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Presynaptic Ca2* stores have been suggested to regulate CaZ+
dynamics within the nerve terminals at certain types of the syn-
apse. However, little is known about their mode of activation,
molecular identity, and detailed subcellular localization. Here, we
show that the ryanodine-sensitive stores exist in axons and am-
plify presynaptic Ca2* accumulation at the hippocampal mossy
fiber synapses, which display robust presynaptic forms of plastic-
ity. Caffeine, a potent drug inducing Ca?* release from ryanodine-
sensitive stores, causes elevation of presynaptic Ca2* levels and
enhancement of transmitter release from the mossy fiber termi-
nals. The blockers of ryanodine receptors, TMB-8 or ryanodine,
reduce presynaptic Ca2* transients elicited by repetitive stimuli of
mossy fibers but do not affect those evoked by single shocks,
suggesting that ryanodine receptors amplify presynaptic Ca2*
dynamics in an activity dependent manner. Furthermore, we gen-
erated the specific antibody against the type 2 ryanodine receptor
(RyR2; originally referred to as the cardiac type) and examined the
cellular and subcellular localization using immunohistochemistry.
RyR2 is highly expressed in the stratum lucidum of the CA3 region
and mostly colocalizes with axonal marker NF160 but not with
terminal marker VGLUT1. Immunoelectron microscopy revealed
that RyR2 is distributed around smooth ER within the mossy fibers
but is almost excluded from their terminal portions. These results
suggest that axonal localization of RyR2 at sites distant from the
active zones enables use dependent Ca2* release from intracellular
stores within the mossy fibers and thereby facilitates robust
presynaptic forms of plasticity at the mossy fiber-CA3 synapse.
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C alcium ions play central roles in use dependent modification
of the synaptic efficacy. A buildup of Ca?* within the
presynaptic terminals during repetitive action potentials causes
use dependent enhancement of transmitter release (1-3). In
addition to this common mechanism of presynaptic plasticity,
some types of the synapse adopt additional mechanisms to
amplify presynaptic Ca?>* dynamics in an activity dependent
manner. Ca?*-induced Ca?* release (CICR) from intracellular
stores is one such likely candidate and growing evidence suggests
that ryanodine receptors mediating CICR regulate presynaptic
Ca?* dynamics at some, but not all, types of the synapse (4-12;
for review, see ref. 13).

The roles of presynaptic Ca?" stores in the hippocampus were
studied extensively (14-17), but still remain largely unknown.
Recent studies suggested functional significance of presynaptic
ryanodine-sensitive stores at the mossy fiber-CA3 synapse. The
presynaptic Ca®* transients elicited by high frequency stimulus
were suppressed by ryanodine (18) while those evoked by
paired-pulse stimuli were not significantly affected (19). It
should be noted that application of nicotine elicited synchro-
nized release of a large amount of glutamate sufficient for firing

11998-12003 | PNAS | August 19,2008 | vol. 105 | no.33

of postsynaptic CA3 neurons (20). Since this synchronous release
is blocked by ryanodine, Ca?* sparks from ryanodine-sensitive
stores might be involved in concerted release of multiple quanta,
as demonstrated for inhibitory synapses onto the cerebellar
Purkinje cell (7, 21).

In this study, we examined the exact experimental conditions
to induce Ca®" release from presynaptic Ca>* stores through
ryanodine receptors at hippocampal mossy fiber synapses. Our
findings support the notion that the CICR mechanism amplifies
accumulation of Ca?" within the terminals in a use dependent
manner and therefore is critically involved in presynaptic forms
of plasticity at this synapse. Furthermore, we produced a specific
antibody against RyR2 because of its high transcription levels in
dentate gyrus granule cells (22, 23) and found preferential
localization of RyR2 in non-terminal portions of mossy fibers.
These results suggest that the axonal localization of RyR2 distant
from active zones underlie use dependent activation of Ca?*
release from the presynaptic Ca?* stores.

Results

Presynaptic Effects of Caffeine at the Mossy Fiber-CA3 Synapse. To
explore the physiological significance of the presynaptic Ca?*
stores at the hippocampal mossy fiber synapses, we first ad-
dressed whether activation of ryanodine receptors could mod-
ulate transmitter release from the mossy fiber terminals. Appli-
cation of 10 mM caffeine, a drug inducing Ca®* release through
ryanodine receptor channels, caused robust enhancement of the
field excitatory postsynaptic potentials (EPSPs) (to 613 * 51%
of control, n = 9), while paired-pulse facilitation (PPF) at 50-ms
intervals were reduced (to 40 = 5% of control, Fig. 1 4 and B).
It should be noted that caffeine reproducibly induced long-term
depression of the field EPSPs after prolonged washout (to 69 =
4% after 100-min washout). DCG-IV at 1 uM was applied at the
end of experiments to confirm that the mossy fibers were
selectively stimulated (24).

The caffeine-induced enhancement of field EPSPs may reflect
facilitation of transmission at the mossy fiber-CA3 synapse or at
the associational synapse recruited disynaptically after caffeine
treatment. To determine the relative contribution, monosynaptic
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Fig. 1. Caffeine-induced enhancement of transmitter release and presyn-
aptic Ca2* levels at the mossy fiber-CA3 synapse. (A and B) Effects of 10 mM
caffeine on the field EPSPs evoked by paired-stimuli (50-ms interval). DCG-IV
(1 wM) was applied at the end of experiments to confirm that the mossy fibers
were selectively stimulated. The time course of relative amplitudes of the first
(closed circles) and the second (open circles) field EPSPs and relative values of
paired-pulse facilitation (PPF; diamond) are shown in B. (Cand D) Effects of 10
mM caffeine on monosynaptic mossy fiber transmission monitored as the
NMDA-receptor component of EPSCs (EPSCnmpa) in the presence of the non-
NMDA receptor blocker CNQX and at a positive holding potential (+40 mV).
The time course of relative amplitudes of the first (closed circles) and second
(open circles) EPSC and the PPF (50-ms interval; diamonds) are shown in D. The
values of the first and the second responses are normalized to those before
caffeine application in B and D. (E-H) Caffeine-induced increase in frequency
of the kainate receptor-mediated miniature EPSCs (MEPSCka) recorded in the
selective AMPA receptor blocker GYKI 53655 (30 uM). Amplitude histograms
of the mEPSCka (F) or cumulative probability plots (G) of amplitudes (/eft) and
interevent intervals (right) recorded before (filled bars or thin line) and after
the caffeine application (open bars or thick line). Pooled data for relative
changes in mean amplitude (filled bar) and mean frequency (open bar) are
shown in H. (/ and J) Effects of caffeine on presynaptic Ca* signals (/) and
simultaneously-recorded EPSPs (J) at mossy fiber synapse. The graphs in /
represent the time course of the Ca?* transient (AF, upper) and baseline
fluorescence (F, lower). F values were significantly increased with caffeine,
suggesting the elevation of Ca2* levels by the release from presynaptic Ca2*
stores.

responses at the mossy fiber-CA3 synapse were measured as
NMDA receptor-mediated components of the excitatory
postsynaptic currents (EPSCnmpa) recorded at a positive mem-
brane potential and in the presence of 10 uM CNQX to block
polysynaptic excitation (25). Caffeine at 10 mM increased the
amplitude of EPSCnmpa to the almost same degree (to 629 =
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68% of control, n = 9; Fig. 1 C and D), suggesting that the
transmission at the mossy fiber synapse was selectively enhanced
by application of caffeine. The caffeine-induced enhancement of
EPSCnmpa Was accompanied by a marked reduction of paired-
pulse facilitation (to 52 = 7% of control, n = 9; Fig. 1D). These
data suggest that caffeine enhanced the probability of transmit-
ter release from the mossy fiber terminals.

We also examined the effect of caffeine on quantal release
solely from the mossy fiber terminals. For this purpose, we
monitored kainate receptor-mediated slow miniature EPSCs
(mEPSCka) recorded in the presence of GYKI 53655, a selective
AMPA receptor blocker. Among excitatory synapses onto CA3
neurons, only mossy fiber synapses express postsynaptic kainate
receptors (26, 27). Therefore, the slow mEPSCga recorded in the
presence of GYKI 53655 reflects quantal release solely from the
mossy fiber terminals (28). Application of 10 mM caffeine
significantly increased the frequency (to 369 * 155% of control,
n = 5), but not the amplitude (to 109 = 2%), of the mEPSCga
recorded in the presence of GYKI 53655 (Fig. 1 E-H), suggesting
that caffeine enhanced transmitter release from the mossy fiber
terminals.

Furthermore we optically monitored presynaptic Ca?>* dynam-
ics by selective loading of the mossy fibers with the fluorescent
Ca?* indicator in hippocampal slices (29). Background fluores-
cence (F) was significantly increased by caffeine (to 111 = 2%
of control; Fig. 17), while simultaneously-recorded field EPSPs
were enhanced (to 320 = 32%, Fig. 1J). Since this increase in F
by caffeine was suppressed by prior application of ryanodine [to
103 = 2%, supporting information (SI) Fig. S1], the result
suggested that caffeine caused elevation of Ca?* levels by the
release from presynaptic Ca?* stores. Caffeine-induced decrease
in PPF, increase in frequency of mEPSCs, and elevation of
presynaptic Ca?* levels are all consistent with enhanced trans-
mitter release by Ca?" release from ryanodine-sensitive stores.

Use-Dependent Effects of Ryanodine Receptor Blockers on Presynap-
tic Ca?* Transients. To explore the physiological functions of
presynaptic ryanodine receptors, the effects of TMB-8, a blocker
of ryanodine receptor, on the presynaptic Ca?* transients were
examined by changing the stimulus protocols systematically.
TMB-8 at 10 uM did not affect the field EPSPs and the
presynaptic Ca?* transients elicited by single shocks (to 108 =
4% and 93 = 3%, respectively, n = 5; Fig. 24 and B). DCG-IV
nearly abolished the field EPSPs, suggesting that the mossy fibers
were selectively stimulated (24). On the other hand, the presyn-
aptic Ca?* transients elicited by the train (20 Hz for 10 times; Fig.
34) or by the tetanus (100 Hz for 100 times; Fig. 44) were
significantly suppressed (to 74 + 5%, n = 6,0r to 70 = 4%, n =
8, respectively). It should be noted that the first response in the
train stimuli (Fig. 34) and the initial phase during the tetanic
stimuli (Fig. 44) were little affected while the later phases were
suppressed by TMB-8. These results suggested that the CICR
mechanism amplified the presynaptic Ca?* signaling in a use
dependent manner. It should be noted that this notion was also
supported by the observation of simultaneously-recorded field
EPSPs. Application of TMB-8 partially suppressed the 10th field
EPSPs elicited by the train stimuli (to 82 = 4%, n = 6) or 100th
field EPSPs elicited by the tetanus (to 89 + 2%, n = 8) without
affecting the first responses (Fig. 3B and Fig. 4B). These results
suggested that the CICR mechanism did modify the Ca?*
transients in the vicinity of active zone and modulate transmitter
release from the mossy fiber terminals. We also examined the
effects of ryanodine to further confirm that the effects of TMB-8
were mediated by suppression of ryanodine receptors. Ryano-
dine at 100 uM suppressed the presynaptic Ca?" transients
elicited by the train (to 82 + 3%, n = §, Fig. S2) or by the tetanus
(to 87 = 2%, n = 5, data not shown).

Previous studies suggested that stimulation of a-bungaro-
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Fig. 2. Minimal effects of a ryanodine receptor blocker TMB-8 on presyn-
aptic CaZ* transients evoked by single shocks. (A) Effects of TMB-8 (10 uM) on
presynaptic CaZ* transients evoked by single shocks to mossy fibers. Graphs
represent the time course of amplitudes of Ca2* transients (AF) and F. (B)
Effects of TMB-8 on the field EPSPs recorded simultaneously.

toxin-sensitive presynaptic nicotinic receptors leads to CICR
through ryanodine receptors at this synapse (20, 30). This raised
the possibility that the observed use dependent effects of TMB-8

A - control B

\ —TMB-8
— control
H AN 1mVv, N
/ N I / .
! Sots /
1st & 2nd EPSP 9th & 10th EPSP

train (20 Hz x 10) |I %
200 ms
TMB-8

150 —DcG-Iv TMB-8

control
5 100"""“0“)'".""‘ """""" _TMB-8

- 1 mv

“21 50. ¢ . ’ J m ~~control

10 ms
3 10 2 30 20 VB8
150 DCG-IV
TMB-8 E 100{0--@ - @ -g-mmm-mmmommam
120 ————DCGIV c * e e o '
g 108-0--0-9-0-0-0--0--9 g 50 +
L 80
o o
0 10 20 30 40 0 10 20 30 40
Time (min) Time (min)

Fig. 3. Use dependent amplification of the presynaptic Ca2* transients by
ryanodine receptors. (A) The ryanodine receptor blocker TMB-8 (10 M) partly
reduced the presynaptic Ca2* transients elicited by a stimulus train (20 Hz 10
times). Graphs represent the time course of amplitudes of Ca2* transients to
the 10th stimuli (AF0) and F. (B) Effects of TMB-8 on the field EPSPs recorded
simultaneously. Graph represents the time course of the 10th EPSP (EPSP1q).
Note that the first responses during the train were almost unaffected while
the latter responses were selectively suppressed by TMB-8 in both Ca2* and
EPSP recordings.
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Fig. 4. Effects of a ryanodine receptor blocker TMB-8 on the presynaptic
Ca?* transients elicited by the tetanic stimulation. (A) Presynaptic Ca2* tran-
sients evoked by the tetanus (100 Hz 100 times) were suppressed by 10 uM
TMB-8 while the initial phases were almost unaffected. Graphs represent the
time course of amplitudes of Ca2* transients to the 100th stimuli (AFg0) and
F. (B) Effects of TMB-8 on the field EPSPs recorded simultaneously. Graph
represents the time course of the 100th EPSP (EPSP1o).

or ryanodine were mediated by activation of a7 nicotinic ace-
tylcholine receptors (nAChRs) by costimulation of cholinergic
inputs originated from the septo-hippocampal system (31).
Therefore, we tested whether a; nAChR-selective antagonist
methyllycacontine (MLA) modifies the presynaptic calcium tran-
sients elicited by the train stimulus. Application of 10 nM MLA
alone had little effect on the train-induced presynaptic Ca?*
transients (to 97 £ 2%, n = 7; Fig. S3). More importantly,
TMB-8 suppressed the train-induced Ca?* transients to a similar
degree in both the absence (to 74 = 5%, n = 6; Fig. 34) and
presence (to 77 = 3%, n = 7; Fig. S3) of MLA (P = 0.33). These
results suggested that the use dependent amplification of pre-
synaptic Ca" transients was independent of modulation by a7
nAChR.

Localization of RyR2 in Nonterminal Axons of Mossy Fibers. The
results of electrophysiological examination all suggest the pres-
ence of functional presynaptic ryanodine receptors at the mossy
fiber-CA3 synapse. Next, we examined molecular components
and subcellular localization of the presynaptic ryanodine recep-
tors by immunohistochemical approaches. To date, little infor-
mation is available for subcellular localization of individual
subtypes of the ryanodine receptor, partly because of the lack of
subtype-specific antibodies. Here, we produced a specific anti-
body to RyR2 (the cardiac type), which is a highly transcribed in
dentate gyrus granule cells (22, 23). For antigen, we selected the
139-aa sequence of RyR2, because the sequence shows little
similarity to that of RyR1 (the skeletal muscle type) and is
missing in RyR3 (the brain type) (Fig. S44). In immunoblot, an
affinity-purified rabbit RyR2 antibody recognized a single pro-
tein band (>500 kDa) in protein extracts prepared from the
brain and heart but not those from the skeletal muscle (Fig.
S4B). This is also true in immunohistochemistry (Fig. S4 C and
E). In the brain, various brain regions were stained (Fig. S4F) in
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Fig. 5. Preferential localization of the type 2 ryanodine receptor (RyR2) in
non-terminal axons of hippocampal mossy fibers. (A—C) Immunofluorescence
for the RyR2 in the hippocampus. (D) Triple immunofluorescence for the RyR2
(red), neurofilament-160 (NF160, green), and microtubule-associated pro-
tein-2 (MAP2, blue) in the stratum lucidum of the CA3 region. (E) Double
immunofluorescence for the RyR2 (red) and type 1 vesicular glutamate trans-
porter (VGIuT1, green). Arrows in D and E indicate the intense RyR2 signal in
putative axon bundles. (F and G) Silver-enhanced immunogold labeling for
the RyR2. Arrows indicate the smooth ER in non-terminal axons. (H) The
density of RyR2 immunogold labeling. Ax, axon; MT, mossy fiber terminal; De,
dendrite; Sp. spine; En, endothelial cell; Scale bars: A, 200 um; Band C, 50 um;
D and E, 10 um; F, 500 nm; G, 100 nm.

patterns similar to those of the distribution of RyR2 mRNA (Fig.
S4H). After preabsorption with the antigen, all immunoblot and
immunohistochemical signals disappeared (Fig. S4 B, D, and G).
All of these results indicate the specificity of the RyR2 antibody.

Using the specific antibody, we examined distribution of RyR2
in the adult mouse hippocampus by immunohistochemistry.
RyR2 was distributed widely with the highest level in the
molecular layer of the dentate gyrus, and also in fibrous bundles
running through the hilus of the dentate gyrus and the stratum
lucidum of the CA3 region (Fig. 5 A-C), mossy fiber-recipient
regions. In the stratum lucidum, the labeling of RyR2 was intense
in neurofilament-positive neuropil, while it was low to moderate
on microtubule-associated protein-2 (MAP2)-positive dendritic
shafts and perikarya of pyramidal cells (Fig. 5D), suggesting high
contents of RyR2 in mossy fibers. When terminals of mossy
fibers were visualized by immunofluorescence for vesicular
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glutamate transporter 1 (VGIuT1), higher levels for RyR2 were
detected outside VGluT1-positive terminals (Fig. SE). These
results suggest that RyR2 is distributed almost selectively in
non-terminal axons.

This was further tested by the silver-enhanced immunogold
technique. Many metal particles were observed in mossy fibers
(Fig. 5 F and G). When sectioned longitudinally, heavy deposits
were detected in non-terminal portions of mossy fibers whereas
there were relatively few metal particles in their huge terminals,
forming asymmetrical synapses with multiple spines (Fig. 5F).
When sectioned transversely, most particles were accumulated
inside axon profiles; they were often distributed around flat-
tened or tubular sacs of the smooth endoplasmic reticulum
(sER), and a few appeared in narrow cytoplasmic space between
the axolemma and sER (Fig. 5G). This distribution was assessed
quantitatively by counting the density of metal particles (Fig.
5H). The number of metal particles per 1 um? was highest in
non-terminal axons of mossy fibers (65.7). On the other hand, the
densities in axon terminals (5.1), dendritic shafts (2.2), and
spines (1.8) were >10 times lower than those in non-terminal
axons but were higher than those in capillary endothelial cells
(0.3). Inside non-terminal axons, most particles were separate
from the plasma membrane and judged as intracellular labeling
(96.5%), and the rest were found to attach to the plasma
membrane (3.5%). Therefore, RyR2 is highly enriched inside the
non-terminal portion of mossy fibers and mostly distributed
around the smooth ER.

Predominant Postsynaptic Localization of RyR1 in the Hippocampus.
The above results strongly suggested that axonal RyR2 mediated
activity dependent presynaptic CICR at the mossy fiber synapse.
However, we could not exclude the possibility that the other
types of ryanodine receptors were involved, since the granule
cells of the dentate gyrus expressed the mRNA for all subtypes
(i.e., RyR1-3). To address this possibility, we analyzed cellular
distribution of RyR1 using the specific antibody (32). In contrast
with the intense labeling of RyR2 within mossy fiber axons,
RyR1 immunoreactivity in the hippocampus was generally
weaker than in the cerebellum and predominantly expressed in
postsynaptic neurons (Fig. S5). These results suggested that
RyR1 was less likely to contribute to presynaptic CICR at the
hippocampal mossy fiber synapse.

Discussion

In the present study, we examined the functional roles and
detailed localization of presynaptic Ca* stores at the hippocam-
pal mossy fiber synapse. Using fluorescence recordings of pre-
synaptic Ca?* transients in mice hippocampal slices, we demon-
strate here that the CICR mechanism through ryanodine
receptors amplifies accumulation of presynaptic Ca’" in an
activity dependent manner. Immunofluorescence staining re-
veals that the RyR2 is expressed specifically and intensely within
axons of the mossy fibers rather than their terminals. Our
findings suggest that axonal CICR mechanism amplifies accu-
mulation of presynaptic Ca* in a use dependent manner, and is
critically involved in presynaptic forms of plasticity unique to this
synapse.

Activity Dependent Amplification of the Presynaptic Ca2+ Signaling by
CICR. To date, several reports suggested the presence and the
significance of presynaptic ryanodine receptors at the hippocam-
pal mossy fiber synapse. Pressure application of nicotine to
mossy fiber terminals elicited concerted release of multiple
quanta, which were large enough to generate action potentials in
postsynaptic CA3 neurons (20). Since these responses were
blocked by ryanodine, the authors suggested that concerted
release of multiple quanta was evoked by nicotine possibly
through local Ca?* release from presynaptic ryanodine-sensitive
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stores. It was also reported that ryanodine suppressed the
induction of presynaptic forms of long-term potentiation (LTP)
unique to this synapse (33). Taking together, it was strongly
suggested that functional ryanodine-sensitive Ca?* stores existed
in presynaptic sites of the mossy fiber-CA3 synapse. It should be
noted that long-term depression (LTD) was induced after pro-
longed washout of caffeine (Fig. 1B). This caffeine-induced LTD
was possibly induced by the increase in presynaptic Ca’* con-
centration, since LTD at this synapse was demonstrated to be of
presynaptic origin and dependent upon presynaptic Ca>* (34).

However, previous results of direct presynaptic Ca?>* mea-
surement were controversial. The presynaptic Ca?>" transient
elicited by paired-pulse stimulus (50-ms interval) was not sig-
nificantly affected by application of ryanodine (19). On the other
hand, the presynaptic Ca?* transients elicited by high-frequency
stimulation were substantially suppressed by ryanodine (18).
Because of low time resolution of the Ca?* signals in the latter
study, kinetic properties of the ryanodine-sensitive components
are difficult to interpret. To clarify the reason for the discrep-
ancy, we adopted different stimulus protocols (single shock,
train, tetanus) and examined the use-dependency of activation
systematically. Our results have unequivocally clarified the rea-
son for the discrepancy and demonstrated that prolonged re-
petitive stimuli are necessary for the Ca?* release from presyn-
aptic Ca?* stores. These findings also give confidence to a
previous electrophysiological study showing that the presynaptic
Ca?" store is critically involved in facilitation of presynaptic LTP
unique to this synapse (33).

The effects of caffeine on presynaptic Ca?>* signals at mossy
fiber synapse were different from those observed in parallel fiber
synapses in the cerebellum (19). Enhancement of the presynaptic
Ca?* transients was larger in this study, possibly due to the
different sensitivity among the synapses. In addition, they also
reported that increase in baseline [Ca]; induced by 40 mM
caffeine was little affected by 10 uM ryanodine, whereas the
effect of 10 mM caffeine was significantly suppressed by 100 uM
ryanodine in this study (Fig. S1). The different concentration of
drugs as well as difference in synapses may be the reason for the
discrepancy.

It should be noted that a7 nAChR-selective antagonist MLA
affected neither the train-induced presynaptic Ca?* transients
nor their suppression by TMB-8. These results were rather
unexpected, since several previous studies demonstrated pre-
synaptic effects of nicotine at the hippocampal mossy fiber
synapse (20, 30; but see ref. 35). Almost no effect of MLA itself
on the train-induced presynaptic Ca?* transients, therefore,
suggested that cholinergic fibers, possibly originating from the
septo-hippocampal projection, were not strongly stimulated in
our experimental conditions. Alternatively, presynaptic oy
nAChRs are less effectively activated by the train stimulus. In
any case, we conclude that the use dependent effect of ryanodine
receptor blockers observed in this study was independent of
cholinergic modulation.

The ryanodine receptor blocker TMB-8 also suppressed the
field EPSPs during tetanus, although the magnitude of suppres-
sion was smaller. Two possibilities may explain this finding. First,
facilitation of transmitter release during tetanus may reach a
nearly saturated level and reduction of presynaptic Ca®>* may no
longer decrease transmitter release as much, as expected from
the substantial tetanus-induced field EPSPs remaining in the
presence of DCG-IV (Fig. 4B). Second, increase in volume-
averaged Ca?* during the repetitive stimulus, which we mea-
sured in this study, may not be linearly related to local Ca?* at
the active zone. Distal localization of the axonal ryanodine
receptors from the active zone, as discussed below, supported
this possibility.
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Axonal Localization of the RyR2 at the Mossy Fiber-CA3 Synapse. Thus
far, little information is available for detailed subcellular local-
ization of each subtype of ryanodine receptors. Here, we gen-
erated a specific antibody against the RyR2 and explored its
cellular and subcellular distribution in detail. Rather unexpected
findings of immunohistochemical studies are the intense labeling
of the RyR2 at non-terminal portions of the mossy fibers.
Immunoelectron microscopy clearly revealed that RyR2 was
highly enriched inside the axons and mostly distributed around
the smooth ER. Axonal enrichment of the RyR2, particularly in
the non-terminal portion, seems to be well suited for activity
dependent recruitment of the Ca?" release, as demonstrated in
this study. Since the RyR2 is localized at the relatively distal site
from the active zone, but not in the vicinity of the active zone,
low-frequency stimulus is hardly able to activate the CICR
mechanism, while repetitive stimuli at high frequency, which
should be likely to increase the Ca?* concentration in the axon
considerably, readily recruit Ca?* release from the axonal store.
Such strategic localization of presynaptic ryanodine receptors
helps to support unique presynaptic forms of plasticity at this
synapse. It should be mentioned that immunohistochemical
examination revealed that RyR1 was predominantly localized in
postsynaptic neurons and therefore is hardly involved in the
presynaptic CICR at the mossy fiber synapse.

Functional Implications. A prominent feature of synaptic trans-
mission at the hippocampal mossy fiber (MF)-CA3 synapse
involves robust presynaptic forms of plasticity with remarkably
wide dynamic range. LTP at the mossy fiber-CA3 synapse does
not require activation of postsynaptic NMDA receptors (36), but
definitively needs Ca?>" accumulation within the presynaptic
terminals (25). Therefore, activity dependent modification of the
presynaptic Ca?* dynamics is critically important for the induc-
tion process of mossy fiber LTP. R-type Ca?* channels were
demonstrated to amplify presynaptic Ca®>* dynamics in a use
dependent manner and thereby facilitate LTP induction (37, 38).
Highly strategic localization of key molecules for Ca?>* handling
on the presynaptic side (i.e., R-type Ca?* channels and RyR2) is
beneficial for supporting presynaptic LTP as well as robust
short-term plasticity characteristics of this synapse. In this
respect, it should be noted that single granule cells in the dentate
gyrus reliably generate action potentials in postsynaptic CA3
neurons, only when trains of action potentials were elicited in
granule cells (39). Short-term plasticity at the mossy fiber
synapses is important for regulation of information transfer in
the hippocampal neuronal networks, and might be effectively
regulated by the presynaptic RyR2 within the mossy fiber axons.

In summary, we have found that the CICR mechanism
amplifies the presynaptic Ca?* dynamics at the mossy fiber-CA3
synapse in an activity dependent manner. In addition, we gen-
erated a subtype-specific antibody against RyR2, and unequiv-
ocally clarified rather unexpected axonal localization of RyR2 at
the synapses in which robust presynaptic forms of plasticity take
place. It would be interesting to examine how the presynaptic
CICR modulates the information transfer in the hippocampal
networks in vivo.

Materials and Methods

Presynaptic Ca?* Measurement and Electrophysiology. All experiments were
performed according to the guidelines for the care and use of laboratory
animals of Kobe University and Hokkaido University School of Medicine.
Simultaneous recordings of field EPSPs and presynaptic Ca2* transients in
hippocampal slices were carried out as described before (29). Briefly, trans-
verse hippocampal slices were prepared from C57BL/6J mice (14-21 days old).
Slices were continuously superfused with a solution composed of the follow-
ing (in mM): 127 NaCl, 1.5 KCl, 1.2 KH,PO4, 26 NaHCO3, 10 glucose, 4 CaCl,, and
4 MgCly, saturated with 95% O, and 5% CO,. Mossy fibers were stimulated at
the granule cell layer of the dentate gyrus, and the evoked field EPSPs were
recorded in the stratum lucidum of the CA3 region. A membrane-permeable
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Ca?* indicator, rhod 2-AM, was loaded into the mossy fiber terminals by
injecting itinto the axon bundle in the stratum lucidum of the CA3 region. The
intensity of fluorescence from the recording site (=100 um diameter) was
measured with a photodiode 2-3 h after the injection of the dye. The field
EPSPs, Ca2™ transients (AF), and F were monitored every 5 min (except for the
Fig. 1 /and J and Fig. 4 experiments in which a stimulus was given every 2.5
min). In some experiments, whole-cell recordings were made from visually-
identified CA3 pyramidal cells. Patch pipettes were filled with an internal
solution containing the following (in mM): 150 Cs gluconate, 0.2 EGTA, 8 NaCl,
2 MgATP, 5 QX-314 (lidocaine N-ethyl bromide quaternary salt), and 10 Hepes
(pH 7.2). For paired-pulse experiments shown in Fig. 1C, monosynaptic mossy
fiber responses were measured at positive potentials (+40 mV) as NMDA
receptor-mediated synaptic currents (EPSCympa) in the presence of 10 uM
CNQXthat suppresses non-NMDA receptors and therefore blocks polysynaptic
components. Slow mEPSCs mediated by kainate receptors (mEPSCka), which
reflected quantal release exclusively at mossy fiber synapses, were recorded
(Fig. 1 E) in the presence of the AMPA receptor-selective blocker GYKI 53655
(30 uM), 1 puM tetrodotoxin, 100 M picrotoxin, and 25 uM D-APV. The
mMEPSCka were analyzed off-line using MiniAnalysis Program (Synaptosoft).
The Kolmogorov-Smirnov test was used to assess the effects on the amplitude
and interevent interval.

Immunohistochemistry. Under deep pentobarbital anesthesia, mice were per-
fused transcardially with either 4% paraformaldehyde in the 0.1 M sodium
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phosphate buffer (PB, pH 7.2) or 4% paraformaldehyde/0.1% glutaraldehyde
in the PB. Microslicer (50 um) sections of the brain and cryostat sections (50
um) of the heart and skeletal muscles were used. All immunohistochemical
incubations were done at room temperature. For immunofluorescence, mi-
croslicer sections were incubated with 10% normal donkey serum for 20 min,
a mixture of primary antibodies overnight (1 ug/ml), and a mixture of Alexa
488-, Cy3-, and Cy5-labeled species-specific secondary antibodies for 2 h at a
dilution of 1:200 (Molecular probes; Jackson ImmunoResearch). PBS (pH 7.4)
containing 0.1% Tween 20 was used as diluent of antibodies and a washing
buffer. Images were taken with a light microscope (AX-70, Olympus Optical )
equipped with a digital camera (DP70, Olympus Optical ) or with a confocal
laser scanning microscope (FV1000, Olympus Optical ).

For immunoelectron microscopy, microslicer sections immunoreacted for
the RyR2 were subjected to silver-enhanced immunogold using 1.4-nm gold
particles conjugated with an anti-rabbit IgG (Nanogold; Nanoprobes Inc.) and
a silver enhancement kit (HQ silver; Nanoprobes Inc.). Sections were further
treated with 1% osmium tetroxide and uranyl acetate and embedded in Epon
812. Ultrathin sections (70 nm in thickness) were prepared with an ultramic-
rotome (Leica), and photographs were taken with an H7100 electron micro-
scope (Hitachi). For additional Materials and Methods, please see S/ Text.
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