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N-Methyl-D-Aspartate (NMDA) activated channels were studied in enzymatically dis-
sociated cerebellar granule cells primary cultures. Measurements of single channel currents
were made on different days in culture. Changes in the electrophysiological behaviour of
NMDA-activated channels, which were dependent on the time in culture, were found. The
variations of single channel maximum conductance during the development of the cells in
culture were detected. Three different characteristic periods could be distinguished: the
first period (1-3 days) in which the conductance assumed a value of 15.5 pS; the second
one (5-8 days) characterized by a value of 35.7 pS and the last one (9-11 days) in which
the conductance reached values of 46.8 pS. Moreover mean open time of NMDA-activated
channels was less than 1 msec during the first two days in culture and stabilized at 3 to 6
msec around the fifth day. ¢ 1989 acadgemic press, inc.

Dicarboxylic amino acids are known to act as excitatory synaptic transmitters. One
of the most cominon excitatory neurotransmitter in the vertebrate central nervous system
is the L-glutamate which activates an ionic channel [19]. Glutamate receptors are grouped
in, at least, three different types, according to their sensitivity to different agonists as N-
Methyl-D-aspartic acid (NMDA), kainic acid and quisqualic acid receptors [19]. NMDA is
the most potent and selective agonist of the glutamate receptor. The electrophysiological
properties of NMDA-activated channels have been investigated in different central ner-
vous system cell preparations [1, 6, 13]. These channels can be characterized as voltage
independent with cationic selectivity and maximum conductance states of 30 to 50 pS and

several subconductance states.

Rat cerebellar granule cells grown in "high” potassium medium (25 mM) are very
homogeneous and long-term cell cultures [17]. This preparation has been widely used for
biochemical investigation of glutamate receptors [see for example 7, 8, 9, 15, 16, 17, 18].
Some electrophysiological [4, 11] and biochemical properties [8, 9, 11] were changed through
days in culture (DIC). We report here the changes of electrophysiological properties of
NMDA-activaied channels with DIC (from 1 to 11 days; seeding: day 0).
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METHODS

Cerebellar granule cells were obtained from 8 days newborn Wistar rats, dissociated
with trypsin (0.02%) and cultured as previously described [17]. For patch-clamp exper-
iments, intracellular solution (pipette) contained (in mM): 140 CsCl, 1 MgCl, 1 EGTA,
10 HEPES-KOH, 22 D-glucose. The extracellular (bath) solution contained (in mM): 144
NaCl, 3 KCl, 1.5 CaCl;, 10 HEPES-NaOH, 6 D-glucose. The pH of both solutions was
adjusted at 7.4. Tetrodotoxin 1uM (Sigma, St. Louis, USA) was added to the extracellu-
lar solution to block sodium channels. Culture dishes were intensely washed with ex._rnal
solution before experiments. NMDA (Sigma) was applied changing the bath solution by
gravity perfusion.

Single-channel currents were measured using the outside-out configuration of the
patch clamp technique [10]. Borosilicate patch pipettes were coated with Sylgard (Corn-
ing) and fire polished to obtain tip resistences of 8-10 M{2. Single NMDA-activated channel
currents were recorded with an EPC-7 amplifier (List Medical Instruments) and stored in
video recorder tapes for later analysis. Experiments were performed at room temperature
(22-24 °C). Data stored in magnetic tapes were filtered with a 4-pole Bessel filter (4302,
Ithaco) at a cut—off frequency of 1 to 5 KHz, and transfered to an Atari (1040ST) micro-
computer, using a 12 bit analog to digital converter (M2 LAB Instrutech) at a sampling
interval of 200 to 500 usec.

RESULTS

An application of 20 uM NMDA in the bath solution, evoked, in outside-out configu-
ration, single channel currents. These currents usually did not constitute a homogeneous
population. For each patch it was possible to identify, unambiguously maximum single
channel conductances with the same size (fig. 1A). Channel currents were studied in their
steady-state conditions {usually 10 minutes after the beginning of NMDA perfusion). Only
patches without background channels, that open prior to agonist application, were consid-

ered for further analysis.

The rate of success to find channels that were activated by NMDA application was
higher in cells with more than 5 DIC (90% patches). The probability to have more than
one channel in a patch also increased with time in culture using the same pipette size.

This could be explained as an increase of NMDA receptor—channel complex density.

The amplitude of NMDA-activated single channel currents was linearly dependent on
the applied membrane potential and the channels showed a reversal potential of about 0
mV, as shown in fig. 1A. Single channel maximum current-voltage relationship (I-V) at
different DIC showed that the linearity of this function was mantained at different DIC
(see below). In fig. 1B I-V fits, obtained at three different DIC displayed as example.

NMDA-activated channels showed different maximum current amplitudes in patches
obtained from cells at different DIC (fig. 2). At 1 DIC, for most of the neurons examined,
no NMDA-activated channel currents were detected. We measured the NMDA-activated
channel currents only in one patch out of 10. For this case we found a maximum conduc-
tance of 4 pS. At 2 to 3 DIC we found a maximum conductance of 15.5%3 pS (meants.d.;

n= 6). Then, the maximum NMDA-activated channel conductance increased to reach
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Figure 1 (A): NMDA evoked single—channel currents in an outside-out patch ob-
tained from a 5 DIC cell. Control trace (0 pM NMDA) is shown at the top of records. 20
#M NMDA-activated a channel population at different membrane potentials (V,,). (B):
NMDA-activated single channel maximum current amplitude (I,,) as a function of mem-
brane potential, measured in ouside-out patches obtained from cells of 3 DIC (diamonts),
5 DIC (circles) and 11 DIC (squares).

35.746.6 pS (n=9) between 5 to 8 DIC. Between 9 to 11 DIC NMDA-activated channels
had a maximum conductance of 46.847.7 pS (n=6).

NMDA-activated channels revealed different subconductance states, as was also found
in other neuron preparations [1, 5, 13]. Up to 5 different conductance states could be easly
detected in most of the experiments. In fig. 3B an example of two conductance states
observed in a patch obtained from a 5 DIC cell is depicted. At least two different val-
ues of current amplitude can be clearly detected from the data (see amplitude histogram
in fig. 3C). Subconductance states have been observed at all potentials and at all times
in culture. For cells at more than 5 DIC, besides the maximum conductance and sub-
conductance values described above, some brief events were easly distinguished from the
maximum conductance channel openings, and had a conductance of about 15 pS. (fig.
3A). This is the value of conductance of NMDA-activated channels observed for younger
cells. If the observed big channels are an addition of small channels (15 pS) events, the
probability to find such superimposition would be much smaller than the probability to
find a single channel. As this is not the case, we can conclude that small conductance and

high conductance channels are independent units.

Open time histograms of NMDA-activated channels were analized in different DIC.
They showed always a single exponential distribution [1, 12], so the open time constant

was not different from the mean open time, < ¢, >. The mean open time is clearly shorter
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Figure 2 (A): Single channels activated by 20 tM NMDA at different DIC. Membrane
potential (V,,) is indicated at the top of each column. (B): NMDA-activated maximum
conductance as function of time in culture, from 1 to 11 DIC.

when the cells are younger. On cells of 1 to 3 DIC < £, > was shorter than 1 msec and
never longer than 2.5 msec, while in cells with more than 3 DIC < ¢, > was 5.9£3.7 msec
(n=11). Open time distribution in NMDA-activated currents did not appear to change
significatively in cells older than 3 DIC.

DISCUSSION

The primary culture of enzymatically dispersed cerebellar granule cells that we studied
consisted in immature cells, that were subjected to a developing process in vitro. The
development of granule cells in this period was indicated by changes in the metabolic
pathways [8, 9, 15], in the neurocytochemical and morphological characteristics of the cells
(8, 11], and in voltage-dependent channel expression {4, 11]. Here we report that there
is also a change in the electrophysiological properties of NMDA-activated channels during

differentiation n vitro.
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Figure 3 (A): Record of NMDA-activated channels of an outside-out patch obtained
from an 8 DIC cell at a membrane potential (V,,,) of -80 mV. Maximum single channel
conductance of 38 pS is accompained by some brief events (arrows) of 15 pS. (B): Single
channel currents activated by 20 uM NMDA at a V,, of ~80 mV, where a subconductance
level is observed is presented as an example. (C): The amplitude histogram corresponding
to the record shown in (B) where sub-states of 27.7 pS and 23.2 pS conductance are
resolved.

The first important observation that we report here is that the NMDA-activated sin-
gle channel maximum conductance increases with days in culture. Ascher and Nowak [2]
observed an increase of the whole-cell response to NMDA after 7 DIC in cortical neurons.
They attributed this effect to an increase of glycine concentration in the media surround-
ing the cells. Under our conditions, if glycine modulation was involved in the change of
the response of NMDA-receptors, it would not be expected an increment neither in single
channel conductance nor in < t, > [14]. On the other hand, our experiments were per-
formed after an intensive washing of the culture dishes , that should remove the glycine
present in the culture media, and using a fast perfusion that should improve the washing

of glycine [1].

We can tentatively propose that small conductance events observed under NMDA
stimulation during the first 3 DIC can be attributed to the response of other receptors, as
quisqualic acid and kainic acid receptors, which are known to have an unspecific response
to NMDA (3, 5, 6]. It may be probable that NMDA specific receptors during this period
are absent because of a natural immature state of the cells or the damage produced on the
NMDA receptor—channel complexes by trypsin digestion. This could be supported by the
fact that it is possible to find isolated events similar to those found during the first days also
in cells with more than 6 DIC (see fig. 3B). Nevertheless, we can not exclude the possibility
that the NMDA different responses are due to changes of the NMDA-receptor activated
channels themselves, either by modification of the NMDA channel-receptor complex or by
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ez novo syntesis of NMDA-activated channels, expressing channels that are different from

those present in the first days in culture.

It would be interesting also to notice that all the changes that we observed during the
development of granule cells in vitro occurred in artificial conditions, with the lack of their
natural synaptic target (Purkinje cells), and in the absence of glial cells, factors normally
partecipating in the neuronal differentiation process [7].

We can conclude that enzymatically dissociated granule cells responses to NMDA
change with days in culture. This different responses can be related to development of the
cells in vitro as result of a natural process or by the resynthesis of NMDA receptor-channel
complexes damaged by the trypsin digestion. Our results show the necessity to define the

developmental stage of these cell preparation for studies of glutamate receptor—chanuel
complex.

ACKNOWLEDGMENTS

We thank Prof. A. Borsellino for his support, Prof. F. Ruzzier and Dr. Z. Galdzicki
for useful discussions, Dr. W, Stithmer for the acquisition system, BBCM Department of
Trieste University and especially G. Lunazzi for their continuous animal supply.

REFERENCES

1. Ascher, P., Bregestovski, P. and Nowak, L., N-Methyl-d-Aspartate-activated channels
of mouse central neurons in magnesium~free solutions, J. Physiol. 399:207-226 (1988).

2. Ascher, P. and Nowak, L., The role of divalent cations in the N-methyl-D aspartate
responses of mouse central neurons in culture. J. Physiol. 399:247-266 (1988a).

3. Ascher, P. and Nowak, L., Quisqualate-and Kainate-activated-channels in mouse cen-
tral neurones in culture, J. Physiol. 399:227-245 (1988b).

4. Borsellino, A., Galdzicki, Z., Novelli, A., Puia, G., Sciancalepore, M., Developmen-
tal changes in the electrophysiology of cerebellar granule cells in primary culture.
11th Annual meeting of the European Neuroscience Association. Eur. J. Neurosci.
Supp.:42 (1988)

5. Cull Candy, S.G. and Usowicz, M.M., Multiple-conductance channels activated by
excitatory amino acids in cerebellar neurons. Nature 325:525-528 (1987).

6. Cull Candy, S.G., Howe, J.R. and Ogden D.C., Noise and single channels activated

by excitatory amino acids in rat cerebellar granule neurons, J. Phyisiol. 400:189-222
(1988).

7. Dreyer, J., Larsson, O.M., and Schousboe, A., Characterization of uptake and release
processes for D-and L—aspartate in primary cultures of astrocytes and cerebellar gran-
ule cells, Neurochem. Res. 8:231-243 (1983).

8. Gallo, V., Ciotti, M.T., Coletti, A., Aloisi, F.and Levi, G., Selective release of gluta-
mate from cerebellar granule cells differentiating in culture, Proc. Natl. Acad. Sci.
USA 79:7919-7923 (1982).

9. Gallo, V., Kingsbury, A., Balazs, R. and Jorgensen, O.S., The role of depolarization
in the survival and differentiation of cerebellar granule cells in culture. J. Neurosci.

7:2203-2213 (1987).

486



Vol.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

165, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Hamill, O.P., Marty, A., Neher, E.,Sakmann, B. and Sigworth, F.J., Improved patch-
clamp techniques for high-resolution current recording from cells and cell-free mem-
brane patches, Pfluger Arch. 391:85-100 (1981).

Hockberger, P.E., Tseng, H. and Connor, J.A., Immunocytochemical and electro-
physiological differentiation of rat cerebellar granule cells in explant cultures, The J.
of Neurosci. 7:1370-1383 (1987).

Howe, J.R., Colquhoun, D. and Cull-Candy, S.G., On the kinetics of large conductance
glutamate-receptor ion channels in rat cerebellar granule neurons, Proc. Royal Soc.

London, B 233:407-422 (1988).

Jahr, C.E. and Stevens, C.F., Glutamate activates multiple single channel conduc-
tances in hippocampal neurons, Nature 325:522-525 (1987).

Mayer, M.L., Vyklicky, L.Jr and Clements, J., Regulation of NMDA receptor desen-
sitization in mouse hippocampal neurons by glycine, Nature 338:425-427 (1989).
Nicoletti, F., Wroblewski, J.T. and Costa, E., Magnesium ions inhibit the stimulation
of inositol phospholipid hydrolysis by endogenous excitatory amino acids in primary
cultures of cerebellar granule cells, J. Neurochem., 48:967-973 (1987).

Novelli, A. and Henneberry, R.C., cGMP syntesis in cultured cerebellar neurons is
stimulated by glutamate via a Ca2+-mediated, differentiation—dependent mechanism,
Develop. Brain Res. 34:307-310 (1987).

Novelli, A., Reilly, J.A., Lysko, P.G. and Henneberry, R.C.,Glutamate becomes nuro-
toxic via the NMDA receptor when intracellular energy levels are reduced, Brain Res.
451:205-212 (1988).

Thangnipon, W., Kingsbury, A., Webb, M. and Balazs, R., Observations on rat cere-
bellar cells in vitro: influence of substratum, potassium concentration and relationship
between neurons and astrocytes, Brain Res. 11:177-189 (1983).

Watkins, J.C. and Evans, R.H., Excitatory amino acid transmitters, Ann. Rev. Phar-
macol. Toxicol. 21:165-204 (1981).

487



