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Nitric oxide (NO) is a major inhibitory neurotransmitter that mediates
nonadrenergic noncholinergic (NANC) signaling. Neuronal NO syn-
thase (nNOS) is activated by Ca2+/calmodulin to produce NO, which
causes smooth muscle relaxation to regulate physiologic tone. nNOS
serine1412 (S1412) phosphorylation may reduce the activating
Ca2+ requirement and sustain NO production. We developed and
characterized a nonphosphorylatable nNOSS1412A knock-in mouse
and evaluated its enteric neurotransmission and gastrointestinal
(GI) motility to understand the physiologic significance of nNOS
S1412 phosphorylation. Electrical field stimulation (EFS) of wild-
type (WT) mouse ileum induced nNOS S1412 phosphorylation
that was blocked by tetrodotoxin and by inhibitors of the protein
kinase Akt but not by PKA inhibitors. Low-frequency depolariza-
tion increased nNOS S1412 phosphorylation and relaxed WT
ileum but only partially relaxed nNOSS1412A ileum. At higher fre-
quencies, nNOS S1412 had no effect. nNOSS1412A ileum expressed
less phosphodiesterase-5 and was more sensitive to relaxation by
exogenous NO. Under non-NANC conditions, peristalsis and seg-
mentationwere faster in the nNOSS1412A ileum. Together these find-
ings show that neuronal depolarization stimulates enteric nNOS
phosphorylation by Akt to promote normal GI motility. Thus, phos-
phorylation of nNOS S1412 is a significant regulatory mechanism for
nitrergic neurotransmission in the gut.
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Nitric oxide (NO) is a major nonadrenergic noncholinergic
(NANC) inhibitory signal in the peripheral nervous system,

including the gastrointestinal (GI) tract. The enteric nervous
system (ENS) produces NO that relaxes GI smooth muscle to
regulate physiologic peristalsis (1–3). Neuronal NO synthase
(nNOS) is the primary source of NO in the gut (4, 5), and altered
NO production can disrupt normal GI motility. In mice, NO-cyclic
guanosine- 3′,5′-monophosphate (NO-cGMP) pathway antagonists
inhibit GI smooth muscle relaxation (2), and genetic deletion of
nNOS delays bowel transit (5, 6). In humans, nNOS inhibition in-
creases GI contractility (7), while increased nitrergic neurons are
found in idiopathic chronic constipation and other motility disorders
(8). Diabetic patients exhibit defective nitrergic GI relaxation (9), but
enteric nNOS expression appears unchanged (10, 11). This suggests
that both nNOS protein expression and posttranslational regulation
influence GI motility.
Depolarization of nitrergic enteric neurons leads to voltage-

dependent calcium (Ca2+) entry, activation of calmodulin (CaM),
and increased NO production by nNOS. NO stimulates soluble
guanylate cyclase (sGC) to produce cGMP, which activates protein
kinase G (PKG) to promote smooth muscle relaxation (12, 13). El-
evated neuronal intracellular [Ca2+] is therefore a major stimulus for
nitrergic relaxation (14). Sustained high [Ca2+] can damage cells (15),
so generally only brief depolarization transiently activates Ca2+ entry
(16). Because GI myocyte relaxation is prolonged (>5 s) (17), nNOS
posttranslational modification may sustain NO production in-
dependently of Ca2+ entry. Ca2+-inde-pendent activation of endo-
thelial NOS (eNOS) by Akt or PKA phosphorylation of eNOS
serine1179 is well established in response to vascular shear stress and

receptor activation (18–20). Some evidence suggests that phosphor-
ylation of the equivalent Akt/PKA consensus site in nNOS, ser-
ine1412 (S1412), also stimulates neuronal NO synthesis (21). Because
nNOS activity is more sensitive to [Ca2+] (21), and nNOS is more
rapidly dephosphorylated than eNOS (22), it is technically difficult to
evaluate nNOS S1412 phosphorylation in vivo. Nonetheless, studies
implicate nNOS S1412 phosphorylation in hippocampal excitotoxicity
(4), penile erection (22), and luteinizing hormone release (23).
Enteric neurons express high levels of nNOS, Akt, and PKA

(24, 25), indicating that nNOS S1412 phosphorylation may reg-
ulate GI neurotransmission. To test this, we performed organ
bath experiments using mouse ileum and electrical field stimu-
lation (EFS) and created a knock-in mouse in which nNOS
S1412 is replaced by nonphosphorylatable alanine (nNOSS1412A).
We found that S1412 phosphorylation facilitates GI relaxation
during minimal neuronal depolarization. Our results suggest
depolarization activates Akt to promote Ca2+-independent
nNOS activation. These findings offer targets to treat GI motility
disorders and are consistent with depolarization-dependent Akt
stimulation of nNOS as a general NO signaling mechanism in the
autonomic nervous system and brain.

Results
ENS Depolarization Stimulates Akt Phosphorylation of nNOS S1412.
Glutamate stimulation of rat cortical neurons induces phos-
phorylation of nNOS S1412 by Akt (4), and direct electrical
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depolarization of rat pelvic ganglia increases nNOS S1412
phosphorylation by PKA (22). In vitro, the phosphomimetic
mutant nNOSS1412D is more active than WT nNOS at low [Ca2+]
typical of resting neurons (21). To test if depolarization increases
nNOS phosphorylation in the ENS, we applied EFS to rings of
wild-type (WT) mouse ileum suspended in physiologic organ
bath under NANC conditions. Both low (0.25 Hz) and medium
(1 Hz) frequency EFS increased S1412 phosphorylation by at least
2-fold compared to sham-treated unstimulated rings (Fig. 1A and
SI Appendix, Fig. S1) (22). The pan-NOS inhibitor L-NAME blocked
EFS-induced ileal relaxation (SI Appendix, Fig. S2), confirming
that NOS was the predominant inhibitory mediator (4, 26). The
voltage-gated Na+ channel antagonist tetrodotoxin (TTX), which
blocks neuronal depolarization, also prevented EFS-stimulated
nNOS S1412 phosphorylation (Fig. 1B) and ileal relaxation (SI
Appendix, Fig. S2). These data suggest that neuronal depolarization

can modulate nitrergic signaling via S1412 phosphorylation in
the gut.
We next determined the role of Akt and PKA in mediating

nNOS S1412 phosphorylation in the ileum during EFS stimula-
tion by adding selective kinase inhibitors. Two Akt inhibitors
(Akti and MK-2206 [MK]) significantly attenuated EFS re-
laxation at 0.25 and 0.5 Hz (Fig. 1C), suggesting that low-
frequency depolarization promotes relaxation mediated by Akt.
Activation of Akt by depolarization has been observed in cortical
neurons, neuroblastoma cells, and cardiac myocytes (4, 27–29).
In contrast to Akt inhibitors, the PKA inhibitors H89 and myr-
istoylated PKA inhibitor peptide (PKI) had no effect on EFS
responses (Fig. 1D). EFS stimulated Akt S473 phosphorylation
by about 20 to 30% in total ileal lysates, an indication of in-
creased Akt kinase activity (Fig. 1E and SI Appendix, Fig. S1).
While Akt inhibitors blocked EFS-induced S1412 phosphoryla-
tion (Fig. 1 F and G), PKA inhibition by H89 did not (Fig. 1H).
Thus, low-frequency neuronal depolarization stimulates Akt to
phosphorylate S1412 and enhance nitrergic GI relaxation.

Mutating nNOS S1412 to Alanine Attenuates Akt-Dependent Nitrergic
Relaxation. Because Akt inhibition blocks both nNOS S1412 phos-
phorylation and ileal relaxation during EFS, we hypothesized that
S1412 phosphorylation is a physiologic mechanism by which de-
polarization sustains GI relaxation. To test this in detail, we created
a knock-in mouse in which nNOS S1412 is replaced with alanine
(nNOSS1412A), an amino acid that cannot be phosphorylated. We
confirmed the mutation with mass spectrometry and in vitro kinase
assays of purified nNOS from WT and nNOSS1412A heterozygous
and homozygous mice (SI Appendix, Fig. S3). Mutant mice pro-
duced viable offspring, and male nNOSS1412A mice exhibited nor-
mal gross anatomy and organ histology (SI Appendix, Fig. S4 and
Table S1). Because NO can influence ENS development (30), we
quantified ganglia in ileal and colonic myenteric and submucosal
plexi and found no difference between nNOSS1412A mutant andWT
mice (Fig. 2 A and B and SI Appendix, Fig. S5). Similarly, we found
no difference in the colocalization of nNOS and a neuronal marker,
PGP9.5, in whole mounts of myenteric neuronal processes for WT
and nNOSS1412A heterozygote or homozygote siblings (Fig. 2C and
SI Appendix, Fig. S6).
To determine the contribution of nNOS S1412 phosphoryla-

tion to inhibitory NANC neurotransmission, we tested EFS re-
laxation of ileal rings from WT, nNOSS1412A homozygote, and
nNOS exon 2-null (nNOSα knockout [KO]) mice. nNOSα KO
mice retain 5 to 10% of WT nNOS activity due to expression of
N terminus truncated nNOS isoform β (5, 31). At frequencies
below 2 Hz, EFS relaxed nNOSS1412A less than WT ileum, but
more than nNOSα KO (Fig. 3A). Both L-NAME and TTX
blocked EFS relaxation of nNOSS1412A ileum, and all 3 geno-
types were indistinguishable at EFS above 2 Hz (SI Appendix,
Fig. S7 and Fig. S8). These data demonstrate that low-frequency
EFS-stimulated nitrergic relaxation requires nNOS S1412 phos-
phorylation. With stronger neuronal depolarization during high-
frequency EFS, S1412 is not critical (including in nNOSα KO). To
confirm that Akt phosphorylation of nNOS S1412 is the mecha-
nism mediating low-frequency nitrergic relaxation, we applied
EFS to ileal rings from nNOSS1412A mice in the presence of the
Akt inhibitor MK. At 0.25 and 0.5 Hz, EFS relaxed MK- and
vehicle-treated nNOSS1412A rings similarly (Fig. 3B). At 1 and
2 Hz, EFS relaxed MK-treated nNOSS1412A rings slightly more
than vehicle-treated controls, but similarly to MK-treated WT rings
(Fig. 3B). Consistent with our findings comparing WT ileal re-
laxation with and without Akt inhibitors (Fig. 1C), Akt appears to
augment nitrergic relaxation only during low-frequency EFS.
Because eNOS is abundant in enteric blood vessels and might

contribute to NO production (32), we examined EFS relaxation
in eNOS-null (eNOS KO) ileal rings and found the responses
were identical to WT up to 2 Hz (Fig. 4A). Presumably, this is
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Fig. 1. Neuronal depolarization stimulates nNOS S1412 phosphorylation by
Akt in the ileum. (A and B) EFS promotes nNOS S1412 phosphorylation
(pS1412), which is inhibited by TTX (10 μM). Veh: vehicle, 0.1% (vol/vol)
DMSO. (C and D). Akt inhibitors (MK, 10 μM; Akti, 10 μM) suppress ileal re-
laxation at low EFS frequencies, but PKA inhibitors (H-89, 10 μM; PKI, 30 μM)
do not. Error bars: SEM. N: ileal rings. *: P < 0.05 vs. Veh at each frequency by
Dunnett test. n.s.: not significant. (E) EFS enhances Akt S473 phosphoryla-
tion (pS473). (F–H) Akt inhibition blocks EFS-induced S1412 phosphorylation,
but PKA inhibition does not. A and B and F–H are blots of partially purified
nNOS from pooled lysates of 4 to 8 ileal rings.
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because nNOS expression is normal in the eNOS KO mouse, and
EFS stimulation only activates neuronal NOS. We confirmed
this using ileal rings from double mutant mice homozygous for
eNOS KO and nNOSS1412A. At low-frequency EFS (0.25 to
1 Hz), the double mutant response was indistinguishable from
homozygous nNOSS1412A ileum (Fig. 4A). Double mutant re-
laxation was less than nNOSS1412A at 2 Hz and higher frequency
(SI Appendix, Fig. S8), suggesting that deletion of eNOS may
increase the effect of nNOS S1412 phosphorylation on ileal re-
laxation. These data confirm that physiologic low-frequency
stimulation of Akt-dependent nitrergic relaxation occurs only
in enteric neurons and does not involve eNOS.

nNOSS1412A Mice Exhibit Enhanced NO-cGMP Signaling. Because null
mutation of nNOS or eNOS may induce compensatory changes
in cGMP signaling (33), we explored whether the decreased
EFS response in nNOSS1412A is due to lower NO sensitivity.
When we added the exogenous NO donor sodium nitroprusside
(SNP), nNOSS1412A ileal rings relaxed slightly more than WT
rings. The IC50 for SNP with nNOSS1412A was 1.6-fold lower than
WT but 4.2-fold higher than nNOSα KO (Fig. 4B). Thus, despite
decreased relaxation with low-frequency EFS, both nNOSS1412A and
nNOSα KO ilea respond more robustly to exogenous NO. En-
hanced downstream NO-cGMP signal transduction or down-
regulation of signal terminators in nNOSS1412A gut could explain
this. When we quantified ileal expression of NO-cGMP pathway
transducers in sibling-matched nNOSS1412A homozygotes, hetero-
zygotes, and WT mice, we found similar nNOS, sGCβ, and PKG1

expression. However, nNOSS1412A homozygotes expressed signifi-
cantly less of the cGMP catabolizing enzyme phosphodiesterase-5
(PDE5; Fig. 4 E and F). Reduced PDE5 activity prolongs cGMP
signals, which augments the NO-cGMP pathway (33, 34).

nNOSS1412A Ilea Display Faster Spontaneous GI Motility. EFS exper-
iments are performed under NANC conditions because de-
polarization releases other neurotransmitters such as acetylcholine
and norepinephrine that can obscure nitrergic effects (35).
Therefore, to study the influence of nNOS S1412 phosphorylation
on physiologic GI motility, we determined ileal peristalsis and
segmentation under non-NANC conditions using the Gastroin-
testinal Motility Monitor (GIMM) (36, 37). From spatiotemporal
maps of spontaneously contracting ileum, we quantified propa-
gating peristalsis and mixing segmentation for sibling-matched WT
and nNOSS1412A homozygous or heterozygous mice (Fig. 5A).
nNOSS1412A homozygotes had faster anterograde propagating
peristalsis than WT (1.4-fold) and nNOSS1412A heterozygotes, and a
smaller proportion of the nNOSS1412A ileum exhibited peristalsis (SI
Appendix, Table S2). nNOSS1412A homozygotes also exhibited faster
mixing (1.7-fold) than WT and nNOSS1412A heterozygotes (Fig. 5 B
and C). We found no association between mouse age, weight, and
propagation speed or mixing distance to explain these differences (SI
Appendix, Fig. S9). These data show that nNOS S1412 is physio-
logically relevant for ENS control of GI motility.

Discussion
The major finding of this study is that neuronal depolarization
stimulates phosphorylation of nNOS S1412 to enhance nitrergic
neurotransmission in the gut and regulate physiologic GI mo-
tility. Neurons are the relevant source of NO because TTX
blocks nNOS S1412 phosphorylation and ileal relaxation,
whereas eNOS ablation has no effect. EFS activates Akt, not
PKA, to phosphorylate nNOS S1412. Cell type and stimulus
likely determine which kinases phosphorylate nNOS S1412, as
PKA (22) and AMPK (38) phosphorylate S1412 in pelvic ganglia
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and cardiomyocytes, respectively. The degree of depolarization
and cytosolic [Ca2+] may determine the effect of nNOS S1412
phosphorylation in vivo because the difference in relaxation
between WT and nNOSS1412A was prominent only with low-
frequency EFS. While phosphorylation of S1179 increases eNOS
activity over a broad [Ca2+] range (19), phosphorylation of nNOS
S1412 increases activity only at lower [Ca2+] (21). Thus, S1412
phosphorylation may be a signal integrator for neuronal depolar-
ization, Ca2+/CaM stimulation, and Akt activation that increases
NO output only within a discrete lower range of intracellular [Ca2+]
(Fig. 6). nNOS S1412 phosphorylation may also be a critical mech-
anism to sustain NO-cGMP signals longer than a brief neuronal
depolarization.
The physiologic relevance of nNOS S1412 phosphorylation

has been difficult to assess previously. Studies with saturating
[Ca2+] (200 μM to 1 mM) concluded that S1412 phosphorylation
does not alter nNOS activity (39). However, a phosphomimetic
nNOSS1412D mutant is more active than WT nNOS at low total

[Ca2+] (<10 μM) in vitro (21), and resting intracellular [Ca2+] is
typically much lower (<100 nM). Using a knock-in mouse
(nNOSS1412A) allowed us to determine if depolarization modu-
lates nNOS activity via S1412 phosphorylation or Ca2+/CaM
(14), exploring mechanisms reported for NMDA receptor
(NMDAR) regulation of nNOS S1412 and S847 phosphorylation
(4, 40). EFS frequency correlates with the extent of de-
polarization, with higher frequencies raising intracellular [Ca2+]
(41). We show that Akt inhibition and nNOSS1412A mutation
reduce NO signaling at low-frequency EFS when Ca2+ entry is low,
but not at high-frequency EFS when Ca2+ entry is high. Therefore,
nNOS S1412 phosphorylation may be relevant when neurons de-
polarize minimally or during metabotropic receptor-mediated Akt
activation. The effect of Akt inhibition or nNOSS1412A mutation in
our EFS experiments is modest, but there is clear physiologic influ-
ence on ileal motility in GIMM experiments. Low-frequency stimu-
lation (0.25 and 0.5 Hz) induces nitrergic relaxation of gastric smooth
muscle (2), and depolarization with glutamate or low-frequency EFS
(0.5 Hz) activates Akt in cortical neurons and cardiomyocytes (4, 28).
We found no direct studies of Akt activation by depolarization in
enteric neurons, however, and the relevance of depolarization fre-
quency for GI motility has not been reported. Recent work exam-
ining myenteric plexus Ca2+ waves suggests a wide depolarization
frequency range (0.2 to 1.3 Hz) for nitrergic neurons that overlaps the
0.25 to 0.5 Hz EFS at which we saw Akt inhibitor effects (16). Im-
portantly, our results show that Akt-dependent nNOS S1412 aug-
mentation of nitrergic relaxation is detected only when intracellular
[Ca2+] is expected to be low. At high-frequency depolarization and
increased [Ca2+], our model supposes that the classical Ca2+/CaM
mechanism activating nNOS is predominant (Fig. 6).
Our finding that nNOSα KO ileum relaxes during high-

frequency EFS likely reflects activation of alternatively spliced
nNOS isoforms (31). nNOSβ, expressed in nNOSα KOmice, lacks
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the PDZ domain and therefore is not localized to the plasma
membrane where Akt is also activated. At high-frequency de-
polarization, [Ca2+] may rise distant from membrane channels and
activate nNOSβ, causing attenuated but significant relaxation in
nNOSα KO. Our data have implications for other physiologic
systems in which nNOS S1412 phosphorylation could tune in-
creased NO production selectively to low intracellular [Ca2+] and
might explain inconsistent findings in other areas of neuronal NO
biology such as long-term potentiation (LTP). NO mediates LTP
in the rat hippocampus via both NMDARs and voltage-gated
L-type Ca2+ channels (VGCCs). Low-frequency stimulation
induces NMDAR LTP, while high frequency induces VGCC-
dependent LTP (42, 43), and NMDAR and VGCC activation,
respectively, promote and reduce nNOS S1412 phosphorylation
(4). Our findings in the gut suggest that nNOS S1412 phosphor-
ylation with low-frequency depolarization is physiologically rele-
vant. Akt modulation of NO signaling has been proposed in other
areas such as opioid receptor signaling in dorsal root ganglia (44),
where depolarization-dependent nNOS activation may occur. Our
observation that Akt inhibition enhances EFS relaxation at 1 to
2 Hz raises the possibility that other downstream signaling is altered
in nNOSS1412A mice. Ca2+/CaM stimulates CaMKII, which can
activate Akt (45) and also phosphorylate nNOS at S847 to de-
crease NO production (40). Akt activation or inhibition may also
have different effects in different cell types. While deletion of the
PI3K-Akt signal terminator PTEN in enteric neurons slows GI
motility (46) consistent with our findings, manipulation of Akt
within smooth muscle cells may produce different effects. Because
we cannot apply pharmacologic inhibitors selectively during EFS,
this is a technical limitation that might be addressed using cell-
specific genetic manipulation. Interactions among nNOS post-
translational modifications require further investigation.
In addition to altered acute inhibitory responses during EFS,

nNOS S1412 appears to regulate PDE5 expression (47). GI
myocytes and interstitial cells of Cajal express PDE5 (47), and
both cell types are critical for normal GI motility. PDE5 inhib-
itors alleviate esophageal achalasia symptoms (48), implicating
NO mediators in GI dysmotility. Prior studies showed that
conditions with NO deficiency cause compensatory PDE5 re-
duction. For example, penile corpus cavernosa of nNOSα KO
and eNOS KO mice produce less NO and express less PDE5
than WT mice (33). A simple explanation is that less NO requires
less PDE5, but no mechanism has been identified. Decreased

PDE5 in the ileum of nNOSS1412A mice suggests that even slight
changes in nitrergic output can alter the cGMP pathway. Lower
PDE5 in nNOSS1412A mice also indicates that the reduced re-
laxation we observed during low-frequency EFS occurred despite
decreased cGMP catabolism, and relaxation may have been more
suppressed with WT levels of PDE5.
Our findings have implications for functional gastroenterology

and the treatment of GI motility disorders. NO and other key
NANC inhibitory transmitters (e.g., purines, vasoactive intestinal
peptide) regulate peristalsis and segmentation (49). Functional
constipation, small intestinal pseudoobstruction, and achalasia may
exhibit abnormal nNOS signaling in humans (7, 8, 50), but the
number of nitrergic neurons and expression of nNOS protein do not
adequately explain GI motility dysfunction. For example, impaired
nitrergic gastric relaxation in diabetes does not consistently correlate
with nNOS expression (9–11). Animal models suggest that enteric
nNOS activation depends on subcellular location and phosphoryla-
tion; mice lacking the nNOS plasma membrane-targeting PDZ do-
main (nNOSα KO) exhibit pyloric stenosis and slow colonic transit
(5, 6), and phosphorylation of nNOS serine847 (S847) impairs en-
teric nNOS membrane association and reduces nNOS activation by
Ca2+/CaM (39). We observed significantly impaired EFS relaxation
of both the nNOSα KO and nNOSS1412A ileum, suggesting that
nNOS expression and posttranslational activation are both impor-
tant for GI neuromuscular signaling. Pharmacologic therapies that
selectively alter nNOS S1412 phosphorylation in nitrergic neurons
might alleviate some GI motility disorders.
nNOS S1412 phosphorylation may sustain NO synthesis beyond the

brief depolarization of neurons (16, 17), but S1412 does not appear
relevant at saturating [Ca2+] during high-frequency depolarization
(51). nNOS S1412 tunes increased NO production to low resting
[Ca2+], thereby integrating several cellular signals. These observations
extend beyond GI physiology and indicate that nNOS S1412 phos-
phorylation may be an important nitrergic signaling mechanism.

Materials and Methods
See SI Appendix for detailed methods. The University of Colorado Institutional
Animal Care and Use Committee approved all animal experiments
(Protocol #90).

Organ Bath Studies. We performed EFS (20 V, 2-ms pulse) with an S88 Grass
stimulator on ileal rings mounted in an organ bath with oxygenated Krebs
buffer under NANC conditions (1 μM atropine, 1 μM phentolamine, 1 μM
propranolol, 10 μM indomethacin). We recorded and analyzed data with
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Powerlab and LabChart (AD Instruments). For Li-Cor Odyssey immunoblotting,
we homogenized ileal rings in Tris-EDTA plus protease and phosphatase in-
hibitors and resolved lysates by SDS/PAGE as before (22). For nNOS and pS1412
blots, we partially purified crude lysates with 2′5′ ADP Sepharose (22).

Histology and Immunofluorescence. We obtained whole mounts of ileal
myenteric plexus and longitudinal muscle (52) and imaged whole mount and
paraffin-embedded tissue with Olympus BH-2 and FV1000 microscopes.

Gastrointestinal Motility Monitor Experiments. We quantified contraction
speed and frequency of terminal ilea without NANC inhibitors in the GIMM
(Catamount R&D) using ImageJ (36, 37).

Statistics. We calculated statistics with GraphPad Prism and defined signifi-
cance as P < 0.05. We evaluated EFS relaxation by 1-way ANOVA and then
Dunnett or Tukey posttest. We calculated IC50 values by nonlinear regression
to Hill equations. Experimental units (N) are given in figure legends.
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