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Abstract

The brain plays a critical role in controlling reproduction through the hypothalamus-pituitary-gonadal (HPG) axis
in vertebrates. Turbot (Scophthalmus maximus) has become an economically important marine fish in Europe
and North China. Previous research investigating turbot reproduction has focused on the role of the HPG axis in
regulating egg and sperm production. However, the morphology and histology of the organs in the HPG axis have
not been studied. In this study, we investigated the morphology and histology of brains in female and male turbot
at different stages of gonadal development. The results showed that the brains of both female and male turbot
were composed of seven parts that are typical of advanced teleosts: the telencephalon, diencephalon, cerebellum,
hypothalamus, pituitary gland, myelencephalon, and olfactory bulbs. The telencephalon was well-developed and
contained five distinct lobes, with the contiguous diencephalon at the caudal portion. The torus longitudinales
and rostral torus semicircularis of the mesencephalon flattened along the dorsal surface, and the rostral corpus
cerebellum was located in the dorsal portion. The actual total brain volume in mature males was significantly
greater (p<0.05) than that of females with gonadal development. Notably, the pituitary volume in male turbot
significantly increased (p<0.05) from immature to mature stage, but this difference did not occur in females. The
data together illustrate a distinct sex difference in the turbot brain during gonadal development, providing insight

into their HPG axes.
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1 Introduction

Fish brains comprised of several main structures, they are ol-
factory bulbs, telencephalon, mesencephalon, diencephalon (in-
cluding the optic tectum and hypothalamus), cerebellum, dorsal
medulla, and pituitary gland (Broglio et al., 2003; Kotrschal et al.,
1998; Ullmann et al., 2010). In most fish, the telencephalon con-
sists of paired cerebral hemispheres with olfactory bulbs at-
tached to the rostral hemispheres (Striedter and Northcutt,
2006). The mesencephalon and diencephalon possess teg-
mentum and overlie the spinal cord. The cerebellum arises from
the rostral roof, and the myelencephalon is positioned behind
the cerebellum. The hypothalamus and pituitary gland are loc-
ated on the ventral side of the brain. The inferior lobes of the hy-
pothalamus are paired, and the hypothalamic tegmentum serves
to convert sensory inputs into hormonal and behavioral re-
sponses. The saccus vasculosus contains cerebrospinal fluid that

contacts neurons and the distinctive ependyma (Kotrschal et al.,
1983). The pituitary gland serves as the central humoral com-
mand unit for physiology and behavior and is self-controlled by
the hypothalamus.

Reproduction is a fundamental part of life and is necessary for
species propagation. The hypothalamus-pituitary-gonadal
(HPG) axis plays a critical role in controlling reproduction
through functional neuropeptides and hormonal systems in ver-
tebrates (Acevedo-Rodriguez et al., 2018; Bauchot et al., 1989;
Dwyer and Quinton, 2019; Loveland et al., 2021). Briefly, the hy-
pothalamic release of gonadotropin-releasing hormone (GnRH)
stimulates the secretion of gonadotropic hormones (GtHs),
luteinizing hormone (LH), and follicle stimulating hormone
(FSH) from the anterior pituitary gonadotropes. When LH and
FSH reach the gonads, they stimulate gametogenesis and pro-
mote gonadal release of steroids such as testosterone, estradiol,
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and progesterone. These gonadal steroids can act as a feedback
system to modulate upstream HPG components (Bizzarri and
Cappa, 2020; MacManes et al., 2017; Maharajan et al., 2020;
Meethal and Atwood, 2005). Thus, the HPG axis depends on the
brain and pituitary gland to guide proper gonadal development
and facilitate reproduction.

Turbot (Scophthalmus maximus) were originally farmed in
Europe, but have become one of the most economically import-
ant marine species farmed in northern China (Alvarifo et al.,
2001; Lin et al., 2012; Zhao et al., 2018a). Because artificial repro-
duction is vital to turbot farming, it is very important to obtain
mature eggs and sperm concurrently during the breeding season.
There have been some studies on the reproduction of turbot
(Imsland et al., 2003; Stoss and Reer, 2020). However, most of
these studies focused on testes and ovary development and mat-
uration, including sex differentiation (Zhao et al., 2017) and germ
cell differentiation (Lin et al., 2013; Liu et al., 2021; Xue et al.,
2018; Zhou et al., 2019). Research investigating the role of central
nervous system (CNS) organs, particularly regarding the brain
and pituitary gland, is rare. The only report on GnRH in brain
areas and gonads of male and female turbots showed direct regu-
lation of gonadal development by the GnRH system (Zhao
et al., 2018b). However, the morphology and histology of CNS or-
gans via the HPG axis, in coordinating with gonadal develop-
ment, have not been studied. Therefore, a comprehensive under-
standing of organ development in the HPG axis is urgently needed.

The aim of this study is to investigate sex differences in the
brains of turbot during gonadal development. Firstly, the charac-
teristics of the turbot brain were described using anatomy and
histology. Next, changes in morphology of the pituitary gland
were measured as volume at different stages of gonadal develop-
ment. These results will help elucidate significant links between
turbot brain structure and gonadal development.

2 Materials and methods

2.1 Experimental fish and sampling

Turbots were obtained from Laiyang aquafarm (Shandong,
China) according to their developmental stages. Samples in-
cluded male and female fish at 8 (immature), 16 (maturing), and
24 (mature) months post-hatching (mph). Fifteen male and fif-
teen female turbots were sampled for each stage, and their total
weight and length were measured (Fig. 1). The whole brain and
gonads were collected after the fish were anesthetized in 200 g/L
MS-222 (Sigma, Saint Louis, MO, USA). The brains were fixed in
4% paraformaldehyde for 24 h for morphological assessment.
After photographs were obtained using the SteREO Discovery
V20 microscope (Zeiss, Oberkochen, Germany), the brain
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samples were used for histological analysis. The gonads were
submerged in 4% paraformaldehyde for 24 h for fixing and stored
in 70% ethyl alcohol until histological processing.

2.2 Morphology and brain volumetric quantification

In this study, the volumes of the whole brain and distinct
brain regions were evaluated. The volumes (V) of all brain struc-
tures were calculated according to an idealized ellipsoid model
(Pollen et al., 2007) following the formula V=(LxWxH) 11/6. The
width (W) and length (L) were measured using dorsal and vent-
ral images, and the height (H) was measured using lateral im-
ages according to the method shown in Fig. 2. For paired struc-
tures, the estimated volume was doubled. In addition, the total
brain volume was estimated using the ellipsoid method. The
length of the total brain was defined as from the telencephalon to
the medulla, the height was defined as from the midbrain to the
hypothalamus, and the width was defined as across the two-op-
tic tecta.

2.3 Histology

Fixed brain and gonad samples were dehydrated using an in-
cremental series of ethanol washes, clarified in xylene, embed-
ded in paraffin, and sliced into serial transverse sections at 5 pum
using a rotary microtome (Leica, Wetzlar, Germany). The sec-
tions were stained with haematoxylin and eosin (HE) and ex-
amined using an Axio Scope Al microscope (Leica, Wetzlar, Germany).

2.4 Statistical analysis

All results are expressed as mean+SD. Statistics were per-
formed using SPSS 15.0 software. Data were compared using two-
way ANOVA, and significant differences were detected using
Duncan’s multiple range test.

3 Results

3.1 Brain morphology

In gross view, the brains of turbots were attached to the anter-
oventral aspect of the body and behind the eyes (Figs 3a, b). The
whole brains contained seven parts: telencephalon, dienceph-
alon, cerebellum, hypothalamus, pituitary gland, myelenceph-
alon, and olfactory bulbs (Figs 3c-¢). The telencephalon was pro-
nounced, with prominent lobules. The diencephalon was loc-
ated to the posterior of the telencephalon and was large. The
cerebellum was dorsally expanded and caudally directed, and
was relatively large. The olfactory bulbs were positioned rostrally
to the telencephalon.
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Fig. 1. Characteristics of turbot at 8, 16, and 24 months post-hatching (mph). a. Total weight; b. total length. Error bars represent
mean+SD (N=3). Different uppercase/lowercase letters represent statistical significance (p<0.05) between the two sexes.
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Fig. 2. Illustration of the ellipsoid method to assess brain volumes of turbot. a. Lateral view; b. dorsal view; c. ventral view; d. dorsal
view. The measurements used to determine the sizes of the brain structures are indicated. W represents width; H, height; L, length; 1,
telencephalon; 2, diencephalon; 3, cerebellum; 4, hypothalamus and saccus vasculosus; 5, pituitary; 6, myelencephalon; 7, olfactory

bulb.

i 4
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Fig. 3. Morphological observation of turbot brain. a-b. Brain in
turbot head; c. dorsal view; d. lateral view; e. ventral view. 1, tel-
encephalon; 2, diencephalon; 3, cerebellum; 4, hypothalamus
and saccus vasculosus; 5, pituitary; 6, myelencephalon; 7, olfact-
ory bulb. Scale: 2 mm.

3.2 Brain histology

The brains of turbots were characterized as having a typical
advanced teleost brain architecture, with unique features (Figs 4
and 5).

3.2.1 Telencephalon

The telencephalon was clear and consisted of five distinct
lobes including the dorsodorsal nucleus (Dd), dorsomedial nuc-
leus (Dm), dorsolateral nucleus (D1), and dorsocentral nucleus
(Dc), with the dorsolateral nucleus (Dp) positioned in the ventral
division. The lobation was clear and distinct above the anterior
commissure (Ac). The ventral posterior nucleus (Vp) was located
in the caudal-most telencephalon (Fig. 4a). The caudal portions
of the olfactory bulbs (OB) were positioned under the telencephalon.

3.2.2 Diencephalon and mesencephalon

The diencephalon was contiguous with the caudal portion of
the telencephalon, with a distinct habenulae (Ha) and dorsal me-
dial nucleus of the thalamus (DM). Magnocellular preoptic nuc-
lei (PP) were abundant in the dorsal preoptic area. Narrow
subependymal expansions were present at the posterior commis-
sure. The thalamic nuclei of the dorsoposterior, centroposterior
nuclei, the hypothalamic nuclei of the dorsal nuclei, and ventral
nuclei all appeared clearly in their normal positions. The nucle-
us glomerulosus (G) was large and circular. The inferior lobes
were medium sized. The lateral recess (LR) was positioned with-
in the lobe. The cells of the nucleus diffusus (ND) were sparse,
but well-organized. The mammillary bodies (CM) met along the
third ventricle, and the saccus vasculosus was evident (Figs
4b-d).

The tectum of mesencephalon (Tec) was circular and the su-
perficial white matter was proportional and apparent. The
pretectal nucleus (NPTec) was large. The torus longitudinales
(T1) and rostral torus semicircularis (Ts) were present, and were
flattened along the dorsal surface. The medial longitudinal fas-
ciculus (MLF) was always apparent.

3.2.3 Cerebellum

The valvula cerebellum (Vcb) (Figs 4c, d) appeared in the
mesocoel and included a molecular layer and granule cell re-
gions. The valvula initially formed as single lobes, becoming
broader in the caudal direction with two large and stacked lobes.
The rostral corpus cerebellum (CCb) was located in the dorsal
portion of the brain (Figs 5a-d) and was tall and broad. The em-
inentia granulares (EG) and motor nucleus of the trigeminal
nerve (Vm) appeared clearly.

3.2.4 Myelencephalon

Further in the caudal direction, the crista cerebellaris (CC)
was prominent (Figs 5c, d), but decreased in size from the rostral
to caudal ends.

3.3 Changes of morphology and volumes in turbot brain struc-
tures
The distinct brain morphology of both sexes at 8, 16 and
24 mph are presented in Fig. 6. The pituitary gland increased sig-
nificantly in volume as body size increased. Though the size of
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Fig. 4. Transverse sections of brain of turbot (I). a-d. Telencephalon, diencephalon, mesencephalon, and cerebellum. Tissue
abbreviations: Ac represents anterior commissure; Vp, ventral posterior nucleus; Dc, dorsocentral nucleus of the telencephalon; Dd,
dorsodorsal nucleus; DI, dorsolateral nucleus of the telencephalon; Dm, dorsomedial nucleus of the telencephalon; DM, dorsal
medial nucleus of the thalamus; Dp, dorsal posterior nucleus of the telencephalon; G, nucleus glomerulosus; Ha, habenula; III,
oculomotor nerve; LL, lateral lemniscus; LR, lateral recess of the inferior lobe; MLF, medial longitudinal fasciculus; ND, nucleus
diffusus of the inferior lobe; NPTec, pretectal nucleus; OB, olfactory bulb; PM, magnocellular nucleus; PP, preoptic nucleus; Vcb,
valvula cerebelli; SV, saccus vasculosus; Tec, tectum of the mesencephalon; Tl, torus longitudinalis of the mesencephalon; Ts, torus
semicircularis of the mesencephalon. Scale: 1 mm.

Fig. 5. Transverse sections of brain of turbot (II). a-d. Cerebellum and myelencephalon. Tissue abbreviations: BC represents
brachium conjunctivum; CC, crista cerebellaris; CCb, corpus division of the cerebellum; VIII, auditory/vestibular nerve complex; Tec,
tectum of the mesencephalon; EG, eminentia granularis; LL, lateral lemniscus; MLF, medial longitudinal fasciculus; RF, reticular
formation; Vm, motor nucleus of the trigeminal nerve; Ts, torus semicircularis of the mesencephalon. Scale: 1mm.

the pituitary glands at 8 mph did not differ between male and fe-
male turbots, the pituitary glands of males grew faster than those
of females. This is evidenced by their larger volumes at 16 mph and
24 mph (Figs 6c¢, f).

The actual volumes of the seven brain structures were invest-
igated at 8 mph, 16 mph, and 24 mph (Figs 7a-c) in both sexes. At
8 mph (Fig. 7a), the mesencephalons of females were larger than
those of males, while the hypothalamus and pituitary glands did
not differ between the sexes. At 16 mph (Fig. 7b), the male mes-

encephalon, telencephalon, and pituitary glands were signific-
antly larger than those of the females (p<0.05). At 24 mph (Fig. 7c),
only the pituitary glands differed significantly (p<0.05) between
females and males, and the males’ pituitary glands were larger
(p<0.05) than those of the females. The size of the telencephalon,
cerebellum, myelencephalon, and olfactory bulbs did not differ
significantly between females and males at any growth stage. The
total brain volumes were also analyzed (Fig. 7d). Male brain
volume at 24 mph ((295.83+23.31) mm?3) was significantly greater
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Fig. 6. Morphology of turbot brain at 8 months post-hatching
(mph) (a, d), 16 mph (b, e) and 24 mph (c, f). 1, telencephalon; 2,
diencephalon; 3, cerebellum; 4, hypothalamus and saccus vascu-
losus; 5, pituitary; 6, myelencephalon. The pituitary gland is
marked with a red dotted circle in the lateral view. Scale: 2 mm.

than female brain volume (p<0.05), but there were no significant
differences at 8 mph or 16 mph.

The relative volumes of the brain structures were also ana-
lyzed. Studies that have compared brain volumes have demon-
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strated that brain size exhibits an allometric relationship with
body size (Gonzalez-Voyer et al., 2009a, b; White and Brown,
2015a, b). To control for these allometric effects, the relative
brain structure volume was calculated as relative pituitary gland
volume=pituitary volume/total brain volume. The results are
shown in Fig. 8. In females, the relative volumes did not differ sig-
nificantly with different development stages for any of the ana-
lyzed brain structures. In males, significant differences in relat-
ive volumes were found in the telencephalon, mesencephalon,
cerebellum, hypothalamus, and pituitary gland with different de-
velopment stages. It is notable that a different pattern of relative
volumes of the pituitary gland was observed between males and
females with different development stages. And the relative
volumes of the pituitary gland increased significantly in males
between 8 mph and 24 mph, but it did not increase in females.

3.4 Identification of gonadal development stages in male and fe-

male turbot

Gonadal sections confirmed that 8 mph, 16 mph, and 24 mph
were represented immature, maturing, and mature stages of gon-
adal development, respectively. In immature ovaries, the oocytes
were in the chromatin nucleolar and perinucleolus stages (II)
(Fig. 9a). The Genadosomatic Index (GSI) of immature females
was 0.11+0.02 (Fig. 9d). Immature testes contained both type-A
and type-B spermatogonia (Fig. 9e). The GSI of this stage was
0.03+0.008 (Fig. 9h). In maturing ovaries, most oocytes were in
the late perinucleolus stage (II) and several oocytes had even
entered the vitellogenic stage (III), indicating that vitellogenesis
had begun (Fig. 9b). The GSI of this stage was 0.65+0.07 (Fig. 9d).
Maturing testes contained primary spermatocytes, secondary
spermatocytes, and a small amount of spermatogonia (Fig. 9f).
The GSI of this stage was 0.050+0.004 (Fig. 9h). Ovaries at 24 mph
were mature, and the oocytes had undergone the late vitellogen-
ic and post-vitellogenic stages (IV) and reached maturation
(stage V; Fig. 9¢). The GSI of mature females was 5.25+1.93
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Fig. 7. The actual brain structure volumes at different reproductive stages in both sexes. a. 8 months post-hatching (mph); b. 16 mph;
c. 24 mph. d. the actual total brain volumes at different stages in both sexes. Abbreviations: Te, telencephalon; Me, mesencephalon;
Ce, cerebellum; Hy, hypothalamus; Pi, pituitary glands; Mo, myelencephalon; Ob, olfactory bulb. Error bars represent mean+SD
(N=15). Statistical significance (p<0.05) marked with A, B in female group, and A’, B'in male group. Asterisk (*) indicates significant

difference (p<0.05) between the sexes.
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Fig. 8. Comparison of relative brain structure volumes in female (a) and male (b) turbots at different stages. Abbreviations: Te,
telencephalon; Me, mesencephalon; Ce, cerebellum; Hy, hypothalamus; Pi, pituitary glands; Mo, myelencephalon; Ob, olfactory bulb.
Error bars represent mean+SD (N=15). Different letters represent significant differences among the stages (p<0.05).
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Fig. 9. Histology of ovaries and testes at 8 months post-hatching (mph) (a, €), 16 mph (b, f), and 24 mph (c, g). d. Genadosomatic
Index (GSI) of females; h. GSI of males. I, primary vitellogenic oocytes; III, IV, large growth of vitellogenic oocytes; V, mature oocytes.
Abbreviations: A-SG, A type-spermatogonia; B-SG, B type-spermatogonia; PSC, primary spermatocytes; SSC, secondary
spermatocytes; ST, spermatids; SZ, spermatozoa. Scale: a-c, 100 um; e-g, 50 pm. Error bars represent mean+SD (N=3). Different letters

represent significant differences among stages (p<0.05).

(Fig. 9d). Testes at the mature stage contained spermatids and sper-
matozoa (Fig. 9g). The GSI of this stage was 0.48+0.09 (Fig. 9h).

4 Discussion

It is well known that different fish brain regions control spe-
cific cognitive functions for higher processing and share clear ho-
mologies with those of other vertebrates (Broglio et al., 2003; Fin-
ger, 1988; White and Brown, 2015a). Several studies have ad-
dressed the variability among brains of different species. Each or-
gan serves a different purpose and may develop differently de-
pending on the needs of the fish (Ishikawa et al., 1999; Ito et al.,
2007). The telencephalon receives primary olfactory input and
integrates it with a variety of other complex sensory inputs (East-
man and Lannoo, 2008; Northcutt, 2006). The tectum is known as
avisual center (Demski, 2003). The corpus cerebellum is typic-
ally large in teleost fishes and is an important integrative center
receiving visual, mechanosensory lateral line, and somato-
sensory inputs (Ito et al., 2007; Kotrschal et al., 1998). In this
study, the turbot had a well-developed and distinct telenceph-
alon, but a less developed cerebellum. This is likely due to their
deep-water environment and sedentary lifestyle, which necessit-
ates seeking and locating prey using combined olfactory and

visual cues (Brindn et al., 1993; Kotrschal et al., 1998).

Many studies have demonstrated correlations between brain
morphology and ecological environments in fish (Burns and
Rodd, 2008; White and Brown, 2015a). For example, Pleuronecti-
form fish are unusual animals in being grossly asymmetric as
adults but symmetrical when young. The Pleuronectiforms de-
velop prominent asymmetries only later in development, when
they lie either on their left or right body side. Although this
change involves a complex modification of the head and neural
morphology (Bauchot et al., 1989; Finger, 1988), the associated
asymmetries in the brain are somewhat less pronounced than ex-
pected. In winter flounder (Pseudopleuronectes americanus), a
species of flatfish that is nearly always dextral, i.e., with the eyes
on the right side of the head and with its left side facing down, the
right telencephalon is approximately 8% larger than the left (Rao
and Finger, 1984). The brains of Paraplagusia japonica and
Zebrias also exhibit asymmetrical morphologies (Ito et al., 2007).
In turbot, the telencephalic hemispheres and the optic tectum
developed asymmetries during metamorphosis, but the optic
tectum recovered its bilateral symmetry after metamorphosis
(Brifién et al., 1993). In this paper, the post metamorphosis tur-
bot brains did not show asymmetries in either the morphological
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or histological assessments. This may have been because the tur-
bots in this study were adult fish and had already undergone
metamorphosis. Thus, more detailed research should investigate
the volumes of left and right brain structures to gain a more com-
plete data set describing brain size and structure in turbot.

Previous studies have demonstrated that there are several
variations in brain size and structure that stem from adaptive
ecology. These variations arise because different vertebrate taxa
benefit differently from specific cognitive enhancements. Vari-
ables such as habitat complexity, social behavior, diet, parental
care strategies, life-history traits, mating strategy, and sexual se-
lection have all been found to correlate with different aspects of
brain size and structure (Gonda et al., 2009; Gonzalez-Voyer et al.,
2009b; Kolm et al., 2009; Pitnick et al., 2006; Pollen et al., 2007;
Safi and Dechmann, 2005; White and Brown, 2015b). For ex-
ample, comparisons of the brains of precocious and non-preco-
cious fish linked brain size and structure to mating strategy in
wild brown trout (Salmo trutta). In addition, the brains of preco-
cious female fish were larger than those of precocious male fish
(Gonzalez-Voyer et al., 2009b). However, unlike the brown trout,
the female turbots examined in this study had smaller brains
than the males, despite the females being larger in total weight
and length. This suggests that the size and structure of the turbot
brain was driven, to some degree, by sexual selection.

In this study, we first investigated brain changes with gonadal
development, and found that pituitary volume increased signific-
antly. In vertebrates, pituitary GtHs play a critical role in the con-
trol and regulation of gonadal development, gametogenesis, and
gonadal steroidogenesis, and there is a strong correlation
between the brain and reproductive behavior, particularly gon-
adal development (Borella et al., 2019; Loveland et al., 2021).
Typical GtH, FSH, and LH cells are distributed in the proximal
pars distalis (PPD) and the pars intermedia (PI) areas of adeno-
hypophysis (AH) during early ovarian differentiation and devel-
opment, indicating they are involved in gonadal development
and differentiation (Xu et al., 2020). The distinct pituitary cell
types and physiological roles of GtH hormones in turbot may be
similar to other teleosts. Furthermore, a hypothesis generated
from sexual selection theory suggested that changes in brain size
may be accompanied by compensatory changes in sexual organs,
showing an evolutionary relationship between investment in
testes and brains (Pitnick et al., 2006). Artificially extracted se-
men from cultured male turbot brood stock is usually of poor
quality, with high rates of sperm deformities (Liu et al., 2021).
Therefore, the male turbot brood stock, as indicated by their ex-
tremely large pituitary glands, may require the synthesis and re-
lease of GtHs to improve sperm quality. The pituitary glands con-
sist of two major sections, the neurohypophysis (NH) and the
AH, which were investigated using histochemical (HE, Mallory
trichrome, and Periodic Acid-Schiff stain) and immunocyto-
chemical approaches (Borella et al., 2009; Miwa and Inui, 1987).
The AH was comprised of the pars distalis (PD). However,
changes in number of cells and hormone levels were not meas-
ured during the gonadal development of males and females in
this study. Further studies using multiple techniques should be
conducted in order to better understand the pattern and distribu-
tion of GtH cells in the pituitary gland, especially in regions pro-
ducing gonadotropins.

In conclusion, a detailed description of the turbot brain based
on morphology and histology was presented in this paper. It was
confirmed that the turbot brain architecture is characteristic of
advanced teleosts. The total brain volume in mature males was
significantly larger than in females. The pituitary gland size grew

significantly larger from the immature to the mature stage in
males, while there were no differences among developmental
stages in females. These data together illustrated a distinct sex
difference in the turbot brain during gonadal development. Fur-
ther research investigating brain function in the HPG axis is
needed in order to improve our understanding of gonadal devel-
opment in turbot brood stock.
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