FiG, 3. The endogencus SYNCRIP protein and expressed GFP-
SYNCRIP showed comparable expression patterns in cultured
rat hippocampal neurons. Right images are high magnification im-
ages of the boxed region in the lef! images, A, immunclabeling of
endogenous SYNCRIP using anti-SYNCRIP-N antibody. B, a living cell
expressing GFP-SYNCRIP. In both images, many granular structures
were observed in dendrites {arrowheads). All the images were taken
with a confocal microscope, Scale bars, 10 pm,
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FiG. 4. Movement of GFP-SYNCRIP-positive granules, A, time-
lapse imaging of GFP-SYNCRIP-positive granules in the dendrite re-
corded with a CCD camera. Arrows indicate a moving granule, and
asterisks indicate the original poesition of the granule at 0 8. Scale bar,
2 pm. B, representative movement patterns of GFP-SYNCRIP-positive
granules. The net movement of each vesicle (um) was plotted against
time (s). Anterograde (positive direction) is the movement from the cell
body toward the periphery, and Retrograde (negative direction) is the
opposite movement, The time-lapse interval was 10 s.

CRIP-positive granules is shown in Fig. 5 (No drug treetment).
The average velocity of the vesicle movements was about 0.05
pm/s in both the anterograde and retrograde directions as
shown in Table I, and the maximum velocity of GFP-SYNCRIP
movement was 0.37 um/s. Interestingly, the speed of SYNCRIP
movement was similar to that reported for mRNA granule
movement {(~0.1 pmfs (3 ~0.1 pm/s (37); 0.03-0.05
rm/s (38)).

The movements of mRNA granules have been reported to be
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No drug
treatment

.15 -0 005 0 005 00 015

DMSO

415 A1 005 0 005 01 015

LatrunculinA

015 00 005 0 005 OG1 DIS

Nocodazole

201

10 _[ﬂ i

0 T 1 1 T
005 01 0065 0 005 01

Velocity (um/s}

0.15

Fic. 5. Velocity profiles of the GFP-SYNCRIP-positive gran-
ules with or without drug treatments. N indicates the number of
events, L.e. consecutive mono-directional movements. Positive velocity
corresponds to the anterograde movement, and negative velocity corre-
sponds to the retrograde movement. DMSO, Me,SO.

mainly dependent on microtubules (9, 18, 35, 37-39). To deter-
mine whether microtubules are also involved in the movement
of SYNCRIP-positive granules, we tested the effects of drugs
that disrupt these cytoskeletal compenents on the velocity of
granule movement. After confirming that these drugs were
effective in cultured rat hippocampal neurens by immunocyto-
chemical staining with anti-tubulin antibody (for microtubules)
and Alexa 594-phalloidin (for actin filaments) (data not shown),
nocodazole (30 pg/ml) and latrunculin A (1 pg/ml) were used to
disrupt microtubules and actin filaments, respectively. Neither
substance had a major effect on the distribution pattern or
number of granules labeled with GFP-SYNCRIP. Latrunculin
A did not have a significant effect on the velocity of GFP-
SYNCRIP-positive granules in comparison with control cells
exposed to 0.3% Me, SO (p > 0.1, ¢ test, and Mann-Whitney U/
test). However, nocodazole significantly decreased the velocity
of GFP-SYNCRIP-positive granules by ~70% in both directions
compared with control cells (p < 0.001, ¢ test and Mann-Whit-
ney U test, Fig. 5 and Table I). These results suggest that the
transport of SYNCRIP-positive granules is highly dependent
on microtubules and that the contribution of the actin cytoskel-
eton is minor, which is consistent with previous reports for the
transport of mRNA granules.
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TaBlE 1
Effects of drug treatment on the velocity of the movement of GFP-SYNCRIP-positive granules
Drug Anterograde Retrograde
el pmly

No drug treatment

Me,SO 0.041 ' 0.028(n — 84)
Latruneculin A 0.045 * 0.023 (n = 85)
Nocodazole 0.014 = 0,010 (» = 50

0.050 = 0.051 (r = 66

0.065 * 0.058 (n = 75)
0.041 ' 0.025(n — 79)
0.043 + 0.022 (n = 82)
0.012 * 0.00% (n = 89)*

@ Values show average * 8.D.
® p < 0.001 (¢ test, Mann-Whitney U test)

A

Fic. 6. The GFP-SYNCRIP protein
co-localized with the components of
mRNA granules. A, RNA labeling of
GFP-SYNCRIP-expressing neurons with
EtBr. Top, EtBr signals overlapped with
GFP-SYNCRIP-positive granules (errow-
heads). Bottom, EtBr signals were abol-
ished by treatment with RNase A, B, dou-
ble-labeling with GFP-SYNCRIP and
endogenous EFle, a marker for mRNA
granules. Endegenous EFla was found on
the GFP-SYNCRIP-labeled granules (ar-
rowheads), Images were taken with a con-
foeal microscope. The scale bar indicates
10 pm.

SYNCRIP Was Co-localized with Dendritic RNAs and Mark-
ers of mRNA Granules—We then investigated whether the
distribution of SYNCRIP overlaps with that of RNA and mRNA
granule markers in dendrites of cultured hippocampal neurons.
Dendritic RNAs were labeled with EtBr as described previcusly
(35). The EtBr signal was completely abolished by RNase treat-
ment, indicating that it was specific for RNA (Fig. 64, bottom).
In the absence of RNase, EtBr labeled granular structures in
the cell bodies and dendrites, which overlapped with the most
of the SYNCRIP-positive granules (Fig. 64, top).

We also investigated whether GFP-SYNCRIP was co-local-
ized with protein components of mRNA granules, i.e. EF1a (9)
and staufen (15, 40). Immunocytochemistry using anti-EFle
antibody revealed that GFP-SYNCRIP-positive granules were
co-localized with endogenous EF1la (Fig. 6B). However, we
were not able to perform immunocytechemistry for staufen,
because no specific antibody against rat staufen was available.
Instead, we used GFP-tagged human staufenl (GFP-hStaul),
which is transported within dendrites as a component of mRNA
granules (37). GFP-hStaul was co-expressed with SYNCRIP
tagged with monomeric RFP (mRFP-SYCNRIP), whose behav-
ior was indistinguishable from that of GFP-SYNCRIP (data not
shown). mRFP-SYNCRIP was co-localized with GFP-hStaul in
granules (Fig. 7A), and we confirmed that the GFP-hStaul-
positive granules contained endogenous SYNCRIP by immuno-
cytochemistry (supplemental data S1). These results strongly
indicate that SYNCRIP is a component of the mRNA granule
in neurons.

SYNCRIP Is a Component of Moving mRNA Granules Con-
taining the 3°-UTR of IP,R1 mRENA—Fig. 7B and supplemental
Movie 2 show representative time-lapse images of a dendrite
from a hippocampal neuron expressing mRFP-SYNCRIP and

GFP-SYNCRIP

anti-EF 1.+

GFP-hStaul. The mRFP-SYNCRIP signal completely over-
lapped with that of GFP-hStaul throughout the movement,
indicating that SYNCRIP is a component of the “moving”
mRNA granules.

Finally, we investigated whether the SYNCRIP-positive
granules actually transport meaningful sets of mRNAs. The
mRNA of IP;R1 is expressed in central nervous system neu-
rons, including hippocampal neurons (41). In addition, IP;R1
mRNA has been shown to be present in the dendrites of cere-
bellar Purkinje cells and neocortical neurons (41, 42). Because
a sequence homologous to the hnRNP A2 response element
(A2RE, GCCAAGGAGCCAGAGAGCATG), which is included
in a subset of dendritically localized mRNAs generally trans-
ported as components of mRENA granules (18, 43), is found in
bases identical to those of A2RE are underlined), it is a candi-
date for a compeonent of mRNA granules. We visualized the
3'-UTR of IP;RI mRNA in living neurons by a GFP-based
mRNA labeling technique that was first reported in yeast (29)
and was used later to visualize several mRNAs in neuronal
dendrites (17, 38). We prepared two plasmids, with one (NLS-
MS2-Venus) containing the coding sequences of the single-
stranded RNA phage capsid protein MS2 fused with Venus (a
brighter variant of yellow fluorescent protein (30)) and an NLS.
The other plasmid (IP;R1 3’-UTR-MS2bs) contained 12 repeats
of the MS2 binding sequence, each of which encoded a 17-
nucleotide RNA stem loop fused with the 3-UTR of IP4R1
mRBNA (bases 8579-9041). When these plasmids were co-trans-
fected into hippocampal neurons, small bright granules were
seen in the dendrites (Fig. 8A, top), whereas diffuse, not punc-
tate staining was seen in the dendrites in a control experiment
in which NLS-MS2-Venus alone was transfected (Fig. 84, bot-
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mREP-SYNCRIP

GFP-hStaut

o0sa ® ]
mRFP-SYNCRIP GFP-hStaut

FiG. 7. mRFP-SYNCRIP proteins were incorporated in motile
mRNA granules. A, double labeling of neurons with mRFP-SYNCRIP
and GFP-tagged human staufen (GFP-hStaul), mRFP-SYNCRIP and
GFP-hStaul co-localized on the same granules {arrowheads). Images
were taken with a confocal microscope. Scale bar, 10 pm. B, time-lapse
images of a granule containing mRFP-SYNCRIP and GFP-hStaul in a
dendrite. Lef, consecutive frames showing a mRFP-SYNCRIP signal.
Right, corresponding frames showing a GFP-hStaul signal, Arrows
indicate a moving granule, and asterisks indicate the original position of
the granule at 0 8. Note that both mRFP-SYNCRIP and GFP-hStaul
labeled the same moving granule. Scale bar, 2 pm.

tom). These granules were also labeled with mRFP-SYNCRIP
when mRFP-SYNCRIP was further added to the co-transfected
plasmids (Fig. 88). A multicolor time-lapse study revealed that
the movement of the IP;R1 3'-UTR mRNA signal coincided
with that of the mRFP-SYNCRIP (Fig. 8C and supplemental
Movie 3). Taken together, these findings indicate that SYN-
CRIP is a component of mRNA granules that at least trans-
ports IP;R1 mRNA.

DISCUSSION

In the proteomics study we showed that the SYNCRIP-asso-
ciated complexes in 293EBNA cells contain at least 111 pro-
teins, some of which seem to be responsible for mRNA process-
ing and translation {Fig. 1 and supplemental Table SI).
Cytoplasmic ribosomal proteing and RNA binding proteins
such as hnRNP A2/B1, zip code-binding protein 1 (IGF-II
mRNA-binding protein 1), and lnRNP U, which are the com-
ponents of mENA granules (17, 18, 44), were also detected as

Dendritic Transport of SYNCRIP with mRNA

PiR1 FUTR
Fi1G. 8. 3'-UTR of IP,R1 mRNA was co-transported with mRFP-
SYNCRIP, A, to visualize the 3"-UTR of JP,R1 mRNA, cultured neu-
rons were co-transfected with plasmid DNAs encoding 3'-UTR of mouse
IP,R1 mRNA fused with 12 copies of the MS2 binding sequence {IP;R1
3"-UTR-MS52bs) and Venus fused with the MS2 and NLS (NLS-MS2-
Venus). IP,R1 3'-UTR mENAs expressed in neurons waa distributed as
granular structures (top, arrowhteads). On the other hand, a diffuse
staining pattern was observed when NLS-MS82-Venus alone was trans-
fected (bottom). B, double labeling of cultured neurons with 3-UTR of
1P;R1 mRNA and mRFP-SYNCRIP. Many of the Venus-positive gran-
ules were mRFP-SYNCRIP-positive (arrowheads). Images in A and B
were taken with a confocal microscope. Scale bars, 10 um, C, movement,
of a granule containing mRFP-SYNCRIP and 3'-UTR of IP;R1 mRNA
in a dendrite. Left, consecutive frames showing a mRFP-SYNCRIP
signal. Right, corresponding frames showing a 3'-UTR of IP,R1 mRNA
signal detected by Venus. A CCD camera was used. Arrows indicate a
moving granule, and asterisks indicate the original position of the
granule at 0 s, Note that both mRFP-SYNCRIP and the 3"-UTR of
1P,R1 mRNA were on the same moving granule, Scale bar, 2 pm.

mREP-SYNCRIP

major SYNCRIP-associated proteins, and this fact raised the
possibility that SYNCRIP plays roles as a component of mRNA
granules in the neurons. Very recently, a sereening study for
RNase-sensitive granules that associate with motor protein
kinesin revealed that SYNCRIP is one of the components of
mRNA transporting granule (44). Moreover, proteomic and
immunoelectron microscopic analyses showed that SYNCRIP
is included in mRNA granules purified from rat brains.? Qur
new lines of evidence further strengthen these reports that
SYNCRIP is a component of mRNA granules, SYNCRIP were
distributed in dendrites of hippocampal neurons as a granular
structure {Figs. 2 and 3), and the SYNCRIP-containing gran-
ules were transported bi-directionally at a speed of ~0.05 um/s
in a microtubule-dependent manner (Fig. 4 and Table 1), as was

7W. 8. Sossin and P. 5. McPherson, Montreal Neurological Institute,
McGill University, Quebec, Canada, personal communication.
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previously reported for mRNA granule dynamics (9, 18, 35,
37-39, 44). SYNCRIP in the dendrite co-localized with RNA
and the component of mRNA granules (Figs. 5-7) and was
co-transported with IP;RI mRNA (Fig. 8). The molecular mech-
anism underlying the recruitment of SYNCRIP into mRNA
granules remains unknown. One possibility is that SYNCRIP
interacts with poly{A) or AU-rich regions that are generally
present in the 3’ region of mRNAs, as was supported by the fact
that SYNCRIP interacts directly with poly(A) and poly(U) in
vitro (19, 22, 23). Another possibility is that SYNCRIP is bound
to mRNA granules as a component of a protein complex as is
reported for a human homolog of SYNCRIP in a non-neuronal
cell (24). Clarification of the binding relations among the com-
ponents of mRNA granules may be required to investigate
these possibilities.

It is interesting that a number of mitochondrial ribosomal
proteins associated with SYNCRIP in 293EBNA cells (Fig. 1
and supplemental Table SI). However, SYNCRIP was not
found in mitochondria either in the human kidney cell line and
the cultured hippocampal neuron (data not shown). SYNCRIP
might associate with mitochondrial ribosomal proteins in the
cytoplasm and have indirect roles in protein synthesis in mi-
tochondria, but further study is required to test this possibility.

Microtubule-based motor proteins kinesin and dynein are
possibly responsible for the transport of SYCNRIP-positive
mRNA granule, since they were co-purified with SYNCRIP-
containing mRNA granules (44).? mRNA granules that contain
cytoplasmic polyadenylation element-binding protein has also
been shown to be co-localized with molecular motor kinesin and
dynein (39). Bi-directional movement of GFP-SYNCRIP-posi-
tive granules (Fig. 4) could be explained by mixed polarity of
the dendritic microtubules (45) or by coordination of multiple,
opposite-directed motor proteins. In the present study, actin
filaments were shown te contribute little to the transport of
SYNCRIP (Fig. 5 and Table I), which has alsc been reported to
be the case for the movement of hnRNP A2-positive mRNA
granules (18). Although actin filaments seem less involved in
the transport of mRNA granules, an actin motor myosin V is
shown to be a component of the mRNA/protein complex con-
taining staufen and fragile X mental retardation protein {46).
Our results do not necessarily exclude a possible association of
SYNCRIP-containing mRNA granules with actin filaments.

The speed of GFP-SYNCRIP-positive granule movement
(~0.05 pm/s, Fig. 5} was comparable with that of mRNA gran-
ules visualized by SYTO14 (0.1 pm/s, 9), of staufen-containing
granules (~0.1 pm/s, 37), and of mRNA granules containing
the 3’-UTR of CaMKIle mRNA (0.03-0.05 pm/s (38)). How-
ever, the speed of GFP-SYNCRIP was much slower than that of
zip code-binding protein 1 and B-actin mRNA-positive gran-
ules, which move at an average velocity of ~1.0 pm/s (17),
which exceeds the maximum speed of GFP-SYNCRIP move-
ment (0.37 pm/s). This result suggests a possibility that SYN-
CRIP is not involved in mRNA granules that are transported at
a fast speed. Variety in the transport speeds of mRNA granules
may reflect the heterogeneity in mRNA granules that has been
proposed recently (47).2 In addition to the differences in the
motor proteins interacting with each subset of mRNA granules,
interaction between mRNA granules and organelles may med-
ulate the dynamics of mRNA granules. mRNA granules con-
taining staufen and fragile X mental retardation protein are
reported to associate with rough endoplasmic reticulum (46),
and this association may affect the transport of mRNA gran-
ules. Further work is required to understand the heterogeneity
in mRNA granules and their transport.

In this study, we have demonstrated that 3’-UTR of IP;R1is
co-transported with SYNCRIP as mRNA granules (Fig. 8). Al-
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though IP;R1 mRNA was previously shown to be present in the
dendrites of cerebellar Purkinje cells and neocortical neurons (41,
42), the mechanism underlying the dendritic distribution of
IP;R1 mRNA has never been elucidated, This study suggests
that IPgRT mRNA may be delivered into the dendrites via mRNA
granule transport and that 3'-UTR of IP;RI mRNA may contain
a targeting signal to dendritic mRNA granules, as is known for
cther dendritic localized mRNAs. IPgR plays an important role,
such as induction of synaptic plasticity in neuronal dendrites
(48-50). The dendritic localization and local translation of
CaMKIla« mRENA are responsible for the delivery of the kinase
and for the induction of synaptic plasticity (51). The dendritic
transported mRNA granules containing IP,R1 mRNA may also
be important for accurate delivery of IP;R1 proteins into the
post-synapse and for the induction of synaptic plasticity.

Although the physiological roles of SYNCRIP are still poorly
understood even in non-neurcnal cells, some interesting prop-
erties of SYNCRIP have been reported. Because SYNCRIPis a
component of a protein complex that stabilizes c-fos mRNA
(24), it is possible that SYNCRIP also stabilizes mRNAs during
their transport in dendrites. Insulin stimulation and osmotic
shocks are reported to induce phosphorylation of tyrosine res-
idues of SYNCRIP, and the RNA binding activity of SYNCRIP
is modified by phosphorylation (22, 23). Insulin is present in
the brain (for review, see Ref. 52), and insulin receptor tyrosine
kinases are abundant in the hippocampus, especially in neuro-
nal dendrites, including synapses (53, 54), In addition, overex-
pressed fibroblast growth factor receptor 1, a receptor tyrosine
kinase that is expressed in hippocampal neurons (55), is alse
shown to phosphorylate a human homolog of SYNCRIP
(NSAP1) on its tyrosine 373, which is located in the third RNA
recognition motif domain (56). These studies raize intriguing
possibilities that the turnover or {ranslation of mRNAs con-
tained within mRNA granules could be controlled by the insu-
lin- or fibroblast growth factor-dependent phosphorylation of
SYNCRIP in hippocampal neurons. Elucidating the functions
of SYNCRIP and its regulatory mechanism in mRNA granutes
may provide an important key for understanding the temporal
and spatial regulation of the local translation of mRNA in-
volved in the induction of synaptic plasticity.
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Inositol 1,4,5-trisphosphate receptor typel (IP;R1)
plays an important role in neuronal functions; however,
the lateral diffusion of IP;R1 on the endoplasmic retic-
ulum membrane and its regulation in the living neurons
remain unknown. We expressed green fluorescent pro-
tein-tagged IPgR1 in cultured rat hippocampal neurons
and observed the lateral diffusion by the fluorescence
recovery after photobleaching technique. IP;R1 showed
lateral diffusion with an effective diffusion constant of
~0.3 um?s. Depletion of actin filaments increased the
diffusion constant of IPjR1, sugpesting that the diffu-
sion of IP;R1 is regulated negatively through actin fila-
ments. We also found that protein 4.1N, which binds to
IP;R1 and contains an actir-spectrin-binding region,
was responsible for this actin regulation of the IP;R1
diffusion constant. Overexpression of dominant-nega-
tive 4.1N and blockade of 4.IN binding to IPR1 in-
creased the IP,R1 diffusion constant. The diffusion of
IP3R type 3 (IP;R3), one of the isoforms of IP;Rs lacking
the binding ability to 4.1N, was not dependent on actin
filaments but became dependent on actin filaments after
the addition of a 4,1N-binding sequence. These data sug-
gest that 4.1N serves as a linker protein between IP;R1
and actin filaments, This actin filament-dependent reg-
ulation of IP;R1 diffusion may be important for the spa-
tiotemporal regulation of intracellular Ca®* signaling.

Inositol 1,4,5-trisphosphate (IP,)! receptors (IP;Rs) are in-
tracellular Ca®* channels that are responsible for Ca®~ release
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green fluorescent protein; mRFP, monomeric red fluorescent protein;
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from intracellular stores (1) and located on the membrane of
the endoplasmic reticulum (ER). IP,, which is generated in
response to various extracellular stimuli, binds to IPyRs and
induces Ca?* release (IPg-induced Ca®* release; IICR) (1, 2).
IICR plays crucial roles in various neurenal activities. For
example, mouse strains mutated in the IP3R type 1 (IP;R1)
gene display severe ataxia and epileptic seizures (3, 4). The
control of nerve growth in chick dorsal root ganglia neurons is
dependent on IP3R1 (5). IICR is also known to be involved in
long term potentiation and long term depression. in the hip-
pocampal CAl area (6, 7) and in long term depression in cere-
bellar Purkinje cells (8). Interestingly, IICR in neurons is
highly restricted spatially (8, 10), although the ER is spread
throughout the cell, and the induction of synaptic plasticity (11)
and regulation of nerve growth (5) require spatially restricted
1ICR. Some ER Ca?"-handling proteins including IP;Rs show
uneven distribution patterns (12), and this heterogeneity is
postulated to be responsible for the spatially and temporally
heterogeneous Ca®* signaling patterns. Thus, targeting of
IP4Rs to specific regions in the cell may be one of the important
factors in the spatial regulation of IICR; however, the molecu-
lar mechanisms underlying the spatial regulation of IICR re-
main to be elucidated.

The dynamies of the a-amino-3-hydroxy-5-methyl-4-isox-
azole-propionic acid (AMPA) type glutamate receptior (AMPAR)
have been intensively studied. In addition to an elaborate
mechanism for insertion and removal from the plasma mem-
brane (13), the lateral diffusion of AMPAR on the plasma
membrane is regulated actively, especially by local Ca?* sig-
nals (14, 15). All of the dynamics of AMPAR have been implied
to play impertant roles in the regulation of synaptic transmis-
sion and plasticity. Thus, the distribution pattern of IP;Rs and
their dynamics in dendrites is also considered to be important
for the fine tuning of Ca%*-dependent events, such as synaptic
plasticity, that are little understood to date.

We have shown the existence of vesicular ERs that are trans-
ported along dendrites bi-directionally with a fast velocity (0.2—
0.3 pm/s) (16), in addition to the ER in reticular structure. In
this study, we focused on the dynamics of ER membrane pro-
teins in the reticular ER in dendrites of cultured hippocampal
neurons and observed their diffusive movements using the
fluorescence recovery after photobleaching (FRAP) technique.
To our surprise, the diffusive movement of IP;R1 was regulated
through actin filaments, and this regulation was not seen for
other ER membrane proteins such as sarcoplasraic/endoplas-
mic reticulum calcium-ATPase (SERCA) and IP,R type 3
(IP;R3). Furthermere, we found that the actin-spestrin-binding

This paper is available an line at hitp://www.jbc.org
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protein 4.1N, which binds to the C terminus of [P;R1 (17), may
play crucial roles in the actin-dependent regulation of IP;R1
diffusion.

EXPERIMENTAL PROCEDURES

DNA Constructions—All of the plasmids were propagated in the
Escherichia coli strain HB101, All PCR products were verified by nu-
cleotide sequencing using an AB] PRISM 377 automated sequencer
(Applied Biosystems, Foster City, CA). The constructions of GFP-
tagged sarcoplasmic/endoplasmic reticulum calcium-ATPase 2a
(GFP-SERCAZ2a) (18), GFP-tagged IP,R1 (GFP-IP,R1), GFP-IP,R1.
ACTT14aa, and HA-4.1N-FL (17) were described previously. GFP-
tagged IP;R3 (GFP-IP,R3)® was generated using cDNA clones of mouse
IP,R3 and a cDNA fragment coding enhanced green fluorescent protein.
GFP-H2L4n (19) was kindly provided by Dr. Edidin (The Johns Hop-
kins University, Baltimore, MD), DsRed2-4.1N-FL and DsRed2-4,1N-
CTD were generated by replacing a Venus fragment, a variant of yellow
fluorescent protein (20), in pcDNA3-Venus-4.1N-FL and pcDNA3-
Venus-4, IN-CTD (17) with DsRed2 (BD Bicsciences, San Jose, CA), a
gene encoding a red fluorescent protein.

A monomeric red fluorescent protein (mRFP) expression plasmid
{pcDNA3.1/Zeo —-mRFP) was generated by inserting a fragment encod-
ing mRFP (21), which was kindly provided by Dr. Tsien (University of
California, San Diego, CA), into the EcoRI-BamHI site of pcDNA3.V/
Zeo ! (Invitrogen). mRFP-CTT14aa, namely mRFP-fused with the C-
terminal 14 residues of IP;R1, was generated by inserting a synthesized
DNA fragment corresponding to amino acids 2736-2749 of mouse
IP,R1 into the EeoRI-Xhol site of pcDNA3.1/Zec +-mRFP.

To construct a chimeric cDNA GFP-1P,R3-CTT14aa, we synthesized
primers 1 (5"-CATGAGCCGGGGACATCCTCCTCAC-3"), 2 (6'-CAACA-
ACGCACAGAATCTAGC-3", 3 (5'-GACAAGATGGACTGTGTCTC-3'),
4 (5’-GAGGATGTCCCCGGTCATGCAGTTC-3'), and 5 (5’-TGCTTCA-
TCTCTGGCCTGGAG-3'). First, cDNA sequences encoding amino acids
2735-2740 of IP;R1 and amino acids 2666-2670 of IP,R3 were ampli-
fied by PCR with primer set 1 and 2 and primer set 3 and 4, and
pBlueBac4.5-C1? and pcDNA3.1/Zeo+-EC3 as templates, respectively.
The PCR products were mixed, denatured, annealed, and reamplified
using primer set 2 and 5 to ereate a chimerie sequence. The chimeric
product and the original pcDNA3.1/Zeo+-EC3 were both digested with
Sacll and Xbal and ligated together to obtain the full-length chimera
GFP-IP,R3-CTT14za in pcDNA3.1/Zeo+,

Primary Culture and Transfection of Hippocampal Neurons—Pri-
mary cultures of hippocampal neurons were prepared from the hip-
pocampi of 1-day-cld Wistar rats, as described previously (16). Briefly,
dissociated cells were plated on poly-L-lysine {Nacalai Tesque, Kyoto,
Japan}coated coverslips at a density of 3.2 X 10* cells/cm?® and cultured
in Neurobasal Medium (Invitrogen) supplemented with 2.5 my L-glu-
tamine (Nacalai Tesque), 2.5% (v/v) B-27 (Invitrogen), and antibiotics
{250 units/m! penicillin and 250 pg/ml streptomycin).

The cultures were transfected with 10 pg of the DNAs, usually on
days 4-5 in vitro, using a standard calcium phosphate methed (22), The
transfected cells were used for cytochemistry or imaging experiments
2-3 days after the transfection.

Time Lapse Imaging and Photobleaching Experiments—For the time
lapse imaging experiments, the culture medium was supplemented
with 20 mM HEPES (pH 7.3). Fluorescence images of the cells were
taken under & confocal scanning microscope {(FV-300; Olympus, Tokyo,
Japan) attached to an inverted microscope (IX70; Olympus) with a 60X
objective (NA 1.4 or 1,45, oil immersion, UplanApo; Olympus), The
temperature was maintained at 37 °C using a heating chamber that
surrounded the microscope stage. The GFP signal was excited at 4588
nm, and emission was detected through a 510-550-nm bandpass filter.
The FRAP technique was carried out as follows. An image was taken
before the photobleaching {Before) with a low laser power (6% of full
power) and a scanaing area (66 X 838 um), and the center area of the
field of view was bleached out with continuous high power (100%) laser
scanning with a scanning area (20 X 27 um) for 40 5. The laser power
and scanning area were then returned to the initial settings, and the
fluorescence recovery into the photobleached area was maonitored every
5 a for 5 min, The images were stored at a resolution of 600 X 800 pixels.
The images shown in Figs. 1 {A and B) and 3A were processed after
digital smoothing to reduce the noise level, The smoothing filter is
implemented using 3 X 3 spatial convolutions, where the value of each
pixel in the selection is replaced with the weighted average of its 3 x 3

2M. Iwai, Y. Tateishi, M. Hattori, A, Mizutani, A. Futatsugi. T.
Inoue, T. Furuichi, T. Michikawa, and K. Mikoshiba, unpublished data.
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neighborhood. Center pixels are weighted 4-fold more than surrounding
pixels.

Estimation of the Effective Diffusion Constant (D, ,»—In a previous
study (18), we quantified the movement of ER proteins as the apparent
velocity of the fluorescence recovery after photobleaching, which was
effective for comparing the speed of protein diffusion under the same
experimental conditions, but we could not compare them to the diffu-
sion constants of other proteins reported in the literature. To solve this
issue, we adopted a different approach that enabled direct estimation of
the effective diffusion constants (D) of ER proteins from the FRAP
results, We adopted a theory described by Siggia e of. (23) in which the
movement of proteins on the ER membrane is simulated by diffusion in
random media.

Throughout this study, we considered the ER networks in neuronal
dendrites to be one-dimensional along dendrites, because the thick-
nesses of the target dendrites were much thinner than the photo-
bleached length. We thus simulated the axial movement of the fluores-
cent signals as one-dimensional diffusion using the model proposed by
Siggia ef al. (23). To convert the basic data set, which consisted of a
prebleach image and a series of postbleach images of 12-bit precision, to
a series of one-dimensional data sets, the following arrangements were
carried out, During the experiments, the cells were placed so that the
dendrites lay horizontally in the image frame, During the analysis, the
image was rotated if necessary to ensure that the target dendrite was
horizontal {parallel to the x axis; Fig. 14). A sufficiently large rectan-
gular strip was then selected, including the bleached region of the
dendrite, with its long axis in the x direction, and further analysis was
performed within this rectangle (Fig. 1B). The fluorescence intensity
data in the rectangle was compressed in the y direction by averaging to
create one-dimensional data sets (*line compress”), which were stacked
to create a two-dimensional data set (the second axis represents time;
Fig. 1C). To reduce noise, four contiguous pixels along the x axis were
further averaged to make a “binned” pixel strip of N pixels (F ().

The background flucrescence, which included the offset of the analog/
digital conversion added in reading the photomultiplier cutput of the
confocal scanner, was obtained by averaging the pixel intensities over a
region of the image that did not contain any cell structures. The time
constant of the photobleaching during the acquisition of the postbleach
images was estimated by fitting the fluorescence intensity decay of the
entire cell area to an exponential function.

We calculated the theoretical time course using Equations 1 and 2,
which are derived from Equations 11 and 12, respectively, of Siggia et
al. {23) by slight medifications to introduce the photobleach correction,

Jiv1n = 05D e TG, + BV + 1 — (iph) (Eq. 1)
pilt + 8) = pft) + Hfiv 10— Ji- 1) (Eq. 2)

where T'is the time lapse interval, 1 is the photobleach time constant,
J{t) is the current of the flucrescence, and pt) is the fluorescence
density to which the raw data F,(¢} was fitted. § corresponds to the
initial fluorescence distribution calculated from the prebleach image.
The actual pixel values obtained in experiments were used as a bound-
ary condition (F(¢) and Fy,_,t)) for every time step, which effectively
canceled the fluorescent decrease of the surrounding nonbleached areas
during the photobleaching. We calculated p (t) recursively with differ-
ent values of the D,, and determined the value that best fitted the real
data F,(f). All of the analyses were performed using custom-made
software (T1 Workbench) running en a Macintosh computer. We have
reported the existence of vesicular ERs, which are transported along
dendrites, in addition to the reticular ER structure in hippocampal
neurons (16). However, the total fluorescence sipnal of reticular ER was
about 700-fold larger than that of vesicular ERs in dendrites (data not
shown): we assumed that the effect of signal arising from the vesicular
ER was negligible in this study. The data were expressed as the
means * S.D. Statistical analysis was performed using StatView (Ab-
acus Concepts, Berkeley, CA). A comparison between the two groups
was performed by an unpaired ¢ test. Differences with p values less than
0.05 were considered to be statistically significant.

Drug Preparation and Immunocytechemistry—Stock solutions of la-
trunculin A (1 mg/ml; Invitrogen), jasplakinolide {1 mum; Invitrogen),
and nocodazole (10 mg/ml; Sigma-Aldrich) were prepared in dimethyl
sulfoxide and stored at —20 °C. The final concentrations of latrunculin
A, jasplakinolide, and nocodazole in the culture medium were 1 pg/ml,
10 py, and 30 pgiml, respectively. To apply the drugs to the cells, a
certain quantity of medium eontaining twice the final concentrations of
the drugs was added to an equal volume of the culture medium. Cul-
tured neurons were incubated with latrunculin A and nocodazole for 1 h
each or with jasplakinolide for 3 h at 37 °C in 5% CO,.



48978

To confirm that the cytoskeleton was disrupted or polymerized, fixed
cells were stained with Alexa 594-conjugated phatloidin (Invitrogen) or
an anti-tubulin antibody (Lab Vision, Fremont, CA). The cells were
fixed with 4% formaldehyde in phosphate-buffered saline for 10 min.
After permeabilization with 0.1% Triten X-100 in phosphate-buffered
saline for 10 min and blocking with 5% skim milk in phosphate-buffered
saline, the cells were incubated with the anti-tubulin antibody (1:500
dilution) or Alexa 594-conjugated phalloidin (1:40 dilution). Alexa 488-
cenjugated IgGs (Invitrogen) were used as the secondary antibody for
the anti-tubulin antibody,

Co-immunoprecipitation and Immunoblotting—CQOS-7 cells were
maintained in Dulbeeco’s modified Eagle’s medium (Nacalai Tesque)
supplemented with 10% heat-inactivated fetal bovine serum. Five pg
DNA/10-cm diameter culture dish was transfected using TransIT trans-
fection regents (Mirus, Madison, WI) according to the manufacturer’s
protacol. Transfected COS-7 cells were harvested 1 day after transfec-
tion, and the lysates were prepared as previously described (24). The
cell lysates were centrifuged at 10,000 X g for 30 min at 4 °C, and the
supernatants were used for immunoprecipitation. The lysates were
preincubated with 5-10 ug of an anti-HA mouse monoclonal antibody
(clone 12CA5; Roche Applied Science) or an anti-mouse IgG antibody
(Sigma) for 1 h at 4°C and then incubated with 30 pl of protein
G-Sepharese (Amersham Biosciences) for 2-3 h at 4 °C. The complexes
were then centrifuged and washed with buffer three times. The proteins
were eluted by boiling in 1X SDS-PAGE sample buffer for 3 min and
separated by SDS-PAGE. The proteins were transferred to polyvinyli-
dene difluoride membranes (Millipore), and the membranes were
probed with an anti- enhanced green fluorescent protein antibody
(Santa Cruz, Santa Cruz, CA) and an anti-HA antibedy (Zymed Labo-
ratories Inc., South San Francisco, CA).

RESULTS

Movement of GFP-tagged ER Membrane Proteins in Den-
drites—Cultured rat hippocampal neurons were transfected
with GFP-tagged IP;R1 (GFP-IP;R1) or GFP-tagged SERCAZ2a
{GFP-SERCA2a) to observe the dynamics of ER membrane
proteins in dendrites (Fig. 1A). A segment of each dendrite was
photobleached, and the recovery of fluorescence inte the
bleached area was measured. As shown in Fig. 1B, both GFP-
IP;R1 and GFP-SERCAZ2a gradually migrated into the photo-
bleached area from both ends. The movements of these proteins
were also visualized by constructing “compressed images” from
time lapse image stacks (Fig. 1C; refer to Experimental Proce-
dures). This apparent diffusive nature allowed us to measure
the effective diffusion constant (D) by fitting to a diffusion
model, which was specialized for modeling diffusion in a
straight tubular structure, such as a dendrite (see “Experimen-
tal Procedures™). To examine the validity of this model in neu-
ronal dendrites, we measured the D,z of a smaller ER protein,
GFP-tagged mouse major histocompatibility complex class I
H2L? (GFP-H2L4in) (19) in dendrites and compared this D,q
with that reported for the same protein in non-neuronal cells.
The diffusion coefficient of GFP-H2L%in has been reported to be
~0.40 pm?s in the absence of interaction with the transporter
associated with antigen processing 1 complex in L or EE2H cell
lines (19). In dendrites of hippocampal neurons, in which no
mRNA for transporter associated with antigen processing 1 is
detected (26), the D4 of GFP-H2L%n was 0.46 =+ 0.13 um%s
(n = 25). The similarity between the D 5 values shows that our
model adequately calculates the diffusion constants in den-
drites. Interestingly, the D g of GFP-IP,;R1 (0.26 + 0.10 pm?s,

= 18) waas significantly smaller than those of GFP-SERCA2a
(047 * 0.13 um%s, n = 11) and GFP-H2L%n (0.46 * 0.13
pm?%s, n = 25) (Fig. 2).

GFP-IP,R1 Diffusion Is Sensitive to Actin Filament-destabi-
lizing or -stabilizing Drugs—The diffusion of plasma mem-
brane proteins is regulated by the cytoskeleton, especially actin
filaments (27, 28). We hypothesized that the slow diffusion of
IP;R1 was caused by an interaction with the cytoskeleton and
tested this pessibility by disturbing microtubules and actin
filaments pharmacologically. Nocodazole (30 pg/ml) was used
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Fii. 1. FRAP studies in dendrites of cultured hippocampal
neurons expressing GFP-IP,R1 and GFP-SERCAZ2a. A, fluores-
cence images of neurons transfected with GFP-IP,R1 and GFP-
SERCA2a before FRAP. Scale bar, 5 pm. B, time laps2 fluorescence
images during FRAP. Before, higher magnification of the same images
in A. The areas indicated by white boxes were photobleached and re-
covering fluorescence was recorded every § s. The images shown are
picked out from the time lapse image stack. The amount of time after
the termination of the photobleach is indicated. C, line-compressed
images of fluorescence recovery were constructed from the time lapse
image stacks (see “Experimental Procedures”).

Aok

—

GFP-P3RY GFP-S8ERCA2a GFP-H2Ldin

Fic. 2. The Dy of GFP-IP;R1 is smaller than those of GFP-
SERCAZ2a and GFP-H2L%in. Average effective diffusion constants
(D) of GFP-IP,R1, GFP-SERCA2a and GFP-H2L%n in dendrites.
Note that the D, of GFP-IP,R1 is 1.8-fold smaller than those of GFP-
SERCAZ2a and GFP-H2Lin. The data represent the means = S.D. **,
p < 0.01. The rumbers in parentheses indicate the numbers of neurons
examined.

to disrupt microtubules, and latrunculin A (1 ug'ml) and jas-
plakinclide (10 pa1) were used to disrupt and stabilize actin
filaments, respectively. The effectiveness of the treatments
with these compounds was confirmed by cytocheraistry in cul-
tured rat hippocampal neurcns. After treatment with nocoda-
zole, anti-tubulin antibody staining in neurons was reduced
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Fic. 3. The D, of GFP-IP,R1 is dependent on actin filaments, whereas that of GFP-SERCAZ2a is not. 4, effects of latrunculin A and
jasplakinolide treatment on actin cytoskeleton. Fluorescence images of the dendrite of neurons stained with Alexa 594-conjugated phalloidin. Scale
bar, b pm. B and C, the D, of GFP-IP,R1 (B) and GFP-SERCAZ2a (C) without or with latrunculin A, jasplakinelide, and nocodazole treatments.
Note that the D, of GFP-IP;R1 is altered in the presence of the drugs that affect the actin filaments (latrunculin A and jasplakinolide), whereas
that of GFP-SERCAZ2a is not. Treatment with nocodazole, which destabilizes microtubules, decreases the D, of GFP-IP,R1 and GFP-SERCAZ2a.
The data represent the means = 8.D. *, p < 0.05; **, p < 0.01. The numbers in parentheses indicate the numbers of neurons examined. The D._,,
of GFP-1P;R1 and GFP-SERCA2a for No freal are the same data shown in Fig. 2.

(data not shown). Latrunculin A reduced the density of actin
filaments, whereas jasplakinolide turned individual! bundles of
actin filaments thick and dense (Fig. 3A). Treatment with
nocodazole decreased the D,z of GFP-IP,R1 and GFP-
SERCA2a t0 0.16 + 0.06 um?/s (n = 10} and 0.33 + 0.08 um?%/s
(n = 9), respectively (Fig. 3, B and (), indicating that the
integrity of microtubules is an important determinant for the
diffusion rate of ER proteins. To our surprise, manipulation of
actin filaments only affected the diffusion rate of IP;R1. The
D, of GFP-IP,R1 was increased by latrunculin A treatment
and decreased by jasplakinolide treatment to 0.40 * 0.13 um?/s
{n = 9Yand 0.18 * 0.07 pm?%s (n = 15), respectively (Fig. 3B).
However, the D g of GFP-SERCA2a remained unchanged after
treatments with latrunculin A and jasplakinolide at .43 =
0.16 pm%s (n = 9) and 0.45 * 0.13 pm%s (n = 17), respectively
(Fig. 3C). These data suggest that the movement of GFP-IP;R1
is negatively regulated through actin filaments, whereas that
of GFP-SERCA2a is not. We decided to concentrate on investi-
gating the actin-mediated molecular mechanisms that specifi-
cally regulate the diffusion of IPzR1.

4.IN Binding Regulates the Diffusion Rate of GFP-
IP,R1--We recently found that protein 4.1N, an actin-spectrin-
binding protein, binds to the C-terminal cytoplasmic tail of
IP4R1 via its C-terminal domain, and regulates IP;R1 localiza-
tion in the Madin-Darby canine kidney cell line (17). Because
4.1N is expressed in central nervous system neurons, including
those in the hippocampus, and its expression has also been
shown in cultured hippocampal neurons (29), we therefore con-
sidered 4.1N to be a good candidate for the actin-mediated
control of IP;R1 diffusion. To test this possibility, we investi-
gated the effects of DsRed2 (a red fluorescent protein)>tagged
4.1N fusion proteins on the D4 of GFP-IP3R1. Overexpression
of DsRed2-tagged full-length 4.1N (DsRed2-4.1N-FL) or
DsRed2 alone had little effect on the D g of GFP-IP,RI (0.25 =
0.09 pm%s, n = 21) and {0.24 + 0.13 pm?s, n = 11), respec-
tively (Fig. 4). Next, we analyzed the effect of overexpression of
a dominant-negative form of 4.1N, namely a C-terminal do-
main of 4.1N (4.1N-CTD) that lacks the actin-spectrin-binding
domain (17}, on the Dy of GFP-IP;R1. Interestingly, overex-
pression of the dominant-negative 4.1N increased the D g of
GFP-IP;R1 t0 0.41 + 0.15 pum?s (n = 11), which was similar to

GFP-ImR1I GFR-IPAR1!  GFP.P3R1/

DsRed2 DsRed2 DsRed2

-4 IN-FL  4INLCTD

FiG. 4. The 4.IN-CTD fragment increases the D, of GFP.
IP,R1. The D of GFP-IP;R1 under co-expression with DsRed?2,
DsRed2-4.1N-FL, or DsRed2-4.IN-CTD. The D., of GFP-IP;R1 co-
expressed with DsRed2~4.1N-FL is not significantly different from that
with DsRed2, whereas that after co-expression with DsRed2-4.1N-CTD
increases. The data represent the means = S.D. *, p < 0.05. The
numbers in parentheses indicate the numbers of neurons examined.

the D after latrunculin A treatment (Fig. 4). On the other
hand, the D, of GFP-SERCAZ2a remained unchanged, showing
no apparent side effects of the overexpression of DsRed2—4.1N-
CTD (Table I). These results suggest that DsRed2-4.1N-CTD
disrupted the interaction of GFP-IP;R1 with endogenous 4.1N
and support our idea that actin filaments affect the diffusion
rate of GFP-IP;R1 through 4.1N,

GFP-IP.R1 Diffusion Is Regulated by the CTTI4aa Site—
The 4.1N-binding region of IP;R1 was identified as the C-
terminal 14 amino acids of the cytoplasmic tail: CTT14aa (17).
To confirm whether the 4.1N interaction with CTT14aa was
responsible for the negative regulation of GFP-IP,R1 diffusion,
we cbserved the diffusion of GFP-tagged IP;R3 (GFP-IP,R3),
one of the isoforms of IP4Rs that lacks a segment corresponding
to CTTl4aa (Fig. 5A). We confirmed that GFP-IP,R3 did not
bind to 4.1N by immunoprecipitation (Fig. 5B). The D g of
GFP-IP,R3 (0.45 * 0.13 um?%s, n = 20) was significantly larger
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TaBLE I
Effective diffusion constants (D, ) of various proteins

The values shown are the means = 8.ID.

Proteine Deg Number
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022 +011 11
0.49 + 0.16 9
0.46 + 0,19 7
049 *0.10 10
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GFP-IP;R1! | GFP-iP,R3- | GFP-IP,RY

HA4AN-FL | CTT14aa/ | HA4IN-FL
HA-4.1N-FL

F1G. 5. Association between IP;R3-CTT14aa and 4.1N in vitro.
A, schematic representation of the structures of GFP-IPgR1, GFP-
1P,R1-ACTT14aa, GFP-IP;R3, and GFP-IP;R3-CTTl4aa. B, HA-
4.1N-FL was transiently transfected to COS-7 cells with GFP-IP,R1,
GFP-IP,R3-CTT14aa, or GFP-IP,R3, and the cell lysates were immu-
noprecipitated (IP) with an anti-HA antibody or control IgG. The input
and immunoprecipitated proteins were subjected to SDS.PAGE fol-
lowed by Western blotting with anti-GFP and anti-HA antibodies. GFP-
1P,R1 and GFP-IP,R3-CTT14aa bound to HA-4.1N-FL.

than that of GFP-IP3R1 (Fig. 6A). On the other hand, the
diffusion of GFP-IP3R3-CTT14aa, GFP-IP;R3 fused with
CTT14aa at its C-terminal (Fig. 5A), showed properties similar
to IP;R1 rather than to IPgR3. We confirmed the binding of
GFP-IP;R3-CTT14aa to 4.IN by immunoprecipitation (Fig.
5B), The D 4 of GFP-IP;R3-CTT14aa in dendrites (0.29 = (.13
um?s, n = 15) was close to that of GFP-IP;R1 (Fig. 64) and
significantly smaller than that of GFP-IP,R3 (Fig. 64). Latrun-
culin A treatment increased the D g of GFP-IP;R3-CTT14aa to
0.41 * 0.12 um?%s (n = 21), which was close to that of GFP-
IP,R3 (Fig. 64). This result suggests that CTT14aa servesas a
linker for the actin-mediated diffusion control of IP;R1.

To further investigate whether CTT 14aa was invelved in the
regulation of GFP-IP;R1 diffusion through interaction with
4.1N, GFP-IP;R1-ACTT14aa (GFP-tagged IP;R1 lacking the
last 14 amino acids, i.e. CTT14aa; Fig. §A), which does not bind
to 4.1N (17), was expressed in neurons. The D 4 of GFP-IP;R1-
ACTT14aa (0.44 * 0.11 um?¥s, n = 23) was significantly larger
than that of GFP-IP4R1 and close to those of GFP-IP4R3 and
GFP-SERCAZ2a (Fig. 6B). We then overexpressed a CTT14aa
peptide, which is expected to compete with the GFP-IPgR1 for
the binding site in the endogenous 4.1N. mRFP-tagged
CTT14aa significantly increased the diffusion constant of GFP-
IP,R1 (0.39 = 0.12 um?s, n = 13) while leaving the diffusion

Regulatory Mechanism of IP;R1 Diffusion

A

GFFiPyR1  GFP-PRI GPP-IFyR3  GFP4FRI
LTTtdan LT ima
+Latrunculin A
B o
06 *¥

D,rfpima’s)

']
GFPIP,R1  GFP4P,RYf
-ACTTi4aa mMRFP-CTT{4aa

Fi¢. 6. CTT14aa is involved in the regulation of GFP-IP;R1
diffusion. 4, the D, of GFP-IP;R3 and GFP-IP,R3-CTT14aa and the
D of GFP-IP;R3-CTT14aa treated with latrunculin A. Note that the
D, of GFP-IP;R3-CTT 14aa is smaller than that of GFP-1P;R3 and that
it is increased by latrunculin A treatment. B, the D g of GFP-IP,R1-
ACTT14aa and GFP-IP;R1 under co-expression with mEFP-CTT14aa,
both of which arelarger than that of GFP-1P;R1, The dats represent the
means = S.D. *, p < 0.01. The numbers in parentheses indicate the
numbers of neurons examined. The D 4 of GFP-IP;R1 in A and B are
the same data shown in Fig. 2.

GFPP,R1

constant of GFP-SERCA2a unchanged (Fig. 68 and Table I).
Cverexpression of mRFP did not affect the D4 of GFP-IP;R1
(Table I). Taking all of the results together, we conclude that
the last 14-amino acid segment of IP;R1, CTT14a4, is involved
in the actin-dependent regulation of the GFP-IP,R1 diffusion
rate by interaction with 4.1N (Fig. 7).

DISCUSSION

Nature of the IP,R1 Diffusion—In the present study, we
showed that ER membrane proteins IPsR1, SERCA2a, and
H2L%n diffused on the reticular ER membrane in neuronal
dendrites (Figs. 1 and 2). This is the first report describing the
diffusion of ER membrane proteins and calculating their D, ;in
neuronal dendrites. The D, of GFP-IP;R1 (0.26 pm?/s) was
1.8-fold smaller than those of GFP-SERCA%a and GFP-H2L%n
(0.47 and 0.46 pm?%s, respectively; Fig. 2). This result shows
heterogeneity in the diffusion rates of ER proteins. It has been
proposed that the diffusion of proteins on biological membranes
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A Actin filament B

Fic. 7. Schematic model of regulatory mechanism for IP,R1
diffusion. A, protein 4.1N binds spectrin-actin filaments and CTT14aa
of IP;R1, Therefore IP;R1 does not diffuse freely. B, IP,R3 does not bind
to 4.1N. Therefore it is able to diffuse freely.

is dependent on the size of the transmembrane region of each
protein (30), although this does not appear to be consistent
with our results. The D 4 of GFP-IP;R3, GFP-SERCA2a, and
GFP-H2L%n, which are expected to have transmembrane re-
gions of different sizes, were quite similar (0.45-0.47 pm?/s)
(Figs. 2 and 6A). Moreover, the D g of GFP-IP;R1 was smaller
than that of GFP-IP;R3 (Fig. 64), despite the similarity in size
of their transmembrane regions as well as of the whole mole-
cules. Thus, we consider that the small D,z of GFP-IP;R1
compared with those of other ER proteins is not due to the
difference in molecular size but rather to a negative regulatory
mechanism specific for IP;R1 diffusion.

We previously reported that the movement velocity of the
GFP-tagged C-terminal half of IP;R1, containing the trans-
membrane region, was similar to that of GFP-SERCA2a in the
axons of chick dorsal root ganglion neurons (18). The discrep-
ancy between this study and the previous one may arise from
the difference in the cellular region studied {(dendrites versus
axons), the cell type, or the structure of the IP;R1 used (full-
length versus truncated form).

Regulatory Mechanism of the GFP-IP;R1 Diffusion—The dif-
fusion of plasma membrane proteins is regulated by the cy-
toskeleton, especially actin filaments {reviewed in Refs. 27 and
28). Actin filaments are also involved in the regulation of phos-
pholipids diffusion in the plasma membrane (31). In this study,
we have demonstrated an example of actin-mediated regula-
tion of ER protein diffusion for the first time. It has been
reported that the integrity of actin filaments affects IICR prop-
erties (32). The specific regulation of IP;R1 diffusion by actin
filaments found in the present study could be underlying such
fanctional regulations of Ca?* release by actin cytoskeleton in
neurons.

The contribution of microtubules was almost the same for
the diffusion of GFP-IP;R1 and GFP-SERCA2a (Fig. 3, B and
C). Because microtubules are known to be involved in the
dynamics of the ER membrane, such as tubule branching, ring
closure, and sliding (33, 34), the diffusion of GFP-IP;R1 and
GFP-SERCA2a may not be dependent on their direct interac-
tion with microtubules but rather on changes in the dynamics
of the ER membrane. Further studies are required to verify
this hypothesis, and investigating the contribution of microtu-
bules te the regulation of the dynamics of other ER proteins
may be useful for addressing this issue.

In the present study, we focused on an actin filament-de-
pendent regulatory mechanism for the diffusion of GFP-IP,R1
through 4.1N (Figs. 4 and 6). Fig. 7 shows a schematic model of
the regulation of IP;R1 diffusion. Protein 4.1N that contains an
actin-spectrin-binding domain was identified as a binding pro-
tein of the C-terminal 14 aminoe acids of IP;R1 (17). Because
other protein 4.1 homologues play eritical roles in the mechan-
ical stability of the plasma membrane, and 4.1N is also postu-
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lated to play such a role (29). Recently, 4.1N is also reported to
play roles in the translocation or cell surface expression of
receptor molecules. In polarized Madin-Darby canine kidney
cells, 41N is required for IP3R1 translocation to the basolateral
membrane domain (17). In neurons, there is growing evidence
suggesting that 4. 1N is involved in the regulation of the surface
expression of receptors and channels in the plasma membrane,
such as D2 and D3 dopamine (35) and AMPA (24) receptors. In
the latter case, cross-linking of AMPAR to actin filaments
through 4.1N is postulated (24). These findings, together with
the present results, indicate that 4.1N may regulate proteins
on both the plasma membrane and the ER membrane in neu-
rons. However, the present data do not mean that 4.1N is the
only regulatory protein for IP;R1 diffusion. Because numerous
IP,R1-binding proteins are known (36), including proteins that
interact with actin filaments, e.g. ankyrin 2, B-spectrin, and
a-fodrin (37), proteins other than 4.IN may also contribute to
the regulation of IP;R1 diffusion through linking to actin fila-
ments. This study is the first step in elucidating the possibly
complex regulatory mechanism of IP;R1 diffusion.

Finally, we would like to speculate on the physiological roles
for this regulatory mechanism of IP;R1 diffusion. IP;R1 is
responsible for various neuronal activities, e.g. synaptic plas-
ticity in postsynapse {6—8) and nerve growth in growth cones
(5). Interestingly, actin filaments are enriched in the dendritic
spines and growth cones where IICR from IP;R1 is reported to
be important for physiological functions (38 -40). Heterogene-
ous distribution of some of the Ca? -handling ER proteins is
considered to be important for generating spatially complex
Ca?* signal (12), and negative regulation of IP;R1 diffusion by
actin filaments may be involved in the spatial heterogencity of
IP,R1, namely the spatial regulation of Ca?* release that in-
fluences various neuronal activities such as synaptic plasticity
and nerve growth, especially in neurons expressing 4.1N.
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