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The Role of Depolarization in the Survival and Differentiation of

Cerebellar Granule Cells in Culture

Vittorio Gallo,’* Ann Kingsbury,’ Robert Balazs,' and Ole S. Jorgensen?

"Medical Research Council, Developmental Neurobiology Unit, London WC1N 1PJ, United Kingdom, and
*Psychochemistry Institute, Rigshospitalet, DK-2100 Copenhagen, Denmark.

Cultures greatly enriched in granule cells from early post-
natal cerebelium (P8) were grown in a medium containing
fetal calf serum. Under the conditions used, nerve cells died,
usually within a week, unless the K+ concentration in the
medium was =20 mM. The requirement for elevated [K*],
was manifested by about 3 d in vitro, and after this time
continuous exposure to high [K+], was essential for the sur-
vival of the granule cells. The initial morphological and bio-
chemical maturation of the granule cells was similar in the
presence and the absence of elevated [K*],, suggesting that
the dependence on depolarizing conditions develops in par-
allel with the expression of the differentiated characteristics
of the cells. The positive effect of elevated [K+]. on granule
cell survival was not influenced by preventing bioelectric
activity in the cultures with TTX and xylocaine. On the other
hand, depolarization-induced transmembrane Caz* flux was
essential in securing the maintenance of the granule cells.
Depolarized nerve cells were compromised when Caz+ entry
was blocked by elevated Mg?*, EGTA, or organic Ca?* an-
tagonists, while dihydropyridine Ca2+ agonists [BAY K 8644,
(+)-(S)-202 791 and CGP 28392] were potent agents pre-
venting nerve cell loss in the presence of 15 mm [K*],, which
was ineffective on its own. Calmodulin inhibitors (1 um tri-
fluoperazine or calmidazolium) blocked the beneficial effect
of K*-induced depolarization on granule cells. The compar-
ison of the timing of the differentiation and innervation of
the postmitotic granule cells in vivo with the development
of the K+ dependence in vitro would indicate that depolar-
ization of the granule neurons in culture mimics the influence
of the physiological stimulation in vivo through excitatory
amino acid recepters, including N-methyl-p-aspartate re-
ceptors, involving Ca2* entry and the activation of a Ca2+/
calmodulin-dependent protein kinase.

There is substantial evidence indicating that bioelectric activity
markedly influences the survival of nerve cells during certain
stages of their development (Wiesel and Hubel, 1963; Black,
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1978; Harris, 1981; Brenneman et al., 1983). As neuronal ac-
tivity results in membrane depolarization, the effect of chronic
depolarization, usually effected by raising the extracellular con-
centration of K+ ions, has been examined in cultured nerve
cells, and a prolongation of neuronal survival has indeed been
observed in some studies (Scott and Fisher, 1970; Scott, 1971,
1977, Lasher and Zagon, 1972; Phillipson and Sandler, 1975;
Chalazonitis and Fishbach, 1980; Currie and Dutton, 1980;
Bennett and White, 1981; Thangnipon et al., 1983). It is not
yet clear how depolarization affects neuronal survival. However,
depolarization also exerts an influence on the development of
certain types of nerve cells, and more information is available
concerning the possible mechanisms underlying these effects.
Thus, it has been reported that elevated [K*], directs sympa-
thetic neurons towards completing adrenergic differentiation
(Walicke et al., 1977; Walicke and Patterson, 1981), leads to
selective changes in the expression of transmitter enzymes (Ishi-
da and Deguchi, 1983), and stimulates the growth, as well as
the developmental increase in choline acetyltransferase (ChAT)
activity, of ciliary neurons (Nishi and Berg, 1981). Increased
[K*]. activates voltage-sensitive calcium channels (Blaustein,
1975; Tsien, 1983), and Ca?* entry has been implicated in these
studies in the developmental effects of depolarization.

In the present work, we examined mechanisms by which el-
evated [K+], might prolong neuronal survival. In particular, we
explored the possibility that calcium may serve as a second
messenger in this effect. Cerebellar granule cells were studied,
as their fate depends on the presence of elevated [K+], being
included in the serum-containing culture medium (Lasher and
Zagon, 1972; Thangnipon et al., 1983).

Materials and Methods

Cell cultures. Cultures enriched in interneurons (about 95%) were ob-
tained from dissociated cerebella of 8-d-old Porton rats as previously
described (Thangnipon et al., 1983). Cells were grown in basal Eagle’s
medium (BME; Gibco) supplemented with 10% heat-inactivated fetal
calf serum (FCS), 2 mm glutamine, and 100 ug/ml gentamicin on poly(r-
lysine)-coated Falcon dishes (35 mm). Under the standard conditions,
the final concentration of KCI was 25 mM (hereafter referred to as K25).
Deviations from these conditions are specified in the text. Cytosine
arabinoside (Ara-C; 10 um) was added to all cultures about 19 hr after
seeding.

Granule cell-enriched cultures in serum-free, chemically defined me-
dium were grown as described by Kingsbury et al. (1985).

Nerve cell survival. The survival of nerve cells was evaluated by daily
examination of cultures using phase-contrast microscopy. In each ex-
periment, at least 4 dishes were examined for each culture condition.
When nerve cell death occurred on a massive scale, this usually took
place within a 24 hr period, and the last day of overall neuronal survival
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Figure 1.

Phase-contrast light micrographs of cerebellar neurons cultured in media containing either 25 mm K* (@) or 5 mm K+ (b). At 3 DIV

(insets), the morphological appearance of the cultures was similar. However, by 7 DIV the majority of nerve cells died in K5, whereas in K25
cultures consisted predominantly of healthy neurons organized into clumps interconnected by thick bundles of fibers. Scale bar, 100 um.

could therefore be established with relative accuracy. Nerve cell death
was manifested by the appearance of pyknotic and detached cells and
by the disintegration of the network of processes (see Fig. 1, for ex-
ample).

For quantitative evaluation of cell numbers, DNA was estimated
(Burton, 1956) as previously described (Kingsbury et al., 1985). It was
assumed that 6 ug DNA was equivalent to 1 x 10° cells. We established
previously that under standard conditions (K235) the cultures comprise
predominantly nerve cells and that the non-neuronal cell number in 5
mm K*-containing medium (K5) was similarly low (Thangnipon et al.,
1983). Therefore, DNA values, in conjunction with the survey of cul-
tures by phase-contrast microscopy, gave a good estimate of the effects
of different experimental conditions on the survival of nerve cells,

Depolarization-induced release of amino acids. The procedure de-
scribed previously was followed (Gallo et al., 1982). After removal of
the medium, the cultures were washed twice with Krebs-HEPES solution

Table 1. Influence of K* concentration of the medium on the survival
of cerebellar nerve cells in culture

Cells/dish x 10— Protcin/DNA ratio

KCl (mm) 2DIV SDIV 12DIV 2 DIV 5DIV 12DIV

5 1.08 0.83 0.19 8.98 1691 21.27
10 0.89 0.84 0.19 9.97 12.28 25.28
15 0.89 0.87 0.35 9.40 1146 20.89
20 0.96 096 0.81 9.18 13.96 16.54
25 096 1.09 0.88 7.01 13.14 17.62
50 0.94 098 0.86 9.35 14.18 17.58
Effect of [K*]

(df=5) F=343 (p<0.001) F=224 (p < 0.057)
Effect of culture time

df=2) F=1729(p < 0.01) F=115.9 (p < 0.0001)

SEM (df = 18) 0.06 1.72

Cells from P8 dissociated rat cerebella were cultured in 35 mm dishes as described
in Materials and Methods (10 um Ara-C was added at the end of the first day to
block glial proliferation). The data from a representative experiment are the mean
of 2 separate estimations, derived from measurements of DNA and protein on
pooled groups of 5 dishes. Cell numbers per dish were calculated assuming a DNA
content of 6.0 ug/10¢ cells, while the protein and DNA estimates were in pg/dish.
Data were analyzed by analysis of variance with 2-way classification using SPSS~
on the Amdahl V8 computer at the University of London Computer Centre. When
the data on cell numbers were treated as 2 groups with respect to K* concentration
(group 1, 5-15 mm K*; group 2, 20-50 mm K*), a linear contrast showed that the
2 groups were significantly different, p < 0.001.

(128 mm NaCl, 5 mm KCl, 2.7 mm CaCl,, 1.2 mm MgSO,, 1 mm
Na,HPO,, 16 mm glucose, and 20 mm HEPES, pH 7.4) and incubated
for 10 min in 1.5 ml of the same medium before the addition of p- 3H-
aspartate (1 pCi/ml; specific activity, 20 Ci/mmol). After 10 min the
medium was removed, and the dishes, transferred to a rotating warm
(37°C) plate, were washed 3 times with 2 ml of the amino acid-free
medium. For the release studies, the cultures were then subjected to 5
min washes with 1 ml medium. Depolarizing medium (100 ug veratrine/
ml) was applied after the fourth wash for 5 min and 2 further 5 min
washes with the Krebs medium were also collected. The release fractions
were acidified with 5 pl concentrated HCl and kept on ice. p-*H-as-
partate was measured in all the “release” fractions, while endogenous
glutamate was only estimated in the fractions immediately before, dur-
ing, and after the stimulation. The glutamate content of the cells was
also estimated: After removal of the medium, ice-cold 1 m1 0.8 m HCIO,
was added to the dishes for 1 hr. Then, the tissue was scraped off and
the suspension centrifuged. Amino acids were estimated in the super-
natant, while the protein content of the sediment was measured by the
method of Lowry et al. (1951), using a Technicon Autoanalyser. Amino
acids were separated by ion-exchange chromatography on a Rank-Hilger
Chromspec using a programmed gradient elution system of lithium
citrate buffers and determined by the o-phthalaldehyde reaction for
fluorometry (Holton, 1977).

*Ca’* uptake. The procedure of Zurgil and Zisapel (1984) was used
with small modifications. After 2 washes with a balanced salt solution
(BSS; 116 mm NaCl, 5.5 mm KCl, 0.8 mm MgSO,, 1.8 mm CaCl,, 1
mm NaH,PO,, 5.5 mm glucose, and 2.6 mm NaHCO,, at pH 7.4)
standard cultures were incubated for 5 min in humidified air-CQ, (95%:
5%) atmosphere in the presence of 4 uCi/ml**Ca?+ (2.2 uCi/umol) either
in BSS or in BSS-containing 50 mm KCI and 71 mm NaCl for 5 min.
At the end of this time, the plates were rapidly washed twice with 2 ml
of Ca?*-free BSS. Cells were then solubilized in 1 ml 0.1 M NaOH, 0.5
ml being used for scintillation counting and 0.25 ml for protein esti-
mation.

Estimation of N-CAM (neuronal cell adhesion molecule). Crossed line
immunoelectrophoresis was used for estimating the relative specific
concentration of N-CAM as previously described by Jorgensen (1981)
and Galloet al. (19835). (Those authors used the name D2 protein instead
of N-CAM.)

Protein synthesis rate. This was estimated as described before (Patel
et al., 1984). Cultures were incubated in Krebs solution with 5 uCi
U-'“C-leucine. Leucine concentration was 1 mum; this ensured that the
specific radioactivity in the different cellular compartments and the
medium was constant, thus providing valid measures of the amino acid
incorporation rates (Dunlop et al., 1977). The *C content of trichlo-
roacetic acid-precipitated material was estimated over 30-120 min, and
the rate was found to be linear during this period.

Chemicals. *Ca**, p-*H-aspartate and U-'“C-leucine were from
Amersham International. Nifedipine, TTX, and veratrine were from
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Figure 2. A, Nerve cell survival was
assessed qualitatively by daily micro-
. scopic examination of the cultures for
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Sigma, xylocaine from Astra Pharmaceuticals, and calmidazolium from
Janssen Pharmaceutica. The following substances were generously do-
nated: trifluoperazine (Smith Kline & French Ltd., Welwyn Garden
City, Herts., U.K.); D600 (Knoll AG, D-6700, Ludwigshafen, FRG);
BAY K 8644 (Prof. E. Hoffmeister and Dr. B. Garthof, Bayer AG,
Wupperstal, FRG); the 2 enantiomers of 202 791 (Dr. B. Gihwiler,
Sandoz Ltd., Basel) and CGP 28392 (Prof. H. Brunner, CIBA-Geigy
AG, Basel).

Results

Extracellular K+ concentration and nerve cell survival
The culture conditions employed in the present study, i.e., FCS-
containing medium supplemented with 10 um Ara-C by the end
of the first day, selected for the survival and maintenance of
cerebellar interneurons, predominantly granule cells (Thangni-
pon et al., 1983; Kingsbury et al., 1985). When the proportion
of non-neuronal cells was kept low, as under these conditions
(<5%), nerve cells died usually within a week, unless the [K+],
was raised above the physiological level. In contrast to the effect
of K+ on relatively long-term survival, the initial steps of neu-
ronal differentiation, such as fiber emission, were similar in the
K5 and K25 medium (Fig. 1).

Cell survival as a function of the [K+] in the medium was
investigated next. Table 1 shows that, up to 5 d after sceding,
[K+]. in the range of 5-50 mwm had little, if any, influence on

12 DIV

14 d as described in Materials and
Methods. The results represent mean
survivals observed in at least 3 exper-
iments in which the time of massive
nerve cell death did not differ by more
than 24 hr. Nerve cells survived in K5
(stippled bar) for only 5 d but were well
maintained during the experimental
period in K25 (solid bar) or when trans-
ferred from K5 to K25 at 3 DIV. Shift-
ing the cultures from K25 to K15 (open
bar) resulted in neuronal degeneration
within a few days. B, Results from a
representative experiment. Cell num-
ber at 2 DIV in standard culture con-
ditions (K25, 0.96 x 10¢ cells/dish) is
taken as the reference value (100%). Cell
number was determined by DNA mea-
surement, and each value is the mean
of 2 estimates on pooled groups of §
dishes. The bars represent cell numbers
in cultures grown in K25 and K5 (solid
and lightly stippled bars) or shifted from
K5 to K25 either at 2 DIV (open bar,
2) or at 4 DIV (heavily stippled bar, 4).

K 25 4DIV

cell numbers, as evaluated by DNA estimation. However, by
12 DIV the number of cells was markedly reduced, while the
average cell size, assessed by the cellular protein content, in-
creased in the cultures grown in media containing <20 mm K+.
Microscopic examination of the cultures showed that significant
neuronal survival was only evident in the presence of K+ con-
centrations of 20 mm or higher. In comparison with the standard
conditions (K25), doubling the K+ concentration did not modify
either the appearance of the cultures or the number or survival
time of the cells.

When cerebellar neurons were grown for the first 2 or 3 d in
the presence of 5 mm KCl and then shifted to 25 mm KCI, they
survived as long as the cells cultured in K25 from the time of
seeding (Fig. 24). Furthermore, the morphological appearance
of the “shifted” cultures was similar to that of cultures in K25.
The microscopic assessment of overall neuronal survival in the
cultures was consistent with the quantitative estimation of cell
numbers by measuring DNA contents (compare Fig. 2, 4 and
B). Figure 2B also shows that the timing of transferring cells
from low to high K media was critical. Rescue of nerve cells
could not be effected when the cultures were shifted from K5
to K25 at 4 d, instead of 2-3 d, after seeding. Moreover, after
3 DIV, continuous exposure to depolarizing concentrations of
K+ was essential, as transfer from media containing 25 mm KCl
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Figure 3. Release induced by vera-
trine (100 pg/ml) of endogenous glu-
tamate (upper panels) and of p-*H-as-
partate (lower panels) from granule cell
cultures grown in media containing 25
mmMm K+ (4, K25), 5 mm K+ (B, K5),
and 25 mm K+ + 10 mm Mg+ (C, Mg)
for 5 DIV. Glutamate release into the
medium during a 5 min incubation pe-
riod was estimated immediately before
and after the addition of veratrine (stip-
pled and closed columns, respectively). 4
Results are the means = SEM (n = 4):

t tests indicated no significant differ-

ences in either the basal or stimulated 3
release of glutamate from the K25 and
K5 cultures. The difference in the stim-
ulated release of glutamate between A
and C was significant (p < 0.02). The
data on the fractional release of p-*H-
aspartate are the means of 2 experi-
ments: Each point represents p-*H-as-
partate release in 5 min, and the arrow *ver.
indicates the time at which the cells were fr
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to 15 mM K+ any time after 3 DIV resulted in massive nerve
cell death within a few days (Fig. 24).

Maturation of nerve cells in the presence of K+ at
physiological or depolarizing concentrations

The results described above indicated that the dependence of
nerve cells on elevated [K+], is established after a few days in
culture. Depolarizing conditions may exert an influence on the
maturation of nerve cells during the initial culture period, which
may be relevant for the survival of the cells. As an index of
neuronal differentiation, we examined the stimulus-coupled re-
lease of glutamate (the transmitter of granule cells), which under
the standard conditions (K25) becomes manifest only after 4—
5 d in culture (Gallo et al., 1982). At 5 DIV, veratrine-induced
release of endogenous glutamate and preloaded p-*H-aspartate
was similar in the K5 and the K25 cultures (Fig. 3, Table 2).
We also estimated N-CAM (previously designated as D2 pro-
tein), which is implicated in cell-cell interaction and the complex
processes of histogenesis in nervous tissues (for review, see Edel-
man, 1984). It has been previously documented that N-CAM
shows both quantitative and qualitative changes during the de-
velopment of cerebellar cultures grown under the standard con-
ditions (Jorgensen, 198 1; Meier et al., 1984). Table 3 shows that
there was no significant difference between the cells grown in
media containing elevated or normal K+ levels either in the
increase in the concentration of N-CAM during the culture pe-

Y 7 L ———— ek

30 10 20 30 10 20 30

riod or in the proportion of the protein in the less sialylated
“adult” form. It would appear that initial growth was also sim-
ilar in the K5 and K25 cultures (Table 2). The increase in the
cellular protein content during the first 5 d and the rate of protein
synthesisat 4 DIV were comparable, although cell numbers were
already somewhat reduced in the K5 cultures at 5 DIV.

Conditions that may replace elevated [K+], or counteract its
effect on neuronal survival

The effect of elevated [K+]. on neuronal survival was reproduced
by adding 20 mMm Rb+* to a K5 medium. Under these conditions,
both the appearance of the cultures, monitored daily for a fort-
night by phase-contrast microscopy, and the overall survival of
cells were similar to those observed in K25 medium (not shown).
However, the results obtained with other depolarizing agents,
such as veratrine and veratridine, were equivocal, because of
their high toxicity to cerebellar neurons.

Pyruvate has recently been identified as a factor essential for
the survival of different types of nerve cells in culture (Selak et
al., 1985). As high [K+], is expected to increase the rate of
aerobic breakdown of glucose, the effect of supplementation of
the K5 medium with 1 mm pyruvate was tested; however, it
was found to be ineffective in preventing early cerebellar neu-
ronal degeneration.

In the next series of experiments, we examined whether the
effect of depolarizing concentrations of extracellular K+ ions on

Table 2. Initial maturation of cerebellar nerve cells cultured in the presence of S or 25 mm K+

Glutamate release (nmol/mg/5

. ~ . Protein synthesis min)
[K*] Cell no./dish (x107%) Protein/DNA (rate) (nmol/mg/hr)  Basal Evoked
(mm) 2 DIV 5 DIV 2 DIV 5 DIV 4 DIV 5 DIV
5 1.08 + 0.008 0.77 = 0.038 9.72 + 0.463 159 + 1.43 5.45 + 0.468 3.27 = 0.532 11.5 + 3.09
25 1.07 + 0.067 1.07 = 0.032 8.86 + 1.092 14.4 = 0.80 4,96 = 0.468 2.55 £ 0.175 13.7 = 1.66
)4 NS <0.002 NS NS NS NS NS

Values are means = SEM (n = 4-5); protein and DNA are in ug; protein synthesis rate is expressed in terms of mg protein and refers to the incorporation of U-C-
leucine (5 uCi/dish, 1 mm) into trichloroacetic acid-precipitated material; glutamate release was induced with 100 ug/ml veratrine.



Table 3. Effect of K* concentration of the medium on the
development of N-CAM in cerebellar granule cell cultures

N-CAM
Relative “Adult” form
KClI concentration specific as fraction of
(mm) DIV concentration® total
5 3 0.76 + 0.047 0.48 + 0.0268
5 7 1.17 £ 0.152  0.64 = 0.0247
25 3 0.76 = 0.078 0.52 + 0.361
25 7 1.44 = 0.025 0.70 = 0.053
Effect of K+ concentration (df = 1) F = 3.8 F=136
Effect of cultivation time (df = 1) F = 62.6 F=317
Interaction (df = 1) F=37 F=0.1
SEM (df = 8) 0.07 0.03

Granule cells were grown in culture media containing KCl at the concentrations
indicated. Mean values and individual SEM’s are given (n = 3). The data were
analyzed by 2-way ANOVA. The effect of K* concentration was not significant,
while that of cultivation time was (p < 0.001, for both estimates).

2 The specific concentration of N-CAM was calculated relative to the concentration
in the adult rat forebrain (normalized with respect to protein concentration).

neuronal survival can be counteracted by agents that block the
bioelectric activity of the cells. Culturing cells in the presence
of TTX, a specific inhibitor of the voltage-sensitive Na+ chan-
nels, at concentrations that would completely block the vera-
trine-induced release of glutamate in “mature” cerebellar cul-
tures, did not prevent elevated [K+], from exerting a positive
effect on neuronal survival (Table 4). Furthermore, the local
anesthetic xylocaine, at concentrations known to inhibit elec-
trical activity in cultured cells (e.g., Crain et al., 1968), also
failed to counteract the effect of elevated [K+]. on neuronal
survival (Table 4). It is important to note that the presence of
TTX or xylocaine in the K25 medium throughout the culture
period did not prevent the development of the stimulus-coupled
release of glutamate, which, in 10 DIV cultures, was only mod-
estly lower than that observed in the controls (Table 4).

Effect of calcium

It has been well documented that elevation of [K+], leads to an
increase of *Ca?* uptake in various preparations of nervous
tissues (e.g., Blaustein, 1975). Figure 4 shows that this also
applies to cultured cerebellar interneurons. When grown under
the standard conditions and incubated in 5 mm K*-containing
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Figure 4. Development of depolarization-induced uptake of Ca?* in
granule cells in culture. Cells were grown under standard conditions
(K25). After the indicated times, “*Ca2+ uptake was determined in cells
incubated in a balanced salt solution as described in Materials and
Methods. Results are the means = SEM (n = 5).

being only slightly increased with the age of the culture. On the
other hand, culture time had a very marked effect on the rate
of ©*Ca?+ uptake induced by depolarizing the cells with 50 mm
KCI. Voltage-sensitive *Ca?* uptake was not detectable at 2
DIV but was evident at 5 DIV, and the rate further increased
to a plateau at 8-12 DIV. It appeared, therefore, that there was
a parallel between the onset of depolarization-induced +Ca2+
influx and the dependence of cerebellar neurons on elevated
[K+]. for survival.

In order to assess whether the effect of cultivation in elevated
[K+]. on neuronal survival could, in fact, be related to an in-
creased influx of Caz+, we tested the effect of conditions expected
to interfere with Ca?* uptake, including addition of either EGTA
or Ca?* antagonists (10 mm Mg?* or 10 um D600) to the K25
medium. The initial development of the cultures was not af-
fected by these agents, and compared with controls, the mor-

Table 5. Effect of Ca?* antagonists on neuronal survival

medium, those cells took up “Ca2+, the rate of accumulation , Protein/DNA
Cells/dish x.10-¢  ratio
Culture conditions 2DIV 4DIV 2DIV 4DIV
Table 4. Effect of xylocaine and TTX on granule cells in culture K25 1.125  1.01 13.65 14.65
Glutamate rel K5 1.00 0.795 10.17  12.81
utamate release .
(nmol/mg protein/5 min) K25 + Mg? 0.943 0.760 10.97 14.34
Cult Cells/dish Protein/ Veratr K25 + EGTA 0.865 0.913 10.48 13.48
ulture ells/dish x rotein eratrine
conditions  10-¢ DNA Basal induced K25 + D600 117 0.783 10.59  14.61
Control  0.82,0.88  20.1,21.7 109,231 17.3,19.9  Efectof medium (@f=4) — F=4.983 F=335
TTX 0.69, 0.81 19.5,18.6 1.0, 1.65 114,136 " c e (p_< 0.01) (p_< 0.05)
Xylocaine  0.59,0.64 224,219 184,236 149,235  Efectoftime(df=1) F=38.29 F=329
(» < 0.0001) (» < 0.0001)
Cells were cultured in medium containing 25 mm K* in the presence or absence SEM (df = 30) 0.054 0.773

of 50 ug/ml xylocaine or 1 um TTX for 10 d. Glutamate release was estimated in
cultures incubated in Krebs-HEPES medium as described in Materials and Methods.
Means of 2 estimations from 2 independent experiments are shown (cells from 5
dishes were pooled for DNA and protein estimation).

Statistical analysis (analysis of variance and covariance with repeated measure for
glutamate release) did not indicate significant differences between the groups.

Variables in the culture medium are indicated; K5 and K25 refer to the K*
concentrations (5 and 25 mwm, respectively); Mg?*, 10 mm (final concentration);
EGTA, 1.6 mm; and D600, 10 um. Values are the mean of 4 estimates; statistical
analysis was by ANOVA 2-way classification. By 6-8 DIV, nerve cell degeneration
was extensive in all the cultures except K25 (see Fig. 5).
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Figure 5. Effect of Ca?* antagonists on granule cells grown in K25 medium for 8§ DIV. g, Standard conditions (K25); b, 5 mm K*-containing
medium; ¢, K25 containing 10 mm Mg**+; d, K25 + 10 um D600; e, K25 + 1 x 10-7 M nifedipine; f, K25 + 1 x 10-7 M (—)-(R)-202 791. Cultures
received the indicated supplements either a few hours afier seeding (c and 4) or at 2 DIV (e and f). Insets: ¢ and d, Respective cultures at 3 DIV;
e and f, the Ca?* antagonists at | x 10-% m did not interfere with granule cell survival. Scale bar, 100 pm.

phological appearance of the cultures was similar at 3 DIV (Fig. release of glutamate from the cells grown in the high-Mg?* K25
5, cand 4, insets) and cell numbers were only slightly reduced medium was significantly lower than in the reference cultures
at 4 DIV (Table 5). Furthermore, stimulus-coupled transmitter (Fig. 3C). However, in the presence of EGTA, D600, or elevated
release also developed, although at 5 DIV veratrine-induced Mg2+, the majority of the nerve cells degenerated in the K25



medium at about the same age in vitro as in sister cultures grown
in K5, and Figure 5 shows that by 8 DIV virtually all the nerve
cells had died.

Apart from influencing Ca?* entry, the Ca?+ effectors tested
may have had additional effects on neuronal metabolism. We
observed recently that, in contrast to many neuronal prepara-
tions (Miller and Freedman, 1984), dihydropyridine (DHP) Ca2*
effectors are potent agents influencing Ca?* influx in cultured
granule cells (Kingsbury et al., 1986). DHP Ca2* antagonists
were therefore tested in the K25 medium. The effect of nifed-
ipine or (—)-(R)-202 791 at 1 x 107 M (the lowest effective
concentration) was similar to that of the other Ca?+ effectors
described above: They had no apparent effect on the initial
survival or development of the nerve cells, but after 5~7 d the
cells died abruptly, as in the 5 mM K+-containing cultures (Fig.
5,b,e,f).

Granule cell-enriched cultures can also be grown in a serum-
free medium, and under these conditions the fate of the nerve
cells does not depend on the presence of depolarizing concen-
trations of K+ (Kingsbury et al., 1985). In serum-free cultures,
addition of the Ca?* antagonist (—)-(R)-202 791 (1 x 10-7 M)
did not interfere with the relatively long-term survival of the
granule cells.

It would appear, therefore, that Ca2+ antagonists are not toxic
to granule cells and that depolarization-induced Ca?+ entry may
be responsible for the prolongation of granule cell survival. This
hypothesis could be tested by stimulating Ca?* influx by means
other than high [K+].. The effect of the Ca2* ionophore A 23178
was therefore tested, but this substance was toxic to the cultured
cerebellar granule cells. However, DHP Ca’* agonists at low
concentrations stimulate 4*Ca2+ uptake into the cultured granule
cells (Kingsbury et al., 1986). These agents do not seem to affect
4Ca?* entry in cells incubated in the presence of physiological
concentrations of K+ (5 mm), but they cause a marked stimu-
lation when the cells are even slightly depolarized with 15 mm
K+. Since at this concentration K+ had only a slight effect on
granule cell survival (Table 1), DHPs were tested under these
conditions. The degeneration of granule cells in the 15 mm K+
growth medium (Fig. 6b) was prevented by low concentrations
of (+)-(S)-202 791 (Fig. 6,¢,d) or BAY K 8644 (Fig. 6,¢,f). The
appearance of these cultures was comparable to that observed
in the high-K+ reference cultures (Fig. 6a). The effect of CGP
28392 (5-10 x 10-7 M) was similar to that of the other Ca2+
agonist DHPs tested, but neuronal survival beyond 10 DIV was
apparently less consistent. BAY K 8644 was the most potent of
the substances studied; the lowest effective concentration was
10 nM; in contrast, that for (4+)-(S)-202 791 was 50 nMm. The
effect of DHPs on cell survival was also assessed by DNA es-
timation. At 8 DIV, cell numbers, as a percentage of those in
K25 cultures (1.16 + 0.023 x 10¢, n = 3), were 44 and 108%
in the presence of the antagonist and the agonist enantiomers
0f202 791 (1 x 10-7and 5 x 10-% M) in K25 and K15 media,
respectively.

The effect of Ca?>* may have been mediated through reactions
involving calmodulin. Therefore, we examined the influence of
trifluoperazine and calmidazolium, which are relatively selec-
tive caimodulin blockers. At 1 um these compounds interfered
with the survival of the nerve cells (not shown), their effects on
the cultures being comparable with those described above for
EGTA and the Ca?*+ antagonists: Initially, nerve cells survived
and differentiated as in the reference cultures, but they died at
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about the same time as in the 5 mMm K+ medium—after ap-
proximately 5 DIV.

Discussion

Increased [K+], can prolong the survival of some nerve cell types
(Scott, 1971, 1977; Lasher and Zagon, 1972; Phillipson and
Sandler, 1975; Chalazonitis and Fishbach, 1980; Bennett and
White, 1981) and influence neuronal development (Walicke et
al., 1977; Nishi and Berg, 1981; Ishida and Deguchi, 1983).
Here, we studied the effect of [K+]. in a culture containing
predominantly a single class of neurons, the cerebellar granule
cells, and very few non-neuronal cells (e.g., Thangnipon et al.,
1983; Kingsbury et al., 1985); this simplified the experimental
situation by limiting the influence of factors derived from glial
cells or released from other types of nerve cells. The results
confirmed the observations of Lasher and Zagon (1972), who
used cultures of less uniform composition and showed that gran-
ule cells die when cultured in a medium containing physiological
levels of K+ within the first week (usually within 5 d) but survive
longer when [K+], is elevated. Differences with the findings of
Lasher and Zagon (1972) were presumably due to the different
culture conditions: In our K5 cultures, granule cell survival was
shorter and the cells, although from P8 rats, required the con-
tinuous presence of elevated [K+],; in contrast, the mixed cul-
tures of Lasher and Zagon (1972) did not require high K+ during
the first 2 weeks, when cells were derived from P10 rather than
P2 animals.

As the survival of nerve cells in K25 was about 3 weeks, our
studies were usually confined to a culture period of 14 d. During
the first 2-3 d after plating, exposure to elevated [K+*]. was
unnecessary for the survival of the nerve cells. When cultures
were grown in K5 for 3 d and then shifted to K25, nerve cells
survived as well as those maintained in K25 from the time of
plating. On the other hand, after 3 DIV the continuous presence
of elevated [K+], was necessary to secure nerve cell survival.

It would appear that many features characteristic of the neu-
ronal phenotype—such as the voltage-sensitive Na+ and Ca~
channels (Beale et al., 1980, and the present work, respectively)
and stimulus-coupled transmitter release (Gallo et al., 1982)—
are not detectable in granule cells during the first few days in
culture, when the requirement for depolarization is not yet ev-
ident. A large proportion of the nerve cells in the plated cell
suspension are immature, external granule cells, whose differ-
entiation is prematurely induced in culture. In vivo the differ-
entiation of the postmitotic granule cells takes some time, in-
cluding a few days of migration to their final destination in the
internal granular layer, where they first receive a synaptic input
from the mossy fibers. In culture, the development of granule
cells was more or less similar in the presence and the absence
of elevated [K+], within the first few days after the initial period,
when they did not express a requirement for depolarization. In
addition to the morphological appearance, this was also true for
specific biochemical neuronal characteristics. Thus, stimulus-
coupled glutamate release, which is virtually undetectable at 2
DIV, was similarly well expressed in K5 and K25 cultures at 5
DIV. Furthermore, N-CAM, the level of which is very low in
cultures immediately after plating (Meier et al., 1984), showed
similar developmental changes in accretion and molecular form
under both conditions. These observations indicate, therefore,
that elevated [K*], does not have a marked effect on the initial
differentiation of the cerebellar interneurons. Furthermore, the
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Figure 6. Dihydropyridine Ca?* agonists promote the survival of granule cells. Cultures grown for 8 DIV in media containing K+ at a concentration
of 25 mm (a) or 15 mm (b—f) for 8 DIV, Ca?* agonists were added at 2 DIV: (+)-(5)-202 791 at a concentration of | x 10-*mM(c)or 5 x 1072 m
(d)and BAY K 8644 at 1 x 10-" M (e) or 1 x 10-% m (/). Scale bar, 100 pm.



findings are consistent with the view that granule cells become
dependent on elevated [K+], in parallel with the expression of
their differentiated characteristics and that high [K+], may mim-
ic influences mediated in vivo by the synaptic input they receive
at this developmental stage.

It follows from this hypothesis that high [K+], may induce
intracellular events that are normally elicited by the bioelectric
activity of the cells and/or by the depolarization of neurons.
There is evidence that neuronal activity is necessary for the
survival of certain populations of nerve cells (Harris, 1981). We
observed, however, that the inhibition of bioelectric activity by
means of TTX or xylocaine had no significant effect on the
survival of granule cells in culture (Table 4). It was also noted
that the differentiation of the cells proceeded under these con-
ditions, since stimulus-coupled transmitter release was imme-
diately manifested after washing out TTX or xylocaine from
cultures grown in the presence of these substances for the first
10 d in vitro. These findings are consistent with the observation
of Crain et al. (1968) and Model et al. (1971), who showed that
the development of complex synaptic networks in cerebral cor-
tex or spinal cord explants does not depend on prior bioelectric
activity. However, it would appear that ongoing neuronal ac-
tivity has an influence on development and that the stage of cell
maturation and experimental conditions determine whether such
influences are manifested (Changeux and Danchin, 1976; Black,
1978; Nishi and Berg, 1981; Baker et al., 1982; Betz, 1983;
Brenneman et al., 1983; Ishida and Deguchi, 1983).

Detailed investigations on the spinal cord have shown that
increased [K*]. has a dual effect: relatively small increases fa-
cilitate, while higher concentrations, e.g., =20 mwm (which are
needed for the prolongation of granule cell survival), suppress
the action potentials evoked by stimulation and slow conduction
velocity along the axons (Sykova, 1983). These results therefore
support the conclusions drawn from our experiments with TTX
and xylocaine and indicate that bioelectric activity per se is not
the critical factor in the effect of [K+*]. on the survival of granule
cells.

The failure of TTX to influence nerve cell survival in elevated
[K+]. also indicated that the effect of [K+*]. is not mediated
through voltage-sensitive Na* influx. Neither was the influence
of increased [K+*], due to an increase in pyruvate production.
As elevated [Rb*], could replace K* in promoting nerve cell
survival, the effect is not specific to K+.

Concentrations of extracellular K+ that prolong granule cell
survival, =20 mm (Table 1), cause nerve cell depolarization
(Chalazonitis and Fishbach, 1980; Nishi and Berg, 1981), which
is known to activate voltage-sensitive Ca2*+ channels (Blaustein,
1975; Zurgil and Zisapel, 1984). Such channels are detectable
in cultured granule cells (Fig. 4), and in other systems Ca?*
antagonists inhibit certain developmental changes induced by
elevated [K+], (Nishi and Berg, 1981; Walicke and Patterson,
1981; Betz, 1983; Ishida and Deguchi, 1983). We therefore ex-
amined whether the effect of elevated [K+], on the survival of
cerebellar nerve cells could be mediated through a depolariza-
tion-induced increase of Ca?* influx. Different means of inter-
ference with Ca?* entry prevented the positive effect of increased
[K+], on the survival of nerve cells (Fig. 5, Table 5). In particular,
DHP antagonists, which are potent agents in granule cells
(Kingsbury et al., 1986), counteracted the effect of elevated [K+],
at concentrations (1 x 107 M) at which these substances exert
specific effects on muscle or clonal neural cell lines (Miller and
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Freedman, 1984; Hof et al., 1985 Preuss et al., 1985). It would
appear that the different Ca2+ effectors were not cytotoxic at the
concentrations used: During the first 5 d, the morphological
maturation and growth of the cells, in terms of accretion of
cellular proteins, were similar in the presence or absence of these
compounds; stimulus-coupled transmitter release did develop
in the presence of Ca?* antagonists, although by 5 DIV the
magnitude of the release was somewhat smaller than in controls
(Fig. 3). Moreover, the DHP Ca?*+ antagonist (—)-(R)-202 791
did not interfere with the survival of the nerve cells in serum-
free granule cell cultures, in which the cells can be maintained
for relatively long periods in the presence of physiological [K+],
(Kingsbury et al., 1985).

Also, the requirement for continuous exposure to elevated
[K~+] for the survival of granule cells and the inhibition by Ca?*
antagonists of this effect indicate that voltage-dependent Ca2+
channels are not entirely inactivated during the chronic exposure
to elevated [K*],. This is not unusual, as it is known that Ca2?+-
channel inactivation is an extremely variable phenomenon from
one cell type to another (Tsien, 1983).

Furthermore, depolarizing agents other than high K+ that can
cause increased Ca?+ entry did not show clear effects on granule
cell survival. Veratrine at =10 ug/ml caused early degenera-
tion of these cells even in the K25 medium, whereas at 2 ug/
ml it had no effect on the survival of the cells in K5. A 23187
at 4-20 umM was toxic to granule cells, causing extensive cell loss
within 24 hr. It is known that this agent, in addition to being a
Ca?+ ionophore, also markedly alters the fluidity of the cell
membrane (Klausner et al., 1979), and this may compromise
cell survival. Nevertheless, the agents would merit more detailed
studies in terms of the concentration dependence of Ca2+ uptake
and of cell survival.

The proposal that the effect of elevated [K+], on neuronal
survival is mediated through depolarization-induced Ca?* entry
gains strong support from the observation that agents which
stimulated Ca?* influx via the voltage-sensitive channels could
replace potassium. Supplementation of the “nonsurviving” cul-
tures with the DHP Ca?+ agonists BAY K 8644 or (+)-(S)-202
791 at low concentrations (1 x 10-3 or 5 x 108 M) prevented
neuronal loss, as did elevated [K*], (Fig. 6). It should be noted
that the sensitivity of granule cells to these agents compares
favorably with that of aortic rings (ECs, for (+)-(S5)-202 791,
1.8 x 10-7 m: Hof et al., 1985) or of cardiac muscle (EC,, of
the inotropic effect of BAY K 8644, 5.2 x 10-% m: Rogg et al.,
1985).

Further experiments suggested that the effect of the depolar-
ization-induced transmembrane Ca?* flux may be mediated
through reactions involving calmodulin. Calmodulin inhibitors
such as trifluoperazine or calmidazolium at 1 um blocked the
effect of elevated [K+]. on granule cell survival. Inhibition by
10 um TFP of the depolarization-evoked induction of tyrosine
hydroxylase in cultured sympathetic neurons has been ascribed
previously to an interference with calmodulin-mediated reac-
tions (Hefti et al., 1982). It should be noted that calmodulin
inhibitors do not reproduce all the effects of Ca?+ antagonists
on cultured cells; for example, a-bungarotoxin receptor binding
in chick retina cultures is increased by Ca2+ antagonists, but is
unaffected by TFP (Betz, 1983). Nevertheless, the specificity of
these substances is limited as they also affect processes other
than those involving calmodulin. However, the relative speci-
ficity of the TFP effect was indicated by the finding that although
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TFP also interfered with evoked glutamate release (not shown),
much higher concentration was needed for the inhibition (15
um) than for influencing the survival of the cerebellar interneu-
rons (1 um).

The finding that activation of voltage-sensitive Ca2+ channels
is involved in granule cell survival is apparently at variance
with observations indicating that long-term increases in CaZ+
entry are often associated with neuronal damage (e.g., Siesjo,
1981). However, the toxic effects are accompanied by a lasting
elevation of cytoplasmic Ca?* activity. The fact that neuronal
degeneration did not occur after the stimulation of Ca?* influx
into granule cells by elevated [K+*], or Ca?* agonists indicates
that regulatory mechanisms keep the free intracellular Ca2* levels
within a nontoxic range. If so, Ca** entry through the voltage-
sensitive channels may affect some localized intracellular re-
action(s). K+-induced depolarization may mimic the physio-
logical stimulation of granule cells (see above). This is effected
by mossy fibers, many of which function with acidic amino acids
as their transmitters. Electrophysiological studies have indicated
that granule cells possess exitatory amino acid receptors, in-
cluding the N-methyl-p-aspartate receptor subtype (Cull-Candy
and Ogden, 19895). It seems that these receptors gate channels
that are permeable not only to monovalent ions, but also to
Ca2+ (MacDermott et al., 1986), while depolarization caused by
the stimulation of other excitatory amino acid receptors may
lead to Ca?* entry through voltage-sensitive channels. One im-
portant consequence of this Ca2* flux may be the activation of
a Ca?*/calmodulin-dependent protein kinase (type II CaM ki-
nase), which is relatively concentrated in postsynaptic mem-
branes (Miller and Kennedy, 1985). Activation by Ca2+ results
in the autophosphorylation of the kinase, which leads to the
release of the enzyme from the membrane-cytoskeleton complex
(Saitoh and Schwartz, 1985). Furthermore, Saitoh and Schwartz
(1985) and Miller and Kennedy (1986) have observed that the
activity of the phosphorylated kinase becomes independent of
Ca?+. Miller and Kennedy (1986) have also found that the
autophosphorylation of the kinase is relatively slow, and they
argued that the conversion of a significant proportion of the
kinase into the phosphorylated form requires prolonged in-
creases in the intracellular concentration of Ca2*, which may
occur in neurons after long or repeated bursts of electrical ac-
tivity; such a situation may be simulated in our case by the K+-
induced depolarization. We propose, therefore, that the depo-
larization-induced Ca?* influx mimics the effect of the stimu-
lation of N-methyl-p-aspartate and/or other excitatory amino
acid receptors and leads to autophosphorylation of the CaM
kinase. A proportion of the phosphorylated enzyme is trans-
located to sites such as the nucleus, where it functions in an
activated form, despite the maintenance of physiological free
Ca?+ levels in the whole cell, and elicits long-term changes in
nuclear and cytoplasmic functions that result, ultimately, in the
survival of granule cells in vitro.
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