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Abstrac t  Ca 2+ currents play a crucial role during neuro- 
nal growth. In this paper we describe the development of 
Ca 2§ currents using whole-cell patch-clamp recordings in 
granule cells of cerebellar slices obtained from 7- to 24- 
day-old rats. Granule cells expressed high-voltage-acti- 
vated (HVA) Ca 2§ currents in different proportions. The 
percentage of cells with a measurable HVA current, and 
the size of HVA current increased in parallel with gran- 
ule cell maturation. At less than 14 days HVA currents 
consisted of a fast- and slow-inactivating component, 
while at more than 19 days only the slow-inactivating 
component remained. The fast-inactivating component 
had faster activation and inactivation kinetics, a more 
negative threshold for activation, and steeper steady-state 
inactivation than the slow-inactivating component. 
Nifedipine (5 gM) partially blocked both components. 
co-Conotoxin (5 gM, co-CgTx) blocked the slow-inacti- 
vating component rather selectively. These results indi- 
cate that HVA currents change their gating and pharma- 
cological properties during development. Although the 
mechanism at the molecular level remains speculative, 
the developmental changes of the HVA current are rele- 
vant to the processes of granule cell maturation and ex- 
citability. 
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Introduction 

Different types of voltage-activated channels regulate 
Ca 2+ inflow through the neuronal membrane. Depending 
on the threshold for activation, neuronal Ca 2§ channels 
can be classified as high-voltage activated (HVA) and 
low-voltage activated (LVA). HVA and LVA channels 
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differ also as to their pharmacological sensitivity and ki- 
netics [8]. HVA channels can be further distinguished as 
L-, N-, and P-type according to their pharmacological 
properties (for recent reviews see [24, 35]). 

It is widely accepted that Ca 2+ inflow through the 
plasma membrane plays a major role in controlling neu- 
ronal excitability, neurotransmitter release, and neuro- 
genesis [2]. So far, development of neuronal Ca 2+ cur- 
rents has been studied mostly in cell culture [4, 39], and 
in acutely isolated neurons [36]. In this study, we used 
cerebellar slices obtained from rats of different ages and 
recorded Ca 2§ currents from granule cell neurons in the 
whole-cell patch-clamp configuration [15]. Recent ex- 
perimental and modelling work has shown that cerebellar 
granule cells are electrotonically quite compact [38], and 
that no relevant electronic changes occur during the 2nd 
and 3rd postnatal week [12]. Therefore this method, in 
addition to showing Ca 2+ currents in the native tissue, 
should allow establishment of Ca 2§ current expression at 
a specific developmental stage [13]. 

The rat cerebellar granule cell has been intensely in- 
vestigated as a model of neuronal development in the 
central nervous system [7]. Cerebellar granule cell matu- 
ration occurs after birth following a regular timetable 
consisting of migration in the internal granular layer, for- 
mation of synaptic contacts, and development of mature 
morphological and functional properties [1, 20, 30]. The 
major morphological and functional changes have been 
reported to terminate by the end of the 3rd postnatal 
week. 

Ca 2§ influx in granule cells is provided through differ- 
ent pathways, including N-methyl-D-aspartate- (NMDA)- 
receptor-activated ion channels and voltage-activated 
Ca 2§ channels. Ca > influx is required for granule cell 
survival, neurite outgrowth, and migration [7, 23, 24]. 
Studies in which cerebellar granule cells in culture were 
used reported the presence of HVA currents either of the 
L-type [25], or with both L and N pharmacological prop- 
erties [14, 21]. Recently, an N-like current with unusual- 
ly fast kinetics has been described [16]. Kinetic investi- 
gation of whole-cell currents revealed the existence of 
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two componen t s  [31], the or igins  of  which remain  con- 
troversial .  In fact, s ingle-channel  recordings  sugges ted  
ei ther  that jus t  one Ca 2+ channel  with complex  gat ing 
proper t ies  was present  [32], or that more  Ca > channels  
were expressed  in c e r e b e l l a  granule  cel ls  in cul ture 
[6, 17]. 

We found that HVA currents  in situ changed  their  am- 
pli tude,  kinet ics ,  gating,  and p h a r m a c o l o g y  during deve-  
lopment .  Our  results  suggest  that  different  ensemble  cur-  
rents observed  at different  ages can be exp la ined  by the 
coexis tance  of  a fast-  and a s low- inac t iva t ing  componen t  
in different  propor t ions .  

Materials and methods 

Slice preparation. Cerebellar slices were obtained from 7- to 24- 
day-old Wistar rats (day of birth=P1) as described previously 
[11, 12]. Slices were cut in the parasagittal plane and were 
200-300 lain thick. 

Patch-clamp recording. Whole-cell patch-clamp recordings were 
performed as reported previously [12, 15]. Patch pipettes were 
pulled from thick-walled borosilicate glass capillaries , and had 
7-9 MX2 resistance before seal formation. Except in five neurons, 
the current transient induced from the holding potential of -80 mV 
by 10-mV hypevpolarizing pulses (sampling frequency=50kHz) 
had a fast mono-exponential decay. Analysis of the transient 
showed that these neurons had the high input resistance (Rm=l-5 
Gg2), low membrane capacitance (Cm=2-4 pF), and fast voltage- 
clamp time constant (%c=80-120 gs) typical of granule cells [12, 
38]. Series resistance (R~) was 20-30 M.Q. The same properties 
were found both using the blind-seal approach and recording from 
granule cells identified with Nomarsky optics. Ca 2-- currents were 
isolated by blocking Na + and K + currents, and by replacing intra- 
cellular K + by Cs + (see solutions below). Currents were recorded at 
room temperature (19-21 ~ C) using an Axopatch-lD (Axon Instru- 
ments) patch-clamp amplifier at the output cut-off frequency of 5 
kHz. Currents were simultaneously stored on a DAT recorder (Bio- 
logic DTR-1201), and fed to the mass memory of a PC (sampling 
intervals 400-1000 gs). 

Data analysis. Acquisition and data analysis were done using 
P-Clamp and Dempster software (J. Dempster, Department of 
Physiology, University of Strathciyde, Glasgow, Scotland). Leak- 
age current was commonly subtracted using hyperpolarizing pulses 
delivered before the test pulse, and in some cells also by subtract- 
ing the residual current recorded after perfusion of 500 btM CdCI> 

Data are reported as mean+SEM, and the number of observa- 
tion is indicated in brackets. 

Error estimation. Cerebellar granule cells are composed of a small 
spherical soma protruding four tiny dendrites and an axon, the as- 
cending branch of parallel fibres [20]. The axon is thin (diameter of 
0.1 pro) and contributes less than 15% to the total input conduc- 
tance (unpublished). Since cerebellar granule cells had a high 
Rm/R s ratio (about 200 times), the voltage-clamp error introduced 
by R~ was negligible (0.5 mV/100 mV, see also [12]. 

At a first approximation cerebellar granule cells can be treated 
as a single electrical compartment [12, 33]. This approximation 
was used to calculate the cut-off frequency response of the whole 
electrode plus cell system in voltage-clamp conditions, f~c. The de- 
cay of passive current transients was fitted by a single exponential 
function with a time constant, Vvc = RsC m (see above), and an fvo 
value of 1/2 :rVvc (-3 dB attenuation) was calculated. With an aver- 
age %c value of 110 gs, fvc was 1.5 kHz (range 1.2-2 kHz). Con- 
ductance changes occurring at a frequency less than 1.5 kHz, 
therefore, should be substantially unaffected by voltage-clamp 
en'ors. 

Finer modelling using a spherical cell body attached to an 
equivalent cylinder can be used to estimate the space-clamp error 
introduced by electrotonic distortion in the processes. The voltage 
attenuation of a sine wave of known frequency (fo) was calculated 
using the analytical solution of the cable equation recently used by 
Spruston et al. ([33], Eqs. 8-12, which are not repeated here). 
Voltage attenuation at the end of the equivalent cylinder was si- 
mulated using a sinusoidal potential variation in the soma with 
fc=fvc=l.5 kHz. At the peak of Ca 2+ currents, R m and "I; m (=RmCm) 
were 6-times smaller than at rest. The six-fold smaller R m caused a 
2.4-times decrease of the membrane space constant, ,~, which 
made the electrotonic length L=l/2~ to increase from its resting 
value of 0.04 [12, 38] to 0.096. With these parameters (L=0.096, 
Zm=l ms, f~=l.5 kHz), the calculated attenuation was 0.977. The 
maximum space-clamp error was therefore of 2.3% during the 
fastest transitions (rising phase, tail current) of Ca 2+ currents. At 
the low frequencies typical of Ca 2+ current decay (<10 Hz), how- 
ever, calculated attenuation was negligible approaching the steady- 
state value of less than 1% reported previously [12]. 

Solutions. Krebs solution for slice cutting and recovery contained 
(mM): NaC1 120, KC1 2, MgSO4.TH20 1.2, NaHCO 3 26, KH~PO 4 
1.2, CaCI 2 2, glucose 11. This solution was equilibrated with 95% 
02 and 5% CO 2 (pH 7.4). 

The extracellular recording solution contained (mM): NaC1 
100, MgC12 2, tetraethylammonium (TEA) 15, NaHCO 3 26, CaC12 
5, glucose 10, 4-aminopyridine (4-AP) 4, and tetrodotoxin (TTX) 
3 btM. This solution was equilibrated with 95% 02, 5% CO 2 
(pH 7.4). 

The intracellular solution contained (mM): CsCI 120, TEA-CI 
20, ethyleneglycolbis-(aminoethylether)tetra-acetic acid (EGTA) 
10, MgC1 z 2, 4-(2-hydroxyethyl)-l-piperazinethanesulphonic acid 
(HEPES) 10, 4-adenosine 5'-triphosphate (Mg-ATP) 2, and adeno- 
sine 3',5'-cyclic monophosphate (cAMP) 1. The pH was adjusted 
to 7.2 with CsOH. With cAMP and ATP in the intracellular solu- 
tion, HVA cun'ents were recorded without appreciable run-down 
(5_+2% in the first 6 min of recording, n=6). 

The synthetic peptide co-conotoxin GVIA (co-CgTx), was ob- 
tained from Peninsula Laboratories. Bay K 8644 was a gift from 
Dr. Seuter, Bayer. co Agatoxin IVA (co-AGA-IVA) was obtained 
from International Peptides. D-2-Amino-5-phosphonovalerate 
(APV) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were 
obtained from Tocris Neuramin, and bicuculline methobromide 
from Sigma. 

Drugs were applied locally through a multi-barrel pipette posi- 
tioned 50-100 btm away from the recorded cell. 

Results 

Whole -ce l l  pa tch-c lamp record ings  were  made  in 184 
neurons  in the inner  granular  layer  o f  cerebel la r  sl ices 
ob ta ined  f rom rats aging f rom P7 to P24. The  Tvo was 
1 0 8 + 1 9 g s  at P I 0 - P 1 4  (n=37),  and 106+13bts  at 
P 1 9 - P 2 4  (n=25).  In the same cells,  the whole  input  resis-  
tance was 2.3+0.2 G ~  at P 1 0 - P 1 4  (n=37) and 1.8+0.2 
Gs at P 1 9 - P 2 4  (n=25),  and C m was 3 . 1 + 0 . 3 p F  at 
P 1 0 - P 1 4  (n=37) and 2 . 7 + 0 . 4 p F  at P 1 9 - P 2 4  (n=25). 
Repor ted  values are consis tent  with previous  results  
[12, 38]. 

Figure  1 shows famil ies  of  Ca 2+ current  recordings  
obta ined  at different  ages. In all examples ,  currents 
started to activate at h igh potent ia ls  (be tween - 4 0  and 
- 2 0  mV) and showed slow inact ivat ion (tens to hundreds  
o f  mi l l i seconds)  d isp laying ,  therefore,  proper t ies  of  HVA 
Ca a+ currents as repor ted  also by  others  [14, 25, 31]. The  
r is ing phase  of  HVA currents  was 10-t imes slower,  and 



Fig. 1 High-voltage activated 
(HVA) Ca 2+ currents in granule 
cells of rat cerebellar slices 
at different ages. HVA Ca 2+ 
currents were elicited by depo- 
larizing pulses increasing in 
10-mV steps from the holding 
potential of-80 inV. Traces 
are shown for 3 cells at P8, 
P 11, and P24 (day of birth=P 1). 
The voltage clamp protocol is 
indicated in the inset 
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the decay phase more than 500-times slower than the 
voltage-clamp response. Exponential fitting to the tail 
currents generated by current deactivation yielded time 
constants smaller than 1 ms at all the ages tested. We did 
not observe in the reported experiments abnormal kinet- 
ics (like " notchings" or slow tails) which might be inter- 
preted as a voltage-clamp failure of the Ca 2+ current. 

Time course of HVA current development 

Granule cell maturation was characterized by a gradual 
increase of the percentage of cells with appreciable HVA 
currents (Fig. 2A, filled circles). It should also be noted 
that most granule cells with HVA currents showed spon- 
taneous synaptic activity (Fig. 2A, open circles), while 
cells lacking apparent Ca 2+ currents never showed spon- 
taneous synaptic activity. HVA current amplitude in- 
creased markedly with the age of the donor animal, as 
shown in Fig. 2B (top). Since granule cell C m remained 
almost unchanged (Fig. 2B, bottom), Ca 2+ current densi- 
ty increased proportionately to peak amplitude. Assum- 
ing a specific C m of 1 gF/cm 2, Ca > current density at- 
tained values of 0.06 mA/cm 2 after P20. Mean current 
voltage (1/V) relationships for peak current were ob- 
tained from three groups of granule cells at P7-P8, 
P l l - P 1 5 ,  and P20-P24 (Fig. 2C). I /V  plots resembled 
closely those reported for HVA currents in granule cells 
and other neurons in culture. 

Interestingly, we found that HVA current inactiva- 
tion was more evident in immature than in mature gran- 
ule cells, as indicated by the fraction of inactivated cur- 
rent after a 120-ms pulse normalized to peak current 
(Fig. 2D). The mechanism of this change was investi- 
gated by comparing the properties of HVA currents 

between granule cells at two distinct stages of develop- 
ment, the immature stage (P10-P14) and after matura- 
tion (P19-P24). 

Evidence for two distinct HVA current components 

In immature granule ceils, inactivation was fitted well by 
the sum of two exponentials (Fig. 3A, upper trace). The 
fast exponential component relaxed with a time constant 
of 35+5 ms, and was insensitive to voltage (Fig. 3B, 
closed circles). The slow component was 1 order of mag- 
nitude slower, and was voltage sensitive (Fig. 3B, open 
circles). In mature granule cells inactivation was fitted 
well by a single exponential (Fig. 3A, lower trace). The 
single inactivation component of mature cells coincided 
with the slower inactivation component of immature 
cells (Fig. 3B, squares and open circles respectively). At 
-20  mV reliable fittings of the slow-inactivating compo- 
nent were obtained only in few cases. This was apparent- 
ly caused by the limited duration of current traces com- 
pared to the decay time course. Exponential fitting to 
plots of decay time constant indicated that, at membrane 
potentials negative to 0 mV, the slow-inactivating com- 
ponent decreased by e-fold with an 8-mV depolarization, 
and that at potentials positive to 0 mV it remained almost 
constant around 300 ms. 

To test whether Ca2+-dependent inactivation might 
play a role in increasing the inactivation rate of immature 
currents, we replaced extracellular Ca 2+ with Ba 2+, which 
is known to cause less HVA current inactivation than 
Ca 2+ [19]. The massive spontaneous synaptic discharge 
which followed 5 m M B a  2+ perfusion usually impaired 
recording conditions. This unwanted effect was prevent- 
ed by blocking postsynaptic receptors with 100gM 
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Fig, 2A-D Time course of HVA current development. A Percent- 
age of cells with detectable HVA current. Open circles are the per- 
centage of these cells which showed spontaneous synaptic activity. 
B HVA current amplitude. Value points are the mean of peak cur- 
rents in different neurons (cells without appreciable Ca 2+ currents 
were not included, the number of observations is indicated). The 
lower plot reports granule cell membrane capacitance (C,,,). C Mean 
current/voltage (I/V) plots for peak HVA Ca 2+ currents were ob- 
tained from 3 groups of cells at P7-P8 (n=5; diamonds), P1 l-P15 
(n=20, squares), and P20-P24 (n=l 1, circles). Cells without appre- 
ciable Ca 2+ currents were not included. D Inactivation of HVA cur- 
rents expressed as the current after a 120-ms pulse normalized to 
peak current. The inset shows two HVA currents at P13 and P24. 
Error bars indicate SEM 

APV, 20 ~M CNQX, and 10 ~tM bicuculline [12] (these 
receptor channel blockers did not change Ca 2+ currents, 
not shown). In a group of six granule cells at P12, steps 
to 0 mV generated Ca 2+ currents of  -56+7 pA, and Ba ~+ 
currents of-52_+6 pA when measured at the peak (exam- 
ple tracings in inset to Fig. 3B). Ba 2+ did not cause an 
obvious shift of  the I /V  relationships. The slight ampli- 
tude decrease with Ba 2+ might be caused by persistence 
of a small amount of Ca 2+ within the slice tissue, which 
is enough to severely reduce Ba 2+ conductance [22]. Ba 2+ 
and Ca 2+ currents were superimposable, excluding that 
increased inactivation in immature neurons was caused 
by Ca 2+ influx during the test pulse. Inactivation time 
constants of  currents where the charge carriers were 
either Ca 2+ or Ba 2+ are compared in Fig. 3B (circles and 
triangles, respectively). 

Immature and mature HVA currents differed also as to 
their activation kinetics. Time to peak (ttp) decreased 
with membrane depolarization (Fig. 3C) and it was 
shorter in immature than in mature granule cells (see in- 
set to Fig. 3C). Exponential fitting to the ttp plots yield- 

ed an e-fold decrease of ttp with 42 mV and 19 mV, re- 
spectively. 

I/V relationship and steady-state inactivation 
of the HVA currents 

The amplitudes of the fast- and slow-inactivating current 
components were obtained as the amplitude of expo- 
nential curve(s) fitted to current decay. However, a rea- 
sonable estimate of the relative contribution of the two 
components was obtained by using the amplitude at the 
end of the pulse as an estimate of  the slow-inactivating 
current component, and by measuring the amplitude of 
the fast-inactivating current component (in immature 
granule cells) as the difference between the peak ampli- 
tude and amplitude at the end of the pulse. Due to its 
simplicity, this method was adopted to measure the am- 
plitude of the two current components in this section and 
in the section on current pharmacology (see below). It 
should be noted that this method, however, slightly un- 
derestimated the slow-inactivating component and slight- 
ly overestimated the fast-inactivating component, be- 
cause the slow component  slightly decayed with time. 

The fast-inactivating component had activated already 
at - 4 0  mV, while the slow-inactivating component acti- 
vated at - 2 0  mV (Fig. 3D). Moreover, since the fast-in- 
activating component peaked at the same test potential as 
the slow-inactivating component (0 mV), the voltage de- 
pendence of activation was less steep for the fast- than 
for the slow-inactivating component. 

Steady-state inactivation of the HVA current was 
measured from Ca 2+ currents recorded on step depolar- 
ization to 0 mV following conditioning pulses of  10 s 
duration between -100  mV and - 2 0  mV (Fig. 4A). Inac- 
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Fig. 3A-D Properties of the two HVA Ca 2+ current components. 
A Ca 2+ currents (dots) and fitted exponential curves (solid lines). 
Note that activation of C a  2+ currents is from the conditioning po- 
tential of-100 mV (10 s to the test potential of 0 mV, while deac- 
tivation is to the holding membrane potential of -60 mV). With 
this voltage-clamp protocol (inset) an apparent leakage current 
was produced due to incomplete subtraction after termination of 
the test pulse. Leakage differences following deactivation were 
proportional to the input resistance (4.7 G-Q and 2.9 Gg2 in the up- 
per and lower traces, respectively). Immature granule cell (Pl 1): 
two exponential functions are required to fit current decay (z1=55 
ms, "c2=588 ms). The global function (enhanced line) is superim- 
posed to the trace. Mature granule cell (P20): one exponential 
function (enhanced line) is required to fit current decay (q=321 
ms). B, C, D The voltage dependence of Ca 2+ currents in two 
groups of cells at P1 l-P14 (cimles), and at P19-P24 (squares). B 
Inactivation time constants of HVA Ca 2+ currents obtained with 
exponential fittings in immature (cilvles, n=ll), and mature 
(squares, n=5, but n=3 at -20 mV) granule cells. Filled symbols 
indicate the fast-inactivating component (SEM<7 ms), open sym- 
bols indicate the slow-inactivating component (SEM<140 ms). 
Ba 2+ currents were also recorded from 6 of the cells at P1 l-P14 
(triangles, n=6, but n=3 at -20 mV). The inset shows Ca 2+ and 
Ba 2+ currents in the same cell at P13 (calibration 20 pA, 200 ms). 
C Time to peak (ttp) of HVA Ca 2+ currents in immature (circles, 
n=5; SEM<I.4 ms), and in mature (squares, n=5; SEM<I.3 ms) 
granule cells. The inset illustrates an example of rising phases in 
immature and mature Ca 2§ currents (calibration 50 pA, 20 ms). D 
I/V plots for the fast-inactivating component (filled circles, n=l 1; 
SEM<9 pA) and the slow-inactivating component in immature 
granule cells (open squares, n=5; SEM<14 pA) 

tivation plots for normalized peak amplitude versus hold- 
ing potentials were constructed, and data points were fit- 
ted by a Boltzmann equation (Fig. 4B). Data were com- 
pared between two groups of  immature and mature gran- 
ule cells. Fitting curves clearly show a shift of about 
15 mV towards more negative potentials of the fast-inac- 
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tivating current component (V1/2=-62 mV, k=l 1) with re- 
spect to the slow-inactivating component, both in im- 
mature (Vm=-49  mV, k=15) and mature granule cells 
(V1/2=-48 mV, k=15). 

Therefore, the fast- and slow-inactivating components 
of  HVA Ca 2+ current had different gating properties, and 
gating properties of the slow-inactivating component  
were similar in immature and mature preparations. 

Pharmacology of the HVA currents 

The snail venom co-CgTx blocks selectively the N-type 
HVA current (see [9]). co-CgTx (5 gM) reduced the am- 
plitude of the HVA current both in immature and mature 
granule cells (Fig. 5). In order to verify whether the 
fast- and slow-inactivating components were affected 
differently by the action of 6o-CgTx, we measured the 
amplitude of the fast- and slow-inactivating component  
as explained above. The slow-inactivating component 
(Fig. 5) was reduced by 94+9% (n=13) in mature and by 
60+8% (n=9) in immature preparations. Amplitude of 
the fast-inactivating component was reduced by 19+5% 
(n=9). In fact, reduction of the fast-inactivating compo- 
nent was at least partially explained by the measuring 
technique, since the slow-inactivating component was 
usually greater at the peak than at the end. Indeed, sub- 
traction of traces after application of (o-CgTx from con- 
trol traces showed that the (o-CgTx-sensitive current had 
slow kinetics (Fig. 5A), indicating that the fast compo- 
nent was virtually unaffected. The action of  co-CgTx was 
voltage insensitive and persisted following prolonged 
washing (up to 20 rain, not shown). 
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Fig. 4A, B Steady-state inactivation for the fast- and for the slow- 
inactivating HVA currents component in immature (n=5, circles) 
and mature (n=5, squares) granule cells. A Two sets of current 
traces recorded at P11 and P24, respectively, illustrating steady- 
state inactivation of Ca 2+ currents. The voltage-clamp protocol is 
indicated in the inset. The apparent leakage after current deacti- 
vation develops similarly as in Fig. 3A. B Average inactivation 
plots obtained with the voltage-clamp protocol illustrated in 
A. Data points were fit with Boltzmann equations of the form 
I/Imax=l/[l+exp(V-Vlj2)/k] (R>0.99 for all fittings, soIM lines) 

The dihydropyridine nifedipine is considered to be a 
selective blocker of L-type HVA currents. Nifedipine re- 
duced HVA currents both in immature and mature prepa- 
rations. In immature preparations (Fig. 6A) application of 
5 gM nifedipine reduced the fast-inactivating current com- 
ponent (49+_9%, n=5) and the slow inactivating component 
as well (46+7%, n=5). Also in mature preparations (Fig. 
6D) nifedipine reduced the slow-inactivating component 
(41_+5%, n=6). Therefore, nifedipine exerted a similar per- 
centage of block on both the fast- and slow-inactivating 
components. Nifedipine action on the slow-inactivating 
component overlapped with that of co-CgTx, as clearly 
shown by a comparison of Figs. 5B and 6D, and by the 
percentages of block. The action of nifedipine on the fast- 
inactivating component was not affected by the previous 
action of co-CgTx on the persistent component (Fig. 5A). 
Nifedipine block was partially reversed by washing. 

To investigate the mechanism of nifedipine action, we 
constructed I/V (Fig. 6B, E) and steady-state inactivation 
plots (Fig. 6C, F) for the fast- and slow-inactivating 
components. Nifedipine shifted the peak of the I/V rela- 
tionships and the inactivation curves by about 10 mV to- 
wards more negative potentials (fast-inactivating compo- 
nent: V~/z=-60mV, k=13 in control, vs V~/2=-71 mV, 
k=9 after nifedipine; slow-inactivating component: 
Vm=-45 mV, k=16 in control, vs V1/2=-56 mV, k=15 af- 
ter nifedipine). Similar results obtained from cardiac 
cells were interpreted in terms of modification of chan- 
nel gating operated by the Ca 2+ antagonist [22]. 

Application of 5 gM Bay K 8644, a dihydropyridine 
with mixed agonist/antagonist action, caused a small re- 
duction both of the fast-inactivating current component 
in immature granule cells (14+4%, n=6) and of the slow- 
inactivating component at all ages (16+5%, n=ll).  Re- 
duction of the HVA current by Bay K 8644 had already 
been reported in different neurons [5]. 

Ni 2+ (40 gM) reduced the fast-inactivating current 
component by 34+16% (n=6) in immature granule cells, 
matching the value obtained by Ellinor et al, [16] at the 
same concentration in cerebellar granule cells in culture. 
However, the slow-inactivating component (measured 
both in mature and immature HVA currents) was almost 

Fig. 5A, B The effect of 
co-CgTx on HVA Ca > cur- 
rents. A Effect of sequential ap- 
plication of 5 gM co-CgTx and 
5 gM nifedipine at P 11. The 
lower trace is obtained by digi- 
tal subtraction of the co-CgTx- 
sensitive component from con- 
trol. B Effect of 5 gM co-CgTx 
application at P24. These cur- 
rents were obtained as indicat- 
ed in Fig. 3A (holding potential 
=-60 mV, conditioning poten- 
tial =-100 mV, test potential 
=0 mV). The apparent leakage 
after current deactivation devel- 
ops similarly as in Fig. 3A 
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Fig. 6A-F The effect of nifedi- 
pine on HVA Ca 2+ currents. A, 
D Current traces before and af- 
ter 5 gM nifedipine at P11 and 
P24, respectively. B, C Average 
I/V and inactivation plots for the 
fast-inactivating component in 
immature cun'ents (n=5). Data 
were obtained before (open cir- 
cles) and after (filled circles) 
5 gM nifedipine application. In- 
activation plots were fit with 
Boltzmann equations (R>0.99). 
E, F Average I/V and inactiva- 
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t ion plots for the persis tent  com-  D 
ponent in mature granule cells 
(n=6). Data were obtained be- 
fore (open circles) and after 
(filled circles) 5 ~tM nifedipine 
application. Inactivation plots 
were fitted with Boltzmann 
equations (R>0.99). In I/V plots 
SEM averaged 24% of the mean 
data values, in inactivation plots 
SEM averaged 13% of the mean 
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insensitive to Ni 2+ (4_+5%, n=3). Cd 2+ (40-500 gM) also 
blocked the HVA current at all ages. The block by either 
Ni > or Cd 2+ was reversed by reperfusion with control 
saline. 

Sensitivity to the funnel web spider Agelenopsis 
aperta toxin (FTX) was reported in immature dissociated 
granule cells [3]. Application of 200 nM of the purified 
fraction co-Aga-IVA [26] caused a small reduction of the 
fast-inactivating (10_+8%, n=9) and slow-inactivating 
component (16+6%, n=9) in immature granule cells. 

Discussion 
Ca 2+ currents recorded from cerebellar granule cells in 
situ showed different kinetics, gating, and pharmacology 
at different stages of development. Our results suggest 
that the changes of Ca 2+ currents can be explained as the 
coexistence of HVA currents with distinguishable fea- 
tures, which are expressed in different proportions dur- 
ing development. 

A fast-inactivating current component predominated 
in immature granule cells and then disappeared after 
maturation. A slow-inactivating current component, very 
small at early stages of development, progressively in- 
creased during maturation, and remained the only size- 
able component after maturation. The global effect con- 
sisted of an increase and slowing down of the Ca 2§ cur- 
rent. 

In several types of neurons inactivation of HVA cur- 
rent is Ca 2§ dependent [19]. In granule cells two lines of 
evidence indicate that inactivation of the fast-inactivating 
current is not Ca 2+ dependent: first, Ba 2+ and Ca 2+ cur- 
rents have similar kinetics; second, steady-state inactiva- 
tion occurs in a voltage range where Ca 2+ currents are 

not activated. Independence of a fast-inactivating compo- 
nent of HVA currents from Ca 2§ was previously reported 
in cerebellar granule cells in culture [31]. 

Neuronal maturation is often characterized by in- 
creased structural complexity. However, no remarkable in- 
crease of the dendritic and axonal arborization, nor of the 
soma surface extension, occurs in cerebellar granule cells 
at the ages considered here [1, 20]. Accordingly, C m, 
which is proportional to the area of the clamped mem- 
brane surface, did not change remarkably, and the voltage- 
clamp rate was similar in mature as in immature neurons 
(see also [12, 13]). Since "Cvc was around 110 gs, the volt- 
age-clamp was tens to hundreds of times faster than Ca 2+ 
currents. Considering that estimated voltage- and space- 
clamp errors are negligible (<2.3%), evidence reported 
above supports the conclusion that the different kinetics 
observed were not the effect of changed electrotonic prop- 
erties during granule cell maturation. Consistently, Ca 2§ 
currents deactivated with time constants shorter than 1 ms, 
and did not show kinetic distortions attributable to inap- 
propriate voltage-clamp. We also recall that parallel fibres 
were severed in parasagittal slices, minimizing the poten- 
tial contribution of Ca 2+ currents originating at remote 
presynaptic sites which may escape from somatic voltage- 
clamp. Indeed, granule cells expressing fast- and slow-in- 
activating Ca 2§ current components similar to those re- 
ported in our experiment were recorded from granule cells 
in culture [31]. In those experiments, however, no correla- 
tion with development could be established. 

HVA current properties 

The fast-inactivating current activates and inactivates at 
potentials more negative than the slow-inactivating cur- 
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rent. Moreover, the fast-inactivating current is faster to 
activate and to inactivate, and its kinetics are less volt- 
age dependent than those of the slow-inactivating cur- 
rent. Since current decay was 2 orders of magnitude 
slower than rising phase, coupling of activation with in- 
activation might contribute to slow down the rising 
phase of mature HVA currents at negative membrane 
potentials. 

Fast- and slow-inactivating HVA currents display 
clear differential sensitivity to co-CgTx. The fast-inacti- 
vating current is almost insensitive to o)-CgTx which, by 
contrast, reduces strongly the slow-inactivating current 
(94% in mature and 60% in immature preparations). The 
action of nifedipine, on the other hand, is similar on both 
currents (49% and 41% of block on fast- and slow-inacti- 
vating currents respectively). Therefore, the data ob- 
tained with (o-CgTx and nifedipine indicate L-type phar- 
macological properties for the fast-inactivating current 
and both L- and N-type pharmacological properties for 
the slow-inactivating current. 

In some respects, according to its biophysical proper- 
ties, blockade by Ni 2§ and insensitivity to Bay K 8644, 
the fast-inactivating current bears a striking resemblance 
to the current studied by Ellinor et al. [16] in granule 
cells in culture. That current, however, was insensitive to 
dihydropyridine block. Nifedipine presumably acted by 
modifying Ca 2§ channel gating in our experiments, as 
originally reported in cardiac muscle cells [22]. It may 
be that control of gating by dihydropyridines requires a 
factor(s) which was not effective in culture. It cannot be 
excluded, however, that in spite of their similarity, our 
fast-inactivating component and Ellinor's current [16] 
are generated by different channels. The rather negative 
activation of the fast-inactivating component resembles 
also a property of P-channel currents [24]. However, 
since there is no clear blocking action of the selective 
toxin (o-Aga-IVA, the fast inactivating component is 
probably not mediated by P-channels. 

Comparison of average percentages of block of the 
slow-inactivating current measured in two different 
groups of cells suggests a certain degree of overlap be- 
tween the actions of (o-CgTx and nifedipine. Similar to 
ours, mixed pharmacology has been observed already by 
De Waard et al. [14] comparing nicardipine and (o-CgTx 
action in cerebellar granule cells in culture, while in 
other neurons in culture no overlap was observed [27]. It 
should be noted that the overlap was not demonstrated 
when comparing nifedipine and co-CgTx action in the 
same cell, so that overlap may be the apparent result of a 
variable extent of block in different cells. The nature of 
overlap, therefore remains unclear. 

The present results suggest that the different proper- 
ties of granule cell HVA Ca 2+ currents reported previous- 
ly [14, 16, 25, 31] may be in the large part explained in 
terms of different stages of granule cell development in 
culture. Our data do not provide evidence, however, for 
the presence of P-channel currents reported in immature 
granule cells in culture [3]. 

One or multiple channels for the two components? 

The coexistence of multiple HVA Ca 2+ currents is not a 
specific property of cerebellar granule cells, since it has 
been reported already in isolated hippocampal [36] and 
neocortical neurons [18]. The molecular nature of this 
multiplicity is, however, still unclear. In cultured granule 
cells, single-channel recordings supported the view that 
biphasic HVA currents were generated by access to two 
inactivation states of the same channel [31, 32]. This 
model fits with our observation that nifedipine blocked 
to a similar extent both the fast- and slow-inactivating 
current components. This model, however, is in contrast 
with the rather selective sensitivity of the slow-inacti- 
vating but not of the fast-inactivating component to 
(o-CgTx, which suggests the existence of two distinct 
populations of Ca 2+ channels. Channel multiplicity may 
also occur within the slow-inactivating component itself, 
which may result from the contribution of at least two 
channel populations showing similar kinetic and gating 
properties, but different pharmacological properties. In- 
deed, different gating patterns and pharmacological 
properties were recognized in Ca 2§ channel currents re- 
corded from membrane patches of cerebellar granule 
cells in culture [6, 17], suggesting that more than one 
type of Ca 2§ channel is expressed. 

The mechanism generating the shift from the imma- 
ture to the mature form of the Ca 2§ channel remains 
speculative. Expression of new c~-subunits, association of 
the c~-subunit with different regulatory fl-subunits [16], 
endogenous modulation [28, 29], and compartment- 
alization and "trapping" of Ca 2+ channels in specific 
neuronal regions [34] may be involved. At present, we 
have no conclusive means to distinguish between these 
possibilities. Single-channel recording from granule cells 
in cerebellar slices would probably be needed to answer 
these questions. 

Biological aspects of Ca 2+ current development 

The absolute increase of the HVA Ca 2§ current was due 
to increased density of Ca 2+ channels, as observed also 
during growth of cerebella granule cells [25] and dorsal 
root ganglion (DRG) sensory neurons, in culture [4]. 
Ca 2§ current density reached 0.06 mA/cm 2 after matu- 
ration, comparable to values reported in other neurons 
[8, 10]. 

The time course of Ca 2+ current maturation (see 
Fig. 2) was similar to that of the Na a+ current [13], and 
to that of synaptic non-NMDA receptors in the same 
age-window [12]. The observation of spontaneous 
synaptic activity only in those granule cells which 
showed sizeable Ca 2+ currents, suggests a strict time re- 
lationship between Ca 2+ current maturation and mossy 
fibre synapse formation and development [13, 20], al- 
though no causal relationship between synapse formation 
and Ca 2+ current maturation has been demonstrated so 
far. The amplitude of Ca 2+ currents, as well as that of 
Na 2+ currents and non-NMDA receptor currents, attains 



pla teau  at P20, in co inc idence  with  the end o f  the ma jo r  
phase  o f  granule  cel l  ma tura t ion  [1, 20, 30]. It is tempt-  
ing to conc lude  that the Ca 2+ current  proper t ies  obse rved  
at more  than P20 are representa t ive  o f  adul t  granule  
cells ,  a l though further changes  can still  occur  at la ter  
stages.  

HVA currents  inc reased  in PC12 cells  under  the in- 
f luence  o f  nerve growth  factor  (NGF)  [34], and in neu- 
rob l a s toma  cells  s t imula ted  with d i f ferent ia t ing agents  
[10, 37]. Moreover ,  N G F  reduced  HVA current  inact iva-  
t ion [34] and increased  the f ract ion of  current  b locked  ir- 
revers ib ly  by o)-CgTx [29]. Therefore ,  a l though the fac- 
tors s t imula t ing  the express ion  and di f ferent ia t ion  of  
Ca 2+ currents  in granule  cel ls  are unknown so far, it  is 
wor th  not ing  that  changes  o f  the HVA current  were  s imi-  
lar to those  induced  by  t rophic  agents  in cell  cultures.  

It should  be noted  that  in five immature  cel ls  we also 
obse rved  a Ca 2+ current  wi th  LVA proper t ies  asso-  
c ia ted  with the HVA current  (not shown).  In these 
cel ls  the current  t ransient  e l ic i ted  by  hyperpo la r i z ing  
vol tage  pulses  was compara t ive ly  s lower  and C m grea-  
ter (Cm=13_+2.8 pF, n=5) than that usua l ly  observed  in 
granule  cells,  which  suggests  that these  cel ls  were  
Golg i  cells.  

Conc lus ions  

The act ion of  specif ic  Ca 2+ channel  b lockers  suggests  a 
greater  complex i ty  at the mo lecu la r  level  than the s imple  
d is t inc t ion  than can be ach ieved  be tween  a fast- and a 
s low- inac t iva t ing  HVA current  [24, 35]. Nonethe less ,  the 
b iophys ica l  d is t inct ion o f  the two componen t s  is re levant  
to the poss ib le  roles  p l ayed  by  Ca 2+ channels  dur ing mat-  
uration. In the immatu re  neuron,  cy top la smic  Ca 2-- bui ld-  
up would  act ivate a l ready  with  smal l  depola r iza t ions  and 
then cease  wi thin  5 0 - 1 0 0  ms. In the mature  neuron,  Ca 2§ 
entry  would  fo l low s t ronger  depolar iza t ions ,  and then 
last  longer  due to r educed  t ime-  and vo l t age -dependen t  
inact ivat ion.  These  proper t ies  m a y  p lay  a rote in deter-  
min ing  different  exc i tab le  proper t ies  o f  cerebe l la r  gran-  
ule cel ls  at dif ferent  deve lopmenta l  s tages [E. D ' A n g e l o ,  
G. De F i l ipp i  and R Rossi ,  unpub l i shed  observat ion] .  
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