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It has been known for a long time that inositol-trisphosphate (IPs)
receptors are present in the axon of certain types of mammalian
neurons, but their functional role has remained unexplored. Here
we show that localized photolysis of IP3 induces spatially con-
strained calcium rises in Purkinje cell axons. Confocal immunohis-
tology reveals that the axon initial segment (AIS), as well as
terminals onto deep cerebellar cells, express specific subtypes of
Ga/q and phospholipase C (PLC) molecules, together with the up-
stream purinergic receptor P2Y1. By contrast, intermediate parts of
the axon express another set of Ga/q and PLC molecules, indicating
two spatially segregated signaling cascades linked to IP; generation.
This prompted a search for distinct actions of IP; in different parts of
Purkinje cell axons. In the AIS, we found that local applications of
the specific P2Y1R agonist MRS2365 led to calcium elevation, and
that IP; photolysis led to inhibition of action potential firing. In
synaptic terminals on deep cerebellar nuclei neurons, we found that
photolysis of both IP; and ATP led to GABA release. We propose
that axonal IP; receptors can inhibit action potential firing and in-
crease neurotransmitter release, and that these effects are likely con-
trolled by purinergic receptors. Altogether our results suggest a rich and
diverse functional role of IP; receptors in axons of mammalian neurons.
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In mammalian neurons, the endoplasmic reticulum (ER) is not
restricted to the somatodendritic compartment, but it extends
also in the axon, up to the most distal presynaptic terminals (1).
A number of studies have demonstrated the implication of ER-
associated intracellular Ca** stores in axonal signaling and in
the control of neurotransmitter release. Spontaneous, local Ca**
elevations elicited by Ca®*-induced Ca®* release (CICR) were
reported in axons of interneurons of cerebellar slices (2, 3) and
of cultured hippocampal neurons (4) and are thought to partic-
ipate in the control of transmitter release. Recently, ER Ca**
levels were shown to regulate transmitter release (5). The ER
membrane usually carries inositol 1,4,5-trisphosphate receptors
(IP3Rs) as well as ryanodine receptors (RyRs, reviewed in ref. 6).
Whereas RyRs are sensitive to Ca®* elevation, IP;Rs are acti-
vated by phospholipase C (PLC)-driven IP; production (reviewed
in ref. 7). The PLC-IP; pathway has been extensively studied in
somatodendritic compartments, where it contributes to post-
synaptic signaling and induces various forms of long-term synaptic
plasticity (reviewed in ref. 8). The same pathway is also well
documented in the luminal compartment of exocrine acinar cells,
where it controls electrolyte secretion and exocytosis (9). Since the
luminal end of exocrine acinar cells bears a deep-running re-
semblance to the axonal compartment of neurons, presumably
reflecting a common ancestral design (10), it is plausible that
IP;Rs are likewise important for axonal function. If a functional
PLC-IP; pathway exists in central presynaptic terminals, it could
offer a way to activate neurotransmitter release using presynaptic
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intracellular Ca®* stores that would be distinct from RyR-
dependent exocytosis. In addition, IP;Rs could have a functional
role outside the terminal region, since recent studies suggest
structural and functional differences between various locations of
central axons including the axon initial segment (AIS), paranodal
regions, branch points, and axon collaterals (11-13). Surprisingly,
such possible actions of IP;Rs have not been investigated, and it is
presently unknown whether axons of central neurons possess
functional IPsRs.

Purkinje cells (PCs) offer an ideal model to study axonal
IP;Rs. These neurons contain a high level of IP;Rs in addition to
RyRs, and their implication in calcium signaling in the somato-
dendritic compartment has been well documented (14, 15,
reviewed in refs. 8 and 16). Furthermore, IP;Rs were observed in
PC axons (17), but it is not known whether these receptors are
able to mobilize Ca®* from the ER. In PCs, action potentials
(APs) produce significant Ca®* elevation in the AIS (18) and in
Ranvier nodes (19, 20), as well as in presynaptic terminals of axon
collaterals (21-23). These Ca* rises are thought to regulate AP
initiation (24), AP propagation (19, 20), and short-term synaptic
plasticity (21, 22). Using local IP; delivery by focal photolysis of
caged IPs, we show that functional IP;Rs are present in the entire
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axon. We further reveal different IPs-producing pathways in dif-
ferent axon regions using immunocytochemistry. Finally, we demon-
strate diverse consequences of IP;R activation depending on IP;R
localization: while IP;R activation in terminals leads to neurotrans-
mitter release, IP;R activation in the AIS inhibits AP firing.

Results

PC Axon Staining with IP;R Antibody. To investigate the spatial
distribution of IP;R type I, anti-IP;R-I antibodies were tested in
sagittal cerebellar slices of both rats and mice at ages ranging
from postnatal day 12 (PN12) to PN45. As illustrated in Fig. 14
for a rat at PN16 (Left), prominent staining was obtained in the
somatodendritic compartment of PCs as well as in their axons.
IP;R-I staining was present throughout the entire axonal ar-
borization, including the axonal projections to the deep cere-
bellar nuclei (DCN), where structures resembling synaptic
boutons over DCN somata could be visualized (Fig. 1D). No
label was present with antibodies preadsorbed to the immuno-
genic peptide (Fig. 1 A, Right). A similar pattern of IP;R-I ex-
pression was observed in adult rats (example in Fig. 1B at PN31),
indicating that the presence of IP;Rs along the axon is not a
transient developmental phenomenon. IP;R expression was similar

Pre-adsorbed B

Rat P31

A RatP16

Mouse P22
C IP3R

Calbindin

D IP3R + DAPI Calbindin + DAPI

Fig. 1. IP3R expression in PCs includes axons. (A and B) Low-magnification
(20x) confocal immunofluorescence images of rat sagittal cerebellar slices
stained with an antibody targeting type-I IP3Rs. Slices exposed to the same
antibody preincubated with the immunogenic peptide were completely
devoid of marker (A, Right). IPsR immunofluorescence, which is prominent in
the somatodendritic compartment of PCs, clearly extends to the axons.
Similar results were observed with young (A) and with adult rats (B). (Scale
bar, 50 pm.) (C) The same expression pattern was present in mice; the assay
included calbindin colabeling to highlight the colocalization of the two
proteins along the axons. (Magnification, 63x.) (Scale bar, 20 pm.) (D) Zoom
on a small field in the DCN highlights the presence of IP3R-I (Left) on
synaptic-like boutons surrounding DCN somata, counterstained with DAPI.
(D, Middle) PC axons and synaptic boutons labeled by calbindin. (D, Right)
Composite for the three channels. (Scale bar, 5 pm.)
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in rats and in mice. Comparing Fig. 1C (staining in mouse) to
Fig. 14 (staining in rat) shows that IP;R-I expression in the granule
cell layer was similar in rats and in mice. Expression was confined
to the axons of PCs, as ascertained by colocalization with the well-
known PC marker calbindin (Fig. 1C).

IP; Photolysis in PC Axons. To investigate whether axonal IP;Rs
were functional, we used localized IP3 photolysis, as schematized
in Fig. 24. PCs were dialyzed with a K gluconate-based solu-
tion supplemented with the calcium probe Oregon Green 488
BAPTA-1 (OGB1) and caged IP;. Two-photon laser scanning
microscopy (2PLSM) was used to follow the PC axon as it
courses through the granule cell layer (Fig. 2B). To elicit a local
IP5 rise, a short pulse of 405-nm laser excitation was delivered
to a diffraction-limited spot in the axon (Methods). Such stimuli
elicited local Ca; responses, as shown in Fig. 2 C and D for two
different regions of the PC axon illustrated in Fig. 2B. The first
region is located at an axonal branch point (Fig. 2C), whereas the
second region corresponds to presynaptic terminals formed by an
axonal collateral that returns to the PC layer (Fig. 2D, these
terminals outline the shape of a presumptive postsynaptic PC
soma). In both cases, the calcium rises rapidly (time to peak: 20
to 40 ms) and returns to baseline with time constants of 0.6 to 1 s.
A similar photolysis protocol was used to probe PC axons at
various locations including the AIS (0 to 25 pm from the soma
exit; see below), smooth axon segments excluding varicosities,
axonal enlargements resembling varicosities, branch points, pu-
tative terminals, and on occasion stumps from axons that were
cut during the slicing procedure. Group results from 47 experi-
ments are summarized in Fig. 2E, where signals for peak Ca; rises
are plotted as a function of the distance from the axon exit at the
soma level to the photolysis site and different symbols code for
different axonal morphology and photolysis parameters (see
Fig. 2F legend). The results reveal similar levels of responsiveness
for all data groups, in accord with immunocytochemical results
indicating widespread distribution of IP;Rs in the axon domain.
Nevertheless, the results also display a wide variability within each
data group. They show a general downward trend for large dis-
tances, possibly reflecting limited diffusion of the IP; cage during
whole-cell recording (WCR). In addition, although care was taken
to select PCs whose axons were traveling within 40 pm from the
slice surface, some of the scatter may reflect depth differences of
the imaged axon spots, because photolysis efficiency decreases
strongly as the 405 nm light travels in the tissue (25). Despite the
variability across axonal sites, Ca; rises at a given spot were
consistent across repetitions.

We next examined the dependence of Ca; responses on pho-
tolysis parameters (Fig. 3 A and B, representative of three ex-
periments). For pulses in the low millisecond range, the peak
response amplitude increases in a sigmoid fashion with laser
pulse intensity, while the latency and rise time are reduced (Fig.
34, corresponding peak amplitudes are shown as black symbols
in Fig. 3B). Changing the duration or intensity while maintaining
the product of the two parameters constant does not affect the
resulting Ca; rise (Fig. 3B, compare black and red symbols). The
curve saturated for larger stimuli (>1 ms*V), suggesting that
such stimuli release a large fraction of the locally available IP;,
or alternatively, that Ca; rises caused saturation of OGBI, as
discussed below. A calibration procedure was carried out
(Methods), suggesting that the 1 ms*V intensity, roughly corre-
sponding to the half maximal effective concentration (ECsg) of
the dose-response curve in Fig. 3B, reflects a local IP; concen-
tration near 40 pM. These results are in line with earlier
uncaging results performed in the somatodendritic compart-
ment, that also indicate an apparent ECsy near 40 pM when
using the low-affinity indicator furaptra (26). The low affinity of
IP3Rs for IP; in PCs compared to other cells is attributed to the
association of IP;R; receptors with the protein CA8 (27). The
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Fig. 2. Local photolysis reveals functional IP3Rs along PC axons. (A) Schematics of the experimental paradigm: a patch-clamp pipette on the PC soma allows WCR and
diffusion into the axon of the Ca probe OG1, of Alexa 594 and of caged IPs. A 405-nm laser beam is directed to specific axonal locations and the ensuing fluorescence
changes are monitored with 2PLSM. (B, Left) 2PLSM projection of Alexa 594 fluorescence in a PC with extensive dendritic and axonal arborizations. The expanded
view on the Right corresponds to the region highlighted by the white arrow, which includes the first branching point and an axonal collateral that returns to make
terminal-like boutons over another PC soma. Labeled arrowheads point to two subregions analyzed in C and D (respectively, a branch point and presynaptic terminals
onto a presumptive postsynaptic PC soma). (C, Left) Images from a branch point taken at rest (Upper) and at the peak of the response to a photolysis pulse of 1-ms
duration, 1-V amplitude (Bottom). (C, Right) Time course of the ensuing fluorescent rise on the ROI drawn on the peak image. The red trace corresponds to a double
exponential fit with time constants and amplitude coefficients of 72 ms, 136% and 0.8 s, 237%. In this and subsequent figures the time of the laser pulse is indicated
by purple vertical dots. (D) Similar to C, showing responses in presumptive synaptic terminals. Two ROIs are analyzed in this case (black and yellow traces on the
Right), each corresponding to a putative terminal over the PC soma. In these structures, the decay was well approximated by a single exponential with time constants
of 0.8 and 0.9 s for the two ROIs, respectively. (E) Pooled data on the peak Ca; rises elicited by 2 ms*V (open circles) or 4 ms*V (closed circles) laser pulses at different
axonal locations. Values are expressed as AF/F, corresponding to 100*(F-F,)/(F,-B) (Methods). The color codes for the morphology are as follows: green for smooth
axon, blue for branching points, black for axonal enlargements, red for terminal-like structures, and yellow for axonal stumps.

present finding of low-affinity IP; responses in the axon is  IP; uncaging. Since in the experiments of Fig. 3 we used an in-
consistent with the earlier finding that CAS is expressed in the dicator with high affinity (OGB1), we performed additional
axons as well as in the somatodendritic compartment of PCs (27).  experiments with the calcium indicator fura 6F, that has a lower
Next we questioned the range of Ca>* concentrations reached by  affinity for Ca** than OGBI1 (respective K4 values, 5 pM and
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Fig. 3. Dependence of IP;-evoked Ca; rises on space and photolysis pa-
rameters. (A) Ca; rises evoked in an axonal varicosity by 1-ms laser pulses of
amplitudes 0.25, 0.5, 1, and 2 V, showing that peak amplitude and onset
speed increase as a function of laser intensity. (B) The relation between peak
Ca; rise and laser output (the product of laser intensity with pulse duration)
for the experiment shown in B is displayed for laser pulse durations of 1 ms
(black) and 4 ms (red). The results are fit with a single relation (line) showing
supralinearity at low output values and saturation at high output values. (C,
Left) Multiple ROI two-photon scan was performed as detailed in Method’s
to probe for the diffusional properties of the IPs-evoked Ca; rise. In this
example, four axonal regions (R1 to R4) outlined by white boxes were
scanned and the 405-nm laser was centered close to the right edge of R1. (C,
Right) Both signal amplitude and onset speed decrease with distance from
the targeted axonal site. (D) Data from six experiments (each represented by
a different color) showing the dependence of peak Ca; rise on distance from
the photolysis site. Peak AF/Fo values were normalized to the value at the
targeted site (x = 0 pm). The black line corresponds to the fit of the data by a
single exponential function with a space constant of 5.3 um. (E) Relation be-
tween time to peak and distance for the same data set as in D. The black line
corresponds to the fit by a linear function. The slope of this line, 16.1 ms/um, is
different from 0 (Pearson’s coefficient 0.735, n = 16; P < 0.01), indicating a
significant positive correlation between distance and rise time.

0.2 uM). With two-photon illumination, fura 6F signaled Ca**
concentration increases as fluorescence decreases. We found
responses of —44.3 + 7.6% (five axonal spots from three PCs) for
a stimulation strength of 4 ms*V (SI Appendix, Fig. S1). Since
saturating Ca®* concentration increases (obtained with pro-
longed AP trains at high frequency) essentially abolished the fura
6F fluorescence, a 44% decrease roughly corresponds to a Ca**
concentration equal to the K4 of fura 6F, that is 5 pM. These
results indicate that IP;R-induced Ca®* responses reach 5 uM or
more following strong uncaging stimulations. Because OGBL is
close to saturation at such concentrations, the results also indicate
that dye saturation contributes to the saturation of the dos-
e-response curve in Fig. 3B. Altogether, the two main features of
the dose-response curve of Fig. 3B (sigmoid rise at low intensity
and saturation at high intensity) are consistent with earlier results
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obtained by IP; photolysis in the somatodendritic compartment of
PCs using the low-affinity indicator furaptra (26).

To investigate the spatial spread of IPs-induced Ca; signals, we
analyzed Ca; rises in axonal locations adjacent to that targeted by
the laser spot. For this purpose, we used a special scanning
protocol (Methods) that rapidly switched between user-defined
regions of interest (ROIs) during the IP3-induced response. In
the example shown we chose a first ROI at the site of IP; release,
and several additional ROIs located at various distances along
the axon. The result, illustrated in Fig. 3C, indicates that Ca;
signals induced by IP; photolysis are spatially constrained near
the site of IP; production. Data pooled from six experiments
show that the peak Ca; response decreases rapidly with distance
from the photolysis site (Fig. 3D), whereas the onset time in-
creases with distance (Fig. 3E)). We next asked whether IP3-evoked
Ca; transients are influenced by ryanodine receptors. In PC soma
and dendrites, ryanodine inhibits IP;-evoked Ca; transients (28).
This effect likely reflects the emptying of IP3-sensitive stores fol-
lowing activation of ryanodine receptors, indicating that IP;Rs and
ryanodine receptors are located on common structures (28). To
examine whether the same holds true in the axon, an axonal spot
was exposed to repeated photolysis pulses, spaced at 3- to 5-min
intervals, and after reaching a stable baseline the CICR antagonist
ryanodine was added to the bath solution. In the example shown in S/
Appendix, Fig. S2, this abolished the Ca; rises. The extent of inhibition
varied among experiments and on average, ryanodine reduced the
photolysis-evoked Ca; signals to approximately half their control
value, with a statistically significant reduction of the response (mean
ratio in ryanodine vs. control: 0.51 + 0.12, n = 9, P = 0.01; see S/
Appendix, Fig. S2). This indicates that ryanodine receptors and IP;Rs
both contribute to Ca; rises originating from axonal ER, and that the
two types of receptors are located on common structures.

Upstream Signaling Cascades Leading to IP; Production. The func-
tionality of axonal IP3;Rs prompts the question of local avail-
ability of the machinery to engage them. Expression of different
phosphoinositide-specific phospholipases (PLCs) is well docu-
mented in the cerebellar cortex of mammals, mostly in the
somatodendritic compartment of PCs, but the presence of at least
one type of PLC has also been reported in the axons (29). Two
broad possibilities were considered for endogenous IP; pro-
duction: 1) as the result of the axon’s own activity and 2) in re-
sponse to an external stimulus. The first possibility could occur if
AP-induced local Ca; changes recruit one of the Ca-dependent
PLCs known to express in the cerebellum, namely, PLC-33 (30)
and PLC-n1 (31, 32). However, functional consequences of ma-
nipulating the PLC-83 gene appear restricted to granule cells in
the cerebellum (30), and an xPLC-83 antibody failed to stain PCs.
In addition, while we found staining for a xPLC-n1 antibody in PC
somata and dendrites, PC axons failed to display any staining (S
Appendix, Fig. S3). Therefore, neither PLC-83 nor PLC-nl
appeared as likely candidates. The second possibility could involve
a PLC of the p-class, which are activated by “q”-type G proteins.
We first tested antibodies targeting the classical G, focusing on
the somatic and axonal regions of PCs. As Fig. 44 illustrates, XG4
antibodies prominently label axons in the granule cell layer, cor-
roborating previous findings (29); costaining with anti-calbindin
antibodies confirmed that these originated from PCs. However,
G4 labeling conspicuously spared the AIS, which is puzzling be-
cause IP;Rs are present in that region (Fig. 1). We therefore ex-
plored other Ga proteins of the same subfamily. The human
protein Gal6 (and its rodent ortholog Gal5) can activate all four
types of PLC- (33-36); although its expression levels in the brain
are generally low (37), Gal6 could have a role at specific loca-
tions. As shown in Fig. 4B, xGa16 antibodies clearly decorated the
proximal axons of PCs; colabeling assays revealed a striking
colocalization with ankyrin G, identifying this zone as the AIS
(38). The complementarity of the two types of Ga of the “q”
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family was verified by simultaneous labeling with xGq and xGa16
antibodies: Fig. 4C shows that the axonal regions labeled by the
two markers abut one another, with little or no overlap.

We next examined possible target enzymes of these G proteins,
namely, B-type PLCs. Immunofluorescence assays with xPLC-p4, fo-
cusing on the Purkinje and granular layers, failed to reveal any axonal
labeling; by contrast, as shown in Fig. 5, XPLC-p3 clearly marked
axons—in addition to somata—of PCs, as confirmed by costaining
with antibodies against the IP;R (Fig. 54) and calbindin (Fig. 5C).
This corroborates observations in ref. 29. At the subcellular level,
PLC-B3 accumulated in the axonal membrane, as highlighted by the
fluorescence intensity profiles displayed in Fig. 5B, in contrast with
the diffuse internal distribution of IP;Rs, which is expected due to its
association with the ER. As in the case of G, the initial part of the
PC axon was devoid of the PLC-$3 label (Fig. 5C), which was baf-
fling, given the expression of Gal6 in the AIS. We examined the
other two forms of PLC- (B1 and (2), which are not present at high
levels in whole-cerebellum assays (39, 40), but could exhibit a re-
stricted expression at specific locations. Indeed, while assays with
xPLC-B1 were negative, XPLC-p2 antibodies specifically labeled
PC AIS, colocalizing with ankyrin G (Fig. 5D) as shown for
Gal5/al6 (Fig. 4C). Altogether, the AIS and the distal axon have
each a distinctive set of the Ga/q-PLC pathway (Fig. 5E).

Calbindin

Downstream Effects of IP; in the Axon Initial Segment. The spatially
distinct pattern for PLC and Go/q proteins suggested that axonal
IP;Rs may have distinct functional roles at different axonal lo-
cations. In particular, our finding of a specific upstream signaling
pathway leading to IP; production in the AIS led us to examine
effects of photolytic release of IP; in this region of the axon.
The AIS is the site where the AP is generated and as such it is
a pivotal excitability control point (11, 12). Ca; rises could affect
the balance of depolarization/hyperpolarization at the AIS by
regulating Ca-sensitive channels, such as BK channels, as well as
by regulating the opening probability of other voltage-gated ion
channels. We hypothesized that IPs;-evoked Ca; rises may alter
the probability of producing an AP and we examined this possibility
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Fig. 4. Expression of G, class proteins in PC axons.
(A, Top) Low-magnification immunofluorescence
images using an antibody that targets Gq/,11 (green)
show prominent Gq labeling along axons in the
granule cell layer and diffuse labeling in the molec-
ular layer; colocalization with calbindin (red) indi-
cates that the axons belong to PCs. (A, Bottom) High-
magnification images reveal that axonal G, expres-
sion starts >20 pm away from the soma, leaving an
initial stretch devoid of label (arrow). (B) Anti-Gy1s,
«16 antibody stains the proximal segment of PC
axons. The spatial pattern of Gguis/16 €Xxpression
(green) coincides with that of ankyrin G (red; blue:
calbindin counterstain marking PC outline). (C) Tri-
ple staining with calbindin (blue), G516 (green),
and Ggq (red) showing complementary expression of
the two proteins: Guis:,16 at the initial segment,
followed thereafter with no gap or overlap, by Gq
expression in the distal portion (transitions at ar-
rows). (Scale bars: A, Top: 50 pm; all others: 20 pm.)

in current-clamp recordings. PCs were maintained at —77 to
—79 mV by steady current injection in order to avoid spontaneous
spiking and trains of 20 depolarizing current pulses (5-ms dura-
tion; pulse frequency: 50 Hz) were delivered at 1-min intervals.
The current amplitude during these pulses was adjusted so that an
AP was elicited in 35 to 45% of the pulses during each train. To
probe for IP; effects, photolysis was induced before the 10th pulse
in half of the trains, alternating with control trains. In this series of
experiments, only PCs with axons that extended for more than
200 pm in the granule cell layer were studied, thus avoiding po-
tential abnormal AP generation/propagation in axons with cut
ends close to the AIS. A representative experiment is shown in
Fig. 6. In control runs (no photolysis: Fig. 641), successful APs
during the train led to a cumulative Ca; rise in the AIS, with an
average peak AP-evoked Ca; rise of 64.1 + 52% (n = 10). In
interleaved photolysis runs (Fig. 642), IP; generated a fast-rising
Ca; component that added to the AP-evoked Ca; rise, leading to a
peak Ca; value of 122.5 + 15.4% (n = 10). To quantify the effect of
photolysis on AP generation, we counted AP numbers for the first
9 pulses of the train as well as for the last 11 pulses of the train and
calculated in each case the percentage change in AP numbers
between control and photolysis runs. This spike number change
was averaged over repetitions in individual recordings. The results
from 15 experiments were divided in two groups, the “AIS” group
which included all axonal spots located at less than 26-um distance
from the axon exit point (this value being based on ankyrin G
labeling data) and the “distal” group which included all axonal
spots located at distances larger than 30 pm from the exit. For the
last 10 stimulations of the train, pooled data revealed a striking
difference between the AIS group, with a mean spike number
change significantly different from 0 (-22.4 + 5.9%; P = 0.004;
n = 10) and the distal group whose mean spike number change
was close to 0 (0.4 + 5.2%; P = 0.9; n = 5). These results indicate a
significant inhibitory effect of photolysis in the AIS and no effect
in the distal axon (Fig. 6B). As expected, the counts for the first 9
stimulations before photolysis did not reveal any difference be-
tween control and photolysis, either in the AIS or in distal sites
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(Fig. 6B). Because of the proximity of the AIS to the somatic
compartment, we verified that Ca; rises in these experiments were
restricted to the AIS, by monitoring soma and AIS Ca; during
photolysis targeted to the AIS. In 3 experiments, whereas peak
IPs-evoked Ca; rose in the AIS to 129 + 31%, the somatic fluo-
rescence showed no detectable change, as exemplified in Fig. 6C.
Altogether, these results indicate that electrical excitability in PCs
is inhibited by local IP; rises in the AIS. They further indicate that
IP5 exerts its inhibitory action by elevating Ca; in the AIS, while a
similar IPs-induced Ca; elevation further down the axon has no
effect on spike generation.

To test whether IP; photolysis elicited a downward shift of the
membrane potential, we compared the peak hyperpolariza-
tion after the AP train with and without photolysis, finding no
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Fig. 5. Complementary expression pattern of PLC-
p2 and -p3 in PC axon. (A) Colabeling of PLC-$3 with
IP3R. (A, Left) PLC-B3 is present in the soma and in
the axon, but not in the initial segment. (A, Right)
IP3R labeling is continuous. (Scale bar, 20 pm.) (B)
PLC-B3 is membrane localized in the axon, whereas
IP3Rs is distributed throughout the interior. Line
profiles of the fluorescence intensity for the two
markers (Bottom Right) highlight the different spa-
tial patterns. (Scale bar, 5 pm.) (C) PLC-f3 and Gq
exhibit a near-identical localization, both of them
being excluded from the same stretch of proximal
axon, in which calbindin labeling remains clearly
visible. (Scale bar, 20 pm.) (D) Triple staining with
antibodies against PLC-2, calbindin, and ankyrin,
showing that PLC-p2 is present exclusively in the
initial segment where it costains with ankyrin. (Scale
bar, 20 pm.) (E) Summary illustrating the differential
localizations of Ggis/e16: Ggr PLC-p2, and PLC-f3.

difference (with: —83.4 + 0.5 mV; without: —83.1 + 0.6 mV; P >
0.05; paired ¢ test among individual cell results, n = 10). Like-
wise, we found that in a resting cell, IP; photolysis in the AIS did
not induce any detectable potential change. These results argue
against a large IPs-induced conductance change. It was reported
that in PCs, inhibition of T-type voltage-gated Ca** channels
(VGCCs) in the AIS leads to AP firing inhibition, accompanied
by an increase in AP threshold potential (24). By contrast we
found that the value of the threshold potential for AP firing was
the same without (—53.15 + 2.07 mV) and with (-53.12 + 2.08 mV)
photolysis (P > 0.05, n = 10). Therefore, the effect of IP5 photolysis
is likely not mediated by down-regulation of T-type VGCCs. Taken
together these results indicate that possible IPs-induced changes
in cell membrane properties are too small to be detectable when

Gomez et al.


https://www.pnas.org/cgi/doi/10.1073/pnas.2000148117

A1 B 5 AlS Distal axon
2
E 8 . —— |
ﬁ g) 5 —
-80 mv @
5 0
05s jg
<15
2 e
|c £ -20-
\ﬂwmawwMﬁ//j/‘\\\“v“”‘vvwvxx‘qn~wkmmvtwA 2
: 25 ‘
-30
10to 20 109 1010 20 109
Spike position in train
2
Is
o~
-80 mvV

' |

uncage

Fig. 6. IP3 photolysis in the axon initial segment inhibits firing. (A7) Upper trace: Membrane voltage recorded under current clamp during a 50-Hz train of 20
pulses of 5-ms duration and 750-pA amplitude, leading to spikes in 10 out of the 20 pulses. Lower trace: Corresponding AF/F, trace recorded in the AIS. (A2) A
subsequent run in the same experiment where a photolysis pulse (1-ms duration, 2-V amplitude) was delivered to the AlS after the ninth pulse. Note the decrease in
the number of spikes for the time period following the laser pulse and the larger amplitude of the Ca; rise, which has an inflection on its rising phase corresponding
to the onset of the photolysis-evoked response. (B) Pooled data showing percentage changes in the number of APs when applying a laser pulse (as in A2) compared
to the number without the laser pulse (as in A7). For each experiment, AP numbers were analyzed in two time periods, before and after the time of the laser pulse
(respectively, for spike positions 1 through 9 and for spike positions 10 through 20). Data from 15 experiments were divided in two groups depending on the
location of the axonal site targeted for photolysis. The AIS group included experiments with the site located at less than 26 pm from the soma exit, whereas the
distal axon group included experiments for which this distance was larger than 30 um. Bars denote SEM. The only group that differs significantly from 0 is that of
the last 11 pulses for the AlS, with Student’s t and P values of —3.8 and 0.004. Corresponding values for the first 9 pulses at the AlS were —0.98 and 0.4. Values for the
distal axon are 0.08 and 0.9 (last 11 pulses), and 1.1 and 0.4 (first 9 pulses). (C) Parallel scans over the AIS and over an equal-size somatic region, as shown in the Top
image. A photolysis pulse (1-ms duration, 2-V amplitude) induces a Ca; rise in the AlS (yellow) but not in the soma (black).

photoreleasing IP; in the AIS. This is not surprising when consid-  responses to IP; photolysis (45). In the present conditions, when
ering the expected value of the capacitance of the AIS membrane.  cultures were loaded with a membrane-permeable form of caged
Assuming an axon diameter of 2 pm, an AIS length of 28 pm, anda TIP3 (Methods) somatic Ca; responses to photolysis were observed
unitary surface capacitance of 1 pF/cm?, the expected value for the  in PC somata (average peak values 69 + 7%, n = 17; SI Appendix,
AIS membrane capacitance is 1.8 pF, more than two orders of Fig. S4) as well as in presumptive boutons with average peak
magnitude smaller than the input capacitance of a PC (41). values of 37 + 7% (n = 9 boutons; example in Fig. 7B). Miniature
Therefore, only a massive increase in the AIS conductance can be  inhibitory postsynaptic currents (mIPSCs) recorded from DCN
detected when using whole-cell recording. (Fig. 7C) had mean amplitudes of 49.2 + 6.4 pA and frequencies
In PCs, BK channels are potent regulators of AP firing alongside  of 16.4 = 2.3 Hz (n = 10). To quantify effects of photolysis,
T-type VGCCs and SK channels (42, 43). Furthermore, immu-  control runs were interspersed with runs in which a photolysis
nostaining indicates the presence of BK channels in specific parts of ~ pulse was delivered to release IP; from putative terminals.
PC axons, including the AIS (19). Finally, in certain cells, intra-  Pooled results from 10 cells (Fig. 7D) show that mIPSC fre-
cellular calcium stores regulate the gain of VGCC-BK channel quency increased by a factor of 1.31 + 0.05 (n = 10) on the first
coupling (“double nanodomain coupling”: ref. 44); note however  time bin following photolysis, while there were no discernible
that such coupling has so far been shown only in the somatic  changes in the amplitude (mean normalized amplitude at the first
compartment). Therefore, it is plausible that the micromolar Ca**  time bin: 0.97 + 0.05, n = 10). mIPSC frequency returned to basal
concentration rises elicited by IP; could lead to BK or SK activation  levels 4 s after photolysis. Thapsigargin blocked the photolysis-evoked
in the AIS and consequently to AP inhibition, but a direct test of  Ca; rise in boutons (SI Appendix, Fig. S5) and the mIPSC frequency
this possibility must await further investigations. increase (Fig. 7E) in accord with an ER Ca** source. These exper-
iments indicate that a local IP; increase in PC terminals produces a
Downstream Effects of IP; in Axon Terminals. As illustrated in  Jarge enough Ca; rise to induce exocytosis of synaptic vesicles.
Fig. 1D, IP;R-I staining was clear in axonal varicosities sur-
rounding large somata at the level of the DCN where PCs make  P2Y1Rs as Candidate Activators of the IP; Pathway. The above re-
their synaptic contacts. To search for a functional role of IP;Rs  sults raise the question of the nature of the receptors upstream
on putative synaptic terminals, we moved from acute slices to  of PLC activation. In several systems including the hippocampus
dissociated cultures. There are two reasons for this choice. First, and cerebellum, purinergic receptors of the P2Y1R subtype are
such a preparation lends itself to Acetoxymethyl ester (AM) present in GABAergic axons, and activation of P2Y1Rs en-
loading and thus allowed us to probe synaptic transmission from  hances GABA release (46, 47). In astrocytoma cells, activation
synaptic terminals not suffering from washout. Second, PCs in ~ of P2YIRs results in PLC activation and Ca; elevation (48).
these cultures form synapses onto DCN somata that can be easily =~ Therefore, P2YIRs are candidate activators of the IP; pathway
recognized with fluorescence optics from PC-specific GFP fluo-  in PC axons. Immunohistological experiments revealed P2Y1Rs
rescence (Fig. 74). PCs maintained in culture can lose their in the soma of PCs, in conformity to earlier findings (49). In
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Fig. 7. IP3 photolysis elicits GABA release from axons of cultured PCs. (A) Transmitted image of a DCN neuron under WCR (Left) and the EGFP fluorescence
image upon 405-nm laser illumination (Right) of the same field showing the IP3-photolysed PC terminals surrounding the patched soma. The culture was
loaded with a permeable version of caged IPs, as detailed in Methods. (B) Time course of the Ca; rise recorded from putative boutons over DCN somata using
the Ca®*-sensitive protein RFP670. The photolysis pulse has 1-ms duration and 5-V amplitude. (C, Left) Two representative traces of mIPSCs, recorded at a
holding potential of —70 mV. The dashed bar indicates the time of photolysis, with a pulse duration of 1 ms and amplitude of 5 V. Note increase in mIPSC
frequency shortly after uncaging. (C, Right) Similar recording from the same neuron, with no photolysis performed. (D) mIPSC frequency (Left) and amplitude
(Right) values from 10 experiments are binned over 1-s time bins and displayed as a function of time (open circles: no photolysis; closed circles: photolysis). (E)
Corresponding analysis from six experiments where 1 uM thapsigargin was applied for 20 min prior to recording. Paired Student’s t test was done to compare
frequency and amplitude values for control versus photolysis runs in the first time bin after photolysis in D and E. Frequency for the experiments summarized
in D, Left showed a significant difference, with t and P values of 4.0 and 0.003, indicating IPs-induced GABA release. By contrast, no statistical difference was
present for the amplitude values in test experiments (D, Right), nor for frequency or amplitude values in thapsigargin experiments (E).

addition, we found P2Y1Rs in the AIS. Remarkably, P2YIR
staining stopped abruptly together with ankyrin staining, in-
dicating an exact restriction to the AIS membrane (Fig. 8 A4,
Upper row). In addition, we found P2Y1Rs in calbindin-positive
axon terminals surrounding large somata of deep cerebellar
nuclei (Fig. 8 A, Lower row). Both in the AIS and in terminals,
P2Y1Rs were closely associated with Gal5/16 and with PLC-p2
(SI Appendix, Fig. S6). Therefore, we propose that P2Y1Rs are
the receptors upstream of the Gal5/PLC-p2 pathway. To test
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this hypothesis, we performed puffer applications of the specific
P2Y1R agonist MRS 2365 (50) to PCs in the presence of te-
trodotoxin (TTX). Preliminary experiments using whole-cell
recording revealed only small amplitude, poorly reproducible
Ca" concentration increases in response to local MRS 2365
applications (up to 1 mM in puffer pipette, 10-s-long applica-
tions; SI Appendix, Fig. S7). However, whole-cell recording may
have led to the loss of functionally important diffusible factors of
the Ca®*-producing pathway, as previously shown for such a
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Sensitivity of AIS and DCN terminals to purinergic agonists. (A, Upper) In the PC layer, staining for the purinergic receptor P2Y1R (green) coincides

with that for ankyrin G in AlIS regions of PCs (red). (A, Lower) P2Y 1R staining in terminals surrounding DCN principal neurons. (B) In GCaMP6f-expressing PCs in
acute slices, local pressure application of the specific P2Y 1R agonist MRS 2365 (100 pM in puffer pipette) in the AlS elicits a Ca; response both in the AlS (black)
and in a presumptive presynaptic terminal (yellow). (C) Recordings from DCN somata in dissociated cultures. (C, Upper) ATP uncaging (pink bar above current
trace) elicits prolonged increase in miniature IPSC frequency. (C, Lower) Summary data (n = 6) showing that ATP uncaging increases mIPSC frequency (t and P
values of —4.2 and 0.008) but does not change mIPSC mean amplitude. Gray triangles correspond to average values from five experiments using the same
laser protocol at twice the power, but with no cage present in the extracellular solution. There was no effect on either frequency or amplitude.

pathway in other systems (51). To avoid washout of cell constitu-
ents, we performed additional experiments using the GCaMP6F x
L7Cre mouse line, where PCs specifically express the Ca®*-sen-
sitive protein GCaMP6f. Under these conditions, local MRS 2365
applications led to Ca; elevations in the AIS (Fig. 8B; mean re-
sponse to 5-s-long puffer applications using 100 pM MRS 2365 in
puffer pipette: 21.4 + 4.5%, seven cells) and in presumptive pre-
synaptic terminals (Fig. 8B). To test further the effects of P2Y1R
activation in presynaptic terminals, we performed local ATP
uncaging onto PC terminals contacting DCN somata in dissoci-
ated cultures in the presence of TTX, while recording from the
postsynaptic DCN somata. We found a marked increase in mini-
ature current frequency (ratio to control: 1.34 + 0.14, six cells),
and no change in miniature current amplitude (ratio to control:
0.94 + 0.04, compare filled and empty circles in Fig. 8C). As a
control for laser damage, 405-nm illumination performed at twice
the power, but in the absence of cage, had no effect on mIPSCs
(gray triangles in Fig. 8C). Altogether, these results indicate that
P2YIRs are placed upstream of the Go15/PLC-p2 pathway both in
the AIS and in presynaptic terminals, that their activation leads to
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Ca; rises, and that in presynaptic terminals, these Ca; rises lead
to GABA release.

Discussion

This work shows that in PC axons, photorelease of caged IP; leads
to substantial Ca; rises. This is a demonstration of functional ax-
onal IP;Rs in central neurons. Our results also reveal the presence
of two distinct IP5-producing signaling cascades, one in the AIS
and in synaptic terminals, and one in the rest of the axon. They
further show that IP; elevation in the AIS inhibits AP firing,
whereas IP5 elevation in axon terminals results in GABA release.
Finally, we find that purinergic agonists engage the IP; pathway both
in the AIS and in terminals, likely through activation of P2Y1Rs.
Altogether these results suggest potent roles of IP;R-linked signaling
pathways in controlling several axon functions.

Characteristics of IP;R-Induced Axonal Ca; Rises. The characteristics
of IP;R-induced axonal Ca; rises are similar to those previously
obtained for somatodendritic IP; photolysis (26, 52, 53). Com-
pared to IP;Rs in astrocytes and in peripheral tissue, those in
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PCs have a low affinity and rapid kinetics, leading to maximal Ca;
responses that are characterized by a rapid onset and a large
amplitude (52). Consistent with earlier findings in PC dendrites,
we find responses with rise times of <100 ms when using strong
laser intensity (Fig. 3). Our experiments with a low-affinity calcium
indicator indicate peak Ca; levels reaching >5 uM, a value con-
sistent with those previously estimated for dendritic PC responses
(26). Such large maximal responses are in line with our finding of
an IP;-dependent increase in transmitter release (Fig. 7).
Another key finding is that IP;R-induced Ca; transients are
sharply confined near the site of IP; photolysis in the axon. Our
results (Fig. 3) indicate a rapid falloff of response amplitude over
distances of a few micrometers, consistent with a purely diffusive
process of Ca; spread from a point source. Likewise, RyRs-
dependent axonal Ca; signals found in cerebellar molecular layer
interneurons, called SCaTs (for spontaneous calcium transients),
decline sharply with distance (2). Also, previous results using local
IP5 photolysis in PC dendrites indicate strictly localized responses
(53). By contrast, in dendrites of hippocampal pyramidal neurons,
activation of metabotropic glutamate receptors (mGluRs) results
in IP;R-dependent, back-propagating Ca>* waves (54). The lack
of spread of Ca; signals originating from intracellular Ca®* stores
in molecular layer interneurons (MLIsg and PCs may be explained
on the basis of the high internal Ca®* buffering in these cells,
notably due to the presence of large concentrations of parvalbu-
min in MLIs (55), and of parvalbumin and calbindin in PCs (56).
An important implication of the local nature of IP; signaling in PC
axons is that the function of IP;Rs is presumably diverse,
depending on the nature of the axonal structure harboring the
IP;Rs. Our finding of IP;R-induced Ca; rises in various axonal
structures, including the AIS, smooth axon stretches, branch
points, varicosities, and presynaptic nerve endings (Fig. 2), raises
the possibility that IP; may have specific local roles in each of
these structures. While our present results suggest different
functional roles of IP; in the AIS and in presynaptic nerve endings,
as further discussed below, the possibility of still other functions of
IP;Rs located in different axon structures must be kept open.

Two Spatially Segregated IPs;R-Linked Signaling Pathways in PC
Axons. A remarkable finding of the present work is the identifi-
cation of two distinct PLC pathways and their spatial segregation
along the PC axon. A first pathway involves the metabotropic
purinergic receptor P2Y1R, the GTP binding protein Ga16, and
PLC-p2. This combination is found in the AIS as well as in syn-
aptic terminals onto deep cerebellar nuclei. The second pathway
involves the GTP binding protein Gqg/all, and PLC-B3; it occurs
in intermediate parts of the axon. The corresponding receptor, if it
exists, remains to be identified.

The two pathways are sharply delimited in space. This can be
seen clearly at the boundary between the AIS and the more distal
part of the axon. While P2Y1R, Gal6, and PLC-p2 stainings all
stop exactly together with that of ankyrin G, at the end of the
AIS, Gg/all and PLC-B3 stainings start immediately after the
end of the AIS, and they cover the main part of the axon.

P2Y1Rs are well known to be associated to PLC activation
(48); however, the exact nature of the linking G protein and of
the PLC remains unclear, particularly in the nervous system. Our
finding of P2Y1Rs in the AIS is consistent with earlier findings
that in hippocampal cultures, P2Y1Rs regulate ankyrin G expres-
sion in the AIS (57). On the other hand, our finding of P2Y1Rs in
PC terminals is consistent with earlier reports suggesting that
P2Y1R activation elicits an enhancement of GABA release in
hippocampal and cerebellar GABAergic axons (46, 47). These
earlier studies suggest that the present signaling pathway going
from P2Y1Rs to neurotransmitter release is not restricted to PCs,
and may occur in several neuron types in the mammalian brain.
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IP;R-Induced Ca; Rise and Excitability. Previous work has shown that
in PCs, as in other neurons, the AIS is the site of AP initiation
(12, 58, 59). It is also well established that the AIS membrane in
PCs contains a high density of VGCCs, and that activation of
these VGCCs leads to substantial local Ca; elevations in re-
sponse to repetitive AP discharges (18, 24). Our present results
show that in addition or in complement to VGCCs, IP; receptors
control the local Ca; in PC AIS, and that their activation inhibits
AP discharge. Furthermore, we propose here a coherent sig-
naling cascade in the AIS involving the sequential activation of
P2Y1R, Gal6, and PLC-p2, and leading to IP; production and
Ca®* release. Together with previous results on VGCCs, the
present results suggest that the Ca; level at the AIS is a regulator
of AP discharge and that this level is the target of at least two
different signaling cascades.

Our results showing calcium rises in the AIS as a result of
P2Y1R activation suggest that ATP, or possibly ADP, is the signal
commanding the IP; cascade in the AIS. In PCs, the AIS is en-
capsulated by a dense structure called pinceau, formed by endings
of basket cell axons. ATP could accumulate in the space com-
prised between the pinceau and the PC axon following AP-
induced corelease of ATP and GABA from basket terminals.
Since astrocytes are closely associated with the AIS in PCs (60),
and since pinceau membranes are rich in voltage-dependent K*
channels (61, 62), it is also possible that, following presynap-
tic firing of basket cells, the K* concentration increases in the
pinceau-covered region, inducing ATP release from astrocytes
associated with the AIS (61). By either mechanism, ATP-induced
AIS signals could contribute to enhancing the inhibition exerted
by basket cells on PC firing.

IP3R-Induced Ca; Rise and Transmitter Release. The present work
shows that IP; photolysis in PC synaptic terminals is able to elicit
GABA release onto DCN neurons by recruiting Ca>* release from
the ER. This finding confirms and extends previous evidence in-
dicating a contribution of ER-mediated Ca®* release to synaptic
transmission. Previous pharmacological studies on cerebellum and
hippocampus revealed the sensitivity of miniature synaptic current
frequency (2, 4, 63, 64) and evoked synaptic currents (65) to drugs
affecting CICR. Additionally, in hippocampal terminals, Ca**
influx through presynaptic nicotinic ACh receptors potently en-
gages CICR, leading to massive neurotransmitter release (66). A
similar recruitment of presynaptic Ca>* stores was subsequently
demonstrated in retinal terminals following activation of pre-
synaptic Ca**-permeant AMPA receptors (67) and in cerebellar
interneuron terminals following activation of either presynaptic
Ca®*-permeant AMPA receptors (68) or presynaptic NMDA
receptors (69).

As in the AIS, our results suggest ATP, or possibly ADP, as
the trigger of the IP; cascade in DCN terminals. And as in the
AIS, likely sources of ATP are on one hand corelease of ATP
with another neurotransmitter, following presynaptic release, and
on the other hand, activation of astrocytes. In conclusion, our
work suggests that in PCs, axonal IP;Rs are involved in two dis-
tinct integrated signaling pathways; it further suggests that one of
these pathways can alter PC output on a time scale of seconds, and
that this may be driven by local neuronal and/or glial activity.

Methods

All experimental procedures were designed in accordance with animal care
guidelines of the host institution. They were approved by the ethical com-
mittee of Paris Descartes University and by the “Prefecture de Police,” in
agreement with European Directive 86/609/EEC. Experiments were per-
formed in acute cerebellar slices from Wistar rats and C57bl6 mice of either
gender, aged 12 to 33 and in primary cultures of rat cerebellar following
procedures detailed in S/ Appendix. Details on confocal imaging of immu-
nostained preparations and on the primary and secondary antibodies used
are provided in S/ Appendix.
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Patch-Clamp Recording, Photolysis, and 2PLSM Imaging in Slices. Tight seal
WCRs were performed from PCs from slices perfused with bicarbonate-
buffered saline (BBS; in mM: 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 25 NaHCOs3,
2 CaCly, 1 MgCly, and 10 glucose) at a rate of 1.2 to 1.5 ml/min while
maintaining the temperature at 35 to 36 °C. For imaging and photolysis
experiments the intracellular solution contained (in mM): 140 K gluconate,
5.4 KCl, 4.1 MgCl;, 9.9 Hepes-K, 0.36 Na-GTP and 3.6 Na-ATP, 30 pM Alexa
594, 100 uM of the Ca**-sensitive indicator OGB1 and 400 M p-myo-Inositol
1,4,5-triphosphate, P4(5)-(1-(2-nitrophenyl)ethyl) ester, tris(triethylammonium)
salt (NPE-caged IPs). Fluorophores and caged IP; were purchased from
Invitrogen. Uncompensated access resistance values were 4 to 10 MQ during
recording. A 60 to 70% series-resistance compensation was applied.

Photolysis was achieved with a 405-nm laser (Obis 405-nm laser, Coherent),
coupled to the side port of an Axioexaminer Zeiss microscope by an optical
fiber. Estimates of beam parameters were obtained by imaging the reflection
of the 405-nm beam focused on a silver mirror, as detailed in ref. 25. The
beam projection for the z level giving maximal intensity was well described
by a Gaussian distribution with a full width at half maximum (FWHM) of
350 nm. Along the z axis the distribution was wider, with a FWHM of 8.6 pm.
Laser pulses had 1- to 4-ms durations and 0.5- to 2-V amplitudes, corre-
sponding to 2 to 8 mW out of the 63x objective.

To estimate the IP; concentration achieved by axonal uncaging, we cali-
brated the response using vesicles loaded with NPE-HPTS [the 1-(2-
nitrophenyl)ethyl ether of pyranine], a fluorescent version of the cage
(70). This calibration indicated that a 1 ms*V power, corresponding to the
apparent half maximum calcium response, was able to release 148 uM IPs.
After correction for light absorption in the tissue (25), the corresponding
number was 44 pM.

To assess effects of IP3 photolysis on different axonal sites, PCs were kept
in voltage clamp with a holding potential of —70 mV. Fluorescence was
recorded from axonal regions using a custom-built two-photon system based
on the design in ref. 71, with 820-nm excitation provided by a MaiTai Ti-
Sapphire laser (Spectra Physics). Raster scans of 10 x 10 pm regions encom-
passing the selected site were performed at dwell times of 18 ms with average
power at the objective back pupil kept under 8 mW. To analyze the spread of
fluorescence signals, a “multiple patch scan” version of raster scanning was
used, allowing for sequential scanning of three to four nonadjacent 5 x 5 pm
regions of the axon at a dwell time of 17 to 20 ms (example in Fig. 3). Fluo-
rescence changes were analyzed in the pixels encompassing the sites relative
to prestimulus values with software written in the IGOR-Pro programming
environment (Wavemetric). Changes are expressed in %, as AF/F, = 100*(F-F,)/
(Fo-B), where F is the measured fluorescence signal at any given time, F, the
average from the prestimulus period, and B the average value, at each time
point, of the background fluorescence from four regions of the imaged field
which do not contain any part of the dye-filled cell.

To assess effects of IP; photolysis on spike generation, PCs were recorded
under current clamp. A steady hyperpolarizing current was applied to
maintain the holding membrane potential between —77 mV and =79 mV, a
level sufficiently negative to prevent spontaneous spiking. Trains (20x at
50 Hz) of depolarizing current steps (5-ms duration) were delivered at 1-min
intervals. Current step amplitude was selected to induce an AP in ~35 to
45% of the cases. Voltage changes due to the flow of current in the pipette
resistance were <5 mV and were left uncorrected. We interspersed test runs
in which a photolysis pulse was delivered after the ninth step in the train,
with control runs in which no photolysis was performed. We defined the
“spike number change” as the number of spikes in runs with no photolysis
minus the number of spikes in runs with photolysis, divided by the number
of spikes in runs without photolysis. We computed this spike number change
separately for the first 9 steps (where no significant difference was
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expected) and for the last 11 steps (where IPs-linked differences should be
apparent) in the train. Values were averaged over five to seven repetitions
in each experiment.

To search for activation of P2Y1Rs in nondialyzed PCs, we prepared cer-
ebellar slices from mice obtained by crossing the L7 Cre line with the TIGRE 2.0
GCaMPe6f reporter line (72), which express the genetically encoded calcium
protein GCaMP6f selectively in PCs. The excitation wavelength of the MaiTai
laser was set at 910 nm and average power at the objective back pupil was
kept under 15 mW. The P2Y1R agonist 1'S,2'R,3'S,4'R,5'S)-4-[(6-amino-2-
methylthio-9H-purin-9-yl)-1-diphosphoryloxymethyl]bicyclo[3.1.0]hex-
ane-2,3-diol; 2MeSADP, 2-methylthio-ADP; MRS2179, Ng-methyl 2'-
deoxyadenosine-3',5'-bisphosphate (MRS 2365) was applied locally by
a pressure-controlled puffer pipette (internal diameter 2 to 2.5 um).

Patch-Clamp Recording and Photolysis in Deep Cerebellar Nuclei. To study the
effects of photolysis on mIPSCs, cerebellar cultures (S/ Appendix) were
maintained at room temperature in an external solution containing (in mM):
145 NadCl, 5 KOH, 2 CaCl,, 1 MgCl,, 10 Hepes, and 10 glucose (pH 7.3). WCR
was performed with a pipette solution containing (in mM): 155 CsCl, 0.5
ethylene glycol bis (3-aminoethylether) N,N,N’,N’-tetraacetic acid (EGTA), 10
Hepes, 2 Mg-ATP, and 0.2 Na-GTP. Cultures were loaded with the membrane-
permeable form of caged IP; (cag-iso-2-145, Sychem), prepared in 10% DMSO
at a concentration of 1 mM and diluted to final concentration of 2 pM. To
monitor changes in Ca;, cultures of 1 pM Oregon Green 488 BAPTA-1 AM
(Invitrogen) were added to the loading solution. The cultures were incubated
for 30 to 35 min at room temperature and washed several times before
transfer to the recording chamber.

DCN cells were identified by PC-specific EGFP or RFP670 fluorescence. To
study effects of IP3 photolysis on mIPSCs, DCN neurons were held at =70 mV
and spontaneous synaptic currents were recorded in the presence of tetro-
dotoxin (1 pM) and 2,3-dioxo-6-nitro-7-sulfamoyl-benzo[flquinoxaline
(NBQX) (10 pM). A total of 6 to 20 runs of 8-s duration were acquired from
each cell; runs containing photolysis pulses alternated with control runs. Off-
line event analysis was performed with Igor software using the Tarotool
plug-in (https://sites.google.com/site/tarotoolsregister/) to extract values for
mIPSC amplitudes and frequency for 1-s bins in each run. Results were av-
eraged over control and photolysis-containing runs. Photolysis was per-
formed with the same system described for slices except that the 405-nm
laser spot size was enlarged to a diameter of ~25 pm in order to photolyse a
large number of boutons surrounding the patched neuron (Fig. 7). Laser
pulses had 1-ms duration and 5-V amplitude. In a subset of experiments,
thapsigargin (1 pM) was applied for ~30 min before recordings.

ATP uncaging experiments were carried out at near physiological tem-
perature (34 °C). The ATP cage NPE-ATP (100 pM) was included in the bath
solution. A laser spot (405 nm, 2-pm diameter, 3.5-mW intensity) was scan-
ned for a total duration of 2.2 s over an area of 100-um radius encompassing
the recorded DCN neuron, in order to stimulate presynaptic boutons.

Statistical Analysis. Values for pooled data are given as mean + SEM. All
statistical comparisons are based on Student’s t test and t and P values are
reported for each comparison.

Data are available upon request from the corresponding author.
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