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a b s t r a c t

The neuropeptide vasotocin (VT) is an important regulator of reproduction and social behaviors, and
hypothesized to function as a neuromodulator of sensory and motor processing. In adult fishes, VT is pri-
marily produced in three different cell groups (parvocellular, magnocellular, and gigantocellular) within
preoptic nuclei, but little is known about sex and seasonal variations of these somata and their relation-
ship to sensory and motor processing. I used immunocytochemistry to (1) test for sex and seasonal vari-
ations in VT-immunoreactive (-ir) somata number, size, and fiber densities in the brain of a soniferous
damselfish, and (2) test the hypothesis that VT-ir axons project to and vary seasonally in sensory and
motor regions of the brain. Sex differences in somata number and size were restricted to parvocellular
neurons, while seasonal variations were found within parvocellular and gigantocellular, but not magno-
cellular neurons. Both males and females had more gigantocellular neurons during peak spawning com-
pared to other times. VT-ir fibers were most abundant in sensory and motor processing regions of the
auditory-mechanosensory torus semicircularis (TS), facial lobe, and vagal motor nucleus (VMN), while
sparse innervation was found to the tectum and hindbrain auditory and mechanosensory nuclei. VT-ir
fiber densities in the TS and VMN were higher during peak spawning, and correlated with gigantocellular
(TS, VMN) and parvocellular (TS) somata number. These results provide neuroanatomical support for a
relationship between temporal changes in specific VT somata and projections to some sensory and motor
processing regions in the damselfish brain that may influence complex communicative and social
behaviors.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

The neuropeptide vasotocin (VT) and its mammalian homolog
vasopressin (VP) are broadly distributed throughout the vertebrate
brain and important regulators of complex sex-typical, species-
specific, and context-specific social and reproductive behaviors
such as aggression, parental care, courtship, and social recognition
(see Goodson and Bass, 2001; Lim and Young, 2006 for reviews). In
addition to projections to the pituitary and forebrain, VT and VP
neurons also have prominent projections to midbrain and hind-
brain regions where the peptide is hypothesized to function as a
neuromodulator or modulatory neurotransmitter. While the distri-
bution and behavioral functions of VT and VP are relatively well-
studied with regard to endocrine and reproductive activities (see
Goodson and Bass, 2001), less is known about their role(s) in mod-
ulation of sensory, motor, or sensorimotor function (Rose and
Moore, 2002).
, 371 Serra Mall, Gilbert Bldg.,
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Several previous studies have provided support for VT and VPs
neuromodulatory function in vertebrates. For example, VT and VP
were shown to influence sensorimotor processing, and visual,
olfactory, somatosensory, and vocal-acoustic reproductive behav-
iors (e.g. Goodson and Bass, 2001; Rose and Moore, 2002). Further,
Rose and Moore (2002; Moore and Rose, 2002) proposed the senso-
rimotor processing hypothesis based on their roughskin newt
(Taricha granulosa) model, which states that VT and VP act cen-
trally to influence regions of sensory and motor processing to mod-
ulate behaviors, and Thompson et al. (2008) recently showed that
VT affects how sensory information is translated into motor
output. In order for VT or VP to modulate behaviors via sensory
or motor circuitry, the regions of the brain that process behavior-
ally-relevant sensory input and motor output should contain VT
or VP axons, terminal fields, and target cells that express VT or
VP receptors. However, few studies have quantitatively tested
these predictions and examined the distribution of VT or VP or
their receptors with special emphasis on sensory and motor re-
gions of the brain.

Fishes have specific social and reproductive behaviors associ-
ated with distinct annual cycles that are known to be influenced
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by VT. Previous studies on VT in fishes concentrate on neuronal
sexual dimorphisms in sex-changing species (e.g. wrasses, gobies)
and those with alternative reproductive morphs (e.g. midshipman,
blennies, African cichlid) (Foran and Bass, 1998; Godwin et al.,
2000; Grober et al., 2002; Miranda et al., 2003; Greenwood et al.,
2008). An association between the expression of alternative tactics
and forebrain VT is found in all species examined to date (see Foran
and Bass, 1999; Oliveira et al., 2005), but less is known about sex
and temporal variations in the VT system of adult gonochoristic
fishes that do not have alternative reproductive morphs (Parhar
et al., 2001). In addition, little is known about the differential pro-
jections, sex and seasonal changes, and function of the three differ-
ent VT cell groups found in fishes (parvocellular, magnocellular,
and gigantocellular). Fishes use a combination of visual, auditory,
olfactory, and mechanosensory cues to coordinate intra and inter-
specific social behaviors, and VT has the potential to influence this
sensory and motor processing on a temporal basis. Thus monitor-
ing changes in fiber densities and somata in the three separate cell
groups over reproductive and non-reproductive seasons can also
specify the period of the reproductive cycle that VT may influence
sensory, motor, and behavioral circuits.

Coral reef fishes provide excellent comparative models for the
action of neuropeptides on behaviors and sensory and motor mod-
ulation because they represent a large diverse group of vertebrates,
show varied social behaviors among closely related species, have
separate and distinct neuropeptide populations, and use multiple
sensory cues for social interactions. The Hawaiian sergeant dam-
selfish Abudefduf abdominalis is a member of the soniferous family
Pomacentridae (�321 species in 28 genera) that displays tempo-
rally and sexually diverse social behaviors. This species is colonial
and aggregates in the water column in mixed sex schools with lim-
ited aggressive interactions during non-reproductive times. During
the spawning season, males clean and prepare a benthic substrate
and engage in nest defense and courtship displays that include col-
oration changes and sound production to attract a female to the
nest for spawning (Helfrich, 1958; Maruska et al., 2007a). In addi-
tion to visual cues, agonistic and reproductive interactions in this
species involve important sensory signals detected by both the lat-
eral line and inner ear (sound production and hydrodynamic flow
generated by body and fin movements). Thus, the temporally and
sexually diverse social behaviors of this species provide an ideal
model to test for both peptide-sensory convergence in behavior-
ally-relevant brain centers, and correlations with sex and seasonal
changes in behavior.

The goals of this study were several-fold. First, I examine the VT
neuronal system with immunocytochemistry to test for sexual
dimorphism and temporal changes in neuropeptide somata within
the brain of a gonochoristic teleost that does not express alterna-
tive reproductive morphs. Second, I test the prediction that VT-
containing axons project to specific behaviorally-relevant sensory
and motor processing regions of the fish brain. I concentrate on
octavolateralis (auditory and lateral line) processing regions be-
cause of VT’s known role in vocal-acoustic behaviors (Goodson
and Bass, 2001) and the importance of acoustic and hydrodynamic
communication in the study species (Maruska et al., 2007a). Third,
the density of VT-ir axons within specific sensory and motor re-
gions was compared among sexes and reproductive seasons to test
for sex-specific temporal variations in VT’s ability to potentially
modulate behavior via sensory or motor circuits. Sex and seasonal
quantification of VT-ir fiber projections to caudal brain regions
have not previously been examined in teleost fishes. Results of this
study demonstrate both sex and seasonal variations in VT-ir soma-
ta, and fiber densities in behaviorally-relevant sensory and motor
regions of the damselfish brain. Future physiological and behav-
ioral studies are needed to test the neuromodulatory functions of
VT on sensory processing and natural behaviors.
2. Materials and methods

2.1. Animals and tissue preparation

Adult Hawaiian sergeant fish Abudefduf abdominalis were col-
lected via hook and line from Kane’ohe Bay, Oahu, transported to
the laboratory and perfused immediately (average time between
capture and anesthesia was 15 min). Hawaiian sergeant fish show
some spawning activity year-round, but there is an increase in
reproductive activities and gonadosomatic index (GSI) in spring
and summer followed by reduced activity and GSI in fall and win-
ter (Helfrich, 1958; Maruska, 2007). As a result, sexually mature
adult males and females (standard length P 110 mm) were col-
lected from four separate time periods in order to reduce the
chances of missing seasonal variations by examination of only peak
and minimal spawning times (see Maruska et al., 2007b). Fish were
collected in January (pre spawn), April (early spawn; rising gonadal
indicies), June (peak spawn; maximum gonadal indicies), and
October (post spawn; minimal gonadal indicies) based on previous
reproductive analyses of this population (Helfrich, 1958), examina-
tion of gonad size and gamete maturation, and qualitative observa-
tions of reproductive behaviors in the wild (Maruska, 2007). Fish
were anesthetized with MS-222, measured for standard length
(SL) and total length (TL) to the nearest 0.5 mm, and body weight
(BW) to the nearest 0.1 g. Sex was determined by examination of
their sexually dimorphic urogenital papilla, and verified by exam-
ination of gonadal tissue under a compound microscope at 400�.
Fish were perfused transcardially with 0.9% heparinized saline fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB).
Brains were removed, postfixed in 4% paraformaldehyde in 0.1 M
PB at 4 �C for 24 h, rinsed in 0.1 M PB, and cryoprotected overnight
in 30% sucrose in 0.1 M PB prior to sectioning. Collection, mainte-
nance, surgical, and perfusion procedures for fish used in this study
were approved by the University of Hawai’i Institutional Animal
Care and Use Committee.

2.2. Immunocytochemistry

Cryoprotected brains were embedded in Histoprep mounting
media (Fisher Scientific) and sectioned in the sagittal or trans-
verse plane at 24 lm with a cryostat. Alternate sections were
collected onto chrom-alum-coated slides, dried flat overnight at
room temperature, and stored at 4 �C prior to immunocytochem-
ical processing. Mounted brain sections were brought to room
temperature (20–22 �C), surrounded with a hydrophobic barrier
(Immedge pen; Vector Laboratories), rinsed with 0.05 M phos-
phate buffered saline (PBS; pH 7.4) (2 � 15 min), blocked for
1 h with 2% normal goat serum (NGS; Vector Laboratories) in
PBS containing 0.3% Triton-X 100 (Sigma), and incubated with
primary antibody (rabbit anti-VT, 1:5000 final concentration, do-
nated by Dr. Matthew Grober, Georgia State University, USA)
overnight (14–16 h) at room temperature in a sealed humidified
chamber. Primary antibody incubation was followed by a PBS
wash (2 � 15 min), incubation with biotinylated goat anti-rabbit
secondary antibody (Vector Laboratories) in PBS with 2% NGS for
1 h, PBS wash (2 � 15 min), quenching with 1.5% hydrogen per-
oxide in PBS for 15 min, PBS wash (2 � 15 min), incubation with
avidin-biotin-horseradish peroxidase complex (ABC Elite kit;
Vector Laboratories) for 2 h, PBS wash (2 � 15 min), and reacted
with a diaminobenzidine (DAB) chromogen substrate kit with
nickel chloride intensification (Vector Laboratories) for 5 min.
Slides were then soaked in distilled water for 10 min to stop
the reaction, lightly counterstained with 0.1% methyl green,
dehydrated in an ethanol series (50–100%), cleared in toluene,
and coverslipped with Cytoseal 60 mounting media (Richard
Allen Scientific).
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Immunocytochemistry controls included: (1) omission of pri-
mary antisera, secondary antisera, ABC solution or DAB all resulted
in no staining, (2) preabsorption of anti-VT with 8 lM VT peptide
(Sigma) eliminated all reaction product, and (3) the potential
cross-reactivity of the VT antibody with isotocin was tested by
incubation of alternate sections with plain anti-VT and anti-VT
preabsorbed with 8 lM isotocin peptide (Bachem). This control
showed that there was no difference in the number of labeled so-
mata and fibers between alternate sections reacted with plain anti-
VT and anti-VT preabsorbed with isotocin (Student’s t-tests,
p > 0.05), thus demonstrating no cross-reactivity of the VT anti-
body with isotocin-containing neurons. Brain sections were ob-
served on a Zeiss Axioskop 2 microscope and images captured
with an Optronics Macrofire digital camera. Line illustrations were
made with a drawing tube on an Olympus BH2 microscope.

2.3. Quantification of VT somata

Unbiased estimates of the number and size of VT cells were ac-
quired by quantification of sagittal sections without knowledge of
SL, BW, sex, or month collected. Nomenclature of the diencephalon
follows that of Braford and Northcutt (1983). Each VT-ir soma was
assigned to either the parvocellular (included nucleus preopticus
parvocellularis anterioris [PPa]1 and posterioris [PPp], and nucleus
preopticus magnocellularis pars parvocellularis [PMp]), magnocellu-
lar (nucleus preopticus magnocellularis pars magnocellularis
[PMm]), or gigantocellular (nucleus preopticus magnocellularis pars
gigantocellularis [PMg]) cell group based on neuroanatomical loca-
tion, somata morphology, and size (Braford and Northcutt, 1983).
An additional VT-ir cell group was present in the ventral tuberal
hypothalamus of the Hawaiian sergeant, as mentioned in other fish
studies (Goodson and Bass, 2000; Greenwood et al., 2008; Dewan
et al., 2008), but was not quantified due to inconsistent label and
presence in only some individuals. To assess whether somata could
be counted more than once in adjacent alternate sagittal sections,
ten randomly chosen cell diameters from each cell group in three
fish were measured along the medial-lateral brain axis in transverse
sections. The largest cells were the gigantocellular VT neurons,
which were approximately equal to section thickness (�x
diam. = 25.3 ± 0.6 lm SE). Thus, there was no duplication of cell
counts made on alternate 24 lm sections.

Cell size was determined from digital images of somata at 400�
and cell profile area was calculated with Sigma Scan Pro 5.0 (SPSS,
Inc.). For each fish, 10 randomly chosen VT cells were measured
within the same preoptic nuclei among individual fish. Cell profile
areas were measured at a point where the labeled cell perimeter
was easily discernable and a distinct nucleus with at least one neu-
rite was visible, with the exception of parvocellular neurons where
cell nuclei were often not visible and only the criteria of a discern-
able perimeter and neurite presence were used. Mean VT cell pro-
1 Abbreviations used: 4v, 4th ventricle; AP, area postrema; CC, cerebellar crest; CCe,
corpus cerebelli; CE, cerebellum; Dc, central zone of area dorsalis telencephali; Dl,
lateral zone of area dorsalis telencephali; Dm, medial zone of area dorsalis
telencephali; Dp, posterior zone of area dorsalis telencephali; EG, eminentia
granularis; FL, facial lobe; G, nucleus glomerulosus; Ha, habenula; HYP, hypothala-
mus; IL, inferior lobe of hypothalamus; M, medulla; MON, medial octavolateralis
nucleus; NRLl, nucleus recessus lateralis, pars lateralis; nX, cranial nerve X, vagus
nerve; OB, olfactory bulb; ON, optic nerve; PC, posterior commissure; PHT, preoptico-
hypophyseal tract; PLLn, posterior lateral line nerve; PMg, nucleus preopticus
magnocellularis pars gigantocellularis; PMm, nucleus preopticus magnocellularis
pars magnocellularis; PPa, nucleus preopticus parvocellularis anterioris; PPp, nucleus
preopticus parvocellularis posterioris; RF, reticular formation; sgt, secondary gusta-
tory tract; SV, saccus vasculosus; T, tectum; Teg, tegmentum; TEL, telencephalon; TL,
torus longitudinalis; TLa, nucleus tori lateralis; TS, torus semicircularis; TTB, tractus
tectobulbaris; VCe, valvula cerebelli; Vd, dorsal zone of area ventralis telencephali;
VL, vagal lobe; VMN, vagal motor nucleus; Vv, ventral zone of area ventralis
telencephali.
file area (lm2) in the sergeant fish differed among parvo, magno,
and gigantocellular somata (1-way analysis of variance [ANOVA],
p < 0.001; Tukey’s test p < 0.05) in the following order:
parvo < magno < giganto, which served as a further character to
distinguish these cell groups.

2.4. Quantification of VT-immunoreactive axons within motor and
sensory regions

The density of VT-ir fibers was quantified in sagittal sections to
test for sex and seasonal variations in innervation to sensory and
motor regions. Gray-level thresholding with Scion Image software
(NIH) was performed in both the caudal-lateral torus semicircular-
is (TS; midbrain auditory and lateral line processing region) and
vagal motor nucleus (VMN; efferent neurons that innervate stri-
ated muscles of the pharynx and gills, as well as coelomic organs
including the swim bladder, heart, and gastrointestinal tract) of
each animal from photomicrographs taken at 400� of a 360 lm2

area in each region. Measurements were performed at the same
location in each region among individuals based on neuroanatomi-
cal landmarks without knowledge of fish sex, size, or season. Pho-
tographs were all taken at the same time with identical camera and
software settings. The number of pixels covered by immunoreac-
tive fibers was then determined from a single section in each ani-
mal and expressed as a percentage of the 360 lm2 area covered by
VT-ir fibers. VT-ir fibers within the primary hindbrain mechano-
sensory and octaval nuclei were scattered and difficult to quantify,
so are only qualitatively described in Section 3.

2.5. Statistical analyses

Linear regressions for all subjects pooled together were initially
used to test for effects of fish body size on cell number and cell size
within each VT-ir cell group because the data did not meet the
assumption of parallel slopes required for analysis of covariance.
This regression analysis revealed only a single positive relationship
between body size and gigantocellular somata size (linear regres-
sion, r2 = 0.22, p = 0.001). However, when separated by sex and
season, there were no significant relationships between body size
and cell number or cell size in any of the three VT-ir cell groups,
including the gigantocellular (linear regressions, p > 0.05). To verify
that the seasonal variations in gigantocellular neuron number
were not influenced by body size differences, the effects of body
size were factored out with the following equation (as described
in Greenwood et al., 2008): SSc = SSu + {[(SSu � SLx/SL) � SSu] �
K}, where SSc, corrected mean soma size for an individual fish;
SSu, uncorrected mean soma size for an individual fish; SL, the
individual fish standard length; SLx, mean standard length for
the subject pool under investigation; and K, Pearson’s r determined
from a Pearson Product Moment correlation test for that sample.
This analysis showed that the seasonal differences in gigantocellu-
lar neurons were identical whether the data were corrected or
uncorrected. Therefore, because the goal of this study was to exam-
ine variations in VT-ir somata number and size between sexes and
among seasons, and there was no relationship between body size
and cell characters when separated by sex and season, the data
are presented and interpreted without any adjustment for body
size. Differences in the number and size of VT-ir somata and fiber
densities were determined with a two-way ANOVA with sex and
season as factors, and subsequent Tukey’s tests for all pairwise
comparisons. In some cases, data were normalized by a log trans-
formation prior to testing. Pearson Product Moment Correlation
was used to test for correlations between VT-ir fiber densities
and somata number and size within each VT cell group. All
statistical analyses were performed with SigmaStat 3.1 (Systat,
Inc.).
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3. Results

3.1. Distribution

VT-ir somata are found within preoptic nuclei of the damselfish
brain (Figs. 1A and B). The majority of parvocellular neurons were
found within the PPa, but some labeled neurons were also found
within the PPp and PMp. Parvocellular neurons were the most ros-
tral and numerous, round or oval in shape, monopolar, of small
diameter (�x diam. = 7.9 ± 0.30 lm SE, n = 10 cells, 3 fish), and
extended more laterally than either the magnocellular or giganto-
cellular VT-ir somata groups (Figs. 1A–C and 2B). The magnocellu-
lar neurons were located in the PMm immediately caudal to the
PMp, approximately twice the size of parvocellular somata (�x
diam. = 16.4 ± 0.30 lm SE, n = 10 cells, 3 fish), and were multi or
monopolar (Figs. 1A–B, D, and 2B–C). The gigantocellular neurons
were found most caudal in the PMg along a dorso-ventral band
that extended from above the PMm region ventrally into the ros-
tral hypothalamus, and were 2–2.5 times larger than the magno-
cellular somata (�x diam. = 25.3 ± 0.60 lm SE, n = 10 cells, 3 fish)
(Figs. 1A–B, E–G, and 2D). These cells were multipolar with multi-
directional processes that appeared to project both towards the
pituitary and caudal brain regions (Figs. 1E–G). Gigantocellular so-
mata also had large diameter processes that often contained many
spines along their length (Fig. 1G).

The highest density of VT-ir axons formed a dense preoptico-
hypophyseal tract (PHT) that coursed ventro-lateral from the pre-
optic area along the rostral hypothalamus to the pituitary (Figs.
1A, 2D, and 3C). Sparse fibers were observed in the olfactory bulbs,
area dorsalis telencephali, thalamic nuclei and hypothalamus (Figs.
1A and 2A–D). The most abundant VT projections in the forebrain
were to the area ventralis telencephali and preoptic nuclei (Figs.
2A–D). In the midbrain, VT-ir axons were most abundant in the
tegmentum and torus semicircularis (Figs. 2D–F and 3E). Only
sparse VT-ir fibers were found in the deep layers of the tectum
(e.g. stratum album centrale), but they occurred in the same region
of dense gonadotropin-releasing hormone (GnRH)-ir projections in
this species (Maruska and Tricas, 2007). Sparse VT-ir fibers oc-
curred in both the valvula and corpus granular layer of the cerebel-
lum. VT-ir fibers projected through the midbrain to the medulla
and spinal cord in a lateral rostro-caudal tract (Figs. 2E–J and
3D), and the VT-ir fibers in this hindbrain tract were of smaller
diameter and contained numerous varicosities (i.e. swellings) com-
pared to the larger diameter non-varicose fibers of the PHT (com-
pare Figs. 3C and D). VT-ir fibers were also found within the facial
lobe, sensory vagal lobe, and secondary gustatory tract (Fig. 2H). In
the caudal brain, VT-ir axons were abundant in the ventral medulla
and nuclei of the reticular formation, and some scattered fibers
found within octavolateralis nuclei (Fig. 2G–I). VT-ir fibers were
also abundant within the VMN and varicose fibers appeared to
make synaptic contacts with cell bodies in this region (see below;
Figs. 2I, and 3A, F). Caudal to the fourth ventricle at the junction of
the caudal medulla and rostral spinal cord, the lateral VT-ir tract
coursed medial and dorsal to form a dense plexus of beaded fibers
along the dorsal midline near the area postrema (Figs. 2J and 3B).

3.2. Sex and seasonal variations in VT-ir somata

A total of 45 fish (�x SL = 124.2 ± 7.5 mm SD; �x BW = 83.6 ± 15.9 g
SD) were used to test for sex and seasonal variations in VT-ir soma-
ta number and size. There was no difference in body size (SL or
BW) among sexes or among the four sampling periods (2-way AN-
OVA, Fseason = 0.55, p = 0.65; Fsex = 0.41, p = 0.53). Thus any sex or
seasonal variations in VT-ir cells or fibers are not due to a size sam-
ple bias within a sex or sampling period.
Sex differences in VT-ir cell number were restricted to parvocel-
lular neurons (Fig. 4). Males had more parvocellular somata during
the post spawn period compared to females (2-way ANOVA,
Fsex = 14.53, p < 0.001; Tukey’s test, p = 0.02) and females had lar-
ger parvocellular somata during the pre spawn period compared
to males (2-way ANOVA, Fsex = 4.61, p = 0.04; Tukey’s test,
p = 0.03) (Fig. 4).

Seasonal variations were observed for both parvocellular and
gigantocellular VT-ir groups, but not magnocellular (Fig. 4). Male
fish had more parvocellular somata during the post spawn period
compared to pre and early spawn times (2-way ANOVA, Fsea-

son = 5.73, p = 0.003; Tukey’s tests, p = 0.01 pre spawn; p = 0.04
early spawn). In addition, females had smaller parvocellular soma-
ta during post spawn compared to pre and early spawn times
(2-way ANOVA, Fseason = 4.60, p = 0.01; Tukey’s test, p = 0.04 pre
spawn; p = 0.004 early spawn). There were no seasonal variations
in the number or size of magnocellular somata for males or females
(2-way ANOVA, Fseason = 1.09, p = 0.37 number; Fseason = 2.49,
p = 0.08 size). In the PMg, both males and females had more gigan-
tocellular somata during the peak spawn period compared to all
other times (2-way ANOVA, Fseason = 11.63, p < 0.001; Tukey’s tests,
p < 0.05) (Fig. 4). A seasonal variation in the size of gigantocellular
somata was also detected (2-way ANOVA, Fseason = 4.12, p = 0.013),
but post-hoc tests did not resolve differences among the four sam-
pling periods (Tukey’s tests, p > 0.05) (Fig. 4).

3.3. VT-immunoreactivity in motor and sensory regions

VT-ir axons were found within several motor and octavolateral-
is sensory regions of the midbrain and hindbrain. In the tectum,
VT-ir axons were virtually absent from the dorsal visual layers of
the stratum marginale (SM), stratum opticum (SO), and stratum
fibrosum et griseum superficiale (SFGS), and sparse in the deeper
multimodal layers of the stratum griseum centrale (SGC) and stra-
tum album centrale (SAC). In contrast, VT-ir fibers were more
abundant within the TS (auditory and lateral line processing
region) (Figs. 2D–F and 3E). In the TS, scattered small diameter
VT-ir fibers were found in both the dorsal and ventral regions
throughout its rostro-caudal length, but were more abundant in
the caudal TS. In the hindbrain, VT-ir fibers were sparse within
the medial octavolateralis nucleus (MON; lateral line processing
region) and all auditory nuclei (descending, anterior, magnocellu-
lar, tangential, and posterior octaval nuclei). In contrast, VT-ir fi-
bers were more abundant in the facial lobe, secondary gustatory
tract, and sensory vagal lobe. VT-ir fibers were also abundant with-
in the VMN and glossopharyngeal motor nucleus of the caudal me-
dulla. The lateral rostro-caudal VT tract that projects to the
hindbrain turns medial at the level of the VMN and numerous
putative terminals (varicosities) surround the large motor neurons
(Figs. 3A and F).

3.4. Sex and seasonal variations in VT-ir fiber densities

The density of VT-ir axons also showed sex and seasonal varia-
tions within the TS of the midbrain and VMN of the hindbrain
(Fig. 5). However, there were no relationships between fiber den-
sity (TS or VMN) and body size (BW or SL) for either sex during
any time period (linear regressions, p > 0.05). In the TS, females
had a higher density of VT-ir fibers during peak spawn compared
to males (2-way ANOVA, Fsex = 5.6, p < 0.001; Tukey’s test,
p < 0.001) (Fig. 5A). Females also had a greater density of VT-ir fi-
bers during peak spawn compared to all other times (2-way ANO-
VA, Fseason = 13.61; p < 0.001; Tukey’s tests, p < 0.001). There were
no seasonal differences within the TS for males (Tukey’s tests,
p > 0.05) (Fig. 5A).
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Fig. 1. VT-immunoreactive (-ir) somata and axons in the brain of the Hawaiian sergeant fish, Abudefduf abdominalis. (A) Camera lucida drawing of a representative mid-
sagittal section through the brain shows the location of VT-ir somata located in parvocellular (small dots), magnocellular (medium dots), and gigantocellular (large dots)
groups within the preoptic nuclei (see text for descriptions). (B) Representative photomicrograph of the boxed region in A shows the VT-ir parvo, magno, and gigantocellular
somata. Lines delineate the approximate divisions between cell groups in this sagittal section. Rostral is to the left. (C) Transverse section through the nucleus preopticus
parvocellularis anterioris (PPa) shows the small, numerous, monopolar parvocellular VT-ir neurons. ON, optic nerve. (D) Magnocellular VT-ir neurons in the nucleus
preopticus magnocellularis pars magnocellularis (PMm) are twice as large as parvocellular neurons and often contain a single axon (arrowheads) with a large prominent
nucleus visible within the cell body (arrows). (E) Gigantocellular VT-ir neurons are found in a dorso-ventral band within the nucleus preopticus magnocellularis pars
gigantocellularis (PMg). (F) Gigantocellular VT-ir neurons are large with multiple processes (arrowheads) that extend in many directions. (G) Gigantocellular neurons also
often contain a large diameter process (large arrow) with several small varicose extensions or spines (small arrows). CE, cerebellum; HYP, hypothalamus; M, medulla; OB,
olfactory bulb; PHT, preoptico-hypophyseal tract; T, tectum; TEL, telencephalon. Scale bars = 1 mm (A); 100 lm (B); 50 lm (C); 15 lm (D and G); 30 lm (E and F).
The density of VT-ir fibers in the TS was also negatively corre-
lated with the number of parvocellular somata in all fish together,
and positively correlated with the number of gigantocellular
somata in all fish together (Fig. 6A and B), as well as in females
alone (Pearson Product Moment Correlation, r = 0.50, p = 0.02). In
contrast, the density of VT-ir fibers in the TS was not correlated
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Fig. 2. Distribution of VT-immunoreactive (-ir) neurons in the brain of the Hawaiian sergeant fish, Abudefduf abdominalis. Camera lucida drawings of representative
transverse sections through the brain show the locations of VT-ir somata (dots) and fibers (lines). VT-ir somata are located in preoptic nuclei, while immunoreactive axons are
found primarily in the ventral telencephalon, preoptic area, hypothalamus, midbrain tegmentum, torus semicircularis, torus lateralis, tectum, reticular formation, and sensory
and motor regions of the hindbrain. Inset shows the approximate location of each cross section. See list for abbreviations. Scale bar = 1 mm.
with somata number or size in any of the cell groups for males
(Pearson Product Moment Correlation, p > 0.05).
In the VMN, males had greater VT-ir fiber densities during pre,
peak and post spawn periods compared to females (2-way ANOVA,
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Fig. 3. VT-immunoreactive (-ir) axons in the brain of the Hawaiian sergeant fish, Abudefduf abdominalis. (A) Transverse section through the hindbrain shows the lateral VT-ir
fiber tract around cranial nerve X (nX) as it courses medially (arrows) to terminate around motor neurons within the vagal motor nucleus (VMN). (B) A more caudal
transverse section at the junction of the hindbrain and spinal cord shows the abundant VT-ir axons (small arrows) near the area postrema (AP) that cross the midline (large
arrows) above the 4th ventricle (4v). (C) Sagittal section through the diencephalon shows the non-varicose fibers of the dense VT-ir preoptico-hypophyseal tract (PHT).
Arrows indicate dorsal (D) and caudal (C) directions. (D) Sagittal section through the medulla near the VMN shows the hindbrain VT-ir tract with numerous varicose fibers.
Arrows indicate rostral (R) and dorsal (D) directions. (E) Sagittal section through the torus semicircularis (TS) shows small scattered VT-ir fibers (arrows). (F) Sagittal section
through the VMN shows varicose VT-ir axons (arrows) that surround individual motor neurons (mn). Scale bars = 50 lm (A and B); 20 lm (C and D); 10 lm (E); 15 lm (F).
Fsex = 25.07, p < 0.001; Tukey’s tests, p = 0.02 pre spawn; p = 0.001
peak spawn; p = 0.005 post spawn) (Fig. 5B). Males also had a
greater density of VT-ir fibers during peak spawn compared to all
other time periods (2-way ANOVA, Fseason = 6.63; p = 0.001; Tukey’s
tests, p = 0.009 pre spawn; p = 0.002 early spawn; p = 0.04 post
spawn), but there was no seasonal variation in females (Tukey’s
tests, p > 0.05) (Fig. 5B).

The density of VT-ir fibers in the VMN was positively correlated
with the number of gigantocellular somata for all fish together
(Fig. 6C), as well as in males alone and females alone (Pearson
Product Moment Correlation, males: r = 0.49, p = 0.01; females:
r = 0.43, p = 0.02). There was no correlation between VT fiber den-
sity in the VMN and the number of magno or parvocellular somata,
or somata size in any cell group (Pearson Product Moment Correla-
tion, p > 0.05).
4. Discussion

This study demonstrates sex and seasonal variations in specific
VT-ir cell groups, and in fiber densities within sensory and motor
processing regions in the damselfish brain. The density of VT-ir fi-
bers within the sensory TS and motor VMN also showed temporal
variations, as well as correlations with the number of gigantocellu-
lar (TS and VMN) and parvocellular (TS) somata. VT-ir fibers within
sensory and motor regions of the midbrain and hindbrain are con-
sistent with the hypothesis that VT can influence behaviorally-rel-
evant neuronal circuitry at multiple levels within the fish brain.

4.1. Distribution

VT-ir somata in the Hawaiian sergeant fish were found primar-
ily within several preoptic nuclei (PPa, PPp, PMp, PMm, and PMg).
This distribution is similar to those previously described in other
teleosts, which largely conforms to a conserved pattern (e.g. Good-
son and Bass, 2000; Miranda et al., 2003; Lema and Nevitt, 2004;
Maruska et al., 2007b; Dewan et al., 2008). The Hawaiian sergeant
fish also showed small VT-ir somata within the ventral tuberal re-
gion of the anterior hypothalamus, which was previously described
in other fishes (e.g. Goodson and Bass, 2000; Greenwood et al.,
2008). However, the prevalence, projection patterns, and function
of this ventral tuberal VT-ir cell group in fishes require further
study.

VT-ir fibers were found throughout the Hawaiian sergeant fish
brain, but were most abundant within the area ventralis telenceph-
ali, preoptic nuclei, PHT, tegmentum, and several hindbrain nuclei
(see Section 4.3). The VT-ir projection patterns in the rostral brain
(telencephalon and diencephalon) are similar to that described for
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Fig. 4. Cell number and cell profile area of VT-immunoreactive (-ir) somata within the preoptic nuclei across sex and season in the Hawaiian sergeant fish, Abudefduf
abdominalis. Sex differences were restricted to the parvocellular neurons where males had more cells during the post spawn period and females had larger cells during the pre
spawn period. Seasonal variations were also found in parvocellular and gigantocellular somata groups. Most notable is the greater number of gigantocellular somata during
the peak spawning season in both males and females. Bars show mean ± SE cell number and size. Numbers indicate sample size for each group. *Indicates sex differences
within a period, while lines link periods that differ within a single sex (2-way ANOVA, p < 0.05; Tukey’s test, p < 0.05).
other teleosts (Goodson and Bass, 2000; Miranda et al., 2003;
Lema and Nevitt, 2004; Maruska et al., 2007b), but there are rel-
atively few studies that examine fiber distributions in the fish
midbrain and hindbrain for comparisons (e.g. Van den Dungen
et al., 1982; Goodson and Bass, 2000; Maruska et al., 2007b; De-
wan et al., 2008). VT-ir projections to the midbrain TS and hind-
brain VMN were also correlated with the number of
gigantocellular (TS, VMN) and parvocellular (TS) somata in the
damselfish. These results are consistent with previous studies
that describe extrahypothalamic projections from neurons in the
nucleus preopticus magnocellularis (including gigantocellular,
magnocellular, and parvocellular neurons) (Demski and Sloan,
1985; Holmqvist and Ekstrom, 1995; Saito et al., 2004; Ohya
and Hayashi, 2006). However, these correlations should be inter-
preted with caution until the specific projection patterns of each
VT-ir cell population to areas such as the midbrain TS and hind-
brain VMN are demonstrated. Nevertheless, VT-ir projections to
the caudal brain in the damselfish are similar to those described
in the few other fishes examined, as well as in amphibians, rep-
tiles, birds, and mammals (Kiss et al., 1987; Moore and Lowry,
1998; Goodson and Bass, 2001; Rosen et al., 2007), and may rep-
resent a conserved neuroanatomical substrate on which species-
or context-specific behaviors or physiological processes can be
modulated.
4.2. Sex and seasonal variations in VT-ir somata

Sex differences in VT-ir somata in the Hawaiian sergeant fish
were restricted to parvocellular neurons, where males had more
somata during the post spawn period, and females had larger
somata during the pre spawn period. These data are consistent
with other studies that show sexual dimorphisms in the parvocel-
lular neurons of fishes (Lema and Nevitt, 2004; Ohya and Hayashi,
2006; Maruska et al., 2007b) as well as regions homologous to the
PPa, PPp, and PMp of teleost fishes (see Goodson and Bass, 2001).
Sex differences in the VT and VP neurosecretory system are well
established in a wide variety of vertebrates, and are most often re-
lated to gonadal sex hormones (see Goodson and Bass, 2001).

The Hawaiian sergeant fish also showed seasonal variations in
the number (males) and size (females) of parvocellular VT-ir soma-
ta. In addition to social behavior, VT in fishes is known to function in
osmoregulation, cardiovascular response, stress response and
metabolism (Balment et al., 2006), and thus the seasonal variations
in number and size of parvocellular neurons in the Hawaiian ser-
geant fish could be related to any of these social, environmental,
or physiological factors. Previous studies demonstrate that parvo-
cellular VT neurons show variations in number, size, or gene
expression in response to both environmental and physiological
cues. For example, variations in salinity cause changes in parvo cell
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Fig. 5. VT-immunoreactive (-ir) fiber densities within the sensory torus semicirc-
ularis of the midbrain (A) and the vagal motor nucleus of the hindbrain (B) across
sex and season in the Hawaiian sergeant fish, Abudefduf abdominalis. Females had
greater fiber innervation to the torus semicircularis (TS) during the peak spawning
season compared to males, while males had greater fiber densities in the vagal
motor nucleus (VMN) compared to females. Seasonally, fiber densities in the TS of
females were higher during peak spawning, and fiber densities in the VMN of males
were higher during peak spawning compared to all other times. Fiber densities are
expressed as the percent area covered by VT-ir axons per 360 lm2 area. Bars show
mean ± SE and numbers indicate sample size for each group. *Indicates sex
differences within a period, while lines link periods that differ within a single sex
(2-way ANOVA, p < 0.05; Tukey’s test, p < 0.05).

B
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Fig. 6. Correlation between VT-immunoreactive (-ir) somata and fiber densities
within the torus semicircularis of the midbrain and vagal motor nucleus of the
hindbrain in the Hawaiian sergeant fish, Abudefduf abdominalis. (A) VT-ir fiber
density in the torus semicircularis (TS) was positively correlated with the number
of gigantocellular somata (Pearson Product Moment Correlation, r = 0.34, p = 0.02).
(B) VT-ir fiber density in the TS was also negatively correlated with the number of
parvocellular somata (Pearson Product Moment Correlation, r = �0.35, p = 0.02). (C)
VT-ir fiber density in the vagal motor nucleus was positively correlated with the
number of gigantocellular somata (Pearson Product Moment Correlation, r = 0.38,
p = 0.01). Fiber densities are expressed as the percent area covered by VT-ir axons
per 360 lm2 area. Each point represents a single fish (n = 44) and linear regression
lines are shown on each plot.
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numbers in pupfish (Cyprinodon nevadensis) (Lema, 2006), stress
was shown to increase VT gene expression in parvo, but not magno-
cellular neurons in the rainbow trout (Oncorhynchus mykiss) (Gilch-
riest et al., 2000), and parvocellular VT neurons are involved in the
regulation of cortisol release via the actions of VT on the hypotha-
lamic–pituitary–interrenal axis (Olivereau and Olivereau, 1990;
Gilchriest et al., 2000; Balment et al., 2006). Males and females of
the same species often respond differently to stressors (Overli
et al., 2006), and it is possible that one sex is more affected than
the other to some environmental change due to different physiolog-
ical demands at different times of the year, which may help explain
the temporal patterns seen in the Hawaiian sergeant fish parvocel-
lular neurons. Glucocorticoids (i.e. corticosterone and cortisol) are
also known to influence VT-mediated neuronal activity (Rose
et al., 1995; Rose and Moore, 2002), and therefore provide a possi-
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ble mechanism for modulation of behaviors by the presence of
stressors that warrants further investigation across taxa.

The most notable seasonal variation in the Hawaiian sergeant
fish VT system was the greater number of gigantocellular neurons
during the peak spawning period in both males and females. The
gigantocellular VT cell group is thus far found only in teleost fishes,
but the function of these neurons is not yet known. However, sev-
eral studies do show correlations between gigantocellular neurons
and reproduction. For example, gigantocellular somata numbers
were elevated during the peak spawning season in the halfspotted
goby (Asterropteryx semipunctata) (Maruska et al., 2007b), seasonal
changes in VT expression were most predominant in gigantocellu-
lar neurons in masu salmon (Oncorhynchus masou) (Ota et al.,
1999), castration affected only gigantocellular soma size in blue-
head wrasse (Thalassoma bifasciatum) (Semsar and Godwin,
2003), and increased VT mRNA expression in the gigantocellular
region was positively correlated with agonistic and reproductive
behaviors in the African cichlid fish (Astatotilapia burtoni) (Green-
wood et al., 2008). Thus the greater number of VT gigantocellular
somata during peak spawning in the damselfish may also be re-
lated to some aspect of their reproductive physiology, behavior,
or social environment. Further physiological and behavioral stud-
ies are needed to directly test the hypothesis that parvo, magno,
and gigantocellular VT groups serve different functions in fishes.

4.3. VT-immunoreactivity in motor and sensory regions

VT-ir axons innervate several sensory and motor processing re-
gions in the Hawaiian sergeant fish brain, which is consistent with
the hypothesis that both sensory and motor processing can be
influenced by VT at multiple levels in the fish brain (Rose and
Moore, 2002; Moore and Rose, 2002). The presence of VT within
these regions alone does not provide definitive evidence of physi-
ological action or behavioral function because neuropeptides re-
leased in one region can act by diffusion or volume transmission
in areas located many microns away (Landgraf and Neumann,
2004). However, many of the same sensory and motor regions of
the brain that contain VT-ir axons in this study are also known
to express V1a receptors or VT binding sites in several taxa (Moons
et al., 1989; Ostrowski et al., 1994; Boyd, 1997; Lewis et al., 2005).

Neuroanatomical, physiological and behavioral studies demon-
strate that VT and VP play a role in both vocal behavior and audi-
tory processing across taxa (Dubois-Dauphin et al., 1987; Penna
et al., 1992; Boyd, 1994; Goodson and Bass, 2000). VT-ir axons in
the Hawaiian sergeant fish were also localized to the auditory-
mechanosensory TS of the midbrain. Hawaiian sergeant fish pro-
duce low frequency sounds during agonistic interactions and
courtship (Maruska et al., 2007a), and vocal-acoustic communica-
tion is important for many damselfishes. The mechanism of sound
production remains unknown in most damselfishes, but is hypoth-
esized to involve movements of the pharyngeal jaw apparatus and
amplification by the swim bladder (Rice and Lobel, 2003). A recent
study in another damselfish species showed that sound production
involves a sonic ligament and movements of the jaw that may be
an exaptation of the feeding mechanism (Parmentier et al.,
2007). VMN neurons in fishes innervate the pharyngeal jaw mus-
cles, and therefore VT-ir axons in this region of the Hawaiian ser-
geant brain could possibly influence vocal output. The
mammalian homolog VP is also known to have powerful excitatory
actions on hindbrain motor neurons involved in feeding and other
visceral functions in mammals (Mo et al., 1992; Reymond-Marron
et al., 2006), and thus VT may have conserved distributions in these
hindbrain regions. Alternatively, VT in the VMN could be involved
in the control of autonomic responses related to circulation, diges-
tion, or respiration that may undergo seasonal changes in physio-
logical demands (e.g. viscerosensory function), or be part of a
primitive social circuit that regulates social and emotional behav-
iors (Thompson et al., 2008).

4.4. Sex and seasonal variations in VT-ir fiber densities

The Hawaiian sergeant fish showed distinct seasonal varia-
tions in VT innervation to the sensory TS. While changes in VT
somata (size, number, or gene expression) according to season,
sex, reproductive or social status exist in many vertebrates, this
study is the first to quantify sex and seasonal variations in VT
innervation to caudal brain regions in a teleost fish. VT-ir axons
and VT receptors are found within midbrain auditory regions of
mammals, amphibians, and fish (Dubois-Dauphin et al., 1987;
Moons et al., 1989; Goodson and Bass, 2000; Boyd, 1997), and
VT is known to influence auditory processing in the midbrain
of amphibians (Penna et al., 1992). Thus increased VT innerva-
tion within the TS of female Hawaiian sergeant fish during the
peak reproductive period may influence detection of acoustic
and hydrodynamic cues from males during courtship and spawn-
ing behaviors similar to that described in the tectum of the
roughskin newt (Taricha granulosa) where VT may prime the vi-
sual system during the breeding season (Zoeller and Moore,
1986). VT-immunoreactivity is also steroid-sensitive across taxa
(Boyd, 1997; Panzica et al., 2001; Goodson and Bass, 2001)
and seasonal changes in VT-ir somata and fiber innervation to
auditory sensory regions may be regulated by circulating gona-
dal steroids or locally synthesized neurosteroids that vary across
the reproductive cycle (Do-Rego et al., 2006).

Male Hawaiian sergeant fish showed greater VT innervation to
the hindbrain VMN compared to females, as well as greater fiber
densities during the peak spawning period. Male damselfish are
generally more vocal than females as they produce several differ-
ent types of agonistic and reproductive sounds (Myrberg and Lad-
ich, 2006), which may explain the greater VMN VT-ir innervation
in male Hawaiian sergeant fish compared to females. Alternatively,
VT in the VMN of the Hawaiian sergeant fish may not be related to
vocal behavior at all, but rather associated with hindbrain auto-
nomic processes that influence a primitive social circuit possibly
controlling social and emotional behaviors across vertebrates
(Thompson et al., 2008).

In summary, the present study shows sex and seasonal varia-
tions in several VT cell groups and fiber projections in the Hawai-
ian sergeant fish that are correlated with temporal reproduction.
VT-ir fibers were also found within sensory and motor regions of
the midbrain and hindbrain, which provides neuroanatomical sup-
port for the hypothesis that VT can influence processing at multiple
levels within the fish brain. Future studies that localize VT recep-
tors and test the physiological and behavioral effects of VT neuro-
nal variations in single fish species are needed to determine the
biological function and evolution of this important nonapeptide.
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