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The endoplasmic reticulum (ER) Ca 2� store plays a key role in integration and conveyance of Ca 2� signals in highly polarized neurons.
The interconnected ER network in neurons generates Ca 2� signals in local domains, but the regional interaction is unclear. Here, we show
that continuous or repetitive applications of caffeine produced robust Ca 2� release from the ER Ca 2� store in dendritic areas without
severe store depletion, but that similar stimuli applied to soma caused rapid store depletion in acutely isolated midbrain dopamine
neurons. Partial emptying of the ER Ca 2� store within a dendrite caused a similar level of store depletion in unstimulated dendrites, as
well as in soma. Photobleaching and local stimulation experiments revealed that Ca 2� and the dye trapped within the ER diffused rapidly
from the soma to dendrites up to 90 �m, which we could resolve, suggesting that the ER network acts as a functional tunnel for rapid Ca 2�

transport. These data imply that the ER in soma acts as a Ca 2� reservoir supplying Ca 2� to the dendritic store, and that the dendritic
store, hence, is able to respond to Ca 2�-mobilizing input signals endurably.
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Introduction
The endoplasmic reticulum (ER) is the largest intracellular or-
ganelle and constitutes an interconnected network that extends
from the soma to axons, dendrites, and even dendritic spines
(Verkhratsky and Petersen, 1998; Berridge et al., 2000). The ER is
a site of protein synthesis and maturation that can be modulated
by Ca 2� levels and fluctuations in the lumen of the ER (Michalak
et al., 2002). The ER also acts as a key player for determining
complex patterns of local or global Ca 2� signals as a Ca 2� store
or as a sink (Friel and Tsien, 1992; Pozzan et al., 1994; Berridge,
1998; Verkhratsky, 2005). In addition, the ER can also generate
Ca 2� sparks or oscillations without external stimulation (Llano
et al., 2000; Emptage et al., 2001) and can also regulate neuronal
excitability (Stutzmann et al., 2003). Disturbed ER Ca 2� signals
appear to cause several types of neurodegenerative diseases
(Verkhratsky, 2005). Therefore, precise understanding of the
structural and functional organization of the ER in neurons is
very important. In general, most neurons are highly polarized
and receive numerous subsets of synaptic inputs in local domains
so that Ca 2� signals occur in local domains (Finch and Augus-

tine, 1998; Augustine et al., 2003; Spitzer et al., 2004; Goldberg
and Yuste, 2005). Therefore, despite its wide connection and dis-
tribution, a small part of the ER appears to participate in the
modulation of Ca 2� signals as a local domain according to stim-
ulus intensities and localities. Consequently, it has been demon-
strated that the ER present in distinct parts of a neuron appar-
ently behaves as an independent Ca 2� store (Blaustein and
Golovina, 2001). Many pharmacological studies have postulated
that the ER is composed of separate Ca 2� stores that are individ-
ually loaded and unloaded (Golovina and Blaustein, 1997;
Montero et al., 1997; Blaustein and Golovina 2001). However,
this model cannot explain how the ER, as a multifunctional but
signal-integrating organelle, is integrated into a coherent system,
because the ER not only governs Ca 2� signals but also controls
generalized cell functions such as protein processing, regulation
of metabolism, and gene expression (Patil and Walter, 2001;
Verkhratsky and Petersen, 2002). Recently, it has been proposed
that the ER is a interconnected single Ca 2� store in pancreatic
acinar cells, functioning as a whole system by allowing Ca 2�

movement and equilibration through the connected lumen (Park
et al., 2000, 2001; Petersen et al., 2001). By analogy, the ER in
neurons may be composed of a single homogenous Ca 2� pool,
and its functions in different regions may be harmonized or com-
municated by luminal connectivity. However, no experimental
evidence exists to demonstrate the regional interactions of the ER
between different regions of a neuron.

Therefore, we set out to determine whether the ER is a func-
tionally connected Ca 2� store or whether it is composed of sep-
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arate subunits with the regional interaction of ER Ca 2� signals
between soma and dendrites in acutely isolated dopamine neu-
rons. We show here that the ER is a luminally interconnected
organelle through which Ca 2� can diffuse rapidly from soma to
dendrites.

Materials and Methods
Preparation and identification of dopamine neurons. Single dopamine
neurons were acutely isolated from Sprague Dawley rats at postnatal day
9 –14. Brains were cut into midbrain blocks containing the substantia
nigra pars compacta (SNc), and coronal slices of 300 – 400 �m thickness
were obtained using a vibratome (TPI, St. Louis, MO). The substantia
nigra pars compacta of the slices, demarcated by their dark color, were
dissected out with a scalpel and digested with fully oxygenated HEPES-
buffered saline containing papain (4 –10 U/ml; Worthington, Freehold,
NJ) for 20 – 60 min at 34 –37°C. Gentle agitation with varying sizes of
Pasteur pipettes produced single neurons of various shapes. Among these
neurons, large multipolar neurons containing three to six large neurites
were immunostained with tyrosine hydroxylase antibody. Thus, we used
only these typical neurons in this experiment. Detailed procedures and
staining results have been described previously (Choi et al., 2003).

Solutions and chemicals. The normal bath solution contained the fol-
lowing (in mM): 140 NaCl, 5 KCl, 10 HEPES, 10 D-glucose, 1 CaCl2, and
1 MgCl2. Osmolarity and pH were adjusted to �300 mOsm and 7.4 with
sucrose and NaOH, respectively. The Ca 2�-free solution was made by
replacement of 1 mM CaCl2 with 0.2 mM EGTA. The bath volume was
�0.7 ml, and solution exchanges were made within 8 s. ( S)-3,5-
Dihydroxyphenylglycine (DHPG) (group 1 metabotropic glutamate re-
ceptor agonist) and tetrodotoxin (Na � channel blocker) were obtained
from Tocris Cookson (Ballwin, MO). All other materials were purchased
from Sigma (St. Louis, MO).

Measurement of cytosolic Ca2� concentrations. Isolated SNc neurons
were incubated with 2–5 �M fura-2 AM at room temperature (20 –24°C)
for 20 –35 min. The cells were then washed twice with normal physiolog-
ical salt solution. All cells were used within 3 h of isolation. Single-cell
fluorescence intensities were measured using an Olympus Optical (To-
kyo, Japan) IX70 inverted microscope (40� objective or 60� water im-
mersion objective) attached to a frame-transfer and back-illuminated
charge-coupled device camera (Quantix; Photometrics, Tucson, AZ) and
Metafluor software (Molecular Devices, Sunnyvale, CA). We used 340/
380 nm dual excitations with a 400 nm dichroic mirror, and emitted light
was collected using a long-pass filter of 450 nm. The details have been
described previously (Choi et al., 2003). To visualize the localization of
Ca 2� signals in local stimulation experiments, 340 nm excitation images
were divided by 380 nm excitation images, and then the basal ratio im-
ages were subtracted from the post-caffeine ratio images, which showed
maximum cytosolic Ca 2� concentration ([Ca 2�]c) rises (�R).

Ratios (340/380 nm) of cell fluorescence intensities were calibrated
using maximum (Rmax) and minimum ratio values (Rmin) obtained by
exposing cells to 15 �M ionomycin and 10 mM Ca 2� or 10 mM EGTA, by
assuming a dissociation constant (Kd) of 150 nM for Ca 2�–fura-2 at
room temperature, according to the following well known formula
(Grynkiewicz et al., 1985):

[Ca2�]c � Kd

Rmax�R

R � Rmin
� ,

where � is a specific constant.
Micropressurized injection. A Narishige (Tokyo, Japan) microinjection

system (IM 300 Microinjector) was used to rapidly apply caffeine to cells.
The internal diameters of the micropressure glass pipettes were �0.5
�m, and their resistance ranged between 10 and 20 M�. Glass pipettes
contained 50 mM caffeine. To avoid backflow reapplication of agonists to
cells, we injected agonists parallel to perfusion solution flow. The injec-
tion pressure was maintained between 40 and 50 psi, and single pulse
durations were 150 –200 ms (or 200 s for extended stimulation).

Visualization of the endoplasmic reticulum. We used ER-Tracker to
observe the endoplasmic reticulum. SNc neurons were loaded with ER-
Tracker Blue-White DPX (Invitrogen, Carlsbad, CA). A stock solution of

ER-Tracker was prepared at 1 mM in DMSO. After cell preparation, the
cells were incubated in 100 nM ER-Tracker for 20 –30 min. Specimens
were excited at 364 nm (UV laser), and images of ER-Tracker fluores-
cence were obtained using a Zeiss (Oberkochen, Germany) 510 confocal
laser scanning microscope.

Photobleaching experiments. Isolated SNc neurons were incubated with
2–5 �M MagFluo 4 AM for 20–35 min at 37°C. We used the UV laser at 80
mW power to induce fast bleaching of Magfluo-4 under a Zeiss 510 confocal
microscope together with the 488 nm laser line at 30 mW. Bleaching was
iterated at 5� with the dwell time per pixel of 2.56–10.2 �s.

Statistics. Paired and unpaired Student’s t tests were used, and p values
of �0.05 were regarded as significant difference.

Results
Caffeine empties the ER Ca 2� store
Acutely isolated midbrain dopamine neurons are immunoposi-
tive to tyrosine hydroxylase antibody and are characterized by a
large cell body with multiple dendrites (Choi et al., 2003; Kim et
al., 2004). Because dopamine neurons show a strong ER Ca 2�

release property and possess several large dendrites (Fiorillo and
Williams, 1998; Morikawa et al., 2000; Choi et al., 2003), they are
a good model for examining the functional organization of the
ER Ca 2� store in central neurons. Because the ER is a major Ca 2�

store, we examined the distribution of the ER in acutely isolated
dopamine neurons by staining the ER with ER-Tracker. As
shown in Figure 1A, the ER was observed everywhere in soma
and dendrites, except within a nucleus, which is similar to the
ubiquitous distribution of the ER shown in several types of other
neurons (Verkhrasky and Petersen, 1998), thereby contributing
to generation of Ca 2� signals in the whole area of a polarized
neuron. To examine Ca 2� release from intracellular Ca 2� stores,
we stimulated cells with caffeine in a Ca 2�-free bath medium and
measured cytosolic Ca 2� levels using fura-2. Although caffeine is
known to both open ryanodine receptors and to inhibit IP3 re-
ceptors (Cancela et al., 2000), it has been widely used to release
Ca 2� from the ER in neurons (Verkhratsky, 2005). As shown in
Figure 1B, application of 20 mM caffeine produced a transient
[Ca 2�]c rise in the Ca 2�-free bath solution; there was an initial
rise in [Ca 2�]c and a subsequent decay to the basal level within
1.2 � 0.2 min (n 	 15). This suggests that caffeine rapidly de-
pletes the ER Ca 2� store in the Ca 2�-free medium. The metabo-
tropic glutamate receptor agonist DHPG (20 �M) also produced
a similar response in Ca 2�-free medium, and the increased
[Ca 2�]c also returned to the basal level in a similar amount of
time (1.3 � 0.2 min; n 	 15). After depletion of the intracellular
Ca 2� store during administration of a high concentration of caf-
feine, the application of DHPG failed to cause additional release
of Ca 2� (Fig. 1B, right), which suggests that caffeine shares a
Ca 2� pool with DHPG in dopamine neurons. Therefore, caffeine
appears to not only deplete the ryanodine-mediated Ca 2� pool,
but it also depletes IP3-mediated Ca 2� pools. Therefore, dopa-
mine neurons seem to have a single Ca 2� pool on which IP3 and
ryanodine receptors reside. Thapsigargin, a sarcoplasmic/endo-
plasmic reticulum calcium ATPase pump inhibitor, also raised
the [Ca 2�]c level transiently in Ca 2�-free bath medium, perhaps
through unidentified leak channels (Lomax et al., 2002). After
depleting the thapsigargin-sensitive store, caffeine failed to in-
crease [Ca 2�]c (Fig. 1C). All of these findings suggest that caffeine
releases Ca 2� from the ER store in dopamine neurons.

Single or low-frequency Ca 2� release from the local dendritic
ER does not significantly deplete the ER Ca 2� store
To examine and compare the Ca 2� signals of the ER in different
areas of a neuron, we attempted to elicit ER Ca 2� release locally
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in midbrain dopamine neurons using a micropressurized mi-
cropipette containing caffeine. To prevent backflow or diffusion
of caffeine during experiments, the micropipette was positioned
in parallel with the flow direction in the bath. Although metabo-
tropic glutamate receptor agonists, such as DHPG, are capable of
releasing Ca 2� from the ER, they also modulate Ca 2�-permeable
ion channels and change membrane potential (Guatteo et al.,
1999; Prisco et al., 2002; Choi et al., 2003), which leads to diffi-
culties in the interpretation of [Ca 2�]c signals. Thus, caffeine
seems to be a better tool to trigger Ca 2� release from the ER.

Therefore, to evoke Ca 2� release from the ER in a localized area
of a dendrite, we applied caffeine to a dendrite by using a micro-
pressurized pipette containing 50 mM caffeine. As shown in Fig-
ure 2A, the dopamine neuron that we used had multiple den-
drites, and the caffeine-containing micropipette, which is shown
in the left bottom corner, pointed at one of the dendrites. The
fura-2 fluorescence ratio image (340/380 nm excitation) ob-
tained is shown in Figure 2B, and, in Figure 2A, the green (soma)
and red (dendritic region) circles from which fluorescence inten-
sities were measured are shown. To trigger the release of Ca 2�

Figure 1. Distribution of the ER and Ca 2� release in midbrain dopamine neurons. Neuronal ER can release Ca 2� in response to caffeine. A, Transmitted image of an acutely isolated dopamine
neuron and fluorescence image of the ER (ER-Tracker), obtained using a confocal microscope. Scale bars, 10 �m. B, Caffeine or DHPG releases Ca 2� from the ER. DHPG failed to release Ca 2� from
the ER after pretreatment with caffeine (n 	 9). C, Thapsigargin prevents caffeine-induced Ca 2� release (n 	 17). Fluorescence intensities were measured from soma.

Figure 2. Pulsatile low-frequency Ca 2� release from the local dendritic ER does not deplete the Ca 2� store in soma. A dopamine neuron was stimulated globally or locally by bath application
of 20 mM caffeine or by micropressurized application of 50 mM caffeine, respectively. A, A transmitted image shows an isolated neuron and a micropressurized pipette containing 50 mM caffeine. The
two different measured areas are circled in different colors, and Ca 2� signals are presented in the same color in E. Scale bar, 10 �m. B, A fluorescence ratio (F340/F380) image of fura-2. C, A subtracted
ratio image (�R), which was obtained by subtraction of a ratio (F340/F380) image before and after global stimulation of a neuron with caffeine, shows a [Ca 2�]c rise throughout the soma and
dendrites. D, A subtracted ratio image (�R) of a neuron before and after local stimulation of caffeine to a dendrite shows local increase in [Ca 2�]c only in the stimulated region of a dendrite (red circle
in A). E, Global–local– global stimulations with caffeine elicited [Ca 2�]c changes in a dendrite (red circle marked in A) and/or in the soma (green circle marked in A), in a stimulation-dependent
manner. Local Ca 2� releases within a dendrite by local applications of caffeine (number 2) did not affect the second global Ca 2� release (number 3) when compared with the first global Ca 2�

release (number 1), suggesting that the store was not depleted significantly in this condition.
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from the ER in the entire neuron, we first
applied 20 mM caffeine to the bath. As
shown in Figure 2C, this caused a rise in
[Ca 2�]c throughout the whole neuron.
The subtracted image (�R) shows a global
[Ca 2�]c rise in the soma and dendrites,
and [Ca 2�]c changes in the soma and den-
drite, which are marked in green and red
circles in Figure 2A, are presented in Fig-
ure 2E in the same colors. In this case, the
shapes of [Ca 2�]c changes in the soma and
dendrite were very similar (the first
[Ca 2�]c rise, marked by the number 1).
After that, we allowed the ER to refill with
Ca 2� for several minutes, and then, using
a micropipette containing 50 mM caffeine,
we repeatedly stimulated a dendritic area
in a pulsatile manner. As shown in Figure
2D, the [Ca 2�]c rose only in the dendrite
close to the micropressurized pipette, and
there was no rise in [Ca 2�]c elsewhere in
unstimulated areas such as soma and re-
mote dendrites. This was also presented in
Figure 2E, in which the unstimulated
soma showed no [Ca 2�]c change during
the local dendritic caffeine stimulations
(number 2). In this case, caffeine pulses
were applied at �0.13 Hz, and the peak
values in each Ca 2� spike were very similar. This finding indi-
cates that, despite repeated stimulation (sequential Ca 2� release
from the ER), the local dendritic ER store was able to release Ca 2�

persistently without severe store depletion. To estimate the re-
maining Ca 2� levels of the ER at the end of the repetitive local
stimulation, 20 mM caffeine was immediately applied to the bath
again. This evoked a global Ca 2� release from the ER (the last
[Ca 2�]c change in Fig. 2E, which is marked number 3). As ex-
pected, the amplitudes of the Ca 2� spikes (number 3) measured
in the soma and a dendrite were similar to those of the Ca 2�

spikes (number 1) that were first evoked before the local repeti-
tive stimulations (number 2), suggesting that local repetitive
stimulation to a limited area of a dendrite at this slow frequency
did not significantly deplete the Ca 2� store in dendrites or in
soma.

Different depletion rates of the ER Ca 2� store between
soma and dendrites in response to continuous or
high-frequency stimulation
To examine how differently the ER in dendrites and soma releases
Ca 2� according to the stimulation frequency, we stimulated neu-
rons at different frequencies with a micropipette containing 50
mM caffeine. As shown in Figure 3A, when we stimulated a den-
drite (marked in red in the left) with caffeine pulses at 0.03 Hz,
repetitive Ca 2� spikes were generated in dendrites, and the am-
plitudes in each Ca 2� spike were relatively similar between Ca 2�

spikes, which indicates that the dendritic ER was able to release
Ca 2� persistently at this condition. However, when we raised
caffeine stimulation frequencies from 0.03 Hz, we observed a
sequential reduction in amplitudes of Ca 2� spikes from 0.2 Hz
(Fig. 3A, bottom). To compare this with the ER Ca 2� release
behavior in soma, we performed the same experiment in soma.
Pulsatile application of 50 mM caffeine to soma at 0.03 Hz gener-
ated similar amplitudes of Ca 2� spikes (Fig. 3B, top), indicating
that the soma ER was able to release Ca 2� repeatedly in this

condition. However, stimulation at 0.1 Hz led to a clear sequen-
tial reduction of amplitudes in Ca 2� spikes at levels much greater
than in the dendrites (Fig. 3B, middle). At 0.2 Hz caffeine stimu-
lation, a more dramatic reduction of amplitudes in Ca 2� spikes
was observed (Fig. 3B, bottom). In Figure 3C, we plotted the
relative changes of the reduction in amplitude in the dendrites
(red circles) and soma (green diamonds) versus stimulation fre-
quencies, in which each point was obtained from one to five
measurements from several neurons. In contrast to the dendritic
areas, the sequential reductions in peak [Ca 2�]c values with re-
petitive stimulations were greater in soma at the same stimulation
frequencies. This phenomenon was also observed in the Ca 2�-
free medium (Fig. 3C, blue triangles in dendritic areas and black
rectangles in soma areas), in which the Ca 2� influx was limited.
Therefore, it is unlikely that the different Ca 2� release behaviors
in soma and dendrites are attributable to differences in Ca 2�

refilling rates of the ER between soma and dendrites, because a
similar result was obtained in Ca 2�-free medium. This sequential
reduction behavior in peak [Ca 2�]c values with repetitive caf-
feine stimulations may indicate that the ER Ca 2� store was being
depleted gradually. Otherwise, it may be attributable to the de-
sensitization of the Ca 2� release process by repetitive caffeine
applications (Verkhratsky, 2005); the behavior may also result
from a combination of these processes. Because the sequential
reductions in amplitudes of Ca 2� spikes in soma were greater
than those in dendrites, the ER in the soma may have a more
sensitive desensitization process to caffeine or may be depleted
more quickly than in dendrites, or a combination of the two.

Therefore, we investigated further to distinguish between
these possible explanations. First, we continuously applied caf-
feine locally into only a dendrite or soma, using the same micro-
pressurized pipette. As shown in Figure 4A, when caffeine was
applied continuously to only one dendrite with a micropipette
containing 50 mM caffeine, the [Ca 2�]c in the stimulated den-
dritic area rose immediately and was then sustained without a

Figure 3. Different depletion rates of the ER Ca 2� store in soma and dendrites caused by repetitive local applications of
caffeine. A, B, When a cell was stimulated by the repetitive application of 50 mM caffeine, the [Ca 2�]c responses differed in the
soma and dendrites in a frequency-dependent manner. Ca 2� release in dendrites was much more persistent than that in soma.
Scale bar, 10 �m. C, In several cells, relative changes in [Ca 2�]c versus stimulation frequencies are presented in soma (green
diamonds, from 15 neurons) and dendrites (red circles, from 14 neurons) in the bath solution containing 1 mM Ca 2� and soma
(black rectangles, from 8 neurons) and dendrites (blue triangles, from 20 neurons) in Ca 2�-free bath medium. At 0.1 Hz stimu-
lation, the relative depletion of Ca 2� store at dendrites and soma in 1 mM Ca 2� or Ca 2�-free solutions were 82.95 � 7.82%
(n 	 3), 23.24 � 2.09% (n 	 3), 89.67 � 6.34% (n 	 3), and 14.33 � 4.09% (n 	 3), respectively. *Statistical differences
( p � 0.05, Student’s t test); p 	 0.02 and 0.01 between soma and dendrites in 1 mM Ca 2� or in Ca 2�-free solutions, and p 	
0.31 and 0.18 between soma with 1 mM Ca 2� and without Ca 2� and between dendrites with 1 mM Ca 2� and without Ca 2�.
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severe decay (a red curve). However, when we stimulated soma
with the same pipette, although [Ca 2�]c increased similarly, the
level was not maintained, instead rapidly decaying to the basal
level. This is similar to the results obtained from the repetitive
caffeine stimulations (Fig. 3). Then, in the same neuron, we ap-
plied 20 mM caffeine to the bath and stimulated the soma and
dendrites at the same time. In this case, the reductions of peak
[Ca 2�]c values in soma and dendrites were remarkably similar,
and there was no difference in the decay processes of soma and

dendrites (Fig. 4B). If caffeine-induced
desensitization processes are different in
soma and dendrites, the decay processes
would be different in soma and dendrites
under this condition. This was not the
case. Therefore, this finding strongly indi-
cates that the decline in peak amplitudes
with repetitive local stimulations is attrib-
utable to the different depletion rates of
the ER Ca 2� store in soma and dendrites,
rather than being attributable to the differ-
ent desensitization processes to caffeine.
This also likely suggests that the dendritic
Ca 2� store is more resistant to depletion
when repetitively stimulated than the
soma store.

Luminal connection of the ER Ca 2�

store in soma and dendrites
The observed differences between Ca 2�

store depletion rates in response to the lo-
cal repetitive stimulations in soma and
dendrites may be simply explained by ei-
ther the existence of distinct Ca 2� stores in
soma and dendrites or the tunneling
model. In the former case, when repeti-
tively stimulated, the dendritic store
would be more resistant to depletion than
the soma store. Nevertheless, this model
could not explain why global stimulations
with caffeine depleted the ER Ca 2� stores
at similar rates in soma and dendrites (Fig.
4B), because this differed greatly from the
cases in local stimulations (Fig. 4A).
Therefore, the tunneling model is more
likely to explain the findings. If the large
soma Ca 2� store acts as Ca 2� reservoir
and continuously supplies Ca 2� to the re-
mote dendritic store, the above phenome-
non can be explained. To test this hypoth-
esis, we performed the following
experiment. First, 20 mM caffeine was ap-
plied to the bath and [Ca 2�]c was mea-
sured in two different dendritic areas, as
shown in Figure 5A (green and red circles).
The peak amplitudes in [Ca 2�]c changes
in the two areas are marked as a
 in Figure
5, B and C, in which the peak values were
similar. Some time after allowing the ER to
refill with Ca 2�, we repetitively applied 50
mM caffeine locally onto one dendrite (Fig.
5A, green circle) and depleted the local
store sequentially, by observing the grad-
ual reduction of amplitudes in Ca 2� spikes

(Fig. 5B, arrows). After this treatment, to estimate the ER Ca 2�

level remaining, we applied 20 mM caffeine to the bath and again
evoked a Ca 2� release from the whole ER. The peak values in
[Ca 2�]c changes in this second global stimulation are marked as
b
 (Fig. 5B,C). In this case, the relative ratio (b
/a
) seems to
reflect the extent of Ca 2� depletion in the ER store inversely.
Interestingly, despite partial depletion of the ER Ca 2� store in the
left top dendrite, as shown in Figure 5A, the ER Ca 2� store in the
right bottom dendrite, which was not stimulated, was also found

Figure 4. Different depletion rates of the ER Ca 2� store in soma and dendrites by continuous application of caffeine. A, When
cells were stimulated by the continuous injection of 50 mM caffeine, [Ca 2�]c responses differed in the soma (black line; [Ca 2�]c

decay at 50 s after stimulation, 96.2�0.7%; n	9) and dendrites (red line; [Ca 2�]c decay at 50 s after stimulation, 36.7�2.8%;
n 	 9). The Ca 2� release in dendrites was much more robust than that in the soma. Scale bar, 10 �m. B, When cells were
stimulated by bath application of 20 mM caffeine, the relative changes in [Ca 2�]c in the soma (black line) and dendrites (red line)
were similar. This experiment was performed 12.5 min after the experiment in A. The elevated [Ca 2�]c returned to the basal level
at 22.3 � 1.7 min in soma and 22.1 � 1.3 min in dendrites (n 	 9), respectively.

Figure 5. Luminal connectivity of the ER Ca 2� store between soma and dendrites. A neuron was first stimulated globally, then
locally, and finally globally by the bath application of 20 mM caffeine or by pressurized application of 50 mM caffeine with a
micropipette. [Ca 2�]c changes (graphs B and C) were measured in two different regions, marked by green and red circles in A.
After the partial depletion of a local Ca 2� store in the left top dendrite by local application of caffeine (B, arrows), Ca 2� stores
were found to be depleted to a similar level in the bottom right dendrite (C). Amplitudes of b
 were similar between B and C. D,
After local depletion of the Ca 2� store in the green circled area (A), fluorescence intensities along the line at the time of the first
(a
) and last (b
) global stimulations were compared. The relative store depletion along the line was similar. E, The relative
emptying of ER Ca 2� stores (b
/a
 � 100) in locally stimulated (x-axis) and unstimulated ( y-axis) regions of dendrites in the
same neuron were plotted under the Ca 2�-free condition (red circles; n 	 4) and normal condition (black squares; 1 mM Ca 2�;
n 	 3) in separate neurons. Scale bar, 10 �m.
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to be depleted. Moreover, b
/a
 ratios be-
tween stimulated and unstimulated re-
gions were very similar, indicating that de-
pletion of the Ca 2� store in one dendritic
region caused store depletion in remote
unstimulated dendritic regions to a similar
extent. When we measured [Ca 2�]c

changes along the line marked in Figure
5D before and after the local stimulations,
we found that relative depletion levels (b
/
a
) along the line were similar up to �90
�m from the soma, despite the fact that
peripheral regions became noisy as a result
of the low fluorescence intensity in our ex-
perimental condition. When we examined
the ER depletion levels in three neurons in
stimulated and unstimulated dendrites, al-
though depletion varied according to
stimulation intensity and duration, deple-
tion levels of the ER Ca 2� store in the un-
stimulated area were very similar to
those in the stimulated area (Fig. 5E,
black rectangles). In Ca 2�-free medium,
we obtained the same result from four cells (red open circles),
which indicates that the above results are not attributable to
the different kinetics of Ca 2� influx or refilling rates in differ-
ent regions of a neuron. These results strongly support that the
aforementioned ER tunneling model explains the observed
differences between Ca 2� store depletion rates in dopamine
neurons.

Next, to further confirm that the tunneling model is working
in neurons, we attempted to deplete the Ca 2� store of soma by
directly applying caffeine to soma. As shown in Figure 6A, we
positioned a micropipette containing 50 mM caffeine near the
soma and measured [Ca 2�]c changes in the three different areas.
We initially applied 20 mM caffeine to the bath and observed
[Ca 2�]c rises in the three marked areas (Fig. 6B, a
). We then
replaced the bath medium with Ca 2�-free solution and stimu-
lated soma with repetitive pulses of caffeine, which rapidly de-
pleted the ER Ca 2� store in the soma and nearby dendrites. Store
depletion was reflected by a rapid reduction of the [Ca 2�]c peaks.
The nearby dendritic region (red circle and graph) and the soma
(black circle and graph) (Fig. 6B) showed large [Ca 2�]c changes,
but the remote dendritic region, marked as a blue circle, shows
only a small response (blue graph). Nevertheless, when we
applied 20 mM caffeine to the bath again, the relative ampli-
tudes of the [Ca 2�]c changes (marked b
) in the three mea-
sured regions were very similar, despite the fact that the stores
measured in the different areas released Ca 2� differently.
These results indicate that the depletion of the ER Ca 2� store
in soma depletes the Ca 2� store in remote unstimulated den-
dritic areas to a similar level. Interestingly, when we reapplied
20 mM caffeine to the bath again some time after allowing the
ER to refill with Ca 2�, relative [Ca 2�]c rises were similar in the
three areas, indicating that the refilling rates were similar in all
regions of a neuron. These findings again support the ER tun-
neling model, in which the ER is connected and Ca 2� equili-
bration between the ER in different regions occurs through the
lumen. The above experiment was performed on four cells,
and their relative extents of the ER Ca 2� depletions in soma or
dendritic areas were exactly the same, similarly as shown in
Figure 5E.

Photobleaching experiments reveal that the ER between soma
and dendrites is connected luminally
To directly examine whether or not the ER is a luminally con-
nected organelle, we loaded dopamine neurons with MagFluo-4,
a low-affinity Ca 2� dye that is used to measure Ca 2� concentra-
tions in the lumen of the ER (Park et al., 2000). As shown in
Figure 7A, after loading neurons with MagFluo-4, fluorescence
was very low in a nucleus, which indicates that the dye was spe-
cific for Ca 2�-containing organelles such as the ER, mitochon-
dria, and granules (Park et al., 2002). Under these conditions, we
bleached one part of the soma (Fig. 7A, red dotted circle) and
measured fluorescence intensities in both bleached (red dotted
circle) and unbleached (blue circle) areas across a nucleus (yellow
circle). As shown in the top right of Figure 7A, fluorescence in-
tensity in the bleached area was rapidly decreased by photo-
bleaching and was subsequently recovered (half-recovery time of
1.6 � 0.1 s; n 	 14), whereas the remote unbleached area (blue
circle) showed reciprocal reductions in fluorescence. The same
fluorescence change was also observed in the proximal dendritic
area (Fig. 7A, bottom). This finding suggests that the dye trapped
in the lumen of the ER can quickly move across a nucleus to the
remote ER in the opposite soma as well as in the proximal den-
drite. Conversely, when we bleached one dendritic region for a
very short period of time (�800 ms), intensity changes in the
soma were negligible (data not shown). However, the repetitive
bleaching of dendrites (Fig. 7B, red dotted rectangle) reduced
fluorescence intensity in the soma (green circle). This finding
could be explained by the assumption that the total volume of the
ER in the bleached area is much smaller than that of the soma.
Next, to verify whether the Magfluo-4 fluorescence comes from
the functionally active ER Ca 2� store, we stimulated neurons
with caffeine or thapsigargin and then observed decreases in
MagFluo-4 fluorescence intensity throughout the neuron, except
within the nucleus (Fig. 7C,D).

Speed of Ca 2� diffusion through the ER lumen in dendrites
To examine the extent to which the ER in soma is luminally
connected to the distal dendrites, we enhanced the detector sen-
sitivity so that fluorescence in the soma was partly saturated,
which then made it possible to detect MagFluo-4 fluorescence in

Figure 6. Luminal connectivity of the ER Ca 2� store between soma and dendrites. Some time after the global bath application
of 20 mM caffeine, which elicited global rises in [Ca 2�]c (marked as a
), a cell was stimulated by rapid and local application of 50
mM caffeine (arrows) in Ca 2�-free bath solution. At the end of repetitive local stimulation, 20 mM caffeine was applied to the bath
and [Ca 2�]c peaks were measured (marked as b
). Changes in [Ca 2�]c in three different regions (A), which were measuring
simultaneously, were plotted in B. Although the Ca 2� releases induced by local stimulation in three measured areas differed, the
relative depletions of the local Ca 2� stores (b
/a
) in the three regions were similar. Scale bar, 10 �m.
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more distal dendrites. In this condition, when we bleached only
the soma, we were able to detect decreases in fluorescence inten-
sity through the unbleached dendrite (Fig. 8A). In Figure 8A, the
dotted rectangle indicates bleached area, and fluorescence
changes were measured in the circles drawn in different colors
along the dendrite. Interestingly, fluorescence decreases through
the dendrite after soma bleaching were delayed as the distance of
the measured sites from the bleached soma increased (Fig. 8A,
right). These data more clearly show that the dye trapped within
the ER in the soma could luminally diffuse to the ER in distal
dendrites, up to nearly 90 �m, which was a limit of our resolu-
tion. When we plotted the half-fluorescence decreasing time ver-
sus the distance from a soma that was photobleached (Fig. 8C, red
rectangles), we found that the diffusion speed of MagFluo-4 was
3.78 � 0.30 �m/s (n 	 29 from 7 cells).

Finally, to measure the diffusion speed of Ca 2� through the
dendritic ER lumen, we directly measured MagFluo-4 fluores-
cence changes after locally applying caffeine to soma; this process
was able to generate a Ca 2� gradient within the ER between soma
and dendrites. To detect changes in fluorescence in dendrites, we
raised the detector sensitivity and visualized fluorescence in distal
dendrites at distances nearly 90 �m from the soma. In this con-
dition, caffeine application caused a serial reduction in fluores-
cence intensity along the dendrite, as marked in different colors
(Fig. 8B). The drops in fluorescence (decreases in ER Ca 2� level)
were first observed in the proximal dendrite and were later ob-
served in the distal dendrite. It indicates that sudden reduction of

Ca 2� concentration within the soma ER
by caffeine causes Ca 2� diffusion from
dendrites to soma, thereby leading to an
earlier dropping in luminal Ca 2� concen-
tration in the ER in a proximal dendrite
rather than in a distal dendrite. When we
plotted the half-fluorescence decreasing
time versus the distance through the den-
drite from the soma (Fig. 8C, blue circles),
we found that the diffusion speed of Ca 2�

through the dendritic ER was �31.57 �
1.94 �m/s (n 	 30 from 6 cells). The dif-
fusion speed of Ca 2� was �10 times faster
than that of MagFluo-4.

Discussion
In this study, we show that the ER in do-
pamine neurons exists as an intercon-
nected Ca 2� pool that allows rapid Ca 2�

movement between the soma and den-
drites through the lumen of the ER. Be-
cause the soma contains a very large Ca 2�

pool and each dendrite possesses a rela-
tively small amount of the ER, this transit
Ca 2� allows dendrites to persistently re-
spond to continuous Ca 2�-mobilizing in-
put signals without suffering from severe
depletion of local store. Ca 2� store in den-
dritic areas can be rapidly refreshed by a
continuous supply of Ca 2� from a large
soma Ca 2� reservoir. Accordingly, be-
cause of the functional luminal connectiv-
ity of the ER, which we prove here, we
could speculate that local ER Ca 2� signals
occurring in distal dendrites may be trans-
ferred to the ER in remote unstimulated
dendrites, as well as to the main ER in

soma at a relatively rapid speed. In our experimental condition,
the diffusion speed of Ca 2� through the dendritic ER was 31.57 �
1.94 �m/s (n 	 30) (Fig. 8). However, in this study we are not
able to rule out the possibility that mobile Ca 2� dye would affect
the real speed of Ca 2� movement through the ER lumen. Never-
theless, if free Ca 2� diffuse at the above speed, it would be worth
noting that, although the ER is luminally connected, the local ER
Ca 2� signals generated by synaptic inputs take time to transfer
information to a distant part of the ER, several seconds to travel
over 100 �m. Considering the diffusion speed of Ca 2� that we
measured at normal central neurons (Fig. 8), single or weak syn-
aptic activities may not propagate to a distant area and may dis-
sipate, thereby generating signals limited within local domains.
Nevertheless, it is likely that strong and long-lasting changes in
Ca 2� signals in local ER domains would affect Ca 2� levels in the
remote ER. Therefore, the ER Ca 2� signals in different areas
would be harmonized or communicated. We also found that
dendritic ER Ca 2� signals are robust and endurably respond to
successive input signals without severe reduction or desensitiza-
tion in dopamine neurons (Figs. 2– 4). This could be explained by
the ER tunneling model (Petersen et al., 2001). Because the ER
Ca 2� store in the soma is large and is connected to the dendritic
ER (Figs. 1, 7, 8), it appears to act as Ca 2� reservoir and serves to
keep dendrites active by luminally supplying Ca 2� (Figs. 3, 9).

The ER is an organelle that is responsible for protein synthesis
and storage, and fluctuations in luminal Ca 2� concentrations

Figure 7. Photobleaching experiments revealed that the ER in the soma is luminally connected with that in dendrites. Neurons
were loaded with 5 �M MagFluo-4, which is often used for ER Ca 2� measurement, and local areas were photobleached. A, The
bleaching of dye in one part of a soma (red dotted line) revealed a rapid recovery in fluorescence intensity after the initial sharp
decrease, whereas the intensity measured in remote areas of soma (top) and dendrites (bottom) concomitantly decreased. B,
Continuous bleaching of a wide dendritic area (red dotted rectangle) led to a decrease in the fluorescence of soma (green). C, D,
Fluorescence intensity in MagFluo-4-loaded cells was decreased by treatment with caffeine (44.4 � 1.3%; n 	 9) or thapsigargin
(47.4 � 4.9%; n 	 7), which suggests that most fluorescence originated from the ER. Scale bars, 10 �m.
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modulate protein processing (Wileman et al., 1991; Gallin and
Greenberg, 1995; Finkbeiner and Greenberg, 1997; Patil and
Walter, 2001; Michalak et al., 2002; Burgoyne et al., 2004). There-
fore, Ca 2� signals, which are often generated at remote dendritic
areas, should be transferred to the soma, which contains the main
body of the ER and nucleus. Neurons may integrate multiple local
dendritic events via luminally connected ER, because profound
changes in luminal Ca 2� concentration in multiple dendrites are

likely to affect Ca 2� concentration in the central part of the ER
(Figs. 5, 7). The luminally connected ER model (Fig. 9) could,
therefore, explain how the ER integrates local signals and how the
ER in different compartments is harmonized or communicates.
In hippocampal neurons, it has been reported that synaptic ac-
tivities elevate the ER Ca 2� levels in dendrites for several minutes
(Pozzo-Miller et al., 2000; Pivovarova et al., 2002). If we consider
the diffusion speed of Ca 2�, we estimate that successive burst of
presynaptic action potentials occurring within 1 s would affect
postsynaptic ER Ca 2� levels at nearby synapses at distances up to
�32 �m. Nevertheless, if the local ER Ca 2� levels change for
several minutes attributable to synaptic activity, the ER in the
soma would be affected, because luminal Ca 2� would diffuse and
eventually equilibrate between the dendrites and the soma. Thus,
the memory of ER Ca 2� signals would be both time dependent
and space limited.

Morphologically, it is clear that the ER is a continuous and
interconnected network of tubules and cisterns in neurons. Di-
rect visualization of neuronal ER by electron microscopy (Spacek
and Harris, 1997) and by fluorescent staining with lipophilic car-
bocyanine dyes (Terasaki et al., 1994) supports the membrane
connectivity of the ER throughout the whole of a neuron. How-
ever, many pharmacological experiments in various types of neu-
rons and glial cells have divided the ER into two distinct models,
i.e., a single functional ER Ca 2� pool or separate ER Ca 2� pools
(Verkhratsky, 2005). The experimental strategy has mostly been
based on pharmacological experiments. Because some chemicals
or drugs could empty certain Ca 2� store compartments in differ-
ent ways, it has been concluded that there are spatially distinct
separate compartments in the ER in some cell types (Verkhratsky,
2005). However, these experiments were not free of contamina-
tion of non-ER Ca 2� stores, such as the Golgi apparatus, nuclear
envelope, granules, endosomes, and mitochondria (Pozzan et al.,
1994; Michelangeli et al., 2005). Considering these aspects, it is
noteworthy to mention that synaptic activity in hippocampal
slices induced a rise in Ca 2� in some fractions of the ER and
caused no change in other portions of the ER (Pozzo-Miller et al.,
2000; Pivovarova et al., 2002). Thus, the possibility that some of
Ca 2�-binding proteins would hamper Ca 2� diffusion and act as
a barrier within the connected ER in dendrites has been suggested
(Berridge et al., 2000; Carafoli et al., 2001; Collin et al., 2005;
Konur and Ghosh, 2005). We showed here that Ca 2� can move

Figure 8. Measurement of Ca 2� and MagFluo-4 diffusion speed through the ER lumen in a
dendrite. An acutely isolated dopamine neuron was loaded with MagFluo-4, and its fluores-
cence was measured using a confocal microscope. A, A soma (dotted red rectangle) was photo-
bleached by 351, 364, and 488 nm combined laser lines, and the fluorescence intensity through
a dendrite was measured in the areas marked by differently colored circles. The intensity was
normalized and plotted in the graph on the right. The time at which fluorescence decreased
through the dendrite depended on the distances from the soma. The distances were measured
from the margin of the bleached areas, which contains most of soma. Time lags were more
clearly detected at half-fluorescence decreasing time (dotted line). Scale bar, 10 �m. B, Caf-
feine was locally applied to soma with a micropressurized pipette, and fluorescence intensity
through a dendrite was measured in the areas marked by differently colored circles. The inten-
sity was normalized and plotted in the graph on the right. The time at which fluorescence
decreased through the dendrite depended on the distances from the soma. In this neuron, soma
fluorescence signal was saturated. Scale bar, 10 �m. C, The half-fluorescence decreasing times
were plotted versus the distances from the soma. These data were obtained from 29 points from
six neurons for MagFluo-4 and 30 points from 7 neurons for Ca 2�. Data points from A and B
were specifically marked with filled symbols. The diffusion speeds of Ca 2� and MagFluo-4
through the dendritic ER lumen were 31.57 � 1.94 �m/s (n 	 30 from 6 neurons) and 3.78 �
0.30 �m/s (n 	 29 from 7 neurons), respectively. They were calculated from the graphs shown
in data in C.

Figure 9. A model of the ER Ca 2� pool in a central neuron. The ER in soma and dendrites are
luminally connected, which allows rapid Ca 2� movement and equilibration. Thus, if a local
Ca 2� store in a dendritic area is depleted, it can be quickly replenished by a supply of Ca 2� from
the large Ca 2� reservoir in the soma. Conversely, intensive and massive release of Ca 2� in the
local dendritic store could cause Ca 2� depletion in the ER of the soma. Thus, ER Ca 2� signals in
different cellular regions would communicate. The subsurface ER cisterns in the soma would be
connected to the Ca 2� reservoir of the soma and appear to actively reabsorb Ca 2� in subplas-
malemmal spaces (adapted from Berridge, 1998).
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freely through the lumen of the ER at distances of up to 90 �m.
However, we did not rule out the possibility that the distal den-
drites �90 �m from the soma may express a lot of fixed Ca 2�-
binding proteins at local ER, thereby acting as a local diffusion
barrier for Ca 2�. In truth, we do not know the actual interactions
between far more distant dendrites because we did not confirm
the functional connection at distances of �90 �m because of the
technical limits of our experimental conditions. Nevertheless,
our results provide direct evidence to show the functional con-
nectivity of the ER in different neuronal regions. To our knowl-
edge, this is the first study to demonstrate emptying of local ER
stores and comparison of ER responses elicited in different re-
gions of a single neuron. More importantly, we directly measured
the diffusion speed of Ca 2� through the dendritic ER for the first
time. Thus, we believe that our study provides the strongest evi-
dence available to demonstrate that the ER is a functionally con-
nected organelle that acts as a functional tunnel for Ca 2� in cen-
tral neurons.

The single ER Ca 2� pool model and its functional implica-
tions have been proposed in polarized pancreatic acinar cells
(Park et al., 2000). Because pancreatic acinar cells should secrete
zymogen granules through the apical luminal membrane by
Ca 2� signals, hormone- or neurotransmitter-driven Ca 2� spikes
usually occur at the apical pole. Additionally, pancreatic acinar
cells contain a very large amount of the ER in the basal portion of
a cell, whereas zymogen granules containing many digestive en-
zymes are tightly packed within the apical part of a cell. Thus,
because of the limited space in the apical area, only a small
amount of ER exists in the apical pole (Petersen, 1999). Never-
theless, Ca 2� oscillations could occur continuously in the apical
pole, even in the Ca 2�-free bath solution (Park et al., 2000).
Thus, it has been questioned how pancreatic acinar cells contin-
uously and sufficiently raise [Ca 2�]c at the apical pole with only
such a small amount of ER (Petersen et al., 1999). This mystery
can be explained by the connected ER tunnel model, in which
Ca 2� in the ER at the apical area of a cell can be continuously
supplied by a large ER Ca 2� reservoir in the basal part of the cell
attributable to luminal Ca 2� movement (Park et al., 2000; Pe-
tersen et al., 2001). Similarly, in this study, we demonstrate for
the first time that this is the case in central neurons. In midbrain
dopamine neurons, the ER is abundant in soma and in dendrites
(Figs. 1, 9). Although the total amount of ER in dendrites may
exceed the total amount of ER in soma in the midbrain dopamine
neuron in vivo, the relative amount of ER in a small area of den-
drites that receive synchronized synaptic inputs would be smaller
than that in the soma. Thus, decreases in Ca 2� concentration in
dendrites in response to synaptic activities could be refreshed by
a Ca 2� supply from the soma ER store and nearby ER. Thus, the
ER in dendrites would quickly become ready to respond to the
next synaptic input. Conversely, large and intensive afferent in-
puts into local dendrites would lead to a severe reduction in the
ER Ca 2� level and, hence, cause Ca 2� changes in the soma ER via
ER Ca 2� movement through functional tunnels. Thus, a neuron
may recognize what is happening in remote regions of the neu-
ron, such as the dendrites and axons. This model may help us to
understand and investigate many other intracellular signaling
complexes in highly polarized neurons.
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Llano I, González J, Caputo C, Lai AF, Blayney LM, Tan YP, Marty A (2000)
Ryanodine-sensitive Ca 2� stores underlie large-amplitude miniature
IPSCs and spontaneous presynaptic Ca 2� transients at Purkinje cell syn-
apses. Nat Neurosci 3:1256 –1265.

Lomax RB, Camello C, Van Coppenolle F, Petersen OH, Tepikin AV (2002)
Basal and physiological Ca 2� leak from the endoplasmic reticulum of
pancreatic acinar cells. Second messenger-activated channels and trans-
locons. J Biol Chem 277:26479 –26485.

Michalak M, Robert Parker JM, Opas M (2002) Ca 2� signaling and calcium
binding chaperones of the endoplasmic reticulum. Cell Calcium
32:269 –278.

Michelangeli F, Ogunbayo OA, Wootton LL (2005) A plethora of interact-
ing organellar Ca 2� stores. Curr Opin Cell Biol 17:135–140.

Montero M, Alvarez J, Scheenen WJJ, Rizzuto R, Meldolesi J, Pozzan T
(1997) Ca 2� homeostasis in the endoplasmic reticulum: coexistence of
high and low [Ca 2�] subcompartments in intact HeLa cells. J Cell Biol
139:601– 611.

Morikawa H, Imani F, Khodakhah K, Williams JT (2000) Inositol 1,4,5-
triphosphate-evoked responses in midbrain dopamine neurons. J Neuro-
sci 20:1–5.

Park MK, Petersen OH, Tepikin AV (2000) The endoplasmic reticulum as

Choi et al. • Luminal Ca2� Flow from Soma to Dendrites J. Neurosci., November 22, 2006 • 26(47):12127–12136 • 12135



one continuous Ca 2� pool: visualization of rapid Ca 2� movements and
equilibration. EMBO J 19:5729 –5739.

Park MK, Ashby MC, Erdemli G, Petersen OH, Tepikin AV (2001) Perinu-
clear, perigranular and sub-plasmalemmal mitochondria have distinct
functions in the regulation of cellular calcium transport. EMBO J
20:1863–1874.

Park MK, Tepikin AV, Petersen OH (2002) What can we learn about cell
signalling by combining optical imaging and patch clamp techniques?
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