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Cellular/Molecular

Synaptic Activation and Membrane Potential Changes
Modulate the Frequency of Spontaneous Elementary Ca*™"
Release Events in the Dendrites of Pyramidal Neurons

Satoshi Manita and William N. Ross
Department of Physiology, New York Medical College, Valhalla, New York 10595

In most neurons postsynaptic [Ca”"]; changes result from synaptic activation opening voltage gated channels, ligand gated channels, or
mobilizing Ca*>* release from intracellular stores. In addition to these changes that result directly from stimulation we found that in
pyramidal cells there are spontaneous, rapid, Ca®" release events, predominantly, but not exclusively localized at dendritic branch
points. They are clearest on the main apical dendrite but also have been detected in the finer branches and in the soma. Typically they have
a spatial extent at initiation of ~2 um, a rise time of <15 ms, duration <100 ms, and amplitudes of 10-70% of that generated by a
backpropagating action potential at the same location. These events are not caused by background electrical or synaptic activity. How-
ever, their rate can be increased by repetitive synaptic stimulation at moderate frequencies, mainly through metabotropic glutamate
receptor mobilization of IP;. In addition, their frequency can be modulated by changes in membrane potential in the subthreshold range,
predominantly by affecting Ca*>" entry through L-type channels. They resemble the elementary events (“sparks” and “puffs”) mediated
by IP, receptors and ryanodine receptors that have been described primarily in non-neuronal preparations. These spontaneous Ca**

release events may be the fundamental units underlying some postsynaptic signaling cascades in mature neurons.

Introduction

At most synapses release of glutamate or other transmitters acti-
vates ionotropic receptors, which, either through direct opening
of ligand gated channels or indirectly by subsequent opening of
Ca*" channels leads to Ca®" entry through the plasma mem-
brane. In addition, synaptically activated Ca*" release from in-
ternal stores has been described in many neurons (Finch and
Augustine, 1998; Takechi et al., 1998; Nakamura et al., 1999;
Yeckel et al., 1999; Morikawa et al., 2000; Larkum et al., 2003;
Stutzmann et al., 2003; Power and Sah, 2007). These increases
follow the mobilization of IP; by activation of Group I metabo-
tropic receptors (mGluRs) and muscarinic receptors.

In several non-neuronal cell types [e.g., oocytes (Parker and
Yao, 1996; Sun et al., 1998) and HeLa cells (Bootman et al.,
1997)], in cultured PC12 cells and in some hippocampal cells in
primary culture (Koizumi et al., 1999) randomly generated,
small, localized, IP;-mediated Ca?" release events (“puffs”) have
been described. These puffs are usually generated experimentally
by uncaging IP; within the cell or by the application of a metabo-
tropic agonist to the cell, although there are a few observations of
spontaneous puffs (Parker and Yao, 1991). When these puffs
occur close enough together in space and time they interact to
generate large amplitude [Ca®"]; increases, often in the form of
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Ca** waves. The mechanisms underlying the generation of these
puffs and waves in oocytes have been the subject of intense anal-
ysis (Dawson et al., 1999; Shuai et al., 2006).

A second kind of small Ca®* release event, often called
“sparks,” has been described in cardiac myocytes, some types of
smooth muscle cells, and in dissociated dorsal root ganglion neu-
rons (for review, see Cheng and Lederer, 2008). These events are
thought to occur through Ca**-induced Ca*™ release (CICR) by
the activation of localized clusters of ryanodine receptors (RyRs).
The frequency of these events is usually increased by membrane
depolarization and by RyR agonists like caffeine, but do not gen-
erally lead to regenerative release.

Much slower spontaneous Ca’* release events have been de-
scribed in embryonic retinal ganglion cells in intact retina (Lo-
hmann et al., 2002), hippocampal neurons in slice cultures (Lo-
hmann et al., 2005; Lohmann and Bonhoeffer, 2008), and striatal
neurons in acute slices (Osanai et al., 2006). Previously, sponta-
neous Ca’" release events with the characteristics of puffs or
sparks have not been observed in the dendrites of mature
neurons.

Against this background we examined pyramidal cells in rat
hippocampal slices with high speed imaging using high affinity
Ca’" indicators. We found that most CA1 pyramidal neurons
express Ca’" release events spontaneously at resting potential,
primarily in the dendrites. They are highly localized, concen-
trated at branch points, much faster than events in embryonic or
cultured cells, and are caused by release of Ca*>* from internal
stores. They are insensitive to TTX or to blockade of spontaneous
ionotropic synaptic transmission in the slice. Most interestingly,
the frequency of these events can be modulated by membrane



7834 - J. Neurosci., June 17,2009 - 29(24):7833-7845

potential changes and by mGIluR-
mediated synaptic transmission. As with
events in oocytes and HeLa cells, when the
release events are induced by IP; mobiliz-
ing mechanisms to occur at a high rate
they coalesce to generate high amplitude
Ca’" waves (Nakamura et al, 1999).
However, high rates of events induced by
increasing [Ca®"]; or depolarization do
not transition to Ca>" waves.

Materials and Methods
Whole-cell recording. Transverse hippocampal
slices (300 wm thick) from 2- to 4-week-old
Sprague Dawley rats were prepared as previ-
ously described (Nakamura et al., 1999). Ani-
mals were anesthetized with isoflurane and de-
capitated using procedures approved by the
Institutional Animal Care and Use Committee
of New York Medical College. Slices were cut in
an ice-cold solution consisting of (in mm): 80
NaCl, 2.5 KCl, 0.29 CaCl,, 7 MgCl,, 1.25
NaH,PO,, 25 NaHCO;, 75 sucrose, 10.1 glu-
cose, 1.3 ascorbate, and 3 pyruvate. They were
incubated for at least 1 h in solution consisting
of (in mm): 124 NaCl, 2.5 KCl, 2 CaCl,, 2
MgCl,, 1.25 NaH,PO,, 26 NaHCO;, and 10.1
glucose, 1.3 ascorbate and 3 pyruvate, bubbled
with a mixture of 95% O,—5% CO,, making the
final pH 7.4. Normal ACSF (artificial CSF),
composed of (in mm) 124 NaCl, 2.5 KCI, 2
CaCl,, 2 MgCl,, 1.25 NaH,PO,, 26 NaHCO,
and 10 glucose, was used for recording.
Submerged slices were placed in a chamber
mounted on a stage rigidly bolted to an air table
and were viewed with a 60X water-immersion
lens in an Olympus BX50WI microscope
mounted on an XY translation stage. Somatic
whole-cell recordings were made using patch
pipettes pulled from 1.5 mm outer diameter
thick-walled glass tubing (1511-M, Friedrich &
Dimmock). Tight seals on CA1 pyramidal cell
somata were made with the “blow and seal”
technique using video-enhanced differential in-
terference contrast optics to visualize the cells
(Sakmann and Stuart, 1995). For most experi-
ments the pipette solution contained (in mm):
130 potassium gluconate, 4 NaCl, 4 Mg-ATP,
0.3 Na-GTP, 7 dipotassium-phosphocreatine,
and 10 Hepes, pH adjusted to 7.3 with KOH.
Final osmolarity was 297 mOsm. This solution
was supplemented with the high affinity Ca®"
indicator Oregon Green Bapta-1 (25-100 uMm;
Invitrogen). Synaptic stimulation was evoked
with 200 us pulses with glass electrodes placed
on the slice ~5-30 um to the side of the main
apical dendritic shaft and at varying distances
from the soma. These electrodes were low resis-
tance patch pipettes (<10 M()) filled with
ACSF. Temperature in the chamber was main-
tained between 31 and 33°C. Caged IP; (p-myo-
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Figure 1.  Spontaneous Ca® ™ release events occur in localized regions of the dendrites of hippocampal pyramidal neurons. 4,

Pyramidal neuron filled with 0GB-1. Three ROIs are marked. The string of wide pixels indicates the locations of the line scan
images. Wide pixels were used toimprove the /N, and did not affect the locations or time courses of the Ca** signals compared
with those recorded with narrower pixels. In normal ACSF (“Control”) spontaneous increases in [Ca > ], were detected asynchro-
nously at the three locations. The pseudocolor “line scan” image shows the increases at all locations along the dendrite. When 20
fmryanodine was added to the ACSF (“+Ryn”), the spontaneous events were blocked. The voltage traces below show that there
was no potential change at the times of the [Ca*]; increases. Yellow arrows indicate limits of the dendritic region in this and
other figures in which event rate was measured. B, Known blockers of Ca®* release from internal stores strongly reduce the
frequency of events. Several trials were recorded to determine the control frequency. Then the frequency was determined when
ryanodine (20 pum) or CPA (20 M) was added to the bath. €, Events do not result from background synaptic activity in the slice.
Blockade of Na * channels (by 1 pm TTX) or ionotropic synaptic transmission (by 100 pm APV, 10 rm CNQX, 100 pm picrotoxin)
did not change event frequency. Some antagonists of mGluRs (MCPG, 1 mm; PHCCC, 100 wum) reduced event frequency but others
(MPEP, 3 um; LY367385, 100 wum) did not. No mGluR antagonist completely blocked events. Error bars in each column are SE
and numbers of cells are shown in parentheses.

dependent [Ca®"]; measurements from different regions of the pyrami-

inositol 1,4,5-trisphosphate, p*’-1-(2-nitrophenyl)ethyl ester) was pur-
chased from EMD Biosciences. All other chemicals were obtained from
Fisher Scientific or Sigma. Nifedipine and nimodipine were prepared as
10 mum stock solutions in ethanol and Bay K-8644 was prepared as a 10
mM stock solution in DMSO. These solutions were diluted to final values
in ACSF at the time of the experiment.

Dynamic [Ca’" ], measurements. For most experiments time-

dal neuron were made as previously described (Lasser-Ross et al., 1991;
Nakamura et al., 2002). Briefly, a Photometrics Quantix cooled CCD
camera, operated in the frame transfer mode, was mounted on the cam-
era port of the microscope. Custom software (original version described
by Lasser-Ross et al., 1991) controlled readout parameters and synchro-
nization with electrical recordings. A second custom program was used
to analyze and display the data. Pixels were binned in the camera to allow
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Figure 2. Low level uncaging of IP; or weak tetanic synaptic activity increase event rates but more intense stimulation evokes Ca* waves. 4, [(a®"J; changes evoked by uncaging IP; in a
localized dendritic region. Left panel shows an 0GB-1 filled pyramidal neuron. The yellow circle indicates the approximate location of the uncaging flash. The red box indicates the ROl from where
the fluorescence traces were taken. The wide pixels for the line scans in A and B were chosen to improve the S/N. The first panel (“High”) shows the response to a moderate intensity flash for 5's,
represented by the vertical band across the image and trace. The bright red zone at the beginning of the flash and the cutoff of the peak in the trace indicate a Ca > wave restricted approximately
to the region of the UV flash. The true amplitude of the [Ca > *]; changes were much higher than the ranges shown for the image and trace because the Ca* indicator was close to saturation. Most
of the artifact resulting from tissue autofluorescence caused by the UV flash was digitally subtracted. The second panel and trace (“Medium”) show the responses to a lower energy flash. There was
awidespread low level increase in fluorescence punctuated by a few sharp transients. The third panel and trace (“Low”) show responses to an even lower energy flash. In this case the main response
was an increase in elementary event frequency in the illuminated region. B, A similar set of responses to tetanic synaptic transmission at 20 Hz for 4 s at different stimulation currents (200 s pulses).
The position of the stimulating electrode is shown with the dotted arrow. C, Raster plots showing the time of events in the last panels of A and B. All events along the visible apical dendrite (Fig. 14,
see yellow arrows) are plotted. There was clearly an increase in event rate during the uncaging flash and during the tetanus. D, Histograms comparing event rates during unstimulated time periods
and during stimulation. For both the uncaging and synaptic experiments the increase in event rate was statistically significant. Number of cells included in the samples is indicated above the bars.

frame rates of 30—50 Hz. For most experiments we measured fluores-  lens. UV light intensity was regulated by changing the proportion of time
cence changes of OGB-1 with single wavelength excitation (494 = 10  the UV light was on when alternating the on-off cycle at 1000 Hz.

nm) and emission at 536 = 20 nm. For high speed experiments changes

in fluorescence were acquired using a back-illuminated 80 X 80 pixel

cooled CCD camera (NeuroCCD-SMQ; Red Shirt Imaging), controlled Results . . - . .

with Neuroplex software (Red Shirt Imaging). Images with this camera Small a.mphtude,. localized C? ) event_s n tl.le de.ndr.ltes )
were acquired at 500 Hz. [Ca>*]; changes are expressed as AF/F where F In previous experiments examining calcium signaling in pyrami-
is the fluorescence intensity when the cell is at restand AFis the changein ~ dal neurons investigators usually measured [Ca >*]; increases as-
fluorescence during activity. Corrections were made for indicator  sociated with particular electrical events like synaptic activation
bleaching during trials by subtracting a low-pass filtered signal measured or action potentials. For these new experiments we first examined
under the same conditions when the cell was not stimulated. We did not  flyctuations in resting [Ca?*]; levels without stimulation in py-

correct for tissue autofluorescence. [Ca®"]; increases in different parts of ramidal neurons from the CA1 region in hippocampal slices from
the cell are displayed using either selected regions of interest (ROIs) ora 5 _ to 4-week-old rats. In most cells (>300 examined) we ob-

pseudo “line scan” display (Nakamura et al., 2000). . . i ) ) ) )
Photolysis of caged IP. For some experiments caged IP; (100 um) was served sharp increases in Oregon-Green-BAPTA-1 (OGB-1) flu

included in the patch pipette, and was allowed to diffuse throughout the =~ OF€SCence at.restrlcted Places in the primary apical den'dr ites (Flg
cell after membrane rupture. Pulsed UV light centered at 365 nm from a 1A) and oblique dendrites and soma (supplemen.tal Fig. 1, avail-
light-emitting diode (UVILED, Rapp Optoelectronics) was focused able at www.jneurosci.org as supplemental material). These were
through the objective via a 200 wm diameter quartz fiber optic light guide ~ low frequency events, typically occurring at a rate of 1-3 events/s
making a spot of ~40 pm in diameter on the slice with the 60X objective ~ at any one location. Their amplitudes varied, but typical fluores-
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cence changes (AF/F) were 5-35%. These
were ~10-70% of the amplitude of the

fluorescence change from a single back- -63mV

cell. Previous experiments (Helmchen et
al., 1996) indicate that the amplitude of a
bAP-evoked [Ca**]; increase in the apical

-55mV

propagating action potential (bAP) re- £ i
corded at the same locations in the same 1 I%
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dendrites is ~150 nM suggesting that typ- ~

4/4V %01 34V %S

ical event amplitudes were 20—100 nM. Be- A
cause this kind of event previously was not
observed in pyramidal neurons in slices we
characterized them further.

Events result from spontaneous Ca>*
release from internal stores

There was no corresponding change in
membrane potential at the time of most of
these elementary events. Therefore, it is
likely they reflect Ca** release from inter-
nal stores. We tested this hypothesis by ap-
plying agents that are known to affect
Ca’" release. The frequency of spontane-
ous fluorescence changes were dramati-
cally decreased by 20 um ryanodine (0.2 =
0.1% of control rate, N = 7 cells, p <
0.001, paired t test, Fig. 1A,B), and
strongly reduced by 20 um cyclopiazonic
acid (CPA; 11.2 = 6.2% of control rate,
N = 4 cells, p < 0.001; paired t test, Fig.
1B). Ryanodine depletes Ca*" stores by
blocking the ryanodine receptor in the
open state (Rousseau et al., 1987) and CPA
blocks the ER Ca?*-ATPase (Seidler et al.,
1989). The ryanodine experiment demon-
strates that ryanodine receptors (RyRs) are
active in these cells but does not prove that
Ca’" release is through these receptors
since depleting the stores will prevent re-
lease by activation of IP; receptors if both
receptors are on the same compartment
(Khodakhah and Armstrong, 1997). In an
attempt to further characterize the path-
way for release we included heparin (1-20
mg/ml) and ruthenium red (100 uMm-1
mM), in the internal pipette solution in
separate sets of experiments, or bath ap-
plied dantrolene (100 um). Heparin is
thought to block IP; receptors (Ghosh et al., 1988; Kobayashi et
al., 1988) and ruthenium red and dantrolene block RyRs in some
preparations (Endo, 1977; Smith et al., 1985; Llano et al., 1994)
although there is clear evidence that all these compounds are not
specific (Ehrlich et al., 1994; Bengtson et al., 2004; MacMillan et
al., 2005). Unfortunately, we could not get conclusive results in
these experiments (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). In earlier experiments
(Nakamura et al., 1999, 2000) we found that heparin (1 mg/ml)
blocked Ca** waves, whereas ruthenium red (100 um) did not
block Ca?* waves, consistent with the interpretation of these
waves as regenerative IP;-mediated events. But these small
events may be less sensitive to these compounds or may in-
volve a different mix of channels on the endoplasmic reticu-
lum (ER).
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Figure3. Changes in membrane potential rapidly modulate elementary event frequency by regulating [Ca?*1; by changing
(a”" entry through L-type Ca ™ channels. A, Representative recordings showing that event rates increased when the cell was
depolarized from —63 mVto — 55 mV and reduced when the cell was hyperpolarized to —70 mV. The returnto — 63 mV restored
the basal frequency. B, Transient depolarization rapidly enhanced event rate and increased [Ca*]; at all locations. Both these
effects were strongly reduced by 20 wm nifedipine. ¢, Average response at three potentials [Control: —60mV = 0.8 mV, N = 10
cells; depolarized (Depol): —54.6 == 1.3mV, N =7 cells; hyperpolarized (Hyper): —75.1 == 2.0mV, N = 18 cells]. Depolarization
increased event rate by 150%; hyperpolarization and Ca*™* free (0 mm CaCl, and 4 mm MgCl,) almost completely eliminated the
events; addition of 10 um nimodipine reduced event rate by 50% and addition of 10 um Bay K-8644 doubled the event rate. In the
presence of nifedipine there was no effect of depolarization on the event rate.

Increasing intracellular IP; enhances event generation

Evidence that these elementary events could result from activa-
tion of IP; receptors came from experiments in which we directly
evoked similar events by uncaging IP; in the dendrites (Fig. 2A).
After loading the cells with caged IP; from the patch electrode on
the soma we gave long flashes of UV light to a 40 wm diameter
region of the dendrites. At moderate flash energies a large ampli-
tude Ca" wave was evoked (Hong and Ross, 2007). However,
when the flash energy was reduced the regenerative Ca>" wave
did not occur. Instead, smaller, graded fluorescence increases
were detected with occasional sharp transients on top of these
changes. At even lower energies only isolated events were de-
tected but these occurred at a higher rate than observed in the
control period before UV illumination, whereas the frequency of
events in nearby unilluminated regions did not change (Fig. 2C).
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suggesting that caffeine acted directly on the pyramidal neuron.

There were no changes in membrane potential corresponding to
any of these responses. These isolated events were generated only
over a narrow range of UV intensities. Similar results demon-
strating events transitioning to large amplitude Ca** release
waves following graded uncaging of IP previously were shown in
Xenopus oocytes (Sun et al., 1998). Although these experiments
show that release of IP; alone can evoke these events they do not
rule out a possible role for Ca®" release through RyRs (see be-
low). In oocytes it is clearer that IP; receptors are the main Ca**
release channels since functional RyRs are not found in those cells
(Lechleiter and Clapham, 1992).

These events occur in most pyramidal neurons without stim-
ulation. Spontaneous events could result from an intrinsic mech-
anism in the neurons or result from external activation in ambi-
ent conditions. To examine the second possibility we first applied
blockers of ionotropic glutamate receptors (APV, 100 uMm and
CNQX, 10 uMm) and GABA , receptors (picrotoxin, 100 uM). This
mixture did not affect event frequency (control: 159 events over a
total of 108 s in 7 cells; APV+CNQX+ picrotoxin: 291 events
during 192 s in the same 7 cells; percentage with blockers/control:

5mM Caffeine + Blockers

(affeine transiently increases puff rate in dendrites. 4, Left panel, Pyramidal neuron filled with 50 pum 0GB-1 with
pixels and ROIs marked. Starting at 0 min 5 mm caffeine began to enter the recording chamber and remained in the chamber for
the course of the experiment. Fluorescence recordings of 6 s duration were taken every 15s. Selected recordings at 0, 2, and 4 min
are shown. The bottom raster plots show the times of events in the dendritic region during these recordings. B, Summary of
experiments. Data from five cells were averaged for each condition. In the experiments with blockers (100 wum APV, 10 um CNQX,
1 umTTX, and 3 v MPEP), these compounds were added to the bath several minutes before caffeine was added. For the caffeine
experiments (with or without blockers) each cell was from a separate slice. The blockers did not prevent the increase in event rate
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103 * 15%, Fig. 1C). TTX (1 um) also had
no effect on event rate (percentage with
TTX/control: 119 = 49%, N = 4 cells, Fig.
1C) showing that background spiking in
the slice did not directly or indirectly affect
event generation.

In previous experiments (Nakamura et
al., 1999, 2000; Larkum et al., 2003) we
found that synaptically activated Ca*"
waves were mediated through activation
of group I mGluRs (mGluR,; and mGluRs)
since they were blocked by some inhibitors
of these receptors. To test whether ambi-
ent glutamate in the slice was activating
these receptors and generating localized
events we applied several different block-
ers. MCPG (1 mm), a group I and II
mGluR antagonist, and PHCCC (100 um),
a group I mGluR antagonist, decreased
event frequency compared with control
periods in the same cells (percentage with
blockers/control: MCPG: 38 *= 10%, N =
4 cells; p < 0.01, PHCCC: 42 * 18%, N =
4 cells, p < 0.05, paired ¢ test, Fig. 1C). In
contrast, neither MPEP (3 uM), an
mGluR; antagonist, nor LY367385 (100
uM), an mGluR, antagonist, had a signifi-
cant effect on event frequency (percentage
with blockers/control: 79 = 29% of con-
trol, N = 4 cells and 95 = 27% of control,
N = 3 cells, respectively, Fig. 1C).

The reasons for these different results
are not clear. The concentration of ambi-
ent glutamate in slices is controversial. Re-
cent experiments by Herman and Jahr
(2007) argue that the ambient glutamate
concentration is ~25 nM, but other mea-
surements (Sah et al., 1989; Meldrum,
2000; Bandrowski et al., 2003) suggest
higher values. The K; for activation of most
mGluRs is in the micromolar range or
higher (Conn and Pin, 1997). If this esti-
mate is valid for mGluRs on pyramidal
neurons then we would expect these neurons to be insensitive to
ambient glutamate if the lower estimate for this concentration is
correct, and, therefore, the antagonists should have no effect.
One possible explanation for why some antagonists reduced
event frequency is that the G-proteins coupled to mGluRs have a
low level of tonic activity in the absence of glutamate and some
antagonists, sometimes called “inverse agonists” (Ango et al., 2001;
Milligan, 2003 ), on binding to the receptors, reduce this tonic activ-
ity level leading to a reduction in IP, concentration and lowering of
event frequency. The important point, however, is that no mGluR
antagonist eliminated events. Therefore, at least some of the events
must occur spontaneously in these neurons even without ambient
glutamate in the slice.

Synaptic activation of mGluRs enhances event frequency

Although ambient glutamate activation of mGluRs is not neces-
sary to generate spontaneous events it is possible that synaptically
released glutamate could increase the event rate by activating
these receptors. To test this idea we gave weak trains of stimulat-
ing pulses at 20 Hz through a patch electrode containing ACSF
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placed in the stratum radiatum near the
apical dendrite. The bath solution con-
tained 100 um APV, 10 um CNQX, and
100 uM picrotoxin to block ionotropic
glutamate and GABA , receptors. At mod-
erate stimulation intensities, below the
threshold for spike generation in normal
ACSF (tested before applying the iono-
tropic blockers), the tetanus evoked a large 2s
amplitude Ca®" wave in a restricted re-

gion of the dendrites (Fig. 2B). When the
stimulation intensity was lowered we
recorded a slow, nonregenerative fluores-
cence increase with occasional sharp
transients. At even lower stimulation in-
tensities we mostly detected event-like
transients, which occurred at a higher rate
than during periods without stimulation
(Fig. 2D). None of these stimuli led to
membrane depolarization because of the
presence of ionotropic receptor blockers
in the bath, suggesting that voltage depen-
dent event activation was not involved.
This pattern of response closely resembles
the pattern observed when the UV flash
intensity was lowered in cells filled with
caged IP; (Fig. 2A). This correlation
strongly suggests that low intensity synap-
tic stimulation mobilizes a minimal con-
centration of IP, that releases Ca®" from
disconnected event initiation sites. As with
the experiments with caged IP;, we found
that there was only a narrow range of stim-
ulation intensities that increased event fre-
quency before reaching threshold for wave
generation.

a

Modulation of event frequency by
membrane potential changes and Ca**
entry through L-type channels

Although the generation of these events by
uncaging of IP; suggests they have proper-
ties resembling puffs, other properties
more closely resemble those found in
sparks, which are generated by RyR-
mediated Ca’" release (Cheng and Le-
derer, 2008). In particular, we found that
event frequency was modulated by
changes in membrane potential. Figure 3A shows a cell that had
spontaneous events at rest (—63 mV) at four obvious locations.
Depolarizing the soma to —55mV (just subthreshold for spiking)
with current injection increased the event rate; hyperpolarizing
to —70 mV blocked most of the events; returning to —63 mV
restored the basal event rate. Summarizing results from many
cells (see legend for details) shows that depolarizing ~6 mV from
rest increased event frequency to 250 = 78% of control rate (N =
7 cells, p < 0.01) and hyperpolarizing by 15 mV lowered the
frequency to 12.7 * 3.3% of control rate (N = 18 cells, p < 0.05,
Fig. 3C). Transiently depolarizing the cell to subthreshold poten-
tial (Fig. 3B) immediately enhanced event frequency. This figure
also makes it clear that the increase in [Ca** ], from entry through
voltage gated Ca*>* channels and the enhancement of event fre-
quency are separate processes. The increase in [Ca*™ ], from entry

Figure 5.
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Events occur repeatedly at the same locations, primarily branch points in the dendrites. Aa, Spontaneous events
detected over a series of 6 s intervals. The center of one event is marked with a red ROl and two neighboring ROIs are indicated in
green. Ab, The red and green traces show the superimposed fluorescence changes at these locations over 8 intervals. The largest
signals were always detected from the red ROL. In this cell the red ROl was at a branch point. Ac, Fluorescence intensity line scans
along the pixel sequence at the times of the peak response for individual events. The scans have been organized to show events
with the same peak location next to each other. There are many events, especially the ones highlighted in red in (4b), that always
occur atthe same place. Scans were low-pass filtered in the spatial dimension. Typical result for five analyzed cells. B, The locations
of the centers of several events are shown in relationship to the branching pattern of the apical dendrite. In this cell two events
were clearly at branch points (red arrows). Two other events were not obviously at branch points but slight darkenings at those
locations might indicate some specialization.

through Ca*" channels occurs everywhere and synchronously,
whereas events occur stochastically and at restricted locations.
Together these experiments show that event frequency is rapidly
and sensitively modulated by changes in potential around resting
level.

One possible explanation of these experiments is that the
event rate was affected by changes in resting [Ca* " ]; levels caused
by changes in tonic voltage gated Ca** entry. Indeed, as previ-
ously reported by Magee et al. (1996), membrane hyperpolariza-
tion lowered resting [Ca**]; in addition to reducing event rate
(data not shown). We also found that replacing normal ACSF
with a solution containing 0 mm CaCl, and 4 mm MgCl, strongly
reduced the event rate (3.2 = 2.3% of control rate, N = 4 cells,
P <0.001, paired t test, Fig. 3C). Although we did not measure the
change in [Ca”"]; directly, other groups have reported that a
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Figure 6.  Events are very rapid Ca" transients whose recovery time is accelerated by diffusion along the dendrite. A, High
speed (500 Hz) measurements of Ca 2™ transients from a bAP and a series on spontaneous events measured at the location of the
events on the dendrite. The electrical recording below shows the single bAP with no change at the time of the events. The traces
above show regions of the signal on an expanded time scale with best fit exponentials to the recovery time course. B, Averaged
records of event signals from nearby locations. The data were recorded at 500 Hz and spontaneous event signals (V = 11 events)
were aligned at the time of the start of the rising phase of the fluorescence transient. The resulting traces were filtered with a
3-point interpolation algorithm. The pseudocolor image shows the “line scan” of the averaged signal. The traces show the signal
at the centerand neighboring (=2 wm, =4 m) locations. €, Time constants of the recovery phase of the two signals measured
with different concentrations of 0GB-1 in the pipette. The rates were slightly faster at lower concentrations but the difference
between event signals and bAP traces remained (*p < 0.05). D, Traces from equivalent locations from a computational model
(Fig. 7) that assumed that Ca>™ was released from a short segment in the dendrites and removed by a pump and by diffusion.
There is a good correspondence between the measured and modeled signals.

similar change to 0 mm CaCl, lowers resting [Ca*"]; by ~25%
(Wanaverbecq et al., 2003).

These results suggest that Ca>* entry through voltage gated
Ca*" channels might be the mechanism for event frequency
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resting event rate by ~50% (50 * 12% of
control rate, N = 11 cells, p < 0.01, paired
t test, Fig. 3C). Furthermore, addition of
Bay K-8644 (10 um), an L-type Ca’"
channel agonist, strongly enhanced event
frequency to 199 = 23% of control rate
(N = 4 cells, p < 0.05, paired t test, Fig.
3C). These Bay K-8644-evoked events
were completely blocked by ryanodine
(N = 2 cells; data not shown) showing that
they also resulted from Ca*" release from
stores. We also tested mibefradil (10 um),
a partial R/T channel blocker, and found it
had no effect on event frequency. Together
these results suggest that tonic voltage
gated Ca*" entry through L-type channels
is an important regulator of event
frequency.

To assess the effect of dihydropyridines
on the change in event frequency caused
by changes in membrane potential we
measured the relative event rate at depo-
larized potentials in normal ACSF and
with 20 uMm nifedipine (a different L-type
Ca’* channel blocker) added (Fig. 3C).
Since nifedipine reduced this rate by
~50% (52 = 7% of control rate, N = 7
cells, p < 0.001, paired t test, Fig. 3C) this
implies that nifedipine almost completely
blocked the depolarization induced in-
crease in event frequency.

In the experiments in which we en-
hanced event frequency by membrane de-
polarization or by the addition of Bay
K-8644 it appeared that the enhancement
occurred both by increasing the rate at lo-
cations in which events were previously
detected and by inducing them at loca-
tions in which they were not detected pre-
viously. We cannot be certain of this con-
clusion since we did not obtain control
records of sufficiently long duration to be
sure that events never occurred at some
locations. However, this observation does
suggest that there is a spectrum of sensitiv-
ities to [Ca*"]; in the regulation of event
frequency.

Although these properties are consis-
tent with an interpretation of these events
as sparks we note that IP; receptors are
activated by both Ca** and IP; (lino,
1990; Bezprozvanny et al., 1991), and 1P
receptor channel open probabilities are
very sensitive to changes in [Ca®"]; near

resting levels (for review, see Foskett et al., 2007). Therefore, these
experiments do not clearly categorize these events.

Caffeine increases elementary event frequency

modulation by changes in membrane potential. Magee et al.
(1996) found that L-type Ca*" channels were the main source of
tonic Ca*™ entry in pyramidal neurons. Following their lead we
applied nimodipine (10 uM), an L-type Ca** channel blocker, to
the slice and found that this compound strongly reduced the

Another test for spark-like properties is to see whether the events
can by enhanced by direct RyR agonists like caffeine (McPherson
etal., 1991). When we bath applied caffeine (5 mm) we found that
the event rate was strongly enhanced after 2 min and declined to
alow level after 5 min (Fig. 4). During parallel experiments with
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Figure7. Computational model of Ca** release and removal for a single event using the NFURON simulation environment. 4, Model of Ca 2™ entry and removal after the generation of a single
bAP. Aa, Outline of the model. Ca™ entry was assumed to be uniform along a length of the apical dendrite and was removed by a pump that was uniformly distributed along the dendrite. Ca®*
entry was driven by a single bAP activated by Na * and K ™ channels in the dendrites using standard Hodgkin—Huxley kinetics built into NEURON. Ca** entry was through a mixture to L-type and
T-type Ca®™ channels distributed uniformly along the dendrite. The details of this part of the model are not critical. Ab, The pump rate was assumed to be proportional to the instantaneous
difference between the dynamic[Ca*" ], level and the resting [Ca® '], level. A pump rate of 0.001 mm/ms provided a close fit to the bAP transient recorded at 500 Hz and was used for the rest of the
simulation. B, Fitting the rising phase of an event. Ba, An event was simulated as Ca > entry through a small length of the plasma membrane. The model had no radial structure so computationally
this was equivalent to Ca > release from stores. The initial spatial extent of release was assumed to be 2 .m. (a2 was assumed to be removed only by the pump and by diffusion. The initial
diffusion constant was set to D = 0.03 pm 2/ms. Bb, Using these parameters the time course of [Ca® "], at the center of the event was simulated for Ca® " release of varying durations. Constant
release for 20 ms provided a close fit to the recorded rising phase. Varying the diffusion constant or the spatial extent of release had no effect of this parameter (see Cc). Bc, Predicted 10 —90% event
rise times for entry of varying durations. Note that the rise time is always significantly less than the duration of Ca** release (dotted black line shows equality). This difference is caused by the
accelerating removal of Ca® ™ by the pump and diffusion during the rising phase of the event. €, Fitting the time course and amplitude of the event at different locations. (Figure legend continues.)
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no caffeine (ACSF) the event rate declined over a similar time
interval, but there was no enhancement at 2 min. We are not
certain why there was a decline during the ACSF control, but a
likely possibility is that we were damaging the cells with the long
exposure times of this experiment. Therefore, some of the decline
in the response after caffeine application may also be the result of
cell damage and not store depletion. Nevertheless, the strong
enhancement at 2 min is consistent with caffeine acting on RyRs
to release Ca>* from the ER in discrete packets.

One weakness of this experiment is that caffeine is known to
act on RyRs in presynaptic terminals leading to tonic transmitter
release (Lelli et al., 2003). In our slice experiments this released
glutamate could act on postsynaptic receptors, mobilizing Ca**
release. To control for this indirect action of caffeine we repeated
the experiment in slices that were preincubated with TTX (1 uMm),
APV (100 puMm), CNQX (10 um), and MPEP (3 um) to block
electrical activity in the slice and postsynaptic activation of iono-
tropic receptors and mGluRss. As previously shown in Figure 1
these inhibitors had no effect on the spontaneous event rate. In
these slices caffeine had exactly the same effect as in slices without
the blockers (Fig. 4B), suggesting that caffeine was enhancing
Ca’™ release events by directly acting on RyRs in the recorded
pyramidal neurons.

Events are localized events that occur repeatedly at the same
location, often at branch points

Because events seem to occur stochastically it is possible that their
locations could also be random, unrelated to any specific molec-
ular or morphological organization in the cell. To examine this
issue more precisely we marked the center of many release events
in parts of the dendrites that were in focus. We positioned small
boxes (ROIL, 2 wm X 2 uwm) over these locations and determined
the spatial parameters of these events. The first observation was
that events occurred repeatedly at the same location but generally
did not occur at nearby sites, even those only 4 wm away (Fig. 5A,
typical of 5 analyzed cells). The second observation was that
events occurred predominantly, but not exclusively at branch
points (Fig. 5B) as previously observed in cultured PC12 cells
(Koizumi et al., 1999). During 54 s of recordings from 6 cells 18

<«

(Figure legend continued.) Ca, To fit the measured transients we varied the diffusion constant
(D) and the spatial extent of release. Release was assumed to extend over a 6 um length, but
the magnitude in the two outer 2 m segments (yellow) was assumed to be less than in the
center (gray segment). The ratio of this magnitude to the magnitude at the center (“Ca®™"
release extent”) was a free parameter. The model simulated the time course at these five
locations. Cb, Examples of event simulations varying D and Ca®™ release extent. Changing
these parameters affects the relative amplitudes at different locations. The variations in the
removal time constant are not immediately obvious in this figure. The simulation with the
asterisk (*) had the best it to the data and is shown in Figure 6 D. Cc, Overlay of the rising phase
of the central time course of the nine simulations shown in Cb demonstrating that varying these
parameters had no effect on the rising phase of the event. D, Details of model parameter
selection. Da, The time constant (7) of the recovery phase in the center of the event was
determined in event models in which the diffusion constant and Ca®" release extent were
varied. The target value of 60 ms from the high speed measurements is shown as a dotted line.
Very localized release (Ca>" release extent of 0.0 or 0.1) was ruled out. Db, The normalized
amplitude of the transient 2 wm from the center also was modeled as a function of these two
parameters. Again, low values of Ca2™ release extent were eliminated since they could not
generate values close to the measurement ratio of 0.55. Dc, Similarly, low values of Ca™*
release extent could not generate normalized peak amplitudes close to the target value of 0.2 at
locations 4 um away from the center of the event. From these models it appears that Ca® "
release extents of 0.4—0.6 and diffusion constants of 0.03—0.05 wm %/ms will fit the data.
Traces using 0.4.and 0.03 um /ms are overlaid on top of the measured traces in Figure 6 D. The
match appears to be very good.
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events occurred at branch points (within 2 um) and 9 atlocations
that did not appear to be branch points. The true distribution is
actually more biased toward branch points than these numbers
suggest since branch points only represent a small part of the
main dendrite. It is possible that the frequency at branch points
may have been even higher since we could not be sure we detected
all branches even though we changed focus above and below the
main dendrite to look for these processes. These features suggest
that there is a morphological feature, e.g., a cluster of IP; recep-
tors (Parker et al., 1996) or RyRs, concentrated at branch points,
through which Ca*" is preferentially released.

Spontaneous Ca>" events are very rapid, localized events of
characteristic amplitude that primarily spread by diffusion
Examination of typical events (Fig. 1) suggests that events spread
over a length of 5-10 um along the dendrite. This length could
reflect the size of an IP; receptor or RyR cluster releasing Ca*"
simultaneously along this length, or it could be a short Ca** wave
initiated at a single location, or it could reflect Ca*™ released from
a short length that then diffused further. These possibilities are
not exclusive, e.g., the Ca*>" released at the edges of a short wave
might diffuse further along the dendrite.

To examine these possibilities we recorded the fluorescence
changes from a group of spontaneous events with a high speed
camera operating at 500 Hz and compared these fluorescence
changes to those caused by a single bAP. We did not analyze
events evoked by depolarization, caffeine, or caged IPs. It is pos-
sible that those events have different characteristics although su-
perficially they appear similar. The spontaneous signals were re-
corded at the same locations as those from bAPs, often on the
same sweep. Therefore, indicator concentration and pixel loca-
tion were the same for both kinds of events. Figure 6 A shows
typical OGB-1 fluorescence changes from a single bAP and sev-
eral events at a location near a branch point. Both signals had fast
rise times and fast decay times. Interestingly, the event transients
seemed to recover faster than the bAP generated transients. Anal-
ysis of many events showed that the rise time (10-90%) of the
fluorescence signal from events was slightly longer than from a
bAP (event: 10.9 *= 1.8 ms, N = 28 events, 4 cells; bAP: 6.1 = 1.9
ms, N = 40 events, 10 cells; p < 0.001, ¢ test). These values were
insensitive to indicator concentration in the range of 25-100 M.
The spike signal rise time was consistent with the value of 4.7 =
0.3 ms recently measured with high speed 2-photon scanning
microscopy (Cornelisse et al., 2007). The average event rise time
of 10.9 ms is as fast as has been measured in oocytes or any other
cell type (Demuro and Parker, 2008). This high speed may reflect
the properties of these events in pyramidal neurons or it may
result from the fact that the thin dendrite was entirely in focus
permitting a clear measurement at the site of origin; events in
most other cell types are more 3-dimensional.

The event decay time was much faster than decay time of the
bAP-evoked fluorescence transient (Fig. 6 A, C) (event: 61.5 + 7.2
ms, N = 12 events, 4 cells; bAP: 106.6 = 5.1 ms, N = 12 events, 4
cells; p < 0.001, ¢ test). These measurements were made with 50
M OGB-1 in the pipette. The difference in decay times also was
observed using 100 um OGB-1 (event: 76 * 8.9 ms, N = 18
events, 6 cells; bAP: 113.1 = 7 ms, N = 10 events, 4 cells; p < 0.01,
t test). We tried to measure these times using 25 um OGB-1,
where we expected the least buffering (Helmchen et al., 1996) but
the signal-to-noise ratio (S/N) for the events was poor; only re-
covery times from bAPs were measured at this indicator
concentration.

To examine why event signals decay faster than bAP signals we
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averaged the signals from groups of events from the same loca-
tion to determine their space-time structure. The sharp edge of
the rising signal at the center of the event provided a good refer-
ence point for aligning individual signals. We reasoned that if we
chose the wrong initiation time or if the location of the event
moved slightly it would blur the spatial and temporal properties
of the signal; the true signal could only be sharper. Figure 6 B
shows one example of a signal generated by averaging 11 events.
At the center the rise time (10-90%) was 10 ms. Two microme-
ters away on either side the signal rose more slowly. The peak was
more rounded and the amplitude smaller than at the center. Four
micrometers away the signal was still smaller and slower. Similar
observations were made on three other groups of events in other
cells with an average rise time at the center of 12 = 2.1 ms. Since
these values are close to the mean for signals without averaging
the blurring effect was small.

These waveforms appeared to have the characteristics of dif-
fusion away from a central source rather than active propagation
in which wave shape is relatively invariant (Nakamura et al.,
2002). To test this hypothesis we constructed a computer model,
described in more detail in the legend of Figure 7, of event Ca**
dynamics in the dendrites using the NEURON simulation envi-
ronment (Hines, 1998) and compared this model to the averaged
data from the four sets of events. We modeled Ca*" release into a
~2 pm long dendritic segment with no radial structure. Diffu-
sion in the radial direction should be close to equilibrium in <10
ms and therefore was ignored in this model. Ca** was removed
by a pump and was allowed to diffuse axially along the dendrite.
The pump rate constant was determined by fitting the removal of
Ca’" after a bAP (Fig. 7A). Since this transient is uniform along
the dendrite there is no axial diffusion after Ca** entry. Once the
pump rate was set we determined the duration of the Ca** release
pulse (~20 ms) by fitting the rise time of the event Ca*" signal
(Fig. 7B). The rise time was not sensitive to other parameters.
Therefore, there were only two remaining free parameters in the
model for event Ca?" dynamics, the diffusion constant for Ca’*
in cytoplasm and the spatial extent of the IP; receptor or RyR
cluster. The diffusion constant was previously estimated to be
D = 0.014 um?/ms (Kushmerick and Podolsky, 1969) but is
possibly greater than this value in the dendrite because of buff-
ered diffusion by the indicator (Shuai et al., 2006). We tested
models varying D in the range of 0.01-0.06 wm */ms while vary-
ing the size of the receptor cluster in small amounts ~2 wm in
length (Fig. 7C,D). Figure 6D compares the modeled and re-
corded transients at the center of the event and at two close loca-
tions when D = 0.03 wm */ms. The best fit was achieved when the
event size was slightly larger than 2 wm in length. This is probably
an overestimate since light scattering in the slice, the size of the
pixels, and the averaging process all increase the apparent size of
the event. The close correspondence of the model to the data
show that the faster recovery time for events compared with bAP
transients primarily results from Ca** diffusing along the den-
drite. It also suggests that these events result from localized and
fast Ca>" release from a cluster of receptors, similar to the mech-
anisms suggested to occur in oocytes (Sun et al., 1998) and car-
diac myocytes (Cheng and Lederer, 2008). We did not need to
include any specialized removal mechanism like a local pump
into the ER to account for the event time course.

If the elementary events often occur repetitively at the same
location suggesting a structural basis for their generation, then we
might expect that event amplitudes would be constant. To test
this assumption we measured the peak amplitude of the same
series of events recorded with the 500 Hz camera. The high sam-
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pling rate ensured that we did not miss the peaks of these events.
Supplemental Figure 3, available at www.jneurosci.org as supple-
mental material, shows the amplitude histogram of four of these
event series. Because they were measured in different cells we
normalized the amplitudes to the signals from the bAPs recorded
at the same locations in these neurons. The histograms show that
for each event the amplitudes were clustered around a modal
value; the distributions do not appear random. However the val-
ues are not so tightly clustered that a strong conclusion about the
mechanism underlying event generation can be inferred. There is
some uncertainty about the true peak amplitude because events
are localized events. As with [Ca®"]; changes in spines after syn-
aptic activation and changes under the membrane after the open-
ing of voltage gated channels, we expect steep local gradients
around the channels releasing Ca®" from the ER. We estimated
the peak fluorescence change by calculating the average value
within a 2 um X 2 wm pixel. Most likely the values near the
release channels are significantly higher than this average.

Discussion

Events are spontaneous

The core observation of this study is that fast, localized, Ca?*t
release events normally occur spontaneously in the dendrites of
pyramidal neurons. Spontaneous release events have not previ-
ously been reported in these cells, possibly because the imaging
systems were not tuned to detect rapid, localized, stochastic
events. This study focused on events in 2- to 4-week-old pyrami-
dal neurons from the CA1 region of the rat hippocampus. But, in
trial experiments we detected similar events from pyramidal neu-
rons in the hippocampal CA3 region, in the somatosensory neo-
cortex and in CA1 pyramidal neurons from 6-week-old animals
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material). Therefore, we expect that these kinds of events
will be found in neurons from other regions of the CNS. Events of
similar characteristics have been observed in many cell types, like
oocytes (Sun et al., 1998), HeLa cells (Bootman et al., 1997),
cultured differentiated PC12 cells, cultured pyramidal neurons
(Koizumi et al., 1999), and recently in the somata of dissociated
DRG cells (Ouyang et al., 2005). This is the first description of
such events in adult dendrites. Lohmann et al. (2005) described
local Ca** release events in the dendrites of hippocampal neu-
rons in embryonic slice cultures. These events appear to regulate
filopodia outgrowth and may play a role in synaptogenesis. How-
ever, they differed in several significant ways from the events
observed in our experiments. First, they lasted much longer (typ-
ically 4.1 s compared with 0.07 s) and were primarily located at
sites of synaptic contact rather than branch points. Second, they
were primarily synaptically activated. In contrast, neither TTX
nor any blocker of ionotropic receptors had an effect on event
frequency in our experiments.

Elementary events primarily occur at branch points in

the dendrites

We found that events occur repetitively at the same locations in
the dendrites and that these locations were frequently (but not
exclusively) at branch points suggesting that event sites were re-
lated to the locations of particular molecules or structures. A
similar preference for branch points was observed in cultured
PC12 cells (Koizumi et al., 1999). In oocytes puff sites were sug-
gested to be the sites of IP; receptor clusters (Parker et al., 1996).
Related to this proposal Hertle and Yeckel (2007) found concen-
trations of type I IP; receptors at branch points in CA1 pyramidal
neurons but they also found these receptors at many other loca-
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tions in the cells. Some earlier experiments suggested that local-
ized Ca*™ release could occur in spines in response to synaptic
stimulation (Emptage et al., 1999). These results are controversial
(Kovalchuk et al., 2000; Sabatini et al., 2002). In preliminary
experiments we detected spontaneous Ca”" release events on
oblique dendrites where spine density is highest (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
However, our current experiments did not have the spatial reso-
lution to determine whether these events occur at the sites of
synaptic activation.

Previously, Nakamura et al. (2002) found that synaptically
activated Ca** waves in pyramidal neurons preferentially initi-
ated at branch points. In oocytes Ca** waves grow from the
synergistic interaction of puffs (Sun et al., 1998). If a similar
organization exists in pyramidal cell dendrites then a distribution
that places most elementary events at branch points probably
explains the initiation of Ca*>* waves at the same locations.

It is not clear whether the location of events at branch points
has a specific physiological consequence. Koizumi et al. (1999)
suggested that conductances activated by event associated
[Ca®"]; increases at this location might provide an explanation
for branch point failure of action potential propagation. We have
seen no evidence of branch point failure that could not also be
explained by an impedance mismatch at that location.

Event frequency can be modulated
The second important conclusion is that event frequency can be
modulated by changes in membrane potential and by mGluR-
mediated synaptic activation. Modulation by changes in mem-
brane potential was particularly dramatic. Hyperpolarization by
<10 mV shut down event activity and depolarization by similar
amounts (and still subthreshold for spike generation) enhanced
event frequency by >150%. The modulation occurred quickly.
The frequency change certainly occurred within 200 ms of the
step change in potential and may have been quicker except that
events normally do not occur at a high enough frequency to
enable precise measurements of this time. The modulation ap-
pears to result from changes in resting [Ca*"|; caused by turning
on and off voltage gated Ca*" channels, in particular L-type
channels that are known to be open at rest in these cells (Magee et
al., 1996). Both L-type channel antagonists and the L-type chan-
nel agonist Bay K-8644 had strong effects on event frequency.
Membrane potential changes and L-channel-mediated Ca** en-
try have a similar effect on Ca** sparks in cardiac myocytes
(Cheng and Lederer, 2008). Interestingly, membrane hyperpo-
larization has the opposite effect on puff frequency in oocytes
(Yao and Parker, 1994), primarily because in these cells most
Ca’" entry is through channels open at negative potentials.
Since event frequency can be modulated rapidly by small
changes in membrane potential we would expect that several
normally occurring physiological events could change event fre-
quency. For example, the sustained depolarization after trains of
EPSPs or during cortical “up states” (Sanchez-Vives and McCor-
mick, 2000) could increase event rate. Similarly, trains of bAPs,
by providing a sustained increased [Ca>"]; level in the dendrites
(Helmchen et al., 1996) could enhance event frequency. In con-
trast, the slow GABA-mediated IPSP or the spike-evoked slow
AHP, both of which are prominent in pyramidal neurons, might
reduce the event rate. In addition to modulating the frequency of
events in the dendrites these potential changes should change the
rates in the soma where, in preliminary experiments (supplemen-
tal Fig. 1, available at www.jneurosci.org as supplemental mate-
rial), we have detected spontaneous Ca** transients. In contrast,
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events generated by synaptic mobilization of IP; would not be
expected to occur in the soma since there are few glutamatergic
synaptic contacts on the cell body (Watanabe et al., 2006).

Low intensity tetanic synaptic stimulation increased event fre-
quency in a manner very similar to the increase in event fre-
quency observed after uncaging of IP;. In both cases an increase
in event frequency was observed in only a narrow range of inten-
sities; above that level a graded, continuous increase in [Ca*™];
was observed before leading to a fully regenerative Ca** wave at
higher intensities. The continuous increase may reflect many
events overlapping (Sun et al., 1998) or may reflect Ca*>* coming
out of IP; receptors that are not organized into clusters. More
precise experiments will be needed to make this discrimination.

Although raising [Ca®"]; and raising IP; concentration both
increased event frequency there was an important difference be-
tween these two modulatory effects. Even when high event fre-
quencies were generated with depolarization or in the presence of
Bay K-8644, Ca>" waves were not generated. In contrast it was
hard to avoid Ca*" wave generation when IP; concentration was
raised. One possible explanation is that wave generation requires
a higher concentration of IP; than is normally found in these cells
at rest while resting [Ca®"]; is high enough to be an effective
cofactor when IP; concentration is elevated. Another possibility
is that events can be generated by two different mechanisms, one
mediated by IP; receptors and the second mediated through the
activation of RyRs. These events, like “sparks” in cardiac myo-
cytes (Cheng and Lederer, 2008), can be directly activated by
increases in [Ca®"]; without a requirement for IP; as a cofactor.
The sensitivity of event rates to caffeine is consistent with this
possibility. There are some clear examples of cells that seem to
express both puffs and sparks (Gordienko and Bolton, 2002).

Potential physiological consequences of event generation
In many cells in which similar elementary events have been ob-
served it has been hard to establish a specific consequence of their
occurrence. In most cases they are seen as the building blocks for
Ca** waves or regenerative CICR. The most common suggested
roles for Ca®" waves are as local developmental signals (Lohm-
ann and Bonhoeffer, 2008) or as activators of gene expression (Li
etal., 1998; Hardingham et al., 2001). Recently, Ca?" waves have
been implicated in a form of long term potentiation (Ferndndez
de Sevilla et al., 2008). It is possible that Ca?" events could con-
tribute to each of these mechanisms by themselves without be-
coming regenerative. Presumably, these contributions would be
more subtle, resulting in smaller changes and with more spatially
restricted expression. Events could also modulate membrane po-
tential by activating Ca** sensitive conductances. In other neu-
rons spontaneous miniature outward currents (SMOCs), attrib-
uted to opening of BK or SK type channels by Ca** released from
internal stores, have been detected (Merriam et al., 1999; Mitra
and Slaughter, 2002). To our knowledge, this kind of event has
not been observed in CA1 pyramidal neurons, possibly because
K™ channels in the somatic region are weakly activated by Ca*"
(Gu et al., 2008). On a more macroscopic scale there is clear
pharmacological evidence that Ca*" release from RyR sensitive
stores can contribute to the activation of the K* conductance
underlying the slow AHP in CA3 pyramidal neurons (Tanabe et
al., 1998) and vagal neurons (Sah and McLachlan, 1991), and
contributes to endocannabinoid-mediated depolarization sup-
pression of inhibition (DSI) (Isokawa and Alger, 2006). RyR ac-
tivation also modulates IP;-mediated Ca?™ release in mouse cor-
tical pyramidal neurons (Stutzmann et al., 2006).

An interesting characteristic of these elementary events is that
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they are stochastic like the opening of membrane ion channels.
They occur spontaneously but their rates can be modulated. The
location and time of an individual event is not closely connected
to a specific generating event. This suggests that their significance
lies in their population behavior, either as a group generating a
Ca** wave or possibly over time through the accumulated action
of individual [Ca®*]; increases.
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