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Developmental Changes in Calcium Conductances Contribute to the 
Physiological Maturation of Cerebellar Purkinje Neurons in Culture 

D. L. Gruol, C. R. Deal, and A. J. YooP 

Department of Neuropharmacology, The Scripps Research Institute, La Jolla, California 92037 

The relationship between calcium conductances and de- 
velopmental changes in the active and passive membrane 
properties of cerebellar Purkinje neurons from rats was stud- 
ied in a culture model system by using current-clamp and 
voltage-clamp techniques. These cultures, at 6-21 d of age, 
represented the main period of morphological and physio- 
logical development of the Purkinje neuron. In the current- 
clamp studies, input resistance decreased and the current- 
voltage curve became more S-shaped as the neurons ma- 
tured in culture. Spike-generating properties also changed. 
Immature Purkinje neurons without dendritic structure pro- 
duced repetitive, fast TTX-sensitive simple spikes when 
stimulated electrically. The simple spike frequency in- 
creased with maturation. In older neurons (2 12 d in vitro) 
with well-developed dendritic structure, a burst event, the 
complex spike, preceded the repetitive simple spike firing. 
Magnesium (10 mM) and cadmium (So-100 PM), calcium 
channel blockers, antagonized the repetitive simple spike 
firing in both young and old neurons. The complex spike of 
the older neurons was also antagonized by magnesium (10 
mM) but was resistant to cadmium (50-100 PM), suggesting 
that a pharmacologically distinct calcium conductance me- 
diated this spike event. Whole-cell voltage-clamp recordings 
showed that the older Purkinje neurons expressed two cal- 
cium currents, a low-threshold rapidly inactivating calcium 
current resistant to cadmium (50-100 @A) and a high-thresh- 
old slowly inactivating calcium current antagonized by cad- 
mium (50-100 PM). In young Purkinje neurons without den- 
dritic structure (6-9 d in vitro), only the high-threshold calcium 
current was evident. The amplitude of this current increased 
-50% during development. These results indicate that the 
developmental expression of calcium conductances plays 
a prominent role in the physiological maturation of the cul- 
tured Purkinje neurons, which closely simulate the physio- 
logic cells they model. The high-threshold calcium conduc- 
tance is expressed early in development and contributes to 
repetitive simple spike firing of both the young and old neu- 
rons. The low-threshold calcium conductance appears later 
in development, coincident with dendritic expression, and 
plays a major role in the generation of the complex spike. 
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During the first 3 weeks of postnatal development in the rat, 
cerebellar Purkinje neurons grow from simple immature cells 
to large neurons with extensive dendritic arborization (Altman, 
1972). Equally dramatic changes in functional properties occur 
during this period. Initially inexcitable, the Purkinje neurons 
eventually express spontaneous high-frequency firing patterns 
and two types of spikes, simple and complex (Woodward et al., 
1969a,b; Crepel, 1972). The spontaneous firing begins during 
the first postnatal week, as a slow irregular pattern of simple 
and doublet spikes. Increases in rate and regularity with age 
yield the characteristic high-frequency firing patterns of the ma- 
ture neurons. Burst discharges, thought to reflect spontaneous 
complex spikes initiated by synaptic input from the climbing 
fibers, appear at 7-9 d postnatal and contribute to the adult 
pattern at a rate of l-2 Hz. 

These changes in spontaneous activity presumably reflect al- 
terations in the active and passive membrane properties of the 
Purkinje neuron and in synaptic input. However, the association 
between functional changes in membrane properties or synaptic 
input and the developmental process has not been examined. 
Expression of dendritic structure, in particular, should have a 
pronounced effect on the electrophysiological properties of the 
developing Purkinje neuron. The dendrites are the main site of 
synaptic input and possess many voltage-sensitive conductances 
including calcium conductances, which are known to play a 
prominent role in the generation of spontaneous firing patterns 
and the complex spike of mature Purkinje neurons (Llinas and 
Sugimori, 1980b; Crepe1 et al., 198 1; Ross and Werman, 1987; 
Tank et al., 1988; Bossu et al., 1989, 1990; Chan et al., 1989; 
Hockberger et al., 1989a,b; Hounsgaard and Midtgaard, 1990; 
Gruol et al., 199 1). 

The small size of immature neurons, the difficulty in identi- 
fying cell types, and the delicate nature of CNS tissue can hamper 
electrophysiological studies of CNS neuronal development in 
vivo or in acutely isolated tissues. Culture preparations provide 
an alternative approach for such studies. Immature Purkinje 
neurons when transplanted into an appropriate culture envi- 
ronment continue their maturation in vitro where they can be 
studied electrophysiologically (Seil, 1979; Marshall et al., 1980; 
Moonen et al., 1982; Weber and Schachner, 1984; Calvet et al., 
1985; Hirano and Ohmori, 1986; Gruol and Franklin, 1987; 
Kapoor et al., 1988; Gahwiler and Llano, 1989; Hockberger et 
al., 1989a). In our modified organotypic culture preparation, 
developmental changes in morphology and firing properties gen- 
erally parallel that observed in vivo (Gruol and Franklin, 1987). 
For example, the immature Purkinje neurons in culture initially 
lack spontaneous activity, but later express this activity, even- 
tually exhibiting high-frequency patterns of both simple and 
complex spikes that, although somewhat lower in rate, resem- 
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bled the patterns found in vivo. The early firing patterns, which 

in culture, spontaneous burst events that resembled complex 

appear around 1 week in culture, consist of irregular patterns 
of simple and doublet spikes, similar to that observed in vivo. 

spikes of the in vivo neurons are evident. The similarities of 

Firing rate and regularity increase with culture age. By 2 weeks 

or methanesulfonic acid); KH,PO,, 0.4; Na,HPO,, 1.25; CaCl,, 4.2; 
MgSO, or MgCl,, 2; glucose, 10; tetraethylammonium chloride or ac- 

~CLAMP programs and the Labmaster interface (Axon instruments) 

etate, 20; 4-aminopyridine, 2; CsCl, 2; glucose, 10; and HEPES-NaOH, 

were used for data acquisition and analysis. Data were digitized at 2 

10 (pH 7.3). In some experiments, salts containing phosphates or sulfates 
were eliminated. 

these developmental changes to those observed in vivo suggest 
that expression of intrinsic membrane properties follows a sim- 
ilar time course in the two systems. Thus, we have used this 
culture system as a model in which to study the active and 
passive membrane properties of the Purkinje neuron during 
maturation. The contribution of calcium conductances to these 
properties was emphasized because of their prominent role in 
the generation of spontaneous activity and the complex spikes 
of the mature neurons. Our results indicate that developmental 
changes in calcium conductances strongly influence the electro- 
physiological properties of Purkinje neurons as they pass from 
immaturity to maturity. 

kHz. Currents were evoked from holding potentials of approximately 
-90 mV. -62 mV. and -40 mV usina a series of test commands 250 
msec in duration applied at a frequency-of 0.2 Hz. Obvious escape from 
space clamp occurred in some cells at some test potentials, as evident 
by long tail currents and irregularities in the voltage trace. Data from 
these potentials have been eliminated except where noted. The high 
input resistance of the neurons (> 1 Go; estimated from hyperpolarizing 
voltage commands) under the conditions used helped reduce space- 
clamp problems. Leak subtraction was not used because of the small 
size of the leak currents (e.g., see Fig. 10). Initial tests showed that only 
minor differences in current amplitudes were evident when data ob- 
tained using leak subtraction were compared to data obtained without 
this manipulation in the same cell. Capacitative artifacts were removed 
manually from current records shown. 

In addition to the inward calcium currents, a residue outward current 
remained under the conditions used, presumably resulting from cesium 

Materials and Methods flux through potassium channels resistant to the-channel blockers used. 
The contribution of this current to the recorded current affected the 

Culture methods 
Cultures were prepared as described previously (Gruol, 1983). Briefly, 
the cortical region of 20 d embryonic rat cerebella were isolated, minced, 
triturated, and plated on poly-o-lysine-coated tissue culture dishes con- 
taining minimal essential medium (MEM) with 10% fetal calf serum 
and 10% horse serum. The cultures were incubated at 37°C in a 5% CO, 
humidified atmosphere. Media was changed twice weekly with MEM 
containing 10% horse serum. The cultures were briefly treated with 
5-fluorodeoxyuridine (20 pg/ml) to retard the growth of non-neuronal 
cells. 

Electrophysiological methods 
The Purkinje neurons were identified by morphological criteria previ- 
ously confirmed by immunohistochemical labeling (Gruol and Crimi, 
1988). Current-clamp and voltage-clamp recordings were made in the 
somatic region using patch electrodes prepared from hematocrit cap- 
illary tubes (Fisher Scientific) coated with Sylgard and heat-polished 
before use. Experiments were carried out at room temperature (-20°C). 

Current-clamp studies. Whole-cell current-clamp recordings were made 
with the Axopatch- 1B (Axon Instruments) amplifier. The recording 
electrodes (5-6 MQ resistances) contained a high-K+ saline of the fol- 
lowing composition (in mM): K+-gluconate, 154; NaCl, 6; MgCl,, 2; 
CaCl,, 0.85; EGTA, 1; glucose, 10; HEPES-NaOH, 10 (pH 7.3). In most 
experiments, the recording chamber contained physiological saline of 
the followina comnosition (in mM): NaCl. 140: KCl. 3.5: KH,PO,. 0.4: 
Na,HPO,, 1.25; CaCl,, 2.2, MgSG, or MgCl,,’ 2; glucose, 10: HEPES: 
NaOH, 10 (pH 7.3). Salts containing phosphates or sulfates were elim- 
inated in some studies. Recordings were monitored on a polygraph and 
oscilloscope. Selected data were recorded on FM tape (Racal Store 4DS 
recorder) for later playback onto a polygraph recorder at reduced tape 
speed for better resolution offast events. The polygraph recordings were 
used for manual analysis of data and to prepare the figures. 

reversal potential for the calcium currents, which was more hyperpo- 
larized than would be expected based on the ionic conditions used. 
When the calcium currents were blocked using calcium channel blockers, 
the outward current activated at potentials around 0 mV and increased 
in amplitude as a function of membrane depolarization. Thus, calcium 
currents measured at membrane potentials ranging from -80 mV to 0 
mV were only minimally affected by the residue outward current. In- 
terpretations of results were limited to that voltage range. 

Currents often increased in magnitude during the first few minutes 
of a recording period. This initial increase could be due to intracellular 
dialysis of the cesium solution in the recording electrode, which would 
block potassium conductances, or due to washout of intracellular com- 
ponents. To control for these changes, all data were collected in the 
same manner using the same sequence of holding potentials, - - 62 mV, 
-90 mV, and -40 mV. Data collection was initiated -1 min after 
obtaining a recording. Studies with antagonists were pursued after the 
current-voltage data were obtained. 

Drug application. Ion channel blockers were added directly to the 
recording chamber or applied by micropressure from drug pipettes (-2 
pm tip diameter). Results were similar with both methods. Ion channel 
blockers used included cadmium chloride, nickel chloride, magnesium 
chloride, amiloride, cesium chloride, and tetrodotoxin (TTX).- 

Statisticalanalyses. All compiled data are expressed as mean ? SEM; 
n is the number of neurons studied. Statistical significance was deter- 
mined by one-way analysis of variance (ANOVA) followed by the Fish- 
er’s protected least-significant difference (PLSD) test for multiple com- 
parisons. Results reported were based on current-clamp recordings from 
55 Purkinje neurons and voltage-clamp recordings from 50 Purkinje 
neurons. 

Results 
Current-clamp studies 

Voltage-clamp studies. Whole-cell voltage-clamp recordings were made Develonmental changes in the active and massive membrane 
with the Axoclamp-2 amplifier (Axon Instruments) using the single 
electrode switching mode. Switching frequencies ranged from 10 to 15 

properties of cultured Purkinje neurons were characterized by 

kHz. Gains were usually around 3. Current recordings were filtered at features of the current-evoked voltage responses at five culture 

0.3-l kHz. Clamp parameters were optimized while viewing the unfil- ages encompassing the main period of morphological devel- 
tered headstage output and the current and voltage outputs during a 20 opment: 6-7, 9-10, 12-13, 14-16, and >20 d in vitro (DIV). 
msec 20 mV square-wave voltage command. Clamp parameters were 
set at the start of each cell recording and adjusted thereafter to maintain 
optimal conditions. 

Calcium currents were studied in isolation under conditions where 
calcium was the main permeant cation and pharmacological blockers 
minimized the contribution of other conductances to the measured 
current. Usually the patch electrodes (3-5 MQ resistances) contained 
saline of the following composition (in mM): CsCl or CsMeSO,, 154; 
NaCl, 6; MgCl,, 2; CaCl,, 0.85; EGTA, 1; glucose, 10; HEPES-NaOH, 
10 (pH 7.3). The saline in the recording chamber contained (in mM) 
N-methyl-n-glucamine, 111 (titrated to pH 7.3 with HCl, gluconic acid, 

At 6-7 DIV, the Purkinje neurons were morphologically im- 
mature, consisting of a large soma, an axon, and several fine 
perisomatic processes (Fig. 1). By 9-10 DIV, most of the periso- 
matic processes had disappeared and dendtitic structure was 
evident. By 12-l 3 DIV. one or more branching dendrites were 
present. By 16 DIV, well-developed dendrits structure was 
common. Typical recordings from Purkinje neurons at these 
culture ages are shown in Figure 2. Differences in the number 
and types of spikes evoked and the amplitude of the voltage 
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Figure I. Morphological development of cerehellar Purkinje neurons in culture. These phase-contrast micrographs show the typical morphology 
of Purkinje neurons at 6-7 DIV (A), 9-10 DIV (B), 12-16 DIV (C), and > 16 DIV (0). At the youngest culture age, the Purkinje neurons have no 
dendritic structure. Dendritic structure develops with age in culture, resulting in a large increase in cell size. Scale bar, 20 pm. 

responses indicated that developmental changes in the active 
and passive membrane properties occurred during this period. 

Response to depolarizing current pulses 

At all culture ages, depolarizing current pulses of sufficient am- 
plitude evoked repetitive simple spike firing, which increased 
in frequency to a maximum with current intensity (Figs. 2,3A). 

7 DIV 10 DIV 

-4 -20 
--- 

/-- \ / 

-20 -120 

J/\.‘-lc 

The maximum firing rate attained increased between 9-10 and 
12-13 DIV (Fig. 3B). In some young neurons, but more com- 
monly in the older neurons, a burst event preceded the repetitive 
simple spike firing (Fig. 2). The burst event consisted of a slow 
depolarization with two or three superimposed fast spikes. In 
older neurons, the burst event resembled the complex spike of 
mature Purkinje neurons recorded in vivo or in the slice prep- 

12 DIV 21 DIV 

/ 
DS 

/“JJ’-4 i 
+60 40 

i\--- -250, 
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Figure 2. Developmental changes in voltage responses elicited by intracellular injection of depolarizing and hypcrpolarlzing current pulses. The 
responses are from four different neurons recorded under current-clamp conditions at the culture age specified. The membrane potentials were held 
at -62 to -65 mV, considered to reflect the normal resting potential for these neurons. In this and all other current-clamp figures, the number to 
the left of each voltage trace indicates the amplitude of the applied current pulse, which is not shown. Current pulses were -500 msec in duration. 
In most figures, the spike amplitude is not fully reproduced. Simple spikes (Ss) were characteristic of all culture ages. Complex spikes (Cs) were 
a property of older neurons. Doublet spikes (OS) are considered to he an immature form of the complex spike. OR, off-response. 
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Figure 3. Developmental changes in current evoked spiking. A, The relationship between simple spike firing rate (mean + SEM) and current 
intensity for the population of neurons studied at 6-9 DIV and >20 DIV. Spikes were evoked by depolarizing current pulses 500 msec in duration. 
Spikes in the initial burst discharge (i.e., the complex spike) that preceded the simple spike firing of the older neurons were not included in the 
count. At all culture ages, firing rate increased to a maximum as the current intensity was increased. Larger currents were necessary for the older 
neurons because of the lower input resistance (see Fig. 6). Numbers in parentheses indicate the number of neurons studied. B, Maximum firing rate 
(mean + SEM) for simple spikes at each culture age studied. The mean firing rate abruptly increased between 9-10 and 12-13 DIV. C, The 
percentage of cells exhibiting simple spikes (Ss) and prominent burst events considered to be complex spikes (Cs) for the population of neurons 
studied. The largest increase in neurons exhibiting the complex spike occurred between 9-10 DIV and 12-l 3 DIV. Data are from the same population 
of neurons as in B. 
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Figure 4. Pharmacological properties of active responses. A, Effect of TTX on current-evoked spike activity. The recordings are from the three 
neurons shown in the phase-contrast micrographs: AI, 6 DIV, A2, 12 DIV, A3, 2 1 DIV. TTX (1 PM) was present in the recording medium. TTX 
blocked the repetitive simple spike firing at all culture ages. The complex spike at the onset of the voltage response in older neurons was not 
antagonized. Control firing patterns (no TTX) were similar to that shown in Figure 2. B, Replacement of external sodium to 50% of the control 
level with isosmotic sucrose blocked the fast spike of the complex spike and reduced the amplitude and duration of the slow depolarization. Total 
removal of extracellular sodium did not eliminate the slow depolarization (not shown). C, Reducing external calcium from 2.2 mM to approximately 
0.2 mM decreased the amplitude and duration of the complex spike and altered the repetitive simple spike firing pattern. 
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A Control 50pM Cadmium Recovery 

Figure 5. Effect of cadmium on cur- 
rent-evoked spiking. The cadmium was 
applied by micropressure from a pi- 
pette containing 50 PM CdCl, dissolved 
in bath saline to a 9 DIV Purkinje neu- 
ron (A) and a 13 DIV Purkinje neuron 
(B). Cadmium blocked repetitive firing 
at both culture ages. The complex spike 
(arrow) evoked by a hyperpolarizing 
current pulse in the 13 DIV neuron was 
not blocked by 50 PM cadmium. The 
smaller-amplitude, long-duration fast 
spike of the complex spike was blocked 
by cadmium. 
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aration and is referred to as such. Based on this similarity, the 
burst event of the young cultured neurons is considered to be 
an immature form of the complex spike. The percentage of 
neurons exhibiting the complex spike increased during the cul- 
ture period (Fig. 3C). The largest increase occurred between 9- 
10 and 12-l 3 DIV. In the older neurons, small depolarizations 
evoked this spike event without the subsequent repetitive simple 
spike activity (Fig. 2), indicating that threshold for activation 
was at a more hyperpolarized potential than that for repetitive 
firing. A similar event was evoked at the termination of hyper- 
polarizing current pulses of sufficient amplitude (Fig. 2) or by 
depolarization from a hyperpolarized holding potential (see Fig. 
6B). 

The fast simple spikes in young and old neurons were antag- 
onized by addition of TTX to the recording medium or replace- 
ment of extracellular sodium with an impermeant compound 
(Fig. 4A,B). The slow depolarization of the complex spike was 
not blocked but was reduced somewhat in amplitude and du- 
ration (Fig. 4B). Removal of external calcium decreased the 
amplitude of the complex spike, altered the repetitive simple 
spike firing, and reduced the amplitude ofthe simple spikes (Fig. 
4C), an effect not observed with a similar reduction in extra- 
cellular magnesium (not shown). Low concentrations of cad- 
mium (50-100 PM), a calcium channel blocker, antagonized the 
repetitive simple spike activity of the young and old neurons 
but did not block the slow depolarization of the complex spike 
(Fig. 5). However, 10 mM magnesium, another calcium channel 
blocker, antagonized both the complex spike and repetitive sim- 
ple spike activity (not shown). 

Response to hyperpolarizing current pulses 
At all culture ages, the voltage response evoked by hyperpolar- 
izing current pulses exhibited a “sag,” a decline in amplitude 
with time, indicative of the activation of a time-dependent con- 
ductance (Fig. 2). A slow membrane depolarization, the off- 
response, was produced at the termination of the current pulse. 
The amplitude of the “sag” and the off-response increased with 
current intensity (Fig. 6AI,BI). In young neurons, large off- 
responses evoked simple spikes; in older neurons, a complex 
spike was produced (Fig. 2). The amplitude of the off-response, 
and to a lesser extent the sag, increased during the culture period 
(Fig. 6A2,B2). The largest increase in the amplitude of the off- 
response occurred between 9- 10 and 12-l 3 DIV, reflecting the 

developmental expression of the complex spike. In contrast, the 
sag increased gradually between 6-7 and 12-l 3 DIV. 

The sag and the slow depolarization of the off-response were 
antagonized by 0.5-l mM external cesium (Fig. 7) suggesting 
that a time-dependent inward rectifier (i.e., anomalous rectifier) 
mediated these responses. Hyperpolarization of the membrane 
to potentials where anomalous rectifiers are continuously active 
resulted in a decrease in input resistance (Fig. 8), which was 
blocked by 0.5-l mM external cesium (not shown). At the hy- 
perpolarized holding potential, voltage responses evoked by hy- 
perpolarizing current pulses did not show the sag or off-response 
evident at resting membrane potential (Fig. 8). 

Current-voltage relationships 

The current-voltage relationship changed during the develop- 
mental period (Fig. 6C1). In young cultures (6-7, 9-10 DIV), 
current-voltage curves were relatively linear over a wide range 
of membrane potentials. With development, the curves became 
more S-shaped, reflecting the expression of voltage-sensitive 
conductances in both the depolarizing and hyperpolarizing range 
of membrane potentials. Input resistance, measured in the linear 
range of the hyperpolarizing current-voltage curves near resting 
membrane potential, decreased during development (Fig. 6C2). 

Calcium currents studied under voltage-clamp condition 

The sensitivity of the current-evoked spike activity of the young 
and old neurons to calcium channel blockers indicated that 
calcium currents play a prominent role in the generation of these 
events. Voltage clamp studies were pursued to characterize these 
currents and to identify developmental changes that could un- 
derlie the changes observed in the current-clamp studies. Mea- 
surements were made at three culture ages: 7-9 DIV, 12 DIV, 
and I 14 DIV. At the older culture ages (2 12 DIV) neurons 
with limited dendritic structure were selected for study, to min- 
imize space-clamp problems. Representative recordings from 
neurons at early and late developmental stages are shown in 
Figures 9 and 10. Current-voltage curves, collected at holding 
potentials of -40 mV, -62 mV, and -90 mV, are shown in 
Figure 11. Currents evoked at a holding potential of -62 mV 
were considered to reflect conductances that could be activated 
at the normal resting potential of the neuron. Mean current 
amplitudes at test potentials of - - 30 mV and -0 mV are 
summarized in Table 1. 
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Figure 6. Developmental changes in responses evoked by hyperpolarizing pulses and in the current-voltage relationship. Al, The relationship 
between the amplitude of the “sag” and current intensity for the population of neurons studied at 6-7 DIV and >20 DIV. The sag was measured 
as the difference between the mean peak (P/c) and sustained (Su) levels of the hyperpolarizing response (see inset) for the population of neurons 
studied at each culture age and is expressed as a percentage of the peak amplitude. The amplitude of the sag increased with current intensity at all 
culture ages. A2, The amplitude of the sag (expressed as a percentage of peak amplitude) at different culture ages. Data were obtained from responses 
that hyperpolarized the membrane to a standard peak value of -90 mV. The amplitude of the sag showed a small increase between 6-7 and 12- 
13 DIV. BI, The relationship between the amplitude (mean + SEM) of the off-response and current intensity for the population of neurons studied 
at 6-7 DIV and >20 DIV. The amplitude of the off-response, measured from baseline level to the peak of the depolarization, increased to a 
maximum as the current intensity was increased. B2, The maximum amplitude of the off-response (mean + SEM) at each culture age. Maximum 
amplitudes were similar at 6-7 and 9-10 DIV and then increased with age, reflecting the developmental expression of the complex spike. Cl, 
Current-voltage relationships constructed from mean (*SEM) values for the population of neurons studied at 6-7 DIV and >20 DIV. Voltage 
responses were measured at the initial peak level. Graphs for the sustained level (not shown) were similar. The current-voltage curves were more 
S-shaped in older neurons. C2, Input resistance (mean * SEM) for the population of neurons studied at each culture age. Input resistance (slope 
resistance) was calculated from the linear region of the current-voltage curve near resting potential for both the peak (P/c) and sustained (Su) 
current-voltage curves. Input resistance decreased with culture age. The largest decrease occurred between 6-7 and 9-10 DIV. Numbers inparenthesis 
indicate the number of neurons studied, which were the same for all studies illustrated in this figure. Data are from the same population of neurons 
as shown in Figure 3. 

In the young neurons (7-9 DIV) at all three holding potentials, ably reflecting time-dependent inactivation (Fig. 94. The mag- 
depolarization of the membrane with a series of test commands nitude of the inactivating component, which was largest for the 
evoked inward currents characterized by an initial peak that - 90 mV holding potential, is shown in the difference curves of 
slowly declined to a smaller relatively sustained level, presum- Figure 11. The inward current activated at potentials around 
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Figure 7. Effect of extracellular cesium on the current-evoked voltage response.‘Recordings are from a 10 DIV (A) and a 19 DIV (B) Purkinje 
neuron. In B, TTX (1 PM) was present in the recording medium. Under control conditions (no TTX), the firing pattern was similar to that shown 
for the 21 DIV Purkinje neuron in Figure 2. At both culture ages, cesium blocked the sag (arrow) in the voltage response elicited by hyperpolarizing 
current pulses and increased the amplitude of the response. Cesium also reduced the slow afterdepolarization at the termination of the hyperpolarizing 
pulse 0. Voltage responses evoked by depolarizing current pulses were relatively unaffected by cesium. 
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Figure 8. Effect of membrane hyperpolarization on current-voltage 
relations. Recordings are from a 6 DIV (A) and 10 DIV (B) Purkinje 
neuron at two membrane potentials, rest (- -62 mV) and -20 mV 
hyperpolarized from rest (- - 80 mV). At both culture ages, hyperpo- 
larization of the membrane eliminated the sag in the hyperpolarizing 
voltage response and the off-response produced at the termination of 
the current pulse. In the older neuron (10 DIV), depolarization of the 
membrane from the hyperpolarized potential elicited a burst event (ar- 
row) at the onset of the voltage response. A similar burst event (arrow) 
was not evident in the 6 DIV neuron. 

-20 mV and was largest at potentials around 0 mV (Fig. 11). 
Low concentrations (So-100 PM) of cadmium antagonized the 
current in a reversible manner (Fig. 9, Table 2). 

In older neurons with dendritic structure, an inward calcium 
current with properties similar to that observed in the young 
neurons was evident (Fig. 10). Properties in common included 
a similar voltage sensitivity, time course, and cadmium sensi- 
tivity. In addition, a rapidly inactivating current evoked at more 
hyperpolarized test commands was present (referred to as the 
low-threshold current; Fig. 10). This current was elicited by 
depolarizing test commands from holding potentials of - 62 mV 
or -90 mV but not from a holding potential of -40 mV. 
Threshold potential for activation was around - 50 mV. At test 
potentials of -50 mV to -40 mV, where the current could be 
observed in isolation, the current reached an initial peak within 
20-30 msec of the pulse onset and then declined to approxi- 
mately baseline level within 100 msec. At more depolarized 
potentials, a sustained component was also evident, presumably 
reflecting activation of the higher-threshold current described 
above (referred to as the high-threshold current). In contrast to 
the high-threshold current, the low-threshold current was resis- 
tant to low doses (SO-100 PM) of cadmium (Fig. 10, Table 2). 
Nickel (100-300 PM) and amiloride (100 PM) were also relatively 
ineffective or antagonized both the high- and low-threshold cur- 
rents (not shown). 

Developmental changes in calcium currents 
A comparison of current amplitudes, current-voltage curves, 
and difference curves revealed developmental changes in the 
calcium currents (Fig. 11). At all three holding potentials, the 
amplitude of the inward current both at the initial peak and at 
the sustained level near the termination of the pulse increased 
with development. The amplitude of the inactivating compo- 
nent evident in the difference curves (Fig. 1 lA3-C3) also in- 
creased with development, most notably at test potentials where 
the low-threshold calcium current was observed. In addition, 
at holding potentials of -62 mV and -90 mV, the threshold 
potential for activation ofthe peak current shifted in the negative 
direction. This shift did not occur for currents measured at the 
sustained current level or for peak and sustained currents mea- 
sured at a holding potential of -40 mV, when the low-threshold 

Table 1. Magnitude of calcium currents in cerebellar Purkinje neurons 

Holding Test potential (PA) 
poten- 

Age tial -30 mV OmV 

@‘IV) N WV) Ipk I S” I Pk I SY 

l-9 4 -40 -35 f  15 -45 3z 14 -278 k 107 -187 + 48 
12 2 -40 -24 f  10 -34 f  10 -393 f  37 -354 + 12 

214 10 -40 -70 + 14 -95 f  19 -637 f  127 -541 + 106 
7-9 15 -62 -43 + 9 -49 + 11 -307 AC 56 -231 k 27 

12 8 -62 -55 + 21 -48 zi 16 -397 + 58 -320 f  54 
214 24 -62 -221 t- 37* -71 k 13 -543 + 68* -357 f  53 

l-9 9 -90 -64 k 31 -61 k 24 -641 + 146 -387 + 68 
12 6 -90 -243 k 125** -118 * 53 -924 * 72 -551 + 30 

214 13 -90 -716 f  133* -368 f  107* -986 f  134 -629 rk 75* 

N = number of cells studied; current values are mean + SEM. I,,*, peak current (PA); I,., sustained current @A) measured 
near the termination of the command. 
* Statistically significant difference compared to 7-9 DIV value (P 5 0.05 level, ANOVA). 
** Statistically significant compared to 7-9 and 2 14 DIV values (P c 0.05 level, ANOVA). 
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Figure 9. Calcium currents recorded in a 9 DIV Purkinje neuron studied under voltage-clamp conditions. Top traces show the voltage recordings; 
bottom traces show the current recordings. Numbers to the right indicate the test potentials. A, Currents evoked by depolarizing test commands 
from three different holding potentials. Depolarization from all three holding potentials to test potentials around -40 mV to -30 mV evoked only 
small leak currents. Stronger depolarization, to 0 mV, evoked an inward current that reached an initial peak and then declined to a smaller, relatively 
sustained level. Depolarization to around +60 mV evoked a small outward current. B, Exposure to 50 FM cadmium applied by micropressure 
antagonized the inward current. 

current was inactivated. The potential at which the maximum 
current was evoked also shifted in the negative direction during 
development, from -0 mV at 7-9 DIV to - - 15 mV at > 13 
DIV. 

Discussion 
Current-clamp recordings from cultured Purkinje neurons at 
various stages of morphological development demonstrated that 
the electrophysiological properties changed during maturation. 
These changes included (1) an increase in firing rate, (2) ex- 

pression of the complex spike, (3) reshaping of the current- 
voltage relationship, and (4) a decrease in input resistance. The 
decrease in input resistance presumably resulted from the large 
increase in neuronal size that occurs during development and 
from the expression of the associated membrane conductances. 
However, the reshaping of the current-voltage relationship, the 
increase in firing rate, and the late appearance of the complex 
spike indicated that the population of ionic conductances also 
changed during maturation. 

The appearance of the complex spike between 9-l 0 and 12- 

Table 2. Effect of cadmium on calcium currents in cerebellar Purkinje neurons 

Holding Test potential (PA) 
poten- 
tial -30 mV OmV 

Condition N WV) 4, I SY I Dk I 5” 

I DIV 
Control 5 -62 -42 k 9 -34* 7 -491 k 165 -302 k 94 
Cadmium puff 5 -62 -41 k 8 -35 + 8 -109 f  51 -108 2 3 

% Change - 2% +3% -78% -64% 
Control 3 -90 -17 f  26 -33 + 8 -776 k 264 -361 + 109 
Cadmium puff 3 -90 -49 + 12 -29 + 8 -244 + 89 -186 k 44 

% Change + 188% -12% -69% -48% 
2 14 DIV 

Control 10 -62 -258 + 39 -55 k 7 -818 IL 130 -551 * 113 
Cadmium puff 10 -62 -173 + 25 -42 iz 9 -293 ? 85 -160 iz 57 

% Change -33% - 24% -64% -70% 
Control 3 -90 -221 k 94 -125 + 36 -822 + 195 -514 -t 195 
Cadmium puff 3 -90 -209 k 96 -128 + 55 -254 + 81 -130 & 12 

% Change -5% +2% -69% -15% 

N = number of cells studied; current values are mean + SEM. Percentage change was calculated from mean values. 
I,,, peak current (PA); I,., sustained current (PA) measured near the termination of the command. 
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Figure IO. Calcium currents recorded in a 17 DIV Purkinje neuron studied under voltage-clamp conditions. Top truces show the voltage recordings; 
bottom truces show the current recordings. Numbers to the right indicate the test potentials. A, Currents evoked by test commands from three 
different holding potentials. Depolarization from a holding potential of -40 mV to a test potential of -30 mV produced only a small leak current. 
Depolarization to test potentials of - 10 and 0 mV evoked the high-threshold current. Depolarization from a holding potential of - 62 mV or - 90 
mV evoked both a low-threshold rapidly inactivating current and the high-threshold sustained current. The low-threshold current is evident in the 
traces for test potentials to around -40 mV. The high-threshold current is evident in the traces for test potentials to around 0 mV. An outward 
current is evoked by the most depolarized test potentials. Hyperpolarizing commands from a holding potential of -62 mV elicited a very small 
leak current following the capacitance tansient. B and C, Voltage-clamp recordings from two 14 DIV Purkinje neurons studied at different holding 
potentials, -62 mV (B) and -90 mV (C’). Inward currents similar to that shown for the cell in A were observed. Exposure to 50 PM cadmium 
applied by micropressure antagonized the high-threshold but not the low-threshold current. 

13 DIV was one of the most prominent developmental changes 
observed in the current-clamp studies. Studies with calcium 
channel blockers and ion substitution indicated that calcium 
conductances play a major role in the generation of this spike 
event, although sodium and potassium conductances may also 
contribute. In voltage-clamp studies of older neurons that ex- 
pressed the complex spike, two calcium currents were identified: 
(1) a high-threshold slowly inactivating calcium current sensi- 
tive to 50-100 PM external cadmium, and (2) a low-threshold 
rapidly inactivating calcium current relatively resistant to these 
concentrations of cadmium. In the young Purkinje neurons, 
which did not express the complex spike, only the high-threshold 
current was evident. The properties of these currents were sim- 
ilar to those described previously for high- and low-threshold 
currents in cultured (Bossu et al., 1990) and acutely isolated 
Purkinje neurons (Regan et al., 199 1; Regan, 199 I), and in other 
CNS neurons (Kay and Wong, 1987; Yaari et al., 1987; Lux, 
1988; Tsien et al., 1988; Coulter et al., 1989; Crunelli et al., 
1989; McCobb et al., 1989, 1990; Meyers and Barker, 1989; 
Suzuki and Rogawski, 1989; Takahashi et al., 1989; Hamill et 
al., 1991). However, the low-threshold current in the cultured 
Purkinje neurons was relatively resistant to low doses of nickel 
and amiloride, compounds reported to block the low-threshold 
calcium current in some preparations (Narahashi et al., 1987; 
Tang et al., 1988; Tsien et al., 1988; McCobb et al., 1990). 

The time course, voltage sensitivity, and pharmacology of the 
low-threshold current were similar to that observed for the slow 
depolarization of the complex spike. The developmental ex- 

pression of the low-threshold current and the complex spike 
occurred over a similar time period. Thus, the low-threshold 
calcium current appears to play a prominent role in the gen- 
eration of this spike event. A contribution of the high-threshold 
calcium current also seems likely, based on studies of Purkinje 
neurons in the slice preparation (Llinas and Sugimori, 1980a,b), 
but this could not be assessed under the conditions used in the 
present study. 

The developmental expression of the low-threshold calcium 
current paralleled dendritic development, as did the increase in 
amplitude of the high-threshold current, which was present be- 
fore dendrites formed. This correlation suggests that both con- 
ductances are present in the dendritic region. A somatic location 
is also likely, since the high-threshold current was observed in 
the young neurons without dendrites. Others have also reported 
that calcium conductances are present in both the somatic and 
dendritic regions of the Purkinje neurons. Bossu et al. (1989, 
1990) using voltage-clamp and single-channel recordings, ob- 
served both the low- and high-threshold calcium currents in the 
somatic and dendritic regions of Purkinje neurons maintained 
under different culture conditions. Regan (199 1) showed that 
acutely isolated Purkinje neurons from l-3 week postnatal rats 
exhibited a high- and a low-threshold calcium current when 
studied under voltage-clamp conditions. These neurons con- 
sisted primarily of the somatic region, although some dendritic 
structure was present. A dendritic location of the high-threshold 
calcium current was shown in intracellular recordings from adult 
Purkinje neurons in slice preparations (Llinas and Sugimori, 
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Figure II. Current-voltage curves for neurons studied under voltage-clamp conditions. Currents were evoked by depolarizing test commands 
from holding potentials of -40 mV (A), -62 mV (B), and -90 mV (C). Measurements were made of the initial peak amplitude and the amplitude 
near the termination of the pulse where the current level was relatively stable (referred to as the sustained level). AI-Cl, Current-voltage curves 
constructed from peak values (mean + SEM). A2-C2, Current-voltage curves constructed from the sustained values (mean f  SEM). A3-C3, 
Difference curves obtained by subtraction of the peak current amplitude minus the sustained current amplitude at each test potential. Three culture 
ages were studied, 7-9 DIV (O), 12 DIV (A), and > 13 DIV (Cl).. 

1980b). In another study, the low-threshold calcium current was 
identified in Purkinje neurons in the slice preparation (Crepe1 
and Soria-P, 1986), although the cellular localization was not 
assessed. 

Dendritic calcium conductances are thought to play a prom- 
inent role in repetitive firing and the generation of spontaneous 
activity ofmature Purkinje neurons (Llinas and Sugimori, 1980b). 
Results from the current studies support this role. However, in 
the cultured Purkinje neurons, repetitive firing was evident at 
youngest age studied, when spontaneous firing patterns were 
also seen (Gruol and Franklin, 1987). These young neurons did 
not possess dendrites, and thus dendrites are not absolutely 
required for this activity. The repetitive firing in the young 
neurons was antagonized by low concentrations of cadmium 
(XI-100 KM), consistent with a role for the high-threshold cal- 
cium conductance that was present at that age. The firing rate 
increased abruptly between 9-10 DIV and 12-13 DIV, coin- 
cident with dendritic development, as did the amplitude of the 
high- and low-threshold calcium currents. These results are con- 
sistent with an influence of dendritic calcium conductances on 
firing rate of the Purkinje neurons. 

The complex spike was a prominent component of the cur- 
rent-evoked voltage response in the older cultured neurons, and 
resembled complex spikes evoked by synaptic input to Purkinje 
neurons studied in the slice preparation (Llinas and Sugimori, 
1980a, 1982; Crepe1 et al., 1981; Hounsgaard and Midtgaard, 
1989). However, Purkinje neurons in the slice preparation do 
not normally develop a complex spike when depolarized by 

current pulses. Burst discharges are produced by depolarizing 
current, but appear later in the response and do not resemble 
the synaptically evoked complex spike. This dissimilarity be- 
tween the cultured and slice neurons could result from technical 
or physiological factors. Whole-cell patch recordings were used 
for the cultured neurons; conventional intracellular methods 
were used in the slice studies. Ionic conditions and recording 
temperatures also differed. Additionally, the size and morpho- 
logical structure of the dendritic trees were not equivalent. The 
dendritic structure of the cultured neurons is smaller and less 
complex than that found in mature Purkinje neurons differen- 
tiated in vivo. Thus, the applied current may be more effective 
in depolarizing the former’s dendrites, yielding a larger contri- 
bution of dendritic conductances to the voltage response. The 
limited dendritic structure of the cultured neurons could also 
contribute to their somewhat lower firing rates compared to 
Purkinje neurons recorded in vivo. 

The developmental sequence in expression of the calcium 
currents in the Purkinje neurons, with an early appearance of 
the high-threshold calcium current followed later by the low- 
threshold current, resembles the developmental sequence re- 
ported for neocortical neurons (Hamill et al., 1991). However, 
in both hippocampal (Yaari et al., 1987; but see Meyers and 
Barker, 1989) and spinal cord neurons (McCobb et al., 1989, 
1990) this sequence is reversed, with the low-threshold current 
preceding the high-threshold calcium current. Thus, the role of 
these two calcium currents in developing CNS neurons may 
vary according to neuronal type. 
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The young Purkinje neurons also exhibited a prominent po- 
tassium conductance, identified as the anomalous rectifier based 
on voltage sensitivity and pharmacological sensitivity. This con- 
ductance produced a “sag” in the voltage response to hyper- 
polarizing current pulses. Similar responses in Purkinje neurons 
in a slice preparation were shown by voltage clamp to be me- 
diated by a time-dependent anomalous rectifier (Crepe1 and 
Soria-P, 1986). The presence of this conductance in the young 
neurons indicates an early timetable for developmental expres- 
sion. Kapoor et al. (1988) have also noted the early expression 
of this conductance in Purkinje neurons studied a slice-culture 
preparation. The amplitude of the “sag” increased slightly dur- 
ing the culture period, but did not show the dramatic devel- 
opmental changes observed for the calcium conductances. 
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