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Abstract: Neuropeptides were directly detected in single identi-
fied neurons and the neurohemal area of peptiderglc (neuroendo-
crine) systems in te Lymnaea brain by using rnatdx-assisted
laser desorption ionization mass spectrometry (MALOI-MS). The
samples were placed in matrix solution and ruptured to allow mix-
ing of cell contents with the matrix solution. After formation of
matrlx crystals, the analytes were analyz€d by MALDI-MS. It was
surprising that clean mass spectra were produced, displaying ex-
trem€ sensitivity of detection. ln one of the neuroendocrine sys-
t€ms studi€d, we could demonstrats for the first tirne, by compar-
ing the peptido patterns of soma and ot neurohemal axon terml-
nals, that processing of the complex prohormone expressed in
thls system occurs entirely in the soma. h the other system stud-
ied, novelpeptides could be detected in addiuon to peptides prevl-
ously ldentilied by conventional molecular biological and pepud€
chemical methods. Thus, complex peptide processlng and ox-
presslon pattems could be predlct€d that were not detected in
earlier studies using conventional methods. As th€ flrst MALDI-
MS study of direct peptide fingerprinting in the single neuron,
these experiments demonstrate that MALDI-MS forms a new and
valuable approach to the study of the synthesis and expr€ssion of
bioactive p€ptides, with potential application to slngle-cell studies
in vertebrates, including humans. Key Words: Matrix-assisted
laser desorption mass spectrometry-Direct neuropeptide lln-
gerprintlngEsingle neurons-Peptide processing.
J. Neurochem, 62, 404-407 (1 994).

Peptides are widely used by the nervous system both as
neuromodulators/neurotransmitters and as neurohor-
mones to regulate different processes such as reproduction.
glowth, metabolism, and behavior. The peptides are synthe-
sized in the form of larger prohormones. from which they
are proteolytically cleaved, further modified, and stored in
secretory granules in axon terminals, from which they are
released in response to depolarization. Neuropeptides occur
in a large diversity, which is generated by various mecha-
nisms, including gene duplications, intragenic duplications,
alternative splicing ofa single gene, posttranslational modifi-
cations, and tissue-specific prohormone processing. A pep-
tide is often coexpressed with other peptides and/or classic
transmitters (for review, see Hukfelt, l99l). Moreover. the

peptide expression and processing patterns may be differen-
tially regulated, both during development and in response
to various stimuli. As a result, the spatiotemporal expres-
sion patterns ofneuropeptides are often very complex, even
in closely apposed and functionally related neurons. To ex-
amine the significance of the intrinsic peptide pattems for
brain functions, it is important to investigate the peptide
contents in single neurons. However, such studies are hin-
dered by the lack ofappropriate methodology.

We demonstrate here that matrix-assisted laser desorp-
tion ionization mass spectrometry (MALDI-MS), pio-
neered by Karas et al. ( I 987) and recently shown to be use-
ful in the analysis of biological tissue (van Veelen et al.,
1993), can be used for direct mass analysis ofintact peptides
in single neurons. MALDI-MS can detect high-molecular-
weight substances, is extremely sensitive, and can tolerate
more impurities in the sample than other mass spectromet-
ric methods. Laser desorption mass spectrometry without
matrix has been applied in studies on low-molecular-weight
compounds in cells using microprobe instruments (re-
viewed by Fresenius, l98l). thus making it possible to in-
vestigate very small sample spots. We analyzed peptides in
single identifled large neurons of the mollusc Lynnaea
stagnalis. First, we examined various types of neuron of the
neuroendocrine caudodorsal cell (CDC) network, which
uses the intercerebral commissure (COM) as the neurohe-
mal area for release of multiple peptides involved in the
control ofthe stereotyped egg-laying behavior of Lymnaeu
(for review, see Geraerts et al., l99l). In addition, we ana-
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the cell wall, I,2-propanediol (20?o) wx added. The neu_
rons were transferred to a small container with Ringer solu-
tion to wash- oflthe 1,2-propanediol, as this compoind pre-
vents a good, matrix preparation. A glass pipette (tip aiame_
ter smaller than the cell diameter) was used to rupiure and
transfer the neurons individually to 0.5-1-pl drops of ma-
trix solution (2,5-dihydroxybenzoic acid, pH 2, t0 glLl on a
stainless stee-l target. Of the COM, a piece -0.5 im long
was dissected, put in the matrix solution, and crushed usin!
small hooks to free the peptides from the tissue. The solul
tion wasdried by a gentle stream ofcold air. The target was
inserted into the mass spectrometer immediately aftenrard.

Mass spectrometry
MALDI-MS was performed on a Finnigan MAT Vision

2000 laser desorption time of flight mass spectrometer,
equipped with a pulsed nitrogen laser (33? nm; pulse width,
3 ns). The sample was inadiated just above the threshold for
obtaining ions (t06-107 flcm2). The acceleration voltage
was 6.5 kV. Ions were postaccelerated to a conversion dyn-
ode at - I0 kV in front of the electron multiplier. A camera
was mounted on the microscope for inspection of the sam-
ple. After initial external calibration with a known standard
on the same target, the spectra were calibrated internally on
previously identified peaks. Usually 30-100 individual
spectra were accumulated to increase the signal-to-noise ra-
tio. The mass accuracy of the instrument is 0.1%.

RESULTS AND DISCUSSION

We first studied the CDC network that expresses the com-
plex pro-CDCH (Fig. l), from which ll peptides may be
derived that are all involved in the coordination ofegg-mass
production and associated eggJaying behaviors (Geraerts et
al., 1991). Most of the matured CDC peptides contained in
the COM have been isolated previously and amino acid
sequenced (K. W. Li, C. R. Jim6nez, P. A. van Veelen, and
W. P. M. Geraerts, submitted). The CDC system consists of
two clusters, one in each cerebral ganglion, oftogether 100

CDCs. The bioactive peptides are released during electrical
discharges, which occur simultaneously in all CDCs and
which last - I h. Two types of CDC are distinguished: dor-
sal CDCs (-45 cells per cluster), which send a single axon
directly to the neurohemal area in the COM, and ventral
CDCs (about five cells per cluster), which have two axons,
one that runs directly to the COM and another that first
crosses the COM, then tums and projects to the neurohemal
area. Of both CDC types, the ventral CDCs receive by far
most of the sensory input. The mass spectra obtained from
single dorsal CDCs (Fig. 2A) and single ventral CDCs (Fig.
28) of the same CDC system reveal similar peptide spectra
for both types of cell. Moreover, spectra similar to the CDC
somata were obtained from small pieces ofthe COM of the
same CDC system (Fig. 2C). These results for the frrst time
show that the complex pro-CDCH is fully processed already
in the CDC soma. The reliability of the MALDI-MS tech-
nique is clear from spectra of CDCs and COM obtained
from different animals (n : l0), which were all very similar
to the ones shown in Fig. 2. To illustrate this, an example of
a mass spectrum of a COM of an animal other than that
shown in Fig. 2C is given in Fig. 2D. We could identify all
peptides contained by pro-CDCH, except 0, peptide, the
imino-terminal peptide, and t peptide, which suggests ei-

ther that it is not possible to detect these peptides by using
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Flc. 1. Schematla drawlng of tho organization of three prepro-
hormonss ol Lymnaaa, The preprohormonBs are not drawn to
soale, Thln v€rtlcal bars ln all preprohormones represent proteo-
lytlc proctsEslng Eltes, At The complex prepro-cDcH is expressed
ln the COC sy8tam (Gcraerls ot al., 1991). After romoval of the
slgnal sequenc€ ln the rough ondoplasmlc retlculum, pro-CDCH ts
loadod lnto s€crgtory granul€s and further processed to yield 11
msture poptldes that 8re roleasod durlng CDC dlscharges to in-
duo€ egg laylng and asgoclatad b€havlors. The nominal peptids ls
the ovulatlon-lnduolng caudodorsal coll hormone (CDCH) tcf . Ger-
aerts €t al, (1991)1. Also lndlcated are the oarboxy-terminat pep
tlde (C-TP)I tho ? poptlde (?)i tho 6 peptlde (6); the q-caudodorsal
cell p€ptlde (nCDCP), whlch togother wlth CDCH acts as an au-
toexcitatoly peptide lnduclng eleotrlcal discharges ln all CDCs;
calfluxln (CaF), whlch lnduces calclum lluxes ln the female sex
organsi pr-s CDCP, thrse relatod p peptides that act as transmit-
ters; th€ ( p€ptlde (.)i and the amlno-termlnal peptlde (N-TP). B:
The two pr€cursors, preprcVDl/RPD2 A and B (Bogerd et at.,
1993), expressed in identlfied neurons VDI and RPD2, arlse by
altematlve splicing, The prohormones are ldentical, except for thB
ru-peptlde domain, which consists of 21 amino aclds in the case of
ai peptide 6nd 28 amlno acids in th€ case of the .t2 peptide. The
dlff€rence belween (ti 6od rr2 ls restrlcted to the amino acid
stretches lndlcated by shaded boxes. Both c peptldes havo lnotro-
plc as well as chronotropic etfects on the Lymnaea heart (Bogerd
et al., 1993); how6v€r, thore are clear differences in potencles.
The thlck bar in pro-VD1/BPD2 A and B represents the single
aspartlc aold rosidue (O) that is located betwoen two putative
processlng slt€s. Also lndlcated are the c, 6, qnd p peptides.

lyzed thc pcptides stored in thc COM. Furthermore, we stud-
ied tlre singlc VDI ncuron that togcther with thc RPD2
neuron forms a simplc pcptider8,ic (neuroendocrine) net-
work that is involvcd in thc rcgulation of respiratory behav-
ior (van dcr Wilt ct at.. l9ttlt)and lrcartheat (Bogerd et al.,
1993). Becausc the pcptirlcs and corrcsponding cDNAs en-
coding thc prohormoncs (I;ig. I )exprcsscd in thcsc peptider-
gic systcms havc prcviously hcen studicd by conventional
molccular hiological and pcptidc chcmicul metlrods, we
could casily a$:icss thu rcliability of MAL,DI-MS. We find
that thc ccllulirr compurtmcnts oI prohornrone processing
can bc studicrl hy usinB thc' MAL,DI-MS tccl'rniquc and,
moreover, tlrat this method crn predict novcl neuropeptide
exprcssion pattcrn$ thilt orc ditlicult to dctcct using the con-
ventionol mcthods.

ITXPI{RI M I:NTAL PROCEDURES

Preparation of samples
Mature specimcns (shell height, 30-35 mm) of the fresh-

water gastropod snail t.. stagnali.r were used. They were
bred under laboratory conditions in tanks with a continu-
ous water suppty. at 20oC and a I 2-h light/dark cycle' Food
consisting olletiucc was supplicd ad libitum, The brain was
dissecled, and ncurons of interest were isolated under a mi-
croscopc using tiny hooks.'Io prevent precocious rupture of



406 C, R. JIMENEZ ET AL.

C-TP A

t000 ,[n0 3000 4000 5000 6000

B

1000 2000 3000 4000 5000 6000

c

GTP

2000 3000 4000 5000 6000

D

C.TP

FlG. 2. Typical examples ot spectra of single CDC somata and
COM. Spectra were surprisingly clean ancl displayed n€uropep-
tides pres€nt in the neuron and the axon terminals in the neurohe-
mal area. A: Mass spectrum of a slngle dorsal CDC cell. The
somata ol 15 dorsal CDCs, randomly taken f rom the ilvo clusters
of the same CDC network, were examined indivldually in separate
exporiments; all ylelded spoctra that were very similar to the one
shown. Peaks could be id€ntified as CDCH [measured proton-
ated mass, MH+, ls 4,476 Da; the mass as calculated from pre-
vious studies (cf . G€raerts et al., 1991) is 4,476 Oal, the . peptide
(5,960 vs. 5,962 Da), C-TP (2,590 vs. 2,590 Da), CaF (1,898 vs.
1,897 Da), d peptide (1 ,566 vs. 1,566 Da), <UCDCP (1,169 vs.
1,169 Da), Bl CDCP (706 vs.706 Da), and Bs CDCP (729vs.729
Da). For abbreviations, sBe Flg, 1. Ouestion marks indioate un-
ldentifled peaks. B: Mass sp€otrum of a single ventral CDC cell.
Ths somata of six ventral CDCS randomly taken trom the two
clusters ol th€ same CDC network as in Fig. 2A were lndivldually
examlned and found to be very simllar to each other. Also, the
mass spectra of ventral CDCS somata were very slmilar to those
of dorsal COCs (ct. A), C: Mass spectrum of the COM. The spec-
trum shown is obtalned from a piece of -0.5 mm of the COM ol
the same CDC system studied in A and B. Six trials of the same
COM were examlned, all yleldlng similar sp6ctra. Tho spectra ob-
tained from tho COM are similar to those obtained from the so-
mata of both typ€s of CDCs (see A and B). D: Mass spectrum ot
tho COM ol a dlfferent animal as shown in C. The spectrum lllus-
trates that sp€ctra of COMs obtained from different animals are
hlghly slmilar.

the present technique or that they exist in a form different
lrom that predicted by previous cDNA cloning studies.

Both the sensitivity of the MALDI-MS technique and its
ability to predict novel and complex patterns of neuropep-

tide expression could convincingly be demonstratcd in the
identified neuron VDL A typical example ola ntass spec-

trum of a single VDI (Fig. .1) shows the peaks representing

ar, rvz, and 0 peptides derived from two related precursors,
pio-VDl/RPD2 A and B (Fig. l), that are generated by
alternative splicing from the single VDI/RPD2 gene (Bo-
gerd et al., 1993). These peptides have been isolated and
chemically characterized (Bogerd et al., 1993), As in the
earlier study (Bogerd et al.. I 993). the putative r and d pep-

tides were not detected. suggesting that they are not pro-
cessed as such, However. several other peaks were detected
that reprcsent pulativc peptides that were overlooked in the
earlier study using conventional molecular biological and
peptide chemical techniques, To identily the [ovel pep-
tides, we returned to the conventional techniques. disected
1,500 VDI neurons, and isolated pcptides by using re.
versed-phase HPLC, The fractions containing peptides with
masses corresponding to some of the novel peplides deter-
mined by single-cell analysis were subjected to amino acid
sequencing. These peptidcs have the same amino-terminal
sequence as ct2. However. in view ofthe lact that they have
masses larger than rr2 peptides, which cannot be explained
by previous studies, we tentatiyely conclude that (an)other
gene(s) related to the prepro-VD I/RPD2 genc is (are) coex-
pressed in VDl, orthat the VDI/RPD2 gene isahernalively
spliced in a more complex way than hitherto thought. In
addition, we identified a peptide (C.R.J., unpublished data)
related to a small cardioactive peptide previously isolated
from Aplysia (Monis et al., 1982), which indicates lhat yet
another neuropeptide gene may be expressed in VDl. Wc
are currently identifying the peptides of the remaining un-
known peaks as well as their corresponding cDNAs.

The results obtained so lar convince us ofthc advantage
ofthe MALDI-MS technique for neuropeptide studies, sueh
as tissue- and cell-specific processing of prohormones, tem-
poral and spatial chang,es in neuropeptide expression. post-
translational modifications. and peptide sorting and target-
ing to different intracellular sites, The present work repre-
sents the first direct mass spectrometric detection of
high-motecular-weight compounds, viz.. peptides. in single
neurons and axon terrninals in thc neurohemal area. Al-
though the peptides are in a physiological environment. nei-
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FlG. 3. Mass spsctrum ol a single VO1 neuron. The spoctrum
conflrms the presenc€ of crr, az, anc, d p€ptldes ld€ntiflod in ear-
lier oONA clonlng and peptide studies (Bogerd et at., 1998). ln
addition, carboxy-termlnally extended forms of crr p€ptldes and
Lymnaea small cardioactlve p€ptlde (SCp) are preient. The peak
at 6,400 Da wa8 quite broad and ls a mlxture of several pepildos
(B peptldes?). The masses of th6 ld€ntlflect p€ake are iq'(mea.
sured protonated mass, MH+, ls 2,403 Da: tho mase ag calculated
from prevlous studles is 2,404 Da), a1 (2,999 vs. 2,998 Da), d
(6-,379 vs. 6,376 Da), and SCp (1 ,040 vs. 1,042 Da), The mas8es
of tho t\^,o extended ee popildes are 3,757 and n,t 65 Da, regpec-
tlvoly. Oueetlon marke lndlcate unldenflfled p€aks,

I
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ther sample pretreatrnent nor separation steps are neces-
sary, which allows fast screening of many cells and mini-
mizes artifacts inherent to the conventional techniques. Un-
til now, only qualitative information has been extracted
from the experimental data; however, quantitative analysis
by mass spectrometry is underway (Tang et al., I 993). More-
over, postsource decay MALDI-MS enables (partial) se-
quencing of peptides at low concentrations. We predict that
with the ongoing refinement of the technique also smaller
neurons, including those of vertebrates and humans, will
soon become accessible for direct MALDI-MS analysis.

Acknowledgmcnt: We thank Mrs. T, Laan for typing the
manuscript.
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