Llinas
& Sugimori, 1980). These results indicate that cere-
bellar Purkinje cells generate spontaneous activity by
intrinsic membrane properties.

In addition to several lines of evidence indicating
that spontaneous activity of Purkinje cells was gen-
erated by endogenous membrane properties using
physical or pharmacological methods, the cells showed
the voltage dependency of spike frequency. Spike fre-
quency of spontaneous activity recorded from disso-
ciated Purkinje cells was changed depending upon
membrane potentials. That is, the frequency of firing
is increased by depolarizing current injection, while
it is decreased by hyperpolarizing current. This pat-
tern was also observed in other endogenously firing
cell. For example, the spike frequency of endoge-
nously firing neuron (R15) of Aplysia was decreased
when hyperpolizing current was injected. With even
greater hyperpolarizing current, firing spike could be
terminated (Arvanitaki & Chalazonitis, 1968).
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Two types of spontaneously firing patterns, repeti-
tive and burst firing were observed in Purkinje cells
in the same condition. Morphological characteristics
such as size and shape of repetitive firing cells did
not differ from those in bursting firing cells. Two
patterns of spontaneous activity in cerebellar Purkinje
cells were also observed in other type of experiment.
Repetitive and burst firing activities were recorded
from Purkinje cells of guinea pig in slice experiment
(Llinas & Sugimori, 1980). However, burst firing
with long plateau potentials and large afterhyper-
polarization was not observed in cultured Purkinje
cells (Gruol & Franklin, 1987). The discrepancy was
probabily due to change of membrane properties in
cultured cells. Channel expression of the cell mem-
brane was affected by culture media. For example
transient potassium current (Ia) was recorded from
cerebellar Purkinje cells cultured in only L15 (Leibovitz)
medium (Bossu et al, 1988). Two types of firing pat-
terns were also observed in other vertebrate neurons
including thalamic neurons (Jahnsen & Llinas, 1984).
In repetitive and burst firing activity, Purkinje cells
displayed spontaneous firing of doublet and complex
spikes in the middle of transition from bursting to
repetitive firing. These doublet and complex spikes in
dissociated Purkinje cells are very similar to those in
cultured rat Purkinje cells (Gruol & Franklin, 1987).
Cultured Purkinje cells displayed repetitive firing of
simple or doublet or complex spikes, and burst firing
of three to four spikes even though they did not dis-
play burst firing with long plateau potentials and after-
hyperpolarization. Simple and complex spikes were
used for identifying that a recording electrode was
located at Purkinje cell or Purkinje cell layer in vivo
experiments (Thach, 1967). In slice experiments, sim-
ple spikes and rhythmic bursting activity were recorded
from Purkinje neurons of guinea pig (Hounsgaard,
1979; Llinas & Sugimori, 1980).

Although the functional role of the spontaneous
electrical activity of Purkinje neurons has not been
clearly understood, the activity of the sole output
from the cerebellar cortex may play an important role
in the timing properties of motor execution, and in
nonmotor functions as well. It has been recently
known that the cerebellum not only controls motor
function but also involves motor learning and memory
and nonmotor functions. Recent studies using posi-
tron emission tomography or magnetic resonance im-
aging techniques demonstrated that the cerebellum is

involved in nonmotor functions such as cognitive pro-
cessing (Kim et al, 1994), sensory discrimination
(Gao et al, 1996), and verbal memory (Andreasen et
al, 1996). Further attention and motor performance
independently activate distinct cerebellar regions
(Allen et al, 1997). The left quadrangular lobule and
the left superior semilunar lobule are involved in
attention, whereas the right anterior vermis, the right
central lobule and the right anterior quadrangular job-
ule are involved in motor task. These results suggest
that the spontaneous electrical activity of the cere-
bellar neurons, especially Purkinje cells may play an
important role in both motor function and a variety
of nonmotor functions.

REFERENCES

Allen G, Buxton RB, Wong EC, Courchesne E. Atten-
tional activation of the cerebellum independent of
motot involvement. Science 275: 1940—1943, 1997

Alving BO. Spontaneous activity in isolated somata of
Aplysia pacemaker neurons. J Gen Physiol 51: 29—
45, 1968

Andreasen NC, O’Leary DS, Armndt S, Cizadlo T, Hurtig
R, Rezai K, Watkins GL, Ponto LLB, Hichwa RD.
Short-term and long-term verbal memory: A positron
emission tomography study. Proc Natl Acad Sci USA
92: 51115115, 1995

Arvanitaki A, Chalazonitis N. Electrical properties and
temporal organization in oscillatory neurons. In:
Salanki J ed, Neurobiology of Invertebrates. Plenum
Press, New York and Akademiai Kiado, Budapest, p
169 —199, 1968

Bossu J-L, Dupont J-L, Feltz, A. Potassium currents in
rat cerebellar Purkinje neurones maintained in culture
in L15 (Leibovitz) medium. Neurosci Lett 89(1): 55—
62, 1988

Chang W, Strahlendorf JC, Strahlendorf HK. Ionic con-
tributions to the oscillatory firing activity of rat
Purkinje cells in vitro. Brain Res 614: 335—341, 1993

Chen CF, von Baumgarten R, Takeda R. Pacemaker
properties of completely isolated neurones in Aplysia
californica. Nature New Biol 233: 27—29, 1971

Crepel F, Delhaye-Bouchaud N, Dupont J. Fate of the
multiple innervation of the cerebellar Purkinje cells by
climbing fibers in immature controls, X-irradiated and
hypothyroid rats. Dev Brain Res 1: 59—71, 1981

Delcomyn F. Neural basis of rhythmic behavior in
animals. Science 210: 492 —498, 1980

Enderlin S, Norman AW, Celio MR. Ontogeny of the
calcium binding protein calbindin D-28k in the rat



366 SC Nam

nervous system. Anat Embryol 177: 15—28, 1987
Friesen WO, Stent GS. Neural circuits for generating
rhythmic movements. Ann Rev Biophys Bioeng 7: 37—
61, 1978
Gao J-H, Parsons LM, Bower JM, Xiong J, Li J, Fox
PT. Cerebellum implicated in sensory acquisition and

discrimination rather than motor control. Science 272:

545—547, 1996

Gahwiler B, Mamoon A, Tobias, C. Spontaneous bio-
electric activity of cultured cerebellar Purkinje cells
during exposure to agents which prevent synaptic
transmission. Brain Res 53: 71—79, 1973

Getting PA, Lenmnard PR, Hume RI. Central pattern
generator mediating swimming in Tritonia. I. Identi-
fication and synaptic interactions. J Neurophysiol 49:
151—164, 1980

Goodman CS, Shatz CJ. Developmental mechanisms that
generate precise patterns of neuronal connectivity. Cell
72: 7798, 1993

Grillner S. Locomotion in vertebrates: Central mechanisms
and reflex interaction. Physiol Rev 55: 247 —304, 1975

Gruol DL, Franklin CL. Morphological and physiological
differentiation of Purkinje neurons in cultures of rat
cerebellum. J Neurosci 7: 1271—1293, 1987

Hablitz JJ, Johnston, D. Endogenous nature of sponta-
neous bursting in hippocampal pyramidal neurons. Cell
Mol Neurobiol 1: 325—334, 1981

Hamill O, Marty A, Neher E, Sakmann B, Sigworth F.
Improved patch—clamp techniques for high-resolution
current recording from cells and cell-free membrane
patches. Pflugers Arch 391: 85—100, 1981

Hockberger PE, Nam SC. High voltage-activated calcium
current in developing neurons is insensitive to nifedi-
pine. Pflugers Arch 426: 402—411, 1994

Hockberger PE, Tseng H, Connor JA. Development of
rat cerebellar Purkinje cells: Electrophysiological pro-
perties following acute isolation and in long-term
culture. J Neurosci 9. 2258 —2271, 1989

Hockberger PE, Yousif L, Nam SC. Identification of
acutely isolated cells from developing rat cerebellum.
Neurolmage. 1: 276—287, 1994

Hounsgaard J. Pacemaker properties of mammalian
Purkinje cells. Acta Physiol Scand 106: 91—92, 1979

Jahnsen H, Llinas R. Electrophysiological properties of
guinea-pig thalamic neurons: An in vitro study. J
Physiol 349: 205—226, 1984

Kim S-G, Ugurbil K, Strick PL. Activation of a cere-
bellar output nucleus during cognitive processing. Sci-
ence 265: 951. 1994

Lisberger SG, Fuchs, AF. Role of primate flocculus
during rapid behavioral modification of vestibuloocular
reflex. 1. Purkinje cell activity during visually guided
horizontal smooth-pursuit eye movements and passive
head rotation. J Neurophysiol 41(3): 733—63, 1978

Llinas R. The intrinsic electrophysiological properties of
mammalian neurons: Insights into central nervous sys-
tem function. Science 242: 1654 — 1664, 1988

Llinas R, Sugimori M. Electrophysiological properties of
in vitro Purkinje cell soma in mammalian cerebellar
tissue. J Physiol 305: 171—195, 1980

Lund JP, Enomoto S. The generation of mastication by
the mammalian central nervous system. In: Cohen AS,
Rossignol S, Grillner S eds, Neural control of rhythmic
movements in vertebrates. A Wiley-Interscience Publi-
cation, p 41-72, 1988

Mandel G. Tissue-specific expression of the voltage-
sensitive sodium channel. J Membrane Biol 125: 193
—205, 1992

Moffett S. Neuronal events underlying rhythmic beha-
viors in invertebrates. Comp Biochem Physiol 57A:
187—195, 1977

Nam SC, Hockberger PE. Divalent ions from stainless
steel hypodermic needles reduce neuronal calcium
currents. Pflugers Arch 420: 106— 108, 1992

Shatz CJ. Impulse activity and the patterning of
connections during CNS development. Neuron 5: 745
—756, 1990

Thach WT. Somatosensory receptive fields of single units
in cat cerebellar cortex. J Neurophysiol 30: 675— 696,
1967

Welsh JP, Lang EJ, Sugihara I, Llinas R. Dynamic
organization of motor control within the olivocere-
bellar system. Nature 374(6521): 453—457, 1995

Westenbroek RE, Merrick DK, Catterall A. Differential
subcellular localization of the R and RII Na’ chan-
nel subtypes in central neurons. Neuron 3: 695—704,
1989

Wong RKS, Traub RD, Miles R. Cellular basis of
Neuronal synchrony in epilepsy. Advan Neurol 44: 583
—592, 1986

Woodward D, Hoffer B, Altman, J. Physiological and
pharmacological properties of Purkinje cells in rat
cerebellum degranulated by postnatal X-irradiation. J
Neurobiol 5: 283—304, 1974

Yuste R, Nelson DA, Rubin WW, Katz LC. Neuronal
domains in developing neocortex: Mechanisms of
coactivation. Neuron 14: 7—17, 1995



