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Abstract

Nitric oxide (NO), an intercellular signaling mole-
cule, helps coordinate neuronal network activity.
Here we examine NO generation in the Aplysia
californica central nervous system using 4,5-diami-
nofluorescein diacetate (DAF-2 DA), a fluorescent
reagent that forms 4,5-diaminofluorescein triazole
(DAF-2T) upon reaction with NO. Recognizing that
other fluorescence products are formed within the
biochemically complex intracellular environment,
we validate the observed fluorescence as being from
DAF-2T; using both capillary electrophoresis and
mass spectrometry we confirm that DAF-2T is
formed from tissues and cells exposed to DAF-2
DA. We observe three distinct subcellular distribu-
tions of fluorescence in neurons exposed to DAF-2
DA.The first shows uniform fluorescence inside the cell,
with these cells being among previously confirmed NO
synthase (NOS)-positive regions in the Aplysia cerebral
ganglion. The second, seen inside buccal neurons,
exhibits point sources of fluorescence, 1.5 ( 0.7 μm in
diameter. Interestingly, the number of fluorescence
puncta increases when the tissue is preincubated with
the NOS substrate L-arginine, and they disappear
when cells are preexposed to the NOS inhibitor
L-nitro-arginine methyl ester (L-NAME), demonstrat-
ing that the fluorescence is connected to NOS-depen-
dentNOproduction.The third distribution type, seen in
theR2 neuron, also exhibits fluorescent puncta but only
on the cell surface. Fluorescence is also observed in the
terminals of cultured bag cell neurons loaded with
DAF-2DA. Surprisingly, fluorescence at theR2 surface
and bag cell neuron terminals is not modulated by
L-arginine or L-NAME, suggesting that it has a source
distinct from the buccal and cerebral ganglion DAF
2T-positive tissues.
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N
itric oxide (NO) is an important intercellular
signaling molecule with a wide range of neu-
ronal functions in the central nervous system

(CNS) (1-6). NO is produced by a family of enzymes,
the NO synthases (NOSs). However, NOS-positive
neurons are reported to represent only 1% of neuronal
cells in the brain (7-9). Therefore, identifying nitrergic
neurons and characterizing their cellular physiology and
biochemistry at subcellular levels are integral to further-
ing our understanding of this highly reactive molecule.
Aplysia and related opisthobranch mollusks are well-
suited to studying NO signaling; their neurons are
typically large, individually identifiable, and easily ac-
cessible. As a result, many of the underlying principles
governing the mechanisms of neuronal activity have
been elucidated through studies of this invertebrate
system (10).

NO has been proposed as an important regulator
involved in molluscan feeding behavior and neuronal
plasticity (11-13). The distribution of putative NOS-
containing cells in theAplysiaCNShas been characterized
by NADPH-diaphorase (NADPH-d) staining (14-17).
Although NADPH-d can indicate the presence of a
diaphorase-dependent enzyme activity, it can be diffi-
cult to determine staining specificity. Thus, one nor-
mally does not consider NADPH-d staining as being
fromNO if it fails to followknownNOSpharmacology.
Therefore, if unusual NO sources are observed, they
would be presumed to be artifacts. Because limitedNOS
molecular information is available in Aplysia, genetic
tools are not available, although this situationwill change
as the Aplysia californica genome project is finalized.

Among analytical techniques for measuring NOS
activity, fluorescence and electrochemical methods have
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the required sensitivity to achieve NO detection at the
single-cell level (18, 19).Electrochemical sensors, suchas
miniature-sizedmicroelectrodes, workwell when placed
near the NO source, such as the cell surface, to monitor
localized surface concentrations and to follow the dy-
namics ofNOproduction (20, 21). Electrodes of various
materials have been fabricated to increase response
speed and sensitivity (20) and novel permselective coat-
ing membranes have been developed to increase the
electrode selectivity (22). On the other hand, fluore-
scence approaches are well-suited for intracellular imag-
ing of NO production in living cells. Both approaches
can be coupled with separation techniques such as
capillary electrophoresis (CE) and liquid chromato-
graphy (LC) to improve detection sensitivity and speci-
ficity. Since NO does not itself fluoresce, several fluore-
scent dyes have been designed and applied to NO
measurements for biological systems, including organic
(23, 24) and genetically encoded fluorescent indicators
(25). Previously, we employed 4,5-diaminofluorescein
(DAF-2) to determine NO production in mammalian
cells (26). This NO-specific indicator was developed in
1998 (24) and is now extensively used. However, until
now, the direct measurement of NO in molluscan
neurons using DAF-2 had been confined to analyses
of the contents of isolated putative NOS-containing
neurons by reacting their contents with DAF-2 offline,
separating the cellular analytes, and detecting the NO-
related signals (27, 28).

Here we examine several distinct NO-producing neu-
rons in theA. californicaCNS, determine the subcellular
localization of NO generation, and test its pharmaco-
logy.We characterize NOproduction in physiologically
active invertebrate neurons using the cell membrane-
permeable form of DAF-2, 4,5-diaminofluorescein dia-
cetate (DAF-2 DA). Semi-intact preparations of A.
californica CNS regions, as well as cultured neurons,
were loaded with this fluorescent indicator in an envir-
onment that preserves their activity. The DAF-2 DA-
loaded neurons demonstrated different patterns of
fluorescence; in some, the fluorescence was altered by
pharmacological modulators of known NO-producing
biochemical pathways and in others, it was independent
of pharmacological modulation.

Because our results provide evidence for several
distinct NO sources having different cellular distribu-
tions and unique pharmacological profiles, we carefully
validated our choice of fluorescent probe. We isolated
the neurons and performed single-cell microanalytical
measurements of DAF-related compounds. Both dia-
minofluorescein and the diaminorhodamine probes are
known to produce multiple fluorescence products (29).
Therefore, using CE and mass spectrometry (MS), we
confirmed that a portion of the fluorescence resulted
from the reaction of DAF-2 with NO. It appears, based

on their subcellular distributions and pharmacologies,
that there are distinct sources ofNO in theA. californica
CNS.

Results and Discussion

Detection of DAF-2 and DAF-2 DA from A.
californica Cells

Investigation of NO distribution in the nervous
system often relies on mapping NOS localization but
not in direct NO detection. Although useful, NOS
observation presents an incomplete picture of NO pro-
duction because the presence of the enzyme does not
necessarily correlate to imply NO production and
NOS alone does not account for possible nonenzymatic
NO production. Therefore, direct and specific sensors
for NO such as DAF-2 (24) may alleviate these chal-
lenges.

In this work, we used the membrane-permeable form
of DAF-2, DAF-2 DA, to investigate intracellular NO
generation within cells from the widely studied neuro-
biological model Aplysia californica. Intracellular load-
ing of DAF-2 is an effective approach for imaging
subcellular NOdistribution in the CNS.Unfortunately,
DAF-2 cannot pass the plasma membrane without
treating the cells, with either intracellular injection,
electroporation, or a detergent. In contrast, DAF-2
DA is a cell-membrane-permeable form of DAF-2. It
contains two acetate groups attached to the COO-

groups through ester bonds and readily passes across
the lipid bilayer. Typically, once inside the cells, the
acetate group is cleaved off of DAF-2 DA by esterases
located in the cytosol. DAF-2 DA is thus converted to
DAF-2, which reacts with endogenously or exogenously
generatedNO to form the fluorescent product DAF-2T
(Figure 1). Despite the substantial contributions of
DAF-2 DA to imaging NO production in mammalian
cells, this molecular sensor has yet to be applied to
molluscan neurons.

The mechanism of DAF-2/DAF-2 DA conversion
shares similarities with that of the calcium fluorescent
sensors, fura-2 and fura-2 acetoxymethyl ester (30, 31).
The latter recently has been applied to various mollu-
scan models such as Aplysia punctata (32), Lymnaea
stagnalis (33), and Bulla gouldiana (34). Using a similar
approach, we injected metacerebral and F-cluster neu-
rons from the cerebral ganglia of A. californica with
DAF-2 solution, supplemented with a green triaryl-
methane dye, fast green FCF, which gives neurons a
distinct green color and serves as an indicator of success-
ful injection. The physiological status of neurons during
and after injection was monitored by electrophysio-
logical recording. The tested DAF-2 concentration in
the injected solution ranged from 10 μM to 2 mM.
However, no significant fluorescence was observed in
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the DAF-2-loaded neurons compared with those in-
jected with fast green only (N=3).

In contrast to the DAF-2 microinjection studies,
which did not produce evidence regarding NO produc-
tion, the experiments involving ganglia incubation in the
DAF-2 DA solutions showed prominent DAF-2T sig-
nals. NO-producing neurons are located in different
CNS regions and exhibit various morphologies. The
C2 neuron, located in the E-cluster of the cerebral
ganglion, has previously been confirmed as NOS-posi-
tive by both NADPH-d staining and NOS in situ
hybridization. The neuropil in this area shows much
more intense fluorescence, indicating that much of the
NO production may be extrasomatic. Here, using the
DAF-2DAdetection approach, we also observed fluore-
scence in neurons and neuropil located in the E-cluster
(N=3 trials), although we have not identified specific
neurons within the cluster. Most of the large neurons in
Aplysia ganglia do not fluoresce natively at the wave-
length employed for DAF-2T detection, indicating that
the fluorescence is due to DAF-related products. In
some cases, the fluorescence was not consistent; as an

example, for the metacerebral (MCC) neuron, faint
fluorescence was only observed in one of ten prepara-
tions. Although some small and medium-sized neurons
showed intense uniform fluorescence, it was not consis-
tently observed.

It has also been reported that in the Aplysia CNS,
most NADPH-d reactivity is associated with the neu-
ropil, with the highest density of glomeruli-like NAD-
PH-d-reactive zones in the areas of neurite termini (16).
We have also found scattered fluorescence in areas
of connective tissue that may contain some termini
(Figure S1, Supporting Information, N = 5), findings
that concur with previously reported data (11, 16). As
described below, we consistently observed punctate
fluorescence in several large buccal ganglion neurons
and localized fluorescence on the R2 surface that
formed a “fluorescent shell.” Control experiments were
performed by incubating ganglia in either artificial sea-
water (ASW) or DAF-2T (N=3). In both experiments,
none of the characteristic fluorescence described above
was observed, indicating the probe must enter the
membrane and the esters must be cleaved off before this
fluorescence is observed.

Validation of NO Detection in A. californica
Cells Using DAF-2 DA Incubation

Although reported to be specific (28, 29), a concern
when using this detection approach is that several other
fluorescence products can be formed from DAF-2
reacting with other compounds, for example, dehydro-
ascorbic acid (DHA). In addition, the reaction ofDAF-
2withNOshouldbe confirmedwith chemically selective
approaches, as described below. Moreover, the use of
cell-permeable, acetate-basedNOprobes, such asDAF-
2DA,withA. californica cells needs tobewell-validated.

To confirm that the fluorescence signal was from
DAF-2T, we first verified esterase activity in the A.
californica neurons. As shown in Figure 1b, when
DAF-2 DA was incubated with the cell lysates from
the A. californica CNS, DAF-2 was formed within
10 min, as confirmed by a DAF-2 peak observed using
capillary electrophoresis-laser induced fluorescence
(CE-LIF). A DAF-2 peak was also observed in the
CE-LIF analysis of a single neuron dissected after
DAF-2 DA incubation (Figure 2). In contrast, DAF-2
DA diluted into ASW showed little change (Figure 1b,
trace 1). Furthermore, the cell lysate activity for con-
verting DAF-2 DA toDAF-2 was tested after the tissue
was boiled. The DAF-2 peak decreased to 50% when
the cell lysate was placed in boiling water for 5 min and
to 10%when the cell lysate was treated with three cycles
of 10-s microwave irradiation following the boiling
water bath. Since high temperature and microwave
treatment are known to deactivate enzymes, these re-
sults suggest that the A. californica nervous system

Figure 1. (A) Schematic illustration of the mechanisms involved in
intracellular fluorescence NO detection using DAF-2 DA. (B) CE-
LIF profiles of the conversion of DAF-2 DA to DAF-2 in the
AplysiaCNS: (a) electropherogram of DAF-2 DA in ASW solution
incubated for 1 h. DAF-2 DA alone does not produce detectable
fluorescence; (b) electropherogram shows that DAF-2 DA is con-
verted to DAF-2 after incubating DAF-2 DA with cell lysate for
10 min; (c) representative electropherogram of 10 μM DAF-2
reacting with 1 μMNO in pH= 7.4( 0.1 sodium phosphate buffer
(reaction time is 20 min).
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possesses enzymes capable of converting DAF-2 DA
into DAF-2.

Inside neurons, DAF-2DA can be differentially accu-
mulated into organelles, which maintain distinct pH
levels. We investigated the influence of pH on the hydro-
lysis of acetate groups of DAF-2 DA in different buffer
solutions (50 mM acetate buffer at pH 3.7, 0.1 M
phosphate buffer at pH 7.4, 30 mM borate buffer at
pH 9.8, and in ASW at pH 7.8). The extent of hydrolysis
was monitored using CE-LIF. Specifically, the DAF-2T
peak intensities of different solutions supplemented with
DAF-2 or DAF-2 DA were compared. Some of these
solutions were spiked with a known amount of NO.
DAF-2 DA does not appreciably fluoresce at the excita-
tion wavelength used by our CE-LIF system; thus, no
DAF-2 DA peak was detected. However, DAF-2 and
DAF-2T do fluoresce at this wavelength, and both were
observed. CE separates these two compounds, so both
can be quantified. It took 72 h under acidic conditions,
24 h under neutral pH conditions, and 3-5 min under
basic conditions to observe the DAF-2 peak with CE-
LIF. In ASW at pH 7.8, the hydrolysis was undetectable
during a 1 h time period (Figure 1b, trace 1). In contrast,
whenDAF-2DAwas incubated with cell lysate from the
A. californica CNS, DAF-2 formed within 10 min and
was clearly observed in the electropherogram at a migra-
tion time of ∼10 min (Figure 1b, trace 2).

Now thatweknowDAF-2 is found inside the cell, the
next question is whether the fluorescence is from the
reaction of DAF-2 with NO-related products. After all,
DAF-2 reacts with other cellular constituents (28, 29).
Here we confirmed DAF-2T formation using both
LC-MS and CE-LIF. These approaches serve to com-
plement fluorescence imaging techniques by providing

chemical and structural information for the observed
fluorescent product(s). As shown in Figure 3, DAF-2T
was detected and confirmed using LC-MS from pooled
E-cluster neurons, the best-studied NO-positive struc-
ture in Aplysia (11, 35); the molecular mass and frag-
mentation pattern were matched to a DAF-2T
standard. In the CE-LIF analysis, the identity of the
DAF-2T peak was confirmed by comparing the migra-
tion time of the cellular constituents to a DAF-2T
standard. Both analytical approaches confirmed that
the fluorescence observed in A. californica neurons
resulted from the presence of NO.

Previously, we reported an interfering effect on NO
detection from intracellular DHA, which reacts with
DAF-2. The reaction products, DAF-2 DHAs, fluore-
sce at the same emission wavelength as does DAF-2T
(29, 36). In the current work, during CE-LIF analysis,
small DAF-2 DHA signals were observed, indicating
that at least a small portion of the fluorescence comes
from the reaction products of DAF-2 with intracellular
DHA. DAF-2 DHAs were not observed with LC-MS,
possibly because the instrument is not optimized for
DAF-2 DHA detection. These results suggest that
microseparations are necessary to differentiate NO-
based fluorescence fromother background fluorescence
sources, or carefully designed pharmacological mani-
pulations have to be performed to validate that the
fluorescence originates from NO.

The presence of NOS in mechano/chemosensory C2
neurons in the E-clusters ofAplysia cerebral ganglia has

Figure 2. Representative electropherogram of an individual buccal
neuron isolated after DAF-2 DA incubation. All of the labeled
peaks were identified by comparison with standards run immedi-
ately before or after the CE assay and confirmed by sample spiking
with standards. Note that DAF-2-DHAs were detected as a doublet
peak because two reaction products were actually formed due to the
conformational changes of DHA in solution. Figure 3. DAF-2T is detected with LC-MS in E-cluster homo-

genate after incubation with DAF-2 DA. Upper panel: Region of
base peak chromatogram showing the retention time of DAF-2T.
Middle panel: Region of the full MS spectrum showing the experi-
mental m/z (MþH)þ of 374.1, indicative of DAF-2T. Lower panel:
MS/MS spectrum confirming the identity of DAF-2T signal.
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been determined using several techniques (11, 35). In
our experiment, cerebral ganglion neurons were loaded
with DAF-2 DA during 30-min incubation, sub-
sequently rinsed with ASW, and then examined using
fluorescence microscopy. Indeed, we observed fluore-
scence both in the neuropil and in several E-cluster cells.
To confirm that the fluorescence was related to the
product of a reaction between DAF-2 and NO, the
neuropil and E-clusters were dissected and homoge-
nized in 5 uL of phosphate buffer. After centrifugation
at 10,000 � g for 5 min, the supernatant was analyzed
using LC-MS (Figure 3) and CE-LIF (data not shown).
As shown inFigure 3, theDAF-2Tpeak appeared at the
retention time of 33 min. The monoisotopic mass
(observed mass, 374.1 Da, mass error, 27 ppm) and
tandem MS (MS/MS) fragmentation pattern match
those ofDAF-2T standard. TheDAF-2T peak was also
observed with CE-LIF. Thus, the fluorescence is con-
firmed to be from the reaction of DAF-2 and NO.

NO Production in Buccal Neurons
Once the detection of NO was verified in the known

NOS-positive cerebral E-cluster, buccal ganglion neu-
rons were examined (N > 5). Figure 4 shows punctate
fluorescence, 1.5 ( 0.7 μm in diameter (mean ( SD),
seen in the buccal neurons. Laser scanning at different
depths (Z-axis profiling) confirmed that the fluore-
scence arises from inside the neurons (Figure S2, Sup-
porting Information). To demonstrate that the NO is
generated byNOS, buccal ganglia were incubated in the
NOS substrate L-arginine or NOS inhibitor L-NAME.

Cell boundaries were outlined according to the best
judgment of the observer during evaluation of the
numberand intensity of fluorescentpuncta.The average
brightness of a single cell was determined as the ratio of
the mean pixel value in the cell boundary over the
background level. The average number of puncta was
estimated by comparing the percentage of pixels in the
cell boundary having a value more than 10 times higher
than the background level. When the buccal ganglia
were preincubated with L-arginine for 3 h beforeDAF-2
DA loading, the fluorescence intensity did not increase
(the mean intensity of buccal neurons is 4.7 ( 0.8, the
mean intensity of buccal neurons in arginine incubation
is 5.1( 0.1,P=0.42,N=3) butmore points appeared
(Figure 4c, 14.0% ( 1.0% of total pixels has a value
greater than 10 times the background level in buccal
neurons with arginine incubation but only 10.0% (
3.1% in buccal neurons with ASW incubation, P =
0.05,N=3). With preincubation by the NOS inhibitor
L-NAME, the strongly fluorescent puncta disappeared
(Figure 4d, P < 0.001, N = 5). These experiments
suggest that the studied neurons express NOS-like en-
zymes and the observed puncta are related to NO.

We next confirmed that some of the fluorescence was
fromDAF-2T, the reactionproduct ofNOwithDAF-2.
In previous experiments (28, 29, 36), single-cell NO
detection was carried out by first dissecting the A.
californica neurons and then reacting the cell contents
with DAF-2 in vitro. Interestingly, in that experimental
paradigm, DAF-2T was rarely observed. This may be
because NO dissipates and little or no new NO is
generated during this several minutes long sample pre-
paration process. Therefore, to minimize the possibility
thatNOproduction is altered by the single-cell isolation
and homogenization procedures, intact buccal ganglia
were quickly desheathed and incubated in DAF-2 DA
solutions without further cell isolation. After incuba-
tion, individual A. californica neurons with intense
fluorescence were isolated and analyzed with CE-LIF.
Specifically, the buccal neurons that became fluorescent
after incubation with DAF-2 DA were isolated and
studied (Figure 2). The DAF-2 peak was observed in
these cells, indicating DAF-2DA is indeed converted to
DAF-2. Further, theDAF-2Tpeak (and the peaks from
the reaction products between DAF-2 and DHA,
DAF-2DHAs) is also present in the electropherograms.
As shown in Figure 2, the intensity of the DAF-2T peak
and the signal-to-background noise ratio, as well as
results of our pharmacological experiments described
above, are sufficient to confirm the presence of NO in
these cells.However, theNOconcentration in these cells
is close to the CE system detection limit, in part due to
the need to dilute single-cell samples to allow sample
injection into the CE separation capillary. Because of

Figure 4. (a) Bright-field and (b) fluorescence from neurons in
buccal ganglia incubated in ASW, (c) 1 mM L-arginine, and (d)
0.1 mM NOS inhibitor L-NAME, all treatments were done for 3 h
before DAF-2 DA intracellular loading. All instrument settings for
the images are the same. Scale bar = 50 μm.
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these low levels, further biochemical studies were not
undertaken.

There are about 20 motor neurons located on the
surface of thebuccal ganglia that regulate themovement
of the feeding apparatus, comprised of eight intrinsic
muscles (37, 38). The release of several classical and
peptide neurotransmitters and neuromodulators by
some of these neurons has been reported (39, 40). In
our DAF-2 DA incubation experiments, many of the
larger neurons consistently showed internal fluores-
cence. The intensity of this fluorescence was modulated
by pharmacological treatment of cells with NOS sub-
strate or NOS inhibitor and, as shown by CE-LIF
analysis, in part attributed to DAF-2T. These findings
are in good agreement with the well-recognized role of
NO in feeding behavior (41).

Interestingly, the distribution of the NO fluorescence
that we observed in the buccal neurons is not homo-
geneous but punctate. Several questions can be asked
about the origin of these fluorescence puncta. Are these
puncta observed because NO production is discretely
localized? Is DAF-2 DA, after passing across the cell
membrane, confined to restricted locations such as
organelles or protein aggregates? Does punctate fluore-
scence reflect NO dynamics? NOS association with
subcellular organelles has been reported in mammalian
cells; the endoplasmic reticulum, nuclear envelope,
Golgi apparatus, andmitochondrialmembrane are such
structures (42, 43). However, little evidence of the sub-
cellular distribution of NOS has been reported in mol-
luscan species. Assuming that A. californica NOS is
localized as indicated in mammalian studies, after NO
generation, NOwould diffuse in all directions and react
with various cellular components. As shown in the
supplemental calculations and assuming Fick’s second
lawofdiffusion, theNOsource should be at least several
micrometers in diameter, and this would spread after
NO generation as the DAF-2T diffused throughout the
cytoplasm. The punctate nature of fluorescence indi-
cates that the fluorescent dye is likely sequestered in
subcellular organelles

Another interesting observation is that the brightness
of the fluorescence puncta far surpasses the fluorescence
intensity seen in the in vitro reaction of 10 μM DAF-2
with 2mMNO, the saturating level in aqueous solution,
prepared by passing NO through the phosphate-buf-
fered saline solution. A possible explanation for this
may be that with the incubation conditions commonly
used (10 μM DAF-2 DA), DAF-2 accumulates intra-
cellularly to the millimolar range (44). Thus, the puncta
may be as bright as they are because they accumulate
probe. Due to the possible DAF-2 accumulation, NO
quantification is a difficult task in living cells. In this
case, the average concentration of DAF-2T, which

reflects NO concentration, has to be determined by
other methods such as CE-LIF.

NO in Abdominal Ganglion R2 and Bag Cell
Neurons

The puncta localization is cell specific. By the same
approach described above, intense fluorescence was
observed on the surface of several neurons but not
intracellularly. The most prominent of these neurons is
the well-known cholinergic R2 neuron in the abdominal
ganglion of A. californica. The R2 is the largest neuron
inAplysia (45) and its axon runs unbranched in the right
pleuroabdominal connective, ultimately to synapse on
glands in the animal’s skin. It has been extensively
studied as a model for regional protein and lipid synth-
eses and their axonal transportation. The R2 is easily
identified visually in the desheathed abdominal gang-
lion. Intriguingly,NO-related fluorescence is detected in
theR2neuron, but in this case, itwas localized on theR2
surface, forming a “fluorescent shell” (N=3, Figure 5).
A 20-μm step depth scan of the neuron revealed an
absence of fluorescent signal from inside the cell. It is
intriguing that in the abdominal ganglion, only a few
neurons demonstrated this form of fluorescence, mak-
ing it less likely this is a sampling artifact. As mentioned
previously, neither DAF-2T nor ASW preincubation
produced fluorescence of these structures under these
conditions.

One possible explanation for the fluorescence shell
seen in the R2 neurons is that the fluorescence results
from NO production in the glia embracing the R2 cell
body. It is known that giantAplysia neurons such as the
R2 are surrounded by numerous glia interspersed by
extracellular space and forming thin concentric layers
(46-48). Microstructural analysis of the abdominal
ganglion in a semi-intact preparation by scanning elec-
tron microscopy (SEM) (Figure 5d, e) revealed that the
R2 surface exhibits substantial roughness. Details of the
surface microstructure observed by SEMwere compar-
able to what we observed with the confocal microscope.
Membrane roughness has been previously reported as
especially extensive in giant neurons (49, 50). The origin
of these dense mesh-like structures made of thin fibers
covering the surface of the R2 neuron and adjacent
neurons are unknown but may be neuronal terminals,
glia, or other structures. This roughness could also in
part be a laminar material from extracellular matrix or
connective sheath remnants that have been infiltratedby
neuronal and glia terminals. Regardless, our SEM
analysis did not reveal the presence of distinct glia on
the surface of the R2 neuron, suggesting that the
protease treatment used in this study prior to desheath-
ing of the gangliamaypromote glia removal.Disruption
of glia cohesion, and even their complete elimination by
protease and mechanical treatments, has been reported
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in earlier morphology studies of desheathedR2 neurons
for electron microscopy (47).

It is also possible that the observed fluorescence is
partially from neurite terminals infiltrating the sur-
rounding extracellular matrix and targeting the R2
neuron. It has been reported that NOS is present at
the neuronal synapse (51). Our previous study also
suggested NO production at the tip of the neuronal
growth cone (26). To determine whether neuronal term-
inals can produce NO, we used the easy-to-culture
abdominal bag cell neurons and then determined the
NO production at their terminals. Cultured bag cells
form growth cones and elaborate extended neurites.
Some of these neurites can measure up to 20-μm across
at their tips and 60-μm long. Indeed, we observed strong
NO-related fluorescence at the tips of these terminals, as
shown in Figure 6. One can envision a scenario in which
the oxidative stress caused by mechanical disruptions
and imaging of the cells, coupled with DAF-2 reacting
with peroxynitrite (52), is responsible for some of the
fluorescence. Thus the cultured cells, along with their
terminals, were collected and analyzed by CE-LIF.
Additionally, five cultured bag cell neurons were pooled
together and analyzed using LC-MS. Both techniques
confirmed the presence of DAF-2T (and hence genuine
NO) in the terminals (data not shown). These results
suggest that NO is produced at A. californica neuronal
terminals in vitro. Considering that an increasing num-
ber of reports suggest thatNO is an important regulator
of neurite outgrowth and growth cone motility (for
review, see ref (53)), it is logical to speculate that the
fluorescence observed on the surface of the R2 may
result fromtheNO-producingneuronal terminals popu-

lating the R2 surface. However, glia and their processes
on the R2 exterior cannot be excluded as potential
sources of the observed fluorescence.

Both the fluorescence at the R2 surface and at the
terminals of cultured bag cell neurons are pharmaco-
logically different from the fluorescence developed in
the buccal cells. The formation of fluorescent signal on
the R2 surface after incubation with DAF-2 DA was
not prevented by preincubation with the NOS inhibitor
L-NAME at various concentrations, ranging from the
conventionally used 0.1 mM (average decrease of signal
intensity, 0.7% ( 3.0%, N = 3) to the highest dose of
10 mM (average increase, 5.7% ( 4.5%,N= 3). Incu-
bations of the NOS substrate L-arginine, orNO-genera-
ting pathway products such as L-citrulline and L-argini-
nosuccinate, also had no effect on the intensity of the
fluorescent signal in the “shell” (intensity change within
5%as compared to a control experiment,N=3). These
experiments were also repeated with cultured bag cell

Figure 5. Fluorescence of an R2 neuron after DAF-DA exposure. (a-c) Confocal fluorescence images of a R2 neuron at different depths of
Z-axis scans showing the fluorescence localized on the R2 surface. Scale bar = 50 μm. (d, e) Scanning electron microscopy of a R2 neuron
surface at different magnification levels. Scale bar in (d) = 50 μm. Scale bar in (e) = 12.5 μm.

Figure 6. DAF-2DA incubation of cultured bag cell neurons results
in NO-related fluorescence localized in neurites. (a) Bright-field
image of cultured bag cell neurons from abdominal ganglia. Scale
bar = 50 μm. (b) Fluorescence image of fine neurites and growth
cones extending from a cultured bag cell. Scale bar = 20 μm.
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neurons. As with the R2 neuron experiments, no signi-
ficant differences were observed in the fluorescence
intensities at the bag cell neurite terminals at the
above-mentioned conditions. These results are puzzling
in that NO generated by known forms of NOS and the
fluorescence from the buccal neurons are affected by
these factors. CE-LIF and MS results demonstrated
DAF-2T in these cells. Therefore the fluorescence is,
at least in part, NO-related.

These results may be explained by the presence of a
NOS-like enzyme with a unique pharmacology, the
production of NO without an enzyme, or perhaps an
artifact caused by the cell manipulations and micro-
scope illumination. An experimental artifact appears
less likely because the distinct NO sources are location
specific and have been confirmed via CE-LIF and MS.
Enzyme-independent NO production has been pro-
posed to explain results of experiments where a high
concentration of L-NAME was found unable to sup-
press NO production in the presence of NADPH,
glutathione, L-cysteine, dithiothreitol or ascorbate
(54). In this case, nitrite reduction to NO in an acidic
environment is suggested as an alternative pathway to
enzymatic NO production. Molluscan neurons have
high concentrations (millimolar levels in some cases)
of nitrite (55-57). The neurite terminals contain numer-
ous large, dense-core vesicles (58). The pH inside these
vesicles is more acidic than the cytoplasmic environ-
ment, possibly enhancing NO formation from nitrite.
While further experiments are underway to investigate
this phenomenon, the present results have important
implications for understanding NO production.

In conclusion, we performed NO fluorescence ima-
ging after whole ganglion incubation with DAF-2 DA,
thereby minimizing neuronal damage, abnormal NO
redistribution, and artificial NO removal by scavenging
molecules. Using these methods, we verified NO pro-
duction in several A. californica neurons by confocal
microscopy, CE, MS, and pharmacological tools. In-
triguingly, the punctuate fluorescence found in several
buccal neurons responds to known NOS pharmaco-
logical treatments, while the surface-based fluorescence
detected in the R2 neuron and bag cell neuron terminals
is not affected by NOS inhibitors. The sequencing and
annotation of the A. californica genome is well under-
way (59); it will be interesting to determine whether
unusual NOS genes are encoded in that genome.

Methods

Chemicals and Reagents
All reagents were of high purity and were obtained from

Sigma-Aldrich (St. Louis, MO) unless otherwise noted. The
CE buffer, 30 mM sodium borate, contained 0.03 g of boric
acid (H3BO3) and 0.97 g of sodium borate decahydrate
(Na2B4O7 3 10H2O) in 100 mL of ultrapure water (Millipore,

Bedford, MA), adjusted to pH 9.85 ( 0.05 with 3 M NaOH
(Fisher Scientific, Fair Lawn, NJ). The 0.1 M phosphate
buffer (pH 7.4( 0.1) was prepared using 0.26 g of monobasic
sodium phosphate (NaH2PO4 3H2O) and 2.17 g of dibasic
sodium phosphate (Na2HPO4 3 7H2O) in 100 mL of ultra-
pure water. DAF-2 and DAF-2 DA were purchased from
EMD Biosciences, Inc. (Calbiochem, La Jolla, CA). The
original fluorescent reagents, dissolved in dimethyl sulfoxide
(DMSO), were diluted into the desired buffer. The final
concentration of DMSO in the DAF-2 and DAF-DA solu-
tions was less than 1% (v/v). NO gas with 99% purity was
obtained from Matheson Gas (through S. J. Smith Welding
Supply, Urbana, IL). To prepare the NO-saturated solution, a
0.1Mphosphate buffer solution (pH7.4) wasdeoxygenatedwith
nitrogen for 20 min and then bubbled with NO gas previously
cleaned by passing through 5 MNaOH solution. The saturated
solution contains∼1.9 mMNO at room temperature.

Sample Preparation
Aplysia californica (100-200 g) were obtained from the

Aplysia Research Facility (University of Miami, Miami, FL)
and kept in an aquarium containing continuously circulating,
aerated, and filtered in-house prepared seawater at 14-15 �C
until needed. Animals were anesthetized by injection of iso-
tonic MgCl2 (∼30 to ∼50% of body weight) into the body
cavity. The cerebral, buccal, and abdominal ganglia were
dissected and placed in artificial seawater (ASW) containing
(in mM) 460 NaCl, 10 KCl, 10 CaCl2, 22 MgCl2, 6 MgSO4,
and 10 HEPES, pH 7.7. The ganglionic sheath was digested
enzymatically by incubating the ganglia in ASW containing
10mg/mL protease IX and 10mg/mL proteaseXIV (bacterial;
Sigma-Aldrich) at 34 �C for 30 min. After the ganglia were
washed in freshASW, the connective tissue sheath surrounding
the neurons was removed mechanically. The ganglia were
immediately transferred into glass vials containing 10 μM of
DAF-2DA solution and incubated for 15min at 14 �C for dye
loading. After incubation, the ganglia were either directly
mountedontoa fluorescencemicroscope for imagingor further
prepared for cellular analysis. Identified neurons and neuronal
clusters designated for cellular investigation were manually
dissected using sharp tungsten needles or microscissors and
transferred with ∼1 μL of ASW into small plastic tubes
(Costar, Corning, NY) for analysis via CE-LIF or LC-MS.

Cell Culture
Bag cell neurons (10-20) from the abdominal ganglia

were isolated and distributed on poly(L-lysine)-coated Nunc
Lab-Tek chambered borosilicate cover glasses (Fisher Scien-
tific). The culture medium consisted of ASW enriched with
0.1mg/mLmethionine, 0.3mg/mLglutamate, and 1.1mg/mL
glucose. Culture disheswere notmoved for 1 h after seeding to
allow cells to settle and were kept for 2 d at 15 �C before
performing fluorescence imaging.

Microinjection and Cellular Recordings
A. californica neurons were manually pressure-injected

through glass microelectrodes filled with 10 μM or 2 mM
DAF-2 in intracellular solution (inmM): 506mMKCl, 5mM
HEPES, titrated with KOH to pH 7.7, supplemented with
5 mg/mL green triarylmethane dye (fast green FCF) and
variable amounts ofDMSOpresent inDAF-2 stock solution.
A LeicaMZ75 stereomicroscope (LeicaMicrosystemsGmbH,



r 2009 American Chemical Society 190 DOI: 10.1021/cn900016z |ACS Chem. Neurosci. (2010), 1, 182–193

pubs.acs.org/acschemicalneuroscience Article

Wetzlar, Germany) allowed visual control of the volume of
solution injected. The health of the injected cells before, during,
and after injection was electrophysiologically monitored in
current clampmode using a system comprised of an AxoClamp
2B amplifier, a Digidata, 1322A D/A-A/D converter, the soft-
warepackagepClamp9(all fromMolecularDevices,Sunnyvale,
CA) and a computer. Green-colored neurons exhibiting normal
membrane potentials and excitability after injection were con-
sidered successfully loaded with DAF-2. Control injections of
the intracellular solution containing similar amounts of DMSO
toonesused in the experimentswithDAF-2 injectionsweredone
to determine the possible effects of the compounds loaded into
neurons on the electrophysiological parameters of the cell. No
adverse effects were observed.

Hydrolysis of DAF-2 DA by A. californica Central
Nervous System Homogenate

The A. californica cerebral and buccal ganglia were dis-
sected and desheathed as described above. Individual ganglia
were homogenizedwith a 5-fold excess (byweight) of tris-HCl
buffer (0.1 M, pH 7.6) prepared in ASW containing 0.1%
Triton X-100 followed by three cycles of 5 s sonication. The
homogenate was centrifuged at 14000 rpm at 14 �C for 10min
to remove larger pieces of cell membrane and sheathmaterial.
The supernatant was divided into three 5-μL aliquots and
tested for DAF-2 DA hydrolysis under three different condi-
tions. The first aliquot was mixed with 5 μL of 20 μMDAF-2
DAand incubated at 14 �Cfor 10min. The secondaliquotwas
bathed in boiling water for 5 min before incubation with
DAF-2DA. The third aliquot was first water bathed and then
microwaved for three cycles of 10 s each.

Fluorescence Microscopy
Bright-field and fluorescence micrographs were obtained

by a Zeiss Axiovert 200 M inverted microscope (Carl Zeiss
MicroImaging, Standort Gottingen, Germany) using a halo-
gen lamp (100 W) and an Hg lamp (150 W) as light sources.
Imageswere acquired via anEMCCDcamera (Cascade 512B;
Roper Scientific, Tucson, AZ). The entire system was driven
using Zeiss Axiovision, a software package that facilitates
image collection. Both 40� and a 63� (oil) objective lenses
were used. A Leica SP2 confocal laser scanning microscope
(Leica Microsystems) with a 40� (oil) objective lens and Arþ

laser (488 nm) excitation sourcewas employed for high resolu-
tion fluorescence imaging.A long-pass filter (λ>515nm)was
used to remove reflected light and to measure fluorescence.
Automatic in-depth scanning was performed using a Z-scan
motor, which changes the position of the objective along the
Z-axis. The top focal plane of the neuron of interest was set as
the beginning scan plane. The working distance and step size
were set to 100 and 10 μm, respectively. All pictures presented
herein are unprocessed.

CE-LIF
TheCEsystememployed in thisworkhasbeendescribed in

detail elsewhere (60, 61). Briefly, a laboratory-assembled CE
system, consisting of an Ar/Kr mixed gas laser (Innova 70
Spectrum;Coherent, Inc., PaloAlto,CA) producing 350-356
nmof excitation light, a photomultiplier tube (PMT) (HC125-
03;Hamamatsu, Bridgewater, NJ), and an 80-cm long, 50-μm
inner diameter fused silica capillary (Polymicro Technologies,
Phoenix, AZ), was employed for separation and monitoring

of the reaction products of DAF-2 with NO and with other
compounds. Injections took place at 8 kV (12 μA) for 8 s,
corresponding to a 7.6 nL injection volume. Separations were
performed at 20 kV (40-42 μA). Detection took place on-
capillary, 60 cm beyond the point of injection. The fluore-
scence was collected at 90� by an all-reflective microscope
objective (Ealing Electro-Optical, Holliston,MA) and filtered
spatially by a machined 3 mm pinhole and spectrally by an
80nmfwhm, 500nm interference filter (03FIB004;MellesGriot,
Irvine, CA) and a high-pass filter (400EFLP; JanosTechnology,
Townshend, VT). The PMT signal, consisting of a series of
TTL pulses, was processed using a data acquisition card
(6024E; National Instruments, Austin, TX); all counting, in-
strumentation, and voltages were controlled by a custom-tai-
lored program written in Labview (version 5.0.1; National
Instruments).

LC-MS
Both the E-cluster homogenate, after DAF-2 DA incuba-

tion, and theDAF-2T standard, prepared by blowingNOgas
into the DAF-2 solution for 5 min, were subjected to LC-MS
analyses. For each sample, 5 μL of solution was purified
using capillary LC (capLC, Waters, Milford, MA), equipped
with a C18 Pepmap column (150�0.3 mm inner diameter)
packed with 3 μmdiameter 100 Å pore-size particles (Dionex,
Sunnyvale, CA) at a flow rate of 2.5 μL/min. Solvents A
andB consisted of 0.1%acetic acid/0.01% trifluoroacetic acid
(TFA) (v/v) and 99.91% CH3CN/0.08% acetic acid/0.01%
TFA (v/v), respectively. A six-step linear gradient was used
(0-20% B in 10 min; 20-40% B in 15 min; 40-80% B in
5min; 80-80%B in 3min; 80-20%B in 2min; 20-10%B in
5 min). The eluent was directly interfaced to an electrospray
mass spectrometer (HCTultra PTM Discovery System;
Bruker Daltonics, Bremen, Germany) for characterization.
TheMSdata were acquired over a range of 300-700m/z, and
MS/MS data were obtained automatically in a data-depen-
dent acquisition mode.

Scanning ElectronMicroscopy (SEM) of R2Neurons
Isolated abdominal ganglia were first subjected to pro-

tease treatment (1% protease type IX) in ASW-antibio-
tic solution (ASW containing 100 units/mL penicillin G,
100 μg/mL streptomycin, and 100 μg/mL gentamicin,
pH 7.7) at 34 �C for 1 h, and then washed for 3 h in ASW.
The connective tissue was partially removed to expose the
neurons of interest. Mounted dorsal side up onto a SYL-
GARD 184 silicone elastomer surface (Dow Corning,
Midland, MI), ganglia were fixed with modified Karnovsky’s
fixative (2% glutaraldehyde/2% paraformaldehyde in 0.1 M
phosphate buffer) for 4 h at 4 �C. After being washed with
phosphate buffer for at least 30 min, specimens were briefly
rinsed with distilled water and dehydrated in a series of
graded ethyl alcohol solutions, 15 min each: 33%, 67%,
95%, and two changes of 100%. Dehydrated specimens
were transferred into Teflon porous vials and processed for
critical point drying using the Samdri-PVT-3D drier
(Tousimis, Rockville, MD). For SEM imaging, a 5-nm coat
of palladium/gold was deposited onto the dried specimens
using a sputter coater. Samples were viewed using
a Philips XL30 ESEM-FEG microscope (FEI Company,
Hillsboro, OR). All images are unprocessed.



r 2009 American Chemical Society 191 DOI: 10.1021/cn900016z |ACS Chem. Neurosci. (2010), 1, 182–193

pubs.acs.org/acschemicalneuroscience Article

Supporting Information Available

The Supporting Information includes bright-field and fluor-
escence micrographs of the cerebral ganglion after DAF-2
DA incubation (Figure S1), serial Z-stack images of an
individual buccal neuron (Figure S2) and discussion and a
plot of the spatial distribution of NO as it diffuses, cal-
culated by Fick’s second law of diffusion (Figure S3). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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