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Abstract Calanoid copepods constitute an important group
of marine planktonic crustaceans that often dominate the
metazoan biomass of the world’s oceans. In proportion to
their ecological importance, little is known about their
nervous systems. We have used immunohistochemical
techniques in a common North Atlantic calanoid to localize
re-identifiable neurons that putatively contain the biogenic
amines histamine, dopamine, and serotonin. We have found
low numbers of such cells and cell groups (approximately
37 histamine pairs, 22 dopamine pairs, and 12 serotonin
pairs) compared with those in previously described crusta-
ceans. These cells are concentrated in the anterior part of
the central nervous system, the majority for each amine
being located in the three neuromeres that constitute the
brain (protocerebrum, deutocerebrum, and tritocerebrum).
Extensive histamine labeling occurs in several small
compact protocerebral neuropils, three pairs of larger, more

posterior, paired, dense neuropils, and one paired diffuse
tritocerebral neuropil. The most concentrated neuropil
showing dopamine labeling lies in the putative deutocere-
brum, associated with heavily labeled commissural con-
nections between the two sides of the brain. The most
prominent serotonin neuropil is present in the anterior
medial part of the brain. Tracts of immunoreactive fibers of
all three amines are prominent in the cephalic region of the
nervous system, but some projections into the most
posterior thoracic regions have also been noted.
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Introduction

Biogenic amines are important hormonal/paracrine compo-
nents of neuronal control systems throughout the animal
kingdom. For instance, amines have been shown to play
important, and often conserved, roles in the neuroendocrine
control of aggression in many animals (e.g., Kravitz 2000;
Huber 2005; Miczek et al. 2007; Siever 2008; Popova 2008;
Ryding et al. 2008). In invertebrates and, in particular, in
members of the Arthropoda, numerous studies have focused
on identifying native aminergic systems and elucidating the
physiological roles played by them (e.g., Elofsson et al.
1982; Katz et al. 1989; Chiel et al. 1990; Carlberg and Anctil
1993; Brodfuehrer et al. 1995; Stevenson and Spörhase-
Eichmann 1995; Beltz 1999; Hörner 1999; Nässel 1999;
Stuart 1999; Homberg 2002; Panksepp et al. 2003; Tierney
et al. 2003; Baxter and Byrne 2006; Chase and Koelle 2007).
Interestingly and in spite of the diversity present in this
taxon, the vast majority of work on aminergic signaling in
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the arthropods has been limited to just two groups: the
insects and the decapods (i.e., Dubbels and Elofsson 1989;
Stevenson and Spörhase-Eichmann 1995; Beltz 1999;
Hörner 1999; Nässel 1999; Stuart 1999; Homberg 2002;
Panksepp et al. 2003; Tierney et al. 2003).

Assessments of the distribution of aminergic signaling
systems in other crustaceans were originally made in
copepods, ostracods, cladocerans, and anostracans by using
the Falck-Hillarp method (Aramant and Elofsson 1976;
Elofsson et al. 1977; Myhrberg et al. 1979). These studies
were followed by further amine-specific immunohistochem-
ical investigations of some of the same taxa and of cirripedes
and cephalocarids (Callaway et al. 1989; Elofsson 1992;
Harzsch and Waloszek 2000) and confocal microscopic
studies of branchiopods (Harzsch and Glötzner 2002).
Examination of these non-hexapod non-malacostracan pan-
crustaceans might provide critical insights as to the evolution-
ary origin of the conservation/diversification seen between the
insect and decapod pathways.

In the study presented here, we have used immunohis-
tochemistry to map the distribution of three of the major
aminergic systems in the central nervous system (CNS) of
the calanoid copepod, Calanus finmarchicus. Specifically,
the distributions of histamine and serotonin have been
mapped directly via antibodies to these substances, with the
distribution of dopamine being assessed by using an
antibody to its rate-limiting biosynthetic enzyme, tyrosine
hydroxylase (TH), as a proxy. Extensive labeling for each
amine (or TH) is present in the CNS of C. finmarchicus,
and these distribution patterns are described here. Compar-
isons of the three C. finmarchicus aminergic systems are
made with one another and with the distributions of several
C. finmarchicus neuropeptides. Finally, selected features
from each of the C. finmarchicus amine labels are
compared with the distribution of the respective amine in
hexapods and decapod crustaceans. Some of these data
have appeared previously in abstract form (Hartline and
Beltz 2006; Hartline and Christie 2007).

Materials and methods

Animals

Adult and last-stage (C5) copepodid C. finmarchicus were
collected in mid-June by oblique net hauls through the
upper 100 meters of water near Mount Desert Rock in the
Gulf of Maine (43°58′N, 68°7′W). Animals were main-
tained at densities of approximately 10 individuals per liter
in jars of filtered seawater at 5–9°C and were fed three
times a week on a diet of Tetraselmis sp. concentrate (Reed
Mariculture, Campbell, Calif., USA; catalog no. TET-
LITER) and live Isochrysis sp. (culture provided by Søren

Hansen, University of Maine, Orono, Me., USA). Both
sexes were used in our study, but females predominated.

Whole-mount immunohistochemistry

Dissection and immunoprocessing

All immunoprocessing was carried out on whole-mounts.
Specifically, C. finmarchicus were pinned ventral-side
down in a Sylgard-lined Petri dish containing filtered
seawater, and the dorsal cuticle of the prosome and the
digestive tract overlying the ventral nerve cord were
removed by microdissection. Animals were then fixed for
approximately 12 h in a solution of either 4% 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (Sigma-Aldrich, St.
Louis, Mo., USA; catalog no. E7750) in 0.1 M sodium
phosphate buffer (pH 7.4; PB), 100% methanol at -20°C, or
4% paraformaldehyde (Electron Microscopy Sciences, Hat-
field, Pa., USA; catalog no. 15710) in PB at 4°C, depend-
ing on whether the tissue was to be processed for histamine,
TH, or serotonin labeling, respectively. After fixation,
tissues were rinsed six times at 15-min intervals at room
temperature (22–24°C) in a solution of PB containing 0.3%
Triton X-100 (PBTX) and then incubated for approximately
12 h at 4°C in primary antibody diluted to a final working
concentration in PBTX (see below). After incubation in
primary antibody, tissues were again rinsed six times at 15-
min intervals at room temperature in PBTX and then
incubated for approximately 12 h at 4°C in a 1:300 dilution
of secondary antibody in PBTX (see below). Preparations
were next rinsed six times at 15-min intervals at room
temperature in PB and then mounted between a glass
microscope slide and coverslip by using BioMeda Gel-
Mount/Fluoro-Gel (Electron Microscopy Sciences; catalog
no. 17985-10).

Antibodies

To assay tissue for histamine, we used a rabbit polyclonal
antibody generated against histamine-keyhole limpet he-
mocyanin (KLH) conjugate (Panula et al. 1988; Immuno
Star, Hudson, Wis., USA; catalog no. 22939), an antibody
that has been used extensively for mapping the distribution
of histamine-like immunoreactivity in the nervous system
of numerous decapod crustaceans (e.g., Mulloney and Hall
1991; Le Feuvre et al. 2001; Pulver et al. 2003; Christie et
al. 2004; Fu et al. 2005). In our study, this antibody was
used at a final dilution of 1:500.

To assay tissue for dopamine, we used a mouse
monoclonal antibody generated against TH (ImmunoStar;
catalog no. 22941), the rate-limiting biosynthetic enzyme of
dopamine. The immunogen for the production of the
antibody was isolated and purified from rat PC12 cells,

50 Cell Tissue Res (2010) 341:49–71



and the epitope recognized by this antibody has been
mapped to the middle portion of the protein, a site of
extensive species homology (Fu et al. 2005). Consequently,
this antibody is broadly cross-reactive with homologous
proteins from a variety of species, including a variety of
decapod species (Tierney et al. 1999, 2003; Pulver and
Marder 2002; Pulver et al. 2003; Fort et al. 2004; Fu et al.
2005). In our study, this antibody was used at a final
dilution of 1:1000.

To assay tissue for serotonin, we used a rabbit polyclonal
antibody generated against a serotonin-bovine serum albu-
men (BSA) conjugate (Immunostar; catalog no. 20080). This
antibody has been used previously to map the distribution
of serotonin in a number of decapod crustaceans (e.g.,
Tierney et al. 1999; Pulver and Marder 2002; Fu et al.
2005). In our study, this antibody was used at a final dilu-
tion of 1:500.

Visualization of the histamine and serotonin antibodies
was accomplished by using either Alexa Fluor 594
conjugated to goat anti-rabbit IgG (Invitrogen, Carlsbad,
Calif., USA; catalog no. A-11037) or fluorescein isothio-
cyanate (FITC) conjugated to donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, West Grove, Pa,
USA; catalog no. 711-095-152), whereas visualization of
the TH antibody was accomplished by using Alexa Fluor
488 conjugated to donkey anti-mouse IgG (Invitrogen;
catalog no. A-21202).

Specificity controls

To strengthen our confidence that the histamine and
serotonin immunolabeling reported here was attributable
to the presence of histamine and serotonin, respectively,
antibody adsorption controls were conducted for both
antibodies. Specifically, the histamine antibody was incu-
bated with 10-6 M histamine-KLH conjugate (Christie et al.
2004) for 2 h at room temperature prior to its application to
tissue, whereas the serotonin antibody was incubated with
10-6 M serotonin-BSA conjugate (ImmunoStar; catalog
no. 20081) for a similar length of time. For comparison,
some histamine and serotonin antibody was held at room
temperature for 2 h without peptide. The adsorbed and
room-temperature-held unadsorbed antibodies were then
used in immunohistochemical processing as described
above.

Imaging

Following immunohistochemical processing, preparations
were viewed, and digital images were collected by using
either an Olympus Fluoview 300 laser scanning confocal
microscope system (Olympus America, Melville, N.Y.,
USA) or a Zeiss LSM 510 Meta confocal system. The

Flowview 300 confocal system was equipped with an
Olympus IX70 microscope and a krypton/argon mixed gas
laser. Imaging on this system was performed by using
Olympus UPlanApo 10× 0.4NA dry, UPlanApo 20×
0.7NA dry, and UplanApo 40× 0.85NA dry objective
lenses, standard manufacturer-supplied filter sets, and
manufacturer-supplied software. The LSM 510 Meta
confocal system was equipped with a Zeiss Observer.Z1
inverted microscope and argon and HeNe lasers. Imaging
on this system was achieved by using Zeiss EC Plan-
Neofluar 10×/0.3 dry and Plan-Apochromat 20×/0.8 dry
objective lenses, standard manufacturer-supplied filter sets,
and manufacturer-supplied software.

Z-Stacks were displayed and calibrated, and measure-
ments were made by using ImageJ (Rasband 1997-2000).
Image plane resolution was between 0.455 and 0.69 μm per
pixel, and slice spacing was between 0.45 and 1.25 μm.
Precise localization of immunoreactive features could not
be made with respect to non-reactive anatomical features,
among which were exiting nerves, neuronal somata, and
neuropil regions (“nuclei”). The commissural structures that
were visible (Fig. 1a) agreed well with those described in
the detailed anatomical study of Lowe (1935) and hence
were used for the general localization of CNS neuromeres
pending the establishment of more accurate information on
CNS structure. Because of the incompatibility of prepara-
tive procedures, we did not examine specimens with
multiple labeling, and so descriptions are given in relation
to other features labeled by a given antibody or visible with
background fluorescence.

The contrast and brightness of the final figures were adjusted
as needed to optimize the clarity of the printed images.

Results

A diagram of the cephalic portion of the CNS of C.
finmarchicus, as elucidated by the classic work of Lowe
(1935), is presented in Fig. 1a. The CNS is composed of six
cephalic and six thoracic neuromeres. From anterior to
posterior, the former consists of the three neuromeres of the
“brain”: the protocerebrum (PC), the deutocerebrum (DC),
and the tritocerebrum (TC). These are associated respec-
tively with and (for purposes of this paper) defined by the
exiting nerves to the nauplius eye and frontal organs (n.e.n,
f.n), the nerves to the first antennae (A1n), and the nerves
to the 2nd antennae (A2n). The remaining three cephalic
neuromeres, viz., mandibular (MD), maxillulary (MU), and
maxillary (MX), are associated with the innervation of
correspondingly named cephalic appendages used for
feeding and slow swimming. The thoracic CNS consists,
from anterior to posterior, of the maxillipedal or first
thoracic neuromere (MP or T1) and five additional thoracic
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neuromeres (T2-T6), the latter group innervating the five
swimming appendages or “pereiopods” (P1–P5). The
tendency of somata to aggregate into discrete ganglia is
less pronounced in calanoid copepods than it is in decapod
crustaceans (Lowe 1935; Park 1966), and so boundaries
between neuromeres are ambiguous, and the assignment of
features to a given neuromere carries an intrinsic uncer-
tainty. In the remainder of this article, basic nomenclature
follows that used by Lowe (1935) with the caveat that
differences in techniques between her work and ours
highlight different aspects of neuroanatomical features,
and so the correspondences suggested are necessarily
tentative. Lowe’s nomenclature differs in places from that
used in more recent studies for other crustaceans, notably
decapods (e.g., Bullock and Horridge 1965; Sandeman et
al. 1992). These discrepancies will be treated in the
Discussion.

In order to locate immunolabeled features along the
longitudinal axis of the nervous system, a reference line

perpendicular to the axis was established. For histamine-
labeled preparations, this was taken to be the process-free
gap between medial anterior neuropils (protocerebral) and
the next posterior neuropils in the laterally expanded portion
of the brain (putatively deutocerebral: see Discussion;
Fig. 1b). For dopamine labeling (TH), the reference was
taken to be the anterior margin of the “anterior ring”, two
heavily labeling commissures presumed to represent the
interpeduncular commissures linking the neuropils that
we have referred to as “DA1 neuropils” (Fig. 1c). For
serotonin, the most recognizable cephalic feature was the
esophageal fenestra (see “oes” in Fig. 1a), highlighted by
labeled fibers decussating in the posterior deutocerebral
commissure just anterior to the opening of the esophagus.
The reference line for histamine and dopamine labeling
ranged from 62 to 87 μm anterior to this feature, and its
median distance of 80 μm was used as the zero reference
for locating serotonergic features. This brought the
reference lines for the three amines into as close

Fig. 1 Anterior central nervous system of Calanus finmarchicus. a
Diagram of principal features, after Lowe (1935, see her Fig. 11). b
Histaminergic labeling of the cephalic neuromeres. c Tyrosine
hydroxylase labeling (dopamine proxy) of cephalic and first thoracic

neuromeres. d Serotonergic labeling of cephalic and first thoracic
neuromeres. The vertical line with tic marks at 10 micron intervals at
the far left, marked at 0 and 700 microns, gives the scale and origin
for all panels
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correspondence as possible in the absence of double-
label studies. In each preparation, distances from these
reference lines were measured to each identifiable
commissure, and those for corresponding commissures
in the various preparations were averaged to derive a
mean location for that commissure. Lowe’s (1935)
diagram of CNS morphology (see her Fig. 11) was scaled
so that corresponding commissures matched these mean
locations as closely as possible, which permitted other
anatomical features not labeled in the immunohistochemical
preparations to be located approximately (Fig. 1a). Locations
corresponding to the midpoints between successive segmental
“nuclei” (neuropils) in Lowe (1935) were taken as the
boundaries between neuromeres.

The morphological characteristics of most prominent
aminergic features (neuropils, tracts, somata) were strik-
ingly consistent between preparations. In the remainder of
this article, we have thus applied the term “re-identifiable”
to features that were present in three or more well-labeled
preparations. Generally speaking, no exceptions occurred
for the neuropil and fiber tracts listed, although the
intensity of labeling in these stuctures was variable in
some cases. For cell bodies, the number of soma pairs or
soma groups so identified is given in Table 1. In a small
number of cases, a soma pair was found to be missing from
its usual position, but an extra pair was found in an unusual
position. In the two most extreme cases (a pair of PC4DA
and a pair of PC8DA cells in different specimens), the
members of the pairs maintained bilateral symmetry. This we
interpreted as representing a developmental anomaly through
which a re-identifiable pair was relocated, and it confirmed the
re-identifiability argument. In other cases of "missing"
somata, the amine may not have been present at a high
enough concentration to permit clear identification, but its
occurrence in the “right” place in three well-labeled specimens
was considered adequate for the application of the term.

For ease of reading, we have chosen to refer to the profiles
labeled by the different antibodies as being histaminergic/
histamine-containing (HA), dopaminergic/dopamine-
containing (DA), and serotonergic/serotonin-containing
(5HT), rather than histamine-like immunopositive, TH-like
immunopositive, or serotonin-like immunopositive, although
these qualifications certainly hold for each of the three types of
immunolabeling.

Histamine

Histaminergic neuropils

Within the CNS of C. finmarchicus, we noted numerous,
stereotyped, bilaterally paired aggregations of small punc-
tate histaminergic profiles and fine processes. These regions
of labeling likely represent either areas of synaptic neuropil

or neuroendocrine release sites, and for convenience, we
will use only the former term for them. The area that was
by far the richest in histaminergic neuropil and in neuropil
reactive to the other two antibodies was the brain. Because
of ambiguities in regional boundaries and neuropils
identified by conventional histology (Lowe 1935), brain
neuropils will be identified in a numbered sequence from
anterior to posterior, with the location problem being
deferred to the Discussion (see also Table 1).

Within the brain, a cluster of up to four paired small
(10 μm across) discrete but overlapping (in two-dimensional
projection) neuropils, collectively termed HA1, was located
posteriorly in the PC near the reference line (the approximate
boundary between the PC and DC). They appeared to be
the termination of fibers arriving from more anterior
regions, tentatively identified as the naupliar eye nerve.
The neuropils occupied a medial position corresponding
to the naupliar eye nuclei (ne. nu., Fig. 1a) of Lowe
(1935). Histaminergic labeling was seen in four neuropils
posterior to the medial HA1 protocerebral clusters and
anterior to the esophageal fenestra (see Table 1). We will
designate these non-commitally as HA2–HA5, from
anterior to posterior (Fig. 2a). Three of these corresponded
fairly well to those described by Lowe (see Discussion,
Table 1). Labeling of HA2 (approximate corpora pedun-
culata) consisted of scattered punctate spots located
within a circular region of about 25 μm in diameter in a
dorso-ventral projection. Similar labeling of HA4 (anten-
nulary sensory nucleus) and HA5 (antennulary motor
nucleus) occurred within elliptical regions posterolateral
to HA2. An additional paired medial neuropil (HA3)
located between the paired HA2 neuropils also exhibited
histamine labeling. All of these putatively deutocerebral
histaminergic neuropils exhibited distinct boundaries. The
only other neuropil that showed consistent concentrated
histaminergic labeling, HA6 (sympathetic nucleus), was in
the TC, lateral to the anterior margin of the teeth (Fig. 2a).
Other less-well-defined regions with clustered punctate
histaminergic labeling (potential “release sites”) were
noted in each of the more posterior cephalic neuromeres.
Two particularly prominent elongate (20–30 μm) “release
sites” (“MX rel” and “MP rel”) were located in the
maxillary and maxillipedal neuromeres, the latter repre-
senting the termination of heavy histaminergic labeling
(Fig. 2b). The position of these sites in the dorsal region of
the middle of each hemicord did not make clear as to
whether these sites had access to the blood circulation
outside of the ventral nerve cord (VNC).

Histaminergic axon tracts

Numerous histaminergic axons or axon fasicles with
stereotyped projection pathways were re-identifiable from
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preparation to preparation. For ease of discussion, these
tracts have been divided into three broad categories:
longitudinal tracts (within the CNS), commissural tracts
(crossing the midline), and extrinsic fibers (exiting the
CNS), each being described in turn below.

Longitudinal histaminergic tracts

Three major divisions were discerned for the prominent
longitudinal histaminergic tracts running from the DC to
the posterior end of the VNC: lateral, intermediate, and
medial (Fig. 2a, b). Each appeared to be composed of
multiple histamine-labeled fiber bundles, with occasional
separation and/or interchange of bundles along the course
of the tracts.

The lateral tract (lat. tr., Fig. 2) originated as a medially
directed tract from or near to the HA2 neuropil,
gathering contributions from other neuropil regions from
both sides of the midline along its course. The tract

turned posteriorly in a sweeping curve around the HA5
neuropil to enter the circumesophageal connective,
forming the outermost tract traveling posteriorly in the
VNC. It terminated in a prominent and characteristic arc
in the maxillulary neuromere.

The intermediate tract (int. tr., Fig. 2) was the main
tract of the “cerebral arch,” the collection of axons that
are posteriorly directed in the preoral brain but that
turn sharply laterally at the esophageal fenestra to
travel in the circumesophageal connectives. The tract
appeared to originate in histaminergic neuropils of the
preoral brain on both sides, sweeping around the
esophagus to run posteriorly between lateral and medial
tracts. The soma designated MU4HA was embedded in or
closely associated with the tract, and the tract had what
appeared to be release sites (neuropil) in the mandibular,
maxillulary, maxillary, and maxillipedal neuromeres. The
tract thinned and divided into separate strands as it
traveled posteriorly.

Lowe’s nuclei

Name Longitudinal location Transverse location Diameter

Naupliar eye nu. -29 0 [midline] 24

Protocerebral bridge 6 14 12

Corpora pedunculata 24 52 38

Central body 30 0 [midline] 28

A1 sens 1 nu. 43 100 36

A1 sens 2 nu. 100 98 24

A1 motor nu. 76 60 45

A2 lateral nu. 182 110 36

A2 medial nu. 201 62 29

Sympathetic nu. 210 76 33

Histaminergic neuropils of brain

HA1 (Naupliar eye nu.) -22±12 (8) 10±0.9 (5) 11±1.2 (3)

HA2 (Corpora pedunculata) 10±3.5 (4) 46±8 (4) 22±6 (3)

HA3 22±3.6 (4) 7±1.4 (4) 17±4.3 (3)

HA4 (A1 sens I nu.) 35±6.4 (4) 91±12.3 (4) 29±2.1 (3)

HA5 (A1 motor nu.) 49±6.7 (4) 56±6.7 (4) 28±2.3 (3)

HA6 (Sympathetic nu.) 174±6.6 (4) 72±6.9 (4) 21±5.7 (2)

Dopaminergic neuropils

DA1 (Medial cp) 14±1.8 (3) 27±2.6 (3) 15±3.1 (3)

DA2 (A1 motor nu.) 86±1.5 (3) 53±4.7 (3) 27±3.6 (3)

DA3 121±6.0(3) 80±3.5 (2) 25±6.4 (2)

DA4 (Sympathetic nu.) 191±7.6 (3) 64±2.0 (3) 20±4.9 (3)

Serotonergic neuropils

5HT1 11 (*) 0 [midline] 22

5HT2 (Corpora pedunculata) 12 43 17

5HT3 (A1 motor nu.) 78 48 20

5HT4 170 32 19

5HT5 (Sympathetic nu.) 188 71 24

Table 1 Neuropil locations.
Locations of cephalic neuropils:
“nuclei” described by Lowe
(1935; see her Fig. 11 but scaled
up by 15% to match locations of
commissures in amine speci-
mens) followed by the more
discrete aminergic neuropils.
The first column of the aminer-
gic neuropils is the designation
as used in the text. The second
column specifies the closest
likely nucleus described by
Lowe (1935). The longitudinal
and transverse columns give
positions of the midpoints in
each neuropil in μm with re-
spect to the reference line for a
given amine or the midline,
respectively. Diameters are esti-
mates of the mean [(length
+width)/2]. Values are means in
μm ± SD with the number of
measurements in parentheses.
(*) measurements for serotonin
taken from a single specimen
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The medial tract (med. tr., Fig. 2) was of uncertain
origin, arising anterior to the tritocerebral neuropil. It
gathered intensity as it traveled posteriorly from the
neuropil and ended in a medially sweeping arc in the
posterior maxillulary neuromere parallel and posterior to
the lateral tract arc. It might derive from the MU5HA cells.

Several other minor tracts were reproducible from animal
to animal and could thus be considered “re-identifiable”,
despite their sometimes haphazard appearance.

The posterior protocerebral tract (unlabeled in Fig. 2)
left the PC posteriorly from the region of the protocerebral
HA1 neuropils, traveling ventrally to the HA3 neuropil and
decussating in the anterior DC, whence it fed into the tracts
running in the circumesophageal connectives.

The deutocerebral mid-projection (small arrows, Fig. 2a)
was an anomalous but highly reproducible posteriorly

directed paired process projecting into the esophageal
fenestra posterior to the posterior DC commissure with
the inner branch projecting to the contralateral side; the
outer branch seemed to derive from the ascending medial
limb of the inner lateral tract.

The trito-mandibular commissural connective (TC-MD
comm conn., Fig. 2a) was a tract originating in the
combined major connective tracts of the TC and passing
diagonally posteromedially through the tritocerebral neu-
ropil to run parallel to the mandibles and thence into the
anterior limb of the mandibular commissure.

The “TC loop tract” (loop tr., Fig. 2a) was a character-
istic structure consisting of a medial side-loop of the
intermediate tract in the TC and gave off a medially directed
branch joining with the trito-mandibular commissural
connective to decussate in the mandibular commissure.

Fig. 2 Histaminergic (HA) labeling of cephalic region. a Re-
identifiable soma groups of the brain region: protocerebrum, deuto-
cerebrum, and tritocerebrum. The jagged parallel profiles in the
tritocerebral region of this and subsequent figures are the mandibular
teeth. b Re-identifiable soma groups of the posterior cephalic
neuromeres: mandibular, maxillulary, maxillary, and the first thoracic
maxillipedal neuromere [A1 n. HA fibers in the nerve to the first
antenna (antennule), Dc deutocerebrum, HA1-5 np. HA neuropils 1–5,
int. tr. intermediate HA tract, lat. tr. lateral HA tract, l.l.n. HA fibers in
the labral loop nerve, loop tr. HA loop tract, Md mandibular

neuromere, MD comm. mandibular HA commissure, med. tr. medial
HA tract, Mp maxillipedal neuromere, MP rel. terminal putative HA
release site in the maxillipedal neuromere, MU comm. maxillulary
HA commissure, Mx maxillary neuromere, MX comm. maxillary HA
commissure, MX n. HA fibers in the maxillary nerve, MX rel. putative
HA release site of maxillary neuromere, Pc protocerebrum, post. DC
comm. posterior deutocerebral HA commissure, Tc tritocerebrum, TC-
MD comm. conn. tritocerebral-mandibular HA commissure connec-
tive]. Bar 50 μm (prep code: DH060725_CF_s1_HA)
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The posterior tract, emerging from the posterior regions
of one or more of the major longitudinal tracts, was an
often faint but persistent histamine-labeled tract that could
be traced posteriorly along the lateral margins of the VNC
at least as far as the T2 neuromere. We did not attempt to
trace it further.

Histaminergic commissural tracts

Decussations of several histaminergic tracts projecting
forward from the VNC were noted in the DC and several
more crossed in more posterior commissures. Fibers from
the outer limb of the lateral tract group crossed and entered
the HA2 neuropils in an anterior deutocerebral commissure
and several more from the lateral group crossed in a
middle-deutocerebral commissure (obscured in Fig. 2a). At
the posterior end of the DC, fibers drawn from the
intermediate tracts formed a characteristic cerebral arch
structure, the posterior deutocerebral commissure (post. DC
comm., Fig. 2a), around the anterior margin of the
esophagus. Lowe (1935) described a labral loop nerve
connecting the tritocerebral sympathetic nucleus (= HA6
neuropil) with the labral (esophageal) ganglion. Several
histamine-labeled fibers appeared to run in this nerve (l.l.n.,
Fig. 2). The tritocerebral commissure (TC comm.., Fig. 2a)
typically contained histaminergic fibers crossing at a level
between the anterior and posterior tips of the mandibles. It
contained two fiber tracts, the anterior describing a
concave-anterior arc, and the posterior describing a mirror
image arc. Histaminergic fibers also crossed the midline in
each of the more posterior cephalic neuromeres, in the
mandibular, maxillulary, and maxillary commissures. The
mandibular commissure often had two limbs, one anterior
and the other posterior. The anterior limb traced a sigmoidal
path connecting the tritocerebral neuropils on each side via
the tritocerebral-mandibular commissural connective. The
posterior limb appeared to connect with the more lateral
longitudinal tracts. Histaminergic projections through the
maxillulary and maxillary commissures seemed to receive
projections from theMU5HA and MX3HA somata, respectively
(see below).

In summary, the segmental commissures of the cephalic
region, with the possible exception of the protocerebral
neuromere, all carried histaminergic fibers. None were
obvious in more posterior (e.g., thoracic) neuromeres.

Histamine-immunoreactive extrinsic fibers

Unlike other arthropods, histaminergic labeling of the
optic nerve axons was weak or non-detectable. Faint
projections, including those from the bipolar protocere-
bral cells (PC1HA), exited the protocebrebrum in an
anterior direction. These were not traced to their destina-

tions. A fiber connecting to the lateral tract near the
posterior border of the DC projected anteroventrally
through the antennulary nerve (A1.n., Fig. 2a). Histamine
labeling was noted in fibers running in the maxillulary
(not shown) and the maxillary (MX n., Fig. 2b) nerves, the
latter originating in the medial regions of the next, more
anterior neuromere.

Histaminergic somata

The majority of histamine-labeled somata were concentrated in
the anterior of the brain. Except as noted, the labeled somata
were typically in the range of 5–10 μm in diameter, with a total
of approximately 74 arranged as 25 pairs or small groups
located in comparable positions from preparation to preparation
and thus treated as re-identifiable. Mean values for cell
locations and sizes are given in Table 2.

Protocerebral histaminergic somata

Three groups of somata were readily identifiable in the
region of the brain anterior to the reference line (Fig. 2a).
The anterior most of these, designated PC1HA, was a single
pair located in the anterior-most part of the brain. These
somata were defined by their possession of both anteriorly
and posteriorly directed primary neurites (i.e., they were
bipolar). PC1HA cells were found in close association with
approximately three pairs of anteromedially located somata,
PC2HA, which appeared to send projections posteriorly into
the HA1 neuropil region. Their projections terminated in
several globular concentrations of fibers, each of which was
5–10 μm in diameter. The third soma type readily re-
identifiable in this region, PC3HA, was typically seen as
singlets, rather than pairs, and was located ventral to the
neuropils just mentioned.

Deutocerebral histaminergic somata

Within the region of the brain from which the antennu-
lary nerves emerged (Fig. 2a), eight histaminergic soma
groupings were identified. The most anterior of these,
DC1HA, consisted of 1–2 pairs of somata that were located
near the anterior dorsal margin of the HA2 neuropil. A
second soma cluster, DC2HA, was located at the postero-
lateral margin of this neuropil. In addition, a soma pair
with a distinctive angular appearance, DC3HA, was some-
times distinguishable in the space between the HA2 and
HA1 neuropils. It may have been misassigned to the DC1HA
group at times. Approximately three pairs of ventrally
located histaminergic somata, DC4HA, were located postero-
lateral to the HA3 neuropil, about at the level of, but ventral
to, the middle deutocerebral commissure. The HA5 neuropil
typically had a single pair of somata, DC5HA, located on one
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Table 2 Soma locations. Locations of re-identifiable somata or
soma groups determined in the study. The first column is the soma or
cluster name as used in the text. The second column gives a brief
characterization. The third column is the number of pairs typically
encountered. The location column gives positions along the anterior-
posterior axis with respect to the border between the protocerebrum
(PC) and deutocerebrum (DC). For somata immunoreactive for
serotonin (5HT) or histamine (HA), this boundary was taken to be at
the posterior edge of the protocerebral neuropil; for somata immuno-
reactive for tyrosine hydroxylase (DA), the boundary was at the
anterior margin of the heavily labeled interpeduncular commissures

between the corpora pedunculata (CP); negative numbers are anterior
to this line. Transverse measurements are displacements from the
midline of the nervous system. Depths are with respect to a mean of
eight anterior cells consistently present in all specimens; negative
numbers are dorsal to the mean value. Values are means in μm ±
standard deviation (SD) with number of pairs or group pairs (for
position data) or number of cells measured (for diameter data) in
parentheses [LA labral gangion, MD mandibular neuromere, MP
maxillipedal neuromere, MU maxillulary (first maxillary) neuromere,
MX (second) maxillary neuromere, T thoracic neuromere, TC
tritocerebrum]

Aminergic somata

Name Description Number of pairs Location ± SD (n)
longitudinal (μm)

Transverse (μm) Depth (μm) Diameter (μm)

Histamine-immunoreactive somata

PC1HA Bipolar PC cells 1 -69±18.2 (4) 13±10.1 (3) 8.1±3.6 (3) 10.0±2.2 (5)

PC2HA Anterior PC cell group 3 -65±5.5 (5) 18±0.8 (3) 5.5±1.9 (3) 7.6±0.8 (6)

PC3HA Posterior PC cells 1 -16±7.0 (4) 11±5.7 (3) 2.8±1.3 (3) 10.2±0.8 (4)

DC1HA Anterior CP cells 1 2±10.2 (5) 47±12.3 (3) 2.7±2.4 (3) 7.2±1.9 (6)

DC2HA Posterior CP cells 2 21±8.4 (3) 57±8.0 (3) 5.7±3.3 (3) 7.6±1.4 (6)

DC3HA Midlateral DC cells[ang] 1 -4±5.9 (2) 26±13.0 (2) 0.4±4.5 (2) 10.3±2.0 (3)

DC4HA Medial DC cell group 2 39±16.7 (3) 18±6.8 (3) 7.0±4.1 (3) 9.5±1.2 (6)

DC5HA Posteromedial DC cells 1 65±16.4 (5) 59±10.8 (3) -2.6±0.7 (3) 8.2±1.5 (6)

DC6HA Lateral DC cells 2 90±14.6 (5) 77±15.5 (3) -2.8±0.8 (2) 10.2±2.2 (6)

DC7HA Posterolateral DC cells 5 97±10.2 (5) 91±11.1 (3) -3.4±0.3 (2) 7.8±1.4 (6)

DC8HA Posteromedial DC cells 2 94±4.6 (3) 57±1.4 (3) 0.6±2.9 (2) 8.2±0.7 (5)

LAHA Labral ganglion cells 2? 154±16.0 (4) 5±1.2 (2) 11.8±4.9 (2) 6.2±0.7 (4)

TC1HA Sympathetic TC cells 1 160±14.2 (3) 55±3.0 (2) 5.6±4.1 (2) 8.7±0.7 (4)

MD1HA Intermediate anterior MD 1 294±12.3 (5) 53±3.8 (3) -1.0±0.8 (3) 12.9±3.9 (6)

MD2HA Anterolateral MD cells 1 305±13.0 (5) 87±5.8 (3) -0.2±2.3 (3) 7.9±1.7 (6)

MD3HA Anteromedial MD cells 1 318±4.7 (4) 11±1.7 (2) -3.1±0.5 (2) 6.6±4.2 (3)

MU1HA Anterolateral MU cells 2 348±6.1 (5) 81±4.4 (3) 0.2±2.6 (3) 8.0±1.3 (6)

MU2HA Medial giant MU cells 1 360±9.7 (5) 17±0.5 (3) -5.3±0.8 (3) 10.9±2.5 (6)

MU3HA Midlateral MU cells 1 379±16.6 (5) 93±9.3 (3) -4.1±1.0 (3) 7.3±1.6 (6)

MU4HA Midmedial MU [Lat. tr.] 1 387±12.1 (4) 51±3.8 (3) -4.4±1.5 (3) 7.3±1.9 (6)

MU5HA Posterolateral MU cells 1 417±11.4 (5) 55±4.6 (3) -2.6±0.2 (3) 9.5±1.2 (6)

MX1HA Anterolateral MX cells 1 466±22.1 (2) 34 (1) -2.2 (1) 5.9±0.1 (2)

MX2HA Medial MX cells 1 488±8.8 (4) 0±1.9 (2) -2.8±0.6 (3) 8.1±0.6 (5)

MX3HA Posterolateral MX cells 1 505±15.4 (5) 39±3.9 (3) -1.6±0.6 (3) 7.7±0.7 (6)

MPHA Maxillipedal cell 1 575±22.1 (3) 24±22.3 (2) -4.6±2.0 (2) 10.0±1.0 (4)

Tyrosine-hydroxylase-immunoreactive somata

PC1DA Frontal cells 2 -96±10.7 (4) 38±4.6 (5) 0.7±5.3 (5) 10.8±1.7 (10)

PC2DA Accessory frontal cells 1 -44±2.4 (4) 26±4.0 (5) 1.8±1.1 (5) 10.9±2.6 (10)

PC3DA Intermediate tract cells 1 -37±7.8 (4) 14±1.7 (5) -1.4±1.2 (5) 10.9±2.3 (10)

PC4DA Medial tract cells 1 -34±13.0 (2) 3±2.2 (4) 4.7±4.5 (4) 9.6±2.8 (8)

PC5DA “Twin balloon” cells 2 -8±6.6 (4) 49±10.7 (5) -1.8±1.6 (5) 9.3±1.4 (10)

PC6DA Mid-lateral PC cells 1 -27±17.6 (3) 51±8.8 (4) 3.3±4.0 (4) 9.8±1.3 (8)

PC7DA Ventrolateral PC cells 1 -31±12.7 (2) 60±28.7 (2) 7.9±5.9 (2) 9.8±2.6 (4)

PC8DA “Handlebar cells” 1 3±6.7 (4) 47±4.9 (4) 6.5±3.4 (5) 17.2±5.1 (10)

DC1DA Ventrolateral DC cells 1 48±9.3 (3) 31±17.9 (4) 8.7±1.6 (4) 10.7±2.7 (8)

DC2DA Ventromedial DC cells 1 66±5.4 (3) 6±6.4 (4) 6.2±5.3 (4) 11.5±2.3 (8)

TCDA Tritocerebral DA cells 1 175±9.8 (4) 83±14.1 (5) 3.5±5.2 (5) 7.9±1.4 (10)

Table 2 Soma locations. Locations of re-identifiable somata or soma
groups determined in the study. The first column is the soma or cluster
name as used in the text. The second column gives a brief
characterization. The third column is the number of pairs typically
encountered. The location column gives positions along the anterior-
posterior axis with respect to the border between the protocerebrum
(PC) and deutocerebrum (DC). For somata immunoreactive for
serotonin (5HT) or histamine (HA), this boundary was taken to be at
the posterior edge of the protocerebral neuropil; for somata immuno-
reactive for tyrosine hydroxylase (DA), the boundary was at the
anterior margin of the heavily labeled interpeduncular commissures

between the corpora pedunculata (CP); negative numbers are anterior
to this line. Transverse measurements are displacements from the
midline of the nervous system. Depths are with respect to a mean of
eight anterior cells consistently present in all specimens; negative
numbers are dorsal to the mean value. Values are means in μm ±
standard deviation (SD) with number of pairs or group pairs (for
position data) or number of cells measured (for diameter data) in
parentheses [LA labral gangion, MD mandibular neuromere, MP
maxillipedal neuromere, MU maxillulary (first maxillary) neuromere,
MX (second) maxillary neuromere, T thoracic neuromere, TC
tritocerebrum]
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side or the other. It had one or two pairs of large somata,
DC6HA, located well posterior to it. These somata typically
sent neurites straight anteriorly, or laterally then anteriorly,
through the base of the HA4 neuropil, a unique identifying
feature. Two clusters of 4–6 small somata each were located
in the posterior portion of the DC, a cluster lateral to the
histaminergic tracts, DC7HA, and a more medially located
group, DC8HA, typically found between the medial and
lateral histaminergic tracts as they converged anteriorly
around the esophagus.

Tritocerebral histaminergic somata

One soma cluster/pair, and occasionally a second, were
observed within the portion of the brain giving rise to the
(2nd) antennal nerve and forming the posterior portion of the
circumesophageal connectives (Fig. 2a). The first of these
groups, TC1HA, consisted of 1–2 ventral somata, neurites
from which appeared to feed the sympathetic nerve tract
(l.l.n.), a defining feature of these cell bodies. In some, but not
all preparations, what appeared to be a ventral cell TC2HA,
was present in the middle of a histaminergic midline tract,
well anterior to the tritocerebral commissure.

Mandibular histaminergic somata

In addition to the brain, histaminergic somata were also
present in the mandibular, maxillulary, and maxillary

neuromeres (Fig. 2b). In the mandibular region, three
paired somata were identifiable. MD1HA was an exception-
ally large, mid-laterally positioned cell located dorsal to the
posterior parts of the mandibles just posterior to the
mandibular commissure. MD2HA was more posterolaterally
positioned. Occasionally, multiple somata were labeled.
Medially projecting neurites were a characteristic feature of
the MD2HA cell bodies. The final mandibular soma,
MD3HA, was posteromedially located.

Maxillulary histaminergic somata

Five re-identifiable paired somata were present in the
maxillulary portion of the CNS (Fig. 2b). The anterior-
most pair, MU1HA, was anterolaterally located and typically
found in the region of the maxillary neuropil and commis-
sure. Two giant somata, MU2HA, were anteromedially
positioned in the neuromere. These cell bodies typically
projected neurites posteriorly, joining a faint longitudinal tract
located medial to the “medial tract” in the vicinity of the
posterior arc of the lateral tract. A third pair, MU3HA, was
laterally located at approximately the middle of the maxillu-
lary neuromere and typically exhibited medially projecting
neurites. A single pair, MU4HA, typically located on each of
the lateral histaminergic tracts, was also routinely seen in
approximately the middle of the maxillulary neuromere. The
final pair, MU5HA, was posterolaterally located. These cell
bodies typically exhibited neurites that crossed in the

Table 2 (continued)

Aminergic somata

Name Description Number of pairs Location ± SD (n)
longitudinal (μm)

Transverse (μm) Depth (μm) Diameter (μm)

MUDA Maxillulary DA cells 1 402±15.3 (4) 92±16.6 (5) -5.1±2.6 (5) 9.7±1.9 (10)

MX1DA Medial faint MX cells 1 513±16.5 (4) 4±4.1 (4) -2.8±2.7 (4) 7.8±1.6 (8)

MX2DA Medial dark MX cells 1 532±12.2 (3) 4±2.8 (5) -4.1±1.4 (5) 10.3±1.9 (10)

MX3DA Lateral [asym] MX 1-2 576±0.9 (2) 49±1.1 (2) -6.4±1.8 (2) 10.9±2.2 (5)

MP1DA Anteromedial MP cells 1 640±8.8 (3) 1±1.0 (4) -6.4±3.0 (4) 10.5±2.0 (8)

MP2DA Posteromedial MP cells 1 681±1.1 (3) 1±1.3 (4) -6.9±2.6 (4) 9.6±1.1 (8)

T2DA T2 DA cells 1 853±25.8 (3) 10±6.0 (3) -11.4±1.7 (3) 7.9±1.5 (6)

T3DA T3 DA cells 1 1275±54.2 (3) 2±1.6 (3) -15.8±7.4 (3) 8.2±0.8 (6)

5HT-immunoreactive somata

PC5HT Protocerebral 5HT cells 2–4 -42.0±25.3 (9) 28.1±20.4 (9) 12.2±6.7 (9) 10.9±1.4 (9)

LA5HT Labral 5HT cells 1 -12.0±3.5 (2) 9.5±13.4 (2) 12.9±2.2 (2) 12.8±0.4 (2)

TC5HT Tritocerebral 5HT cells 1 113.0±35.4 (2) 62.2±18.7 (2) 6.9±0.9 (2) 9.8±1.7 (2)

MD5HT Mandibular 5HT cells 1 360 (1) 0.0 (1) 8.0 (1)

MU5HT Maxillulary 5HT cells 1 435 (1) 32.0 (1) 8.0 (1)

MX5HT Maxillary 5HT cells 1 496±16.3 (2) 72.5±3.5 (2) 13.0±1.4 (2)

MP5HT Maxillipedal 5HT cells 1 604±5.7 (2) 0.0±0.0 (2) 12.0±0.0 (2)

T25HT T2 5HT cells 1-2 834±9.2 (2) 22.5±3.5 (2) 10.0±0.0 (2)
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maxillulary commissure, then curved anteriorly to join, and
greatly strengthen, the medial histaminergic tract.

Maxillary histaminergic somata

Three soma groups were typically present in this segment
(Fig. 2b). The most anterior, MX1HA, was an anterolaterally
located singlet pair, seen in some but not all preparations.
When present, these cell bodies were often associated with
the intermediate histaminergic tract. Typically, a lightly
labeled juxtamedial soma pair, MX2HA, was also present.
The final maxillary pair, MX3HA, was typically located
posteriorlaterally near the maxillary commissure.

Other regions

Within the posterior (thoracic) portion of the CNS of C.
finmarchicus, only a single histaminergic soma pair was
occasionally seen. These cells, MPHA, were typically mid-
medially located in the maxillipedal (T1) neuromere, near
but ventral to the maxillipedal release site. In addition to the
CNS proper, an offshoot, the labral ganglion, which is
located ventral to the CNS and connected to the tritocebre-
brum by a nerve containing several histaminergic fibers,
was found to possess a cluster of 2–3 somata, LAHA,
located deep along the anterior margin of the esophagus.

Histamine preadsorption controls

Antibody adsorption controls were conducted to increase
our confidence in the specificity of the histamine
immunoreactivity described above. In support of the
labeling being specific, incubation of the antibody with
10-6 M histamine-KLH conjugate for 2 h at room
temperature prior to its application to tissue abolished all
labeling in the CNS of C. finmarchicus (data not shown).
In contrast, when the histamine antibody was held at room
temperature for 2 h without peptide, labeling was
unaffected (data not shown).

Dopamine

Dopaminergic neuropil

Neuropils labeled with the TH antibody were not as well
defined as those labeled with the histamine antibody.
However, four diffuse paired regions of labeling, designat-
ed DA1–4 (Fig. 3a), were routinely re-identifiable. A dense
bilaterally paired neuropil, surrounded by a larger more
diffuse neuropil, DA1, was centered at the lateral ends of
the commissures, which we have designated the anterior
ring (see Dopaminergic commissures), in a region that
corresponds at least approximately to the corpora pedun-

culata. Sparse neuropil, DA2, was associated with the
heavily dopamine-labeled nerve tracts, especially the lateral
tract (lat. tr., Fig. 3a) as it expanded laterally in the posterior
region of the DC (Fig. 3a). The DA3 neuropil surrounded
the lateral tract as it entered the circumesophageal connec-
tive, tending to fill in the gap between it and the inter-
mediate tracts and extending into the region considered to
be the tritocerebral in this study.

In the mid-TC, a concentration of dopamine-labeled
processes, the DA4 neuropil, was located near the medial
(med. tr., Fig. 3b) and the intermediate tracts (int. tr.,
Fig. 3b) and had projections in the labral loop nerve (l.l.n.,
see below). It appeared to correspond to the sympathetic
nucleus of Lowe (1935). Distinctive, albeit sparse, DA label
was also found in the mandibular and maxillulary neuro-
pils, the latter being at the posterior end of the most densely
labeled parts of the intermediate tract and having an
appearance of a neurosecretory release site similar to that
of the maxillipedal histaminergic release site.

Posterior to the TC, varicosities occurred in longitudi-
nally oriented fibers and small scattered profiles along the
length of the ventral nerve cord; this became especially
pronounced in the vicinities of each segmental commissural
element, suggesting additional release sites. A particularly
prominent cluster of beaded profiles appeared to correspond
to the maxillulary nucleus at the posterior termination of the
intermediate dopaminergic tract (see below).

Dopaminergic axon tracts

Dopaminergic longitudinal tracts

As with histamine, three principal anterior-posterior dopa-
minergic tracts spanned multi-segmental stretches of the
CNS. The medial tract (med. tr., Fig. 3b) arose posteriorly
from the MX2DA somata (see below) and could be traced
anteriorly as far as the DA1 neuropil. It exhibited a strongly
varicose aspect, appearing as a string of beads along the
medial edges of the VNC hemicords and circumesophageal
connectives. The intermediate tract (int. tr., Fig. 3a, b)
emerged anteriorly as an identifiable entity from the heavily
labeled anterior ring (see below) and traveled posteriorly to
the maxillulary neuromere. The lateral tract (lat. tr., Fig. 3a,
b) appeared to arise posteriorly in the DC from the
bifurcation of a midline medial deutocerebral tract (med.
DC tr., Fig. 3a), which turned abruptly lateral to circum-
navigate the esophagus. It then assumed an extreme lateral
position in the DA3 neuropil, running posteriorly along the
length of the rest of the CNS. It contained several fibers of
uncertain origin running from the TC to the second thoracic
neuromere, after which, in most specimens, it became
fainter along the remainder of the VNC, but persisted into
the 6th thoracic neuromere, with release sites or neuropil
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aggregations in each segment. In contrast to histaminegic
tracts, a beaded appearance was characteristic of the TH
labeling of tracts, although the beading was less obvious
where multiple axons ran together, presumably because of
the lack, in part, of synchronization of the beading in
adjacent axons.

Dopaminergic commissures

The most prominent dopaminergic commissural structure
in the nervous system was an anterior ring (ant. ring,
Fig. 3a), two bundles tentatively equated with the inter-
peduncular commissures of Lowe (1935). The anteroven-
tral and posterodorsal members formed arcs with the tips
meeting in heavily labeled medial regions of the DA1
neuropils, approximately 25–30 μm lateral to the mid line.
Posterior to these two commissural structures, up to three
additional decussations of dopaminergic fibers were noted

within the DC, termed the anterior, mid, and posterior
deutocerebral DA commissures. Other elements included
the connecting labral nerve (c.l. n., Fig. 3a), an often
poorly defined beaded tract descending from the medial
posterior deuterocerebral commissure to the labral ganglion
(see Dopaminergic somata). Only a single dopamine-
labeled tract entered the tritocerebral commissure, in
contrast to the dual tracts of the histaminergic label. It
followed a straight course without curved loops near the
anterior margin of the mandibles. The labeled tracts of the
maxillulary commissure (MU comm., Fig. 3a) were single
or sometimes double and were the most strongly labeled
of the post-oral commissures. We found no evidence of
DA labeling in the mandibular commissure. Short
dopamine-labeled tracts crossed the midline in commis-
sures located near the soma pairs of each of several more
posterior segments: maxillary, maxillipedal, T2, and T3
(see soma descriptions).

Fig. 3 Dopaminergic (DA; tyrosine hydroxylase) labeling of cephalic
region. a Re-identifiable soma groups of the brain region: protocere-
brum, deutocerebrum, and anterior tritocerebrum. Note that PC7DA is
missing in this specimen; the pair PC4DA is in a more posterior
location than normal, and the DC2DA pair is superimposed in this
projection. b Re-identifiable soma groups of the posterior cephalic
neuromeres: mandibular, maxillulary, maxillary, and the first thoracic
maxillipedal neuromere [ant. ring anterior ring DA commissures,

c.l.n. central labral DA nerve fibers, Dc deutocerebrum, int. tr.
intermediate DA tract, lat. tr. lateral DA tract, l.l.n. DA fibers in the
labral loop nerve, Md mandibular neuromere, med. DC tr. medial
deutocerebral DA tract, Mp maxillipedal neuromere, Mu maxillulary
neuromere, MU comm. maxillulary DA commissure, Mx maxillary
neuromere, Pc protocerebrum, post. DC comm. posterior deutocere-
bral DA commissure, Tc tritocerebrum, TC comm. tritocerebral DA
commissure]. Bar 50 μm (prep. code: DH060725-7_s5_TH)
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Dopaminergic extrinsic axon tracts

In contrast to histamine, prominent dopamine (TH-immu-
noreactive) axons ran in the frontal nerves. Much or all of
this projection appeared to arise from the bipolar proto-
cerebral somata, PC1DA and PC2DA. The anterior projec-
tions of these cells were thick non-beaded tracts often
separating into parallel bundles and ending abruptly in
enlargements. A single side branch, apparently representing
the divergence of the superior frontal nerve (not shown
clearly in Fig. 3a) was typically noted about 70 μm prior to
the anterior termination. This ran for approximately 50 μm
anterolaterally before terminating abruptly also in a slight
enlargement. No dopaminergic labeling was noted in other
nerves exiting the CNS.

Dopaminergic somata

Protocerebral dopaminergic somata

Several dopaminergic somata were present in the PC.
Two pairs of the protocerebral somata, PC1DA, were
distinctly bipolar and were most commonly located in the
frontal nerve tract in which their primary neurites
projected both anteriorly and posteriorly along the nerve.
The two anterior projections on each side were closely
juxtaposed for much of their length, their course having
been described above. The posterior neurites of the PC1DA
cells appeared to project and contribute to the anterior
ring. Another pair of bipolar somata, PC2DA, was also
located in the area of the frontal nerve, posterior to the
PC1DA cell bodies. The frontal nerve axons of these
bipolar cells typically exhibited a characteristic fuzzy/
granular appearance and were generally positioned medial
to the PC1DA projections. Located medial to the PC2DA
pair was a pair of dorsally located, monopolar somata,
PC3DA, which appeared to project neurites into the
intermediate dopaminergic tract. A pair of small ventral
somata, PC4DA, was usually located at about the same
anterior-posterior level as PC2DA and PC3DA. In one case,
however (viz. Fig. 3a), the pair was displaced significantly
posteriorly. The cells were medially positioned, commonly
directly juxtaposed to one another; they projected weakly
labeled axons into the medial dopaminegic tract (med. tr.,
Fig. 3a) in most preparations. Two pairs of small
dorsolateral somata, PC5DA, with juxtaposed neurites and
an appearance like “balloons on a string” protruding from
the side of the brain were located near the reference line.
Typically, the neurites of these cell bodies projected to the
anterior arc of the anterior ring, just medial to the DA1
neuropil. A pair of small somata, PC6DA, was located at
about the same anterior-posterior position as PC2, 3 and
4DA, but lateral to them and ventral to all except PC4DA.

In addition, in two preparations, a monopolar cell pair,
PC7DA, was located ventral to PC6DA and lateral to the
frontal nerves. These somata could be seen to project
neurites medially, although we could not trace them for
any appreciable distance. The largest dopaminergic neu-
rons in the CNS, PC8DA, were also typically located in
this region, ventrolaterally. Each of the somata projected a
single neurite, upward in an arc from its ventral origin to
encircle partially the overlying tissue, ultimately entering
the anterior arc of the anterior ring.

Deutocerebral dopaminergic somata

Within the region corresponding to the emergence of the
A1 nerve, only two pairs of dopaminergic somata were
present, both typically located in the posterior half of this
brain region. The first, DC1DA, was located laterally, with
each of the cells on each side of the DC projecting a neurite
that joined a fiber tract running dorsoventrally through the
DC from the DA1 neuropil to join the intermediate
dopaminergic tract in the posterior DC. The second of the
deutocerebral pairs was typically found in a ventromedial
location. Sometimes, they were both displaced together to
one side or the other. Nevertheless, the two DC2DA were
typically found in close juxtaposition to one another, with
their neurites joining together and projecting up to, and
probably into, the medial deutocerebral tract (med. DC tr.,
Fig. 3a) near its posterior bifurcation.

Tritocerebral dopaminergic somata

Within the TC, a single monopolar cell pair, TCDA, was
usually located in association with the DA4 neuropil, at the
level of the intermediate tract (int. tr., Fig. 3a).

Posterior cephalic dopaminergic somata

Five readily re-identifiable neuron groups were present in
the posterior cephalic neuromeres: one in the mandibular
neuromere, one in the maxillulary neuromere, and three in
the maxillary neuromere (Fig. 3b). The mandibular group
consisted of a single soma, MDDA, which was typically
located lateral to the lateral dopaminergic tract (lat. tr.).
The maxillulary group, MUDA, consisted of a cluster of
somata located ventrally and typically at the midline near
the anterior edge of the insertion of the maxillipedal
muscle. Of the maxillary groups, one, MX1DA, typically
consisted of a midline pair of lightly labeled somata
(Fig. 1c), with a second midline pair, MX2DA, exhibiting
heavy labeling (Fig. 3b). The final member of the
maxillary groups, MX3DA, was an offset pair of somata,
typically located ventral to the lateral tract, near the
maxillary commissure (Fig. 1c).
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Thoracic dopaminergic somata

Dopaminergic somata were also present in the posterior
portion of the CNS of C. finmarchicus, although they were
fewer in number than in the cephalic region. Within the
maxillipedal/first thoracic neuromere, two groups of somata
were re-identifiable (Fig. 1c). The first group, MP1DA,
consisted of a midline pair of heavily labeled somata that
projected anteriorly directed neurites, possibly contributing
to the medial dopaminergic tract. The second maxillipedal
group, MP2DA, also consisted of a pair of midline somata,
but these cell bodies were typically more lightly labeled
than were the MP1DA and appeared to project into the
maxillipedal region, possibly contributing to the maxillipe-
dal commissure. A single, lightly labeled, midline pair of
somata, T2DA (not shown), was located posteriorly in the
second thoracic neuromere and was associated with a
distinctive “H”-shaped T2 commissure of the posterior
dopaminergic tract. Similarly, a pair of somata, T3DA, was
routinely seen in the third thoracic neuromere, here being
heavily labeled, medially located, and projecting neurites
that contributed to the lateral dopaminergic tract.

Serotonin

Serotonergic neuropil

The primary serotonergic labeling found in C. finmarch-
icus neuropil was designated “5HT1 neuropil”, in the
posterior PC and/or anterior DC (Fig. 4). We could not
determine a clear correspondence for this with any of the
nuclei described by Lowe (1935; see Discussion). It had
the most consistent and strongest serotonergic labeling
found. In addition to this region of concentrated labeling,
the lateral flanks of the same regions showed a distinct,
though sparser, bilateral distribution of fine ramifications,
5HT2 neuropil, that was difficult to resolve in most
preparations. A faintly labeled deutocerebral neuropil,
5HT3 np., was evident in several preparations just
anterior and lateral to the esophageal foramen. This
corresponded approximately to the A1 motor nuclei of
Lowe (1935). At the medial border of the TC, 5HT4 was a
characteristically arcuate axonal ending, involving pro-
cesses from the MD5HT (and maybe other) cells. This
neuropil had large (3 μm) beaded profiles in the terminal
regions, connected by thin labeled processes. This gave it
the appearance of a serotonergic release site (TC rel,
Fig. 4). A final cephalic neuropil, 5HT5, corresponded to
the tritocerebral nuclei of Lowe (1935). Extensive vari-
cose serotonin-labeled arborizations were also present in
the T2 ganglion and at intervals corresponding to the
segmental boundaries along the remaining posterior length
of the VNC (not shown).

Serotonergic axon tracts

Beyond the axons identified with specific somata de-
scribed below, a multiplicity of axons and fine processes
traveled through the CNS and into the periphery via
lateral nerve roots that could not be assigned to specific
somata. Several such axons or tracts were present in the
VNC. Near the boundary between the PC and DC, a “bar”
of intense staining, possibly a limb of the interpeduncular
commissures or the protocerebral bridge, was often found
linking the two sides of the brain. Two or more faint
serotonergic fibers ascending from the TC projected into
the DC, contributing to the deutocerebral neuropil. One of
these (on each side) crossed the midline just anterior to
the esophageal fenestra as a deutocerebral serotonergic
commissure. At the tritocerebral level, three paired fibers

Fig. 4 Serotonergic (5HT) labeling of cephalic region. A total of 12
PC5HT somata were noted in this specimen, not all being clearly
separated in this projection. The prominent and highly consistent
5HT1 neuropil could not be assigned wholly to the protocerebral or
deutocerebral neuromere with certainty. Note the characteristic
dorsally located “bar” (ant. bar) of serotonergic immunoreactivity
connecting the two sides of the brain, possibly corresponding to the
anterior limb of the interpeduncular commissures of Lowe (1935).
This specimen is also unusual in that the left side is displaced
posteriorly with respect to the right, and the protocerebrum angles
sharply toward the right side [5HT1-5 np. serotonergic neuropils 1–5,
Dc deutocerebrum, Pc protocerebrum, post. DC comm. posterior
deutocerebral 5HT commissure, TC rel. tritocerebral 5HT release site
(5HT4 neuropil), Tc tritocerebrum]. Bar 50 μm (prep. code:
DH060725_10_s3_5HT)
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or fiber bundles (1 large, 2 small) occurred in the center
of each hemicord, and 1 pair was located close to the
midline. Like the dopaminergic tracts, and in contrast to
the histaminergic tracts, many of the serotonergic axons
showed distinct varicosities or a beaded appearance along
their lengths. Little evidence of any substantial serotoner-
gic tract communication was found between the 5HT1
neuropil and the posterior regions of the nervous system.

Serotonergic processes traveled in the subesophageal
(tritocerebral), mandibular, and maxillulary commissures.
Among the extrinsic serotonergic fibers (or tracts), a beaded
mandibular serotonergic fiber (not shown) arose from the
confluence of anterior and posterior sources near the MD5HT

cells in the mandibular neuromere and exited the CNS in
one of the mandibular nerves. A similar fiber bundle (MX
n., Fig. 1d) exiting in a maxillary nerve had an anterior
origin. Finally, a series of segmental extrinsic fibers was
found in more posterior segments of the VNC starting with
the T2 neuromere (not shown).

Serotonergic somata

In contrast to the results for histamine and dopamine,
only a few serotonergic somata were identified in the
CNS of C. finmarchicus. However, like the other amines,
most of the serotonin-immunopositive cell bodies were
found in the anterior portion of the nervous system.
Within the PC, between one and three pairs of labeled
somata, designated PC5HT, were routinely re-identifiable.
These somata sent neurites posteriorly to ramify profusely
as fine processes in the extensive 5HT1 neuropil. One and,
sometimes, two pairs of somata were located well anterior
of the neuropil, whereas the remaining somata were
located close to it, sometimes above and sometimes below
the plexus. In addition, a medially located pair of cells,
LA5HT, occurred in the space afforded by the circum-
esophageal connective divergence and appeared to belong
to the labral ganglion. No somata were clearly identifiable
in the deurocerebrum, and only a single pair was found in
the TC.

One pair of serotonergic somata, MD5HT, was located
near the boundary between the mandibular and maxillulary
neuromeres, posterior to the mandibular commissure
(Fig. 1d). Similarly, one pair of lateral serotonergic somata,
MU5HT, was located in the region of the maxillulary and
maxillary commissures, although variability in the presence
and location of these somata was noted. Another lateral pair
of somata, MX5HT, was sometimes observed in the
maxillary neuromere proper (Fig. 1d).

In the posterior portion of the CNS, one and often two
or more pairs of serotonergic somata, T25HT, were located
among a cluster of somata in the second thoracic neuro-
mere (not shown). At least one of these pairs projected

neurites that immediately crossed the midline into the
contralateral hemicord, running anteriorly to terminate,
apparently, in the tritocerebral serotonergic release site
(5HT4 neuropil). No somata were noted posterior to the
T2 neuromere.

Serotonin preadsorption controls

Antibody adsorption controls were conducted to help to
confirm the specificity of the serotonin labeling detailed
above. A finding in support of the immunoreactivity
being specific for serotonin was the complete block of
labeling when the antibody was adsorbed with 10-6 M
serotonin-BSA conjugate for 2 h at room temperature prior
to its application to tissue (data not shown). In contrast,
serotonin labeling was unaffected when the antibody was
held at room temperature for 2 h without peptide (data not
shown).

Discussion

Copepod CNS contains extensive aminergic innervation

In the study presented here, we used immunohistochemisty to
map the distributions of three biogenic amines (histamine,
dopamine, and serotonin) in the CNS of the copepod
crustacean C. finmarchicus. Labeling of histaminergic and
serotonergic profiles was accomplished by using antisera
generated against the respective amine itself, whereas
dopamine labeling was assessed by means of an antibody
generated against TH, the rate-limiting enzyme in the
biosynthesis of dopamine. Extensive areas of re-identifiable
histamine and dopamine immunoreactivity were present in
the CNS of C. finmarchicus, including modest numbers of
immunopositive somata, and labeled fiber tracts and regions
of neuropil. Re-identifiable areas of serotonin immunoreac-
tivity were also found in the CNS, but many fewer structures
were labeled by the serotonin antibody than with either the
histamine or the TH antibodies. For all three amines,
immunoreactivity was present throughout the CNS, although
the cephalic neuromeres contained by far the most extensive
labeling.

Aminergic neurons, including those identified as hista-
minergic, dopaminergic, and serotoninergic, have been
described in many arthropods (see references in Introduc-
tion). In insects and decapod crustaceans, both the identity
and the functional roles of many of these neurons are
known. They are characterized as having projections
spanning long distances in the nervous system and capable
of linking various regions through a common modulatory
input that activates or suppresses behavioral patterns in a
coordinated fashion (Beltz 1999). In maxillopodan crusta-
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ceans, and copepods in particular, little is known about the
overall functional organization of the CNS. For C.
finmarchicus, the work by Lowe (1935) is the primary
extant reference. Nothing of the functional roles played by
individual CNS neurons in this animal is known directly.
Further work is needed on this and other lower crustacean
species to determine the homologies that might exist within
and between the members of the Pancrustacea. Despite the
lack of information on the functional anatomy for the CNS
of C. finmarchiucs, some large-scale similarities/differences
in amine labeling have been noted between it and the
structures labeled in other arthropods; these undoubtedly
relate to functional similarities and differences and are
described in the remainder of the Discussion.

Correspondence with previously identified neuroanatomical
features

Lowe (1935; Fig. 1a) describes several sets of often paired
neuropilar “nuclei”, some of which appeared to label with
amine antibodies. The most anterior of these are the paired
frontal nuclei and a medial (midline) naupliar eye nucleus,
which presumably correspond to the HA1 neuropils.
Posterior to these, Lowe described a pair of neuropils that
she termed the corpora pedunculata (cp, Fig. 1a) linked to
each other by a split transverse commissure and providing
giant fibers to the motor root of the antennulary nerve (A1
n., Fig. 1a). All three amines had neuropil within 20 μm of
the same general region (HA2, DA1, 5HT2: see Table 1).
However, the features termed “corpora pedunculata” of the
pancrustacea with compound eyes are associated with the
sensory system, positioned well lateral to the medial
protocerebral mass (Bullock and Horridge 1965; Sandeman
et al. 1992), and, as copepods lack such eyes, the
correspondence is in doubt. Lowe identified the anterolat-
erally located antennulary sensory 1 nucleus (A1 s. nu.,
Fig. 1a) as receiving input from the sensory branch of the
antennulary nerve. The HA4 neuropil localized to the same
region. A more posterior and medial antennulary motor
nucleus (A1 m. nu.), which Lowe identified as the origin of
the bulk of the giant motor axons, was close to the locations
of the DA2 and 5HT3 neuropils. Finally, within the brain,
Lowe described a tritocerebral sympathetic nucleus (sym.
nu.) connected to the labral ganglion by a labral loop nerve
(l.l.n.). All three amines labeled neuropils in this general
area (HA6, DA5, and 5HT5), and axons labeled for
histamine and dopamine were noted projecting ventrally
from this region to a putative labral ganglion. No obvious
correlates have been identified for the neuropils designated
as HA3 and 5, DA3 and 4, or 5HT1, 2, and 4. The apparent
convergence of aminergic radiation in the region that Lowe
termed the “corpora pedunculata” is particularly interest-
ing. This paired neuropil region is highlighted by the

heavily labeled dopaminergic commissural tracts that form
the “anterior ring” near the boundary between the PC and
DC. These tracts appear to link especially densely labeled
regions near the medial edge of those corresponding to the
corpora pedunculata. These structures are partially echoed
in the commissural “bar” of serotonin immunoreactivity
bridging the medial margins of the 5HT2 neuropils. Dual
labeling experiments would be useful to help to confirm or
reject these associations.

Histamine distribution suggests local rather than hormonal
action

As stated earlier, extensive histaminergic labeling was
present in the anterior portion of the CNS of C. finmarch-
icus; no strong immunoreactivity was evident posterior to
the first thoracic neuromere, although several weakly
labeled fibers (or tracts) projected into the posterior VNC.
Within the anterior CNS, the region with the most extensive
labeling was the brain, more specifically the DC. In total,
we were able to describe approximately 25 re-identifiable
groups of histamine-immunopositive somata (approximate-
ly 74 somata in total). However, with a few noted excep-
tions, we were not able unambiguously to ascribe the
origins of the extensive histaminergic fiber tracts or neuro-
pil regions to these cell bodies because of the global
density/complexity of the histamine labeling within the
CNS.

Histaminergic labeling (as with that of the other
amines studied) exhibited some variability from prepara-
tion to preparation, even among animals from the same
culture dissected and processed at the same time. Thus,
whereas the overall results were strikingly consistent, the
causes of the variation in the intensity of labeling among
individuals could not be readily identified. These might
have included such differences as phase in reproductive
or developmental cycle, sex, handling, and “biological
variability.”

The distribution of histaminergic profiles has been
mapped in the CNS (or parts thereof) of a wide variety of
arthropods, including numerous insects (e.g., Nässel et al.
1988a; Pirvola et al. 1988; Homberg and Hildebrand 1991;
Pollack and Hofbauer 1991; Nässel and Elekes 1992;
Buchner et al. 1993; Bornhauser and Meyer 1997;
Monastirioti 1999; Loesel and Homberg 1999; Ignell
2001) and crustaceans (e.g., Callaway et al. 1989; Orona
et al. 1990; Mulloney and Hall 1991; Langworthy et al.
1997; Callaway and Stuart 1999; Christie et al. 2004;
Rieger and Harzsch 2008), and several chelicerates (e.g.,
Battelle et al. 1991; Schmid and Becherer 1999). In most of
these species, histamine has been found throughout the
CNS, although limited to the central neuropil, suggesting
roles for it as a neurotransmitter and/or locally released
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neuromodulator, rather than as a circulating hormone. In C.
finmarchicus, all histaminergic neuropil that we have
noted also appears to be centrally located, with little if
any evidence of structures reminiscent of endocrine
release sites. In crustaceans, neuroendocrine structures
typically appear as clusters of large varicose swellings in
direct apposition to the hemolymph space (Cooke and
Sullivan 1982). Thus, in C. finmarchicus, histamine
probably also functions as a neurotransmitter and/or
locally released neuromodulator, rather than as a circulat-
ing hormone.

In the arthropods, particularly the pancrustacea (hexa-
pods and crustaceans), histamine has been suggested to be a
common transmitter/modulator used by sensory systems,
primarily the visual system (e.g., Eloffson et al. 1977;
Nässel 1999; Stuart 1999). Thus, although histamine
labeling has been noted in small globular protocerebral
neuropils seeming to correspond to the nauplius eye
“nuclei” of Lowe (1935), we have found little robust
staining in the optic nerve of C. finmarchicus or in the areas
corresponding to the protocerebral bridge or central body,
both known to receive and/or integrate visual input in other
arthropods (e.g., Homberg 2008). Notably, in almost all
instances, the arthropods investigated for histamine-like
labeling possess compound eyes, at least as adults, whereas
C. finmarchicus possesses only a naupliar eye system.
Interestingly, in the brine shrimp Artemia salina, Harzsch
and Glötzner (2002) have noted no histaminergic labeling
of the protocerebral bridge or central body in the
metanauplius, when only a naupliar eye is present;
however, robust labeling of both structures has been seen
in the adult brain, a stage possessing and utilizing
compound eyes. Histaminergic labeling of photoreceptors
in other crustaceans is reported to be regionally variable
unless the preparation is preloaded by incubation with the
precursor, histidine (e.g., Callaway and Stuart 1999).
Observations on preloaded preparations are needed to
clarify the histaminergic situation in Calanus.

Histamine and serotonin antibodies label olfactory glomer-
ular neuropil of the DC in decapods, but such labeled
structures have not been found in recently surveyed entomos-
traca (branchiopods, barnacles; Harzsch and Glötzner 2002).
We have not observed structures fitting the description of a
“glomerulus” in the copepod except possibly the small
histaminergic neuropils of the HA1 group (nauplius eye/
frontal organ). Histamine has also been noted by Harzsch
and Glötzner (2002) as a putative transmitter of Drosophila
mechanoreceptors, and they have suggested that histaminer-
gic axons in the A1 nerve of Artemia is derived from the
mechanoreceptors of the first antenna. We have consistently
found a single fine histaminergic axon or bundle running in
the A1 nerve of C. finmarchicus. However, given the
estimated 200 or so mechanoreceptive neurons found in

each first antenna of calanoids such as C. finmarchicus
(Weatherby and Lenz 2000), the histaminergic labeling is
unlikely to have been derived from these receptors.
Histaminergic labeling of other extrinsic fibers (in maxillu-
lary and maxillipedal nerves) is also too limited to be easily
ascribed to major sensory innervation, albeit the sensory
complement of these appendages is less well known than is
that of the first antenna. Possibilities for an efferent
modulatory role for extrinsic histaminergic fibers might thus
be entertained.

Does the distribution of aminergic projections reflect
the distribution of control of nervous system function?

Another surprising difference in histaminergic innervation
seen between C. finmarchicus and other arthropods is the
pronounced termination of robust histamine labeling in the
T1 neuromere; histamine labeling along the full-length of
the ventral nerve cord in insects and other crustaceans
appears to be a common feature (e.g., Harzsch and Glötzner
2002). Although faint histamine labeling has been noted
farther posteriorly, heavy labeling ends abruptly with
prominent tract expansions and, in some individuals, a
final pair of somata in the anterior thorax. Our study does
not extend far enough posteriorly to determine whether
histaminergic somata are associated with the hind gut, as in
Artemia (Harzsch and Glötzner 2002). Prominent dopami-
nergic and serotonergic labeling, in contrast, typically
extends the length of the thoracic VNC, with somata as
far posterior as the third thoracic neuromere for dopamine
and the second thoracic neuromere for serotonin. The first
thoracic neuromere is the most posterior of those innervat-
ing appendages involved in continuous rhythmic activity,
viz., feeding and slow swimming. More posterior appen-
dages are used episodically in escape and repositioning
behavior. Conceivably, this division of function utilizes
different patterns of aminergic control that might be
reflected in distributional differences.

Labeling suggests local-modulatory action is the primary
route of function for dopamine

As for histamine, an extensive collection of dopaminer-
gic profiles is present in the CNS of C. finmarchicus,
including numerous somata, axons, and neuropil. Like
histamine, most of the dopaminergic structures are located
in the anterior portion of the nervous system, although
readily re-identifiable labeling has also been seen in a
number of posteriorly located structures. For dopamine,
approximately 19 re-identifiable groups of cells are
present within the CNS (approximately 44 somata in all),
although again, with a few noted exceptions, we have not
been able unambiguously to ascribe the soma origins of
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the dopaminergic fiber tracts or neuropil because of the
density/complexity of the labeling present in the CNS of
C. finmarchicus.

Like histamine, the distribution of dopamine-like label-
ing has been mapped in the CNS of a variety of arthropods
(e.g., Vieillemaringe et al. 1984; Nässel et al. 1988b;
Schäfer and Rehder 1989; Milton et al. 1991; Nässel and
Elekes 1992; Wendt and Homberg 1992; Cournil et al.
1994, 1995; Lundell and Hirsh 1994; Schmidt and Ache
1994; Schürmann et al. 1995; Bicker 1999; Hörner 1999;
Kirchhof et al. 1999; Monastirioti 1999; Wood and Derby
1996; Tierney et al. 1999, 2003; Mesce et al. 2001; Pulver
and Marder 2002; Pulver et al. 2003; Fort et al. 2004; Fu et
al. 2005; Hamasaka and Nässel 2006; Dickinson et al.
2008). Here too, much of the labeling is reported to be
centrally located, suggesting a role for dopamine as a
locally released neuromodulator. However, dopamine has
also been identified within neuroendocrine release sites
such as the decapod pericardial organ (e.g., Pulver et al.
2003; Fort et al. 2004; Fu et al. 2005), suggesting that the
peptide also functions as a circulating hormone. In C.
finmarchicus, most of the dopaminergic labeling that we
have detected appears to be concentrated in the central
neuropil, suggesting a local neuromodulatory route of
action rather than a hormonal one. However, we have not
examined the pericardial organ. This said, the dopaminergic
axons present in the frontal nerves apparently originate
from the bipolar PC1DA and PC2DA somata. They travel
anteriorly in both the frontal nerve and the superior frontal
nerve to terminate in enlargements in the anterior cepha-
losome. A number of sensory structures have been
described in this vicinity, including the “frontal organs,”
structures of long-debated function (Elofsson 1966, 1971)
although now identified as photosensors (Elofsson 2006)
and a putative chemoreceptor (Elofsson 1971). The enlarge-
ments, although far fewer in number, are reminiscent of the
endocrine release terminals present in the sinus gland of
decapod species (Cooke and Sullivan 1982), a gland
typically located in the eyestalk. Although possible, we
should not assume that these structures represent homologs
of the sinus gland. A preliminary report has suggested that
axons immunoreactive to another sinus gland modulator,
crustacean hyperglycemic hormone, might have a similar
projection (Hartline and Beltz 2006). Additional studies
conducted on these terminals might bear out this purely
speculative hypothesis.

Labeling for serotonin is more restricted than that for either
histamine or dopamine and suggests both a local-modulatory
and a hormonal function

Like histamine and dopamine, serotonin-like labeling is
also present in the CNS of C. finmarchicus. In contrast to

the two other amines, the number of readily re-identifiable
serotonin immunopositive structures is smaller (eight
groups with approximately 24 somata in total), and distinct
tracts of extrinsic fibers have been noted throughout the
CNS. Like the other two amines, most serotonin labeling is
located in the anterior portion of the CNS, although re-
identifiable structures have also been seen in the thoracic
region.

The distribution of serotonin has been extensively
mapped in a number of arthropods (e.g., Myhrberg et al.
1979; Beltz and Kravitz 1983; Bishop and O’Shea 1983;
Elofsson 1983, 1992; Cournil et al. 1984; Klemm et al.
1984; Nässel and Elekes 1984; Schürmann and Klemm
1984; Nässel and Elekes 1985; Longley and Longley 1986;
Siwicki et al. 1987; Sandeman et al. 1988; Dubbels and
Elofsson 1989; Homberg and Hildebrand 1989; Katz et al.
1989; Beltz et al. 1990; Real and Czternasty 1990; Salecker
and Distler 1990; Lundell and Hirsh 1994; Thompson et al.
1994; Christie et al. 1995; Harzsch and Dawirs 1995;
Schürmann et al. 1995; Würden and Homberg 1995; Bicker
1999; Callaway and Stuart 1999; Hörner 1999; Leitinger et
al. 1999; Tierney et al. 1999; Wegerhoff 1999; Ignell 2001;
Homberg 2002; Moreau et al. 2002; Harzsch 2004;
Settembrini and Villar 2004; Fu et al. 2005; Gallus et al.
2005; Barthelemy et al. 2006; Hamasaka and Nässel 2006;
Haselton et al. 2006; Hummel et al. 2007; Tsuji et al. 2007;
Dickinson et al. 2008; Santhoshi et al. 2008; Seid et al.
2008; Semmler et al. 2008; Siju et al. 2008). In these
animals, serotonergic labeling has been seen both in the
central neuropil and at peripherally located neuroendocrine
release sites, such as the decapod pericardial organ (e.g., Fu
et al. 2005) suggesting both local-modulatory and hormonal
functioning. In C. finmarchicus, this dual function also
seems likely for serotonin, as labeling both in the central
neuropil and in putative neuroendocrine release areas, e.g.,
the tritocerebral “release” site, is evident; this dual function
is in marked contrast to the modulatory roll ascribed for
histamine transmission, and perhaps also that of dopamine,
in this species.

As stated above, a second feature of serotonin labeling
that is distinct from dopamine but shared with histamine is
the presence of fibers exiting the CNS to the periphery in
segmental nerves, i.e., those in mandibular and maxillulary
neuromeres, and a series of fibers exiting the VNC starting
with the T2 neuromere. At present, the origins of these
fibers (as with the histaminergic fibers) are unknown, as are
their sites of termination. These axons might be the sources
of as yet unidentified peripherally located endocrine
release areas, e.g., pericardial organ-like plexus, removed
during our preparation of the animals for immunoprocess-
ing. Likewise, they might innervate subsets of the muscles
of the animals, acting as motor axons, as muscle modu-
lators, or as mechanosensory fibers, e.g., the axons of the
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serotonergic gastropyloric receptor (GPR) neurons present
in the stomatogastric nervous system of decapod species
(Katz et al. 1989). Clearly, additional study will be needed
definitively to ascribe origin and function to these fiber
tracts.

Finally, the number and location of the serotonergic
somata present in the CNS of C. finmarchicus differs
markedly from the complement of somata stained by either
the histamine or dopamine (TH) antibodies in this species.
Specifically, far fewer serotoninergic somata are present
(approximately 20) than are either histaminergic (70+) or
dopaminergic (approximately 40). This is a tenth of the
number present in decapods and half the number found in
one study of terrestrial isopods (Thompson et al. 1994).
Beltz (1999) has identified a distinct repetitive pattern for
serotonergic neurons in the VNC of decapod species, with
each ganglion containing at least one immunopositive
soma, and most a pair of them. Harzsch and Waloszek
(2000) have found a similar pattern in branchiopods. This
pattern does not appear to prevail in the posterior thoracic
region of C. finmarchicus, albeit faintly labeling somata
might have been missed in our study. In this respect, the
copepod pattern appears to resemble more closely that
found in the phyllocarid malacostracan Nebalia (Harzsch
and Waloszek 2000).

Aminergic systems of C. finmarchicus appear distinct
from one another and from the known peptidergic systems
of this species

The presence of co-transmitters is a common phenomenon
in neurons throughout the animal kingdom (Nusbaum et al.
2001). Typically, this consists of an amine and/or one or
more peptides being co-localized with a classical transmit-
ter (Kupfermann 1991; Marder et al. 1995; Brezina and
Weiss 1997), e.g., acetylcholine, serotonin, and A-type
allatostatin in the GPR neurons of the crab, Cancer borealis
(Katz et al. 1989; Skiebe and Schneider 1994). Despite the
near ubiquitous presence of co-transmitters in crustacean
neurons, few if any hard-and-fast rules of co-transmitter
combinations are extant (Marder et al. 1995), even between
apparently homologous neurons in relatively closely related
species (e.g., Meyrand et al. 2000). Few data exist on the co-
localization of multiple amines in crustacean neurons.
Examples exist in which members of this class of trans-
mitters/modulators appear to be co-localized, e.g., dopamine
and serotonin in the L-cell of the lobsterHomarus gammarus
and several species of freshwater crayfish (Cournil et al.
1984; Tierney et al. 1999). However, whether this is a
common phenomenon for amine co-localization remains an
open question. For example, in the lobster Homarus
americanus and the crabs Cancer borealis and Cancer
irroratus, the L-cells, while being dopaminergic, do not

appear to possess serotonin (Marder et al. 1986; Siwicki et
al. 1987; Tierney et al. 2003).

Although we have not attempted any direct double-label
assessments of the three immunoreactivities because of
protocol incompatibilities, the profiles labeled by each of the
three antibodies are highly consistent in their locations within
the CNS, and thus we have been able to compare the relative
coordinates of the histamine-, dopamine- and serotonin-
immunopositive structures directly (Fig. 5; Table 2). Only
two sets of cells containing different amines in the same
neuromere have been located within 20 μm of each other
(DC3HA, DC1DA, and PC1DA,PC5HT) and only five within
30 μm. This analysis suggests that the set of profiles labeled
by each amine is unique, and that little if any co-localization
of the amines is present.
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Fig. 5 Composite locations of three amine classes based on immunore-
active features. Two-dimensional projection of mean positions of
identified cell clusters for the three amine types in the anterior portions
of the central nervous system. Color coding: histamine (green), dopamine
(blue), serotonin (red). Our results are superimposed on Lowe’s (1935)
outline of the CNS of Calanus finmarchicus (DC deutocerebrum, MD
mandibular neuromere, MP maxillipedal neuromere, MU maxillulary
(first maxillary) neuromere, MX maxillary neuromere, PC protocere-
brum, T thoracic neuromere, TC tritocerebrum). Bar (left) 800 μm
(10 μm tic marks), the origin (0) being placed at the protocerebral-
deutocerebral border
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