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Visualization of Ca®" Filling Mechanisms upon Synaptic
Inputs in the Endoplasmic Reticulum of Cerebellar Purkinje

Cells

Yohei Okubo,' Junji Suzuki,' Kazunori Kanemaru,' Naotoshi Nakamura,? Tatsuo Shibata,> and Masamitsu Iino'
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The endoplasmic reticulum (ER) plays crucial roles in intracellular Ca®" signaling, serving as both a source and sink of Ca*", and
regulating a variety of physiological and pathophysiological events in neurons in the brain. However, spatiotemporal Ca*>" dynamics
within the ER in central neurons remain to be characterized. In this study, we visualized synaptic activity-dependent ER Ca>" dynamics
in mouse cerebellar Purkinje cells (PCs) using an ER-targeted genetically encoded Ca** indicator, G-CEPIAler. We used brief parallel
fiber stimulation to induce a local decrease in the ER luminal Ca®" concentration ([Ca** g ) in dendrites and spines. In this experimen-
tal system, the recovery of [Ca®" |, takes several seconds, and recovery half-time depends on the extent of ER Ca>* depletion. By
combiningimaging analysis and numerical simulation, we show that the intraluminal diffusion of Ca>*, rather than Ca®" reuptake, is the
dominant mechanism for the replenishment of the local [Ca** ] depletion immediately following the stimulation. In spines, the ER
filled almost simultaneously with parent dendrites, suggesting that the ER within the spine neck does not represent a significant barrier
to Ca*" diffusion. Furthermore, we found that repetitive climbing fiber stimulation, which induces cytosolic Ca>* spikes in PCs,
cumulatively increased [Ca®" ;5. These results indicate that the neuronal ER functions both as an intracellular tunnel to redistribute
stored Ca®" within the neurons, and as a leaky integrator of Ca>" spike-inducing synaptic inputs.
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Ca’" is a key messenger that regulates neuronal functions in the brain. Although the endoplasmic reticulum (ER) plays indis-
pensable roles as a source and sink of Ca*", technical difficulties have impeded the analysis of Ca*>" dynamics within the ER. In
this study, we have used a genetically encoded ER Ca*" indicator to visualize Ca>* dynamics within the neuronal ER. We found
that Ca>*-mobilizing synaptic inputs locally decreased the ER Ca** concentration, followed by Ca>™ replenishment by intralu-
minal Ca*" diffusion throughout the ER of dendrites and spines. Furthermore, Ca** spike-inducing synaptic inputs cumulatively
increased the Ca®" content of the ER. Thus, our study indicates that the ER functions both as a tunnel to redistribute stored Ca’*
and as a leaky integrator of synaptic inputs. j

ignificance Statement

([Ca®"]p) is critical for understanding the function of the ER in
neurons. In various types of cells, the ER is a major intracellular
Ca** store and plays a crucial role in intracellular Ca*" signaling,
serving as both a source and a sink of Ca**. In central neurons,
synaptic inputs may evoke Ca>" release from the ER through two

Introduction
Understanding the dynamics and regulatory mechanisms of the
endoplasmic reticulum (ER) luminal free Ca*" concentration
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types of Ca®" release channels, inositol trisphosphate (IP;) re-
ceptors and ryanodine receptors, thereby regulating a variety of
physiological and pathophysiological events (Berridge, 1998;
Verkhratsky, 2005). As the driving force for Ca** mobilization,
[Ca**]gp is a critical factor for ER-mediated Ca*™ signaling. Al-
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though cell-wide depletion and replenishment of Ca** in the

neuronal ER have been visualized previously (Fujiwara et al.,
2001; Solovyova et al., 2002; Rodriguez-Garcia et al., 2014), the
relationship between synaptic inputs and Ca** dynamics within
the ER remains poorly understood. Previous studies (Brorson et
al., 1991; Garaschuk et al., 1997; Finch and Augustine, 1998; Fio-
rillo and Williams, 1998; Stutzmann et al., 2003; Power and Sah,
2005; Hong and Ross, 2007; Hartmann et al., 2014) have shown
that, in neurons, voltage-gated Ca** channels induce an influx of
Ca’" that subsequently enhances Ca®" release. Although this
priming effect is thought to increase the ER Ca*" content
by activating the sarcoplasmic/endoplasmic reticulum Ca**-
ATPase (SERCA), the actual Ca®" concentration of the ER has
not been directly examined, due in part to the lack of appropriate
technologies for monitoring ER Ca** dynamics. This limitation
represents a major obstacle in studying the function of the neu-
ronal ER.

In earlier studies (Garaschuk et al., 1997), Ca®" concentration
within the ER could be estimated only by indirect measurement
of changes in cytoplasmic Ca®" concentration in response to
activation of Ca’" release from the ER. However, interpretation
of such results has been inevitably complicated by changes in
the Ca®" mobilization mechanisms themselves, and has there-
fore prompted the development of technologies to directly mea-
sure Ca>* dynamics in the ER. One such method is the use of
small molecular Ca*™ indicators; however, difficulty in targeting
them to the lumen of the ER has limited their application in intact
neurons (Fujiwara et al., 2001; Solovyova et al., 2002). In con-
trast, genetically encoded Ca?" indicators (GECIs) can be tar-
geted to the ER by tagging with appropriate ER retention signals.
This capability has been exploited to develop a variety of GECIs
for the visualization of ER Ca** dynamics (Miyawaki et al., 1997;
Palmer et al., 2004; Ishii et al., 2006; Tang et al., 2011; Bonora et
al., 2013; Rodriguez-Garcia et al., 2014; Wu et al., 2014). To im-
prove the spatiotemporal resolution of GECls, we recently devel-
oped a series of calcium-measuring organelle-entrapped protein
indicators (CEPIAs), which are GECIs that can provide high-
resolution visualization of ER Ca*" dynamics in various types of
cells, including neurons (Suzuki et al., 2014).

In this study, we expressed the ER-targeted genetically en-
coded Ca*" indicator G-CEPIAler in mouse cerebellar Purkinje
cells (PCs), which possess a well developed ER with a high density
of IP; receptors (Martone et al., 1993; Sharp et al., 1993). We then
evoked synaptic inputs from parallel fibers (PFs) and climbing
fibers (CFs), and observed how the ER network within the PCs
responded to those inputs. Collectively, these ER Ca** visualiza-
tion studies provide important new insights into synaptically
evoked [Ca*" ] dynamics.

Materials and Methods

Gene construction. For PC-specific expression of G-CEPIAler, we
produced a Sindbis virus (Okubo et al., 2001, 2004; Suzuki et al., 2014).
The pSinRep5 subcloning version of G-CEPIAler was used as the tem-
plate for in vitro transcription using SP6 RNA polymerase (Ambion). The
RNA transcript and the helper RNA from DH(26S) cDNA template (In-
vitrogen) were cotransfected into BHK cells by electroporation. Twenty-
four hours after transfection, the culture medium containing the
infectious particles was harvested. Sindbis virus encoding G-GECO1.1
(Zhao et al., 2011) for the cytoplasmic Ca** measurement was also pro-
duced by the same procedure.

Infection of PCs and preparation of cerebellar slices. All animal experiments
were performed in accordance with the regulations and guidelines of the
Institutional Animal Care and Use Committee at The University of Tokyo
and were approved by the institutional review committees of the Graduate
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School of Medicine, University of Tokyo. Male C57BL/6 mice (postnatal day
21-27) were deeply anesthetized with pentobarbital, and the surface of cer-
ebellar lobule 6 adjacent to the midline was exposed by removing the cra-
nium and dura. The tip of a glass pipette was backfilled with the viral
solution. The glass pipette was then inserted into the cerebellum, and 1 ul of
viral solution was delivered at a rate of 200 nl/min using a micropump
(Legato 130, KD Scientific). Twenty-three to 26 h after virus injection, para-
sagittal cerebellar slices (250 wm thickness) were prepared as described pre-
viously (Edwards et al., 1989). Slices were incubated in a holding chamber
containing artificial CSF (ACSF) bubbled with 95% O, and 5% CO, at 35°C
for 1 hand then returned to 23°C. ACSF for slicing and incubation contained
the following (in mm): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgSO,,, 1.25 NaH,PO,,
26 NaHCO,, and 20 glucose.

Imaging. Imaging was performed with a two-photon microscope (TSC
MP5, Leica) that was equipped with a water-immersion objective (25X,
numerical aperture, 0.95; HCS IR APO, Leica) and a Ti:sapphire laser
(MaiTai DeepSee, Spectra Physics). Slices were transferred to a recording
chamber under microscope, continuously perfused with ACSF bubbled
with 95% O, and 5% CO,, and supplemented with 10 um bicuculline
(Tocris Bioscience) to block spontaneous IPSCs. The excitation wave-
length was 900-920 nm. Emitted fluorescence was filtered using an
infrared-ray cutting filter, separated by a 560 nm dichroic mirror and
detected with photomultiplier tubes. A 500—-550 nm barrier filter and a
600 nm long-pass filter were used for the green and red channels, respec-
tively. Data were acquired with time-lapse XY-scan mode (8—10 Hz for
PF-induced responses and 1-2 Hz for CF-induced responses). For
higher-frequency sampling, line-scan mode (200—400 Hz) was applied.
For the focal stimulation of PFs, five square pulses (0.1 ms duration) were
applied at 100 Hz through stimulation pipettes (3—6 um tip diameter)
filled with ACSF and placed just above the imaging field. The stimulation
intensity was adjusted within 2-5 V to induce G-CEPIAler responses
confined within narrow dendritic segments (~5-10 um in diameter of
detectable signals). During PF simulation with 2X intensity (i.e., 4-10
V), 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX) was
included in ACSF to avoid the excessive AMPAR-dependent Ca*" influx
and its possible effect on ER Ca** dynamics. For CF stimulation, square
pulses (0.1 ms, 0-20 V) were applied at 1 Hz through stimulation
pipettes placed on the granule cell layer adjacent to the soma of the PC of
interest. For the local application of 3,5-dihydroxyphenylglycine
(DHPG), DHPG was pressure ejected (1 mm, 50 ms, 10-30 psi) using a
fine pipette (<1 wm tip diameter) placed 5-15 wm above the dendrite of
G-GECO1.1-expressing PCs. Bicuculline, ( S)-(+)-a-amino-4-carboxy-
2-methylbenzeneacetic acid (LY367385), NBQX, cyclopiazonic acid
(CPA), and DHPG were obtained from Tocris Bioscience. Drugs other
than DHPG were dissolved in ACSF and administered through the per-
fusion system of the recording chamber. Experiments were performed at
room temperature (RT; 22-24°C), unless otherwise stated.

Data analysis. Data were analyzed using Image]J software. Fluorescence
intensities were corrected for background fluorescence by measuring a
nonfluorescent area. When necessary, photobleaching was corrected us-
ing a linear fit to the fluorescence intensity change in nonstimulated
area. The fractional change in fluorescence intensity from the basal level
(AF/F,) was analyzed. The amplitude of PF-induced G-CEPIAler re-
sponses was defined as the maximum decrease in AF/F, after PF stimu-
lation. The amplitude of CF-induced G-CEPIAler responses was defined
as the maximum increase in AF/F, during 20 pulses of CF stimulation.
The amplitude of DHPG-induced G-GECOL1.1 responses was defined as
the maximum increase in AF/F,. For the measurement of amplitude,
time courses of AF/F, were smoothed by a moving average with a five-
frame window. The amplitude shown in Figure 2E is defined as the aver-
age of AF/F,, within the 1 s (for X-rhod-1) or 5 s (for G-CEPIAler) time
windows, starting from the end of PF stimulation. For the measurement
of half recovery time (t,,,), the decay phase of PF-induced G-CEPIAler
response was fitted with the exponential function, including a linear
component. The time point (with t = 0 set at the end of PF stimulation)
at which AF/F; recovered by half was calculated using the fitted function
and measured amplitude. Time to peak was defined as the time between
the end of PF stimulation and the point of maximum decrease in AF/F,,
the location of which was determined after data smoothing using 5 data
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Figure 1.  Visualization of PF-induced ER Ca2* dynamics. A, G-CEPIATer-expressing PCs in the cerebellar slice. Scale bars: left,
40 pm; right, 4 m. B, Representative time course of mean AF/F, values within the dendritic segment (indicated by the circle in
the top left image) upon PF inputs (five stimuli at 100 Hz, gray vertical line) indicates PF-induced ER Ca** dynamics in PCs. The
pseudo-colorimage represents the average of 10 consecutive frames (indicated as magenta in the time course of AF/F,). Scale bar,

-0.4 AF/F,

CPA
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sured along the skeletonized dendrites that
consist of the manually delineated centerlines
of dendrites.

Fluorescence recovery after photobleaching
(FRAP) experiments. G-CEPIAler was bleached
by the illumination of an excitation laser (900 —
920 nm) within a 5-um-diameter circle. Am-
plitude was defined as AF/F, just after the end
of photobleaching. For the measurement of
t,/»> the recovery phase of G-CEPIAler fluores-
cence was fitted with the exponential function,
including a linear component. The time point
(with = 0 set at the end of photobleaching) at
which AF/F, recovered by half was calculated
using the fitted function and measured
amplitude.

Patch-clamp experiments. Whole-cell patch-
clamp experiments were performed for the
simultaneous visualization of cytoplasmic
Ca?™ concentration ([CaH]Cyt) and [Ca”]ER
dynamics, and the recording of CF-induced
EPSPs. The resistances of patch pipettes were
4-7 M) when filled with the intracellular solu-
tion containing the following (in mm): 130
K-gluconate, 4 MgCl,, 4 Na,ATP, 0.4 Na,
GTP, 10 sodium phosphocreatine, 3 sodium
L-ascorbate, and 10 HEPES, pH 7.3, adjusted
with KOH. The intracellular solution also
contained 0.1 mm X-rhod-1 (Anaspec) or 0.2
mM EGTA. For the simultaneous visualiza-
tion of [CaH]cyt and [Ca®"]g, dynamics,
X-rhod-1 was introduced to the cytoplasm of
G-CEPIAler-expressing PCs via patch pi-
pettes. PCs were held at —60 to —70 mV with
an EPC-9 patch-clamp amplifier (HEKA) us-
ing the voltage-clamp mode. NBQX was
included in ACSF to isolate ER-mediated
[Ca”]Cyt responses by inhibiting AMPAR-
dependent Ca’* influx. CF-induced EPSPs
were recorded with an EPC-9 patch-clamp am-
plifier using the current-clamp mode. The in-
tensity of CF stimulation pulses was set just
above the threshold to induce CF-induced
EPSPs, and the intensity just below the thresh-
old was applied for nonspiking controls. The
on-line data acquisition and off-line analysis of
data were performed using PULSE software
(HEKA).

Modeling of ER Ca’" dynamics. The time
evolution of ER Ca" concentration after PF-
induced local depletion was modeled by the
following one-dimensional reaction—diffusion

CPAH

equation:
10 wm. €, Pharmacological characterization of PF-induced ER Ca®* dynamics. G-CEPIATer responses upon PF inputs (five stimuli
at 100 Hz, gray vertical line) in the control condition (black); in the presence of LY367385 (100 wum, cyan) or NBQX (10 pum, du e~ ‘
magenta); or after the depletion of ER with CPA (50 um, gray) are shown. Amplitude is defined as the maximum decrease in AF/F, dr DVZu — k(u = ug).

within the 3 s time window after PF stimulation. n = 7-12 (mean = SEM). D, High-frequency measurement of PF-induced

G-CEPIATerresponse. Time course of AF/F, upon PF inputs (five stimuli at 100 Hz, gray vertical line) was measured by the line-scan
imaging of the dendrite. E, CPA-induced ER depletion. The application of CPA (50 wm, gray) decreased G-CEPIATer fluorescence

with the AF/F, amplitude of 0.43 == 0.021 (mean = SEM, n = 6).

point moving average. To avoid overestimation of the time to peak, we
discarded data if the AF/F, trace had no recognizable trough at distal
locations. To analyze the diffusional dynamics in PF-induced
G-CEPIAler responses, we manually determined the central point of the
response by carefully inspecting the spatial distribution of AF/F; 1-2 s
after PF stimulation. If responses covered more than one dendritic
branch, the central points were set in each dendrite. Distance was mea-

The equation describes lateral diffusion of ER
Ca’* and SERCA-dependent Ca’" uptake,
and u (in um), 1, (in pm), D (in wm?/s), and k
(in's) denote ER Ca?" concentration, basal ER
Ca?" concentration, the diffusion coefficient
of Ca*", and SERCA activity, respectively. The
term k(u — u,) shows the contribution of ER Ca®" leak channels and
SERCA Ca** pumps. Since [Ca”}tyt is nearly constant during the ER
Ca?* recovery phase (see Fig. 2D), SERCA activity, which depends on
[Ca“]cyt, was set to be constant in the model. Boundary conditions at
the end of dendrites were chosen to be either Dirichlet (equal to basal
concentration) or Neumann (zero flux) according to the actual dendrite
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Lateral diffusion of Ca 2™ within ER. A, Lateral diffusion of luminal Ca ™, as suggested by the wave-like propagation

of the G-CEPIATerresponse. Dendritic segments and corresponding AF/F, traces upon PF inputs (five stimuli at 100 Hz, gray vertical
line) were color coded (magenta, orange, and green). Scale bar, 5 um. B, Summary of differences between the central and distant
segment of PF-induced responses. Center (magenta) was defined as dendritic segments within 5 m from the central point, and
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geometry. Diffusion in a tube of abruptly
changing diameter can be described by a one-
dimensional diffusion equation with a con-
stant diffusion coefficient (Berezhkovskii et al.,
2009; Makhnovskii et al., 2010). Borrowing
from this theory, we reduced the diffusion
through the dendritic branching (see Fig. 3A)
to one-dimensional diffusion with alternating
diameter as follows. We aligned and merged
branches along the distance from the central
point of response, and let the merged segments
possess the pump/leak coefficient (k) multi-
plied by the number of merged branches. The
Ca?™ diffusion coefficient ( D) was assumed to
be constant throughout the one-dimensional
structure. The simulated ER Ca** concentra-
tion u was converted to G-CEPIAler fluores-
cence F using the following equation, which
was described previously (Suzuki et al., 2014):

F= Fmin + (Fmax - Fmin) X un/(u” + Kg))

and was compared with experimental data.
The following values from Suzuki et al. (2014)
were used: The maximum fractional change in
the fluorescence intensity (F,, . /F,) = 4.7,
Ky = 672 um, n = 1.95. For Figure 3A, the
following values were selected to fit the model
to the data: D = 8.4070, k = 0.0146, u, = 995.6.
These values were determined using an auto-
mated trial-and-error, parameter-optimizing
program written in MATLAB version 8.3. The
basal ER Ca*" concentration (1, = 995.6 um)
that we obtained was comparable to the resting
[Ca?*].; measured in other cell types in our
recent study (Suzuki et al., 2014).

Results

Visualizing synaptically evoked ER
Ca’" dynamics with G-CEPIAler

We wused Sindbis virus to express
G-CEPIAler in PCs and a two-photon
microscope to image its expression in
acute cerebellar slices, first focusing on

<«

distant (green) was defined as segments >7 um distal to the
central point (for details, see Materials and Methods). n = 8
(mean = SEM). C, Time course of AF/F, within the dendritic
segment (indicated by the circle in the left image) indicates
the decrease in fluorescence upon photobleaching (gray verti-
cal line) and the subsequent recovery (FRAP). The pseudo-
color image that is the average of three consecutive frames
(indicated as magenta in the time course of AF/Fy) shows local
fluorescence decrease. t, , upon PFinputsis indicated for com-
parison in the right bar graph. n = 10 (mean = SEM). Scale
bar, 10 wm. D, Cytosolic and ER Ca™* dynamics visualized by
introducing X-rhod-1 to the cytosol of G-CEPIA1er-expressing
PCs. Time courses of AF/F, for X-rhod-1 (cytosol) and
G-CEPIATer (ER) within the central segment (magenta) or the
distant segment (green) upon PF inputs (five stimuliat 100 Hz,
gray vertical line) are shown. NBQX (10 um) was applied to
isolate mGluR1-dependent responses. Scale bar, 10 wm. E,
Summary of differences between the central and distant seg-
ments of PF-induced cytosolicand ER Ca** responses. Ampli-
tude is defined as the average of AF/F, within the 1's (for
cytosol) or 55 (for ER) time window starting from the end of PF
stimulation. n = 5 (mean = SEM).
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dynamics during the refilling period. Left, The actual dendritic structure shown in Figure 24 was manually skeletonized, and
reaction-diffusion modeling performed. The triangles on the terminals indicate the dead-end boundary, while the squares indicate
the open-end boundary. Dendritic segments for the calculation of AF/F, were indicated by colors, as in Figure 2A. The central
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dendrites (Fig. 1; see Fig. 4, data for
spines). We observed G-CEPIAler ex-
pression throughout dendrites and spines
(Fig. 1A), which was consistent with ear-
lier reports on the distribution pattern of
the ER in PCs (Martone et al., 1993; Sharp
et al., 1993). It has been well documented
that PF inputs induce metabotropic gluta-
mate receptor 1 (mGluR1)-IP;-mediated
local Ca*™ release from the ER, which in-
creases the [Ca“]Cyt in PC dendrites and
spines (Finch and Augustine, 1998; Take-
chi et al., 1998; Okubo et al., 2004).
Indeed, in response to focal PF stimula-
tion with a physiologically relevant stim-
ulation pattern (five pulses at 100 Hz),
we observed a transient decrease in
G-CEPIAler fluorescence intensity in
dendrites and spines confined within a
narrow segment [Fig. 1B; preliminary ob-
servations were shown in our recent re-
port (Suzuki et al., 2014)].

We next pharmacologically manipu-
lated the intracellular signaling mecha-
nism involved in PF-induced ER Ca**
dynamics. First, we showed that, as ex-
pected, the application of LY367385 (Fig.
1C, cyan), an mGluR1l antagonist,
blocked the PF-induced G-CEPIAler
response that results from mGluR1-1P;-
mediated Ca>* mobilization at PF-PC
synapses (Finch and Augustine, 1998;
Takechi et al., 1998; Okubo et al., 2004).
Furthermore, using highly resolved tem-
poral measurements of the PF-induced
G-CEPIAler response, we demonstrated
that immediately following PF stimula-

<«

points of response (the bottom points of the initial distribution
of [Ca 2+]ER ) were marked. Scale bar, 5 wm. Right, The recov-
ery phase of G-CEPIATer response was fitted to the model.
AF/F, traces (thin lines) are color coded as for those shown in
Figure 24. The reaction-diffusion model faithfully reproduced
the recovery time course in each dendritic segment (thick
lines). The calculated effective diffusion coefficient of a® ™ in
ER lumen was 8.4 m %/s. Simulated results for no diffusion
and no pump/leak were produced by resetting the each coef-
ficient to 0 after data fitting. For details, see Materials and
Methods. B, The effect of short-term treatment with CPA (50
M, 2 min) on the replenishment rate. Representative time
courses of AF/F, upon PF inputs (five stimuli at 100 Hz, gray
vertical line), and the summarized bar graph for AF/F; ampli-
tude and ¢, , are shown. t, , is the time point at which AF/F,
recovered by half.n = 7 (mean = SEM). *p = 0.00581, t test.
C, The area of PF-induced [Ca 2+]ER decrease was enlarged by
a twofold increase of stimulation intensity (indicated as X2).
The pseudo-color images are the averages of 10 consecutive
frames (indicated as magenta in AF/F; traces in D). Scale bar,
10 wm. D, Representative time courses of AF/F, within the
dendriticsegment (indicated by magenta in the top leftimage
in €) upon PF inputs (five stimuli at 100 Hz, gray vertical line).
E, The summarized bar graph for ¢, , under RT or32°C. (n = 8
each, mean = SEM).
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tion, there was a ~200 ms period of la-
tency, which is consistent with previous
observations of mGluR1-IP;-mediated
cytoplasmic Ca** transients (Finch and
Augustine, 1998; Takechi et al., 1998;
Okubo et al., 2004; Fig. 1D). This result
indicates that the Ca?* dissociation kinet-
ics of G-CEPIAler is fast enough to follow
the synaptically evoked [Ca** ]y dynam-
ics. In contrast, the application of NBQX
(Fig. 1C, magenta), an AMPAR antago-
nist, had no effect on ER Ca?* dynamics.

On the other hand, the application of - o
CPA, a SERCA inhibitor, induced slow w 014 =
depletion of ER Ca** (Fig. 1E), followed u<~1 ’ 2
by abolishment of the G-CEPIAler re- —024 ©

. . ; () (@]
sponse to PF stimulation (Fig. 1C, gray). o i
In conclusion, G-CEPIAler enabled the § 0.3
visualization of ER Ca®" dynamics con- g- 0.4
fined to the vicinity of PF inputs in PCs, < I
which allowed us to analyze the molecular 0.5-
mechanisms for refilling the ER with

Figure 4.

Ca’™, following synaptically evoked Ca**
mobilization in neurons.
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Simultaneous replenishment of Ca ™ in the ER of spines and parent dendrites. 4, Kinetics of PF-induced responses
compared between spines and their parent dendrites. Representative time courses of AF/F, within the spine (indicated by the

arrow in the leftimage) and its parent dendrite upon PFinputs (five stimuliat 100 Hz, gray vertical line) are shown. Scale bar, 2 m.

Lateral diffusion of Ca”>* within the ER
After Ca" is depleted cell wide through-
out the ER, SERCA-dependent Ca** uptake is likely a crucial
mechanism for refilling. However, as shown in Figure 1B, local
decreases in [Ca*" |y induced by PF inputs recovered far faster
than recovery in cell-wide ER depletion experiments conducted
on neurons (~1 min; Garaschuk et al., 1997; Solovyova et al.,
2002; Hartmann et al., 2014). Therefore, it is possible that the
rapid refilling of ER Ca*" following a PF input occurs through
the diffusion of intraluminal Ca®" from unstimulated segments
to depleted segments of the ER, as suggested by studies in other
cell types (Mogami et al., 1997; Choi et al., 2006; Petersen and
Verkhratsky, 2007).

Using our newly developed ER Ca** imaging technology, we
were able to directly examine the role of intraluminal Ca** dif-
fusion in recovery. We divided dendrites into segments according
to their distance from the PF stimulation input site, and com-
pared the PF-induced [Ca** ]y responses of each segment. The
analysis showed that the responses became smaller in magnitude
and slower in onset according to the distance of the segment from
the input site, which is consistent with a diffusional mechanism
(Fig. 2A, B). The observed [Ca**],; dynamics did not appear to
be the result of the diffusion of G-CEPIA ler itself, because FRAP
of G-CEPIAler within narrow dendritic segments resulted in
much slower t,,, of fluorescence intensity than that of the Ca*"
signal after PF inputs (Fig. 2C).

Alternatively, the smaller and slower [Ca** ]y dynamics in
the distant dendritic segments can be explained if IP, generated at
the input site reaches the ER in the distant segments by diffusion
through the cytosol to induce delayed release of Ca**. To exam-
ine this possibility, we performed simultaneous cytosolic and ER
Ca** imaging by introducing X-rhod-1, a red color Ca*™ indi-
cator, to the cytosol of G-CEPIAler-expressing PCs, using a patch
pipette (Fig. 2D). We observed that immediately beneath the PF
stimulation electrode, where [Ca®" ] decreased rapidly, there
was a transient increase in cytosolic Ca®" (Fig. 2D,E). In the
distant segments, however, the delayed decrease in [Ca*™ ] was
not accompanied by a detectable increase in cytosolic Ca*>* (Fig.

B, Summary of the AF/F, amplitude, time to peak, and ¢, , in spines and their parent dendrites (n = 13 pairs, mean = SEM).

2D, E). These results indicate that Ca®" is not released from the
ER in the distant segments, and argue against the alternative pos-
sibility that the diffusion of IP; caused delayed [Ca*" ] dynam-
ics in the distant dendritic segments.

Diffusion-dependent ER refilling of Ca**after PF-induced
Ca’* mobilization

To estimate the extent to which intraluminal Ca*™ diffusion con-
tributes to the replenishment of Ca’*within the ER following
local decreases in [Ca*™ g, we performed numerical simulations
of ER Ca*" dynamics. Specifically, we modeled and solved a
one-dimensional reaction-diffusion equation describing lateral
diffusion of Ca" within the modeled dendritic structure, as well
as Ca®" pump-dependent Ca*" uptake and leak from the ER to
the cytosol (Fig. 3A). Data fitting using the equation faithfully
reproduced the recovery dynamics of G-CEPIAler fluorescence
and indicated the effective diffusion coefficient of Ca** within
the ER lumen to be 8.4 um?/s (see Materials and Methods). We
confirmed that lateral diffusion is critical by observing a signifi-
cant slowing of [Ca®" ]y recovery at the central segment when
no diffusion was allowed in the simulation (Fig. 3A, bottom). In
contrast, we showed that Ca*" uptake provides a relatively minor
contribution by a simulation where Ca** pump and leak activity
was not allowed (Fig. 3A, middle).

We next used CPA to experimentally validate the numerical
simulations. After the application of CPA to G-CEPIAler-
expressing PCs, we observed a decrease in [Ca*" ]y after a short
lag time (Fig. 1E), indicating that CPA acts by immediately inhib-
iting SERCA. Treating PCs with CPA for 2 min induced a small
but significant decrease in G-CEPIAler fluorescence [mean
(*£SEM) fractional decrease = 0.087 * 0.019; n = 7], indicating
that SERCA was inhibited by CPA within 2 min of application.
We then measured the t,,, of PF-induced G-CEPIAler responses
before and 2 min after CPA treatment. CPA treatment resulted in
only a slight increase in #,, (Fig. 3B). These results are consistent
with the prediction of our numerical simulation that there is a
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Figure5.  CFactivity-induced ER Ca®" overloading. A, Representative time courses of mean AF/F, throughout the dendrite of
a stimulated PC (magenta in the top image, magenta trace) and a nonstimulated neighboring PC (green in the top image, green
trace) upon repetitive CF inputs (30 stimuli at 1 Hz, gray vertical lines) indicate CF-induced ER Ca* dynamics in PCs. The
pseudo-color image shows the average of 20 consecutive frames during CF stimulation. Scale bar, 20 wm. B, CF stimulation
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limited contribution of SERCA to Ca**
replenishment of the ER following PF
stimulation-induced Ca*™ release.

The numerical simulation also pre-
dicted that ifluminal Ca** diffusion is the
main source of Ca?™" replenishment,
the refilling rate will depend on the spat-
ial distribution of areas of decreased
[Ca®*]gg, such that the larger the area of
[Ca®*]gr decrease, the slower the rate
of Ca** replenishment. In contrast, if the
refilling mechanism is dominated by the
activity of SERCA, the recovery rate will
not depend on the amplitude and the spa-
tial distribution of the areas of [Ca®™ ]y
decrease. To distinguish between these
possibilities, we analyzed the relationship
between the spatial distribution of areas of
[Ca?*]gx decrease and the time course of
recovery. We found that increasing the
stimulation intensity by twofold resulted
in increases in both the PF-induced Ca**
depletion area and t,,, (Fig. 3C-E). We
also observed that under conditions of el-
evated temperature, which enhance the
activity of SERCA, there was a delay in the
recovery of [Ca®" ]y within the enlarged
area of decreased [Ca®*]pz (Fig. 3E).
These results are consistent with the im-
portance of luminal Ca®" diffusion in
Ca’" replenishment.

Simultaneous replenishment of ER
Ca’" in dendrites and spines

In neurons, spine necks represent major
barriers for cytoplasmic Ca®" diffusion
(Svoboda et al., 1996; Majewska et al.,
2000; Sabatini et al., 2002; Hernjak et al.,
2005; Noguchi et al., 2005), which raises
the possibility that diffusion-dependent
refilling of ER is impaired in spines. To
address this question, we compared ER

<«

(1 Hz, gray vertical lines) just above the threshold induced
EPSP (black inset trace) and G-CEPIATer response (black trace).
In contrast, no EPSP (gray inset trace) and G-CEPIAler re-
sponses (gray trace) were observed in the same PCupon stim-
ulation just below the threshold. €, Cytoplasmic C(a®"
measurement with G-GEC01.1. Ca>" mobilization was in-
duced by pressure ejection of DHPG (1 mm, 50 ms, 1030 psi,
magenta vertical line), either 5-10's (0 min) or 3 min after CF
stimulation (30 pulses at 1 Hz). Representative time courses of
AF/Fy indicate the transient enhancement of mGluR1-
induced Ca>* mobilization after CF stimulation. The summa-
rized bar graph for the amplitude of the responses normalized
by the amplitude of the control is shown. n = 7 (mean =
SEM). *p = 0.00559, t test. D, Pharmacological characteriza-
tion of CF-induced ER Ca™* dynamics. G-CEPIATer responses
upon CF inputs (1 Hz, gray vertical lines) in the control condi-
tion (black), or in the presence of LY367385 (100 um, cyan),
NBQX (10 m, magenta), or CPA (50 v, gray) are shown.
Amplitude is defined as the maximum increase in AF/F, dur-
ing 20 pulses of CF stimulation.n = 613 (mean = SEM).
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Ca** dynamics between spines and their
parent dendrites. We found that PF-
induced G-CEPIAler responses within
the spines and their parent dendrites ex-
hibited overlapping time courses (Fig.
4A). Moreover, following PF inputs, the
dynamics of [Ca®*]y; decrease (ampli-
tude and time to peak) did not differ be-
tween these two cellular compartments
(Fig. 4B), which is consistent with previ-
ous observations that, upon PF inputs,
there are similarities in [Ca”]Cyt tran-
sients in spines and dendrites (Finch and
Augustine, 1998; Takechi et al., 1998).
Furthermore, we observed no difference
in the recovery rate (f,,,) between spines
and their parent dendrites (Fig. 4B). It has
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been shown that SERCA does not accu-
mulate within spines (Takei et al., 1992);

thus, the simultaneous recovery we ob-
served supports the notion that spine
necks do not represent rate-limiting bar-
riers for diffusion-dependent Ca®* re-
plenishment in the ER. Earlier studies
(Harris and Stevens, 1988; Martone et al.,
1993) have suggested that, instead, the
critical rate-limiting structure for intraluminal diffusion dynam-
ics is a narrow cross section of the ER tubule found throughout
the dendrites and spines.

CF inputs load the ER with Ca**

Previous studies have indicated that, in neurons, depolarization-
induced Ca*” influx can load the ER with Ca**, thereby poten-
tiating subsequent Ca*" mobilization (Brorson et al., 1991;
Garaschuk et al., 1997; Finch and Augustine, 1998; Fiorillo and
Williams, 1998; Stutzmann et al., 2003; Power and Sah, 2005;
Hong and Ross, 2007; Hartmann et al., 2014). However, these
studies did not directly measure [Ca’*]g. Furthermore,
whether physiologically relevant Ca®" influx can increase
[Ca**]gg is as yet unclear. CFs form strong synapses on PC den-
drites in a one-to-one manner and induce large EPSPs followed
by dendrite-wide Ca*™ spikes (Kitamura and Hiusser, 2011). We
found that repetitive CF stimulation using a physiologically rele-
vant frequency (1 Hz) induced an accumulating increase in
[Ca** ]y throughout the dendrite (Fig. 54, magenta), but not in
the adjacent nonstimulated PC (Fig. 5A, green). We observed no
significant difference in the CF-induced [Ca?*]gy elevation at
different dendritic segments despite variations in CF-induced
[Ca”]CYT transients that have been observed along PC dendrites
(Otsuetal., 2014). We further confirmed the involvement of CFs
by observing that there was a strict correlation between [Ca*™ ]
response and CF-EPSPs, in an all-or-none manner (Fig. 5B). CF-
induced responses reached a plateau after 10-20 pulses of stim-
ulation, likely because [Ca®" gz reached a new equilibrium
during the repetitive Ca*" spikes (Fig. 5A). Elevated [Ca*™ ]y
levels returned to the basal level within a few minutes of the
cessation of CF inputs, which is consistent with previous obser-
vations that the potentiating effect by the preceding depolariza-
tion lasted a few minutes (Brorson et al., 1991; Garaschuk et al.,
1997; Stutzmann et al., 2003; Hong and Ross, 2007). Using cyto-
plasmic Ca®" measurements, we confirmed that CF input trains,
comprising 30 pulses at 1 Hz, enhanced subsequent mGluR1-
mediated Ca®" mobilization immediately after CF stimulation,

Figure 6.  Schema of synaptically evoked Ca®" flow in PCs. Schematic diagram showing Ca2* flow in PCs upon PF and CF
inputs. Ca™ flow is mediated by channels, pumps, and diffusion. PF inputs induce local depletion of ER via mGluR1-IP; signaling,
which is followed by the replenishment by intraluminal Ca* diffusion. CF inputs induce AMPAR-dependent Ca** spikes, which
are followed by SERCA-dependent uptake of Ca® ™" into the ER. Ca 2™ in the ER lumen is exchanged between regions of relatively
lowand high[Ca® " 1. PMCA, Plasmamembrane Ca>* ATPase; NCX, Na /Ca*" exchanger; VG(C, voltage-gated Ca* channel.

but not 3 min after CF stimulation (Fig. 5C). This result is con-
sistent with earlier studies showing that in PCs, depolarization
potentiates the subsequent Ca*" mobilization (Finch and Au-
gustine, 1998; Hartmann et al., 2014). In this study, we observed
both decreasing and increasing changes in the G-CEPIAler fluo-
rescence upon PF and CF inputs, suggesting that the basal
[Ca**]gr is comparable with the dissociation constant of
G-CEPIAler (672 puM; Suzuki et al., 2014).

Next, we used pharmacological agents to determine which
intracellular components are involved in CF-induced ER Ca**
dynamics. NBQX blocks AMPA receptors, which are the major
charge carriers at the CF-PC synapses. Thus, as expected, we
found that NBQX blocked the CF-induced G-CEPIAler response
(Fig. 5D, magenta). In contrast, LY367385, which is an inhibitor
of mGluR1, had no effect (Fig. 5D, cyan). The inhibition of
SERCA by CPA abolished the G-CEPIAler response, indicating
that CF-induced Ca*™ influx was followed by SERCA-dependent
uptake of Ca*>* into the ER (Fig. 5D, gray). In conclusion, we
successfully visualized CF-induced ER filling and found evidence
strongly suggesting that one function of the ER is as a leaky inte-
grator of CF inputs.

Discussion

In this study, we successfully used G-CEPIAler to visualize syn-
aptic activity-evoked ER Ca** dynamics in central neurons, and
detected the crucial contribution of intraluminal Ca** diffusion
to replenishment of ER Ca** after PF-induced local decreases in
[Ca?"]ir. We also demonstrated the involvement of CF-evoked
Ca** spikes in the loading of Ca®" into the ER. These results
indicate that the neuronal ER functions as an intracellular Ca®"
tunnel that redistributes stored Ca®" throughout dendritic ar-
borizations, and as a leaky integrator of synaptic input trains.
Thus, the G-CEPIAler-based visualization method that we devel-
oped has allowed us to obtain a comprehensive understanding of
synaptically evoked Ca*" flux within the ER lumen and across
the ER membrane of PCs (Fig. 6).
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ER functions as a Ca>* tunnel

Spatially confined local cytosolic Ca“" signals have been ob-
served within dendritic arborizations in response to synaptic in-
puts. Such localized cytosolic Ca™ transients are realized due to
the high Ca*" buffering power of the cytoplasm, which restricts
the diffusion of Ca*". In contrast, the ER comprises a Ca*"-
containing intracellular network that has been proposed to func-
tion as a “Ca*" tunnel” for the transport of intracellular Ca*™.
The Ca®" tunnel hypothesis has been previously tested under
reduced experimental conditions, such as acutely isolated pan-
creatic acinar cells, cardiac myocytes, retinal photoreceptor cells,
and dopamine neurons, in which [Ca®"]_, or [Ca®" g is im-
aged after local application of either Ca** or Ca*"-releasing re-
agents using fine pipettes or caged Ca>* compounds (Mogami et
al., 1997; Park et al., 2000; Choi et al., 2006; Wu and Bers, 2006;
Swietach et al., 2008; Picht et al., 2011; Chen et al., 2015). In the
current study, we provide strong support for the Ca®" tunnel
hypothesis based on the imaging of PCs under physiologically
relevant conditions. Our data indicate that in PCs, the ER func-
tions as a continuous Ca”™ reservoir in which Ca*™ is exchanged
between Ca*"-depleted and replete segments in response to re-
petitive PF inputs (Fig. 6).

Interestingly, we estimated that the effective Ca>" diffusion
coefficient within the ER along the dendrites (8.4 sm */s) was two
orders of magnitude lower than the value for free diffusion of
Ca** in water (~800 pwm?/s). This disparity is probably due to
conditions in the ER such as a high concentration of Ca**-
binding proteins (Pozzan et al., 1994), molecular crowding
(Dayel et al., 1999), and the tortuosity of ER tubules (Harris and
Stevens, 1988; Martone et al., 1993). It is noteworthy that the ER
Ca** diffusion coefficient estimated in this study matches well
with the value previously measured within the sarcoplasmic re-
ticulum in cardiac myocytes (Swietach et al., 2008), although
different values were reported by another group (Wu and Bers,
2006; Picht et al., 2011). According to our numerical simulation,
despite the low Ca?" diffusion coefficient within the ER, it still
functions as an effective Ca>* tunnel, due to the low Ca** pump
and leak activities of the ER membrane. The ER Ca** diffusion
coefficient that we estimated is comparable to or slightly lower
than the value previously measured in the cytoplasmic extract (13
wm?/s; Allbritton et al., 1992). However, PF-induced cytosolic
Ca’" transients are more spatially confined than the correspond-
ing decreases in [Ca** ]y (Fig. 2D). The likely reason for the
spatial restriction of the diffusion of cytosolic Ca** transients is
that cytosolic Ca** is efficiently extruded through the plasma
membrane. In line with this notion, studies have shown that, in
terms of cytoplasmic Ca*" clearance in central neurons, Ca®”"
extrusion across the plasma membrane has a greater contribution
than Ca?™" sequestration by SERCA (Fierro et al., 1998; Sabatini
et al., 2002; Fig. 6).

2+

ER as a memory of synaptic activity

The influx of Ca’* across the plasma membrane is known to
transiently potentiate subsequent Ca’?" release from stores
within neurons (Brorson et al., 1991; Garaschuk et al., 1997;
Stutzmann et al., 2003; Hong and Ross, 2007). Berridge (1998)
hypothesized that this phenomenon is mediated by Ca** influx-
dependent elevation of [Ca*™ ]y, such that the ER functions as
an integrator or “memory” of recent neuronal activities accom-
panying Ca*" influx. In support of this hypothesis, we showed
that 1 Hz CF inputs induce an accumulating increase in
[Ca** g, even though the decay of each CF stimulation-induced
[Ca”]cyt transient had a fast time course relative to the 1 s inter-
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val (Kitamura and Hiusser, 2011). Furthermore, the elevated
[Ca** gy lasted a few minutes after the cessation of CF inputs.
Therefore, our data support the hypothesis that the ER of PCs can
function as a leaky integrator, and the levels of [Ca** ]y reflect
the recent history of CF inputs. Because CFs spontaneously and
persistently fire at ~1 Hz in the cerebellum in vivo, the ER of PCs
should be able to integrate CF-evoked Ca** spikes to persistently
enhance SERCA-dependent filling mechanisms, even under basal
conditions. Furthermore, since sensory inputs are known to
evoke CF inputs, experience-dependent modulation of [Ca®" |
may be possible.
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