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SUMMARY

Potentiation of synaptic strength relies on postsynaptic Ca%* signals, modification of dendritic
spine structure and changes in gene expression. One Ca?* signaling pathway supporting these
processes routes through L-type Ca2* channels (LTCC), whose activity is subject to tuning by
multiple mechanisms. Here we show in hippocampal neurons that LTCC inhibition by the
endoplasmic reticulum (ER) Ca2* sensor, stromal interaction molecule 1 (STIM1), is engaged by
the neurotransmitter glutamate, resulting in regulation of spine ER structure and nuclear signaling
by the NFATc3 transcription factor. In this mechanism, depolarization by glutamate activates
LTCC Ca?* influx, releases Ca2* from the ER and consequently drives STIM1 aggregation and an
inhibitory interaction with LTCCs that increases spine ER content but decreases NFATc3 nuclear
translocation. These findings of negative feedback control of LTCC signaling by STIM1 reveal
interplay between Ca2* influx and release from stores that controls both postsynaptic structural
plasticity and downstream nuclear signaling.

eTOC Blurb

Dittmer et al. show that postsynaptic activation of voltage-gated L-type Ca2* channels triggers
Ca?* release from stores, activating feedback inhibition of L channels by the STIM1 Ca2* sensor.
Activated STIM1 also promotes L channel-dependent growth in ER content of dendritic spines
and attenuates nuclear translocation of the NFAT transcription factor.
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INTRODUCTION

At glutamatergic synapses in the brain, most notably hippocampal CA3-CAL synapses,
activity-dependent changes in synaptic strength that underlie certain forms of learning and
memory formation commonly rely upon Ca2* signaling initiated by NMDA receptors
(NMDAR) (Bliss and Collingridge, 1993). High-frequency stimulation of this kind of
synapse generates intracellular Ca2* signals in the postsynaptic dendritic spine that recruit
glutamate receptors to the synapse (Huganir and Nicoll, 2013) and cause enlargement of the
spine (Lang et al., 2004; Matsuzaki et al., 2004; Yang et al., 2008), cellular responses which
together support long-term potentiation (LTP) of synaptic transmission that can last up to ~2
hours (Colgan and Yasuda, 2014). This early phase of LTP is followed by a late phase of
LTP (L-LTP) that may persist for several days or longer and relies upon synthesis of new
MRNAs and proteins.

Stimulation of these synapses using theta burst or 200 Hz tetani is effective at initiating
another form of LTP as well, one that is slower in onset and depends upon Ca?* influx
through postsynaptic voltage-gated L-type Ca2* channels (LTCCs) (Bayazitov et al., 2007;
Grover and Teyler, 1990; Moosmang et al., 2005; Pigott and Garthwaite, 2016; Zakharenko
et al., 2001). It is now thought that slow LTCC-dependent and fast NMDAR-dependent LTP
may occur in concert at the same synapse (Blundon and Zakharenko, 2008; Padamsey and
Emptage, 2014) and it has been proposed that these distinct processes combine to support
more flexible and reliable learning (Costa et al., 2015). In hippocampal pyramidal neurons,
LTCCs are found most prominently in dendrites, dendritic spines (Davare et al., 2001;
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Hoogland and Saggau, 2004) and neuronal somata. An important function of LTCCs in
neurons is to couple electrical activity, such as excitatory postsynaptic potentials
(Mermelstein et al., 2000), to changes in gene transcription that help maintain changes in
synaptic strength (Bading et al., 1993; Deisseroth et al., 1996; Dolmetsch et al., 2001; Graef
et al., 1999; Moosmang et al., 2005; Murphy et al., 2014; Murphy et al., 1991; Oliveria et
al., 2007).

In response to plasticity-inducing stimuli, cytoplasmic Ca2* signals are also produced by
release of Ca2* from stores in the endoplasmic reticulum (ER) (Emptage et al., 1999; Holbro
et al., 2009), which courses throughout the branches of the dendritic tree and also projects
into some of the spines dotting the surface of hippocampal pyramidal neuron dendrites
(Cooney et al., 2002; Spacek and Harris, 1997). Occupancy of spines by ER projections is
dynamic, and controlled in part by NMDARSs (Ng et al., 2014). Ca2* is released from stores
by Ca2* itself, in a process referred to as Ca2*-induced Ca2* release (CICR) (Rose and
Konnerth, 2001). In this process, Ca2* in the cytosol, arriving for example via Ca%*-
permeable channels such as NMDARs or LTCCs, acts as an agonist to open two classes of
Ca?* channels present in the ER membrane: ryanodine receptors or inositol-1,4,5-
trisphosphate receptors. Recently, it has been found that a sensor of ER luminal Ca2*,
stromal interaction molecule 1 (STIM1), can bind to and modulate the activity of LTCCs
(Park et al., 2010; Wang et al., 2010). Based on extensive work in immune system cells and
other non-excitable cells, STIM1 is known to span the ER membrane, with a Ca2*-sensing
EF hand located in the ER lumen and a large effector domain in the cytosol (Liou et al.,
2005; Prakriya and Lewis, 2015; Roos et al., 2005; Zhang et al., 2005). Upon depletion of
ER Ca?*, STIM1 aggregates within junctions formed between the plasma membrane (PM)
and ER, and there executes it’s defining task: physical contact with and hence activation of
Ca?*-permeable, plasma membrane-localized Orai channels, which provides Ca?* that both
acts as an important cytosolic Ca2* signal and refills ER stores. In addition to being
expressed in non-excitable cells, STIM1 is expressed in cardiac myocytes, smooth muscle
and skeletal muscle cells, and many kinds of neurons (Soboloff et al., 2012); in hippocampal
pyramidal neurons, STIM1 is found in the cell body and dendrites (Klejman et al., 2009).
The surprise that STIML1 interacts with LTCCs (Park et al., 2010; Wang et al., 2010) was
compounded by the finding that this interaction inhibits LTCC activity, which is opposite to
the effect of STIM1 on Orai channels. At this point, two aspects of STIM1 control of LTCCs
in neurons remain unknown: what physiologically-relevant stimuli engage STIM1 action on
LTCCs, and what impact does this process have on neuronal function?

Here we report that glutamatergic depolarization of neurons activates Ca2* influx through
NMDARSs and LTCCs, causing CICR and activation of STIM1, which feeds back onto
LTCCs to inhibit their activity. Moreover, STIM1 negative feedback onto LTCCs has
profound consequences for key aspects of neuronal plasticity: it shapes LTCC cytoplasmic
Ca?* signals, controls LTCC-dependent ER content within dendritic spines, and potently
tunes LTCC-dependent nuclear translocation of NFAT transcription factors.
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RESULTS
LTCCs are inhibited by Ca?* influx through NMDA receptors

We studied regulation of isolated L-type Ca?* current by glutamate, using short-term
cultured rat hippocampal neurons (Oliveria et al., 2012). The near absence of current
following addition of the LTCC-selective antagonist nimodipine confirmed that inward Ca2*
current was carried almost entirely by LTCCs (Figure 1A). Using a train of 500-ms step
depolarizations from —60 mV to +10 mV, with a step occurring every 15 s, we found that 15
s application via a multi-barrel fast perfusion system of a combination of 100 pM L-
glutamate plus 1 uM glycine inhibited pharmacologically-isolated L-current by ~45%
(Figure 1A). No effect of glutamate was evident on the Kinetics of inactivation (500 ms
steps) or on the shape and position of the current-voltage relationship, indicating that
changes in neither inactivation, particularly Ca2*-dependent inactivation (CDI), nor the
voltage-dependence of activation were involved in inhibition of L current by glutamate.
Inhibition of L current by glutamate developed over an exponential time course (t =51 s),
and a steady level of inhibition was reached within the 300 s duration of the experiments
(Figure 1B). Reducing step depolarization duration to 50 ms and frequency to once every 30
s allowed recovery of current over the 300 s experimental period, suggesting that less intense
Ca?* signaling results in briefer inhibition of L current. Selective activation of NMDARS
with a 15 s application of 100 uM NMDA plus 1 uM glycine in concert with membrane
depolarization for 50 ms every 30 seconds also inhibited L current, with a time course
similar that measured for glutamate plus glycine (Figure 1B). The relatively rapid
reversibility of glutamate inhibition of L current suggests that channel internalization is not
involved in the inhibition process, a conclusion supported by the failure of the endocytosis
inhibitors Dyngo 4a and Pitstop-2 (McCluskey et al., 2013; von Kleist et al., 2011) to
prevent glutamate inhibition of L current (Figure S1). In subsequent electrophysiological
experiments, step depolarizations of 500 ms duration and at a frequency of once every 15 s
were employed in order to allow inhibition by glutamate to reach a steady level.

The uncompetitive NMDAR pore-blocker, MK801, strongly attenuated glutamate inhibition
of L current (Figure 1C,D). As well, glutamate inhibition of L current was strongly
attenuated by equimolar substitution in the whole cell pipet of BAPTA (10 mM) for the 50x
slower Ca2* chelator EGTA. Although BAPTA is known to suppress CDI of LTCCs
(Oliveria et al., 2012), the fact that L current exhibited strong and rapid inactivation in the
absence or presence of glutamate (Figure 1A) indicated that glutamate did not inhibit L
current by promoting CDI, but rather that Ca2* flux into the cytosol via, at least in part,
glutamate-activated NMDARs most likely led to LTCC inhibition. Indeed, DNQX inhibition
of AMPA and kainate subtypes of ionotropic glutamate receptors had no effect on the ability
of glutamate to inhibit L current, and nor did MTEP, a non-competitive inhibitor of group |
metabotropic glutamate receptors (mGIuR), prevent glutamate inhibition of L current.
Together these data indicate that Ca2* influx through NMDA receptors leads to inhibition of
L-type Ca2* current.
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Inhibition of LTCCs by NMDARSs requires STIM1

Based on the discovery that STIM1, a sensor of [Ca2*]gg, can inhibit LTCC activity (Park et
al., 2010; Wang et al., 2010), we tested whether RNAI suppression of STIM1 expression in
rat hippocampal neurons (STIM1 RNAI) might interfere with glutamate inhibition of L
current. Compared to control neurons transfected with YFP and the empty pSilencer vector,
neurons expressing STIM1RNAI exhibited ~55% reduction in STIM1 expression (Figure
S2), reduced glutamate inhibition of L current (Figure 1E,F) and increased L current density
(Figure 1F). The density of L current, and both the degree and speed of inhibition by
glutamate, were restored in rat STIM1RNAI-expressing neurons by co-expression of RNAI-
insensitive human STIM1 (hSTIM1).

Because depletion of ER Ca?* stores is the natural trigger for STIM1 association with the
PM, we examined the effect of glutamate on [Ca2*]gg by transfecting hippocampal neurons
with the genetically-encoded, ER lumen-targeted, ratiometric Ca* sensor, D1ER (Palmer et
al., 2004) (Figure 1G). At the end of each experiment with the D1ER sensor, measured
FRET values were converted to [Ca%*]gg using the calibration protocol illustrated in Figure
S3. Bath application of glutamate decreased [Ca2*]gr by ~50% within 2 min, and [Ca?*]ggr
then returned to its initial level within 4-5 min after application of glutamate (Figure 1H).
Treatment with the LTCC antagonist nimodipine prevented much of the release of ER Ca?",
but left intact an early phase of ER Ca?* release that peaked at ~45 s post-glutamate. In
contrast, treatment with the NMDAR blocker MK801 prevented glutamate-triggered release
of Ca2* from the ER.

The results in Figure 1 can be accounted for by a model in which NMDARs initiate CICR
(CICRNMDA) and via depolarization (in the physiologically-relevant situation of a non-
clamped neuron), also activate LTCCs; in turn, LTCCs further deplete [Ca%*]gg via
additional CICR (CICRT¢cc), activating STIM1, which partially inhibits subsequent LTCC
activity. Because activation of LTCCs by voltage-clamp steps did not result in obvious
inhibition of L current prior to glutamate application, CICR| tcc alone may be unable to
initiate strong STIM1-dependent inhibition of LTCCs; CICR\mpAa is required for this
process. Apparently, ionotropic, non-NMDARs such as AMPA receptors were ineffective in
providing either the depolarizing drive needed to activate LTCCs or in initiating CICR
(CICRampa) equivalent to that produced by Ca2*-permeable NMDARS.

CICR promotes STIM1 clustering and association of STIM1 with Cay1.2

Following depletion of ER Ca?* stores in non-neuronal cells, STIM1 is known to aggregate
within junctions formed between the plasma membrane (PM) and ER (Liou et al., 2005;
Prakriya and Lewis, 2015; Roos et al., 2005; Zhang et al., 2005), prompting us to test
whether activation of NMDARs and LTCC activity might also promote clustering of STIM1
in neurons. Using total internal reflection fluorescence (TIRF) microscopy to image PM-
proximal regions of neurons transfected with STIM1-YFP revealed that application of
glutamate for 15 s indeed caused clustering of STIM1-YFP in dendrites (Figure 2A). The
constitutively active mutant STIM1 (D76A)-YFP (Liou et al., 2005) appeared to be
chronically clustered, even without glutamate treatment. In contrast, block of NMDARs
(MK801) or LTCCs (nimodipine) prevented glutamate-triggered clustering of STIM1-YFP
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(Figure 2B). We examined the ability of locally restricted application of glutamate to cluster
STIM1 by using photolysis of a caged glutamate compound, 4-methoxy-7-nitroindolinyl-
caged-L-glutamate (MNI-glutamate), in a 1 um by 1 pm region adjacent to a dendritic spine
imaged using spinning-disc confocal microscopy (Figure 2C). As shown in the example
dendrite, STIM1-YFP was relatively widely distributed prior to glutamate uncaging (=40 s),
and an uncaging train of 60 laser flashes at 1 s caused STIM1-YFP to condense into bright
clusters by the end of the train (60 s). By 200 s after the first laser pulse (140 s after the end
of stimulation), the spatial distribution of STIM1-YFP had become more diffuse,
presumably reflecting disaggregation and deactivation of STIM1-YFP. The decrease in
overall STIM1-YFP fluorescence intensity by the end of the experiment (200 s) may be
attributable to bleach of the fluorophore. Block of NMDARs (MK801) or LTCCs
(nimodipine) prevented the clustering of STIM-YFP caused by uncaging of glutamate
(Figure S4).

As biochemical experiments have indicated that activated STIM1 can bind to Cay/1.2
channels (Park et al., 2010; Wang et al., 2010), we tested in live neurons whether glutamate
might induce association of STIM1 with LTCCs. To this end, we co-expressed STIM1-YFP
and CFP-Cay1.2 in neurons (Figure 2D) and measured Forster resonance energy transfer
(FRET) between these fluorescent partners as a gauge of their proximity to one another. For
the dendrite illustrated in Figure 2E, uncaging was carried out within the box outlined in
black, and FRET ratios were measured in the gray-shaded region of interest. For this
dendrite, we found that 60 s of 1 Hz glutamate uncaging increased FRET between STIM1-
YFP and CFP-Cay/1.2 by the end of the train (60 s), and FRET relaxed to the pre-uncaging
level by 140 s after the end (200 s after the onset) of the uncaging train (Figure 2F). The
time course of the rise and decay of the FRET signal between STIM1-YFP and CFP-Cay/1.2,
illustrated with greater temporal resolution in Figure 2G, was comparable to that for STIM1-
YFP clustering, indicating that STIM1 clustering and translocation to regions of the ER that
are near the PM was followed closely by STIM1-Cay/1.2 interaction and inhibition of the
channel’s activity. The increase in FRET between STIM1-YFP and CFP-Cay/1.2 initiated by
glutamate was strongly reduced by block of LTCCs with nimodipine, and was virtually
absent when NMDARs were blocked by MK801. In response to glutamate uncaging, the
constitutively active mutant STIM1(D76A)-YFP failed to show any change in its chronically
elevated level of FRET with CFP-Cay1.2 (Figure 2H), as though these two FRET partners
were already, and persistently, co-associated.

Evidence that STMI1-YFP:CFP-Cay1.2 interaction (FRET) spreads outside the spine and
into the dendritic shaft is visible in Figure 2F. Relative to the position of the dendritic spine
stimulated by glutamate uncaging, interaction between STIM1 and Cay/1.2 extends about
+10 pm along the dendritic shaft (Figure 21). The spatial extent of ER Ca2* depletion is
slightly larger, about +15 pm along the shaft. Thus in response to 1 Hz uncaging near a
spine, STIM1:Cay1.2 interaction and ER Ca2* release occur in both the spine and adjacent
shaft, but these signals do not spread beyond the immediate vicinity of the stimulated spine.

Cell Rep. Author manuscript; available in PMC 2017 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dittmer et al. Page 7

[Ca?*]gr and [Ca?*]gy10 in dendritic spines and shafts

We next examined the effects of glutamate uncaging on cytosolic Ca* ([Ca2+]cyto) and
[Ca?*]gg in dendritic spines and shafts. Measurement of [Ca2+]cyto was made using the
genetically-encoded Ca?* indicator, RGECO1 (Zhao et al., 2011), and simultaneously,
measurement of [Ca2*]gr was made with D1ER (Figure 3A). Photo-uncaging of glutamate
near an individual spine at 1 Hz for 60 s generated a rapid elevation of [CaZJ']CytO in both the
dendritic spine and the adjoining dendritic shaft (Figure 3B), and a much slower, progressive
decrease in [Ca?*]gg (Figure 3D,E). Blocking NMDARs with MK801 eliminated both
elevation of [Caz“]cyt0 and subsequent CICR from ER (Figure 3C,E), highlighting the
reliance upon NMDARs for initiation of signaling.

Varying glutamate uncaging frequency during a 1 minute period of stimulation provided
insight into the dependence upon “synaptic drive” (uncaging) of both [Ca2+]cyto and
[Ca?*]gg. Stimulation at 1 Hz for 60 s triggered a rapid rise in [Caz"]cytO that was partially
sensitive to the LTCC blocker nimodipine (Figure 4A). Depletion of ER Ca?* was slower,
and a larger fraction of release was blocked by nimodipine (Figure 4B). Defining the LTCC-
dependent component of change in cytosolic or ER Ca?* as the difference in area between
the normalized time course with and without nimodipine showed that for both the cytosol
and ER, the LTCC component became progressively smaller as stimulus frequency was
decreased over the 1 min stimulus period (Figure 4A—F; Figure S5), as summarized in
Figure S6. The correlation between the magnitudes of LTCC-dependent Ca?* influx and ER
release of Ca?* supports the idea that Ca?*-induced Ca2* release drives stores depletion.
Intriguingly, the relatively small contribution of LTCCs to the total cytosolic Ca2* signal was
nonetheless dominant in releasing Ca2* from ER stores within dendrites.

The relationship between LTCC-dependent [Ca2+]cyt0 and stimulus frequency can be
extracted from these data by integrating the fluorescence signal over a fixed humber of
uncaging flashes (first 10), where the frequency of the flashes varied from 0.167 Hz to 1 Hz
(Figure 4G). At this fixed drive, the slight decrease in size of the LTCC-dependent [CaZJr]cyt0
at 1 Hz compared to 0.333 Hz may be attributable to increased feedback inhibition of
LTCCs by STIML1 at higher stimulation frequency.

For 1Hz, 60 s uncaging at a spine, elevation of [Caz“]cyt0 in the adjacent shaft dropped off
with distance along the shaft (Figure 4H). Subtracting the nimodipine-insensitive component
of the time-integrated RGECOL signal (red) from the total signal (black) yielded the LTCC-
dependent component, which is displayed in Figure 41 as percent inhibition of total by
nimodipine. The inhibition of LTCC-dependent [CaZJr]cyt0 extends about +5 pm along the
dendrite, consistent with the lateral extent of the region in which ER Ca2" is depleted and
Cay1.2 and STIM1 interact (Figure 2I).

RNAI knockdown and rescue experiments revealed that STIM1 limits LTCC-dependent
Ca?* signals in the cytosol of both dendritic spines and shafts and in the ER of these regions
(Figure 5). Compared to control neurons transfected with YFP and the empty pSilencer
vector, knockdown neurons expressing STIM1RNAI exhibited a two-fold increase in
dendritic shaft and spine [Ca2+]cyt0, along with greater CaZ* release from the ER (Figure
5A,C). Responses to glutamate uncaging—increases in dendritic shaft and spine [CaZJ’]Cyt0

Cell Rep. Author manuscript; available in PMC 2017 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dittmer et al.

Page 8

and decreases in [Ca?*]gr—were significantly blunted in STIM1 knockdown neurons co-
expressing the constitutively active mutant, human STIM1(D76A). Figure 5B,D summarizes
these results, illustrating the limits STIM1 imposes on postsynaptic [Ca2+]cyt0 and [Ca?*JgRr
signals. In STIM1 knockdown neurons, uncaging at 1 Hz for 60 s near a spine generated
total and nimodipine-insensitive Ca2* profiles along the adjacent dendritic shaft as shown
(Figure 5E). Subtracting nimodipine-insensitive from total signal yields the LTCC-
dependent component: in contrast to the case for intact STIM1, no inhibition was detected
near spines in STIM1 knockdown neurons (Figure 5F), supporting the idea that STIM1
mediates inhibition of LTCCs in dendrites.

STIM1 and LTCCs in dendritic spine structural plasticity

What is the impact on neuronal function of STIM1 inhibition of LTCCs? The 1 Hz
glutamate uncaging paradigm we used to study STIM1 clustering and interaction with
LTCCs is known to promote long-term potentiation of synaptic transmission, incorporation
of additional synaptic glutamate receptors, and spine enlargement (Colgan and Yasuda,
2014; Matsuzaki et al., 2004), hence we re-analyzed our uncaging data with the goal of
determining whether STIM1 regulation of LTCC activity might be involved in structural
plasticity of dendritic spines. Imaging cytosolic RGECOL1 revealed that 1 Hz glutamate
uncaging for 60 s increased spine cross-sectional area, as expected (Figure 6A,C). Spines are
known to possess ER (Spacek and Harris, 1997), and imaging of D1ER in the same spines
that were enlarged by glutamate revealed a corresponding increase in the cross-sectional
area of the spine ER domain (Figure 6B,C). Laser illumination in the absence of MNI-
glutamate had no effect on either spine or ER cross-sectional area (Figure 6A-C). MK801
block of NMDARSs fully prevented uncaging-induced growth in spine cross-sectional area
and ER content (Figure 6D-F). In contrast, block of LTCCs with nimodipine did not prevent
spine enlargement, but nonetheless did prevent growth in ER content of enlarged spines.

STIM1 was also critical for control of ER content of spines during their enlargement: RNAI
knockdown of STIM1 allowed normal enlargement of spines in response to 1 Hz glutamate
uncaging (Figure 6G,I), but fully prevented concomitant growth in spine ER content (Figure
6H,1). Uncaging-induced growth in ER content in STIM1 knockdown neurons was fully
rescued by co-expression of hSTIM1 or hSTIM1 (D76A). Neighboring spines on the same
shaft showed a lesser degree of enlargement and increased ER content, and only for
neighbors within 10 um (Figure S7). This range is similar to that for elevation of [Ca2+]cyt0,
depletion of [Ca?*]gg, and interaction of STIM1 with Cay1.2, which may in part reflect the
extent of lateral diffusion of glutamate during the 1 Hz, 60 s uncaging train. The finding that
1 Hz, plasticity-inducing stimuli elicit STIM1- and LTCC-dependent growth of spine ER
content raises the possibility that a coordinated change in the ER content of a spine may
subserve functional plasticity of an individual synapse.

STIM1 attenuates LTCC-dependent nuclear translocation of NFATc3

NFAT transcription factors are involved in LTCC-dependent excitation-transcription
coupling in neurons (Graef et al., 1999), prompting us to ask whether NFATs are regulated,
via LTCC modulation, by STIM1. We therefore monitored the coupling between LTCCs and
NFATc3 translocation (Murphy et al., 2014; Oliveria et al., 2007) under conditions designed
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to impact STIM1 signaling. At 5-120 min after stimulation with glutamate (Figure 7A),
subcellular distribution of GFP-NFATc3 was analyzed by immunostaining. Nuclear GFP-
NFATc3 staining was increased within 5 min following glutamate application, reached a
maximum level by 15 min, and elevated nuclear GFP-NFATc3 persisted for ~90 min before
returning to the pre-stimulation level by 120 min post-stimulation (Figure 7B,C).
Knockdown of endogenous STIM1 with STIM1RNAI strongly enhanced the degree of
nuclear translocation of GFP-NFATc3. In STIM1RNAI-expressing neurons, glutamate-
stimulated GFP-NFATc3 translocation was restored to the wild-type level by co-expression
of hSTIM1. In STIM1RNAI neurons co-expressing constitutively active hSTIM1 (D76A),
glutamate-stimulated nuclear translocation of GFP-NFATc¢3 was reduced below wild-type
levels. Glutamate-stimulated GFP-NFATc3 translocation was fully prevented by nimodipine
block of LTCCs (Figure 7D); translocation was strongly suppressed but not fully prevented
by the NMDAR blocker MK801 (Figure 7D). The small fraction of LTCC-dependent
NFATc3 translocation that could not be blocked by MK801 may reveal a small,
glutamatergic but non-NMDAR-mediated activation of LTCCs.

We also investigated nuclear translocation of NFATc3 in response to glutamate uncaging
near a single dendritic spine. In these experiments, we imaged living neurons that expressed
NFATc3 fused to sGFP2 (Kremers et al., 2007), a brighter version of GFP (Figure 7E).
Glutamate was uncaged using 1 ms laser flashes applied at 1 Hz during three 20 s episodes,
with episodes separated by 6 s inter-episode intervals (60 flashes total). SGFP2-NFATc3
fluorescence was monitored in the cytosolic compartment of the neuronal soma and in the
neuronal nucleus (Figure 7F). In stimulated neurons, nuclear sSGFP2-NFATc3 fluorescence
reached maximum intensity 5 min post-uncaging and returned to a steady state level near the
pre-stimulation level after 40 min (Figure 7F,G). As seen with 15 s global glutamate
application, STIM1RNAI-expressing neurons showed strongly enhanced nuclear
translocation of SGFP-NFATc3 following glutamate uncaging. STIM1RNAI neurons co-
expressing constitutively-active hSTIM1(D76A) showed nuclear translocation of sGFP2-
NFATc3 that was reduced below the wild-type level. sSGFP2-NFATc3 translocation in
response to glutamate uncaging was fully prevented by nimodipine block of LTCCs (Figure
7G). In sum, these results are consistent with the idea that STIM1 feedback inhibition of
LTCCs limits LTCC-dependent translocation of NFATc3 to the nucleus.

DISCUSSION

STIM1’s defining role, activation of PM Orai channels and hence of stores-operated CaZ*
entry (SOCE), was discovered in non-excitable cells (Liou et al., 2005; Roos et al., 2005). In
neurons, SOCE has been implicated in hippocampal synaptic potentiation (Baba et al.,
2003), short-term presynaptic plasticity (Emptage et al., 2001), and long-term depression in
hippocampal (Holbro et al., 2009) and cerebellar (Hartmann et al., 2014) synapses. Control
of ER dynamics (Toresson and Grant, 2005) and of Ca2* release (Emptage et al., 1999)
within spines by NMDARs (Ng et al., 2014) has also each been reported, but roles for
LTCCs and STIML1 in regulating these processes had not previously been identified. Thus,
our findings that negative feedback control of LTCC activity by STIM1 tunes ER Ca2*
release, spine ER content, and synapse-to-nucleus signaling sheds new light on links
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between activity-dependent PM Ca2* signaling and ER STIM1 signaling that are important
for regulation of neuronal function.

LTCCs were much more strongly engaged by stronger stimulation that resulted from
uncaging at higher frequency (Figure 4A-F, Figure S6), likely owing to summation of
NMDAR-mediated depolarizations. This finding is in accord with evidence that LTCCs,
with slow Kinetics of activation combined with a relatively low threshold for activation,
respond preferentially to longer-lasting, low-amplitude postsynaptic depolarizations as
occurs with excitatory postsynaptic potentials but not action potentials (Mermelstein et al.,
2000). The requirement of higher frequency stimulation for generation of substantial LTCC
Ca?* signals may also help account for past challenges in dissecting LTCC-dependent
components of LTP from NMDAR-dependent ones, as synaptic activity is key to activating
both of these processes (Blundon and Zakharenko, 2008; Padamsey and Emptage, 2014).
The preferential engagement of LTCCs by higher frequency stimulation also raises the
possibility that non-linear summation of synaptic potentials might result in frequency-
dependent effects on signaling molecules downstream of LTCCS, such as NFAT. As STIM1,
via negative feedback onto LTCCs, acts to scale down signaling through NFAT, the
frequency-dependence of activation of LTCCs might function to non-linearly depress NFAT
signaling which, speculatively, could result in resetting the mid-point of LTCC signaling to
the nucleus and thereby maintain the dynamic range of this process. A natural question to
pursue in future is whether remodeled spine structure persisting beyond the initial phase
investigated here might involve lasting alteration in spine ER content, a concomitant
increase in the fraction of LTCCs that interact with STIM1, and a consequent chronic
scaling of downstream signaling through NFAT or other LTCC-regulated transcription
factors that could support sustained change in synaptic transmission.

Our finding that activation of STIM1 attenuates nuclear translocation of NFAT in cultured
hippocampal neurons contrasts strikingly with findings in various non-excitable cell types
(Prakriya and Lewis, 2015), skeletal muscle (Stiber et al., 2008), cardiomyocytes (Hulot et
al., 2011) and neural progenitor cells (Somasundaram et al., 2014), in which STIM1
promotes nuclear translocation and activity of NFAT. The basis for this difference is
straightforward: STIM1 feedback inhibition of LTCC Ca?* influx reduces LTCC-dependent
activation of calcineurin and NFAT (Graef et al., 1999), whereas in cases in which STIM1
activates SOCE, including in neurons, Ca2* entry via this mechanism activates calcineurin,
which in turn promotes NFAT translocation and action. An intriguing question is how these
two STIML1 signaling pathways are coordinated within a neuron in order to provide
integrated regulation of downstream effectors such as NFAT.

What other roles in synaptic plasticity might growth in spine ER content play? Activation of
NMDARSs triggers large postsynaptic store-based Ca2* transients (Emptage et al., 1999), and
augmentation of synaptically-stimulated NMDAR activity enhances ER growth in spines
(Ng et al., 2014), but little is known about long-lasting ER structural changes specific to
high-frequency stimulation of an individual synapse. From a structural point of view, growth
in ER content might help stabilize mushroom spines that have become enlarged during the
course of LTP. Increased ER content would also increase the Ca2* storage capacity of spines,
which could simply match store capacity to the enlarged spine volume, or perhaps increase
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storage and Ca2* buffering above spine volume-normalized pre-growth levels. Increased
spine Ca2* stores could support increased CaZ* release in response to either synaptic
NMDAR/LTCC activity or neuromodulatory Gg-coupled signals. Finally, increased ER
content and Ca2* capacity in spines could support increased SOCE via Orai channels.

STIM1-dependent growth in spine ER content might be anticipated to increase the spine
complement of another important ER Ca2* sensor, STIM2, a sensor which has been found to
promote insertion of AMPA receptors into the neuronal PM (Garcia-Alvarez et al., 2015a)
and impact long-term potentiation (Garcia-Alvarez et al., 2015b). In addition, it is now
emerging that regions of close apposition between ER and PM are critical zones in the
control of protein trafficking (Fox et al., 2013; Garcia-Alvarez et al., 2015a) and, in
agreement with our current findings for NFAT regulation, gene expression (Lalonde et al.,
2014; Somasundaram et al., 2014). STIM-based signaling in these regions may also be
critical in the formation (Garcia-Alvarez et al., 2015a) and stabilization of dendritic spines
(Sun et al., 2014), particularly through the action of STIM2, as reduced STIM2 signaling in
neurons is related to cognitive deficits in aging neurons and in a mouse model of familial
Alzheimer’s disease (Sun et al., 2014).

In conclusion, we have identified a mechanism that links activation of postsynaptic
NMDARSs and LTCCs to signaling by the ER Ca2* sensor STIM1, thereby providing control
of local LTCC signaling, dendritic spine ultrastructure and signaling from synapse to
nucleus. What subtypes of LTCCs are involved in this process, and whether ryanodine
receptors versus inositol-1,4,5-trisphosphate receptors are involved, remain to be
determined. Other questions to pursue include identification of the molecular underpinnings
of growth in spine ER content, investigation of potential roles of the spine apparatus and
synaptopondin (Korkotian et al., 2014) in such growth, and how changes in spine ER content
impact spine function.

EXPERIMENTAL PROCEDURES

Culture and transfection of primary hippocampal neurons

Primary hippocampal neurons were prepared from postnatal day 0-2 Sprague-Dawley rats
of both sexes. All procedures with animals were approved by the Institutional Animal Care
and Use Committee of the University of Colorado Anschutz Medical Campus. For all
measurements in Figure 1, Figures S1-S3 and Figure 7A-D, neurons 4-5 days /in vitro
(DIV) were used. For experiments using photo-uncaging of MNI-glutamate (Figures 2—6,
Figure 7E-G, and Figures S4-S7), we used 12-16 DIV neurons to allow development of
dendritic spines.

Patch-clamp recording

To isolate L-type Ca2* currents from other neuronal Ca2* currents, 4-5 DIV neurons were
treated for 30 min prior to recording with blockers of N- and P/Q-type channels, w-CTx-
GVIA (1 pM) and w-CTx-MVIIC (5 uM). Neurons were used within 1 hr of blocker pre-
treatment to minimize adulteration of L current as N- and P/Q-type channels became
unblocked (Oliveria et al., 2007). The whole-cell pipet contained (mM): 120 CsMeSQy, 30
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tetraethylammonium-Cl, 10 ethylene glycol-bis(2-aminoethyl ether)-N,N,N’,N “tetraacetic
acid (EGTA) or 1,2-bis(o-aminophenoxy)ethane- N, N,N N “tetraacetic acid (BAPTA), 5
MgCl,, 5 Na,ATP and 10 HEPES; pH 7.2 with TEA-OH. The bath solution contained 1 uM
tetrodotoxin (TTX) and (mM): 125 NaCl, 10 CaCl,, 5.85 KCl, 22.5 TEA-CI, 1.2 MgCls, 10
HEPES(Na), 11 D-glucose; pH 7.4 with HCI. Glutamate and other agents were applied
using continuous perfusion (~1 ml/min) via a 3-barrel system (SF-77B, Warner Instruments)
that allowed rapid solution exchange between control solution, test (e.g., glutamate +
glycine), and when needed, antagonist (e.g., glutamate + glycine + MK801). (+)-MK801
maleate, DNQX disodium salt (6,7-dinitroquinoxaline-2,3-dione), MTEP hydrochloride (3-
((2-methyl-1,3-thiazol-4-yl)ethynyl)pyridine hydrochloride), and TTX citrate were obtained
from Tocris Bioscience. Nimodipine was obtained from Sigma-Aldrich.

Measurement of [Ca2*]gg with D1ER

For D1ER measurements in Figure 1H and Figure S3, fluorescence images were acquired
from transfected cultured neurons (4-5 DIV) using a Zeiss Axiovert 200M inverted
microscope. The bath solution was identical to that used for patch-clamp recording, but
omitted TTX. Neurons on glass coverslips were mounted in a sealed-top, diamond-shaped
chamber (RC-21BDW, Warner Instruments). Gravity-driven continuous laminar flow (~1
ml/min) through the chamber allowed rapid exchange between control, glutamate- and
blocker-containing solutions.

Photo-uncaging MNI-glutamate and simultaneous imaging of [C<';12+]Cyt0 and [Ca?*]gr

DIV 12-14 neurons transfected with D1ER and RGECO1 were imaged in bath solution
containing 1 uM TTX and (mM): 135 NaCl, 3 CaCl,, 5 KCI, 25 HEPES, 10 D-glucose; pH
7.4 with NaOH. Fluorescence images were acquired using a Zeiss Observer.Z1 inverted
microscope equipped with a Plan-Apochromat 40x (1.30 NA) oil-immersion objective lens;
405 nm/50 mW, 445 nm/40 mW and 561 nm/50 mW lasers; an mSAC unit for correction of
spherical ablation (Intelligent Imaging Innovations); a Yokogawa CSU-X1 spinning disk
unit; a Photometrics Evolve EMCCD camera with 16-bit dynamic range; a \ector scanner
(Intelligent Imaging Innovation) for positioning the photo-uncaging laser; and an mSwitcher
ms optical switching unit (Intelligent Imaging Innovation) that enabled simultaneous use of
the CSU-X1 and Vector units. Instrumentation was controlled by SlideBook 6.0 software
(Intelligent Imaging Innovation). A dichroic mirror (445/515/640; Semrock) and three
different filter sets (RFP, 561 nm excitation, 617/73 nm emission; CFP, 445 nm excitation,
445/45 nm emission; and FRET (rawFRET), 445 nm excitation, 525/50 nm emission) were
used to serially capture a set of three images using a 100 ms exposure from a fixed image
plane. Without MNI-glutamate in the bath, a 1 um x 1 um region was selected near a
dendritic spine of interest. Glutamate was photo-uncaged from MNI-glutamate in this region
using 2 ms pulses of light from a 405 nm/50 mW laser. MNI-caged L-glutamate was
obtained from Tocris Bioscience.

FRET between STIM1-YFP and CFP-Cay1.2

For sensitized Férster resonance energy transfer (FRET) measurements [FRETC; three filter
(3F)] in Figure 2F-H, a dichroic mirror (445/515/640; Semrock) and three different filter
sets were used to serially capture a set of three images using a 100 ms exposure from a fixed
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image plane: YFF, 515 nm excitation, 525/50 nm emission; CFF, 445 nm excitation; 482/35
nm emission; and FRET (rawFRET), 445 nm excitation, 525/50 nm emission.

Measurement of spine and ER cross-sectional areas

Cross-sectional areas of the cytosolic compartment of dendritic spines were measured using
RGECOL as a reporter (561 nm excitation; 617/73 nm emission). Cross-sectional areas of
spine ER compartments were measured using emission from the citrine moiety of D1ER as a
reporter (515 nm excitation; 525/50 nm emission).

NFATc3 translocation measurements

For experiments with bath-applied glutamate, cultured neurons were transfected with GFP-
NFATc3 and studied at 4-5 DIV. Prior to stimulation with glutamate, coverslips bearing
neurons were incubated in 1 uM TTX for 30 min at 37°C. Neurons were then stimulated fo r
15 s in TTX-free solution using glutamate (100 uM) + glycine (1 uM), and finally returned
to the TTX solution until fixation at the indicated time points. For experiments with
glutamate uncaging near spines, neurons were transfected with SGFP2-NFATc3 and, to
provide a reporter of spine stimulation, with RGECO1a. Prior to glutamate uncaging, these
neurons (14-16 DIV) were incubated with 1 uM TTX in growth medium, at 37°C. After
incubation i n the TTX solution, coverslips were placed in an imaging chamber with bath
solution containing: 1.5 mM MNI-caged L-glutamate, 10 pM glycine and (mM): 135 NacCl,
3 CaCly, 5 KCl, 25 HEPES, 10 D-glucose; pH 7.4 with NaOH.

Statistical analysis

Values reported are mean + standard error of the mean. Statistical analyses were carried out
using SigmaPlot version 11.0 (Systat). Comparisons were made using one-way analysis of
variance and a Bonferroni correction for multiple comparisons; the data were normally
distributed as judged by a Shapiro-Wilk test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

NMDA receptor activation of L-type Ca2* channels triggers Ca?* release
from ER

ER Ca?* depletion activates STIM1, which feeds back onto L channels to
inhibit them

Activated STIM1 promotes L channel-dependent growth in dendritic spine
ER content

Activated STIM1 attenuates L channel-dependent nuclear translocation of
NFAT
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Figure 1. Inhibition of L-Type ca?* current by NMDARSs relies upon CICR and STIM1

(A) Left, records of L currents (500-ms depolarization, =60 mV to +10 mV) before (black)
and after (gray) glutamate application. Right, current-voltage relationship before (black) and
after (gray) glutamate application and during block by 5 uM nimodipine (red).

(B) Time course of inhibition of normalized L currents by 15 s application of glutamate (100
uM) + glycine (1 pM), for trains of 500 ms steps at 1 every 15 s (O). Time course obtained
with 500 ms step depolarizations was fit with an exponential function (0-360 s). Time
course of isolated L current evoked by 50-ms tep-depolarization from —-60 mV to +10 mV at
30 s intervals in response to perfusion of glutamate (100 uM, A) or NMDA (100 uM, H),

+ 1 uM glycine. See also Figure S1.

(C,D) Pharmacological analysis of LTCC inhibition by 15 s glutamate application.
Concentrations: 10 pM MK&801, 25 pM DNQX, 25 pM MTEP, and 10 mM BAPTA
substituted for 10 mM EGTA in the patch pipet. Percent inhibition (at time > 200 s) of L
current by glutamate either alone or under conditions of BAPTA, MK801, DNQX or MTEP
treatment. Glu control (n = 5), BAPTA (n = 6), MK801 (n = 5), MTEP (h = 6) and DNQX (n
=6).

(E) Time course of glutamate inhibition of normalized L current in neurons transfected with
a short hairpin RNAI that suppressed endogenous STIM1 expression (STIM1RNAI; green),
as compared to control (black) and rescue with human STIM1 (hSTIML1 rescue; gray). Data
providing estimate of percent knockdown of STIM1 by RNAI presented in Figure S2.

(F) For the same conditions as in (E), steady inhibition (t > 200 s) of peak Ca%* current
density (pA/pF), calculated by dividing peak CaZ* current (pA) by a measure of membrane
surface area, cell capacitance (pF). rSTIM1 (n = 6), RNAI (n = 6) and hSTIM1 (n = 5).

(G) Neuron transfected with D1ER.

(H) Effects of nimodipine (5 pM) and MK801 (10 pM) on glutamate-initiated depletion of
ER Ca?* stores in neurons expressing D1ER. 100 uM glutamate + 1 uM glycine for 15 .
Calibration in Figure S3.

Throughout: neurons 4-5 DIV. Step depolarizations: 500 ms, every 15 s, except where
marked as 50 ms steps (1 every 30 s). Mean + SEM; comparisons via ANOVA and
Bonferroni post-hoc correction. Significance: ***p < 0.001.
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Figure 2. Activation of NMDARs and LTCCs promotes clustering of STIM1-YFP and FRET
with CFP-Cay/1.2 LTCCs

(A) TIRF images of STIM1-YFP clustering in response to bath application of glutamate
(100 pM + 1 puM glycine, 15 s) compared to clustering of STIM1(D76A)-YFP. Results
similar to those illustrated were obtained from: STIM1-YFP (n = 10), STIM1-YFP + Glu (n
=17) and STIM1(D76A)-YFP (n = 17) neurons.

(B) MK801 (10 uM) or nimodipine (5 pM) prevented STIM1-YFP clustering in response to
glutamate. Results similar to those illustrated were obtained for n = 7 MK801-treated and n
= 5 nimodipine-treated neurons.

(C) YFP intensity plots derived from confocal images illustrate clustering of STIM1-YFP in
response to glutamate uncaging, followed by de-clustering. Uncaging protocol: 2 ms laser
pulses once per second, for 1 min starting at time = 0 s. White box indicates uncaging
region. Bath: 2 mM MNI-glutamate, 1 pM glycine, 3 mM CaCl, and 0 Mg2*. For each
condition, observations were obtained from 5-6 neurons, with results similar to those
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illustrated: no blockers (6), nimodipine (5) and MK801 (5). Figure S4 presents exemplar
images illustrating prevention by MK801 or by nimodipine of glutamate uncaging-driven
increases in STIM1-YFP.

(D) Two-dimensional, summed-intensity projection images of STIM1-YFP and CFP-Cay/1.2
expression in a dendrite.

(E) Based on a differential interference contrast image, outline of the section of dendrite
analyzed in (D).

(F) Same dendrite as in (D-E), showing STIM1-YFP/CFP-Cay1.2 FRET images corrected
for spectral bleed-through and cross-excitation (FRETC). Shown are images collected 40 s
prior to onset of the 1 Hz uncaging train (=40 s), at the end of the 60 s train (60 s) and 200 s
after the onset of the 60 s train (200 s). Uncaging: 1 pm x 1 um box.

(G) Time course of glutamate uncaging-driven changes in FRET between STIM1-YFP and
CFP-Cay/1.2. FRET ratio (/) normalized to values measured 60 s prior to the train of
uncaging pulses (/).

(H) FRET ratio prior to glutamate uncaging (~p).

(1) For single spines (position: 0 um) stimulated by 1 Hz uncaging of glutamate for 60 s,
average spatial extent along the adjacent dendritic shaft of Cay1.2:STIM1 FRET ratio and of
ER Ca?* depletion (D1ER signal) from experiments presented in Figure 4.

Throughout: 12-14 DIV neurons. Means presented + SEM. *p < 0.05.
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Figure 3. Simultaneous measurement of changes in [C612+]q,t0 and [Ca2+]ER following uncaging
of glutamate near a dendritic spine

Neurons (DIV 12-14) expressing both RGECO1 and D1ER were used to image [Ca2+]cyt0
and [Ca?*]gr. MNI-glutamate was uncaged at 1 Hz for 60 s.

(A) Left, fluorescence image of neuron shows RGECOL fills spines and dendrites. High
magnification shows presence of RGECO1 (middle) and D1ER (right) in the same spine.
Uncaging of MNI-glutamate was carried out in the region marked by white box.

(B) In the absence (left) or presence of MK801 (right), kymographic displays of RGECO1
fluorescence (related to [Ca2+]cyto) along each of a series of line scans acquired as marked
by the yellow line passing through a spine and dendritic shaft in A. Position is represented
on the vertical axis (spine near top, shaft toward bottom), and time on the horizontal axis.
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Yellow hash marks inset at top of each kymograph indicate the 60-s period of 1 Hz
uncaging.

(C) For RGECO1, time course of average AF Fy along the line scan in the absence (black, n
= 10) of MK801 superimposed on that in the presence of MK801 (gray, n = 5). Mean +
SEM.

(D) In the absence (left) or presence of MK801 (right), FRET imaging of D1ER (related to
[Ca%*]gRr) was carried out in the same neuron as in (A), and along the same line.

(E) Time course of average total D1ER response (R/Rp) along the line scan in the absence
(black, n = 10) and presence of MK801 (gray, n = 5). Mean + SEM.
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Figure 4. Frequency dependence of LTCC-driven ca* signals
For 12-14 DIV neurons expressing RGECO1 and D1ER, simultaneous imaging of

[Caz"]cyt0 and [Ca?*]ggr was carried out for three different frequencies of glutamate
uncaging: 1 Hz, 0.333 Hz and 0.167 Hz. Black hash marks at top of each time course
indicate period of glutamate uncaging. Bath contained 1 uM glycine, 3 mM CaCl, and 0
Mg2*; MNI-glutamate = 2 mM. Measurement of the time course of change in [Ca2*] was
carried out in the dendritic spine or adjoining shaft. Throughout, mean + SEM.

(A) Left, black and white images of RGECOL1 in a dendritic shaft with spines, collected
before, during and after 1 Hz uncaging. Right, in spines or adjoining shafts, average time
course of RGECOL responses (AH fy) to uncaging in the absence (black) or presence of 5
UM nimodipine (red). Yellow area between the red and black time courses represents the
nimodipine-sensitive component of the [Caz"]cyt0 response to uncaging. No response
detected in the absence of MNI-glutamate (gray).

(B) Left, pseudo color-coded FRET image of the same neuron as in A, for D1ER imaging of
[Ca?*]er. Right, average time course of [Ca2*]gr depletion from the dendritic spine and
adjoining shaft, normalized to initial D1ER signal (R/Rp), in the absence (black) or presence
of nimodipine (red). Yellow area between the black and red time courses represents the
nimodipine-sensitive component of Ca2* release from the ER. No ER depletion detected in
the absence of MNI-glutamate (gray).

(C-F) Reducing uncaging frequency reduced the size of LTCC-dependent components of
[Ca2+]cyt0 and [Ca?*]gg responses. Figure S5 presents images of dendritic spines studied
using 0.333 Hz and 0.167 Hz uncaging. See also Figure S6.

(G) Frequency dependence of the LTCC-dependent component of [Ca2+]cyt0 and [Ca*]er
responses. To preserve fixed total stimulation, varying only frequency of stimulation, the
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R/R, signals were integrated over the first 10 uncaging flashes, with the flashes presented at
0.167, 0.333 or 1 Hz (integration periods of 60, 30 or 10s).

(H) For single spines (at 0 um) stimulated by 1 Hz uncaging for 60 s: extent along the
adjacent dendritic shaft of total (black) and nimodipine-insensitive (red) time-integrated
RGECO1 Ca?* signals (reflecting [Ca2*]eyt)

(1) Subtraction of nimodipine-insensitive signal (red) from total (black) in H, converted to
percent inhibition of the nimodipine-sensitive component (reflecting region of LTCC
inhibition), is plotted as a function of distance along the dendritic shaft from the stimulated
spine.
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Figure 5. STIM1 impacts L channel-dependent changes in both cytosolic and ER ca*
For RNAI knockdown of STIM1 (green), RNAI knockdown of STIM1 plus rescue with

hSTIM1 (black), and RNAIi knockdown of STIM1 plus replacement with hSTIM1 (D76A)
(gray), the time courses of changes in [Ca2*] in response to 1 Hz uncaging for 60 s are
displayed as mean + SEM.

(A) For STIM1 knockdown, rescue and replacement conditions, average time courses for
[C512+]Cyt0 responses in the dendritic spine and shaft.

(B) Nimodipine-sensitive component of the peak response in dendritic spine and shaft
[Ca2*]eyto calculated by subtracting Ca2* transients after nimodipine from Ca2* transients
before nimodipine in the neurons from A. Fluorescent protein bleach prevented
measurement of Ca2* both before and after nimodipine in some neurons.

(C) For STIM1 knockdown, rescue and replacement, average time courses for depletion of
ER Ca?*.

(D) Nimodipine-sensitive component of the uncaging-initiated release of Ca?* from the ER,
for STIM1 knockdown, rescue and replacement in neurons from C.
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(E) In neurons expressing STIM1 RNA., 1 Hz uncaging for 60 s near a spine (0 um)
generated total (green) and nimodipine-insensitive (red) cytoplasmic Ca?* signals
(RGECO1) with the illustrated profiles along the dendritic shaft.

(F) Subtraction of nimodipine-insensitive signal (red) from total (green) in E, converted to
percent inhibition of the nimodipine-sensitive LTCC component, is plotted versus distance
along the adjacent shaft (green). Data from Figure 41 (STIML intact) reproduced in gray.
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Figure 6. STIM1- and LTCC-driven growth in spine ER content
In neurons (12-14 DIV) expressing both RGECO1 and D1ER, 1 Hz uncaging of glutamate

increased cross-sectional areas of spines and their ER compartment. (A) RGECO1 imaging
of spine cross-sectional area.

(B) D1ER imaging of spine ER cross-sectional area.

(C) Quantitation of spine enlargement and growth in spine ER content in response to 1 Hz
uncaging.

(D-F) Effects of antagonists of NMDARs (10 pM MK801) or of LTCCs (5 uM nimodipine)
on uncaging-driven spine enlargement and growth in spine ER content. In F, the lines
connecting filled and open symbols indicates that these measurements of spine and ER
cross-sectional area were carried out in the same spine. Mean values in red.

(G-I) Effect on spine enlargement and growth in ER content of STIM1 knockdown,
knockdown and rescue with hSTIM1, and knockdown and replacement with constitutively
active hSTIM1(D76A).

Experimental data describing the growth in neighboring spine size is presented in Figure S7.
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Figure 7. Attenuation of nuclear translocation of NFATc3 following STIM1 inhibition of L
channels

(A) Following 30 min pre-incubation in TTX to silence spontaneous synaptic activity in the
cultures, neurons (4-5 DIV) were stimulated by 15 s application of 100 uM glutamate + 1
UM glycine. Neurons were returned to TTX-containing solution until fixed at times indicated
in the schematic.

(B) Two-dimensional, summed-intensity projection images of neurons expressing GFP-
NFATc3 and stained with anti-GFP (black) and, to visualize the nucleus, DAPI (blue). Top
row of images illustrates glutamate-triggered GFP-NFATc3 translocation in neurons with
endogenous STIM1. Second row: STIM1RNAI neurons transfected with a short hairpin
construct to suppress endogenous (rat) STIM1 expression. Third row: neurons co-expressed
anti-rat STIM1RNAI and human STIM1 (hSTIM1); fourth row: neurons co-expressed anti-
rat STIM1RNAI and constitutively active human STIM1 (D76A).

(C) Average time courses (£ SEM) of GFP-NFATc3 nuclear translocation following
application of glutamate. GFP-NFATc3 distribution was measured as the ratio between
nuclear and cytoplasmic fluorescence intensity. Inset: same data, expanded time scale.
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(D) Effects of MK801 and nimodipine on translocation of GFP-NFATc3 induced by 15 s
bath application of glutamate.

(E) Left, black and white image of an RGECO1la-expressing neuron before glutamate
uncaging. NFAT signal indicated in black. Yellow arrow indicates site of uncaging and blue
arrow indicates region where NFAT translocation was measured (neuronal soma).

(F) Black and white images of somatic SGFP2-NFATc3 fluorescence intensity at three time
points: before uncaging (NG = no glutamate) and at 5 min and 40 min after uncaging. Black
marks NFAT signal. Left column, STIM1RNAI neurons. Right column, STIM1 wt neurons
transfected with empty pSilencer vector.

(G) Average time courses (+ SEM) of sGFP2-NFATc3 nuclear translocation following
glutamate uncaging. sGFP2-NFATc3 distribution measured as the ratio between nuclear and
cytoplasmic fluorescence intensity, normalized to pre-uncaging values.
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