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Abstract
Nerve growth factor (NGF) and the ubiquitous second messenger cyclic AMP(cAMP) are both
implicated in neuronal differentiation. Multiple studies indicate that NGF signals to at least a
subset of its targets via cAMP, but the link between NGF and cAMP has remained elusive. Here,
we have described the use of small molecule inhibitors to differentiate between the two known
sources of cAMP in mammalian cells, bicarbonate- and calcium-responsive soluble adenylyl
cyclase (sAC) and G protein-regulated transmembrane adenylyl cyclases. These inhibitors, along
with sAC-specific small interfering RNA, reveal that sAC is uniquely responsible for the NGF-
elicited rise in cAMP and is essential for the NGF-induced activation of the small G protein Rap1
in PC12 cells. In contrast and as expected, transmembrane adenylyl cyclase-generated cAMP is
responsible for Rap1 activation by the G protein-coupled receptor ligand PACAP (pituitary
adenylyl cyclase-activating peptide). These results identify sAC as a mediator of NGF signaling
and reveal the existence of distinct pathways leading to cAMP-dependent signal transduction.

The signaling mechanisms underlying neuronal differentiation have been extensively studied
using the rat pheochromocytoma PC12 cell line as a model system. Upon treatment with
nerve growth factor (NGF),2 PC12 cells differentiate into sympathetic-like neurons (1).
Among the early steps in this signaling pathway is sustained activation of the mitogen-
activated protein kinase cascade via two small GTP-binding proteins, Ras and Rap1, with
Ras contributing to an early phase of mitogen-activated protein kinase activation and Rap1
mediating a later, sustained phase (2, 3). Interestingly, both Rap1 activation and the
subsequent neuritogenesis can be elicited by cell-permeable analogues of cyclic adenosine
monophosphate (cAMP) (4, 5). Consistent with involvement of this ubiquitous second
messenger, several groups have reported transient NGF-induced cAMP elevations in both
PC12 cells and primary neuronal cultures (6–10), and it was reported that NGF-induced
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activation of Rap1 is mediated by protein kinase A (cAMP-dependent protein kinase), a
direct target of cAMP (11). Yet, the existence of a link between NGF and cAMP in neuronal
differentiation has remained a subject of controversy, and the mechanism leading from NGF
to the second messenger has never been adequately described.

Until recently, the only known sources of cAMP in mammalian cells were the
transmembrane adenylyl cyclases (tmACs), which are integral plasma membrane proteins
regulated by heterotrimeric G proteins. In PC12 cells, tmACs can be activated by pituitary
adenylyl cyclase-activating peptide (PACAP) via its specific G protein-coupled receptor
PAC1 (12). Similar to NGF, PACAP activates Rap1 and elicits neurite outgrowth (13–15),
but all attempts to link NGF or its receptors to tmAC activation have been unsuccessful. We
have identified an additional, ubiquitously expressed (17, 18) source of cAMP in
mammalian cells, “soluble” adenylyl cyclase (sAC) (16). In contrast to tmACs, sAC is not
regulated by heterotrimeric G proteins but is, instead, regulated by bicarbonate (19) and
calcium (20, 21) ions. Also, in contrast to tmACs, sAC is not bound to the plasma
membrane but is localized to various intracellular compartments (22), where it is thought to
be the source of local pools of cAMP (23, 24). In sperm, bicarbonate regulation of sAC
mediates a number of maturation events essential for fertilization (25, 26). In somatic
tissues, bicarbonate regulation of sAC in epididymis permits clear cells to respond to
luminal pH (27), and calcium regulation of sAC in neutrophils is essential for the tumor
necrosis factor-induced respiratory burst (28). Tumor necrosis factor-induced respiratory
burst has been proposed to occur via Rap1, and tumor necrosis factor activation of Rap1 in
neutrophils appears to be mediated by sAC (28). We explored whether sAC might represent
the source of cAMP leading to the activation of Rap1 in other contexts unexplained by
heterotrimeric G protein activation of tmACs. In this report, we have demonstrated that sAC
is present in PC12 cells and is, in fact, the link between NGF and cAMP leading to Rap1
activation. Furthermore, NGF activation of sAC is dependent upon elevations of
intracellular calcium. Thus, we postulate the existence of a new paradigm in signal
transduction, where the activation of a receptor tyrosine kinase stimulates cAMP production
via sAC. Our findings reveal that cAMP can be generated by distinct sources, yet still
converge onto a single effector cascade.

Materials and Methods
Cell Culture

PC12 cells were maintained in Dulbecco's modified Eagle's medium plus 10% fetal bovine
serum, 5% donor horse serum, and antibiotics at 37 °C in 5% CO2. The cells were incubated
in low serum (2% fetal bovine serum, 1% donor horse serum) for 16 h prior to treatment
with 100 ng/ml NGF (Harlan Bioproducts), 200 μM PACAP (Sigma), or 60 mM KCl. For the
bicarbonate experiments, the cells were incubated in HEPES-buffered bicarbonate-free
medium for 1 h and then stimulated in medium containing 44 mM NaHCO3 at a constant pH.
The inhibitor KH7 (corresponding to compound 1185–0408 from ChemDiv Inc.) (50 μM)
and the P-site inhibitor 2′,5′-dideoxyadenosine (Sigma) (50 μM) were added 15 min prior to
treatment with NGF, PACAP, or 1 mM 8-bromo-cAMP (Calbiochem). The intracellular
calcium chelator BAPTA-AM (Sigma) (10 μM) was added 30 min prior to treatment with
NGF.

Small Interfering RNA (siRNA) Reagents and Transfection
siRNA against sAC corresponded to nucleotides 692–710 relative to the first nucleotide of
the start codon of rat sAC (GenBank™ accession number AF081941). As the control, we
utilized the commercially available siRNA control nonsilencing sequence (Qiagen). Early
passage PC12 cells were transfected with siRNA (control or sAC-specific) using the Gene

Stessin et al. Page 2

J Biol Chem. Author manuscript; available in PMC 2011 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Silencer transfection reagent (Gene Therapy Systems, San Diego, CA) following the
manufacturer's protocol. Briefly, siRNA and the transfection reagent were both diluted in
OptiMEM (Invitrogen) and then mixed for 15 min. The cells were incubated in fresh low
serum medium and overlaid with the transfection mix. After 12–16 h, the medium was
changed to normal serum-containing Dulbecco's modified Eagle's medium (see “Cell
Culture”). The cells were used for experiments ∼48 h after siRNA transfection.

Immunocytochemistry
Cells were plated on coverslips coated with 0.01% poly-L-lysine (Sigma). For sAC
immunolocalization, cells were washed in phosphate-buffered saline, fixed in 4%
paraformaldehyde for 30 min, permeabilized in 0.1% Triton X-100 for 15 min, and then
blocked for 3 h in 2% bovine serum albumin. Immunostaining for sAC was performed using
R41 monoclonal antibody generated against the human 48-kDa isoform of sAC antigen and
mapped to amino acids 450–466 of human sAC (22). Primary antibody staining was done
overnight at 4 °C in 2% bovine serum albumin and 0.01% Triton X-100. The staining was
visualized by incubation with goat anti-mouse Alexa Fluor 488 (Molecular Probes) for 1 h at
room temperature. The coverslips were washed with phosphate-buffered saline and mounted
with gelvatol/1,4-diazobicyclo-(2,2,2)octane (Sigma). Confocal images were acquired with a
confocal system (model LSM 510; Carl Zeiss MicroImaging, Inc.) at the Rockefeller
University Bioimaging Center.

cAMP Accumulation Assay
PC12 cells were seeded at a density of 2.0 × 105 in 24-well plates, serum-starved for 16 h
(see “Cell Culture”), treated with 100 ng/ml NGF or 60 mM KCl and 500 μM 3-isobutyl-L-
methylxanthine (Sigma) for 2 min or 200 μM PACAP and 3-isobutyl-L-methylxanthine for 5
min, and then lysed in 0.1 M HCl. Each condition contained the same concentration of
vehicle (Me2SO). cAMP was quantitated in cell lysates using the Correlate-EIA cAMP
assay (Assay Design, Inc.), and the results were analyzed using Prism software.

Rap1 and Ras Activation Assays
Activated Rap1 was isolated from cell lysates using an adapted protocol (29). Briefly,
treated cells were lysed in 1 ml of ice-cold lysis buffer, and lysates were cleared by low
speed centrifugation. After a small sample of each supernatant was set aside for total protein
control, the remaining portions of supernatants were incubated with 40 μl of agarose-
coupled GST-RalGDS-Rap1 binding domain (Upstate Biotechnology) for 1 h. The beads
were rinsed three times with lysis buffer, and protein was eluted with Laemmli sample
loading buffer. Activated Ras was isolated from cell lysates in a similar fashion using
agarose-coupled GST-Raf1-Ras binding domain (Upstate Biotechnology). The amount of
activated Rap1 or Ras bound to the beads was detected by Western blotting using Rap1 or
Ras antisera (see next paragraph).

Western Blotting
Samples were boiled for 5 min, separated under reducing conditions using SDS-PAGE,
transferred to polyvinylidene difluoride membrane, and blocked in 5% nonfat dry milk. The
blots were probed with polyclonal antiserum against Rap1 (Santa Cruz Biotechnol-ogy),
monoclonal antibody against Ras (Upstate Biotechnology), or monoclonal antibody against
48-kDa human sAC antigen. Anti-mouse or anti-rabbit horseradish peroxidase-conjugated
secondary antibodies were used and proteins were detected by enhanced chemiluminescence
(Bio-Rad). Spot densitometry was performed on multiple Western blots using a Fluorchem
8800 Imager (Alpha Innotech, San Leandro, CA), and the results were analyzed using Prism
software.
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Results
NGF Signals via Calcium to Raise Intracellular cAMP and Activate Rap1

Although cAMP was first suggested to mediate the actions of NGF in PC12 cells over 25
years ago (8), the link between NGF and this second messenger and its importance to NGF
signaling have remained subjects of controversy. Recent studies revealing that sustained
activation of Rap1 by NGF is dependent upon protein kinase A (cAMP-dependent protein
kinase) (11) confirm the importance of cAMP, yet the question of its source remains.

We measured increased cAMP levels in PC12 cells within 2 min of NGF addition (Fig. 1A).
It was recently postulated that neurotrophins may elevate this second messenger through
extracellular signal-regulated kinase (ERK)-dependent inhibition of cAMP-catabolizing
phosphodiesterases (9). However, because we performed our experiment in the presence of
the broad specificity phosphodiesterase inhibitor 3-isobutyl-L-methylxanthine, modulation of
phosphodiesterase activity was not likely to be involved. These data implicate modulation of
adeny-lyl cyclase activity for the actions of NGF.

Importantly, we found the cAMP elevation in response to NGF to be abolished by
preincubation with the intracellular calcium chelator BAPTA-AM (Fig. 1A). Furthermore,
calcium chelation with BAPTA-AM also inhibited the NGF-induced sustained activation of
Rap1 (Fig. 1B). These results indicate that both the NGF-induced stimulation of adenylyl
cyclase activity and the subsequent Rap1 activation occur in a calcium-dependent manner.

NGF-induced Rap1 Activation Is Not Affected by Inhibition of tmACs
There are two known sources of cAMP in mammalian cells, heterotrimeric G protein-
regulated tmACs and the bicarbonate- and calcium-responsive sAC. TmACs are
ubiquitously expressed, and their presence in PC12 cells was demonstrated biochemically
and molecularly (30, 31). In fact, they were shown to mediate the actions of PACAP (which
is known to activate Rap1) in PC12 cells (14). To test whether NGF-induced activation of
Rap1 is also mediated by tmACs, we assayed Rap1 activation by NGF and PACAP in the
presence of a selective tmAC inhibitor.

Several adenosine analogues, known as P site ligands, have been characterized as inhibitors
of tmAC activity (32, 33). These compounds inhibit the activity of each tmAC isoform with
low micromolar affinities, but they display diminished potency toward sAC (34). We found
that the P site ligand 2′5′dideoxyadenosine (2′5′ddAdo) inhibits sAC activity with >100-fold
reduced affinity relative to tmACs (data not shown). In PC12 cells, the tmAC-selective P
site inhibitor 2′5′ ddAdo completely blocked PACAP-induced Rap1 activation, but it had no
effect on NGF-induced activation (Fig. 2). These data suggested that NGF signals through
another cAMP source, prompting us to explore the involvement of sAC.

Presence and Localization of sAC in PC12 Cells
Similar to tmACs, sAC is widely expressed (17, 18, 35). We confirmed sAC mRNA
expression in PC12 cells by reverse transcription-PCR (data not shown) and protein
expression by immunoblotting, using a sAC-specific monoclonal antibody. Recent studies in
our (data not shown) and others' laboratories (17, 35) reveal complex patterns of alternative
splicing leading to multiple isoforms of sAC protein in somatic tissues. Western blotting
identified a single protein band of ∼70 kDa (Fig. 3A) corresponding to a sAC isoform
detected in other cell lines (35). We also used our antibody to examine sAC localization in
PC12 cells. We and others previously demonstrated sAC to be localized to the cytoplasm, as
well as the mitochondria, centrosomes, and nuclei in multiple cell lines and tissues (22, 24,
36). In PC12 cells, we observed predominantly cytoplasmic staining, with the strongest
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intensity around the periphery (Fig. 3B), consistent with the proximity to plasma membrane-
bound NGF receptors.

We next explored whether sAC could generate functionally relevant cAMP in PC12 cells.
Among mammalian adenylyl cyclases, sAC is uniquely bicarbonate-stimulated (19, 21, 36,
37), and cAMP production via sAC represents the only known signaling effect initiated by
bicarbonate (24). Generation of cAMP can lead to activation of Rap1 (5, 11, 38, 39), and we
tested whether bicarbonate could stimulate Rap1 activation in PC12 cells. Assaying for
GTP-loaded Rap1, we observed bicarbonate-induced Rap1 activation (Fig. 3C). These data
indicate that sAC is present in PC12 cells and that sAC-generated cAMP is capable of
activating Rap1.

sAC Uniquely Mediates the Activation of Rap1 Due to Depolarization-induced Calcium
Influx

Depolarization-induced calcium influx has been shown to activate Rap1 via the cAMP target
(cAMP-dependent protein kinase) in both PC12 cells and hippocampal neurons (40).
Previously, calcium had been identified as an activator of sAC (20, 21, 28, 41). On the other
hand, calcium is also known to regulate several types of tmACs, some of which are
expressed in PC12 cells (31). We asked whether sAC, tmACs, or both contribute to the
calcium influx-induced Rap1 activation.

To distinguish between the two sources of cAMP, we employed the tmAC-selective
inhibitor 2′5′ddAdo and a small molecule sAC-specific inhibitor, KH7 (26). Importantly,
KH7 is inert toward tmACs both in vitro and in whole cell contexts at concentrations up to
300 μM. As predicted, KCl depolarization-induced calcium influx resulted in a strong
elevation in intracellular cAMP. This cAMP rise was partially blocked by 2′5′ddAdo as well
as by KH7 (Fig. 4A), confirming the presence of both calcium-responsive tmACs and
calcium-responsive sAC. Yet, examining the calcium influx-induced Rap1 activation, we
found that it was completely inhibited by KH7 and unaffected by 2′5′ddAdo (Fig. 4B). Thus,
sAC (but not tmACs) appeared to be involved in the activation of Rap1 due to calcium. This
finding indicates the existence of at least three distinct pools of cAMP in PC12 cells, sAC-
generated cAMP and PACAP-responsive tmAC-generated cAMP (both capable of
activating Rap1) and calcium-responsive tmAC-generated cAMP (incapable of activating
Rap1).

sAC Is the Source of NGF-elicited cAMP
In contrast to depolarization-induced cAMP production, the elevation of cAMP elicited by
NGF was completely blocked by KH7 (Fig. 5A). We confirmed sAC to be the source of
cAMP generated in response to NGF using knockdown by siRNAs, which have been
demonstrated to diminish sAC protein in neurons3 and cell lines.4 As seen with KH7, the
NGF-induced cAMP increase was completely blocked by sAC-specific RNA interference
(Fig. 5B). Finally, KH7 did not inhibit the cAMP increase due to PACAP (Fig. 5C),
confirming that NGF and PACAP signal via distinct sources of cAMP.

sAC Is Essential for the Sustained NGF-induced Activation of Rap1
Because NGF elicits cAMP elevation via sAC (Fig. 5) and sAC-generated cAMP can
activate Rap1 (Fig. 3C), we asked whether sAC mediates NGF-induced sustained Rap1
activation. Indeed, the sustained NGF activation of Rap1 was abolished by the sAC-specific
inhibitor KH7 (Fig. 6A). KH7 inhibition was dose-dependent (displaying an IC50 value of

3K. Wu, M. Kamenetsky, J. Zippin, U. Hengst, J. Buck, L. R. Levin, and S. R. Jaffrey, submitted for publication.
4M. Kamenetsky, L. R. Levin, J Buck, and J. H. Zippin, submitted for publication.
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∼25 μM (Fig. 6B)) and specific; i.e. it was rescued by 8-bromo-cAMP (Fig. 6C). The
involvement of sAC was confirmed using RNA interference; knockdown of sAC by a gene-
specific siRNA inhibited NGF-induced Rap1 activation, whereas scrambled siRNA control
had no effect (Fig. 6D).

We used KH7 to examine the role of sAC in other NGF-induced effects, such as whether
sAC was specifically involved in NGF-induced activation of Ras. In contrast to Rap1, NGF-
induced activation of Ras was not inhibited by KH7 (Fig. 6E).

sAC Is Also Essential for the Early Phase NGF-induced Rap1 Activation
Having examined the effects of sAC inhibition on the sustained phase of NGF-induced Rap1
activation, we asked whether sAC is also required for the earlier phases of this process. In
fact, we found that KH7 blocked the NGF-induced Rap1 activation at all of the times
measured, including the earliest time point, 5 min after NGF addition (Fig. 7). Thus, sAC
appears to be essential for all phases of Rap1 activation by NGF.

Discussion
Use of selective small molecule inhibitors for sAC and tmAC enables us to differentiate
between two distinct sources of cAMP. In the current study, it also provides evidence for a
model that demonstrates two novel paradigms in signal transduction. First, two parallel
signaling cassettes converge on the same target, the cAMP-activated GTPase Rap1, and they
appear to differentially modulate Rap1 activity via distinct sources of cAMP. Our data
reveal that PACAP activates Rap1 via tmAC-generated cAMP, whereas NGF activates Rap1
via sAC. Second, NGF is shown for the first time to signal directly through the second
messenger cAMP via adenylyl cyclase activation. It was previously reported that NGF can
elevate cAMP levels within 1 s in the membranes of PC12 cells (6). These investigators
proposed cross-talk between the low affinity neurotrophin receptor p75NTR and a G protein-
mediated cascade. However, our data show that NGF-induced Rap1 activation is insensitive
to tmAC inhibition, revealing that NGF signaling does not involve heterotrimeric G
proteins. A more recent study in PC12 cells indicates that NGF activation of Rap1 is
dependent upon the high affinity receptor TrkA rather than p75NTR (11). Combining this
finding with the data reported here yields a novel signaling axis that involves an adenylyl
cyclase acting downstream of a receptor tyrosine kinase.

The actions of cAMP are mediated by multiple effector proteins, which are localized to
different subcellular compartments, including the plasma membrane, cytosol, mitochondria,
and the nucleus (22–24). Previously it was thought that cAMP is generated exclusively by
tmACs at the plasma membrane and must, therefore, diffuse throughout the cell to reach its
targets. Considering the multitude of intracellular processes that involve cAMP, the
diffusion-dependent model fails to provide a mechanism for maintaining signal specificity
and selectivity, particularly when signaling to distal effectors. Additionally, the actions of
cAMP-catabolizing phosphodiesterases limit the propagation of cAMP signals throughout
the cell. The discovery of sAC as a second source of cAMP in mammals and its localization
to multiple subcellular compartments (22) provide the basis for a different model wherein
cAMP, its source, and its effector form a single second messenger microdomain. Recent
studies utilizing fluorescence resonance energy transfer to examine the dynamics of cAMP
signaling in living cells, have shown local cAMP elevations to be far greater than the
increases detected in whole cells (42), thus supporting the microdomain model. Our data
reveal there to be three distinct pools of cAMP in PC12 cells, sAC-generated cAMP capable
of activating Rap1, PACAP-responsive tmAC-generated cAMP capable of activating Rap1,
and calcium-responsive tmAC-generated cAMP of unknown function. Clearly, these three
microdomains are involved in different signal transduction pathways. Their individual roles
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and the question of whether cross-talk exists between them are subjects for future
investigations.

Ultimately, the role of sAC-mediated signaling in neurite outgrowth-related phenomena
must be examined. Recent studies in our laboratory (data not shown) suggest that sAC is
necessary for the previously described NGF and phorbol ester-dependent fast neuronal
migration in PC12 cells (43). Of more physiological interest, however, are the potential
correlations with neuritogenesis in primary neuronal cultures. Neurotrophin-induced cAMP
elevations have been shown to overcome the inhibition of axonal regeneration by myelin-
associated glycoprotein in cerebellar neurons (9), and in Xenopus spinal neurons, cAMP has
been implicated in the process of brain-derived neurotrophic factor-mediated axonal
guidance (44, 45). Our development of selective inhibitors to differentiate between distinct
sources of cAMP opens new avenues for future research in this quickly developing field.
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FIGURE 1. NGF elevates cAMP and activates Rap1 in a calcium-dependent manner
A, accumulated cAMP was measured in cells in the presence or absence of NGF (100 ng/ml)
for 2 min, in the presence or absence of BAPTA-AM (1 μM, 15-min pretreatment). Shown
are averages of triplicate determinations of a representative experiment (repeated three
times). B, PC12 cells were incubated for 15 min in the presence or absence of BAPTA-AM
(1 μM) and then incubated for an additional 15 min in the presence or absence of NGF (100
ng/ml). Activated Rap1 (Rap Act.), pulled down by GST-RalGDS (top) or total Rap1
(bottom) were detected by Western blot using Rap1-specific antisera. Western blot data from
three separate experiments were quantified by spot densitometry (bar graph); activated
Rap1 was calculated as a percentage of total Rap1 for each condition. The results were
analyzed using Prism software.
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FIGURE 2. PACAP (but not NGF) activates Rap1 via tmACs
PC12 cells pretreated for 15 min with 2′,5′-ddAdo (50 μM) or Me2SO (vehicle control) were
stimulated for 15 min with NGF (100 ng/ml) or PACAP (200 nM). Rap1 activation was
quantified as in Fig. 1 by GST pull-down followed by Western blot. Western blot data from
three separate experiments were quantified by spot densitometry (bar graph); activated
Rap1 was calculated as a percentage of total Rap1 for each condition. The results were
analyzed using Prism software.
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FIGURE 3. Presence and functionality of sAC in PC12 cells
A, Western blot using a monoclonal antibody specific for sAC (R21). B, localization of sAC
was examined by immunostaining using sAC monoclonal antibody R41 and visualized using
confocal microscopy. C, activation of Rap1 by sAC-generated cAMP. Cells were starved for
1 h in bicarbonate-free medium and then stimulated for 5 min in medium containing 44 mM

NaHCO3
−. Rap1 GTP loading was quantified by GST pull-down/Western blot. PC12 cells

were treated with the nonhydrolyzable analogue 8-bromo-cAMP (1 mM) as the positive
control for Rap1 activation.
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FIGURE 4. KCl depolarization-induced calcium influx raises cAMP via sAC and tmACs and
activates Rap1 via sAC only
A, accumulated cAMP was measured in cells in the presence or absence of KCl (60 mM) for
2 min, in the presence of KH7 (50 μM), 2′5′dideoxyadenosine (50 μM), or Me2SO. Shown are
averages of duplicate determinations of a representative experiment (repeated three times).
B, PC12 cells pretreated for 15 min with KH7 (50 μM), 2′5′dideoxyadenosine (50 μM), or
Me2SO were incubated for an additional 15 min in the presence or absence of KCl (60 mM).
Rap1 activation was quantified by GST pull-down followed by Western blot. Western blot
data from three separate experiments were quantified by spot densitometry (bar graph);
activated Rap1 was calculated as the percentage of total Rap1 for each condition. The results
were analyzed using Prism software.
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FIGURE 5. NGF elevates cAMP in PC12 cells via sAC
A, accumulated cAMP was measured in cells in the presence or absence of NGF (100 ng/ml)
for 2 min and in the presence or absence of KH7 (50 μM). Shown are averages of
quadruplicate determinations of a representative experiment (repeated three times). B, basal
and NGF (2 min)-stimulated cAMP levels were measured in cells transfected with sAC-
specific RNA interference or scrambled control. Shown are averages of duplicate
determinations of a representative experiment (repeated three times). C, accumulated cAMP
was measured in cells in the presence or absence of PACAP (200 nM) for 5 min, in the
presence or absence of 2′5′dideoxyadenosine (50 μM), or KH7 (50 μM). Shown are averages
of triplicate determinations of a representative experiment (repeated five times).
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FIGURE 6. NGF-induced sustained Rap1 activation is specifically inhibited by KH7
A, PC12 cells pretreated for 15 min with KH7 (50 μM) or Me2SO were incubated for an
additional 15 min in the presence or absence of NGF (100 ng/ml). Rap1 activation was
quantified by GST pull-down followed by Western blot. Western blot data from five
separate experiments were quantified by spot densitometry (bar graph); activated Rap1 was
calculated as a percentage of total Rap1 for each condition. The results were analyzed using
Prism software. B, PC12 cells pretreated for 15 min with Me2SO or increasing doses of KH7
were incubated for an additional 15 min in the presence or absence of NGF (100 ng/ml).
Rap1 activation was quantified by GST pull-down followed by Western blot. C, cells
pretreated for 15 min with KH7 (50μM) or Me2SO were incubated for an additional 15 min in
the presence of NGF (100 ng/ml) ± 8-bromo-cAMP (1 mM). Rap1 activation was quantified
by GST pull-down followed by Western blot. D, 48 h after PC12 cells were transfected with
sAC-specific RNA interference or scrambled control, the cells were incubated for 15 min in
the presence or absence of NGF (100 ng/ml). Rap1 activation was quantified by GST pull-
down followed by Western blot. E, cells pretreated for 15 min with KH7 (50 μM) or Me2SO
were incubated for an additional 5 min in the presence or absence of NGF (100 ng/ml).
Activated Ras, pulled down by GST-Raf (top), or total Ras (bottom) were detected by
Western blot using Ras-specific antisera.
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FIGURE 7. The early phase of NGF-induced Rap1 activation is also inhibited by KH7
PC12 cells pretreated for 15 min with KH7 (50 μM) or Me2SO were incubated for an
additional 5 min in the presence or absence of NGF (100 ng/ml). Rap1 activation was
quantified by GST pull-down followed by Western blot.
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