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Critical Dependence of cAMP Response Element-Binding Protein
Phosphorylation on L-Type Calcium Channels Supports a Selective
Response to EPSPs in Preference to Action Potentials
Paul G. Mermelstein, Haruhiko Bito, Karl Deisseroth, and Richard W. Tsien
Department of Molecular and Cellular Physiology, Stanford University School of Medicine, Stanford, California 94305

Activity-dependent gene expression in neurons shows a remarkable ability to differentiate between different types of stimulation: orthodromic inputs that engage synaptic transmission
are much more effective than antidromic stimuli that do not. We
have studied the basis of such selectivity in cultured hippocampal neurons in which nuclear cAMP response element-binding
protein (CREB) phosphorylation is induced by synaptic activity
but not by action potential (AP) stimulation in the absence of
EPSPs, although spikes by themselves generate large elevations in intracellular Ca 21. Previous work has shown that Ca 21
entry through L-type Ca 21 channels plays a dominant role in
triggering calmodulin mobilization and activation of calmodulindependent kinases that phosphorylate CREB, raising the possibility that L-type channels contribute to the selective response to EPSPs rather than APs. Accordingly, we performed
voltage-clamp experiments to compare the currents carried by
L-type channels during depolarizing waveforms that approxi-

mated APs or dendritic EPSPs. The integrated current generated by L-type channels was significantly less after mock APs
than with EPSP-like depolarizations. The difference was traced
to two distinct factors. Compared with other channels, L-type
channels activated at relatively negative potentials, favoring
their opening with EPSP stimulation; they also exhibited relatively slow activation kinetics, weighing against their contribution during an AP. The relative ineffectiveness of APs as a
stimulus for CREB phosphorylation could be overcome by
exposure to the agonist Bay K8644, which potentiated the
AP-induced influx through L-type channels by ;10-fold. Under normal conditions, the unique biophysical properties of
L-type channels allow them to act as a kinetic filter to support spike–EPSP discrimination.

Activity-dependent regulation of gene expression is essential for
long-term changes in neuronal structure and f unction (Kandel et
al., 1986; Ghosh et al., 1994; Bito et al., 1996; Impey et al., 1998).
As a general rule, neurons are capable of responding selectively
to certain kinds of activity and not to others. One of the most
fundamental forms of such selectivity is the ability to discriminate between EPSPs and spike firing, despite the fact that both
forms of activity strongly raise bulk intracellular Ca 21 concentrations (Deisseroth et al., 1996). Stimulation by EPSPs and action
potentials (APs) each represent physiological stimuli: EPSPs are
generated by synaptic transmission, whereas dendritic APs arise
from back propagation of spikes originating within the cell body.
There are several examples of neurons discriminating between
APs and EPSPs. For example, synaptic stimulation of sympathetic
neurons of the superior cervical ganglion causes increased levels of
tyrosine hydroxylase, whereas antidromic stimulation produced no
change (Chalazonitis and Zigmond, 1980). Likewise, c-fos expression in magnocellular neurons of the hypothalamus rises in re-

sponse to orthodromic but not antidromic stimulation (Luckman et
al., 1994). The same kind of disparity occurs in hippocampal
neurons in which phosphorylation of cAMP response elementbinding protein (CREB) at Ser 133 occurs with EPSPs but not spike
stimulation (Bito et al., 1996; Deisseroth et al., 1996).
This study was undertaken to clarify the basis of the sharply
contrasting responses after synaptic activity-based depolarizations as opposed to the generation of action potentials in the
absence of intercellular neurotransmission. To do so, we monitored CREB phosphorylation in dissociated cell cultures derived
from rat hippocampi by means of an antibody to phospho-Ser 133
(Ginty et al., 1993). Under these conditions, CREB signaling
occurs after activation of either L-type voltage-gated Ca 21 channels or NMDA receptors (NMDARs) (Sheng et al., 1991; Deisseroth et al., 1996). These sources of Ca 21 entry are tightly linked
to CaM translocation and nuclear signaling to the near exclusion
of other Ca 21 influx pathways (Deisseroth et al., 1998).
NMDARs contribute to EPSP–spike discrimination because
NMDAR-mediated CREB phosphorylation is clearly dependent
on the release of synaptic glutamate. Whether and how voltagegated, L-type Ca 21 channels can discriminate between spike and
EPSP depolarizations is currently unknown. In an attempt to
uncover the means by which L-type channels help discriminate
between these different types of stimuli, their biophysical properties were closely examined.
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MATERIALS AND METHODS
Cell culture. Pyramidal CA3– CA1 hippocampal neurons were cultured as
described previously (Malgaroli and Tsien, 1992). Briefly, 2-d-old rat
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pups were decapitated, and their brains quickly isolated and then placed
into an ice-cold, modified HBSS (H-2387; Sigma, St. L ouis, MO) containing: 4.2 mM NaHC O3 and 1 mM H EPES with 20% fetal bovine serum
(FBS) (Hyclone, L ogan, UT), pH 7.35, 300 mOsm. After isolation of the
hippocampi, the dentate gyri were discarded, and the remaining tissue
was cut into five to six pieces. The tissue was combined in a 15 ml
centrif uge tube (Corning, Corning, N Y), washed three times with HBSS
containing 20% FBS, and then three times with HBSS alone. The tissue
was then enzymatically digested for 5 min with 10 mg /ml trypsin (type
X I; Sigma) in a solution that contained (in mM): 137 NaC l, 5 KC l, 7
Na2HPO4, and 25 H EPES, pH 7.2, 300 mOsm. Afterwards, the tissue
was washed twice with HBSS containing 20% FBS and three times with
HBSS alone. The cells were dispersed using a series of Pasteur pipettes
with decreasing diameter in 2 ml of HBSS containing: 12 mM MgSO4 with
20% FBS, pH 7.35, 310 mOsm. After dispersion, 3 ml of HBSS with 20%
FBS was added to the centrif uge tube. The cells were then spun at 1000
rpm for 10 min at 4°C. After the supernatant was aspirated, the cells were
resuspended in 2 ml of HBSS plus 3 ml of HBSS with 20% FBS and spun
once more. The supernatant was again discarded, and the cells were
resuspended in HBSS containing 20% FBS. The cells were then plated
onto 1 cm coverslips. The cells were grown in 2 ml of Minimum Essential
Medium (M EM) (Life Technologies, Grand Island, N Y) containing: 28
mM glucose, 2.4 mM NaHC O3, 0.0013 mM transferrin, 2 mM glutamine,
0.0042 mM insulin, and 10% FBS, pH 7.35, 300 mOsm. All reagents were
obtained from Sigma except transferrin (C albiochem, La Jolla, CA).
T wenty-four hours after plating, one-half of the M EM solution was
replaced with a similar solution containing 4 mM AraC and 5% FBS.
Three days later, one-half of the solution was again replaced with plating
media containing 5% FBS.
Acute dissociation. Three-week-old rat pups were decapitated, and
their brains were quickly removed. Hippocampi were isolated using
methods similar to those used for cell culture. Each hippocampus was cut
into five to six pieces, followed by a 5 min exposure to 2 mg /ml protease
(type X IV; Sigma) dissolved in an oxygenated, 37°C PI PES solution (in
mM): 120 NaC l, 5 KC l, 1 C aC l2, 1 MgC l2, 20 PI PES, and 25 glucose, pH
7.0, 300 mOsm. Afterwards, the tissue was transferred to an oxygenated
chamber containing PI PES solution at room temperature until dissociation. When needed, cells were dispersed using a series of Pasteur pipettes
and allowed to settle at the bottom of the recording chamber for at least
10 min before recording.
Electrophysiolog y. Whole-cell recordings of currents supported by somatic and proximal dendritic C a 21 channels were performed using
standard techniques (Hamill et al., 1981; Mermelstein et al., 1996).
Warner GC120T-10 borosilicate glass electrodes (Warner Instrument
Corp., Hamden, C T) were pulled on a Flaming / Brown P-87 puller
(Sutter Instrument Co., Novato, CA) and fire polished with an M F-9
microforge (Narishige, Hempstead, N Y). The intracellular recording
solution contained (in mM): 190 N-methyl-D-glucamine, 40 H EPES, 5
BAP TA, 4 MgC l2, 12 phosphocreatine, 3 Na2ATP, and 0.2 Na3GTP, pH
7.2, 275 mOsm. The external recording solution contained (in mM): 135
NaC l, 20 C sC l, 1 MgC l2, 10 H EPES, 0.001 TTX, and 5 BaC l2. Because
C a 21 itself can have effects either directly or indirectly on voltagedependent C a 21 channels, 5 mM C a 21 was also used as the charge
carrier. Replacing Ba 21 with C a 21 shifted the voltage-dependence of
activation and activation kinetics to more depolarized potentials by ;10
mV. Reduction of the external C a 21 concentration to physiological
concentrations (;2 mM) largely negates that shift. With either external
C a 21 or Ba 21, L -type channels activated at more negative potentials and
did not f ully activate with AP waveforms; apparently switching between
charge carriers had no significant impact on the interpretation of our
results (see Results). Nifedipine and S(2)-Bay K8644 were dissolved in
ethanol as a 10003 stock (5 mM). All reagents were obtained from Sigma
except ATP and GTP (Boehringer Mannheim, Indianapolis, I N),
BAP TA (C albiochem), nifedipine, and Bay K8644 (Research Biochemicals, Natick, M A). E xtracellular recording solutions were applied with a
gravity-fed Warner Instruments M P-8 manifold positioned several hundred microns away from the cell being recorded. The bath solution
contained (in mM): 129 NaC l, 5 KC l, 30 glucose, 25 H EPES, 2 C aC l2, 1
MgC l2, and 0.01 glycine. Current traces generated with mock AP waveforms were C d 21 subtracted (200 mM) to eliminate the capacitative
artifact.
Recordings of acutely isolated or cultured hippocampal pyramidal
neurons [5– 6 d in vitro (d.i.v.)] were obtained with a patch-clamp L / M
EPC 7 amplifier (AL A Scientific Instruments Inc., Westbury, N Y) or an
Axopatch 200A amplifier (Axon Instruments, Foster C ity, CA) con-
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trolled by a personal computer running pCL AM P (version 6.0) with a
125 kHz interface (Axon Instruments). Electrode resistances were ;4 – 6
MV in the bath. After a stable seal was obtained and the membrane patch
under the electrode was ruptured, the series resistance was compensated
by .50% for cultured neurons and .75% for acutely dissociated cells.
L ow-voltage-activated, T-type channels were not typically observed in
either neuronal preparation. Recordings were performed at room temperature (23°C). The junction potential (,2 mV) was not compensated.
Data were analyzed on a Power Macintosh workstation (Apple Computers, Cupertino, CA) using Axograph (version 3.5; Axon Instruments)
software.
CR EB immunoc ytochemistr y. For field stimulation experiments, neurons (8 –12 d.i.v.) were preincubated 2– 4 hr at room temperature in a
T yrode’s solution containing (in mM): 129 NaC l, 5 KC l, 2 C aC l2, 1
MgC l2, 30 glucose, 25 H EPES, 0.1 glycine, and 0.001 TTX. The recording chamber was perf used with the T yrode’s solution (no TTX) in the
presence or absence of 5 mM Bay K8644. Field stimuli (1 msec constant
current pulses of 5 mA) were applied for 18 sec at 50 Hz or 180 sec at 5
Hz by an Iso-Flex stimulus isolator (A.M.P.I., Jerusalem, Israel) in the
presence of AP-5 (25 mM) and C NQX (10 mM) to eliminate synaptically
driven EPSPs. After stimulation, cells were fixed for ;30 min with 10%
paraformaldehyde (Electron Microscopy Sciences, Washington, PA) in
PBS containing 4 mM EGTA. Coverslips were washed twice with PBS
containing 100 mM glycine and then permeabilized for 1–2 hr in block
solution [PBS with 4% goat serum (Jackson ImmunoResearch, West
Grove, PA) containing 0.4% saponin (Sigma)]. The cells were then
incubated overnight in block solution containing a 1:1000 dilution of the
anti-pCREB polyclonal antibody (Upstate Biotechnology, Lake Placid,
N Y). The next day, cells were washed three times in PBS plus 100 mM
glycine. After wash, cells were incubated 1–2 hr in the block solution
containing the Texas Red-conjugated secondary antibody (1:200 dilution). C ells were washed five times with PBS and 100 mM glycine and then
covered with the anti-quenching reagent C itifluor (C itifluor UK Chemical Lab., C anterbury, UK). After the immunocytochemistry procedure,
nuclear fluorescence measurements were performed using a Z eiss Axioplan inverted microscope (Z eiss, Thornwood, N Y) containing standard epifluorescence attachments.
Induction of EPSPs was performed by stimulating one neuron in a
region of several cells to maximize the probability of synaptic contacts
(Deisseroth et al., 1996). It should be noted that, under these culture
conditions, neurons do not form autapses. The target neuron was stimulated to generate action potentials with a bipolar electrode made from
theta glass (C lark Electromedical Instruments, Pangbourne, UK). The
stimulating electrode was filled with Neurobiotin (Vector Laboratories,
Burlingame, CA) to allow staining with a 1:100 dilution of C ascade
blue-conjugated avidin (Molecular Probes, Eugene, OR). As in the field
stimulation experiments, cultured neurons were preincubated for 2– 4 hr
in T yrode’s containing TTX to minimize CREB phosphorylation induced by spontaneous electrical activity. After stimulation, cells were
processed for immunocytochemistry as described above.
Statistics. Statistics were performed on a Power Macintosh workstation
using either StatView (version 4.01; Abacus Concepts, Inc., Berkeley CA)
or Systat (version 5.2 Systat Inc., Evanston, IL). Within-subjects t tests or
a repeated-measures ANOVA with p , 0.05 were considered to be
significant a priori. Permeability estimates were determined using Axograph and KaleidaGraph software (version 3.0.4; Synergy Software,
Reading, PA) as described previously (Bargas et al., 1994).

RESULTS
CREB phosphorylation occurs with EPSP but not
AP stimulation
The differential impact of APs and synaptic EPSPs in cultured
CA1–CA3 hippocampal pyramidal neurons has been described
previously (Deisseroth et al., 1996) and is further documented
here. Figure 1 A shows 5 Hz intracellular stimulation of an individual pyramidal neuron to produce APs in this “presynaptic”
neuron and EPSPs but not APs in the surrounding “postsynaptic”
cells. At this stage in culture, one-to-one synaptic connections are
not powerful enough to fire action potentials given the presence
of comparatively weak synapses and the temporal separation
between individual EPSPs at moderate stimulation frequency, as
verified by direct recordings from follower cells (Deisseroth et al.,
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rons (Fig. 1 B). With CNQX (10 mM) and AP-5 (50 mM) present,
the field stimulation evoked action potentials, as verified by direct
whole-cell recordings from individual pyramidal cells and optical
monitoring of intracellular Ca 21 transients (Deisseroth et al.,
1996). Under these conditions, only a small percentage of neuronal nuclei displayed immunostaining with the anti-pCREB antibody (middle bars), in sharp contrast to the widespread CREB
phosphorylation observed when synaptic transmission was allowed (left bars) (Deisseroth et al., 1996). These results were in
good agreement with the findings obtained in single-cell stimulation experiments (Fig. 1 A). The ineffectiveness of spikes alone
was particularly interesting in view of previous Ca 21 imaging,
which showed prominent intracellular Ca 21 transients in the
cultured hippocampal neurons under the same stimulation conditions (Deisseroth et al., 1996).
One hypothesis to explain the sharply contrasting effects of
action potentials and EPSPs invokes a differential effect of spikes
and EPSPs on a particular form of Ca 21 delivery rather than
Ca 21 elevation overall. Indeed, previous work has demonstrated
that L-type Ca 21 channels contribute only a fraction of the
overall Ca 21 influx, yet play a disproportionately large role in
inducing CREB phosphorylation (Deisseroth et al., 1998). To test
for involvement of L-type channels in the spike–EPSP discrimination, we reexamined the effects of field-stimulated APs, evoked
in the presence of synaptic blockade, but with further addition of
the L-type agonist Bay K8644. Under these circumstances, the
action potentials became much more effective in inducing CREB
phosphorylation (Fig. 1 B, right bars). This reinforced the view
that the Ca 21 influx through L-type Ca 21 channels is critical for
CREB phosphorylation. The key question that remained is
whether the differential effects of synaptic activity and action
potentials could be understood in terms of L-type channel
properties.
Figure 1. EPSPs, but not APs, are sufficient stimuli to induce CREB
phosphorylation. A, APs were evoked at 5 Hz in a single presynaptic cell
(arrow, blue), generating EPSPs in the surrounding postsynaptic neurons
(arrowheads). After EPSP stimulation, the vast majority of postsynaptic
neurons exhibited significant phospho-CREB staining, seen as red (inset)
After eliminating the blue light, a lack of red phospho-CREB staining was
observed in the presynaptic neuron. B, Field stimulation for 18 sec at 50
Hz or 180 sec at 5 Hz to generate EPSPs and APs resulted in significant
CREB phosphorylation (lef t bars). Eliminating EPSPs with AP-5 (50 mM)
and CNQX (10 mM), leaving only field-stimulated APs, eliminated the
induced CREB phosphorylation (middle bars). Potentiation of L -type
channels with Bay K8644 enabled APs to generate CREB phosphorylation in a high percentage of neurons (right bars).

1996). Near the presynaptic neuron (Fig. 1 A, blue), almost all of
the surrounding cells display typical clear nuclear phosphoCREB (detected with an antibody specific for pCREB and
a rhodamine-conjugated secondary antibody), illustrating that
EPSPs constitute a powerf ul and sufficient input to produce
CREB phosphorylation. In contrast, the presynaptic neuron was
poorly stained, if at all, by the anti-pCREB antibody (Fig. 1 A,
inset), indicating that APs alone are typically not potent stimuli to
activate CREB phosphorylation. Similar results were observed in
six other experiments. It should be noted that only 5–10% of the
neurons in these cultures are GABAergic, as determined by
immunocytochemical staining with an anti-GAD antibody (our
unpublished results).
Additional tests of the possible impact of spike activity in the
absence of synaptic activity were performed using field stimulation with extracellular electrodes to excite the hippocampal neu-

Divalent cation influx through L-type and other Ca 21
channels during AP- and EPSP-like depolarizations
Based on the essential contribution of L-type Ca 21 channels, a
straightforward explanation for the relative inability of APs to
promote CREB phosphorylation is that they are relatively ineffective in activating L-type channels compared with EPSPs. To
test this hypothesis, we compared the L-type Ca 21 channel
currents generated by various waveforms in cultured CA3–CA1
hippocampal pyramidal neurons under voltage clamp with either
5 mM Ca 21 or Ba 21 as charge carriers (Ba 21 was typically used
to avoid complications arising from Ca 21-activated currents).
The neurons were depolarized using two standard waveforms, a
mock action potential consisting of a series of voltage ramps (Fig.
2 A) (Wheeler et al., 1996) or a pulse to 230 mV (Fig. 2 B),
approximating the degree of depolarization achieved by EPSPs
induced by trains of synaptic input to hippocampal dendrites
(Magee and Johnston, 1995). A pharmacological dissection using
the L-type antagonist nifedipine (5 mM) allowed the contribution
of L-type channels to be compared with that of other voltagedependent Ca 21 channels as a useful reference. Figure 2 A shows
representative current traces generated by the mock AP waveform in the absence and presence of nifedipine and the
nifedipine-sensitive current (difference signal). The L-type channels provided only 20% of the total Ca 21 channel current, measured at its peak (Fig. 2 A) or as an integral (cumulative charge
QAP). In contrast, the relative contribution of L-type channels
during a pulse to 230 mV was approximately half of the total,
measured either as peak current or the current integral (Fig. 2 B).
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Figure 2. AP-like waveforms produced significantly less divalent cation
entry through L -type C a 21 channels
than EPSP-like depolarizations. A, A
whole-cell patch-clamp recording of a
hippocampal CA3– CA1 pyramidal
neuron (5 d.i.v.). With a mock AP, the
fraction of Ba 21 current attributable
to L -type C a 21 channels was ;20%,
whether measured at its peak (top) or
as cumulative charge (bottom). B, With
a step to 230 mV in the same cell, the
contribution of L -type C a 21 channels
was significantly greater (;50%).
Compared with AP stimulation, a step
to 230 mV increased the amount of
charge entering through L -type channels by 338%, whereas for non-L channels, the increase was only 10%.
C, With AP waveforms, L -type C a 21
channels made up only a small percentage of the whole-cell current
(24.8 6 4.6%, measured at the peak).
With a step to 230 mV, the percentage
is significantly greater (49.4 6 4.8%;
t 5 5.25; p , 0.0002; n 5 13). D, The
ratio of charge entry with an AP waveform (QAP ) versus a step to 230 mV
(Q230), for L -type and non-L -type
C a 21 channels. QAP /Q230 was significantly smaller for L -type C a 21 channels (0.24 6 0.04) than non-L -channels (0.55 6 0.06; t 5 4.76; p , 0.0005;
n 5 13).

Similar results were obtained in pooled data from a total of 13
cells (Fig. 2C). With mock APs, L -type channels contributed
24.8 6 4.6% of the whole-cell C a 21 current (mean 6 SEM),
significantly less than the 49.4 6 4.8% observed with a step to
230 mV (t 5 5.25; p , 0.0002). Our findings with AP waveforms
were in good agreement with f ura-2 measurements in spiking
pyramidal neurons in hippocampal slices, which put the fractional
contribution of L -type channels at ;30% (Regehr and Tank,
1992; Christie et al., 1995).
Comparisons between the current integrals are relevant because the cumulative divalent cation entry is probably most
closely related to activation of C a 21-dependent cellular processes. The integrated charge contributed by L -type C a 21 channels during mock APs was 44.2 6 4.0 fC in 13 neurons, sixfold less
than the charge associated with the EPSP-like depolarization to
230 mV (Q230), 244.9 6 53.5 fC. The corresponding values for
non-L -type channels were 175.0 6 42.2 and 322.7 6 37.7 fC, a
difference of less than twofold. A slightly different representation
of the same data compares the ratio of charge, calculated for
individual experiments (Fig. 2 D). Here again, there was a striking
difference between QAP/Q230 for L -type C a 21 channels (0.25 6
0.04) and non-L -type channels (0.55 6 0.06; t 5 4.55; p , 0.0005).

16 neurons, the ratio ranged from near unity at 230 mV to ;0.4
at 0 mV, a significant decrease (t 5 3.00; p , 0.01).
Ramp depolarizations provided a convenient means for characterizing the possible differences in voltage-dependence of activation of L-type and other voltage-gated calcium channels over a
broader range of potentials. Figure 3D shows the nifedipinesensitive and nifedipine-insensitive components of the whole-cell
Ba 21 current. The inward current reached its maximum at more
negative potentials for L-type channels (211.2 6 1.9 mV) than
non-L-type channels (24.1 6 1.2 mV; t 5 4.17; p , 0.002). The
voltage-dependence of channel permeability was extracted by
dividing the current values at each potential by an expression for
an open channel current–voltage relationship, derived from the
Goldman–Hodgkin–Katz equation (Hille, 1992; Bargas et al.,
1994). The voltage for half-activation (V1/2) of L-type and nonL-type channels differed by ;5 mV in this example (Fig. 3E).
Pooled results from 13 neurons (Fig. 3F ) yielded V1/2 values of
214.2 6 1.6 mV for L-type current and 29.2 6 1.4 mV for
non-L-type currents (t 5 3.16; p , 0.01). Thus, voltagedependent opening of L-type channels occurs at significantly
more negative potentials, in qualitative agreement with reports of
activation characteristics in other systems (see Discussion).

L-type calcium channels activate at more
hyperpolarized potentials than other calcium channels

L-type calcium channels activate more slowly than
other calcium channels

Further analysis was performed to determine what functional
properties of L -type C a 21 channels were responsible for the
discrimination between EPSP- and AP-like depolarizations. The
voltage-dependence of L -type channels was considered as an
obvious possibility. Figure 3, A and B, compares the activation of
L-type and non-L -type channels at 230 mV, referenced to the
current activated at 0 mV. The milder depolarization produced a
substantial current through L -type channels but little current
through non-L -type channels relative to that seen with stronger
depolarizations. This was substantiated by analysis of the ratio of
L-type and non-L -type currents at various potentials (Fig. 3C). In

To understand why L-type channels are relatively unresponsive
to action potentials, we looked more closely at their activation
kinetics. Acutely dissociated neurons were used for this analysis
to optimize the speed of imposed voltage changes. Figure 4 A
compares L-type and non-L-type currents at 220 mV in a typical
neuron. The 10 –90% rise time was more than twice as long for
L-type channels as for non-L-type channels. This finding was
representative of pooled results over a range of potentials (Fig.
4 B). In nine neurons, the 10 –90% rise time for L-type channels
was between twofold and threefold longer than for non-L-type
channels at all potentials between 230 and 0 mV (t 5 2.39; p ,
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Figure 3. L-T ype Ca 21 channels activate at more negative potentials than
other high voltage-acitvated C a 21 channels. A, Considerable activation of
L-type channels occurs at 230 mV relative to that evoked at 0 mV. B, In the
same cell, non-L-type channels are only
marginally activated at 230 mV. C, The
ratio of L-type to non-L -type current
was significantly greater at more negative potentials (F 5 4.72; p , 0.01; n 5
13). D, The non-L-type and L -type currents observed with a depolarizing
ramp. The arrows mark positions of
peak current along the voltage axis
(voltage difference, 7.9 mV). E, Voltagedependent activation of L -type and
non-L-type Ca 21 channels, represented
as relative permeability, fitted with Boltzmann functions. In this typical cell,
L-type Ca 21 channels activated at more
negative potentials than non-L -type
channels (DV, ;5 mV). F, Statistical
summary of the differences in halfactivation voltage of L-type channels
(214.2 6 1.6 mV) and non-L -type channels (29.2 6 1.4 mV; t 5 3.16; p , 0.01;
n 5 13).

0.05). This helps explain why activation of L -type channels was
relatively unresponsive to brief depolarizations such as action
potentials.

Enhancement of L-type Ca 21 channels will induce
CREB phosphorylation after AP stimulation
To complete the picture of how activity of L -type C a 21 channels
may act to discriminate between stimuli, we examined the effect
of Bay K8644 on L -type currents. Because AP stimulation gained
the ability to induce CREB phosphorylation in the presence of
this L -type agonist (Fig. 1 B), one might expect Bay K8644 to
cause a substantial increase in cumulative divalent entry during
AP stimulation. Figure 5A shows Ba 21 currents in a control run
and in the presence of nifedipine (5 mM) or Bay K8644 (5 mM).
There was a large increase in the amplitude and duration of the
inward current transient upon application of the agonist. The
integrated currents contributed by the nifedipine-sensitive and
Bay K8644-sensitive components are shown in Figure 5B. The
QAP supported by L -type channels increased by ;10-fold. Pooled
results from 18 neurons subjected to the same experimental
regimen are displayed in Figure 5C. The accumulated charge

Figure 4. L -T ype Ca 21 channels have significantly slower activation kinetics than other C a 21
channels in acutely dissociated hippocampal neurons. A, With a step to 220 mV, L -type channels
activate more than two times slower than non-L type currents. B, At each of four different potentials, the 10 –90% rise time for L -type channels was
significantly longer than that for non-L -type channels (t $ 2.39; p , 0.05; n 5 9).

carried by L-type channels increased from 48.0 6 6.4 fC in
control to 447.0 6 48.3 fC with application of Bay K8644 (t 5
8.96; p , 0.0001). The more than ninefold increase on average
exceeds the approximate fivefold differential between Q230 and
QAP in Figure 2 D. Thus, the electrophysiological effect of Bay
K8644 is large enough to account for AP-dependent CREB
phosphorylation in its presence.

DISCUSSION
The experiments in this paper addressed an apparent contradiction: spike activity alone is much less effective than synaptic
activity in causing rapid Ca 21-dependent CREB phosphorylation, despite the fact that both forms of activity strongly raise bulk
intracellular Ca 21 concentrations (Deisseroth et al., 1996). The
resolution of this paradox hinges on the critical role of Ca 21
entry though L-type channels in activation of signaling to CREB
(Sheng et al., 1991; Deisseroth et al., 1996). Our voltage-clamp
experiments demonstrated that the biophysical properties of
L-type channels in hippocampal pyramidal cells allow them to act
as a kinetic filter to differentiate between different forms of
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Figure 5. Increased activation of L-type
C a 21 channels with AP waveforms caused
by (2)Bay K8644. A, Whole-cell current
with an AP waveform under control conditions and in the presence of either nifedipine (5 mM) or Bay K8644 (5 mM). B, In this
cell, Bay K8644 produced an ;8.5-fold increase in the cumulative charge entry
through L -type channels. C, Pooled results
showing the effect of Bay K8644 on L-type
current evoked by mock APs (45.3 6 6.3 vs
439.2 6 47.0 fC; p , 0.0001; n 5 18).

depolarizing stimuli. Depolarizations comparable with synaptically driven dendritic depolarizations were strong stimuli for
divalent cation entry because of the ability of L -type Ca 21
channels to activate at relatively negative potentials. Conversely,
action potentials were poor activators of divalent cation entry
through L -type channels because of their relatively slow activation kinetics. The combination of voltage- and time-dependent
properties of L -type channels strongly favored divalent cation
entry with EPSPs as opposed to APs, thus contributing to the
different effects of synaptic activity and spike activity on CREB
phosphorylation. By using Bay K8644, we were able to greatly
increase the flux through L -type C a 21 channels associated with
AP stimulation, to a point of exceeding that generated by EPSPlike depolarizations in the absence of agonist. Accordingly, AP
stimulation in the presence of Bay K8644 was effective in causing
CREB phosphorylation (Fig. 1 B).
Our hypothesis for the role of L -type channels in EPSP–spike
discrimination would be broadly applicable if two conditions held
true in other neuronal systems: first, that L -type channels are
endowed with a privileged role in signaling from cell periphery to
nucleus, and second, that the biophysical properties of L-type
channels are well-represented by our studies in hippocampal
neurons. Previous studies have established the importance of
L-type calcium channels in CREB phosphorylation and downstream gene expression in several brain regions, including neostriatum (Liu and Graybiel, 1996, 1998; Rajadhyaksha et al., 1999),
cortex (Murphy et al., 1991; Shieh et al., 1998; Tao et al., 1998),
olfactory bulb (C igola et al., 1998), retina (Yoshida et al., 1995),
and cerebellum (Bito et al., 1999). Furthermore, there are hints
that L -type and non-L -type channels in other neuronal systems
would show contrasts similar to those reported here upon examination of cumulative charge entry. Depolarizations to 225 mV
were sufficient to cause activation of L -type channels in spiny
cortical neurons in culture, as judged by fluo-3 imaging of somatic
Ca 21 transients (Nakazawa and Murphy, 1999). The more negative voltage range of activation of L -type channels has been
noted in neuroblastoma cells (Kasai and Neher, 1992), cerebellar
granule neurons (Marchetti et al., 1995), hippocampal CA3 pyramidal cells (Avery and Johnston, 1996), and neostriatal neurons
(Song and Surmeier, 1996). The slower time course of L-type
channel activation can also be seen in recordings from cerebellar
granule neurons (Randall and Tsien, 1995). In hippocampal neurons, differences between the biophysical properties of L-type
and non-L -type channels showed no clear dependence on age,
inasmuch as they were similar in acutely dissociated adult neurons
and those cultured at postnatal day 1 (P1) to P2. Thus, participation of L -type channels may be of general relevance to differential
responses to EPSPs and spikes. As a separate question, it remains

to be determined whether L-type channels also support action
potential-driven nuclear changes in sensory neurons and other
cells that lack synaptic inputs (Fields et al., 1997), or in hippocampal pyramidal neurons that are spiking in response to strong
antidromic stimulation with theta-burst patterns (Dudek and
Fields, 1998).
The coupling of L-type channels and NMDARs to a rapid
pathway for CREB phosphorylation (Ghosh et al., 1994; Deisseroth et al., 1998; Hardingham et al., 1998) is noteworthy because both Ca 21 influx pathways are preferentially activated by
EPSPs as opposed to action potentials. The mechanism of such
coupling has become increasingly clear. After depolarization,
rapid CREB phosphorylation is triggered by calcium-dependent,
CaM translocation from the cytosol into the nucleus (Deisseroth
et al., 1998) (see also Pruschy et al., 1994; Luby-Phelps et al.,
1995; Craske et al., 1999; Liao et al., 1999). Once in the nucleus,
the CaM triggers CREB phosphorylation via CaM-dependent
protein kinases (Bito et al., 1996). CaM translocation was only
observed after activation of L-type channels or NMDARs but
not other voltage-gated Ca 21 channels (Deisseroth et al., 1998).
Although it is not critical for this paper, it will clearly be of
interest to know how such selective communication comes about
at the molecular level. L-Type channels often appear to be
clustered with NMDARs (Hell et al., 1996), suggesting that both
Ca 21 delivery systems might signal to the same pool of CaM in
quiescent cells. The importance of local Ca 21 signaling at sites of
Ca 21 entry is already known from work with Ca 21 chelators
(Deisseroth et al., 1996). Further cooperation between voltageand ligand-gated channels may occur during synaptic depolarizations because of voltage-dependent gating of L-type Ca 21 channels and voltage-dependent relief of Mg 21 block of NMDARs
(Graef et al., 1999; Rajadhyaksha et al., 1999).
The ability of L-type channels to selectively filter different
types of stimuli is undoubtedly important not just for CREB
signaling but for other signaling pathways to the nucleus as well.
For example, L-type channels work through CaM to activate
signaling pathways involving mitogen-activated protein kinase–
extracellular signal-regulated kinase (Wu et al., 1998), serum
response factor (Misra et al., 1994), and nuclear factor of activated T-cells (Graef et al., 1999). This in turn leads to the
transcription of c-fos and other immediate-early genes (Murphy et
al., 1991; Thompson et al., 1995), growth factors such as BDNF
(Shieh et al., 1998; Tao et al., 1998), and calcium-regulatory
proteins such as IP3R1 (Genazzani et al., 1999; Graef et al.,
1999). Through activation of gene transcription, L-type channels
also exert important effects on cell fate (Brosenitsch et al., 1998;
Cigola et al., 1998), axonal and dendritic guidance (McAllister et
al., 1996; Bishop and Milton, 1998; Ohbayashi et al., 1998), and

272 J. Neurosci., January 1, 2000, 20(1):266–273

long-term potentiation and long-term depression (Aniksztejn and
Ben-Ari, 1991; Christie and Abraham, 1994; Hanse and Gustafsson, 1995; Huber et al., 1995; Bi and Poo, 1998; Izumi and
Zorumski, 1998; Kapur et al., 1998; Manahan-Vaughan et al.,
1998; Norris et al., 1998; Shankar et al., 1998). Given the importance of L -type channels for neuronal development and plasticity,
it is particularly noteworthy that they support distinctions between different forms of physiological stimulation.
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