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Nitric oxide (NO) is identified as the endothelium-derived relaxing factor
and a neurotransmitter with a superfusion bioassay cascade technique.
By using a similar technique with rat superior cervical ganglion (SCG) as
donor tissue and rabbit endothelium-denuded aortic ring as detector
tissue, we report here that a vasodilator, which is more potent than NO,
is released in the SCG upon field electrical stimulation (FES) or addition
of nicotine. Release of this vasodilator was enhanced by arginine ana-
logs, including N�-nitro-L-arginine (a NO synthase inhibitor), suggesting
that it is not NO. Analysis by gas chromatography/mass spectrometry
identified 2 saturated fatty acids, palmitic acid methyl ester (PAME) and
stearic acid methyl ester (SAME), being released from the SCG upon FES
in the presence of arginine analogs. Exogenous PAME but not SAME
induced significant aortic dilation (EC50 � 0.19 nM), indicating that PAME
is the potent vasodilator. Release of PAME and SAME was significantly
diminished in chronically decentralized SCG but not denervated SCG,
suggesting the preganglionic origin. Furthermore, release of both fatty
acids was calcium- and myosin light chain kinase-dependent, suggesting
that both were released from axoplasmic vesicular stores. Electrophys-
iological studies further demonstrated that PAME but not SAME inhib-
ited nicotine-induced inward currents in cultured SCG and the
�7-nicotinic acetylcholine receptor-expressing Xenopus oocytes. Endog-
enous PAME appears to play a role in modulation of the autonomic
ganglionic transmissionandtocomplement thevasodilatoreffectofNO.

alpha7-nicotinic acetylcholine receptor � fatty acid vasodilator �
palmitic and stearic acid methyl ester � superfusion bioassay cascade

I t is well established that cerebral blood vessels of several species
receive sympathetic innervation originating in the superior cer-

vical ganglion (SCG). The functional role of this innervation,
however, has not been completely elucidated (1–3). Even though a
reasonable knowledge of the transmission mechanisms at the
neurovascular synapses is available (1–3), the ganglionic transmis-
sion at the SCG is far less understood. Nitric oxide synthase (NOS)
immunoreactivities have been demonstrated in strands of nerve
fibers entering the rat SCG (4), suggesting that NO (5) plays a role
in sympathetic ganglionic transmission (6). Accordingly, we exam-
ined whether NO was released upon depolarization of the SCG
neurons, by using a superfusion bioassay cascade system (7, 8) with
the rat SCG as donor tissue and rabbit endothelium-denuded aortic
ring (e-RbA) as detector tissue (8).

Results and Discussion
Field electrical stimulation (FES) at 4, 8, and 16 Hz of the SCG
resulted in frequency-dependent dilation of the e-RbA precon-
tracted with L-phenylephrine (0.1 �M) (Fig. 1A). The dilation was
significantly enhanced for each stimulation frequency (n � 3–8)
(Fig. 1 B and C) upon addition of N�-nitro-L-arginine (NLA, 0.3
mM) and N�-nitro-L-arginine methyl ester (L-NAME, 0.3 mM)

onto the SCG, while these inhibitors alone did not change the basal
tone of the e-RbA. Furthermore, this vasodilation was not affected
in the presence of a NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide potassium salt (carboxyl-
PTIO, 30 �M) (data not shown). These results suggest release of a
non-NO transferable vasodilator substance (TVS) from the SCG
upon depolarization. The FES-of-the SCG-induced aortic dilation
also was enhanced by N�-nitro-D-arginine (NDA, 0.3 mM, not a
NOS inhibitor; Fig. 1D), L-arginine (L-Arg), or D-arginine (D-Arg)
(0.3 mM) (Fig. 1 E and F) superfused onto the SCG. These arginine
analogs are known to enter the cell, which either promote or disrupt
the conversion of L-arginine to L-citrulline, a major pathway in the
production of NO (9). Because addition of these arginine analogs
did not result in additive vasodilatory effects of the e-RbA, these
analogs most likely act in a similar manner to enhance FES-induced
TVS release in the SCG. Furthermore, FES-of-the-SCG-induced
aortic dilation was enhanced by L-lysine (L-Lys), D-lysine (D-Lys),
and L-histidine (L-His) (0.3 mM), but not by L-phenylalanine
(L-Phe) (0.3 mM) superfused onto the SCG (Fig. 1G), suggesting
modulation of TVS release by certain amino acids.

Subsequent studies using pharmacological antagonists show that the
TVS is nonadrenergic and noncholinergic and is not carbon monoxide
(CO), vasoactive intestinal peptide (VIP), calcitonin gene-related pep-
tide (CGRP), or epoxyeicosatrienoic acids (EET) (Fig. 1 J–M). Bio-
chemical analyses by reverse-phase high-performance liquid chroma-
tography (RP-HPLC) of the superfusates collected following
superfusing the SCG and e-RbA demonstrated that superfusion of
Krebs’ only, Krebs’ plus FES of the SCG, and Krebs’ containing NLA
onto the SCG resulted in many small peaks (Fig. 2A). Two particular
small peaks with retention times of 23.760 min (peak 1/P1) and 27.153
min (peak 2/P2) following application of NLA (0.3 mM) onto the SCG
were significantly enhanced upon FES of the SCG (Fig. 2A). These 2
peaksampleswere individuallycollected, lyophilized, reconstituted,and
reapplied onto the e-RbA. Only P2 sample induced significant aortic
relaxation with a time course similar to that of the aortic relaxation
induced by TVS upon FES of the SCG in the presence of NLA
(Fig. 2B).
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The P2 samples were subjected further to gas chromatography/
mass spectrometry (GC/MS) analysis and resulted in 2 peaks at 24
min and 26.5 min of retention time (Fig. 3A). Similar GC/MS
profiles in the superfusates of the bioassay cascade without purifi-
cation by RP-HPLC were obtained. Comparison of the 2 peaks with
the MS library suggests that the peak sample at 24 min having a
molecular weight (Mr) of 270 (Fig. 3B) is palmitic acid methyl ester
(PAME) and that at 26.5 min having Mr of 298 is stearic acid methyl
ester (SAME) (Fig. 3B). For control, heptadecanoic acid 16 methyl,
methyl ester, which has similar Mr as SAME, produced different
retention time (data not shown).

Consistent with aortic relaxation responses, superfusion of NLA
(Fig. 3A), L-Arg (Fig. 3C), and D-Arg (Fig. 3D), but not L-Phe (Fig.
3E), significantly enhanced FES-of-the-SCG-induced release of
PAME and SAME without affecting arachidonic acid release,
suggesting that the release of PAME and SAME is a viable
biological mechanism rather than an artifact (Fig. 3A). The selective
enhancement of PAME and SAME release may suggest that both
fatty acid methyl esters (FAMEs) are potential TVS. Nonetheless,
exogenous PAME (1 pM–0.1 �M) (Fig. 3 F and G) but not SAME
(Fig. 3G), stearic acid (SA), or palmitic acid (PA) (Fig. 3H) applied
directly onto the e-RbA produced concentration-dependent aortic
dilation with geometric mean EC50 values (10) of 1.92(0.46–7.93) �
10�10 M and with a time course (Fig. 3F) similar to relaxation
induced by the TVS released from the SCG upon FES in the

presence of NLA (Fig. 1A). This finding that PA does not cause
vasodilation is similar to that reported in the rat basilar arteries (11).
These results suggest that PAME but not SAME, SA, or PA is the
TVS. Furthermore, the maximal release of PAME from the SCG
upon FES at 16 Hz was 0.37 �M based on the known volume of
experimental solution and concentration of standard PAME solu-
tion of 0.1 �g/mL injected in the GC/MS, and the Mr of PAME. This
micromolar concentration of endogenous PAME is consistent with
the concentration of exogenous PAME that induces maximum
vasodilation as shown in Fig. 3G. This finding further supports that
PAME is the TVS. The possible involvement of other bioactive
compounds with short half-lives that were not detected because of
technical limitations of the GC/MS, however, cannot be excluded.

The geometric mean EC50 value for sodium nitroprusside (SNP, a
NO donor) in inducing aortic relaxation in the present work is
7.44(4.52–12.2) � 10�7 M (n � 4). Accordingly, PAME is 3,000 times
more potent than SNP. PAME also is more potent than SNP in
different tissues (12) and other vasodilators such as PROLI/NO (13),
spermine NONOate (14), adenosine (15, 16), EET (17, 18), CO (19),
VIP (20, 21), and CGRP (20, 22), suggesting that PAME is the most
potent known vasodilator. The exact mechanism for PAME-induced
vasodilation remains to be determined. Esterization of PA appears to
be important for its dilator response based on the presenting findings.
Significant release of PAME following inhibition of NO synthesis by
arginine analogs suggests that PAME may complement vasodilator
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Fig. 1. Dilation of the e-RbA (the detector tissue) upon
depolarization of the SCG (the donor tissue) by FES (A–G)
or application of nicotine (H and I) onto the SCG was
enhanced by arginine analogs and related amino acids,
but not by SnPPIX, CGRP, or VIP receptor antagonist, or
miconazole (J–M) superfused over the SCG. (A) Repre-
sentative tracing showing aortic dilation upon FES at
different frequencies (4, 8, and 16 Hz) in the presence or
absence of NLA (0.3 mM) superfused over the SCG, and
the effects of NLA are summarized in B. Other experi-
mentaldrugssuperfuseddirectlyontotheSCGenhanced
FES-of-the-SCG-induced aortic relaxation including (C)
L-NAME (0.3 mM) (D) NDA (0.3 mM) followed by NLA, (E)
NLA (0.3 mM) followed by L-Arg or D-Arg (0.3 mM), (F)
L-Arg or D-Arg (0.3 mM), and (G) L-Lys, D-Lys, L-His, or NLA
(0.3 mM). In contrast, L-phenylalanine (Phe) (0.3 mM) (G)
did not affect aortic relaxation. (H) Representative trac-
ing showing that nicotine (Nic, 100 �M) superfused di-
rectly over the SCG resulted in aortic dilation that was
significantly enhanced by NLA superfused over the SCG.
This lattereffect is summarized in I.Asanegativecontrol,
nicotine applied directly onto e-RbA did not cause relax-
ation in the presence or absence of NLA. (J) SnPPIX (10
�M, a HO-1 competitive inhibitor), (K) CGRP 8–37 (1 �M,
aCGRPreceptorantagonist), (L) [p-chloro-D-Phe6, Leu17]-
VIP (1 �M, a VIP receptor antagonist), and (M) micon-
azole (60 �M, an EET synthesis inhibitor) superfused over
the SCG in the presence of NLA (0.3 mM) did not affect
FES-of-the-SCG-induced dilation of the e-RbA in the
presence of active muscle tone induced by L-phenyleph-
rine (0.1 �M). SNP (0.3 mM) was given to induce maximal
relaxation at the end of each experiment. *, P � 0.05
denotes significantly different from FES only, and #, P �
0.05 indicates significantly different from miconazole plus
FESornicotineonly.ndenotesthenumberofexperiments.
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response of NO. Furthermore, the SCG is a highly vascularized organ
(23). Factors involved in regulating the vascular function and blood flow
in the SCG are largely unknown. Our present findings suggest that
PAMEreleased locallyat theSCGisexpectedtocausevasodilationand
increase the circulation in this ganglion.

To determine the origin of PAME and SAME in the SCG,
release of both from the SCG 5 days after surgical transection of
pre-SCG sympathetic nerves [decentralization; leading to degen-
eration of the preganglionic nerve terminals of the SCG (2, 4)] or
post-SCG sympathetic nerves [denervation; leading to degenera-
tion of the SCG cell bodies and postganglionic neurons (2, 24)] was
examined. FES-of-decentralized-SCG induced basal PAME and
SAME release and basal aortic dilation (Fig. 4 A and B), which were
not affected by NLA (0.3 mM) applied onto the SCG (Fig. 4B). In
contrast, basal aortic dilation (Fig. 4 C and D) and release of PAME
and SAME (Fig. 4E) from denervated SCG upon FES were
significantly enhanced by NLA applied onto the SCG (Fig. 4 C and
D) like that found in the normal control SCG (Fig. 1). These results
clearly indicate that PAME and SAME are synthesized and re-
leased in the preganglionic neurons of the SCG.

The preganglionic terminals of the rat SCG contain functional
�7-nicotinic acetylcholine receptors (�7-nAChRs) (25) that are
involved in regulating transmitter acetylcholine (ACh) release (25).
Nicotine (100 �M), which binds �7-nAChR located on the rat SCG
(26, 27) to induce calcium influx into neurons (26, 27) and gener-
ation of inward currents (10), superfused onto the SCG caused
aortic relaxation with time course similar to that induced by FES of
the SCG (Fig. 1H). This nicotine-induced aortic relaxation was
increased significantly by NLA superfused onto the SCG (Fig. 1 H
and I). These results suggest that similar to FES, nicotine causes

release of PAME from the preganglionic neurons of the SCG and
that release of PAME depends on the neuronal calcium influx and
depolarization of the SCG neurons.

The calcium dependence of NLA-induced basal release and NLA-
enhanced FES-elicited release of both FAMEs from the SCG (Fig. 3A)
was supported by the findings that release of both FAMEs was
drastically diminished in calcium-free Krebs’ solution (Fig. 4F). Fur-
thermore, upon superfusion with normal Krebs’ solution, NLA en-
hancement of PAME and SAME release from the SCG upon FES was
reduced to basal levels by ML-9 (30 �M), a myosin light chain kinase
(MLCK) inhibitor that inhibits calcium/calmodulin-dependent (28)
synapticvesiclepoolmobilization(29)(Fig.4G).ML-9didnotaffect the
basal release of both FAMEs from the SCG upon FES, suggesting that
ML-9 at this concentration is specific for inhibiting the active release of
FAMEs. ML-9, however, has been shown to inhibit various protein
kinases (30). The possibility that release of FAME via nonvesicular-
dependent mechanisms, however, cannot be excluded. Nonetheless,
our present results strongly favor that release of PAME and SAME in
the SCG upon depolarization in the presence of arginine analogs is
associated with axoplasmic vesicular function.

Accordingly, both FAMEs are likely to be transmission media-
tors or modulators in the SCG. SA, PA, and other saturated fatty
acids with �20 hydrocarbon chains have been shown to potentiate
ACh-induced, �7-nAChR-mediated inward currents, leading to
facilitation of hippocampal neurotransmission (31). The postgan-
glionic neurons/cell bodies of the rat SCG also are endowed with
�7-nAChR (10, 25, 27). Whole-cell patch-clamp studies, however,
demonstrated that PAME (Fig. 5A) and PA (Fig. 5C), but not
SAME (Fig. 5B) or SA (Fig. 5D), without inducing changes in
membrane potential, inhibited nicotine-induced peak and steady-
state inward currents (Fig. 5 E and F). These results suggest that
PAME and PA may inhibit �7-nAChR-mediated inward currents
in the SCG. Similar inhibitory effects of PAME (Fig. 6 A and B) and
PA (Fig. 6C) were found in �7-nAChR-expressing Xenopus oo-
cytes. It is suggested that presynaptically released PAME may
negatively modulate the presynaptic �7-nAChR and the postsyn-
aptic �7-nAChR on cell bodies of the SCG. The exact reason(s) for
differences in findings from that reported by Ohta et al. (31) is not
known. In addition to the different tissues used, Ohta et al. (31) did
not describe the methods for preparation and delivery of palmitic
acid, therefore making it difficult to compare. Our results suggest-
ing that PAME inhibition of inward currents and induction of
relaxation, however, are consistent, at least, when calcium mecha-
nisms in the neurons and the smooth muscle cells are concerned.

PAME also is released in the rat parasympathetic sphenopalatine
ganglion to cause aortic dilation (H.W.L. and T.J.-F.L., unpublished
data). PAME appears to be physiologically important in modulat-
ing the autonomic ganglionic transmission. In this regard, the
signals conducted in nerves are quick with short half-lives, enabling
a quick transmission of the subsequent impulses. The vasodilating
effect of PAME will increase the blood flow in the SCG. This effect
of PAME lasts longer and may help to remove the released
neurotransmitters and modulators, and is expected to accelerate
the termination of neurotransmission in normal physiology, a
phenomenon in line with PAME blockade of the nicotinic recep-
tor-induced inward currents in SCG neurons. A similar observation
is expected for ACh, which may cause vasodilation (5) and increase
blood flow in the SCG. Unlike PAME, ACh stimulates the nicotinic
receptor on the ganglionic neurons of the SCG (10, 32). The exact
mechanisms for this important and complicated modulation of
ganglionic transmission participated by the transmitter and mod-
ulator remain to be examined. The vasodilatory mechanism, how-
ever, may facilitate the fast command–response.

The physiological significance of the actively released PAME and
SAME may not be limited to the autonomic ganglion. Normal non-
ischemic brain free fatty acids consist mainly of PA, SA, and oleic acid
with smaller amounts of arachidonic acid and others (33), although the
highly likely presence of methyl ester forms has not been reported. It is

Fig. 2. Absorbance peak containing the transferable vasodilator substance. (A)
Absorbance peaks of a superfusion sample collected following superfusing the
SCG with Krebs’ solution (control), FES of the SCG, NLA (0.3 mM) alone, or after
FES of the SCG in the presence of NLA. Two particular peaks at 23.760 min (peak
1/P1)and27.153min (peak2/P2) thatweresignificantly increasedarehighlighted
in vertical rectangles. (B) Each peak was collected, lyophilized, reconstituted in 60
�L of Krebs’ solution, and reapplied directly onto the e-RbA in the presence of
NLA(0.3mM).Peak1(P1) fractioncausedbasalaorticdilationthatwasequivalent
to that induced by Krebs’ solution containing NLA only, suggesting that P1-
inducedrelaxation isnotanactivechemical-induceddilation.Peak2(P2) fraction,
however, caused significant aortic dilation. The time course of peak 2 fraction-
induced relaxation was similar to that induced by the TVS from the SCG upon FES
in the presence of NLA. In the absence of NLA, FES of the SCG caused a very small
or no relaxation (n � 2 for all experiments). FES-of-the-SCG-induced relaxation in
the presence of NLA (0.3 mM, 60 �L) superfused over the e-RbA served as control.
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plausible based on present findings that application of NLA may
increase regional cerebral blood flow via release of PAME. General
findings in normal experimental animals, however, indicate that NOS
inhibitors such as NLA attenuate cerebral vasodilation and cerebral
blood flow (34). This is caused largely by inhibition of synthesis of
endothelial NO, which has higher efficacy than that of PAME in
inducing aortic relaxation (present findings). Systemic administration of
NLA, however, dilates pial arterioles of endothelial NOS knockout
mice and significantly decreases cerebral occlusion infarct size (35). This
may be explained by the vasodilatory effect of released PAME from
neurons following NLA administration. In addition, it is interesting to
note that activity of the uncoupling protein 2, an inducible protein that
is neuroprotective, is enhanced by PA in isolated mitochondria (36).

The present finding provides strong evidence for release of PAME
and SAME from the axoplasmic vesicular stores in the preganglionic
neurons of the SCG upon electrical and chemical depolarization. The
release is significantly enhanced in the presence of arginine analogs and
basic amino acids, and is calcium- and MLCK-dependent. PAME
negatively modulates nicotinic receptor-mediated ganglionic transmis-
sion and is likely to be the most potent known vasodilator. These
findings provide a concept for saturated fatty acids and their potential
interactions with amino acids in physiological regulation of not only
neural transmission but also vascular function.

Materials and Methods
Tissue Preparation. All experimental procedures were approved by the labora-
tory animal care and use committee (Southern Illinois University School of Med-
icine). The male Sprague–Dawley rats (50–100 g) were anesthetized with pento-
barbital (35mg/kg, i.p.).TheSCGwereremoved,placedinKrebs’ solution,andthe
connective capsule of the ganglia was removed (4). Male New Zealand White
rabbits (2–3 kg) were anesthetized with pentobarbital (40 mg/kg, i.v.), and the
thoracicaortawasremovedandcleanedofadventitialadiposetissue.Endothelial
cells of the aortic rings were mechanically denuded to eliminate any possible
influence of vasodilating substances released from the endothelium (8). The
successful removal of endothelial cells was verified by the lack of acetylcholine (3
�M)-induced relaxation (8).

Superfusion Bioassay Cascade. A modified superfusion bioassay cascade
system (8) was used. Four SCGs from 2 rats, serving as the donor tissue, were
mounted vertically between 2 platinum electrodes in a double-walled glass
chamber coated with Sigmacote (Sigma–Aldrich) and superfused (2.5 mL/
min) with oxygenated Krebs’ buffer solution at 37 °C via a peristaltic pump.
The superfusate was allowed to superfuse an isolated e-RbA (3 mm long)
as detector tissue arranged in a cascade equilibrated for 60 min under 2 g
of muscle tension. The e-RbA was used as detector tissue because the rabbit
aorta contains robust vascular smooth muscle and abundant �-adrenocep-
tors readily producing consistent vasoconstriction in the presence of L-
phenylephrine (0.1 �M). In addition, e-RbA was superfused (2.5 mL/min)
directly from a separate line as needed. FES impulses (biphasic square
waves, 300 mA, 0.3-ms half-wave duration with a pulse train lasting for 60 s)
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Fig. 3. GC/MS analyses show that PAME and SAME are present in peak 2 fraction shown in Fig. 2 and are increased after FES in the presence of NLA. (A) The dotted
red line indicates sample solution collected after superfusing the SCG with NLA (0.3 mM) only, and the blue line indicates those obtained after superfusing the SCG with
NLA plus FES (16 Hz) of the ganglion. The x-axis illustrates retention time eluted from the column, and the y-axis is relative intensity of the compound (MCounts or
kCounts). Based on the MS library shown in B, the closest matches of the 2 peaks are PAME (or methyl palmitate) (24 min) with Mr of 270 and SAME (or methyl stearate)
(26.5 min) with Mr of 298. Release of arachidonic acid from the SCG in the presence of NLA alone was minimal, and was not increased after FES of the SCG. Superfusion
of L-Arg (C) and D-Arg (D), but not phenylalanine (Phe) (E) significantly enhanced FES (16 Hz)-of-the-SCG-induced release of PAME and SAME. These results suggest that
arachidonic acid is not the TVS and further illustrate the selectivity of amino acids on FES-induced release of PAME and SAME in the SCG. (F) Representative tracing
showing that exogenous PAME (1 pM–0.1 �M) applied directly over the e-RbA induced concentration-dependent aortic relaxation. This is summarized in G, which also
shows that exogenous SAME (1 pM–0.1 �M), PA, and SA (1 pM–1 �M) (H) do not induce relaxation. Control (Con) is administration of Krebs’ only. ME denotes the
presence of methyl ester in the fatty acid. *, P � 0.05 denotes significantly different from FES only (n � 3–5 for all experiments).
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were applied to the SCG (8). The exact parameters for FES were constantly
monitored by a Tektronix oscilloscope. Tension changes in the aortic rings
were measured by using an isometric transducer (FT03C; Grass) and re-
corded on a Grass polygraph. Superfusion Krebs’ buffer contained L-

phenylephrine (0.1 �M) to precontract the e-RbA. Atropine (1 �M) and
guanethidine (0.3 �M) were added in the Krebs’ superfusate to eliminate
the possible influences of cholinergic and adrenergic components, respec-
tively (37, 38). Our preliminary results, however, indicated that these

Fig. 4. Release of PAME and SAME from the preganglionic terminals of the SCG is calcium- and MLCK-dependent. Superfusates collected after superfusing the SCG
were analyzed on GC/MS. FES of decentralized SCG induced basal relaxation of the e-RbA (A) and basal release of PAME and SAME in the SCG (B). The aortic relaxation
and release of both fatty acids were not affected by NLA (0.3 mM) added directly onto the SCG (A and B). FES-of-denervated-SCG-induced basal relaxation of the e-RbA
(C), however, was significantly enhanced by NLA (0.3 mM) applied directly onto the SCG (C and D), with a corresponding increase in release of PAME and SAME (E).
Release of both fatty acids from the normal SCG upon FES in the presence or absence of NLA was drastically decreased when calcium was removed from the Krebs’
superfusates (F) or by addition of ML-9 (a MLCK inhibitor, 30 �M) in the normal Krebs’ superfusates (G). *, P � 0.05 denotes significantly different from FES only (n �
4 for all experiments).

0

50

100

Peak Current
Steady State Current

%
 o

f 
C

on
tr

ol

Control PAME SAME PA SA

* * **

%
 o

f 
C

on
tr

ol

0

100

200

0 3 6 9 12
Time, min

PAME

PA
SA

SAME

*
*

Wash

Nicotine 
(60 µµµµM)

PAME 
(10 µµµµM)

10 s 10
0 

pA Wash

Nicotine
(60 µµµµM)

SAME
(10 µµµµM)

10 s 10
0 

pA

Wash

Nicotine
(60 µµµµM)

PA
(10 µµµµM)

10 s

10
0 

pA

Wash

Nicotine
(60 µµµµM)

SA 
(10 µµµµM)

10 s 10
0 

pA

A B

C D

E F
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currents in cultured SCGs were inhibited by PAME (10 �M) (A) and PA (10 �M) (C)
but were not affected by SAME (10 �M) (B) or SA (10 �M) (D). The results are
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3 min. * denotes significant difference from control (P � 0.01) (n � 4).
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�M). (A) Representative tracings show the inhibitory effect of PAME (30 �M) on
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denote application of choline for 1 s. Oocytes were continuously perfused with
PAME for 3 min indicated by the long horizontal open bar. (B and C) Summaries
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oocytes examined. *, P � 0.05 indicates significantly different from the solvent
group. Values are means � SEM.
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antagonists resulted in no difference in basal tone or relaxation of the
e-RbA. Therefore, throughout the entire course of these experiments, only
L-phenylephrine (0.1 �M) was added to the Krebs’ superfusate to precon-
tract the e-RbA. At the end of each experiment, SNP (0.3 mM) was added
to induce maximal relaxation of the detector aortic ring. Drugs were
dissolved in Krebs’ solution, and the SCG was superfused for 30 min
followed by washing off of these drugs with prewarmed fresh Krebs’
solution for 1 h via peristaltic pump. Aortic relaxations were estimated as
the percentage of maximal relaxation induced by SNP (0.3 mM) and were
expressed as mean � SEM. EC50 values (39) (the concentration that pro-
duces 50% of the maximum relaxation) were determined by measuring
peak vasodilation of the e-RbA for PAME and SNP-induced relaxation of
the e-RbA. From these values, the geometric means EC50 values (39) with
95% confidence intervals were calculated.

Superfusate containing the released substances from the SCG were collected
during FES and 1 min after FES. This yielded 5 mL of superfusate per stimulation.
The superfusates from 4 stimulations were collected, pooled, dehydrated, pel-
leted, and stored at 20 °C in the dark for future analyses. In some studies,
experimental drugs were applied directly onto the e-RbA.

RP-HPLC. Lyophilized samples were reconstituted with solvent A (0.1% trifluoro-
acetic acid/trifluoroacetic acid in water) and analyzed by RP-HPLC on a Zorbax
300SB-C18 column (4.6 � 250 mm) with an Agilent 1100 HPLC system (Agilent
Technologies) at a flow rate of 1.00 mL/min. Chromatography was carried out
with a linear gradient from 0% to 60% of solvent B (20% water and 80%
acetonitrile containing 0.1% trifluoroacetic acid) for 40 min, and the UV absorp-
tion was monitored at 280 nm.

GC/MS. The crude extracts from the superfusion bioassay cascade and RP-HPLC
peak sample extracts were methanol (2 mL) extracted to solubilize the organic
compounds. The sample was vortexed, sonicated, and finally pelleted via centrif-
ugation at 151 � g for 5 min at 20 °C. The supernatant was transferred to 12- �
32-mm screw-cap tubes with polytetrafluoroethylene/silicone septa in the caps.
PAME (1 ng/�L) was used as a standard reference. Samples were analyzed by

usingaVarianSaturn II iontrapGC/MS.TheGC,aVarian3400,wasequippedwith
an RTX-5MS 30-m � 0.25-mm (inner) diameter column with a 0.25-�m film
thickness. Helium was used as the carrier gas, and 4 �L of sample was injected by
using a splitless injection mode. The injection port was set at 290 °C. The initial
column temperature was 40 °C and was held for 2.5 min. The temperature was
thenrampedat8 °Cperminto250 °Candthenrampedat20 °Cperminto310 °C,
where it was held for 1 min. The mass spectrometer was set to scan from 55 m/z
to 310 m/z at 0.58 s per scan. Data were collected and processed by using the
Saturn 5.51 GC/MS Workstation software.
Chemicals and solutions. Details of chemicals and solutions used are found in
supporting information (SI) Text .
Decentralization and denervation of the superior cervical ganglion. Detailed meth-
ods of denervation (2) are found in SI Text.
Catecholamine fluorescence. Demonstration of cerebral perivascular sympa-
thetic nerves was carried according to our previous report (2). Detailed meth-
ods are found in SI Text.
SCG cell culture.Detailed methods of culturing SCG neuronal cells (10, 32) are
found in SI Text.
Electrophysiology. Detailed methods of patch-clamp technique to record
whole-cell currents (10, 32) of SCG neuronal cells and 2-electrode voltage
clamp for �7-nAChR-expressing oocytes (27) are found in SI Text.

Statistics. Results are expressed as means � SEM. Statistical analysis was
evaluated by Student’s t test for paired or unpaired samples as appropriate.
The P � 0.05 level of probability was accepted as significant.
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