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Priming of intracellular calcium stores in rat CA1 pyramidal
neurons

Min Hong and William N. Ross

Department of Physiology, New York Medical College, Valhalla, NY 10595, USA

Repetitive synaptic stimulation evokes large amplitude Ca2+ release waves from internal stores

in many kinds of pyramidal neurons. The waves result from mGluR mobilization of IP3 leading

to Ca2+-induced Ca2+ release. In most experiments in slices, regenerative Ca2+ release can be

evoked for only a few trials. We examined the conditions required for consistent release from

the internal stores in hippocampal CA1 pyramidal neurons. We found that priming with action

potentials evoked at 0.5–1 Hz for intervals as short as 15 s were sufficient to fill the stores, while

sustained subthreshold depolarization or subthreshold synaptic stimulation lasting from 15 s to

2 min was less effective. A single episode of priming was effective for about 2–3 min. Ca2+ waves

could also be evoked by uncaging IP3 with a UV flash in the dendrites. Priming was necessary to

evoke these waves repetitively; 7–10 spikes in 15 s were again effective for this protocol, indicating

that priming acts to refill the stores and not at a site upstream to the production of IP3. These

results suggest that normal spiking activity of pyramidal neurons in vivo should be sufficient to

maintain their internal stores in a primed state ready to release Ca2+ in response to an appropriate

physiological stimulus. This may be a novel form of synaptic plasticity where a cell’s capacity to

release Ca2+ is modulated by its average firing frequency.
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Repetitive synaptic stimulation evokes Ca2+ release from
internal stores in several kinds of pyramidal neurons in
the hippocampus (Pozzo-Miller et al. 1996; Nakamura
et al. 1999; Yeckel et al. 1999; Power & Sah, 2002),
amygdala (Power & Sah, 2005), cortex (Larkum et al.
2003; Hagenston et al. 2007), and in dopamine neurons
(Morikawa et al. 2003). This release spreads as a wave
in restricted regions of the proximal dendrites of these
cells and is generated by the mobilization and action
of IP3 following the activation of group I metabotropic
glutamate receptors (mGluRs; Nakamura et al. 1999, 2000;
Power & Sah, 2002, 2007). The magnitude of the Ca2+

release wave often reaches several micromolar and lasts
typically 0.5–1.5 s (Larkum et al. 2003). This large increase,
which is spatially and mechanistically distinct (Nakamura
et al. 2002) from the more studied forms of postsynaptic
[Ca2+]i increase (Ca2+ entry through NMDA receptors and
Ca2+ entry through voltage-gated Ca2+ channels) may play
important roles in synaptic plasticity, gene expression, and
other forms of postsynaptic signalling.

Following this large release of Ca2+ from the
endoplasmic reticulum (ER) into the cytoplasm, much
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of the Ca2+ is pumped back into the ER by
sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA)
pumps (e.g. Misquitta et al. 1999). This process typically
takes 30–60 s following regenerative release (Garaschuk
et al. 1997; Nakamura et al. 2000). However, some of the
cytoplasmic Ca2+ is pumped out of the cell so the stores
are probably not completely refilled. Indeed several groups
have noted that it is difficult to repetitively release Ca2+

from stores without some procedure for refilling the stores.
In non-neuronal cells stores are often refilled through

special capacitative Ca2+ channels, which are activated
following depletion of store content (Parekh, 2003; Putney,
2005; Roos et al. 2005). Refilling through this mechanism
does not appear to be important in neuronal cells. Rather,
entry through voltage-gated Ca2+ channels is sufficient in
many cases to refill or ‘prime’ the stores.

‘Priming’ has been used in many experiments in slices
to refill stores in order to study aspects of the Ca2+ release
mechanism. The parameters of the priming process have
not been studied in detail. Usually, the experimenters
were satisfied to find a procedure that worked. These
included depolarizing pulses (Garaschuk et al. 1997; Finch
& Augustine, 1998), action potentials (Jaffe & Brown,
1994; Fiorillo & Williams, 1998; Larkum et al. 2003;
Stutzmann et al. 2003; Power & Sah, 2005; Watanabe et al.
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2006; Hagenston et al. 2007), high-potassium induced
depolarization (Garaschuk et al. 1997) and sustained
voltage-clamped depolarization (Pozzo-Miller et al. 1996).
In one study (Power & Sah, 2005) sustained subthreshold
depolarization was found to be sufficient and perhaps the
more important pathway for filling basolateral amygdalar
projection neurons, presumably through the activation of
low-threshold voltage-gated Ca2+ channels.

How stores are refilled is important since only some of
the above protocols could be mimicked by in vivo physio-
logical patterns. In this study we examined the parameters
of store priming in hippocampal CA1 pyramidal neurons
more systematically. We found that even though there
was a fair amount of variability from cell to cell some
generalizations could be made. Action potentials evoked
at 0.5–1 Hz for brief periods were usually sufficient
to fill stores. Sustained subthreshold depolarization
and repetitive synaptic stimulation were much less
effective in priming the stores. Following priming, Ca2+

release could often be evoked for several trials without
further priming although there were many cases where
release could not be evoked unless priming immediately
preceded the trial. In those trials where release was present
in multiple trials after a single episode of priming, the
magnitude of release decreased with each successive trial
until the release completely disappeared. The effect of a
single episode of priming lasted for about 2–3 min before
dissipating. These results suggest that normal spiking
activity of pyramidal neurons in vivo should be sufficient
to maintain stores in a primed state ready to release Ca2+.
We also found that priming the internal stores was not
the only factor affecting whether the stores release Ca2+

following tetanic stimulation. Increasing the stimulation
intensity increased the likelihood of Ca2+ release even if
the stores were not primed, indicating that the threshold
for evoking release cannot be described as a function of a
single parameter.

Methods

Whole-cell recording

Transverse hippocampal slices (300 μm thick) from 2-
to 4-week-old Sprague–Dawley rats were prepared as
previously described (Nakamura et al. 1999, 2002).
Animals were anaesthetized with isoflurane and
decapitated 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 (mm): 120 choline chloride, 3 KCl, 8 MgCl2, 1.25
NaH2PO4, 26 NaHCO3, and 10 glucose. They were
incubated for at least 1 h in normal ACSF (artificial
cerebrospinal fluid) composed of (mm): 124 NaCl, 2.5
KCl, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and
10 or 20 glucose, bubbled with a mixture of 95% O2–5%

CO2, making the final pH 7.4. The same solution was
used for recording.

Submerged and superfused slices were placed in a
chamber mounted on a stage rigidly bolted to an air table
and were viewed with a ×40 water-immersion lens in
an Olympus BX50WI microscope mounted on an X–Y
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, Millville, NJ, USA). Tight seals on CA1
pyramidal cell somata or proximal apical dendrites
were made with the ‘blow and seal’ technique using
video-enhanced DIC optics to visualize the cells (Sakmann
& Stuart, 1995). For most experiments the pipette solution
contained (mm): 140 potassium gluconate, 4 NaCl,
4 Mg-ATP, 0.3 Na-GTP, and 10 Hepes, pH adjusted to
7.2–7.4 with KOH. This solution was supplemented with
either 150 μm bis-fura-2, 300 μm furaptra, or 200 μm

Oregon Green Bapta-5N (Molecular Probes, Eugene, OR,
USA). Synaptic stimulation was evoked with 100 μs pulses
with glass electrodes placed on the slice about 10–30 μm
to the side of the main apical dendritic shaft and at
varying distances from the soma. These electrodes were
low resistance patch electrodes (less than 5 M�) filled with
ACSF or a sharp tungsten electrode (WPI, Sarasota, FL,
USA; model TM33B01KT) each with a tungsten wire glued
to the side. We controlled the amplitude of the synaptic
response to be below the threshold for action potential
generation, either by regulating the stimulation current or
hyperpolarizing the cell body with the patch electrode on
the soma. Temperature in the chamber was maintained
between 31 and 33◦C. All other chemicals were obtained
from Fisher Scientific (Piscataway, NJ, USA) or Sigma
Chemical Co. (St Louis, MO, USA).

Dynamic [Ca2+]i measurements

Time-dependent [Ca2+]i measurements from different
regions of the pyramidal neuron were made as previously
described (Lasser-Ross et al. 1991; Nakamura et al. 2002).
Briefly, a Photometrics (Tucson, AZ, USA) AT300 cooled
CCD camera, operated in the frame transfer mode, was
mounted on the camera port of the microscope.
Custom software (original version described in
Lasser-Ross et al. 1991) controlled readout parameters
and synchronization with electrical recordings. A second
custom program was used to analyse and display the data.
Pixels were binned in the camera to allow frame rates of
30 Hz. For most experiments we measured fluorescence
changes of bis-fura-2 and furaptra with single wavelength
excitation (382 ± 10 nm) and emission ≥ 455 nm. For
experiments with caged IP3 (see below) we used the
low-affinity indicator Oregon Green Bapta-5N with
excitation at 494 ± 10 nm and emission at 536 ± 20 nm.

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 584.1 Priming of intracellular calcium stores in CA1 pyramidal neurons 77

[Ca2+]i changes are expressed as �F/F where F is the
fluorescence intensity when the cell is at rest and �F is the
change in fluorescence during activity. Corrections were
made for indicator bleaching during trials by subtracting
the signal measured under the same conditions when
the cell was not stimulated. We did not correct for tissue
autofluorescence.

To examine the spatial distribution of postsynaptic
[Ca2+]i changes we selected pyramidal neurons that were
in the plane of the slice and close to the surface. In
these neurons, we could examine [Ca2+]i increases over a
range of 230 μm with the camera and the lens selected
for these experiments. Increases in different parts of the
cell are displayed using either selected regions of interest
(ROIs) or a pseudo ‘line scan’ display (Nakamura et al.
2000).

Photoactivation of caged IP3

For some experiments we released Ca2+ by uncaging
IP3 with a UV flash instead of by synaptic stimulation.
Caged IP3 (d-myo-inositol 1,4,5-trisphosphate, p4(5)-1
-(2-nitrophenyl)ethyl ester; Walker et al. 1987) was
purchased from Calbiochem and was included in the patch
pipette at a concentration of 450 μm. Pulsed UV light at
∼365 nm from a light-emitting diode (UVILED, Rapp
Optoelectronics) was focused through the objective via
either a 1250 μm or 200 μm diameter quartz fibre optic
light guide making a spot of about 120 μm or 20 μm

Figure 1. Priming stores with repetitive action potentials prepares pyramidal neurons to release calcium
A, typical response of a neuron to tetanic stimulation. The image shows a cell filled with bis-fura-2 with three
ROIs indicated. The cell was filled with indicator from the patch pipette on the soma, which also recorded the
electrical response. The position of the stimulating electrode is also shown. Following tetanic stimulation (50 pulses
at 10 ms intervals; 90 μA current for 100 μs), delayed [Ca2+]i increases were detected at the three locations. This
event is the trial indicated with ∗ in the second part of the figure. B, response to the same stimulation protocol
at 2 min intervals. The pseudocolour images show a ‘line scan’ along the pixels indicated in the cell image. When
Ca2+ release was evoked it occurred earliest at a location in the dendrites and spread as a wave in a restricted
region of the cell. At four times during the experiment (indicated by ‘P’ next to the images) action potentials were
evoked intrasomatically at 4 Hz for the duration of the 2 min intertrial interval. Following this priming protocol
Ca2+ release was strongest. The short lines under each image indicate the time of tetanic stimulation. The 2.5 s
scale bar applies to all the images.

in diameter with a ×40 objective lens on the slice. For
these experiments Oregon Green Bapta-5N was used as
the Ca2+ indicator because the excitation wavelength for
this indicator is outside the activation band of caged
IP3.

Results

We selected pyramidal neurons that had a stable resting
potential more than 10 mV below spike threshold and
which generated action potentials with amplitudes greater
than 90 mV. The mean membrane potential of the
cells used for the experiments was −61.2 ± 4.5 mV
(n = 56). The average threshold potential for spike firing
was −42.9 ± 5.8 mV. We tetanically stimulated synaptic
responses in CA1 pyramidal neurons with a train of 50
pulses evoked at 10 ms intervals. Although Ca2+ release
can be evoked with a variety of stimulation protocols
(Zhou & Ross, 2001) we standardized with this protocol
to allow a systematic examination of other parameters.
Cells were required to respond with a Ca2+ release wave
using stimulation currents lower than 140 μA; most cells
generated release between 30 and 90 μA. In a typical
experiment we applied this stimulation at regular intervals
interspersed with a priming protocol or no stimulation.
Synaptic stimulation current was kept constant for all
trials except in certain experiments (see below). Figure 1
shows the result of a typical experiment where the priming
protocol was action potentials evoked at 4 Hz by brief
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Figure 2. Priming is usually effective for only a few trials
Following a single episode of priming we recorded the number of trials
when Ca2+ release was detected at near threshold stimulation using
tetanic stimulation at 100 Hz for 0.5 s. In most cases successful release
was only detected for one or two trials. However, there were a few
cells where release was detected for many trials without further
priming.

(2 ms) intrasomatic depolarizing pulses for the duration
of the 2 min intertrial interval. After the first trial, which
successfully evoked a Ca2+ release wave, the second tetanus
failed to evoke release when there was no priming between

Figure 3. The effect of priming declines over
successive trials
A, the fluorescence change of three successive trials
following priming in a representative cell. The region
used to calculate the area under the curve (AUC) in the
red ROI is indicated under each curve. The areas were
calculated between the times when the waves began
and an estimate of the times when they ended.
B, histogram of the AUCs of the first three successive
trials following priming for those cells where release
occurred for three or more trials. The AUC values of the
2nd and 3rd trials were normalized to the AUC value of
the first trial. The values of the AUC of the second and
third trials were significantly lower compared to the first
trials. (One-way ANOVA, F = 34.5, P ≤ 0.05.)

trials. However, following priming, the next two trials
generated Ca2+ waves before failure. At this point priming
again succeeded in putting the cell in a state where release
could be evoked for the next three trials.

The number of successful trials following priming was
variable. Figure 2 shows results from many cells using the
priming protocol of 4 Hz for 2 min. In most cases priming
only filled the internal stores sufficiently to release Ca2+ one
time although there were a number of cells where release
could be evoked successfully two or three times without
the need to refill the stores.

Figure 3A shows an example where release occurred in
multiple trials following a single episode of priming. The
amplitude of the release event decreased with successive
trials. This result parallels our previous observation that
later release events were less spatially extended than the
transient evoked immediately after priming (Watanabe
et al. 2006). The amplitude of the [Ca2+]i increase is
only an approximate measure of the amount of Ca2+

released since the duration of release is comparable to the
recovery time of the transient. Another way of estimating
the magnitude of Ca2+ release is to measure the area under
the curve (AUC) of the �F/F trace at the initiation site
of the wave (shaded area in figure). This measure takes
into account variations in the duration of the release
transient. In addition, it partially compensates for the
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saturation of the indicator, which often occurs with Ca2+

release transients (Nakamura et al. 2000; Larkum et al.
2003), and which therefore leads to an underestimation of
the variation in the amplitude of the [Ca2+]i changes in
different trials. We compared the AUC of the first three
successive trials following priming to the area of the first
trial immediately following priming. We found (Fig. 3B)
that at the site of wave initiation the mean AUC of the
first trial immediately following priming was significantly
greater than the mean AUC of the second and third
subsequent trials (F = 34.5, P ≤ 0.05; one-way ANOVA
and Tukey’s multiple means comparison).

Interestingly, there were a few cells (4 out of 56) where,
in the beginning of the experiment, Ca2+ release waves
could be evoked in three or more trials without priming.
Supplemental Fig. 1A (see online Supplemental material)
shows the results from one of these cells (15 s intertrial
interval). Release was evoked nine times following the
initial store loading. Furthermore, the magnitude and
spatial extent of the Ca2+ release wave did not change
dramatically during these nine events, suggesting that the
store content before stimulation did not change much
between trials.

Since most of the multiple successive trials that
evoked Ca2+ release occurred in the earlier stages of the
experiments, we compared the success rate of release
only in unprimed trials (excluding the trial immediately
following priming) in the 1st and 2nd halves of the
experiments on an individual cell (Supplemental Fig. 1B).
We analysed the experiments in this way because each
cell varied in the total number of release trials evoked
and the duration for which a cell was patched, factors
which may contribute to the observed decline with time
in the capacity of the cell to release calcium. We found
that the success rate of unprimed trials in the 1st half of
the trials (59%) was significantly greater than the success
rate of unprimed trials in the 2nd half (15%). We do not
know the specific reason for this difference, but it probably
involves a combination of the adjustment of store content
and gradual cell deterioration during the experiment.

To more precisely determine the conditions for effective
AP priming we varied the frequency and intertrial interval
in different experiments (Fig. 5 and Supplemental Fig. 2).
We found that priming with action potentials was effective
using intervals as short as 15 s (Fig. 5B). Spike firing at
frequencies of 4 Hz, 1 Hz and 0.5 Hz were all effective
using either 2 min or 15 s intertrial intervals (Fig. 5A and
B). However, at 0.25 Hz, the success rate plummeted to
the success rate of the unprimed trials, suggesting that the
effective lower limit of the frequency of action potential
priming is somewhere below 0.5 Hz. Similar conclusions
followed from an analysis of the AUCs using different
priming protocols (Supplemental Fig. 2).

In previous experiments on rat amygdalar projection
neurons Power & Sah (2005) found that sustained

subthreshold depolarization (SSD) was a more
successful priming protocol than action potential
(AP) stimulation. Consistent with this result they found
that subthreshold depolarization or synaptic stimulation
evoked significant [Ca2+]i increases in the somatic and
dendritic compartments of these amygdalar neurons,
a result they contrasted with the smaller increases
previously found in CA1 pyramidal neurons (Magee et al.
1996). When we tested this protocol we found different
results in hippocampal CA1 pyramidal neurons; action
potentials were much more effective than SSD. Figure 4A
shows an experiment where we compared the efficacy of
priming with either sustained depolarization or action
potentials. The cell was tested every 15 s, during which the
cell was either not primed, primed with action potentials
(P) or primed with a subthreshold depolarizing pulse (S)
sustained throughout the entire intertrial interval. The
cell was patched on the main apical dendrite near the
site of initiation of the calcium wave because we wanted
to leave no doubt that the membrane potential was
depolarized to just below the action potential threshold at
the location where the Ca2+ release occurred. On average,
the membrane potential was depolarized to 2.6 ± 0.6 mV
below the spike firing threshold (n = 17). We also note
that Golding et al. (2005) showed that the space constant
for a steady somatic depolarization is about 240 μm in
these cells. Therefore, the membrane voltage at the sites
of Ca2+ release (50–100 μm from the soma) should be
almost at the same level even when the patch electrode
was placed in the soma.

The summary data for these experiments are shown in
Fig. 5 and Supplemental Fig. 2. Priming with sustained
subthreshold depolarization was only partially effective
in refilling the stores, even though it generated a higher
success rate than unprimed trials (NP). The success
rate following priming using APs was much higher
than other methods of priming in intertrial intervals
of either 2 min or 15 s in both somatic and dendritic
patch recordings. Not only was the success rate much
higher with APs than with SSD, but the average integrated
area of the Ca2+ release wave in successful trials was
significantly larger compared to the integrated area of
the release waves in successful trials that were primed
with other methods or without priming (Supplemental
Fig. 2).

We also compared the efficacy of priming with repetitive
subthreshold synaptic stimulation to the efficacy of
priming with action potentials. Figure 4B shows an
example of such an experiment. There was no release
when the cell was primed with a series of 500 ms 100 Hz
tetanic stimulus trains at 0.5 Hz (SY) during the intertrial
interval of 15 s as well as in trials with no priming. However,
there was prominent release in trials that were primed with
action potentials at 0.5 Hz (P). As shown in the summary
data in Fig. 5 and Supplemental Fig. 2, the success rate or
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Figure 4. Priming with action potentials is more effective than priming with a sustained depolarizing
pulse (SSD) or repetitive subthreshold synaptic stimulation (SY)
A, SSD. The cell on the left was patched on the main apical dendrite about 50 μm from the soma. The pseudocolour
images are ‘line scans’ of successive trials with an intertrial interval of 15 s, ordered sequentially. The horizontal line
on the lower left of each image represents the tetanic synaptic stimuli (50 pulses at 10 ms intervals, 40 μA). The
white dashed arrow on the image indicates the position of the stimulating electrode. The scale bar of 2.5 s applies
to all the images. The images preceded by a P represent trials in which the cell was primed with action potentials
at 4 Hz during the intertrial interval before the cell was stimulated synaptically. The images preceded by an S
represent trials in which the cell was injected with a constant current pulse to bring the membrane potential just
below the threshold for spike firing (2 mV below threshold in this example) during the intertrial interval. Successful
Ca2+ release occurred in trials primed with action potentials while there were no trials with successful release in trials
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Figure 5. Priming with action potentials is much more effective than other modes of priming, even at
low frequencies
A, B and C: histograms of percentage success of all trials sorted by the various priming protocols applied before
evoking release. Trials using regular action potential spiking at different frequencies are in red. Trials using SSD
are in green. Trials using synaptic trains of 50 pulses at 100 Hz, delivered repetitively at 0.5 Hz or 1 Hz are in blue
(SY). The trials with no priming (NP) before evoking release are in black. The success rates of the different priming
protocols were compared using the χ2 test with 1 degree of freedom and statistical significance set at P ≤ 0.05;
∗ denotes significant statistical difference compared to action potential priming protocols of 4 Hz, 1 Hz and 0.5 Hz.
The number of successful trials over the number of total trials is shown below. A, intertrial interval of 2 min.
Priming with APs at 0.5–4 Hz or SSD was significantly more successful than no priming. B, intertrial interval of
15 s. Priming with APs at 0.5–4 Hz was significantly more successful than priming with spikes at 0.25 Hz, SSD, or
SY. Priming with APs at 0.25 Hz or SY was not significantly different from NP. C, the cells were patched on the main
apical dendrite about 50–70 μm from the soma. Intertrial interval of 15 s. Priming with APs at 4 Hz was effective
while priming with SSD was not.

AUC of SY priming was not significantly higher than NP
or SSD priming. In fact, there was no significant difference
in the AUC of SSD and SY compared to the AUC in the
unprimed condition (NP).

To further quantify the differences among the priming
protocols the success rates of the different protocols
were multiplied by their respective mean normalized
AUC values to yield a weighted measure of the efficacy
of the priming protocols (Supplemental Fig. 2). The
resulting weighted success rate of trials primed with action
potentials was dramatically higher than the weighted
success rates of trials primed using SSD or SY.

To investigate the basis for the high efficacy of priming
with action potentials we compared the AUCs of Ca2+

transients evoked by a single action potential, a 0.5–1 s
SSD pulse, and synaptic stimulation for 500 ms at 100 Hz.
Figure 6A and B shows an example of such an experiment.
In Fig. 6A the small [Ca2+]i change corresponding to a
500 ms subthreshold current injection is indicated by the
arrow. In contrast, there is a prominent [Ca2+]i increase
in response to the single backpropagating action potential.
The [Ca2+]i change resulting from a single synaptic tetanus

primed with sustained subthreshold depolarization. B, SY. The images preceded by SY represent trials in which
the cell was stimulated synaptically during the 15 s intertrial interval at 0.5 Hz with the same tetanic stimulus train
used for evoking release (30 μA) except at a lower current (20 μA), which was below the threshold for spike firing
and did not elicit a Ca2+ release wave. Successful Ca2+ release occurred in trials primed with action potentials at
0.5 Hz while there were no trials with successful release in trials primed with repetitive synaptic stimulation.

also was small (Fig. 6B). The [Ca2+]i increase following
subthreshold synaptic stimulation is presumably by Ca2+

entry through low-threshold voltage-gated Ca2+ channels
(Magee et al. 1996) since the density of spines is low
on the main apical dendrite (Megias et al. 2001) and
the stimulating electrode was placed near the oblique
dendrites. One caution is that the total amount of Ca2+

entering the stores cannot easily be determined from these
experiments since Ca2+ both enters the cytoplasm and
is pumped out of the cell and into the stores, while the
experiment measures the instantaneous [Ca2+]i, not the
flux.

The integrated area of the [Ca2+]i changes following SSD
or SY were normalized to the AUC of an AP-evoked Ca2+

transient in each cell and the group means of the AUC
values were compared (Fig. 6C and D). The mean AUC
of SSD- and SY-primed cells were significantly less than
the mean AUC of AP-primed neurons (one-way ANOVA,
F = 166, P ≤ 0.01). We also confirmed that the AUC from
a subthreshold depolarizing pulse in a somatic patch was
not different from the AUC evoked with a dendritic patch
(Fig. 6D).
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Priming following Ca2+ release evoked
by uncaging IP3

The assumption in these experiments is that priming works
by refilling the stores in the ER. However, it is possible that
priming works by up-regulating the efficiency of PLCβ

as was suggested for Ca2+ release in cerebellar Purkinje
neurons (Canepari & Ogden, 2006). To test this possibility
we did experiments where Ca2+ waves were evoked by
uncaging IP3 instead of by tetanic synaptic stimulation.
This protocol bypasses the production of IP3 through the
activation of mGluRs and the stimulation of PLCβ. The
first panel in Fig. 7 shows that a UV flash over the apical
dendrites of a pyramidal neuron loaded with caged IP3

evoked a Ca2+ wave that had a clear initiation site within the
flash region. The amplitude and time course of this wave

Figure 6. The increase in [Ca2+]i resulting from a single action
potential is significantly higher than the increase due to either
a sustained subthreshold depolarizing pulse or a tetanic
synaptic train
A, [Ca2+]i increase evoked by a 500 ms subthreshold pulse and an AP.
Ten trials were averaged. B, [Ca2+]i increases generated by tetanic
synaptic stimulation that did not evoke Ca2+ release and which was
just subthreshold for generating an action potential. Ten trials were
averaged. C, the AUC of the �F/F traces (as illustrated in A and B)
were compared to the AUC in response to a single AP. The sample
sizes are indicated in parentheses below each condition. The AUC of
AP was significantly higher than both SSD and SY (∗, one-way ANOVA,
F = 166, P ≤ 0.01, data taken from green ROI, opposite stimulating
electrode). The AUC following SY was significantly greater than the
AUC following SSD. D, the normalized AUC values of SSD were sorted
and compared according to whether the cell was patched on the
dendrite or on the soma. The values were not significantly different.

was similar to a synaptically activated wave in the same cell
(data not shown). However, repeated UV flashes evoked
smaller release waves and soon failed to evoke release. We
found that we could restore the ability to generate waves
by priming the cell with spikes in the intertrial interval.
Priming at 4 Hz for 15 s was clearly successful (n = 43/45
trials), priming at 0.5 Hz for 15 s was usually successful
(n = 18/22 trials), and priming at 0.25 Hz for 15 s was not
effective (n = 1/6 trials). These are the same requirements
that we found for synaptically evoked waves. Therefore,
we conclude that priming works downstream from the
production of IP3, probably by loading the stores (see
Discussion). Power & Sah (2005) used a similar technique
to arrive at the same conclusion in their experiments with
SSD priming in amygdalar pyramidal neurons.

Duration of priming

In another series of experiments we examined the time
it takes for the effect of a single episode of priming
to dissipate. After establishing conditions for consistent
release after priming, we waited for a variable period of
time after priming before trying to evoke release. In each
case we bracketed the trial following the test period with
trials where we evoked release immediately after priming
(no delay) and we required that these bracketing trials
successfully evoke release. Figure 8A, for example, shows
a cell that produced a release wave when stimulated 2 min
after priming, but not 2 min 30 s after priming. Figure 8B
shows the summary data from 12 tested cells. Plus (+)
indicates success and minus (−) indicates failure at the
indicated test delay. Most cells were tested several times.
While there was some variability it is apparent that in
the majority of cells release events could be evoked up
to 2–3 min after priming but not past that time period.

These data show the results for the best cells, where
internal controls showed that the cells responded
consistently throughout the duration of the experiment.
In some cells (n = 4; data not shown), the effective time
period of priming could not clearly be determined due to
the steady decline of the capability of the cell to release Ca2+

following synaptic stimulation. In these cells the effective
time period of priming was variable over the course of the
experiment, usually becoming shorter towards the end of
the experiment. These data were not included in the final
analysis.

We note that these results apply for the particular
priming conditions of this experiment, i.e. 0.5–4 Hz for
15 s. It is possible that more intense action potential
priming or priming by a different method (e.g. high K+

solution for a brief period) would be effective for longer
periods. Approximately the same duration was found in
prefrontal cortical pyramidal neurons (Hagenston et al.
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2007) using a different priming protocol and a different
assay for release.

Other stimulation protocols

In the above experiments the stimulation intensity or the
UV flash duration was held constant for all the trials on
an individual cell. The only parameters that were varied
were whether or not priming preceded a trial and the rate
and the duration of spike firing in the priming protocol.
For some experiments we tested whether this was the
only critical parameter determining whether Ca2+ release
would occur. Figure 9 shows an experiment where, instead
of priming the cell to recover release we increased the
stimulation intensity. In this cell (and four others) we
found that increasing the current by 10–20 μA also was
effective in generating Ca2+ release. Presumably, the extra
IP3 in the dendritic region generated by the additional
active presynaptic fibres overcame the low store Ca2+

level in determining the release threshold. This result is
reminiscent of previous results (Nakamura et al. 1999),
where we showed that voltage-dependent Ca2+ entry
could affect the Ca2+ release threshold when stimulation

Figure 7. Priming is necessary to evoke repetitive Ca2+ release waves following the uncaging of IP3

The first panel shows the image of the cell filled with 300 μM Oregon Green Bapta-5N and 450 μM caged IP3. The
dotted circle is the approximate region of the uncaging UV flash. The next sequence of panels shows the responses
in successive trials to the same 150 ms flash (vertical bars in panels). Ca2+ waves were evoked for several trials
after priming at 4 Hz for 15 s but later trials showed no response without priming. Priming with the same protocol
restored the response to the uncaging flash.

intensity was held constant. Thus, the extent to which
Ca2+ stores are filled is not the only important parameter
in the generation of a successful Ca2+ release wave.
However, a detailed investigation of other such parameters
is beyond the scope of the experiments presented
here.

Discussion

The main result of these experiments is that a low rate of
action potential generation (as low as 0.5 Hz) for a short
time (15 s) is sufficient to maintain pyramidal neurons in
a primed state capable of repetitive Ca2+ release following
constant levels of synaptic stimulation. Since a single
action potential evokes a [Ca2+]i increase of about 0.3 μm

that lasts about 50 ms in the primary apical dendrites
(Helmchen et al. 1996), while a Ca2+ release wave evokes
a [Ca2+]i increase more than 20 times as large that lasts
longer than 1 s at that location (Nakamura et al. 2000;
Larkum et al. 2003), it is clear that the Ca2+ entry during
minimally effective priming is only a small fraction of
the Ca2+ released; the stores are primarily replenished by
recovering the Ca2+ released. This resembles the situation
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Figure 8. The effect of priming lasts for
about 2–3 min
A, example of a cell in which the effect of
priming lasted for 2 min. Ca2+ release was
synaptically evoked with stimulation of
35 μA current (50 pulses at 10 ms intervals)
without priming (no label above the
pseudocolour image), immediately after
priming for 15 s at 4 Hz (black P), waiting
2 min after priming for 15 s at 4 Hz (red P),
or waiting 2 min 30 s after priming for 15 s
at 4 Hz (green P). Release was present when
the cell was stimulated 2 min after priming
but absent when stimulated 2 min 30 s after
priming. The absence of release was not a
result of a rundown of the cell because in the
subsequent trial release was again detected
when stimulated immediately after priming.
B, scatter plot of the results of all release trials
in individual cells tested with different delays
following priming. ‘+’ represents a successful
release trial and ‘−’ represents a failure. The
∗ is next to the cell shown in A. The majority
of +’s lie to the left of the 3 min mark.

in cardiac and skeletal muscle (Bers, 2000) although the
mechanism of release is different.

An interesting result is that action potentials are much
more effective in pyramidal cells at filling stores than
sustained subthreshold depolarization either by direct
current injection or by synaptic activation. This result is
different from that found in amygdalar projection neurons

Figure 9. Increasing stimulation
intensity can substitute for priming in
increasing the likelihood of synaptically
evoking Ca2+ release
Five trials are shown. The cell was primed
with action potentials at 0.5 Hz for 15 s
before each of the first two trials (indicated
with a ‘P’ above the pseudocolour images).
Synaptic stimulation with 45 μA current (50
pulses at 10 ms intervals) generated Ca2+
release in the dendrites as shown in the first
two pseudocolour images and the optical
trace below. No priming was used before
each of the next two trials and no Ca2+
release was detected following the same
stimulation protocol. However, when the
stimulation current was raised to 55 μA (last
panel) strong Ca2+ release was evoked.

by Power & Sah (2005); they found that subthreshold
depolarization was an important priming mechanism in
those cells. This observation reinforces the conclusion that
cell properties cannot be generalized without caution.
In one sense the result was surprising since previous
experiments (Magee et al. 1995, 1996) showed that there is
measurable Ca2+ entry through voltage-dependent Ca2+
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channels at rest and following subthreshold depolarization
in hippocampal pyramidal cells. Our results do not
contradict this finding. Indeed, Fig. 6 shows that we could
detect subthreshold Ca2+ entry in pyramidal neurons.
Rather, this Ca2+ entry is much less significant than that
following action potential generation and consequently
less effective in reloading the internal stores in these
neurons.

Mechanism of priming

The simplest explanation for the restorative effect on Ca2+

release capability by priming is that some of the Ca2+

that enters the cell is pumped into the ER and that when
the stores are fully loaded it is easier to evoke release.
In principle, however, there are other explanations. Ca2+

could affect several enzymes involved in the production
of IP3; Ca2+ could directly affect the sensitivity of the IP3

receptor (IP3R) to IP3; Ca2+ could indirectly affect the
sensitivity of the IP3R. Our experiments do not completely
eliminate these other possibilities, but they make most of
them unlikely.

Ca2+ is known to up-regulate PLCβ (e.g. Rhee & Choi,
1992). Therefore, the transient elevation of [Ca2+]i caused
by spikes could increase the amount of IP3 generated by
synaptic activation of mGluRs. In particular, Canepari &
Ogden (2006) suggested that this was the mechanism of
priming in Purkinje neurons. However, we found that Ca2+

released by uncaging IP3 required exactly the same level
of priming as synaptically activated Ca2+ release (Fig. 7).
Therefore, all steps prior to the generation of IP3 are not
important components of priming in pyramidal neurons.

Ca2+ is a known cofactor for the activation of the
IP3R (Iino, 1990; Bezprozvanny et al. 1991; Finch et al.
1991). Indeed, the synergistic activation of spikes and
synaptic stimulation is known to enhance the release of
Ca2+ from stores (Nakamura et al. 1999). However, the
time window for this synergism is less than 2 s, with spikes
required to come after synaptic stimulation (Nakamura
et al. 1999), and spike-evoked Ca2+ transients typically
last less than 100 ms (Helmchen et al. 1996). In contrast,
our experiments show that the effect of priming typically
lasts about 2–3 min (Fig. 8). Therefore, priming cannot be
due to the direct effect of Ca2+ on the IP3R.

A third possibility is that Ca2+ indirectly up-regulates
the sensitivity of the IP3R to IP3 and that this increased
sensitivity lasts several minutes. Our experiments do
not directly address this possibility. Ca2+-dependent
phosphorylation of the IP3R has been studied in many
biochemical experiments (Ferris et al. 1991; Nakade
et al. 1994; Straub et al. 2004). There are conflicting
results as to whether phosphorylation by protein
kinases leads to enhanced Ca2+ release in response to
stimuli. Furthermore, most experiments used continuous

application of drugs instead of synaptic stimulation
and used non-neuronal assays for the effect on IP3Rs.
Therefore, it is unclear at this time whether this mechanism
could contribute to priming.

In addition to these considerations some aspects of the
priming process in our experiments remain unclear. We
do not know why some few cells show release for many
trials without priming (Fig. 2). It is possible that there is a
subset of neurons where the refilling of stores is particularly
robust and almost all of the calcium released in one
trial is pumped back into the stores. Also, in some cases
(e.g. Fig. 1B, bottom row) a trial without preceding
priming appears to release slightly more calcium than
the previous trial. This may reflect normal fluctuations
including variations in the synaptic release of glutamate,
fluctuations in IP3R sensitivity or possible defects in
our assay for the magnitude of calcium release. Further
experiments, possibly including direct measurements of
[Ca2+]i levels in the stores, may clarify these points.

Physiological significance

The reported spontaneous firing rates in vivo in CA1
pyramidal hippocampal neurons (e.g. Hirase et al. 2001)
exceed the lowest rate at which priming was found to be
effective in our experiments. Therefore, it is likely that in
most situations the endoplasmic reticulum in pyramidal
neurons is in a state ready to release Ca2+ if an appropriate
stimulus is received by the cell. This conclusion may not
apply to all regions of the CNS. Although we found similar
synaptically induced Ca2+ release waves in pyramidal
neurons from the neocortex (Larkum et al. 2003) recent
studies suggest that spontaneous cortical neuron firing
rates may be lower than previously thought (as low as
0.15 Hz; Margrie et al. 2002) and may not be sufficient
to maintain these cells in a primed state in all conditions.
Related to this issue is our observation that a single episode
of priming lasts about 2–3 min. This suggests that the
state of store filling is modulated by the ongoing firing
rate of the neuron with a filter that has a time constant
of several minutes. Another way of looking at this result
is to say that the generation of Ca2+ release waves is a
plastic synaptic property, modulated by ongoing post-
synaptic firing rates. It will be important to test this idea
with in vivo experiments.

In these experiments we found a greater dependence on
priming to get effective release than we found in some of
our previous experiments (Nakamura et al. 1999, 2002).
In those experiments we were often able to get Ca2+

release in the same neuron without resorting to a priming
protocol between trials, while, as shown in Fig. 2, Ca2+

release could only be evoked a few times without priming
in these experiments. There are several reasons for this
difference. First, in the previous experiments we did not
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make a consistent effort to prevent spike firing during the
tetanic stimulation that evoked Ca2+ release. In these new
experiments we always held the cells at a potential where
the synaptic response did not evoke spikes. Presumably, the
few spikes generated in those early experiments helped to
supply enough Ca2+ to reload the stores to a threshold
level to support regenerative Ca2+ release. Second, the
duration of the previous experiments was shorter than
in the experiments presented here. Since release becomes
harder to evoke without priming as the experiment is
prolonged, the reliance on priming to evoke release was
not so obvious in those experiments. Third, in the older
experiments we would often increase the stimulation
intensity to evoke release if the previous trial was not
successful, while in these new experiments we maintained
the stimulation intensity at a constant level. As shown
in Fig. 9, increasing the stimulation intensity can often
substitute for priming in promoting release. Presumably,
the level of Ca2+ in the internal stores is not the only
parameter determining whether stimulation will evoke
regenerative release. Increasing the amount of IP3 in a
region of the dendrites also contributes. How the level
of IP3, the [Ca2+] in the internal stores, the amount
of voltage-dependent Ca2+ entry, and possibly other
parameters, all combine to determine the release threshold
needs to be investigated in greater detail.
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