The Journal of Neuroscience, March 23, 2005 - 25(12):3067-3079 * 3067

Development/Plasticity/Repair

Distinct Roles of Calcineurin—Nuclear Factor of Activated
T Cells and Protein Kinase A— cAMP Response Element-
Binding Protein Signaling in Presynaptic Differentiation

Tomoyuki Yoshida and Masayoshi Mishina
Department of Molecular Neurobiology and Pharmacology, Graduate School of Medicine, University of Tokyo, and Solution-Oriented Research for Science
and Technology, Japan Science and Technology Corporation, Tokyo 113-0033, Japan

Synaptic vesicle accumulation and morphological changes are characteristic features of axon terminal differentiation during synapto-
genesis. To investigate the regulatory mechanism that orchestrates synaptic molecules to form mature presynaptic terminals, we visu-
alized a single axon terminal of zebrafish olfactory sensory neurons in vivo and examined the effects of the neuron-specific gene manip-
ulations on the axon terminal differentiation. Synaptic vesicles visualized with vesicle-associated membrane protein 2 (VAMP2)-
enhanced green fluorescent protein (EGFP) fusion protein gradually accumulated in axon terminals, whereas the axon terminals
visualized with GAP43 fused with EGFP remodeled from complex shapes with filopodia to simple shapes without filopodia from 50 h
postfertilization (hpf) to 84 hpf. Expression of dominant-negative protein kinase A (PKA) or cAMP response element-binding protein
(CREB) suppressed the VAMP2-EGFP punctum formation in axon terminals during synaptogenesis. Consistently, constitutively active
PKA or CREB stimulated VAMP2-EGFP puncta formation. On the other hand, cyclosporine A treatment or suppression of nuclear factor
of activated T cells (NFAT) activation prevented the axon terminal remodeling from complex to simple shapes during synaptogenesis.
Consistently, expression of constitutively active calcineurin accelerated the axon terminal remodeling. These results suggest that cal-

cineurin-NFAT signaling regulates axon terminal remodeling, and PKA-CREB signaling controls synaptic vesicle accumulation.
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Introduction

Brain function is based on highly complex neural networks and
their dynamics. Synaptic transmission requires elaborate struc-
tural specializations in both presynaptic and postsynaptic cells.
The presynaptic terminal is hallmarked by a large number of
synaptic vesicles orderly clustered around the active zone where
synaptic vesicles dock and fuse (Dresbach et al., 2001). Synaptic
vesicles are enriched with the proteins including vesicle-
associated membrane protein 2 (VAMP2), synaptophysin,
rab3A, synaptic vesicle protein 2, and synaptotagmin (Elferink
and Scheller, 1993). In contrast, the active zone is enriched with
several cytoskeletal proteins such as Piccolo/Aczonin and Bas-
soon (Garner et al., 2000). Many neurons synthesize synaptic
machinery through intrinsic programs before cell-cell interac-
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tions (Ahmari et al., 2000; Zhai et al., 2001). The initial interac-
tion between the presynaptic and postsynaptic cells triggers in-
tracellular signals that induce assembly of preexisting synaptic
machinery and a series of events that locally alter the structures of
both cells to form a stable synapse (Vardinon-Friedman et al.,
2000). Presynaptic differentiation and maturation is accompa-
nied often by characteristic features including synaptic vesicle
accumulation in the axon terminal, active zone formation, and
change in cytoskeletal and membranous organizations (Kullberg
et al., 1977; Hamori and Somogyi, 1983; Dent et al., 1999).
Evidence is accumulating that several cell adhesion molecules
such as B-neurexin, SynCAM, and N-cadherin are involved in the
axon terminal differentiation of cultured neurons (Scheiffele et
al., 2000; Biederer et al., 2002; Togashi et al., 2002; Dean et al.,
2003). In addition, target-derived factors such as WNT-7a, fibro-
blast growth factor (FGF) 22, and their downstream signals are
important for presynaptic development (Hall et al., 2000; To-
kuoka et al., 2002; Umemori et al., 2004). Furthermore, genetic
approaches in Drosophila and Caenorhabditis elegans identified
diverse genes involved in the presynaptic differentiation, includ-
ing genes for a Ser/Thr protein kinase, a microtubule-associated
protein, a ubiquitin ligase, and a scaffold protein (Jin, 2002).
Although large numbers of molecules are probably involved in
synaptogenesis, intracellular signaling that orchestrates them to
form mature presynaptic terminals is poorly understood. Intra-
cellular levels of Ca** and cAMP are involved in the regulation of
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axon pathfinding and the plastic modification of presynaptic
function (Songand Poo, 1999; Poser and Storm, 2001). However,
possible roles of Ca** and cAMP signaling in axon terminal dif-
ferentiation during synaptogenesis remain unexamined.

To investigate the intracellular signaling that controls the
axon terminal differentiation, we used the olfactory sensory
neuron-specific gene manipulation system in transparent ze-
brafish embryos (Yoshida and Mishina, 2003). Using olfactory
marker protein gene (omp) promoter (Pomp)-driven effector—
reporter double-cassette vectors, we found that the expression of
constitutively active protein kinase A (PKA) or cAMP response
element (CRE)-binding protein (CREB) stimulated the forma-
tion of VAMP2-enhanced green fluorescent protein (EGFP)
puncta in presynaptic terminals. Consistently, dominant-
negative PKA (dnPKA) or CREB suppressed the VAMP2-EGFP
punctum formation. On the other hand, the upregulation of cal-
cineurin stimulated morphological remodeling of axon termi-
nals, and the suppression of calcineurin or nuclear factor of acti-
vated T cells (NFAT) prevented the remodeling. These results
suggest that calcineurin—-NFAT and PKA—CREB signaling regu-
late the morphological remodeling and synaptic vesicle accumu-
lation, respectively.

Materials and Methods

Animals. Zebrafish AB strain was used. Zebrafish embryos were raised at
28.5°C in embryo medium (EM) containing 17 mm NaCl, 0.27 mm
CaCl,, 0.66 mm MgSO,, 0.4 mm KCl, and 1 X 10 ) methylene blue.
Construction of zebrafish olfactory sensory neuron-specific expression
vectors. The Ras farnesylation signal between the BamHI and BglI1 sites of
pEGFP-F (Clontech, Palo Alto, CA) was deleted to yield pEGFPd. The 1.0
kb DNA fragment carrying the EGFP coding sequence and the simian
virus 40 (SV40) polyadenylation signal sequence (EGFP-SV40polyA)
was obtained by PCR with primers (5'-GGATCCACCGGTCGC-
CACCATGG-3" and 5'-GTCGACGCTTACAATTTACGCG-3') using
pEGFPd as a template. The 0.6 kb coding sequence of zebrafish GAP43
(GenBank accession number 127645) was obtained by reverse
transcriptase-PCR (RT-PCR) using total RNA from 24 h postfertilization
(hpf) zebrafish embryos with primers (5'-CCGGAATTCACATG-
TTGTGCTGCATCAGAAGAAC-3' and 5'-CGCGGATCCCGAACAC-
TCTCCTCTGTGCC-3"). The 0.4 kb coding sequence of rat VAMP2 was
obtained by PCR with primers (5'-CCGGAATTCACATGTCGG-
CTACCGCTGC-3" and 5-GACCGGTGGATCCGAAGTGCTGAAG-
TAAACGATG-3") using VAMP2/pEGFP-N3 (a gift from Dr. M.
Kataoka, Shinshu University, Nagano, Japan) as a template. The 0.6 kb
BspLU111-BamHI fragment from the zebrafish GAP43 coding sequence,
the 1.2 kb Ncol-BamHI fragment from internal ribosomal entry site-
tauGFP-LNL cassette (Rodriguez et al., 1999), and the 0.4 kb BspLU11I—-
BamHI fragment from the rat VAMP2 coding sequence were ligated with
the 1.0 kb BamHI-Sall fragment from EGFP-SV40polyA to yield re-
porter genes, GAP43-EGFP, tau-EGFP, and VAMP2-EGFP, respectively.
The GAP43-EGFP, tau-EGFP, and VAMP2-EGFP genes were ligated
with the 1.4 kb EcoRI-BspLU11I fragment from the 5’ upstream se-
quence of the zebrafish omp gene (Yoshida et al., 2002) and the 3.0 kb
Sall-EcoRI fragment from pBluescript II SK+ (Stratagene, La Jolla, CA)
to yield Pomp-GG, Pomp-TG, and Pomp-VG, respectively. The 1.2 kb
coding sequence of the constitutively active form of mouse calcineurin
(caCN) was obtained by PCR with primers (5'-TCTAGAACAT-
GTCCGAGCCCAAGG-3" and 5'-GGGAATTCTCAGTAATCTGGAA-
CATCGTATGGGTACATTTCCTTCCGGGCTGCGGC-3') using pBJ-
CNAA (Clipstone and Crabtree, 1992) as a template. The coding se-
quence of A-CREB was obtained as described previously by Ahn et al.
(1998). The 0.35 kb coding sequence of the DNA binding domain of
mouse CREB was obtained with primers (5'-TACGGTGGGCAGAT-
TCTAGTGCCC-3" and 5'-TCTAGAAAATTAATCTGATTTGTGGC-
3') using mouse CREB cDNA as a template, whereas the 0.26 kb sequence
encoding the VP16 activation domain was amplified with primers (5'-
CCATGGGACACACGCGCAGACTG-3" and 5'-TAGAATCTGC-
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CCACCGTACTCGTC-3") using pTet-On (Clontech) as a template. The
VP16-CREB sequence was obtained by PCR using these two DNA frag-
ments as templates. The 0.7 kb coding sequences of glutathione S-
transferase (GST)-VIVIT and GST-control peptide (CP) were generated
by PCR with primers 5'-TCATGACCCCTATACTAGGTTATTG-3" and
5'-TCTAGATCACTCCTCGTGGGGGCCGGTGATGACGATGACG-
GGGTGGGGGCCGGCCATGGTGGATCCACGCGGAACCAG-3" and
with primers 5-TCATGACCCCTATACTAGGTTATTG-3" and
5'-TCTAGATCACATGATGATCTCGCCGGGGGTGACGTGCTCGA-
CGGCGGGGGGGCCGTGGATGGTGGATCCACGCGGAACCAG-3’
using pGEX-2TK (Amersham Biosciences, Uppsala, Sweden) as a template,
respectively; the sequences of VIVIT and CP peptides are MAGPHPVIVIT-
GPHEE and IHGPPAVEHVTPGEIM, respectively. These PCR fragments
were subcloned into pCRII-TOPO vector (Invitrogen, Grand Island, NY) or
pBluescript IT SK+ vector. The 1.2 kb EcoRI-BspLU11I fragment from the
mouse caCN coding sequence, the 0.25 kb Ncol-EcoRI fragment from the A-
CREB coding sequence, the 0.6 kb Ncol-EcoRI fragment from the VP16-
CREB coding sequence, the 0.8 kb BspHI-EcoRI fragment from the GST-
VIVIT coding sequence, and the 0.8 kb BspHI-EcoRI fragment from the
GST-CP coding sequence were ligated with the 2.7 kb NoI-BspLU111 frag-
ment from the 5" upstream sequence of the zebrafish omp gene (Yoshida et
al., 2002), the 3.0 kb EcoRI-BglII fragment from the 3" downstream sequence
of the zebrafish omp gene, and the 3.0 kb BamHI-Not] fragment from pBlue-
script IT SK+ to yield Pomp-caCN, Pomp-ACREB, Pomp-VP16CREB,
Pomp-GST-VIVIT, and Pomp-GST-CP, respectively. The 2.7 kb omp pro-
moter-driven constitutively active form of mouse PKA « catalytic subunit
expression vector (Pomp-PKA*) and dominant-negative form of the mouse
type I regulatory subunit expression vector (Pomp-dnPKA) were described
previously (Yoshida et al., 2002). Double-cassette vectors were constructed
by inserting the effector cassettes into Pomp-GG, Pomp-TG, and Pomp-VG
in the tail-to-head manner. The 2.0 kb DNA fragment encoding the amino
acid residues 1-680 of mouse Bassoon (tom Dieck et al., 1998; Dresbach et
al., 2003), the 0.8 kb enhanced yellow fluorescent protein (EYFP) coding
sequence from pEYFP-N1 (Clontech), and 3.0 kb EcoRI-Bg/II fragment
from the 3’ downstream sequence of the zebrafish omp gene were fused and
placed under the control of the 2.7 kb NofI-BspLU11I fragment from the 5’
upstream sequence of the zebrafish omp gene to yield Pomp-Bassoon-EYFP.
The 0.4 kb rat VAMP2 coding sequence, the 0.8 kb enhanced cyan fluores-
cent protein (ECFP) coding sequence from pECFP-N1 (Clontech), and the
3.0 kb 3" downstream sequence of the zebrafish omp gene were fused and
placed under the control of the 2.7 kb 5" upstream sequence of the zebrafish
omp gene to yield Pomp-VAMP2-ECFP. The 1.2 kb Xhol-BamHI fragment
of Xenopus elongation factor 1a (EFla) promoter from pT2KXIG (a gift
from Dr. K. Kawakami, National Institute of Genetics, Mishima, Japan),
the 0.7 kb BamHI-BsrGI fragment from pECFP-N1, and the 3.5 kb Xhol—
BsrGI fragment from pd2EGFP-N1 (Clontech) were ligated to yield
PEF1a-d2ECFP. The EGFP coding sequence of pCRE-d2EGFP (Clon-
tech) was replaced by the EYFP coding sequence to yield pCRE-d2EYFP.
A linker sequence containing a BamHI site was inserted into the NotI site
of pCRE-d2EYFP to yield pB-CRE-d2EYFP. The 1.6 kb BamHI fragment
from pB-CRE-d2EYFP was inserted into the BglII site of PEF1-d2ECFP
to yield PEF1-d2ECFP-CRE-d2EYFP.

Microinjection of DNA into zebrafish embryos. Expression vectors were
linearized by Spel or Xhol and dissolved in 100 mm KClI containing 0.05%
phenol red. Approximately 0.2—0.5 nl of the DNA solution at the con-
centrations of 50—100 ng/ul was injected into the cytoplasm of the one-
to four-cell embryos.

Generation of transgenic zebrafish lines. The 0.5 kb zebrafish tbr1 cDNA
fragment was obtained by RT-PCR using total RNA extracted from 24
hpf embryos with primers (5'-TCTGGTCTCGACCCAACG-3" and 5'-
GTCAACCGATCGATGTCGC-3"). By screening a zebrafish P1-derived
artificial chromosome library (Incyte Genomics, St. Louis, MO) using
the PCR fragment as a probe, we isolated the tbr1 gene. The 0.8 kb EYFP
coding sequence from pEYFP-N1 and the 0.2 kb BsrGI-Xhol fragment
from EGFP-SV40polyA were fused and placed under the control of the 10
kb EcoRI-Xhol fragment containing the 5’ upstream sequence and 12 bp
N-terminal coding sequence of the zebrafish tbrl gene to yield Ptbr-
EYFP. The 0.4 kb Pyull fragment from pBluescript I SK+ carrying mul-
ticloning site was inserted between the Pvull and SnaBI sites of pGBT9
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vector (Clontech) to yield pGBT-MCS. The 4.7kb Kpnl-Sacl fragment
from pTol2000 (Kawakami and Noda, 2004) was inserted between the
Kpnl and Sacl sites of pPGBT-MCS to yield pGBT-T2K. The 11 kb EcoRI-
Apal fragment from Ptbr-EYFP was inserted between the EcoRI and Apal
sites of pGBT-T2K to yield pGBT-T26-tbr-EYFP. The 6.9 kb NofI-Xhol
fragment from Pomp-VAMP2-ECFP was inserted between the Nrul and
Xhol sites of pTol2000 to yield pT26-omp-VAMP2-ECFP. Approxi-
mately 0.2-0.5 nl of solution containing 50-100 ng/ul pGBT-T26-tbr-
EYFP and pT28-omp-VAMP2-ECFP, 25 ng/ul Tol2 mRNA (gift from
Dr. Kawakami), 100 mm KCl, and 0.05% phenol red was injected into
zebrafish fertilized eggs. Injected fish were maintained to sexual maturity
and crossed with wild-type fish to examine the transmission of the trans-
gene to the next generation. For observation of development of neural
contacts in the olfactory system, F1 fish of Ptbr-EYFP and Pomp-
VAMP2-ECFP lines were crossed.

Immunohistochemistry. Zebrafish embryos at 60 and 84 hpf of the omp
promoter-driven VAMP2-ECFP transgenic line were frozen in OCT
(Tissue-Tek, Miles, Elkhart, IN), sectioned at a 10 wm thickness, and
then fixed with 4% paraformaldehyde for 30 min at room temperature.
After the sections had been washed with PBS and blocked with 2% bovine
serum albumin in PBS for 1 h, they were incubated with the rabbit
anti-GFP antibody (1:2000; Molecular Probes, Eugene, OR) and mouse
anti-syntaxin antibody (1:200; Sigma, St. Louis, MO) overnight at room
temperature in blocking solution. Samples were visualized with anti-
mouse IgG-Alexa Fluor 546 (1:1000; Molecular Probes) and anti-rabbit
IgG-Alexa Fluor 488 (1:1000; Molecular Probes) for 1 h at room
temperature.

Microscopy. Zebrafish embryos expressing reporter genes in olfactory
sensory neurons at 28 —29 hpf were screened by a fluorescent microscope
using NIBA filter (Olympus, Tokyo, Japan). Screened embryos were then
mounted in 1% low-melting point agarose in EM containing 0.02%
3-aminobenzoic acid ethyl ester (tricaine; Sigma) with their heads to-
ward the glass bottom of a dish at 36, 60, and 84 hpf. Embryos were
imaged by a MRC-1024 confocal microscope (Bio-Rad, Hercules, CA)
with an argon laser using a water immersion LUMPlanFL/IR2 60X ob-
jectivelens (Olympus): zoom setting, 5.0 for single axon terminal; Z-step,
1-2 pum; image size, 512 X 512 pixels. BODIPY505/515 labeling of em-
bryos was performed as described by Dynes and Ngai (1998). The EYFP
and ECFP signals in zebrafish embryos were imaged by the Radiance
2100 confocal scanning system (Bio-Rad) using a Nikon 60X water lens
[numerical aperture (NA), 1.00]: zoom setting, 1.0; Z-step, 4 wm; image
size, 512 X 512 pixels.

Cyclosporine A treatment. Zebrafish embryos injected with Pomp-GG
or Pomp-VG were dechorionated and soaked in the EM containing 0.1%
ethanol with or without 100 uMm suspension of cyclosporine A from 30 to
84 hpf. Treated embryos were mounted in 1% low-melting agarose in EM
at 60 and 84 hpf for microscopy.

CRE reporter gene assay. PEF1a-d2ECFP-CRE-d2EYFP-injected em-
bryos were mounted in 1% low-melting agarose in EM at 24, 36, 48, 60,
72, and 84 hpf. ECFP-positive cells in the olfactory placode were imaged
by the Radiance 2100 confocal scanning system (Bio-Rad) using a Nikon
60X water lens (1.00 NA): zoom setting, 1.0; Z-step, 3 um; image size,
512 X 512 pixels. Power, gain, and iris setting of argon and helium—
cadmium lasers were fixed through all the image acquisitions (laser
power, 80%j gain, 80%; iris, 5; sequential mode).

Image processing. All quantitative measurements were made on the
computer screen using the NIH Image 1.62 in the blind manner with
respect to the expression vectors injected. For measurements of axon
terminal morphology and VAMP2-EGFP puncta, z series optical sections
were projected by the brightest point method and smoothened by the
rank filter method. The outline of an axon terminal was traced from the
first branch point or from the point where axonal width was three or
more times wider than that of the axon shaft. The trace and the enclosed
region were defined as the perimeter and area of the axon terminals,
respectively. The complexity was given by dividing the square of the
perimeter by the area. The stretch of the axon terminal was determined as
the distance between the two furthest points within the area. The
VAMP2-EGFP punctum was defined as an area larger than five pixels in
which the intensity of VAMP2-EGFP signals was five or more times
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stronger than that of nonvaricose and nonpunctate axonal shaft on the
same axon. Axons longer than 10 um were used for measurements. Ex-
pression levels of d2ECFP and d2EYFP in each cell were measured as the
optical mean density within a circle with 6 um diameter enclosing the cell
body. Statistical significance was evaluated by two-way ANOVA. When
the interaction was significant, unpaired ¢ test or Dunnett’s test was used.
One-way ANOVA was used for the statistical analysis of developmental
changes of the axon terminal morphology, VAMP2-EGFP puncta, and
CRE-mediated d2EYFP expression.

Results

Development of zebrafish olfactory sensory neuron
projection in the olfactory bulb

Axons of zebrafish olfactory sensory neurons begin to extend
toward the olfactory bulb at ~22 hpf, reach the target sites, and
stop the extension at ~50 hpf (Dynes and Ngai, 1998; Yoshida et
al., 2002). Then, a stereotyped pattern of glomeruli in the olfac-
tory bulb, the anatomical basis for an olfactory sensory map
(Ressler et al., 1994; Vassar et al., 1994; Mombaerts et al., 1996;
Friedrich and Korsching, 1997), is manifested between 2 d post-
fertilization (dpf) and 3.5 dpf (Wilson et al., 1990; Dynes and
Ngai, 1998). To confirm the synaptogenesis period, we moni-
tored the axon terminal development of olfactory sensory neu-
rons using olfactory sensory neuron-specific omp promoter (Yo-
shida et al., 2002) and VAMP2 fused with ECFP as a well
characterized marker of synaptic vesicles (Miesenbock et al.,
1998; Nonet, 1999; Ahmari et al., 2000). In the developing olfac-
tory bulb, the target areas for olfactory sensory neurons are visu-
alized by BODIPY dye as plaque-like structures at ~50 hpf, and
these structures grow to form a stereotyped pattern of glomeruli
at 84 hpf, as described by Dynes and Ngai (1998). In transgenic
fish, the omp promoter directed the expression of VAMP2-ECFP
in olfactory sensory neurons from 22 hpf, as described previously
(Yoshida et al., 2002). The weak VAMP2-ECFP signals were dis-
tributed in cell bodies and axons at 36 hpf, a stage when axons of
olfactory sensory neurons actively extended in the olfactory bulb
(Fig. 1A). BODIPY dye staining showed no neuropil-like acellu-
lar structures in the olfactory bulb at 36 hpf (Fig. 1 A). At 50 hpf,
BODIPY-labeled structures appeared in the olfactory bulb, and
several of them merged with VAMP2-ECEFP signals in olfactory
neuron axon terminals (Fig. 1C, arrow). Accumulation of
VAMP2-ECFP signals in the axon terminal within BODIPY-
labeled areas and enlargement of BODIPY-labeled structures fur-
ther proceeded at 60 hpf (Fig. 1 E, arrows). Intense VAMP2-ECFP
signals merged with BODIPY-labeled glomeruli at 84 hpf (Fig.
1G, arrows). Moreover, in transgenic embryos carrying the
T-brain 1 gene, promoter-driven EYFP gene, and the omp
promoter-driven VAMP2-ECFP gene, VAMP2-ECFP signals of
olfactory sensory neuron axon terminals and EYFP signals of the
target cell dendrites in the olfactory bulb became merged by 50
hpf (Fig. 1B, D, F, H). These observations confirmed that the syn-
apse formation between olfactory sensory neurons and postsyn-
aptic cells in the olfactory bulb proceeded between ~50 and
84 hpf.

Synaptic vesicle accumulation in axon terminals of olfactory
Sensory neurons

Using VAMP2-EGFP as a reporter and microinjection technique
to visualize a single neuron (Yoshida and Mishina, 2003), we then
examined the development of synaptic vesicle accumulation in
axon terminals of individual olfactory neurons. In embryos in-
jected with the control Pomp-VG vector carrying the omp
promoter-driven  VAMP2-EGFP construct (Fig. 2A, top),
VAMP2-EGFP signals were distributed widely along the axon
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Figure 1. Development of connections between olfactory sensory neurons and target neu-
ronsin the dorsal olfactory bulb in living zebrafish. 4, C, E, G, Frontal views of the right olfactory
organ of a BODIPY-labeled zebrafish embryo carrying the omp promoter-driven VAMP2-ECFP
transgene at 36 hpf (4), 50 hpf (C), 60 hpf (E), and 84 hpf (G). Each panel is a single optical
section. VAMP2-ECFP (green) and BODIPY505/515 (red) signals were imaged with a helium—
cadmium (HeCd) and an argon (Ar) laser, respectively. Arrows point to BODIPY-labeled areas
merging with VAMP2-ECFP signals in olfactory neuron axon terminals. B, D, F, H, Frontal views
of the right olfactory organ of a zebrafish embryo carrying both the omp promoter-driven
VAMP2-ECFP and tbrT promoter-driven EYFP transgenes at 36 hpf (B), 50 hpf (D), 60 hpf (F),
and 84 hpf (H). These composite images were generated from 15—20 z-series optical sections.
VAMP2-ECFP (green) and EYFP (red) signals were imaged with a HeCd and an Ar laser, respec-
tively. Arrowheads indicate EYFP-positive round cells in the dorsal olfactory bulb. Asterisks
indicate the nasal pit, and dashed lines indicate the boundary between olfactory placode and
olfactory bulb. 0B, Olfactory bulb; OP, olfactory placode. (Z, DZ, LZ, MZ, and VZ indicate the
central, dorsal, lateral, medial, and ventral zones of glomeruli, respectively. Scale bar, 20 pem.

and in the growth cone at 36 hpf (Fig. 2D) and then became
gradually restricted and punctate within the axon terminals at 60
hpf (Fig. 2 E). At 84 hpf, intense signals were localized in the axon
terminals (Fig. 2 F).

Punctate signals of VAMP2-ECFP in the axon terminals
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merged well with signals of Bassoon-EYFP, a presynaptic marker
(tom Dieck et al., 1998; Dresbach et al., 2003) at 50 hpf and
thereafter (Fig. 2B). Moreover, VAMP2-ECFP puncta merged
well with immunoreactive signals of endogenous syntaxin, one of
target membrane soluble N-ethylmaleimide-sensitive factor
(NSF) attachment protein receptor proteins, at 60 and 84 hpf
(Fig. 2C). These analyses suggest that punctate signals of
VAMP2-ECFP localized near the active zone of nerve terminals.
In >90% of embryos at 84 hpf, the intensity of VAMP2-EGFP
signals in the axon terminals was more than five times stronger
than that in the axonal shaft. Thus, we measured the develop-
mental changes in the area in which the intensity of VAMP2-
EGFP signals was five or more times stronger than that of the
axonal shaft as the VAMP2-EGFP punctum. In control olfactory
neurons of Pomp-VG-injected embryos, the punctate area per
axon markedly increased between 36 and 60 hpf and further in-
creased between 60 and 84 hpf (one-way ANOVA; p = 3.4 X
10 ~'") (Fig. 2G-I,P). Thus, the accumulation and punctum for-
mation of VAMP2-EGEFP signals during development are good
indicators of the axon terminal maturation.

Constitutively active PKA promotes VAMP2-EGFP punctum
formation in axon terminals

We next examined the effects of PKA and calcineurin signaling
on synaptic vesicle accumulation during development using the
double-cassette vector strategy (Yoshida et al., 2002). It is known
thata constitutively active form of mouse PKA « catalytic subunit
(PKA¥) (Orellana and McKnight, 1992) stimulates PKA signaling
in zebrafish embryos (Hammerschmidt et al., 1996). A constitu-
tively active form of mouse calcineurin (Clipstone and Crabtree,
1992) stimulates calcineurin signaling in Xenopus embryos
(Nishinakamura et al., 1997) and shares 88% amino acid identity
with the corresponding region of the zebrafish counterpart. We
thus constructed expression vectors, Pomp-VG-caCN and
Pomp-VG-PKA*, by linking the omp promoter-driven expres-
sion vectors for caCN and PKA* with the omp promoter-driven
VAMP2-EGEFP fusion protein gene in the tail-to-head manner,
respectively (Fig. 2A). Injection of these double-cassette vectors
into zebrafish embryos enabled the expression of the effector
molecules (caCN and PKA*) together with the reporter
(VAMP2-EGFP) in the same olfactory neurons. Olfactory sen-
sory neurons in zebrafish embryos injected with the VAMP2-
EGFP expression vector served as a control.

There were significant differences in the punctate area per
olfactory sensory neuron axon among Pomp-VG-, Pomp-VG-
caCN-, and Pomp-VG-PKA*-injected embryos (two-way
ANOVA; expression vector effect, p = 0.005; age X expression
vector interaction, p = 0.06) (Fig. 2D-F,J-P). The VAMP2-
EGFP punctate area in the axon terminals of Pomp-VG-PKA*-
injected embryos were significantly larger than those of control
Pomp-VG-injected embryos at 36 hpf (Dunnett’s test; p = 0.007)
(Fig. 2 M, P). These results suggest that the stimulation of PKA
signaling promoted the VAMP2-EGFP punctum formation in
the axon terminals of olfactory sensory neurons. In contrast to
the strong effects of constitutively active PKA, the expression of
caCN did not affect the VAMP2-EGFP punctate area (Fig.
2J-L,P).

Because PKA* disturbed the axon projection of olfactory sen-
sory neurons (Yoshida et al., 2002), we examined the effects of
PKA* and caCN on the terminal reach value, that is, the distance
from the nasal pit to the axon terminal of olfactory sensory neu-
rons. For visualizing dendrites and axon terminals of olfactory
neurons, the tau-EGFP fusion reporter gene was fused to the
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Figure2. Effects of constitutively active calcineurin and constitutively active PKA on the development of VAMP2-EGFP puncta
in axon terminals of olfactory sensory neurons. A, Omp promoter-driven expression vectors for VAMP2-EGFP (top), for caCN and
VAMP2-EGFP (middle), and for PKA* and VAMP2-EGFP (bottom) in olfactory sensory neurons. Black boxes, The omp promoter;
cross-hatched boxes, the 3" downstream sequence of the omp gene; hatched boxes, SV40 polyadenylation signal sequence; lines,
pBluescript Il SK+. B, A single axon terminal of an olfactory sensory neuron in a zebrafish embryo injected with omp promoter-
driven VAMP2-EGFP and Bassoon-EYFP vectors at 50 hpf. VAMP2-ECFP (left; green) and Bassoon-EYFP (middle; red) signals were
merged on the right. Arrowheads point to axonal shafts. Scale bar, 5 m. €, Confocal fluorescentimages of immunostaining with
anti-GFP (left; green) and anti-syntaxin (middle; red) antibodies in the olfactory bulb from an omp promoter-driven VAMP2-ECFP
transgenic fish embryo at 60 hpf. Merged image is on the right. Scale bar, 10 .um. D—F, Representative VAMP2-EGFP signals in
axon terminals of olfactory sensory neurons in Pomp-VG-injected embryos at 36 hpf (D), 60 hpf (E), and 84 hpf (F). Scale bar, 5
um. G-I, The threshold images of VAMP2-EGFP signals in D—F for evaluation of VAMP2-EGFP puncta. J-0, Representative
VAMP2-EGFP signals in axon terminals of olfactory sensory neurons in zebrafish embryos injected with Pomp-VG-caCN (J-L) or
Pomp-VG-PKA* (M-0) at 36 hpf (J, M), 60 hpf (K, N), and 84 hpf (L, 0). Arrowheads point to axonal shafts. P, The area of
VAMP2-EGFP puncta in axon terminals of olfactory sensory neurons in zebrafish embryos injected with Pomp-VG (open bars),
Pomp-VG-caCN (black bars), and Pomp-VG-PKA* (gray bars) expression vectors at 36, 60, and 84 hpf. Pomp-VG, n = 37, 26, and
30 at 36, 60, and 84 hpf, respectively, 21-23 embryos; Pomp-VG-caCN, n = 40, 34, and 34 at 36, 60, and 84 hpf, respectively,
24-26 embryos; Pomp-VG-PKA*, n = 25, 37, and 39 at 36, 60, and 84 hpf, respectively, 20 —22 embryos. All values represent
mean == SEM. **p < 0.01.

caCN and PKA* effector genes to yield Pomp-TG-caCN and
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Dominant-negative PKA suppresses
VAMP2-EGFP punctum formation in
axon terminals

To further examine the physiological sig-
nificance of PKA signaling in synaptic ves-
icle accumulation at axon terminals of ol-
factory sensory neurons, we tested the
effects of endogenous PKA suppression. It
is known that a dominant-negative form
of the mouse type I regulatory subunit of
PKA (Clegg et al., 1987) suppresses PKA
signaling in zebrafish embryos (Hammer-
schmidt et al., 1996). We thus placed
dnPKA in the effector-reporter cassette to
yield Pomp-VG-dnPKA (Fig. 3A). The ex-
pression of dnPKA affected the develop-
mental changes in the VAMP2-EGFP
punctate area (two-way ANOVA; expres-
sion vector effect, p = 0.0002; age X ex-
pression vector interaction, p = 0.023)
(Fig. 3B—H ). The VAMP2-EGFP punctate
area in axon terminals of Pomp-VG-
dnPKA-injected embryos was significantly
smaller than that of control Pomp-VG-
injected embryos at 60 and 84 hpf ( test;
p = 0.001 and 0.022, respectively) (Fig.
3F-H). Our previous study showed that
the expression of dominant-negative PKA
in the olfactory neuron exerted little effect
on the terminal reach of olfactory sensory
neurons at 50 hpf when axons stopped ex-
tension in the olfactory bulb (Yoshida et
al., 2002). These results suggest that the
suppression of endogenous PKA signaling
hindered the VAMP2-EGFP punctum for-
mation in axon terminals of olfactory sen-
sory neurons during the period of
synaptogenesis.

CREB regulates VAMP2-EGFP punctum
formation in axon terminals

One of major PKA target proteins is CREB
(Lonze and Ginty, 2002). We thus exam-
ined the effects of suppression and activa-
tion of CREB on VAMP2-EGFP punctum
formation using A-CREB as a dominant-
negative inhibitor of CREB (Ahn et al,,
1998) and VP16-CREB as a constitutively

Pomp-TG-PKA* vectors. At 60 hpf, when axon terminals were at
the target sites, terminal reach values of Pomp-TG-caCN-
injected embryos (97.9 = 3.3 um; mean * SEM; n = 15; five
embryos) were comparable with those of control Pomp-TG-
injected embryos (97.1 = 3.8 um; n = 28; 11 embryos; Dunnett’s
test; p = 0.98). On the other hand, terminal reach values of
Pomp-TG-PKA*-injected embryos (108.1 = 3.4 um; n = 28;
nine embryos) were slightly larger than those of control Pomp-
TG-injected embryos (Dunnett’s test; p = 0.048). These results
suggest that caCN exerted little effect on the axon projection of
olfactory sensory neurons, but PKA* appeared to induce over-
shooting of the axon terminals. Despite the slight augmenting
effect on terminal reach values, PKA* stimulated the VAMP2-
EGFP punctum formation.

active CREB (Yan et al., 1994), respectively. The A-CREB and
VP16-CREB genes were placed in the effector—reporter cassette
to yield Pomp-VG-ACREB and Pomp-VG-VP16CREB, respec-
tively (Fig. 4A).

There were significant differences in the punctate area per
olfactory sensory neuron axon among Pomp-VG-, Pomp-VG-
ACREB-, and Pomp-VG-VP16CREB-injected embryos (two-
way ANOVA; expression vector effect, p = 8.4 X 10~ '% age X
expression vector interaction, p = 0.02) (Fig. 4B-K). The
VAMP2-EGFP punctate area in axon terminals of Pomp-VG-
ACREB-injected embryos was significantly smaller than that of
control Pomp-VG-injected embryos at 60 and 84 hpf (Dunnett’s
test; p < 0.001 and p = 0.001, respectively) (Fig. 4F, G,K). Con-
sistently, the VAMP2-EGFP punctate area in the axon terminals
of Pomp-VG-VP16CREB-injected embryos were significantly
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larger than those of control Pomp-VG-
injected embryos at 36 hpf (Dunnett’s test;
p = 0.004) (Fig. 4H,K). The terminal
reach values measured using tau-EGFP as
amarker at 60 and 84 hpfwere comparable
among olfactory sensory neurons express-
ing A-CREB (60 hpf, 80.1 = 2.5 um, n =
49,12 embryos; 84 hpf, 83.9 £ 2.5 um, n =
55, 10 embryos), VP16-CREB (60 hpf,
79.0 = 1.6 wm, n = 45, 17 embryos; 84 hpf,
86.1 = 2.1 um, n = 31, 16 embryos), or
tau-EGFP alone (60 hpf, 80.8 £ 2.0 wm,
n =48, 14 embryos; 84 hpf, 82.0 = 2.1 wm,
n = 51, 13 embryos). These results suggest
that CREB regulates the VAMP2-EGFP
punctum formation in the axon terminals
of olfactory sensory neurons.

To monitor the activation of endoge-
nous CREB in the olfactory placode, we
injected areporter vector carrying the CRE
promoter-driven destabilized variant of
EYFP (d2EYFP) linked to the EFla
promoter-driven destabilized variant of
ECFP (d2ECFP) (supplemental Fig. 1A,
available at www.jneurosci.org as supple-
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Figure 3. Effects of dominant-negative PKA on the VAMP2-EGFP puncta formation in axon terminals of olfactory sensory
neurons. A, Omp promoter-driven double-cassette expression vector for VAMP2-EGFP and dominant-negative PKA. Black boxes,
The omp promoter; cross-hatched box, the 3’ downstream sequence of the omp gene; hatched box, SV40 polyadenylation signal
sequence; line, pBluescript Il SK+. B-G, Representative VAMP2-EGFP signals in axon terminals of olfactory sensory neurons in
zebrafish embryos injected with Pomp-VG (B—D) or Pomp-VG-dnPKA (E—G) at 36 hpf (B, E), 60 hpf (C, F), and 84 hpf (D, G).
Arrowheads point to axonal shafts. Scale bar, 5 wm. H, The area of VAMP2-EGFP puncta in axon terminals of olfactory sensory
neurons in zebrafish embryos injected with Pomp-VG (open bars) and Pomp-VG-dnPKA (filled bars) expression vectors at 36, 60,
and 84 hpf. Pomp-VG, n = 31, 33,and 34 at 36, 60, and 84 hpf, respectively, 25—-31 embryos; Pomp-VG-dnPKA, n = 35, 35,and

mental material). The level of endogenous
CREB-mediated transcription in the olfac-
tory placode, measured as fluorescent intensity of d2EYFP, was
low at 24 and 36 hpf but significantly increased at 60 hpf and
remained high at 72 and 84 hpf, whereas d2ECFP signals as an
internal control of the expression vector decreased gradually dur-
ing development (supplemental Fig. 1B-D, available at www.
jneurosci.org as supplemental material). These results suggest the
activation of endogenous CREB signaling during axon terminal
differentiation of olfactory sensory neurons.

Axon terminal morphology of olfactory sensory neurons
during synapse formation

Differentiation of an axonal growth cone into a nerve terminal is
often accompanied by marked structural changes (Kullberg et al.,
1977; Hamori and Somogyi, 1983; Dent et al., 1999). We next
analyzed the morphology of axon terminals of olfactory neurons
during synaptogenesis using GAP43-EGFP as a marker, because
GAP43 is enriched in the plasma membrane of axonal growth
cones (Meiri et al., 1986; Skene, 1989), and GAP43-EGFP fusion
protein was targeted to the growth cone (Nakata et al., 1998). We
injected the omp promoter-driven GAP43-EGFP construct (Fig.
5A) and visualized the morphology of axon terminals of olfactory
sensory neurons. Filopodia-like protrusions were more apparent,
and the framework was more complex in axon terminals at 36
and 60 hpf than those at 84 hpf (Fig. 5B-D).

To quantify the morphological change of the axon terminals,
we measured the area, perimeter, and complexity values of axon
terminals labeled with GAP43-EGFP at 36, 60, and 84 hpf. These
values were high at 36 and 60 hpfbut significantly decreased at 84
hpf (one-way ANOVA; area, p = 0.0033; perimeter, p = 0.0046;
complexity, p = 0.0068) (Fig. 5K—M ). The area, perimeter, and
complexity values of axon terminals visualized with cytosolic
EGFP-actin fusion protein were comparable with those with
GAP43-EGFP at 36, 60, and 84 hpf (two-way ANOVA; expres-
sion vector effect, p = 0.42 for axon terminal area, p = 0.82 for
axon terminal perimeter, and p = 0.68 for axon terminal com-
plexity). These results showed that the morphology of axon ter-

35at 36, 60, and 84 hpf, respectively, 25—-30 embryos. All values represent mean = SEM. *p << 0.05; **p << 0.01.

minals of olfactory neurons was remodeled from large and com-
plex shapes into small and simple shapes during development.
The diameter of glomeruli visualized by BODIPY labeling (Dynes
and Ngai, 1998) was at most 10.7 = 0.4 um (n = 25 in lateral
glomeruli of five embryos) at 84 hpf. However, the stretch of axon
terminals at 60 hpfwas 17.8 = 0.9 um (n = 43; 28 embryos). The
value decreased to 11.0 = 0.6 um (1 = 40; 26 embryos) by 84 hpf,
which was comparable with the diameter of glomeruli. Thus, the
axon terminal remodeling visualized by GAP43-EGFP is also a
good indicator of the axon terminal maturation.

Constitutively active calcineurin stimulates morphological
remodeling of axon terminals

We then examined the effects of caCN and PKA* on the remod-
eling of the axon terminal morphology of olfactory sensory neu-
rons in the course of synaptogenesis. The omp promoter-driven
caCN and PKA* genes were fused to the omp promoter-driven
GAP43-EGFP fusion protein gene to yield Pomp-GG-caCN and
Pomp-GG-PKA* double-cassette expression vectors, respec-
tively (Fig. 5A). We compared the morphology of growing axon
terminals among embryos injected with Pomp-GG, Pomp-GG-
caCN, and Pomp-GG-PKA* at 36, 60, and 84 hpf. The axon
terminal morphology of olfactory neurons expressing caCN at 60
hpf (Fig. 5F) became as simple as those of control axons at 84 hpf
(Fig. 5D). On the other hand, the axon terminal morphology of
olfactory neurons expressing PKA* at 36 and 60 hpf was more
complex than that of olfactory neurons expressing GAP43-EGFP
alone (Fig. 5B,C, H,I). At 84 hpf, axon terminals became simple
shapes with few filopodia-like protrusions in embryos injected
with Pomp-GG, Pomp-GG-caCN, and Pomp-GG-PKA*.

To quantify the effects of caCN and PKA* on the axon termi-
nal remodeling, we measured the area, perimeter, and complexity
values of axon terminals labeled with GAP43-EGFP at 36, 60, and
84 hpf. There were significant differences in these parameters
among Pomp-GG-, Pomp-GG-caCN-, and Pomp-GG-PKA*-
injected embryos (two-way ANOVA; axon terminal area, expres-
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Figure4. Effects of dominant-negative CREB and constitutively active CREB on the develop-
ment of VAMP2-EGFP puncta in axon terminals of olfactory sensory neurons. A, Omp promoter-
driven expression vectors for A-CREB and VAMP2-EGFP (top) and for VP16-CREB and VAMP2-
EGFP (bottom) in olfactory sensory neurons. Black boxes, The omp promoter; cross-hatched
boxes, the 3’ downstream sequence of the omp gene; hatched boxes, SV40 polyadenylation
signal sequence; lines, pBluescript Il SK+. B—J, Representative VAMP2-EGFP signals in axon
terminals of olfactory sensory neurons in embryos injected with Pomp-VG (B-D), Pomp-VG-
ACREB (E-G), or Pomp-VG-VP16CREB (H-J) at 36 hpf (B, E, H), 60 hpf (C, F, 1), and 84 hpf (D,
G,J). Arrowheads point to axonal shafts. Scale bar, 5 um. K, The area of VAMP2-EGFP punctain
axon terminals of olfactory sensory neurons in zebrafish embryos injected with Pomp-VG (open
bars), Pomp-VG-ACREB (black bars), and Pomp-VG-VP16CREB (gray bars) expression vectors at
36, 60, and 84 hpf. Pomp-VG, n = 32, 35, and 37 at 36, 60, and 84 hpf, respectively, 22-26
embryos; Pomp-VG-ACREB, n = 35, 41, and 36 at 36, 60, and 84 hpf, respectively, 18—
19 embryos; Pomp-VG-VP16CREB, n = 33,33, and 34 at 36, 60, and 84 hpf, respectively, 22-27
embryos. All values represent mean == SEM. **p << 0.01; ***p < 0.001.

sion vector effect, p = 0.0002, age X expression vector interac-
tion, p = 0.028; axon terminal perimeter, expression vector
effect, p = 0.0001, age X expression vector interaction, p = 0.008;
axon terminal complexity, expression vector effect, p = 0.0003,
age X expression vector interaction, p = 0.002) (Fig. 5B—M ). The
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perimeter and complexity values were significantly smaller in
Pomp-GG-caCN-injected embryos than in control embryos at 60
hpf (Dunnett’s test; p = 0.008 and 0.002, respectively) (Fig.
5L,M). Furthermore, the area, perimeter, and complexity values
of Pomp-GG-caCN-injected embryos at 60 hpf were comparable
with those of control embryos at 84 hpf. There were no significant
differences in the area, perimeter, and complexity values between
Pomp-GG- and Pomp-GG-caCN-injected embryos at 84 hpf.
These results suggest that the stimulation of calcineurin pro-
moted the remodeling of axon terminal morphology of olfactory
Sensory neurons.

The perimeter and complexity values of axon terminals of
olfactory sensory neurons in embryos injected with Pomp-GG-
PKA* vector were significantly larger than those in embryos in-
jected with control Pomp-GG vector at 36 hpf (Dunnett’s test;
p = 0.044 and 0.026, respectively) (Fig. 5L, M ). This suggests that
PKA signaling may be involved in the regulation of growth cone
morphology at the axon pathfinding stage. The area, perimeter,
and complexity values of axon terminals of olfactory sensory
neurons at 60 hpf were also significantly larger in Pomp-GG-
PKA*-injected embryos than in control GG-injected embryos
(Dunnett’s test; p = 0.001, 0.003, and 0.011, respectively) (Fig.
5K—M). At 84 hpf, the area, perimeter, and complexity values
were comparable between Pomp-GG-PKA*- and Pomp-GG-
injected embryos (Fig. 5K—M ). The complexity value of growth
cones expressing dominant-negative PKA (112.7 = 9.8; n = 40;
29 embryos) was significantly smaller than that of control growth
cones expressing GAP43-EGFP alone (145.6 * 11.2; n = 33; 27
embryos) at 36 hpf (¢ test; p = 0.03). However, the expression of
dnPKA exerted little effect on the complexity at 60 and at 84 hpf
(data not shown). These results suggest that PKA signaling regu-
lates the growth cone morphology at the axon pathfinding stage
but is not involved in the control of axon terminal remodeling
during synaptogenesis. Expression of A-CREB or VP16-CREB
exerted no significant effects on the morphological remodeling
(two-way ANOVA; expression vector effect, p = 0.46, 0.62, and
0.68 for axon terminal area, perimeter, and complexity, respec-
tively; age X expression vector interaction, p = 0.88, 0.85, and
0.84 for axon terminal area, perimeter, and complexity,
respectively).

Pharmacological suppression of calcineurin prevents axon
terminals from morphological change

To further examine the physiological significance of calcineurin
signaling in the morphological change of axon terminals during
the course of development, we tested the effects of cyclosporine
A, an immunosuppressive drug that inhibits calcineurin through
cyclophilin in wide variety of species (Liu et al., 1991; Kunz and
Hall, 1993). Zebrafish embryos injected with Pomp-GG vector
were soaked in a suspension of cyclosporine A from 30 to 84 hpf.
The cyclosporine A treatment caused no apparent effects on the
gross morphology of embryos. The labeled axon terminals of
olfactory neurons were imaged by a confocal microscope at 60
and 84 hpf. The axon terminals of olfactory sensory neurons in
mock-treated embryos were remodeled to simple shapes from 60
to 84 hpf (Fig. 6 A, B), as those in untreated embryos (Fig. 5C,D).
Accordingly, the area, perimeter, and complexity values signifi-
cantly decreased from 60 to 84 hpf in mock-treated embryos (¢
test; p = 0.012, 0.0015, and 0.00073, respectively). The treatment
with cyclosporine A, however, suppressed the remodeling of
axon terminals from complex to simple shapes as indicated by
very complex shapes of axon terminals with many filopodia even
at 84 hpf (Fig. 6C,D). Consistently, the area, perimeter, and com-
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value in axon terminal morphology at 60
hpf than those of mock-treated embryos (¢
test; p = 0.044) (Fig. 6G). Furthermore, at
84 hpf, the area, perimeter, and complex-
ity values were all significantly larger in cy-
closporine A-treated embryos than in
mock-treated embryos (¢ test; p = 0.026,
1.2X 10 > and 1.1 X 106, respectively)
(Fig. 6 E-G). The terminal reach values of
cyclosporine A-treated embryos at 60 hpf
(79.5 = 2.8 wm; n = 24; 11 embryos) and
84 hpf (87.9 = 5.0 um; n = 14; five em-
bryos) were comparable with those of
mock-treated embryos at 60 hpf (78.0 =
2.0 wm; n = 28; nine embryos; f test; p =
0.65) and 84 hpf (83.7 = 2.0 wm; n = 39;
nine embryos; f test; p = 0.45), respec-
tively. Moreover, there were no significant
differences in VAMP2-EGFP punctate
area between cyclosporine A- and mock-
treated embryos at 84 hpf (mock treat-
ment, 6.53 + 0.42 um?, n = 36, 22 em-
bryos; cyclosporine A treatment, 5.64 =
0.43 um?, n = 41, 23 embryos; t test; p =
0.15). Thus, the treatment of cyclosporine
A from 30 to 84 hpfappeared to exert little
effect on axon projection and synaptic ves-
icle accumulation. These results suggest
that the suppression of calcineurin by cy-
closporine A prevented the remodeling of
axon terminal morphology from large and
complex shapes to small and simple shapes
between 60 and 84 hpf. These results fur-
ther support the idea that calcineurin regulates the morphologi-
cal maturation of axon terminals of olfactory sensory neurons.

Figure5.

NFAT activation is required for the morphological change of
axon terminals
One of major calcineurin target proteins is the transcription fac-
tor NFAT, which is expressed at high levels in the axon terminals
of murine olfactory sensory neurons (Jain et al., 1993; Ho et al.,
1994). We thus examined the morphological remodeling of axon
terminals in response to the suppression of NFAT activation by
calcineurin. A potent immunosuppressive VIVIT peptide is de-
rived from the calcineurin docking motif of mammalian NFAT
(PxIXIT; x, any amino acid) and GFP-VIVIT fusion protein se-
lectively inhibits NFAT activation without disrupting other
calcineurin-dependent pathways (Aramburu et al., 1999). GST-
VIVIT fusion protein also suppresses NFAT activation (Namiki
et al.,, 2003). Because zebrafish NFATs also have conserved
PxIXIT motif (http://www.ensembl.org/Danio_rerio), we con-
structed GST-VIVIT and GST-scrambled VIVIT-CP fusion
genes and placed them in the effector-reporter cassette to obtain
Pomp-GG-GST-VIVIT and Pomp-GG-GST-CP, respectively
(Fig. 7A).

The axon terminals of olfactory sensory neurons in control
embryos injected with Pomp-GG-GST-CP were remodeled to
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Effects of constitutively active calcineurin and constitutively active PKA on the axon terminal morphology of olfactory
sensory neurons in living zebrafish embryos. 4, Omp promoter-driven expression vectors for GAP43-EGFP (top), for caCN and
GAP43-EGFP (middle), and for PKA* and GAP43-EGFP (bottom) in olfactory sensory neurons. Black boxes, The omp promoter;
cross-hatched boxes, the 3" downstream sequence of the omp gene; hatched boxes, SV40 polyadenylation signal sequence; lines,
pBluescript Il SK+. B-J, Representative images of the axon terminal morphology of olfactory sensory neurons in zebrafish
embryos injected with Pomp-GG (B-D), Pomp-GG-caCN (E-G), or Pomp-GG-PKA* (H-J) vectors at 36 hpf (B, E, H), 60 hpf (C, F,
1), and 84 hpf (D, G, J). Scale bar, 5 um. K-M, The area (K), perimeter (L), and complexity (M) values of axon terminals of
olfactory sensory neurons in zebrafish embryos injected with Pomp-GG (open bars), Pomp-GG-caCN (black bars), and Pomp-GG-
PKA* (gray bars) expression vectors at 36, 60, and 84 hpf. Pomp-GG, n = 25, 29, and 28 at 36, 60, and 84 hpf, respectively, 20
embryos; Pomp-GG-caCN, n = 26, 21, and 25 at 36, 60, and 84 hpf, respectively, 17-20 embryos; Pomp-GG-PKA*, n = 19, 21,
and 29 at 36, 60, and 84 hpf, respectively, 14 —18 embryos. All values represent mean == SEM. *p < 0.05; **p < 0.01.

simple shapes during development (one-way ANOVA; axon ter-
minal area, p = 7.7 X 10 ~% axon terminal perimeter, p = 7.4 X
10 7% axon terminal complexity, p = 4.1 X 107°) (Fig.
7B,C,F-H) as those in Pomp-GG-injected embryos (Fig. 5C,D).
In contrast, the axon terminals of olfactory sensory neurons in
embryos injected with Pomp-GG-GST-VIVIT showed no mor-
phological changes during development (one-way ANOVA;
axon terminal area, p = 0.2; axon terminal perimeter, p = 0.7;
axon terminal complexity, p = 0.95) (Fig. 7D-H ). There were
significant differences in developmental changes of the axon ter-
minal area, perimeter, and complexity between Pomp-GG-GST-
VIVIT- and Pomp-GG-GST-CP-injected embryos (two-way
ANOVA; axon terminal area, expression vector effect, p = 5.9 X
10 % age X expression vector interaction, p = 0.013; axon ter-
minal perimeter, expression vector effect, p = 1.7 X 10 ™%, age X
expression vector interaction, p = 0.013; axon terminal complex-
ity, expression vector effect, p = 2.4 X 10 %, age X expression
vector interaction, p = 0.033) (Fig. 7B—H ). The area, perimeter,
and complexity values were significantly larger in Pomp-GG-
GST-VIVIT-injected embryos than in control Pomp-GG-GST-
CP-injected embryos at 84 hpf (¢ test; p = 1.7 X 107>, 6.4 X
107% and 9.7 X 10 ~°, respectively) (Fig. 7F~H ). The terminal
reach values measured using tau-EGFP as a marker at 60 and 84
hpfwere comparable between olfactory sensory neurons express-
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Figure 6.  Effects of cyclosporine A treatment on the axon terminal morphology of olfactory
sensory neurons. A—D, Representative images of the axon terminal morphology of olfactory
sensory neurons in mock-treated (A, B) and cyclosporine A-treated (€, D) embryos injected with
Pomp-GG vector at 60 hpf (4, €) and 84 hpf (B, D). Scale bar, 5 um. E-G, The area (E), perimeter
(F), and complexity (G) values of axon terminals of olfactory sensory neurons in mock-treated
and cyclosporine A-treated (CsA) embryos injected with Pomp-GG vector at 60 and 84 hpf. Mock
treatment, n = 43 and 42 for 28 and 26 embryos at 60 and 84 hpf, respectively; cyclosporine A
treatment, n = 30 and 30 for 18 and 19 embryos at 60 and 84 hpf, respectively. All values
represent mean == SEM. *p << 0.05; ***p < 0.001.
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ing GST-VIVIT (60 hpf, 82.2 = 1.8 um, n = 47, 11 embryos; 84
hpf, 90.9 £ 2.4 um, n = 44, 11 embryos) and GST-CP (60 hpf,
82.5 = 2.1 um, n = 47, 13 embryos; 84 hpf, 86.1 £ 2.9 um, n =
42, 10 embryos). Moreover, expression of GST-VIVIT in the ol-
factory sensory neurons exerted no significant effects on
VAMP2-EGFP punctate area at 84 hpf (control, 6.53 * 0.42
p,rnz, n = 36, 22 embryos; GST-VIVIT expression, 5.99 = 0.6
wm?, n = 38,23 embryos; t test; p = 0.46). These results suggest
that the activation of NFAT by calcineurin is essential for the
morphological remodeling of olfactory sensory neuron axon
terminals.

Discussion

Synaptic vesicle accumulation and morphological change are the
hallmarks of axon terminal maturation during synapse forma-
tion. Here, we show that the two events are regulated by distinct
signaling systems.

PKA-CREB signaling regulates synaptic vesicle accumulation
at axon terminals

VAMP2-EGFP is a well characterized marker of synaptic vesicles
(Miesenbock et al., 1998; Nonet, 1999; Ahmari et al., 2000). We
found that the area of VAMP2-EGFP punctum in olfactory sen-
sory neurons markedly increased between 36 and 84 hpf. Punc-
tate VAMP2-ECEFP signals in the axon terminals of olfactory sen-
sory neurons merged well with signals of Bassoon-EYFP and
endogenous syntaxin, indicating their localization near the active
zone of presynaptic nerve terminals (tom Dieck et al., 1998;
Dresbach et al., 2003). The expression of constitutively active
calcineurin exerted little effect on the development of VAMP2-
EGFP puncta. In contrast, we found that constitutively active
PKA increased the area of VAMP2-EGFP puncta at 36 hpf during
axon pathfinding stage. Consistently, dominant-negative PKA
suppressed the VAMP2-EGFP punctum formation at 60 and 84
hpf during synaptogenesis. Our previous studies showed that
PKA* slightly increased the terminal reach of olfactory sensory
neurons at 50 hpf when axons stopped extension, whereas the
expression of dominant-negative PKA exerted little effect on the
terminal reach (Yoshida et al., 2002). If PKA* would induce over-
shooting of axon terminals, synaptic vesicle accumulation asso-
ciated with synaptogenesis could be delayed. However, PKA*
stimulated the VAMP2-EGFP punctum formation despite the
slight disturbing effects on the target projection. Thus, the oppo-
site effects of constitutively active and dominant-negative PKAs
on the VAMP2-EGFP punctum formation suggest that PKA ac-
tivity is an important regulator of synaptic vesicle accumulation
in axon terminals.

We also found that the expression of constitutively active
CREB increased the area of VAMP2-EGFP puncta at 36 hpf, and
the expression of dominant-negative CREB suppressed the
VAMP2-EGFP punctum formation at 60 and 84 hpf during syn-
aptogenesis without affecting axon projection. The consistent ef-
fects of the activation and suppression of PKA and CREB on
VAMP2-EGFP punctum formation suggest that PKA regulates
synaptic vesicle accumulation in axon terminals through activa-
tion of CREB. PKA substrates in the axon terminal may also
mediate PKA regulation of synaptic vesicle accumulation in con-
cert with CREB signaling in the nucleus. In fact, various synaptic
vesicle and active zone proteins including synapsins, soluble NSF
attachment protein (aSNAP), synaptosome-associated protein
of 25 kDa, and RIM 1« are the substrates for PKA (Siidhof et al.,
1989; Hirling and Scheller, 1996; Risinger and Bennett, 1999;
Lonart et al., 2003). Synapsins interact with both cytoskeletal
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elements and synaptic vesicles in a
phosphorylation-dependent manner and
play a role in vesicle clustering in the re-
serve pool (Schiebler et al., 1986; Benfenati
et al., 1992; Pieribone et al., 1995; Takei et
al., 1995; Hosaka et al., 1999). In addition,
phosphorylation by PKA of kinesin, one of
anterograde motor proteins that transport
synaptic vesicles to the axon terminal, re-
duces the ability of kinesin to bind synap-
tic vesicles (Hirokawa et al., 1991; Sato-
Yoshitake et al., 1992).

Cumulative evidence suggests that
PKA-CREB signaling regulates plastic
changes in presynaptic function. For ex-
ample, long-term facilitation of synaptic
transmission between cultured sensory-
motor neurons of Aplysia is repressed by
injection of oligonucleotides containing
CRE-binding sites into the nucleus of pre-
synaptic sensory neurons (Dash et al.,
1990). In addition, presynaptic cAMP me-
diates long-term potentiation at the mossy
fiber synapses in the rat hippocampal CA3
region (Huang et al.,, 1994). The expres-
sion of dCREB2-b, a CREB repressor, in
Drosophila dunce mutants suppresses the
increase in quantal content at the neuro-
muscular junction, but the expression in
wild-type flies exerts no effect on the quan-
tal content, suggesting that CREB is re-
quired for cAMP-dependent presynaptic
enhancement but not for synaptic matura-
tion during development (Davis et al.,
1996). However, our results show that the
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Figure 7.  Effects of suppression of NFAT on the axon terminal morphology of olfactory sensory neurons. A, Omp promoter-
driven expression vectors for GST-CP and GAP43-EGFP (top) and for GST-VIVIT and GAP43-EGFP (bottom) in olfactory sensory
neurons. Black hoxes, The omp promoter; cross-hatched boxes, the 3" downstream sequence of the omp gene; hatched boxes,
SV40 polyadenylation signal sequence; lines, pBluescript Il SK+. B—E, Representative GAP43-EGFP signals in axon terminals of
olfactory sensory neurons in zebrafish embryos injected with Pomp-GG-GST-CP (B, €) or Pomp-GG-GST-VIVIT (D, E) at 60 hpf (B,
D) and 84 hpf (C, E). Scale bar, 5 um. F-H, The area (F), perimeter (G), and complexity (H) values of axon terminals of olfactory
sensory neurons in zebrafish embryos injected with Pomp-GG-GST-CP (open bars) and Pomp-GG-GST-VIVIT (black bars) expres-
sion vectors at 36, 60, and 84 hpf. Pomp-GG-GST-CP, n = 41, 36, and 39 at 36, 60, and 84 hpf, respectively, 23—25 embryos;
Pomp-GG-GST-VIVIT, n = 37,41, and 39 at 36, 60, and 84 hpf, respectively, 24 —30 embryos. All values represent mean == SEM.
**xp < 0.001.

expression of dnPKA or A-CREB sup-

presses VAMP2-EGFP punctum forma-

tion in axon terminals of olfactory sensory neurons during syn-
apse formation. Thus, the present investigation sheds light on a
novel role of PKA-CREB signaling in maturation of presynaptic
terminals during development.

Calcineurin—NFAT signaling regulates axon

terminal remodeling

By labeling with GAP43-EGFP, we found that axon terminals of
olfactory sensory neurons drastically changed their morphology
during development from complex shapes with many filopodia at
60 hpf to simple shapes without filopodia at 84 hpf. Accordingly,
the stretches of the axon terminals decreased from 60 to 84 hpf.
The stretch at 84 hpf was comparable with the diameter of glo-
meruli visualized by BODIPY labeling (Dynes and Ngai, 1998).
Because synaptogenesis started at ~50 hpf, the decrease in the
stretch of axon terminals from 60 to 84 hpf may reflect the refine-
ment and maturation of axon terminals. The glomerulus struc-
tures became apparent by 84 but not at 48 hpf (Dynes and Ngai,
1998). Thus, the axon terminal remodeling probably followed the
initial stage of synapse formation.

The expression of constitutively active calcineurin in olfactory
sensory neurons reduced the perimeter and complexity values of
axon terminals at 60 hpfto those in control embryos at 84 hpf. On
the other hand, the perimeter and complexity values remained
unaltered at 36 and 84 hpf. Because the expression of constitu-
tively active calcineurin hardly affected the terminal reach value

of olfactory neuron axons, it is unlikely that its effect on the axon
terminal morphology at 60 hpf is because of alterations in the
axon extension and target selection. Suppression of endogenous
calcineurin with cyclosporine A inhibited the reduction in the
perimeter and complexity values of axon terminals during devel-
opment from 60 to 84 hpf. The opposite effects of constitutively
active calcineurin and cyclosporine A suggest that calcineurin
activity is required for the axon terminal remodeling of olfactory
sensory neurons in vivo. The expression of GST-fused VIVIT
peptide that specifically blocks the activation of nuclear tran-
scription factors of the NFAT family by calcineurin suppressed
the remodeling of axon terminals between 60 and 84 hpf. These
results suggest that calcineurin regulates the remodeling of axon
terminals of olfactory sensory neurons through NFAT-mediated
signaling. Because NFAT acts as a transcription factor (Graef et
al., 2001), the remodeling of axon terminals of olfactory sensory
neurons may require gene expression. Besides nuclear transcrip-
tion, some molecules in the axon terminal may also mediate cal-
cineurin regulation of axon terminal remodeling in concert with
NFAT signaling. In fact, GAP43 enriched in growth cones is a
substrate for calcineurin (Liu and Storm, 1989), and dephospho-
rylated GAP43 inhibits actin filament polymerization (He et al.,
1997). Furthermore, Tau and microtubule-associated protein 1B
(MAP1B), which regulate the microtubule organization, are also
dephoshorylated by calcineurin (Ulloa et al., 1993; Billingsley and
Kincaid, 1997). Interestingly, mutation of the Drosophila MAP1B
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homolog gene futsch disturbed synaptic microtubule organiza-
tion and increased the size of synaptic bouton (Hummel et al.,
2000; Roos et al., 2000).

Calcineurin stimulates or inhibits neurite outgrowth of cul-
tured neurons (Lyons et al., 1994; Chang et al., 1995; Lautermilch
and Spitzer, 2000). Mutant mice lacking NFATc2, ¢3, and c4 have
defects in peripheral axon projections from the dorsal root gan-
glion and trigeminal ganglion and in projection of spinal com-
missural axons (Graef et al., 2003). In our study, however, inhi-
bition of calcineurin and NFAT did not affect the axon extension
and projection of olfactory neurons as evaluated by terminal
reach values. Because the axon extension of zebrafish olfactory
neurons start by 22 hpf (Yoshida et al., 2002), cyclosporine A
treatment after 30 hpf and omp-promoter driven GST-VIVIT
peptide expression may be too late to affect the initial stage of
axon extension. The present investigation highlights a key regu-
latory role of calcineurin-NFAT signaling in the morphological
change of axon terminals during synaptogenesis.

The expression of constitutively active PKA increased the area,
perimeter, and complexity values of axon terminals of olfactory
neurons at 36 and 60 hpf. These values of olfactory sensory neu-
rons at 84 hpf, however, decreased to levels comparable with
those in control axons at 84 hpf. The dominant-negative PKA
decreased the complexity at 36 hpf but exerted little effect at 60
and 84 hpf. It is likely that PKA regulates the growth cone mor-
phology in the axon pathfinding stage but is not involved in the
remodeling of axon terminal morphology at the synaptogenesis
stage. The morphological changes of axon terminals at 36 and 60
hpf induced by PKA modulation may be ascribed to the distur-
bance of axon pathfinding, because PKA activity regulates growth
cone responsiveness to guidance molecules (Song and Poo, 1999;
Yoshida et al., 2002).

Activation of calcineurin signaling and PKA signaling should
be coordinated in axon terminals

Our results provide evidence that PKA-CREB signaling is impor-
tant for the synaptic vesicle accumulation in axon terminals, and
calcineurin—NFAT signaling regulates the morphological remod-
eling of axon terminals of zebrafish olfactory sensory neurons
during synapse formation (supplemental Fig. 2, available at ww-
w.jneurosci.org as supplemental material). Thus, two distinct sig-
naling systems control two representative events of axon terminal
maturation independently. Requirement of CREB and NFAT ac-
tivation indicates the importance of gene transcription for the
presynaptic differentiation. To orchestrate the presynaptic differ-
entiation, however, there should be a mechanism that coordi-
nates the two signaling systems. Ca*"/calmodulin required for
the activation of calcineurin (Klee et al., 1979) can also activate
adenylyl cyclases of type 1, 3, and 8 (Mons et al., 1999). It is
known that type 3 adenylyl cyclase is enriched in mouse olfactory
sensory neurons (Bakalyar and Reed, 1990). Thus, Ca**/calmod-
ulin is a candidate molecule that coordinates the calcineurin—
NFAT and PKA—CREB signaling in axon terminals (supplemen-
tal Fig. 2, available at www.jneurosci.org as supplemental
material). Another candidates are target-derived factors such as
WNT-7a and FGF22, which induce presynaptic differentiation
(Hall et al., 2000; Umemori et al., 2004). Although intracellular
signaling mediated by these molecules are not fully elucidated,
CREB and NFAT may be master downstream targets of these
signals. In concert with these transcriptional factors, PKA-
phosphorylated and calcineurin-dephosphorylated molecules lo-
calized in the axon terminal would also mediate synaptic vesicle
accumulation and axon terminal remodeling. In addition, such
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molecules may act as synaptic tags (Frey and Morris, 1997) for
recruiting newly synthesized proteins to Ca®"/calmodulin-
activated terminals. The neuron- and stage-specific expression of
both effector and reporter molecules in combination with in vivo
observation of a single neuron in living zebrafish embryos will
provide a useful tool for the elucidation of molecular mecha-
nisms underlying synapse formation and synapse dynamics.
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