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The regulation
of calcium channel currents (&J induced by
daily stimulation
(1 hr) with 10 PM glutamate
was studied in
full differentiated
hippocampal
cells in culture. We report a
specific enhancement
of the high-voltage-activated
current
type (HVA I,,) ongoing
over days. The density of HVA I,,
increased about twofold after the second glutamate
session,
and this enhancement
was still observed after the fifth day
of treatment,
while low-voltage-activated
calcium currents
(LVA I,,) remained unchanged.
During glutamate application,
a transient
increase
of intracellular
calcium (Cad was observed, followed by a slow decay within 2-3 min, and substantial recovery in about 10 min. Similarly,
Cai transients
induced by periodic membrane
depolarization
mimicked the
long-term
effect of glutamate
on /=.. These results demonstrate for the first time an increase of I,, in a time frame of
days. Since the effect of glutamate
on I=. was prevented
by
cycloheximide,
neosynthesis
of channel
proteins presumably supports this enhancement.
[Key words: calcium currents,
intracellular
calcium transients, glutamate,
hippocampus]
L-Glutamate
is the major excitatory neurotransmitter
in mammalian nervous system, which induces Ca, elevations directly
through ionotropic (Hollmann
et al., 1989; Boulter et al., 1990;
Keinanen et al., 1990; Sommer et al., 1990) and metabotropic
receptors (Sugiyama et al., 1987; Schoepp et al., 1990), and
indirectly,
through
membrane
depolarization
that activates
voltage-gated
Ca channels (Kudo and Ogura, 1986; MacDermott et al., 1986; Murphy et al., 1987; Murphy and Miller,
1988). Vigorous Ca, elevations can be also induced in nerve cells
by membrane
depolarization
alone (Kudo and Ogura, 1986;
Murphy and Miller, 1988). It has been assumed that such elevations of Ca, are critical in inducing long-term changes in neurons (Baudry et al., 198 1; DeLorenzo,
I98 1; Lynch and Baudry,
1984). Indeed, agents that elevate Ca, induce differentiation
and
growth (Shubert et al., 1978; Kater and Mills, 199 l), and trigger
gene expression (Sheng and Greenberg, 1990; Zafra et al., 1990).
During development,
Ca channel currents undergo progressive
enhancement
in hippocampal
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sory neurons (Gottmann
et al., 1991). We were interested in
additional
modes of regulation that could reflect new synthesis
of Ca channels and may result in changes of I, a enduring several
days. To obtain reliable controls, full differentiated hippocampal
cells were chosen for the present study. Since glutamate has been
associated with important
processes like excitatory synaptic
transmission
(Mayer and Westbrook,
1987), the hippocampal
cells were stimulated repetitively with glutamate during several
days. Periodical stimulation
was preferred instead ofpermanent
exposure to glutamate because of possible toxic effects of this
neurotransmitter
during prolonged periods of time (Randall et
al., 1992). Membrane
depolarization
was also induced periodically because sustained depolarization
resulted in downregulation of Ic, (Franklin et al., 1992). Here, we report upregulation
in I,-, of hippocampal
cells following daily-induced
Ca, transients.
Materials
and Methods
Cellcultures. Hippocampal cell cultures were prepared from rat embryos
(18-l 9 d) by conventional techniques (Banker and Cowan, 1977; Segal.
1983). Briefly, the tissue from six to eight dissected hippocampi was
mechanically dissociated. Cells were plated at a density of IO> cells per
dish in basal medium (Eagle, GIBCO, Eggenstein, Germany) enriched
with 2 rnM glutamine,
eration
was suppressed

10% glucose, and 10% horse serum. Glia prolifby adding @-cytosine
arabinoside
(IO ” M) on

the fourth day of culture for 24 hr. Dishes were incubated at 37°C during
2-3 weeks. Only well-differentiated pyramidal-like or stellate-like neurons were employed for measurements.
Glutamate and KCI treatment. The experimental protocol consisted
in a single daily exposure of the cells to IO PM glutamate or 45 mM KC1
for I hr. Glutamate or KCI was applied directly into the medium and
the cells were incubated at 37°C for I hr. Afterward, exhaustive washout
was performed in order to restore the basal culture conditions. The same
washout procedure was applied to the control cells in order to discard
effects introduced by solution exchange. The glutamate exposures were
performed from day I2 to I6 of culture, and these experimental days
were termed from day 0 (do) to day 5 (d5), respectively.
Electrical measurements. Whole-cell recordings (Hamill et al., I98 I)
were made from the somatic region of the neurons with low-resistance
(2-3 Ma) microelectrodes using a EPC-7 patch-clamp amplifier (List
Medical, Darmstadt, Germany). All measurements were made 24 hr
after each glutamate or KC1 session at room temperature (20-22°C). Ir,
was isolated from other voltage-dependent membrane currents by ionic
substitution and addition of sodium and potassium channel blockers
to the external and internal solutions, respectively. Bath solution contained (mM) 120 NaCI, IO CaCl,, 2 MgCI,, IO HEPES, and 3 PM TTX,
pH 7.4 (NaOH). Pipette solution contained (mM) 130 CsCI, 4 MgCI,,
10 EGTA, IO HEPES, and 3 Na>ATP, pH 7.4 (CsOH). Cell capacitance
was calculated from the integral of the capacity transient elicited by a
pulse of IO mV from - 120 mV. For each individual cell, the peak value
of the maximal Ir, was determined from the current-voltage relationship. Peak I,., was divided by the membrane capacitance value and the
result is showed as I<., density. Signals were digitized on line at 7-12
kHz and analyzed off line. Leakage and residual capacitative currents
were minimized by subtracting appropriately scaled current responses
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Figure I. Comparison of I,, in a control and in a glutamate-treated cell.
Membrane current records were made
24 hr after the second daily exposure to
10 FM glutamate for 1 hr. A, Superimposed records of LVA Ir, in control
(Corn) and glutamate (G/u) conditions
at the potentials indicated. No major
changes can be appreciated. B, Superimposed records of HVA I, aof the same
cells at the potentials indicated. A strong
enhancement of HVA I< r amplitude occurred in the glutamate-treated cell. C,
Current-voltagerelationshipofthesame
cells under control (open symbols) and
glutamate (solidsymbols) conditions.
Holding potential, hp = - 100 mV.
Membrane capacitance, C,,,:control cell,
25.2 pF; glutamate cell, 25.5 pF.
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from - 120 mV of holding potential. Membrane potential measurements were made with microelectrodes filled with 3 mM KCI giving
resistance of 50-80 MQ. Membrane potential measurements were performed in a basal culture medium-like solution containing (mM) 142. I9
NaCI, 5.36 KCI, 1.8 CaCI,, 0.81 MgSO,, 1.02 NaH,PO,, 5.05 glucose,
25 HEPES, pH 7.4 (NaOH).
Cu’+ imaging.The Ca, transients were measured with the Ca indicator
Fura-2. The ratio method, R360,,80(Grynkiewicz et al., 1985), was used
with fluorescence excitation at 360 and 380 and emission at 5 10 nm.
Cells were loaded with 2.5 PM Fura-Z/AM in 0.001% pluronic acid
(Calbiochem, Bad Soden, Germany) in basal culture medium at 37°C
during 30-40 min. After exhaustive washout, optical measurements
were performed in a culture medium-like solution (see above). Furacalibration was performed either in vivo(l-2 PM ionomycin) or in vitro
(samples of solution in capillary glasses) with equivalent results (Williams et al., 1985; Tsien and Pozzan, 1989). The Ca, concentration,
[Cal+],, was calculated using equations equivalent to those of Grynkiewicz et al. (I 985), and the calibration parameters R,,,, R,,, and K
were determined by fitting to the data the equation

R = R,Ka*+

1 100 pA
25

+I, + K),

where R,,, = 0.46 and R,,, = 7.84 were the limiting fluorescence intensity ratios for low and high [Cal ‘1,) respectively, and K = 3.72 x
10mb M was proportional to the binding constant of Fura-2, K+ The
latter was calculated from K = KJ3, where fl = 15.75 was the ratio of
the fluorescence intensity coefficient at 380 nm in the virtual absence
of Ca to that in the presence of an excess amount of Ca, S,/S,,,. Hence,

Kd= 2.36 x lo-‘M.
Statisficalmethods.Data values that appear in text and figures are
given as mean f standard error of the mean (SEM). Statistical comparisons were made as independent variables, using the Student’s t test.
Values were considered statistically significant if p < 0.05.

Results
Long-term efects of glutamate
Whole-cell I<-, was elicited by step depolarizations
from membrane holding potentials (hp) of - 100 or -40 mV in an extracellular solution containing
10 mM Ca’+. Typical records from
hp = - 100 mV showed clearly the LVA and HVA I,. components (Fig. 1, A and B, respectively). In good agreement with
previous observations in cultured hippocampal
neurons (Yaari
et al., 1987), LVA I,., was activated at relatively low membrane
potentials (- 50 to -40 mV), and it was fully inactivated at hp

) 500 pA
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= -40 mV. HVA I,, was activated at relatively high membrane
potentials (- 30 to -20 mV). It was considerably
larger than
LVA Ic, and could be activated from both hp, - 100 and -40
mV. Both LVA I,, and HVA Ic, activation thresholds remained
unchanged after glutamate treatment. Surprisingly,
HVA Ic, increased dramatically
after two glutamate sessions (Fig. lB,C)
while LVA I,., remained unchanged (Fig. lA,C). Peak of maximal HVA Ic,, usually found at + 10 mV, was 1220 f 52 pA
(n = 45) for control and 1858 ? 108 pA (n = 47) for glutamatetreated cells from d2 to d5 (see Materials and Methods). However, no significant change was found from d0 to dl (control,
118 1 * 52 pA, n = 24; glutamate,
1262 & 49 pA, n = 26),
indicating that at least two exposures to glutamate are required
to enhance Ic,. Maximal
LVA I,, did not change between d2
and d5 under glutamate treatment (124 + 6 pA, n = 45, vs 12 1
f 8 pA, n = 42), indicating that HVA Ic, is specifically affected.
The enhancement
of I,, after glutamate treatment could be the
consequence ofan increase in specific conductance or an increase
in membrane
surface. Therefore,
cell membrane
capacitance
(C,,,), as an indicator
of the size of the cells, was measured
between d2 and d5 in the same group of cells where HVA I,.,
enhancement
was observed. No significant difference was found
after glutamate treatment (24.4 t 1.1 pF, n = 43, vs 26.7 f
1.3 pF, n = 41).
Besides Ic, amplitudes, voltage dependency, inactivation,
and
deactivation
of HVA I,, were studied in a group of cells taken
from d2 to d5 (n = 20). The activation, as judged by the time
to peak, sped up with increasing membrane potential. Consequently, the time to peak decreased and reached at + 10 mV
the same value in control (4.67 + 0.21 msec) as in glutamatetreated cells (4.54 * 0.2 1 msec). Inactivation
and deactivation
of HVA Ic, were adequately described by the equation I(t) =
Aem”, + Be-“Ts+ C, which was employed to estimate the time
constants (T, and T,) at + 10 mV of membrane potential, where
maximal I,, was usually detected. The current decay was similar
in the control (T, = 15.3 f 1.1 msec, 72 = 76.1 + 4.5 msec) and
in the glutamate-treated
cells (7, = 14.8 k 1.3 msec, T* = 73.5
? 4.1 msec). Similarly,
tail I,-, did not reveal any significant
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Figure2. Cell morphology under glutamate treatment: photomicrographs
comparingthe typical aspectof a control (A) anda glutamate-treated
(B) cell
at the fourth day of treatment.No obvious differencescan be appreciated.
Thesomaticmembrane
surface andthe
proximaldendriticradiusof 38control
and37glutamate-treated
cellsareshown
in C and D, respectively.Measurementsweredonebetweenexperimental
days 2 and 5 at 320x magnification.
No differences
werefound. Valuesare
givenasmean+ SEM.

change in the deactivation (control: r, = 0.43 + 0.07 msec, TV
= 3.23 + 0.28 msec; glutamate: T, = 0.42 + 0.05 msec, T* =
3.38 f 0.25 msec).

measurementsof the somatic membranesurfaceand the radius
of proximal dendrites betweend2 and d5 revealed no statistical
difference in theseparameters(Fig. 2CD).

Cell morphology
After 2 weeksin culture, most of the cells becamemorphologically well differentiated with two or three main processesand
abundant arborizations. As illustrated in Figure 2, A and B, no
obvious morphological changescould be observed betweencontrol and glutamate-treated cells. Supporting this suggestion,

Intracellular calcium transients
Intracellular calcium plays an important role in cellular functions asa secondmessenger,and it is well known that glutamate
inducesCa,elevations in hippocampus(Kudo and Ogura, 1986;
Mayer and Westbrook, 1987; Murphy and Miller, 1988;Furuya
et al., 1989). Therefore, the amplitude and time course of the
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brane depolarization, the membrane potential was measured
during exposureto 10 FM glutamate (Fig. 3A, inset). In average,
the depolarization induced by glutamatewas - 12.4 * 1.35 mV
(n = 6). Similar to gluamateeffects,the peakof the Ca, transient
induced by 45 mM KC1was 1.14 +- 0.11 WM (Fig. 3B). However,
only partial recovery could be observed within 20 min (0.55 -+
0.14 WM). This residual Ca, was statistically higher than in glutamate and remained evenly elevated in four cells followed up
to 60 min. As illustrated in the Figure 3B inset, the depolarization recorded during KC1 exposure was -7.66 ? 1.31 mV (n
= 4). Differencesin glutamate-induceddepolarization compared
to that by KC1 can be noticed, not only in amplitude but also
in temporal course. Depolarization by glutamate developed
slower and tended to recover even though no substantial recovery could be founded. Amplitude of depolarization by KCl,
although only subtly different, wassignificantly greaterthan that
by glutamate. Moreover, both glutamate (10 PM) and KC1 (45
mM) raisethe Ca, to valuesjust above 1 PM. However, the fact
that Ca, was restored to basal levels during the exposure to
glutamate but not during KCl-induced membranedepolarization suggestsdifferent actions not only on the induction of Ca,
transients but also on the Ca, buffering mechanisms.

J

Developmentof I,.” under glutamate treatment
If Ca, transients account for the changesobserved in I,, (Fig.
1B), it can be inferred from Figure 3A that only a few minutes
of exposure to glutamate would be sufficient to induce such
0
10
20
response.This is basedon the observation that, during glutaTime
( mln
)
mate exposure,Ca,returned to its basallevel within 10min and
no additional changesoccurred thereafter. However, the glutamate exposureswere standardizedto 1 hr per day. Sincevigorous Ca, elevations were also observed upon KCl-induced dem
polarization (Fig. 3B), the long-term effects of glutamate and
T
elevated KC1 on Ic, were compared. In control cells, the membrane current elicited by depolarizing stepsfrom - 100 mV to
+ 10 mV increasedslightly in parallel with membranecapacitance (Fig. 4A, left). By contrast, a strong increment in the amplitude of I,-, wasobserved betweend 1 and d2 during the treatment with glutamate (Fig. 4A, middle), which correlated well
1
I-with a similar responseof Ic, induced by the treatment with
2
4 0
10 19 20
0
KC1 (Fig. 4A, right). In order to bring out the specificity of the
Time
( min
)
effect on HVA Zc,, the current densities obtained from hp of
- 100 and -40 mV were examined. Interestingly, one single
Figure 3. Ca, transientsin pyramidal-likecellsduring exposureto
exposure to glutamate or KC1 did not change I,., (Fig. 4B,C).
glutamateor KCI. Glutamateor KC1wasaddedinto the bath at the
However, a strong increment of Ic, density was observed after
time indicated(arrows) andcellswerecontinuouslyexposed
for up to
2 d of glutamate or KC1 treatment at both holding potentialsin
60 min. A, Exposureto 10 PM glutamate.A strongCa, transientis
producedduringthe first l-2 min after glutamateapplication,showing the absenceof significant changesin C,,,.We found a significant
completerecoveryin about IO min. B, KCI at 45 mM wasaddedto
responseto glutamate from d2 to d5 at hp = - 100 mV (77.6
obtaina final concentrationof 50 mM. No completerecoverycan be
& 7.2 pA/pF, n = 15, vs 42.9 + 3.3 pA/pF, n = 14) and at hp
seenupto 20min.Symbolsrepresent
meanf SEM.PeakCa,:glutamate, = -40 mV (71.4 f 6.5 pA/pF vs 43.1 + 2.9 pA/pF) in the
n = 15;KCl, n = 12.Ca,signalvalueat 20 min:glutamate,n = 8; KCI,
same cells. C,,, remained unchanged during the same period
n = 6. Significantdifferencewasfoundat 20 min. Insets showtypical
examplesof the changes
observedin the membranepotentialduring
(28.7 f 1.7 pF vs 29.5 +- 3.2 pF). The addition of glycine (0.5
theexposureto glutamate(A) or KCL (B).
PM;
data not shown) did not changethis result (at hp = - 100
mV; 82.8 + 5.9 pA/pF, n = 12, vs 47.1 + 2.8 pA/pF, n = 15;
Ca,during the exposureto 10PM glutamate were examined (Fig.
at hp = -40 mV: 83.1 f 4.6 pA/pF vs 44.8 * 3.1 pA/pF, C,,:
20.2 * 0.8 pF vs 23.3 f 2.1 pF). This observation suggested
3A). Basal[Ca*+], varied from 50 to 200 nM. A strong Ca, transient with a peak of 1.27 + 0.11 FM was observed during the
that glycine was already presentin the culture medium. On the
other hand, indicating the importance of Ca, increase in the
first l-2 min after glutamate application and substantialrecovlong-term enhancement of Z,,, a responsesimilar to that for
ery in about 10 min. At 20 min, Ca, was 0.18 f 0.07 FM. In
glutamate was found for KC1 (at hp = - 100 mV: 75.4 + 4.9
five cells, Ca, was recorded for up to 60 min and no additional
pA/pF, n = 27, vs 43.3 * 2.5 pA/pF, n = 22; at hp = -40 mV:
changeswere observed. Becauseglutamate also induces mem-
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Figure 4. Development of Iv, during glutamate treatment and periodical membrane depolarization.
Cells were exposed to 10 PM glutamate or 45
rnM KC1 every day for 1 hr. Glutamate or KCI sessions started at day I2 in culture, termed experimental day zero (do). All I<-, measurements were
made 24 hr after each exposure to glutamate or KCI. A, Typical records of I,, from control cells (left) and from cells treated with glutamate (middle),
or KC1 (right). The membrane capacitance (C,,) and the day of treatment are indicated close to each record. Ic, was elicited by voltage pulses to
+ IO mV from a holding potential of - 100 mV. Notice the small increment in the amplitude of I,, in parallel to the value of C,,, in the left panel,
and the strong increment of I<, at d2 in the middle and right panels.B, Development of I,, density in a population of cells in successive days of
glutamate treatment. Mean Ic, density: opensymbols, control conditions; solid symbols, glutamate treatment. Triangles, hp = - 100 mV; squares,
hp = -40 mV. Notice the strong increment after 2 d of glutamate treatment at both holding potentials. Significant changes were found between
d2 and d5. No major changes in the membrane capacitance (circles)can be appreciated. C, Development of IcB during KC1 treatment. D,
Responsiveness of cultured hippocampal cells to the treatment with glutamate or KCI. Bars represent I,, density of a number of cells in control
(C) and in glutamate (G/u) or KCI treatment. I,, density for control cells (n = 79) was obtained between d0 and d5; that for glutamate (n = 33)
and KCI (n = 29), between d2 and d5. Cells with Ic, densities greater than the control mean value plus two standard deviations were considered
as positive (+). Negative (-) cells had I,-, densities comparable to control cells. For glutamate, positive cells were 18 of 33, and for KCI, I6 of 29.
Vaiues are given asmean * SEM.

69.1 + 4.9 pA/pF vs 39.3 f 2.2 pA/pF; C,,a: 24.4 Z? 1.7 pF vs
29.2 k 1.6 pF).
Because the present experiments
were conducted in cultures
from the whole hippocampus,
a heterogeneous
population
of
cells could be expected. This was supported by the observation
that at least two morphological
types, pyramidal-like
and stellate-like cells, could be easily distinguished.
Functionally,
a variability between individual
cells in the glutamate response and
in I,, amplitude was observed as well. We considered that a cell
had a positive response to glutamate or KCl, if its I,, density
value was greater than the mean value of control I,, densities
(43.34 pA/pF, n = 79) plus two standard deviations (2 1.42 pA/
pF). Using this criterion, cells tested at hp = - 100 mV were
taken from the preceding results and classified as positive or
negative (Fig. 40). For glutamate, 54.6% (18 of 33 cells) were
positive responses presenting an increment of 111.3% in I,,
density compared to control cells. For KCl, 55.2% (16 of 29
cells) presented a similar increment (107.6%). From these re-

suits, it is concluded that the HVA Ic, density enhanced twofold
in about 50% of the treated cells (see an example in Fig. 1B,C).
EJfl7Cts

of cycloheximide and AP5

The Ca2+ conductance (g,-,) was calculated from Ic, measured
at hp = - 100 mV and assuming [Ca2+], = lo-* M. Maximal
I<-, was divided by the driving force for Ca2+ at the appropriate
membrane potential. As illustrated in Figure 5, g,, in positive
cells under glutamate or KC1 treatment was greater than in
control and in negative cells. On the basis that Ic, enhancement
appeared clearly after 2 d of glutamate treatment (Fig. 4B), a
mechanism
mediated by protein synthesis was suggested. To
test this hypothesis, the cells were incubated with 2 PM cycloheximide continuously
during the glutamate treatment. In preliminary experiments,
higher concentrations
of cycloheximide
produced excessive cell damage. Clearly, g,-,, calculated from
current records obtained between d2 and d3, showed that cycloheximide
prevented the glutamate effects (Fig. 5). This result
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Figure 5. Membrane Ca2+ conductance of hippocampal cells exposed periodically to glutamate and depolarizing concentrations
of extracellular
potassium: blockade of glutamate and
KC1 responses by cycloheximide and
AP5. Control (Con), glutamate (G/u+
and Glu-), and KC1 (KCl+ and KCl-)
responses were obtained from Figure
40. Cycloheximide (2 FM) was added
from do, while AP5 (30 PM) was applied
10 min before glutamate (10 ELM) and
KC1 (45 mM) every day. Ca*+ conductance was calculated from maximal Zc,
elicited by voltage-clamp steps from hp
= - 100 mV. Z,, was recorded between
d2 and d3 for cycloheximide (Cyx, n =
9; Cyx + Glu, > = 9) and between d2
and d4 for AP5 CAPS. n = 14: AP5 +
Glu, n = 9; APS‘ + KCI, n = ‘17). No
positive responses to glutamate and KC1
were found in the presence of cycloheximide or AP5.
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confirms the suggestion that protein synthesis supports the g,,
enhancement induced by glutamate.
L-Glutamate
interacts with at least four classes of membrane
receptors in neurons, grossly classified as NMDA
and non-NMDA
receptors (MacDermott
et al., 1986; Mayer and
Westbrook,
1987; Murphy and Miller,
1988; Furuya et al.,
1989). As an interesting
possibility,
we explored the involvement of the NMDA
receptor in the long-term enhancement
of
g,, induced by glutamate. The competitive antagonists 2-amino5-phosphonopentanoic
acid (AP5) and 2-amino-7-phosphonoheptanoic acid (AP7) have been the key compounds in identifying
NMDA receptor action in a variety of CNS regions (Mayer and
Westbrook, 1987). Accordingly,
AP5 (30 PM) clearly prevented
the enhancement ofg,, in hippocampal
cells treated periodically
with glutamate or elevated KC1 (Fig. 5). Because 30 PM AP5
was sufficient to prevent the long-term
enhancement
of g,,,
higher doses were not employed. However, measurements
of
Ca, during glutamate application
in presence of AP5 revealed a
significant but only partial decrease in the peak of the transient

z3
V

+

1.0

0.5

-

KC1

Cyx

Cyx
+
Glu

AP5

AP5
+
Glu

AP5
+
KC1

(Fig. 6). Moreover, only partial block of the Ca, transient was
observed even when applying higher concentrations
ofAP5 (250
and 500 KM; not shown). AP5 was also able to induce Ca, elevation by itself, in agreement with previous observations (Kudo
and Ogura, 1986).

Discussion
Dissociated cultures provide a high degree of experimental
accessibility, including
the relative ease whereby voltage-clamp
recording can be performed. We found that repetitive exposure
ofhippocampal
cultured cells to glutamate specifically enhanced
HVA I,,. Moreover, this effect was blocked by cycloheximide
and mimicked by periodic membrane depolarization.

Specificity of H VA I,, enhancement
Undoubtedly,
the most robust and widely accepted break point
among the various Ca channel types identified in neurons is
that between the LVA and the HVA channels (Tsien et al., 1988;
Hess, 1990; Swandulla
et al., 199 1). The present study shows
that only HVA I,, is affected by glutamate treatment, and not
LVA I,,. The increase in HVA Ica could be the consequence of
enhanced specific conductance
or enlarged membrane surface.
However, on the basis that changes neither in size of the cells
nor in membrane capacitance were found, a specific enhancement in HVA Ca conductance is proposed. Our results not only
point out distinct regulation of the two major Ca channel types,
but also strengthen the view that different channel types correspond to separate molecular entities.

Glutamate stimulation versusmembranedepolarization

0.0
10 19 20
Time

( min

)

Figure 6. Ca, transients during application of glutamate (10 PM) in the
presence of AP5 (30 PM). Symbols are mean ? SEM. Peak transient, n
= 11; at 20 min, n = 7. AP5 produced a partial but significant blockade
of the Ca, transient induced by glutamate (see Fig. 3A).

L-Glutamate
induces Ca, elevations by acting directly on NMDA
and non-NMDA
receptors (Kudo and Ogura, 1986; Murphy
and Miller, 1988; Furuya et al., 1989) and, indirectly, on voltagegated Ca channels (Kudo and Ogura, 1986; MacDermott
et al.,
1986; Murphy et al., 1987; Murphy and Miller, 1988). Our
results show that periodic Ca, elevations by glutamate induce
an enhancement
of I,, in a time frame of days. Moreover, we
observed that KC1 induced vigorous Ca, elevations by a membrane depolarization
comparable to those induced by glutamate.
Under normal circumstances,
such rise in Ca, might function

The Journal

as a common link between cooperative mechanisms that converge in the appropriate signal and trigger adaptive changes in
neuronal functions. Initially, we designed experiments with elevated KC1 to simulate electrical activity in cultured hippocampal cells. The results show that periodic membrane depolarizations with elevated potassium mimic the effect of glutamate
treatment on Ic,. Yet, AP5, a NMDA receptor antagonist, prevents the long-lasting effects of glutamate and membrane depolarizations on I,,. Thus, elevated KC1 may induce the release
of neurotransmitters, which in turn participate in the enhancement of I,, generated under periodical membrane depolarization. Although, Ca, increase may underlie the action of membrane depolarization and glutamate, a detailed dissection of Ca,
transients is required to establish their relative importance in
the induction of the long-term enhancement of HVA I,,. Predominance of a specific glutamate-activated mechanism leading
to increase in Ca, , would depend on cell type (Cline and Tsien,
1991).
It has recently been reported I,, decreases progressively in
myenteric neurons exposed to depolarizing concentrations of
KC1 for several days (Franklin et al., 1992). However, neurons
in vivo hardly experience sustained depolarizations as prolonged
as those caused by elevated potassium in cultured cells. A short
rise of glutamate induced runup of I,-, in tens of minutes and
overlasted the exposure time (Mironov and Lux, 1992). The
present study shows that HVA I,, density can be upregulated
in hippocampal cells by periodical glutamate stimulation or
membrane depolarization. This effect required at least 2 d of
treatment and lasted for up to 5 d. In our hands, chronic exposures to glutamate or KC1 downregulated I,,.
Block of I, u enhancementby cycloheximide
The significant delay and the long duration of the Zc,enhancement are in line with previous reports on changesin neuronal
functions that depend on protein synthesis(Staton and Sarvey,
1984;Goelet et al., 1986).Accordingly, glutamate responsewas
significantly reduced by cycloheximide, suggestingthat a neosynthesisofCa channelsis involved in the evolution oflc, under
glutamate treatment. The lack of modifications in kinetic and
voltage dependencecharacteristicsof the increasedI,, rules out
possiblechangesin the gating behavior of Ca channels.As previously suggestedfor Na + channelsin other types of neurons
(Brismar and Gilly, 1987; Tribut et al., 199l), this evolution of
Ic, could be due to an enhancementin the density of functional
Ca channels in the membrane of hippocampal cells. Altematively, increasedunitary channelconductance may underlie the
I,, enhancement,though there is no precedent for increasesof
unitary channelconductancewhen kinetics and current-voltage
relationships remain unchanged. Nevertheless, single-channel
measurementswould be desirableto test possiblechangesat the
level of unitary conductance.
Possibleinvolvement of the NMDA receptor
NMDA and non-NMDA receptorscoexist in hippocampal cells
(Mayer and Westbrook, 1987).Among various alternatives, we
explored the possibility whether NMDA receptors could account for the long-lastingglutamate effect observedon I,,. Consistently, we did not find this enhancementin the presenceof
AP5, a selective antagonist of NMDA receptors. However, the
partial effect of AP5 on the Ca, transient induced by glutamate
limits the interpretation of this result, even when the presence
of APS-sensitive sitesin hippocampus has been confirmed by
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several groups in cultures (Harada et al., 1992) in slice preparations (Collingridge and Singer, 1990) and in vivo (Morris et
al., 1986). Moreover, it is well documented that block of these
siteswith AP5 doesnot detectably affect synaptic transmission
but prevents the induction of hippocampal long-term potentiation (LTP) following brief high-frequency stimulation (Blissand
Lomo, 1973; Collingridge et al., 1983; Harris et al., 1984). It
might be that Ca entry through NMDA receptor channelsplays
a critical role under glutamate stimulation (Lynch et al., 1983;
Malenka et al., 1988). Under physiological conditions, suchCa
entry may occur through NMDA-receptor channels,activated
during repetitive stimulation of the afferent pathway (Mayer
and Westbrook, 1987). Experimentally, exposuresto elevated
potassiumcould indirectly emulate effectsof this kind. Accordingly, AP5 inhibits the enhancementof HVA I(., in cells under
treatment with elevated KCl. This observation reinforces the
proposal that KCl-induced depolarizations may releaseneurotransmitters, which trigger the functional expression of HVA
calcium channelsin hippocampal cells maintained in primary
cultures. Whatever the mechanismturns out to be, the experiments with AP5 show evidence indicating NMDA receptors
are involved in the long-term modulation of I,.,.
Possiblephysiological significanceof I,, enhancement
Regulation of neuronal Ca channelsis important becauseentry
of Ca through voltage-gatedchannelsis a major mechanismby
which changesin membrane potential can influence cellular
processes.It wasinitially proposedthat either w-conotoxin (Miller, 1987) or dihydropyridine-sensitive HVA Zc,(Pemey et al.,
1986; Rane et al., 1987) could mediate synaptic transmission.
However, Reganet al. (1991) have recently shown that in hippocampal cells, as in other mammalian neurons, much of the
HVA IC, is resistent to both w-conotoxin and dihydropyridine
blockers. In our hands, at least, 60% of HVA I,., seemsto be
resistant to dihydropyridine antagonistsand w-conotoxin. Recently, it has been reported that an w-conotoxin-resistant Ca
channel, which is blocked by w-Aga-IVA, seemsto beassociated
with glutamate release(Turner et al., 1992).In the presentstudy,
we preferred to use the most widely accepted break point between the various classesofcalcium channels.Hence, wesimply
separatedHVA from LVA I,-,, despite the fact that currents
were recorded from cell bodies and not from presynaptic terminals as desirable. Accordingly, we found a consistent HVA
Ir, enhancement under experimental conditions that roughly
emulate those of increasedneuronal activity. Notoriously, the
Zc,enhancementwe observed was produced in a time frame of
days. We suggestthat this enhancementmay correspond to a
long-lasting processdependingon protein synthesis,though no
solid reasonscan be argued in favor of models of neuronal
plasticity suchasLTP (Blissand Lomo, 1973)or kindling (Goddard et al., 1969). Coincidentally, a long-term enhancementof
HVA I,-, induced by kindling has been recently observed in
hippocampal neuronsaswell (Vreugdenhil and Wadman, 1992).
Hence, it is tempting to speculatethat the Ca influx resulting
from an increaseddensity of Ca channelscould modulate calcium-dependent factors leading to changesin neuronal excitability. Experimental evidence supports the idea that Ca is an
important intracellular regulator of neuronal excitability in the
hippocampus (Kennedy, 1989).
In addition to beinga determinant of the electrophysiological
characteristicsof many cells, voltage-gatedCa influx can trigger
cellular events such as activation of enzymes (Kaczmarek and
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Levitan, 1987), even leading to genomic responses (Morgan and
Curran, 1986). Interestingly,
c-fis and c-&n, as prototypes of
immediate-early
genes, trigger a long-term enhancement of HVA
Ic, when they are cotransfected
in PC12 cells (A. CavaIiC, B.
Berninger, D. E. Garcia, D. Lindholm,
and H. D. Lux, unpublished observations).
We suggest that the reported form of Ca
channel regulation could cause neurons to adapt to altered levels
of electrical activity and may contribute to changes in synaptic
strength occurring after periods of increased electrical activity.

References
Banker GA, Cowan WM (1977) Rat hippocampal neurons in dispersed
cell culture. Brain Res 126:397425.
Baudry M, Bundman MC, Smith EK, Lynch GS (1981) Micromolar
calcium stimulates proteolysis and glutamate binding in rat brain
synaptic membranes. Science 212:937-938.
Bliss TVP, Lomo T (I 973) Long-lasting potentiation of synaptic transmission in the dentate area ofthe anaesthetized rabbit following stimulation of the perforant path. J Physiol (Lond) 232:33 1-356.
Boulter J, Hollmann M, O’Shea-Greenfield A, Hartley M, Deneris E,
Maron C, Heinemann S (1990) Molecular cloning and functional
expression of glutamate receptor subunit genes. Science 249: 10331037.
Brismar T, Gilly WF (I 987) Synthesis of sodium channels in the cell
bodies of squid giant axons. Proc Nat1 Acad Sci USA 84: 1459-1463.
Cline HT, Tsien RW (I 99 1) Glutamate-induced
increases in intracellular Ca* + in cultured frog tectal cells mediated by direct activation
of NMDA receptor channels. Neuron 6:259-267.
Collingridge CL, Singer W (1990) Excitatory amino acid receptors and
synaptic plasticity. Trends Pharmacol Sci 1 1:290-296.
Collingridge CL, Kehl SJ, McLennan H (1983) The antagonism of
amino acid-induced excitations of rat hippocampal CA 1 neurones in
vitro. J Physiol (Lond) 334: 19-3 I.
DeLorenzo RJ (198 I) The calmodulin hypothesis of neurotransmission. Cell Calcium 2:365-385.
Franklin JL, Fickbohm DJ, Willard AL (1992) Long-term regulation
of neuronal calcium currents by prolonged changes of membrane
potential. J Neurosci 12: 1726-l 735.
Furuya S, Ohmori H, Shigemoto T, Sugiyama H (1989) Intracellular
calcium mobilization triggered by a glutamate receptor in rat cultured
hippocampal cells. J Physiol (Lond) 414:539-548.
Goddard GV, McIntyre DC, Leech CK (1969) A permanent change
in brain function resulting from daily electrical stimulation. Exp Neurol 25:295-330.
Goelet P, Castellucci VF, Schacher S, Kandel ER (1986) The long and
the short of long-term memory-a molecular framework. Nature 322:
4 19422.
Gottmann K, Rohrer H, Lux HD (1991) Distribution of Ca’+ and
Na’ conductances during neuronal differentiation of chick DRG precursor cells. J Neurosci 1 I :337 l-3378.
Grvnkiewicz G. Poenie M. Tsien RY (1985) A new generation ofCa’+
indicators with greatly improved fluorescence prop&ties. J Biol Chem
260:3440-3450.
Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ (1981) Improved patch-clamp techniques for high-resolution current recording
from cells and cell-free membrane patches. Pfluegers Arch 39 1:85100.
Harada K, Yoshimura T, Nakajima K, Ito H, Ebina Y, Shingay R
(1992) N-methyl-D-aspartate increases cytosolic Ca2+ via G proteins
in cultured hippocampal neurons. Am J Physiol 262:C87O-C875.
Harris EW, Ganong AH, Cotman CW (1984) Long-term potentiation
in the hippocampus involves activation of N-methyl-D-aspartate receptors. Brain Res 323: 132-l 37.
Hess P (1990) Calcium channels in vertebrate cells. Annu Rev Neurosci 13:337-356.
Hollmann M, O’Shea-Greenfield A, Rogers SW, Heinemann S (1989)
Cloning by functional expression of a member of the glutamate receptor family. Nature 342:643-648.
Kaczmarek LK, Levitan IB (1987) Neuromodulation.
The biochemical control of neuronal excitability. New York: Oxford UP.
Kater SB, Mills LR (1991) Regulation of growth cone behavior by
calcium. J Neurosci I1:891-899.
Keinanen K, Wisden W, Sommer B, Werner P, Herb A, Verdoom TA,

Sakmann B, Seeburg PH (I 990) A family of AMPA-selective glutamate receptors. Science 249:556-560.
Kennedy MB (1989) Regulation of neuronal function by calcium.
Trends Neurosci 12:4 I 7420.
Kudo Y, Ogura A (1986) Glutamate-induced increase in intracellular
Cal+ concentration in isolated hippocampal neurones. Br J Pharmacol
89:191-198.
Lynch G, Baudry M (1984) The biochemistry of memory: a new and
specific hypothesis. Science 224: 1057-1063.
Lynch G, Larson J, Kelso S, Barrionuevo G, Schottler F (1983) Intracellular injections of EGTA block induction of hippocampal longterm potentiation. Nature 305:7 19-72 1.
MacDermott AB, Mayer M, Westbrook CL, Smith JS, Barker JL (1986)
NMDA-receptor
activation increases cytoplasmic calcium concentration in cultured spinal cord neurones. Nature 32 I :5 19-522.
Malenka RC, Kauer JA, Zucker RJ, Nicoll RA (I 988) Postsynaptic
calcium is sufficient for potentiation of hippocampal synaptic transmission. Science 242:8 l-84.
Mayer ML, Westbrook CL (I 987) The physiology ofexcitatory amino
acids in the vertebrate central nervous system. Prog Neurobiol 28:
197-276.
Miller RJ (1987) Multiple calcium channels and neuronal function.
Science 235:46-52.
Mironov SL, Lux HD (1992) Glutamate selectively increases the highthreshold Cali channel current in sensory and hippocampal neurons.
Brain Res 580:341-344.
Morgan JI, Curran T (1986) Role of ion flux in the control of c+os
expression. Nature 322:552-555.
Morris RGM, Anderson E, Lynch GS, Baudry M (1986) Selective
impairment of learning and blockade of long-term potentiation by an
N-methyl-D-aspartate receptor antagonist, AP5. Nature 3 I9:774-776.
Murphy SN, Miller RJ (1988) A glutamate receptor regulates Ca’+
mobilization in hippocampal neurons. Proc Nat1 Acad Sci USA 85:
8737-8741.
Murphy SN, Thayer SA, Miller RJ (1987) The effects of excitatory
amino acids on intracellular calcium in single mouse striatal neurons
in vitro. J Neurosci 7:4145-4158.
Pemey TM, Himing LD, Leeman SE, Miller RJ (1986) Multiple calcium channels mediate neurotransmitter release from peripheral neurons. Proc Natl Acad Sci USA 83:6656-6659.
Randall RD, Thayer SA (I 992) Glutamate-induced calcium transient
triggers delayed calcium overload and neurotoxicity in rat hippocampal neurons. J Neurosci 12: 1882-l 895.
Rane SC, Holz GG IV, Dunlap K (1987) Dihydropyridine inhibition
of neuronal calcium current and substance P release. Pfluegers Arch
409:36 l-366.
Regan LJ, Sah DWY, Bean BP (1991) Ca” channels in rat central
and peripheral neurons: high-threshold current resistant to dihydropyridine blockers and w-conotoxin. Neuron 6:269-280.
Schbepp D, Bockaert J, Sladeczeck F (1990) Pharmacological and
functional characteristics of metabotropic excitatory amino acid receptors. Trends Pharmacol Sci 1 I :508-5 15.
Schubert D, LaCorbiere M, Whitlock C, Stallcup W (1978) Alterations
in the surface properties of cells responsive to nerve growth factor.
Nature 273:7 18-723.
Segal M (1983) Rat hippocampal neurons in culture: responses to
electrical and chemical stimuli. J Neurophysiol 50: 1249-I 264.
Sheng M, Greenberg ME (1990) The regulation and function of c:fos
and other immediate early genes in the nervous system. Neuron 4:477485.
Sommer B, Keinanen K, Verdoom TA, Wisden W, Bumashev N, Herb
A, Kohler M, Takagi T, Sakmann B, Seeburg PH (1990) Flip and
flop: a cell-specific functional switch in glutamate-operated channels
of the CNS. Science 249: 1580-I 585.
Staton PK, Sarvey JM (I 984) Blockade of long-term potentiation in
rat hippocampal CA1 region by inhibitors of protein synthesis. J
Neurosci 4:3080-3088.
Sugiyama H, Ito I, Hirono C (1987) A new type of glutamate receptor
linked to inositol phospholipid metabolism. Nature 325:531-533.
Swandulla D, Carbone E, Lux HD (1991) Do calcium channel classifications account for neuronal calcium channel diversity? Trends
Neurosci 14:46-5 1.
Tribut F, Lapied B, Duval A, Pelhate M (1991) A neosynthesis of
sodium channels is involved in the evolution of the sodium current
in isolated adult DUM neurons. Pfluegers Arch 4 19:665-667.

The Journal

Tsien R, Pozzan T (1989) Measurement of cytosolic free Ca*+ with
quin2. Methods Enzymol 1721230-262.
Tsien RW, Lipscombe D, Madison DV, Bley KR, Fox AP (1988)
Multiple types of neuronal calcium channels and their selective modulation. Trends Neurosci 11:431437.
Turner TJ, Adams ME, Dunlap K (1992) Calcium channels coupled
to glutamate
release identified by w-Aga-IVA. Science 258:3 10-3 13.
Vreugdenhil M, Wadman MJ (1992) Enhancement ofcalcium currents
in rat hippocampal CA 1 neurons induced by kindling epileptogenesis.
Neuroscience 49:373-38 1.

of Neuroscience,

February

1994,

74(2)

553

Williams DA, Fogarty KE, Tsien RY, Fay FS (1985) Calcium gradients
in single smooth muscle cells revealed by the digital imaging microscope using Fura-2. Nature 3 l&558-56 1.
Yaari Y, Hamon B, Lux HD (1987) Development of two types of
calcium channels in cultured mammalian hippocampal neurons. Science 235:680-682.
Zafra F, Hengerer B, Leibrock J, Thoenen H, Lindholm D (1990)
Activity dependent regulation of BDNF and NGF mRNAs in the rat
hippocampus is mediated by non-NMDA glutamate receptors. EMBO
J 9:3545-3550.

