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3'-5'-Cyclic AMP (cAMP) is an important second messenger which regulates neurite outgrowth. We dem-
onstrate here that type VI adenylyl cyclase (AC6), an enzyme which catalyzes cAMP synthesis, regulates neurite
outgrowth by direct interaction with a binding protein (Snapin) of Snap25 at the N terminus of AC6 (AC6-N).
We first showed that AC6 expression increased during postnatal brain development. In primary hippocampal
neurons and Neuro2A cells, elevated AC6 expression suppressed neurite outgrowth, whereas the downregula-
tion or genetic removal of AC6 promoted neurite extension. An AC6 variant (AC6-N5) that contains the N
terminus of ACS had no effect, indicating the importance of AC6-N. The downregulation of endogenous Snapin
or the overexpression of a Snapin mutant (Snap,;;.s,) that does not bind to AC6, or another Snapin mutant
(Snapings,,) that does not interact with Snap25, reversed the inhibitory effect of AC6. Pulldown assays and
immunoprecipitation-AC assays revealed that the complex formation of AC6, Snapin, and Snap25 is dependent
on AC6-N and the phosphorylation of Snapin. The overexpression of Snap25 completely reversed the action of
AC6. Collectively, in addition to cAMP production, AC6 plays a complex role in modulating neurite outgrowth

by redistributing localization of the SNARE apparatus via its interaction with Snapin.

Membrane-bound adenylyl cyclases (ACs) belong to a su-
perfamily of enzymes that convert ATP to cyclic AMP (cAMP)
when Gsa-coupled receptors are stimulated (8, 60, 71). Among
the nine ACs, AC6 is of particular interest because it exists in
neurons and can be cross-regulated by multiple signaling path-
ways, including those involving calcium, protein kinase A
(PKA), protein kinase C (PKC), tyrosine-mediated phosphor-
ylation, and nitric oxide (7, 33, 44, 58, 74). In addition to its
role in synthesizing cAMP, we previously demonstrated that
Snapin binds to the N terminus of AC6 (AC6-N) and specifi-
cally abolishes the PKC-mediated suppression of AC6 (12).
Snapin was first identified as a binding partner of the 25-kDa
synaptosome-associated protein (Snap25) (28). It interacts
with the assembled soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptor (SNARE) core complex
via binding to Snap25 through its C-terminal coiled-coil do-
main, and it assists in the synchronization of synaptic vesicle
fusion (28, 46). Because the PKA-mediated phosphorylation of
Snapin at Ser*® enhances its interaction with Snap25, Snapin is
a PKA target that regulates neurotransmitter release (10, 28,
61, 63). The interaction between AC6 and Snapin might pro-
vide a fine-tuning mechanism for the cAMP production system
via the vesicle-transporting machinery in the brain (68).

Evidence derived from organisms ranging from yeasts to
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humans indicates that the SNARE family acts as the conserved
core protein machinery which is involved in all elements of
vesicular trafficking, including neurite outgrowth (37, 43). The
inhibition of Snap25 prevents neurite elongation and axonal
growth (39, 42, 43), whereas the overexpression of Snap25
increases the number of neurites (55). In this study, we inves-
tigated the role of AC6 in regulating Snapin-mediated func-
tions. Because AC6 is predominantly expressed in neuronal
cells (35) and the Snapin-interacting protein, Snap25, plays a
role in neurite outgrowth, we hypothesized that AC6 regulates
neurite outgrowth through its interaction with Snapin. The
growth and directionality of dendrites and axons involve the
interplay of multiple cellular signaling pathways and dynamic
changes in membrane trafficking (14). Membrane trafficking is
essential for neurite outgrowth, because vesicle fusion and
membrane expansion at the growing tips markedly contribute
to neurite elongation (3, 59). Our results demonstrate that
ACG6 suppresses neurite extension by interfering with the lo-
calization of the SNARE machinery and therefore might play
an essential role in neuronal development.

MATERIALS AND METHODS

Materials. Forskolin and 3-isobutyl-1-methylxanthine (IBMX) were obtained
from Sigma-Aldrich (St. Louis, MO). All cell culture reagents were purchased
from Invitrogen (GibcoBRL, Carlsbad, CA). All other chemicals were ob-
tained from Merck (Darmstadt, Germany) unless stated otherwise. In-house
anti-AC6 and anti-Snapin rabbit antibodies were characterized and are de-
scribed elsewhere (12, 33, 67). The anti-Snap25 goat antibody, anti-Syntaxin
1 mouse antibody, and anti-c-Myc mouse antibody were obtained from Santa
Cruz Biotech (Santa Cruz, CA), and the antiactin mouse monoclonal anti-
body was from Chemicon International (Temecula, CA). The anti-Flag anti-
body was obtained from Sigma-Aldrich (St. Louis, MO), and the anti-Snap25
rabbit polyclonal antibody was obtained from Abcam (Cambridge Science
Park, Cambridge, United Kingdom).

Plasmids. The respective species for complementary DNAs (cDNAs) of AC6,
Snapin, and Snap25 were rat, mouse, and mouse. Note that N termini of rat and
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mouse AC6 are highly homologous (96% identity in amino acids). The amino
acid sequences of mouse and rat Snapin and mouse and rat Snap25 are identical.
Plasmids containing cDNAs of AC6 variants (wild type [WT] and AC6-N5), of
AC5-c-Myc, and of Snapin variants (WT, Snapinyss.s;, and Snapingsg,) are
described elsewhere (12, 30, 67). The expression construct of yellow fluorescent
protein (YFP)-AC6 was generated by the digestion of pcDNA3-AC6 (30) to
completion with HindIII and EcoRI. The excised DNA fragment encoding the
full-length AC6 was subcloned into the pEYFP-C1 vector (Clontech, Mountain
View, CA). The expression construct of the AC5 mutant (AC5-N6) was gener-
ated by the PCR amplification of the N terminus (amino acids 1 to 146) of rat
AC6 using the primers 5'-GGAGACCCAAGCTTGGTACCG-3' and 5'-CCG
GTACCGTTCATCTGGAAGAAGTACCGCTG-3 and an expression construct
of AC6 (pcDNA3-AC6 [30]) as the template. The amplicon then was digested
using Kpnl and subcloned into an expression construct of an N-terminal trun-
cation mutant of ACS5 (AC5,,,5). AC5,,,5 was created by amplifying the DNA
fragment encoding amino acids 216 to 1262 of rat AC5 (67) using 5'-ATGATA
TTCCGCTCTAAGAAGTTCCG-3" and 5'-ACTGAGGGGAGGCCCTCCA
T-3' as the primer set, which was subcloned into the pcDNA3.1 vector (Invitro-
gen). Snapingsop Was created by a two-step PCR technique (26) using standard
molecular biological techniques and the following primers: 5'-GAGACCCAAG
CTGGCTAGTTAAGC-3', 5'-CTACTTGGTCTTCTCTGACCGCGTG-3', 5'-
CACGCGGTCAGAGAAGACCAAGTAG-3', and 5'-GAGGCTGATCAGCG
GGTTTAAAC-3'. Short hairpin RNA (shRNA) of mouse Snapin was subcloned
into a pSUPER.neo+GFP vector (OligoEngine, Seattle, WA) according to the
manufacturer’s recommendations. Briefly, the oligonucleotide pair was annealed
into a duplex of 5'-GATCCCCTGACAACCTAGCTACAGAATTCAAGAGA
TTCTGTAGCTAGGTTGTCATTTTTGGAAA-3' and 5'-AGCTTAAAAATG
ACAACCTAGCTACAGAATCTCTTGAATTCTGTAGCTAGGTTGTCAG
GG-3’ and ligated into the BglII and HindIII sites of the vector. The underlined
sequences are the complementary target sequences of mouse Snapin. The
shRNA (siAC6-1) against the homologous region of both rat and mouse AC6
was subcloned into a lentiviral vector (pLL3.7-UbiG-Ins) containing green flu-
orescent protein (GFP) using the following oligonucleotide pair: 5'-TGAAGA
AGTATTCACGGAAATTCAAGAGATTTCCGTGAATACTTCTTCTTTTT
TC-3" and 5'-ACTTCTTCATAAGTGCCTTTAAGTTCTCTAAAGGCACTT
ATGAAGAAGAAAAAAGAGCT-3'. The underlined sequences are the
complementary target sequences of both mouse and rat AC6. The pLKO.1
shRNA plasmids (siAC6-2, siSnap25-3, and siSnap25-7) were purchased from
the National RNAi Core Facility, Taipei, Taiwan (see Table S1 in the supple-
mental material for comparisons of target sequence in the shRNA constructs
used in the present study and target sequence in the corresponding genes).
AC6p4264 (20) was created by a two-step PCR technique as described previously
(26) using the primers 5'-GGAGACCCAAGCTTGGTACCG-3', 5'-CGACAC
ACAGTAGTAACATGCTCCTAAGAT-3', 5'-ATCTTAGGAGCATGTTACT
ACTGTGTGTCG-3', and 5'-GGGCCCTCTAGATGCATGCTC-3" and stan-
dard molecular biological techniques. cDNA encoding the full-length mouse
Snap25 was generated by PCR amplification using the primers 5'-ATGCTAGC
GCCACCATGGCCGAGGACGCA-3" and 5'-CCACCACTTCCCAGCATC-3
from mouse brain cDNA and was cloned into the pcDNA3.1 vector (Invitrogen)
by TA cloning according to the manufacturer’s instructions. The pFLAG-Fc2
plasmid was a gift from Ruey-Bing Yang (Academia Sinica, Taipei, Taiwan). The
expression construct of Flag-AC6-Fc was generated by the PCR amplification of
AC6 using the primers 5'-CGAATTCAATGTCATGGTTTAGCGGCCT-3'
and 5'-TCTAGAACTGCTGGGGCCCCCATTG-3 from pcDNA3-AC6. The
AC6 amplicon then was restriction digested with EcoRI and Xbal and cloned
into pFlag-Fc2. The expression construct of Flag-AC6N5-Fc was generated by
the PCR amplification of AC6N5 using 5'-CGAATTCAATGTCCGGCTCCA
AAAGCG-3' and 5'-CGAATTCGCACTGCTGGGGCCCC-3" as the primers
and pcDNA3-AC6NS5 as the template. The AC6NS5 amplicon then was digested
with EcoRI and subcloned into pFlag-Fc2. Nucleotide sequences of all constructs
used were verified by DNA sequencing.

Cell culture and transfection. Primary hippocampal cultures were prepared
from Sprague-Dawley rat brains on embryonic day 19 or from AC6 knockout
(AC6-KO) mice (11) and littermate controls on embryonic day 18 as described
elsewhere (4, 12). Briefly, dissected hippocampi were incubated with 2.5 mg/ml
trypsin in Hanks’ balanced salt solution (HBSS) at 37°C for 10 min and then
neutralized with fetal bovine serum (FBS). After gently removing the enzyme-
containing buffer, dissociated neurons were suspended in plating medium (mod-
ified Eagle’s medium [MEM)] plus an insulin-tranferrin-selenium supplement,
5% FBS, 5% horse serum, 0.6% glucose, and 0.5 mM L-glutamine) and plated on
poly-p-lysine-coated coverslips (22 by 22 mm) at a density of 200 cells/mm?. One
hour postplating, the plating medium was replaced with growth medium containing
Neurobasal medium supplemented with B27, penicillin (100 U/ml), streptomycin
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(100 pg/ml), glutamate (12.5 pM), and L-glutamine (0.5 mM). At 4 days in vitro
(DIV), cells were transfected using Optifect (Invitrogen, San Diego, CA) by follow-
ing the manufacturer’s instructions. Mouse neuroblastoma Neuro2A cells were cul-
tured in MEM plus 10% FBS, penicillin (100 U/ml), streptomycin (100 pg/ml),
L-glutamine (2 mM), nonessential amino acids (0.1 mM), and sodium pyruvate (1
mM) at 37°C with 5% CO,. Transfection was carried out using Lipofectamine 2000
(Invitrogen) based on the manufacturer’s recommendations.

Neurite outgrowth assay. Cells were transfected with the indicated con-
struct(s) along with 1/6 of the molar amount of an enhanced green fluorescent
protein (EGFP)-expressing construct. Primary hippocampal neurons were plated
on poly-p-lysine-coated coverslips (22 by 22 mm) at a density of 200 cells/mm?.
Neurons were transfected at 4 DIV, allowed to express the transfected protein
for 72 h, fixed in 4% paraformaldehyde plus 4% sucrose in phosphate-buffered
saline (PBS) at room temperature (RT) for 20 min, washed, mounted with
Vectashield (Vector Laboratories, Burlingame, CA), and then used for the
morphological analyses by using a scanning confocal microscope (LSM 510 meta;
Carl Zeiss, Jena, Germany). Neuro2A cells were seeded at a density of 2 X 10°
cells per 35-mm plate. At 16 h following plating, cells were transfected and
incubated at 37°C for 4 to 6 h and then passed into fresh 6-well plates for 16 h
at a 1/5 dilution. To induce differentiation, cells were exposed to a differentiation
mix (MEM supplemented with 1% FBS and 10 uM retinoic acid [RA]) for 48 h
and fixed as described above. Transfected cells were marked as EGFP-expressing
cells under a fluorescence microscope (Axiovert 200 M; Carl Zeiss, Jena, Ger-
many) with filter set 10 (BP 450-490). Neurite outgrowths were assessed for
neurite length (primary hippocampal neurons) and neurite formation (Neuro2A
cells) by an investigator blinded to the experimental conditions. The length of the
longest neurite was quantified using ImageJ (National Institutes of Health,
Bethesda, MD). To quantify neurite formation in Neuro2A cells, cells containing
neurites of at least two cell body diameters in length were scored as neurite-
bearing cells. Transfected cells that grew neurites were normalized to the number
of total transfected cells and are presented as the percentage of neurite-bearing
cells. Cell clumps containing more than five cells were prone to miscalculation
and therefore were not included in the results. Usually, 30 to 50 transfected
primary hippocampal neurons or 70 to 250 transfected Neuro2A cells were
scored to obtain one data point in each experiment.

SDS-PAGE and Western blot analysis. Protein concentrations were deter-
mined using the Bio-Rad protein assay dye reagent concentrate (Bio-Rad, Her-
cules, CA). Equal amounts of samples were separated by SDS-PAGE. Following
electrophoresis, the gel was transferred to a polyvinylidene difluoride (PVDF)
membrane (Millipore, Bedford, MA), blocked with 5% skim milk in PBST (0.1
M PBS and 0.1% Tween 20), and then incubated with the desired antibody at 4°C
overnight (1:5,000 for the antiAC6 antibody, 1:5,000 for the anti-Snapin anti-
body, 1:1,000 for the anti-Snap25 antibody, 1:5,000 for the antiactin antibody,
1:1,000 for anti-c-Myc antibody, and 1:5,000 for anti-Flag antibody). After three
10-min washes in PBST, membranes were incubated with peroxidase-conjugated
donkey anti-rabbit IgG, goat anti-mouse IgG (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden), or donkey anti-goat IgG (Santa Cruz Biotech) at a 1:5,000
dilution for 1 h at RT and washed six times with PBST. Immunoreactive bands
were visualized using an enhanced chemiluminescence (ECL) method (Perkin-
Elmer Life and Analytical Sciences, Boston, MA).

Preparation of the plasma membrane fraction. Brains were collected from the
indicated mice and homogenized in ice-cold homogenization buffer (20 mM
HEPES [pH 7.4], 1 mM EDTA, 2 mM MgCl,, 150 mM NaCl, and protease
inhibitors) using a MagNA lyser (Roche, Basel, Switzerland) at a setting of 5,000
amplitude vibrations for 30 s. The homogenate was centrifuged at 1,300 X g for
10 min to remove unbroken tissue clumps and nuclei. The supernatant was
centrifuged at 50,000 Xg for 45 min to obtain the plasma membrane fraction. The
protein concentration was measured using the Bio-Rad protein assay reagent.

cAMP assay. The intracellular cAMP content was assayed as described before
(9), with slight modifications. Neuro2A cells were seeded at 10° cells/100-mm
plate and transfected with the indicated DNA(s) using Lipofectamine 2000
(Invitrogen). Seventy-two hours posttransfection, cells were lifted from the plates
in aliquots of approximately 5 X 10° cells/tube in triplicate. Cells were washed
twice with Ca®>"-free Locke’s solution (150 mM NaCl, 5.6 mM KCl, 5 mM
glucose, 1 mM MgCl,, and 10 mM HEPES adjusted to pH 7.4) and resuspended
in the same solution at 5 X 10° cells/300 wl. Cells then were treated with 0.5 mM
IBMX with or without 10 uM forskolin for 20 min at RT. At the end of
incubation, cells were rapidly washed once using ice-cold Locke’s buffer. Cellular
cAMP was extracted by adding 300 wl of 0.1 N HCl per 5 X 10° cells to each tube
with gentle mixing for 10 min on ice. The cAMP content was assayed using a
1251.cAMP assay kit (PerkinElmer Life Sciences, Shelton, CT) according to the
manufacturer’s instructions.
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FIG. 1. Elevated expression of type VI adenylyl cyclase (AC6) sup-
pressed the development of neuronal processes in primary hippocam-
pal neurons. (A) Plasma membrane fractions (50 pg) isolated from
brains of postnatal day 1 (P1), P7, P15, and adult rats were subjected
to Western blot analysis using an AC6 antibody (AC6D). (B) Primary
hippocampal neurons at day in vitro (DIV) 4 were transfected with the
indicated constructs (2 ug) along with 1/6 of the molar amount of an
expression construct of enhanced green fluorescent protein (EGFP)
for 72 h. Representative images of three independent experiments are
shown. The scale bar is 20 wm. The length of the longest neurite of
each neuron was measured in neurons expressing EGFP and then
expressed as a percentage of the control group. Data are presented as
the means = standard errors from at least three independent experi-
ments. ***%, P < (0.001 compared to cells of the control group using
one-way analysis of variance.

Immunocytochemistry. Primary neurons purified from the hippocampi of
AC6-KO mice (11) or WT mice were fixed at 7 DIV in 4% (wt/vol) paraformal-
dehyde-4% (wt/vol) sucrose in PBS for 15 min, blocked with 3% bovine serum
albumin for 1 h, stained with a monoclonal anti-Tujl antibody (1:1,000; Milli-
pore, Bedford, MA) at 4°C overnight, and then incubated with a goat anti-mouse
IgG antibody conjugated to Alexa Fluor 568 for 2 h. To analyze the cellular
localization of Snap25, primary hippocampal neurons (DIV 4) were transfected
with an expression construct encoding YFP, YFP-AC6, or AC5-c-Myc. YFP- or
YFP-AC6-transfected neurons were fixed at DIV 7 and stained with anti-Syn-
taxin 1 (1:100; Santa Cruz) and anti-Snap25 antibodies (1:150; Abcam, Cam-
bridge, United Kingdom) at 4°C overnight. AC5-Myc-transfected neurons were
stained with anti-c-Myc-biotin (1:500; Sigma-Aldrich, St. Louis, MO), anti-Syn-
taxin 1, and anti-Snap25 antibodies at 4°C overnight. Snap25 was visualized with
an Alexa Fluor 568 secondary antibody (red). Syntaxin 1 was visualized with an
Alexa Fluor 647 secondary antibody (blue). AC5—-c-Myc was visualized with an
Alexa Fluor 488 secondary antibody (green). The pattern of immunostaining was
analyzed with a laser-scanning confocal microscope (LSM 510 meta). Samples
from which the primary antibody was omitted were used to control for the
specificity of the immunofluorescence.

Pulldown assay. Neuro2A cells were transfected with the indicated plasmid(s)
for 48 h. Cells were lysed with ice-cold lysis buffer (20 mM Tris-HCI at pH 8.0,
1% [vol/vol] Nonidet P-40, 150 mM NaCl, 1 mM EDTA, 1X PhosSTOP phos-
phatase inhibitor cocktail, and 1X complete EDTA-free protease inhibitor cock-
tail [Roche]). Cell lysates (1 mg) were incubated with 10 ul of Dynabead protein
G (Invitrogen) for 1 h at 4°C on a rolling wheel. After extensive washing, the
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FIG. 2. Elevated expression of type VI adenylyl cyclase (AC6) sup-
pressed neurite outgrowth in Neuro2A cells. (A) Neuro2A cells were
transfected with the indicated constructs (2 pg) along with 1/6 of the
molar amount of an expression construct of enhanced green fluores-
cent protein (EGFP) and treated with retinoic acid (RA) for 48 h to
induce differentiation. Representative images of three independent
experiments are shown. The scale bar is 100 wm. For quantification,
transfected cells were identified by EGFP expression. RA-evoked
neurite-bearing cells were quantified using a fluorescence micro-
scope. Data are presented as the means * standard errors from at
least three independent experiments. ***, P < 0.001 compared to
cells of the control group using one-way analysis of variance
(ANOVA). (B) Neuro2A cells were transfected with the indicated
amount of an expression construct of AC6 and an empty vector to
make up 2 pg of DNA, along with 1/6 of the molar amount of an
expression construct of EGFP. Data from relative neurite-bearing cells
are presented as the means = standard errors from at least three
independent experiments. **, P < 0.01, and *#**, P < 0.001, compared
to cells of the control group using one-way ANOVA. Expression levels
of AC5 and AC6 were assessed by Western blot analyses using anti-
ACS and anti-AC6 antibodies, respectively. Representative Western
blots are shown. Expression levels of AC5 and AC6 were assessed by
Western blot analyses using anti-c-Myc and anti-AC6 antibodies, re-
spectively. Representative Western blots are shown.

resultant complexes were analyzed by SDS-PAGE and immunoblotting assays as
described above.

Immunoprecipitation-AC assay. The AC activity of the immunoprecipitated
complex was assayed as described previously (9, 49). Briefly, brains were col-
lected from the indicated mice and homogenized in lysis buffer (20 mM HEPES
at pH 7.4, 1 mM EDTA, 2 mM MgCl,, 150 mM NaCl, 0.5% C12EY, and protease
inhibitors) using a MagNA lyser (Roche) at a setting of 5,000 amplitude vibra-
tions for 30 s. Samples of brain lysate (12 mg) were incubated with 4 pg of an
anti-Snap25 antibody or 12 pg of a goat IgG antibody with or without competing
peptides (0.5 pg) for 1 h at 4°C on a rolling wheel. Protein A agarose was added
for 1 h. After extensive washing, the resultant immunoprecipitated complexes
were suspended in 1 ml reaction buffer (50 mM HEPES at pH 7.4, 1 mM EDTA,
1 mM MgCl,, 0.04% C12E9, and protease inhibitors). Immunoprecipitated com-
plexes (45 pl) were mixed with 400 wl of AC assay buffer (1 mM ATP, 100 mM
NaCl, 50 mM HEPES, 0.5 mM IBMX, 6 mM MgCl,, 1 pM GTP, and 0.2 mM
EGTA), and AC activity was assayed at 37°C for 10 min. The reactions were stopped
by the addition of 600 .l of 10% trichloroacetic acid. The cAMP formed was isolated
by Dowex chromatography (Sigma-Aldrich) and determined by a radioimmunoas-
say. The peptide sequence for Snapins;_s; was LRPAVQQLDSHVHAVRESQ, and
that for the scrambled peptide was HLVRHPAAVVRQEQSLQDS.
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FIG. 3. Downregulation of endogenous type VI adenylyl cyclase (AC6) enhanced neurite outgrowth. (A to C) Neuro2A cells were transfected
with the indicated construct(s) for 72 h. Two short-hairpin RNA (shRNA) constructs for AC6 (designated siAC6-1 and siAC6-2) were tested for
their ability to reduce AC6. (A) Cells were treated with forskolin (10 uM) for 20 min, and the accumulated cAMP was assessed. (A and C) Total
lysates collected from cells transfected with the indicated construct(s) were subjected to Western blot analyses using AC6D. (B and C) Neuro2A
cells were transiently transfected with the indicated construct(s) along with an expression construct of enhanced green fluorescent protein (EGFP)
and treated with retinoic acid (RA) for 48 h to induce differentiation. Neurite-bearing cells were quantified as described in Materials and Methods.
Data are presented as the means = standard errors from three to six experiments. (D) Primary hippocampal neurons at day in vitro (DIV) 4 were
transfected with the indicated construct(s) along with an expression construct of EGFP for 72 h. The length of the longest neurite was measured
as described. Data are presented as the means * standard errors from three experiments. (E) Primary hippocampal neurons (DIV 7) harvested
from AC6-null (AC6~'7) or wild-type (AC6*'") mice were immunostained with an anti-tujl antibody and visualized by an Alexa Fluor
568-conjugated secondary antibody (red). Representative images of three independent experiments are shown. The scale bar is 50 wm. The length
of the longest neurite was measured as described. Data are presented as the means * standard errors from three experiments. *, P < 0.05; **,

P < 0.01; and ***, P < 0.001, each by one-way analysis of variance.

RESULTS

We previously reported that AC6 is expressed predomi-
nantly in neurons in the central nervous system (35), and that
AC6 and Snapin colocalize in the hippocampus and primary
hippocampal cultures (12). Interestingly, AC6 expression lev-
els markedly increased during the postnatal development of rat
brain (Fig. 1A), suggesting that AC6 plays an important role in
neuronal development. To assess the importance of this ele-
vation in AC6 expression, we overexpressed AC6 in primary
hippocampal neurons (at 4 DIV), using EGFP as the reporter,
to identify neurons carrying transfected DNA. Intriguingly,
neurons transfected with AC6, but not AC5, had shorter neu-
rites (Fig. 1B). ACS is the closest isozyme to AC6 in the AC
superfamily. Unlike their N-terminal domains, the Cla and C2
domains of ACS and AC6 are highly homologous (50, 74). A
similar inhibitory effect of AC6 on the development of neuro-
nal processes also was observed in a murine neuroblastoma cell
line (Neuro2A cells) (Fig. 2A). These cells grow neurites after
treatment with retinoic acid (RA) or after serum withdrawal
(18) and can be readily transfected with high efficiency. There-
fore, we used Neuro2A cells for subsequent experiments to test
the suppressive effect of AC6 on the development of neuronal
processes. This suppressive effect of AC6 was dependent on

the amount of AC6 protein, because the higher the level of
AC6 protein, the lower the percentage of neurite-bearing cells
(Fig. 2B). No effect of AC5 was observed (Fig. 2A).
Consistently with the hypothesis that the level of AC6 is
important for neurite outgrowth, we designed an shRNA con-
struct directed against the mouse AC6 transcript sequence to
knock down endogenous AC6 expression in Neuro2A cells and
primary hippocampal neurons. As shown in Fig. 3A, the tran-
sient expression of an AC6-directed shRNA construct (desig-
nated siAC6-1) reduced the expression of both endogenous
and transfected AC6 proteins, as well as forskolin-evoked
cAMP accumulation in Neuro2A cells (Fig. 3A). Most impor-
tantly, the downregulation of AC6 using siAC6-1 significantly
elevated RA-induced neurite outgrowth in Neuro2A cells,
whereas elevated AC6 expression reduced neurite outgrowth
(Fig. 3B; also see Fig. S1 in the supplemental material). To
verify the importance of the AC6 level on neurite outgrowth,
we designed another AC6-directed shRNA construct (desig-
nated siAC6-2) which also downregulated the endogenous
level of mouse AC6 and enhanced the percentage of neurite-
bearing cells in Neuro2A cells (Fig. 3C). Importantly, the ex-
ogenous expression of rat AC6, which resists the suppressive
effect of siAC6-2 due to a sequence variation between the
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mouse and rat AC6 (see Table S1 in the supplemental mate-
rial), retained the inhibitory effect on neurite outgrowth (Fig.
3C). Consistently with this finding, the downregulation of rat
AC6 by siAC6-1 in primary hippocampal neurons promoted
neurite elongation, whereas the overexpression of AC6 re-
duced the neurite length (Fig. 3D; also see Fig. S2 in the
supplemental material). Furthermore, primary neurons puri-
fied from the hippocampi of AC6 knockout (KO) mice (11)
had longer neuronal processes than WT neurons (Fig. 3E).
Note that the maturation of the hippocampus, which was ac-
companied by increased dendritic length and decreased growth
cones, was complete by postnatal stage P20 (20 days after
birth) (34). Changes in the levels of the AC6 protein thus
might contribute to the development and maturation of the
hippocampus.

Because ACS5 and AC6 are highly homologous except for
their N termini (32), we next assessed whether the N-terminal
domain of AC6 mediated the suppressive effect of AC6 de-
scribed above using an AC6 variant (AC6-N5), the regulatory
domain (i.e., the N terminus) of which was replaced by that of
ACS. We previously showed that the enzymatic activity of
AC6-NS5 is similar to that of WT AC6 (30). To further verify
the importance of the N terminus, we created another mutant
(AC5-N6) in which the N terminus of AC5 (amino acids 1 to
215) was replaced with that of AC6 (amino acids 1 to 146).
Accumulations of basal cAMP levels in Neuro2A cells express-
ing AC6, AC6-NS5, or AC5-N6 were similar (Fig. 4A). Never-
theless, only AC variants that contained the N terminus of AC6
(e.g., AC6 and AC5-N6) suppressed neurite outgrowth in
Neuro2A cells (Fig. 4B). AC6-N5 did not suppress neurite
outgrowth in Neuro2A cells or primary hippocampal neurons
in the way that AC6 did (Fig. 4B and C), further supporting
our hypothesis that the N terminus of AC6 is critical for its
action in suppressing neurite outgrowth. This observation also
suggests that an N terminus-specific binding protein mediates
the inhibitory effect of AC6.

We previously reported that the N terminus of AC6 specif-
ically binds to Snapin (12), a protein that binds Snap25 and the
SNARE complex. Because the SNARE complex is implicated
in neurite outgrowth (25, 31), we evaluated the role of Snapin
in suppressing neurite outgrowth by AC6. As shown in Fig. 5A,
the overexpression of Snapin in Neuro2A cells did not affect
the extent of neurite outgrowth in the presence or absence of
AC6 (Fig. 5A). However, when the endogenous level of Snapin
was downregulated with an shRNA construct directed against
the mouse Snapin transcript (designated siSnapin), the inhib-
itory effect of AC6 on neurite outgrowth was abolished (Fig.
5A), demonstrating that Snapin likely mediates the inhibitory
effect of AC6. Immunoblotting analyses revealed that the tran-
sient expression of siSnapin markedly reduced the endogenous
level of Snapin in Neuro2A cells. No effect on neurite out-
growth was observed in cells expressing siSnapin alone. Sur-
prisingly, the overexpression of the Snapin ,55_s; mutant, which
is unable to bind AC6 (12), effectively reversed the suppressive
effect of AC6 on neurite outgrowth (Fig. 5B), while the over-
expression of the Snapin,;; 5, mutant by itself did not affect
neurite outgrowth. The observations described above further
strengthen our hypothesis that Snapin mediates the action of
AC6 in suppressing neurite outgrowth. Furthermore, the ob-
servation that the Snapin, ;5 5; mutant abrogated the inhibitory
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FIG. 4. N terminus of type VI adenylyl cyclase (AC6) mediates the
suppression of neurite outgrowth. (A and B) Neuro2A cells were
transfected with the indicated construct(s) along with an expression
construct of enhanced green fluorescent protein (EGFP) and treated
with retinoic acid (RA) for 48 h to induce differentiation. The accu-
mulated cAMP content (A) and the percentage of neurite-bearing cells
(B) were quantified as described in Materials and Methods. Data are
presented as the means * standard errors from three to six experi-
ments. Expression levels of AC6, AC6NS, and AC5N6 were assessed
by Western blot analyses using anti-AC6, anti-AC6, and anti-c-Myc
antibodies, respectively. Representative Western blots are shown.
(C) Primary hippocampal neurons purified from the hippocampi of
AC6 knockout mice were transfected with the indicated construct(s)
along with an expression construct of EGFP. Representative images of
three independent experiments are shown. The scale bar is 50 wm. The
length of the longest neurite of each neuron was measured, and results
are presented as the means * standard errors from three experiments.
*, P < 0.05; %, P < 0.01; and #*%, P < 0.001, compared to cells of the
control group using one-way analysis of variance.

effect of AC6 on neurite outgrowth suggests that this mutant
protein, acting in a dominant-negative fashion, is sequestering
a third partner in the AC6-Snapin protein complex that, to-
gether with the other proteins, modulates neurite outgrowth.

Snapin was initially identified as a protein that binds to
Snap25, which plays key roles in exocytosis and several other
processes, including neurite elongation and sprouting (19, 31,
55, 75). Therefore, we hypothesized that by interacting with
Snapin, AC6 affects the neurite outgrowth process by interfer-
ing with the function of Snap25 in the membrane fusion ma-
chinery. While the detailed interacting domains between Sna-
pin and Snap25 have not been mapped, it was reported that the
interaction between Snapin and SNAP25 can be greatly in-
creased by the PKA-dependent phosphorylation of Snapin at
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FIG. 5. Type VI adenylyl cyclase (AC6)-binding protein, Snapin, mediates AC6-induced suppression of neurite outgrowth. Neuro2A cells were
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retinoic acid (RA) for 48 h to induce differentiation. Neurite-bearing cells were quantified as described in Materials and Methods. Data are
presented as the means *+ standard errors from three to six experiments. *, P < 0.05, and %%, P < 0.001, by one-way analysis of variance.
Expression levels of AC6 and Snapin variants were assessed by Western blot analyses using anti-AC6 and anti-c-Myc antibodies, respectively.

Representative Western blots are shown.

the Ser’® residue (10). Interestingly, two PKA inhibitors (H89
and KT5720) reversed the AC6-induced inhibition of neurite
outgrowth (Fig. 6A; also see Fig. S3 in the supplemental ma-
terial). H89 did not affect neurite outgrowth in the presence of
an empty vector or AC6-N5 (Fig. 6A), demonstrating that
PKA by itself, regardless of the cAMP level, does not affect
neurite outgrowth. To further test this hypothesis, we used a
Snapin mutant (Snapings,,) that cannot be phosphorylated by
PKA at Ser’® and therefore has a much-reduced capacity to
interact with Snap25 relative to that of WT Snapin (10). The
mutation of Ser’ in Snapin did not affect its interaction with
AC6, because Snapingso, Was shown earlier to prevent the
regulation of AC6 by PKC, as does WT Snapin (12). As shown
in Fig. 6B, the overexpression of Snapings,, reversed the AC6-
mediated inhibition of neurite outgrowth, suggesting that a
strong interaction between Snapin and Snap25 is required to
inhibit neurite outgrowth by AC6.

To evaluate the role of cAMP in the suppressive effect of
AC6 on neurite outgrowth, we first employed a cell-permeable
inhibitor of AC (SQ22536 [16]), which suppressed the basal
and forskolin-evoked cAMP production by AC6 (see Fig. S4 in
the supplemental material). Treating Neuro2A cells with
SQ22536 reversed the suppressive effect of AC6 on neurite
outgrowth (Fig. 6C). We next created a catalytically inactive
AC6 mutant (AC6p4s64 [20]) which harbors a mutation in the
C1 domain; it thus has no basal or forskolin-evoked AC activity
(see Fig. S5 in the supplemental material). The expression of
AC6p 564 did not suppress neurite outgrowth in the presence
of an empty vector or a Snapin variant (Snapings,,) Which
cannot be phosphorylated by PKA (Fig. 6D). Importantly, the
coexpression of AC6p4,6. (Which contains an intact N termi-
nus) and Snapingsgp, (Which is a phosphorylated mutant at
Ser®® and binds to Snap25 with high affinity [10]) led to the
suppression of neurite outgrowth (Fig. 6D). Collectively, the
N-terminal domain and basal catalytic activity of AC6, which

permitted the PKA-mediated phosphorylation of Snapin at
Ser”® for a strong interaction between Snapin and Snap25, are
required for the AC6-mediated inhibitory effect on neurite
outgrowth.

To confirm that AC6, Snapin, and Snap25 form a complex,
we produced an AC6 mutant (Fc-AC6) containing a fragment-
crystallizable (Fc) region fused to the C terminus of AC6. The
exogenous expression of Fc-AC6 in cells allowed the pulldown
of protein G of protein complexes that contained AC6. In
Neuro2A cells, Fc-AC6, but not Fc, successfully pulled down
Snapin and Snap25 (Fig. 7A). Consistently with these findings,
the expression of Fc-AC6-N5 could not pull down either Sna-
pin or Snap25 (Fig. 7B). Interestingly, the expression of a
nonphosphorylation-mimicking Snapin mutant (Snapingsga ),
which had no interaction with Snap25, prevented the pulldown
of Snap25 by Fc-AC6 (Fig. 7B). These data collectively dem-
onstrated that Snapin and Snap25 form a complex with the
ACG6 protein. In addition, complex formation of AC6, Snapin,
and Snap25 is dependent on the N terminus of AC6 and the
phosphorylation of Snapin. To demonstrate that AC6, Snapin,
and Snap25 form a complex in vivo, we first immunoprecipitated
Snap25 from brains of WT and AC6-null mice and measured
forskolin-stimulated AC activity in the Snap25 immunocomplex.
As shown in Fig. 7C, marked basal and forskolin-evoked AC
activities were detected in the Snap25 immunocomplex purified
from brains of WT mice, but not from those of AC6-KO mice,
demonstrating the formation of a complex between Snap25
and AC6. No significant AC activity was detected in the im-
munocomplex precipitated with normal goat serum. To evalu-
ate whether the interaction between AC6 and Snapin is im-
portant for the formation of the complex between AC6 and
Snap25, we used a peptide (Snapins;_s;; LRPAVQQLDSHV
HAVRESQ), comprising amino acids 33 to 51 of Snapin, to
disrupt the interaction between AC6 and Snapin (12). As
shown in Fig. 7D, Snapins;_s;, but not a scrambled peptide,
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FIG. 6. Protein kinase A (PKA) activity is required for the Snapin-mediated inhibitory effect of type VI adenylyl cyclase (AC6) on neurite
outgrowth. (A) Neuro2A cells were transfected with the indicated construct(s) along with an expression construct of enhanced green fluorescent
protein (EGFP) and treated with retinoic acid (RA) for 48 h to induce differentiation in the presence of the desired concentration of a PKA
inhibitor (H89). (B) Neuro2A cells were transfected with the indicated construct(s) along with an expression construct of EGFP and treated with
RA for 48 h to induce differentiation. (C) Neuro2A cells were transfected with the indicated construct(s) along with an expression construct of
EGFP and treated with RA for 48 h to induce differentiation in the presence of an inhibitor of adenylyl cyclase (SQ22536; 20 uM). (D) Neuro2A
cells were transfected with the indicated construct(s) along with an expression construct of EGFP and treated with RA for 48 h to induce differentiation.
Neurite-bearing cells were quantified as described in Materials and Methods. Data are presented as the means = standard errors from three to six
experiments. *, P < 0.05; %, P < 0.01; and #**, P < 0.001, each by one-way analysis of variance. Expression levels of AC6 and Snapin variants were
assessed by Western blot analyses using anti-AC6 and anti-c-Myc antibodies, respectively. Representative Western blots are shown.

significantly reduced AC activity measured in the Snap25 com-
plex, demonstrating that the interaction between AC6 and
Snap25 is mediated by Snapin. Most importantly, the overex-
pression of Snap25 completely reversed the inhibitory effect of
AC6 on neurite outgrowth in Neuro2A cells and in primary
hippocampal neurons (Fig. 8A and C). Interestingly, the over-
expression of Snap25 by itself did not increase neurite out-
growth in Neuro2A cells or in primary hippocampal neu-
rons, probably due to a ceiling effect in our assay conditions.
Conversely, the downregulation of Snap25 using two
Snap25-directed shRNA constructs (designated siSnap25-3
and siSnap25-7) greatly reduced neurite outgrowth in
Neuro2A cells and in primary hippocampal neurons (Fig. 8B
and D), further supporting our hypothesis that Snap25 plays a
critical role in regulating neurite outgrowth.

To evaluate whether the expression of AC6 affects the lo-
calization of Snap25 and thereby interferes with its function of
membrane fusion, we performed the immunohistochemical

staining of primary hippocampal neurons expressing a reporter
(YFP), a fusion protein of AC6-YFP, or an ACS5 protein
(AC5-c-Myc). As shown in Fig. 9, Snap25 and another
SNARE component (Syntaxin 1) were located mainly on
plasma membranes and throughout neuronal processes of pri-
mary hippocampal neurons. The expression of AC6, but not of
ACS or YFP, restricted the localization of Snap25 and Syntaxin
1 to soma and neurites in perisomatic regions. This AC6-
mediated restriction of the localization of SNARE compo-
nents likely limited SNARE-dependent membrane fusion and
might account for the suppressive effect of AC6 on neurite
outgrowth.

DISCUSSION

cAMP has long been known to play critical roles in axon/
dendrite formation and axon guidance and elongation in em-
bryonic neuronal development (5, 27, 33, 53, 54, 64). The most
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important effectors of cAMP include PKA and Epac (47).
These two molecules regulate axonal growth through distinct
mechanisms (40, 41). Specifically, PKA induces growth cone
repulsion at low cAMP levels, while Epac promotes growth
cone attraction at high cAMP levels (5). The regulation of
neurite outgrowth by cAMP thus is believed to be tightly con-
trolled by multiple fine-tuned layers. In the present study, we
demonstrated that AC6 suppressed neurite outgrowth by re-
stricting the location of Snap25-containing SNARE machinery
through a direct protein-protein interaction with the N termi-
nus of AC6 and Snapin (Fig. 10). Although this interaction
between AC6 and Snapin is independent of PKA (7), a tight
association between Snapin and Snap25 requires PKA activity
(33). Such modulation of neurite outgrowth by the formation
of AC6/Snapin/Snap25 complexes likely is confined to loca-
tions where AC6 is enriched. While the relative levels and
stoichiometry of the binding partners and functional conse-
quence of increased AC6 levels during postnatal development
are unknown, the dynamic regulation and trafficking of the
AC6/Snapin/Snap25 complex during development may be im-
portant in the morphogenesis of neurons. Interestingly, Snapin
was shown to regulate dendritic patterning in developing neu-
rons by modulating cypin-promoted microtubule assembly (6).

Future investigation of the subcellular localization of AC6 in
neurons during development and its possible involvement in
neuronal morphogenesis during development in vivo would be
of great interest. In addition, the modulation of neurite out-
growth by ACG6 likely is AC isoform specific, because AC6
exerts its effect via the N terminus, which is unique among all
AC isozymes (7, 32). In fact, the N-terminal domains of all
transmembrane ACs are distinct and act as specific regulatory
domains (13, 23, 32, 67). Consistently with this hypothesis, we
showed that the expression of ACS, the closest AC isozyme to
AC6, had no effect (Fig. 1, 2, and 9). Our study is the first to
demonstrate that an AC isoform modified neurite outgrowth
through its interacting proteins, and it reveal a new layer of
fine-tuning by the AC6/Snapin complex of neurite outgrowth
during the maturation of the hippocampus.

Snapin was recognized initially for its involvement in regu-
lating exocytosis (28, 63). Membrane vesicle trafficking and
exocytosis play critical roles in the development of neuronal
processes (69). In contrast to the well-characterized regulatory
mechanisms underlying synaptic vesicle exocytosis in mature
neurons, the regulatory mechanisms of membrane trafficking
and the exact SNARE:s that are required for membrane traf-
ficking involved in neurite outgrowth are largely unknown and
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FIG. 8. Overexpression of the 25-kDa synaptosome-associated pro-
tein (Snap25) reversed the inhibitory effect of type VI adenylyl cyclase
(AC6) on neurite outgrowth. (A) Neuro2A cells were transiently trans-
fected with the indicated construct(s) along with an expression con-
struct of enhanced green fluorescent protein (EGFP) and treated with
retinoic acid (RA) for 48 h to induce differentiation. Neurite-bearing
cells were quantified as described in Materials and Methods. Data are
presented as the means * standard errors from three to six experi-
ments. (B) Neuro2A cells were transiently transfected with siIRNA
construct(s) for Snap25 (siSnap25-3 and siSnap25-7) along with an
expression construct of EGFP and treated with RA for 48 h to induce
differentiation. Neurite-bearing cells were quantified as described.
Data are presented as the means * standard errors from three to six
experiments. Total lysates collected from cells transfected with the
indicated construct(s) were subjected to Western blot analyses using
an anti-Snap25 antibody. (C and D) Primary hippocampal neurons at
day in vitro (DIV) 4 were transfected with the indicated construct(s)
along with an expression construct of EGFP for 72 h. The length of the
longest neurite of each neuron was measured in neurons expressing
EGFP and then expressed as a percentage of the control group,
which was transfected with the empty vector plus the EGFP re-
porter only. Data are presented as the means * standard errors
from three experiments. *, P < 0.05; %, P < 0.01; *»*%, P < 0.001,
each by one-way analysis of variance.

currently are under active investigation (69). The membrane
fusion mechanism involved in neurite outgrowth is believed to
differ from the classical synaptic core machinery, because treat-
ment with tetanus neurotoxin (which cleaves VAMP?2, a vesic-
ular SNARE protein critical for Ca®*"-mediated exocytosis)
blocks neurotransmitter release but not the neurite outgrowth
process (22, 43). Conversely, the suppression of Snap25 (a
t-SNARE protein) by antisense oligonucleotides or a neuro-
toxin greatly reduced neurite outgrowth (39, 42, 43), whereas
the overexpression of Snap25 induced neurite sprouting (31,
55). Consistently with its importance in neurite development,
Snap25 was detected in nerve growth cones (39). Interestingly,
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although transcript levels of Snap25 were found in both excit-
atory and inhibitory neurons (2, 57), Snap25 exists in selective
subpopulations of excitatory nerve terminals (19, 21, 36, 65).
One of the mechanisms which might account for the selective
localization of Snap25 in specific neuronal terminals is the
differential axonal transport of Snap25 (38, 45). Altered ex-
pression of Snap25 was reported in mental diseases, including
schizophrenia and bipolar I disorder (51, 62). In the present
study, we reported that the expression of AC6 plays a critical
role in controlling the subcellular localization of Snap25 in
neurons (Fig. 9). The overexpression of AC6 in primary hip-
pocampal neurons suppressed the length of neurites by ap-
proximately 40% (Fig. 1), which was comparable to the inhi-
bition caused by the downregulation of Snap25 using an
shRNA approach as reported in the present study (Fig. 8D)
and that by the cleavage of Snap25 using botulinum neurotoxin
A, as reported elsewhere (43).

We found that the AC6-mediated inhibition of neurite out-
growth was reversed by the overexpression of Snap25 or a
Snapin mutant (Snapings,,) that could not be phosphorylated
by PKA and therefore had a low affinity for Snap25 (Fig. 6B
and D and 7B). We also demonstrated the existence of a
protein complex composed of AC6, Snapin, and Snap25 in
brains of WT mice (Fig. 7C and D). Note that the percentages
of Snapin and Snap25 that were pulled down by AC6 in Fig. 7A
were 1.8 and 0.7%, respectively. These low percentages of
apparent complex formation likely are underestimated, be-
cause interactions among membrane-bound AC6, Snapin, and
Snap25 require membrane solubilization using detergents, a
required step for the pulldown of these molecules from
Neuro2A cells (Fig. 7A and B). Membrane solubilization using
detergents is likely to cause the undesirable dissociation of
assembled protein complexes, which is a common problem
during the preparation of protein complexes (29, 56). In addi-
tion, Snapin is an important scaffold protein that interacts with
more than 20 binding proteins and regulates a wide variety of
cellular machineries with the vesicle-transporting system (68).
It thus is reasonable that AC6 pulled down only a small pro-
portion of the Snapin-mediated protein complexes. Our data
suggest that the expression of AC6 in cell bodies and periso-
matic neurites caused a redistribution of the Snap25-contain-
ing SNARE apparatuses (Fig. 9). The local, but not overall,
concentrations of these molecules therefore are crucial for the
suppressive effect of AC6 on neurite outgrowth. Such informa-
tion currently is unavailable due to a lack of good antibodies
with sufficiently high affinities to quantify endogenous and lo-
cal levels of AC6, Snapin, and Snap25 in neurons. Neverthe-
less, primary hippocampal neurons isolated from AC6-null
mice had much longer neurites (Fig. 3E), suggesting that the
endogenous level of AC6 was sufficient to regulate neurite
outgrowth in an N terminus-dependent manner (Fig. 3E and
4C). Further analyses of the localization and expression levels
of AC6 in different neuronal populations and disease models
might provide novel insights into the regulation of neuronal
development and mental disease by Snap25.

The activation and regulation of ACs traditionally have been
viewed in the context of serial signaling cascades linking pro-
tein G-coupled receptor activation to various physiological
functions. In addition to its role as a cCAMP-synthesizing en-
zyme, our study showed that AC6, by the binding of its N
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FIG. 9. Expression of type VI adenylyl cyclase (AC6) altered the localization of the 25-kDa synaptosome-associated protein (Snap25) and Syntaxin
1. Primary hippocampal neurons on day in vitro (DIV) 4 were transfected with the indicated construct for 72 h. YFP- and YFP-AC6-transfected neurons
were fixed and then stained with anti-Syntaxin 1 and anti-Snap25 antibodies. AC5—c-Myc-transfected neurons were stained with anti-c-Myc, anti-Syntaxin
1, and anti-Snap25 antibodies. Snap25 was visualized with an Alexa Fluor 568 secondary antibody (red). Syntaxin 1 was visualized with an Alexa Fluor
647-conjugated secondary antibody (blue). AC5—c-Myc was visualized with an Alexa Fluor 488-conjugated secondary antibody (green). Representative
images of three independent experiments are shown. The arrows indicate the soma of transfected neurons.

terminus to Snapin, negatively regulates neurite outgrowth
(Fig. 1 and 2). Results obtained from cells treated with an AC
inhibitor (SQ22536) or the expression of a catalytically inactive
AC6 mutant suggested that the basal catalytic activity of AC6

is required for the suppression effect on neurite outgrowth
(Fig. 6C and D). The slight increase in cellular accumulation of
cAMP (Fig. 4A) appeared to be sufficient to activate PKA and
cause the phosphorylation of its interacting protein (Snapin) to
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suppressed neurite outgrowth by restricting the localization of the Snap25-containing SNARE machinery to soma and perisomatic neurites through
direct protein-protein interactions with the N terminus of AC6 and Snapin.

redistribute the cellular localization of the Snap25-containing
SNARE complex (Fig. 6D and 9). We therefore reasoned that
the further activation of AC6 through the stimulation of Gsa-
coupled receptors would not have a significant effect on neurite
outgrowth. In line with this hypothesis, the stimulation of the
A, adenosine receptor using CGS21680 significantly in-
creased the intracellular cAMP content in AC6-expressing
Neuro2A cells but failed to alter the AC6-mediated suppres-
sion of neurite outgrowth (see Fig. S6 in the supplemental
material). It is important to point out that interaction with the
Snapin and Snap25 complex did not affect the catalytic activity
of AC6, as was reported earlier (12). Although the downregu-
lation of Snapin or the overexpression of Snap25 reversed the
inhibitory effect of AC6 on neurite outgrowth, the alteration of
the level of Snapin or Snap25 did not affect intracellular cAMP
accumulation evoked by AC6 (see Fig. S7 and S8 in the sup-
plemental material). Our findings suggest that interactions of
proteins from different pathways provide a spatial and tempo-
ral platform for signaling cross-talk. This is particularly impor-
tant for neurons, because multiple signals must be selectively

and precisely integrated. The binding of AC6 to Snapin leads
to the efficient cross-regulation of a specific cAMP-producing
enzyme and the SNARE apparatus.

The dynamic regulation of AC6 protein levels was reported
beyond neuronal development, as demonstrated in the present
study (Fig. 1A). For example, the level of AC6 is higher in
thyroid tumors than normal thyroid tissues (70). AC6 also is
actively regulated during circadian rhythms (24). It is impor-
tant to note that AC6 is unique among members of the AC
superfamily, in that it has very low basal enzymatic activity
compared to that of other isoforms (48), and it can be inhibited
by most of the signaling pathways examined, including those
involving calcium, PKA, PKC, and nitric oxide (8, 33, 44, 74).
Although the general presence of AC6 in neurons was re-
ported more than a decade ago (35), its functional role in
regulating neuronal activity still is largely unclear. Compared
to the well-characterized roles of calcium-stimulated ACs (i.e.,
ACI and ACS8) (66, 72, 73), the contribution of AC6 to neu-
ronal plasticity is particularly obscure, because cCAMP eleva-
tion usually is associated with enhanced plasticity (15, 52, 64).
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A recent study reported that AC6 interacts with an A-kinase
anchoring protein (AKAP79/150) (1, 17). The close association
of AC6 with PKA is thought to allow the efficient phosphory-
lation of its binding protein (Snapin) at Ser’, promoting a
Snapin/Snap25 interaction, and subsequently facilitating the
ability of AC6 to control the localization of Snap25-containing
SNARE complexes via Snapin. In summary, our findings sug-
gest that the regulatory N-terminal domain of AC6 plays a
specific role in the development of neuronal processes via its
interaction with Snapin.
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