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A B S T R A C T   

Sex differences in cell number in the preoptic area of the hypothalamus (POA) are documented across all major 
vertebrate lineages and contribute to differential regulation of the hypothalamic-pituitary-gonad axis and 
reproductive behavior between the sexes. Sex-changing fishes provide a unique opportunity to study mechanisms 
underlying sexual differentiation of the POA. In anemonefish (clownfish), which change sex from male to female, 
females have approximately twice the number of medium-sized cells in the anterior POA compared to males. This 
sex difference transitions from male-like to female-like during sex change. However, it is not known how this sex 
difference in POA cell number is established. This study tests the hypothesis that new cell addition plays a role. 
We initiated adult male-to-female sex change in 30 anemonefish (Amphiprion ocellaris) and administered BrdU to 
label new cells added to the POA at regular intervals throughout sex change. Sex-changing fish added more new 
cells to the anterior POA than non-changing fish, supporting the hypothesis. The observed effects could be 
accounted for by differences in POA volume, but they are also consistent with a steady trickle of new cells being 
gradually accumulated in the anterior POA before vitellogenic oocytes develop in the gonads. These results 
provide insight into the unique characteristics of protandrous sex change in anemonefish relative to other modes 
of sex change, and support the potential for future research in sex-changing fishes to provide a richer under-
standing of the mechanisms for sexual differentiation of the brain.   

1. Introduction 

Sex differences in the nervous system are essential for neuroendo-
crine regulation of gonadal physiology and sexual reproduction. The 
preoptic area of the hypothalamus (POA) is the hypothalamic node of 
the hypothalamic-pituitary–gonadal axis and an essential regulator of 
sexual behaviors and other social behaviors (Burbridge et al., 2016; 
Kanda, 2019; McCarthy, 2020; O’Connell and Hofmann, 2012, 2011). 
Sex differences in POA volume, cell number, or cell density are among 
the most widely-reported brain sex differences across all major verte-
brate classes. They have been described in many mammals (Bleier et al., 
1982; Bloch and Gorski, 1988; Clarkson and Herbison, 2006; Gorski 
et al., 1978; Madeira et al., 1999; Mohr et al., 2016; Roselli et al., 2004; 
Sickel and McCarthy, 2000) including humans (Allen et al., 1989; Byne 
et al., 2000; Garcia-Falgueras and Swaab, 2008; LeVay, 1991; Swaab 
and Fliers, 1985), in birds and reptiles (Crews et al., 1990; Hillsman 

et al., 2007; Panzica et al., 1991; Shevchouk et al., 2019; Viglietti- 
Panzica et al., 1986), in amphibians (Boyd et al., 1992; Moore et al., 
2000; Takami and Urano, 1984), and in fishes (Okubo et al., 2019; Page 
et al., 2010; Yamashita et al., 2021). 

Many of these sex differences have been linked to sex-specific 
reproductive physiology or behavior, and many of these sex differ-
ences are established by the actions of sex steroids during some critical 
period (Balthazart et al., 2009; Davis et al., 1996; Hillsman et al., 2007; 
McCarthy, 2020, 2008; Mohr et al., 2016; Panzica et al., 1991; Shev-
chouk et al., 2019). For example, in male rodents testosterone is secreted 
from the gonads during the perinatal period and is aromatized in the 
brain into estradiol to affect sexually-differentiated rates of apoptosis 
and dendritic growth in the developing POA (McCarthy, 2020). In fe-
male rodents, the absence of gonadal hormone secretion in the perinatal 
period allows the POA to develop along a female trajectory. Later, at the 
time of puberty, the surge of gonadal steroid secretion in both males and 
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females promotes cell proliferation and the gradual addition of new 
neurons and glia to sexually-differentiated regions of the POA 
throughout the peripubertal period, further differentiating those regions 
(Ahmed et al., 2008; Juraska et al., 2013; Mohr et al., 2017, 2016). The 
female-biased population in the anteroventral periventricular nucleus 
(AVPV) is essential in regulating the female ovulatory surge, while the 
male-biased population in the medial POA may regulate some aspects of 
male sexual behavior (Balthazart and Ball, 2007; McCarthy, 2020). 
Inhibiting peripubertal new cell addition to the female AVPV inhibits the 
activation of the female ovulatory surge (Mohr et al., 2017). Modulation 
of new cell addition to the POA is therefore an important mode of sexual 
differentiation, particularly for the female POA. A better understanding 
of its underlying mechanisms will be essential to more fully grasping 
female brain development and how it relates to reproductive health and 
dysfunction. 

The deeply-conserved nature of the POA makes it an ideal focus for 
the comparative study of sexual differentiation in the brain (Kanda, 
2019; O’Connell and Hofmann, 2012). Sex-changing fishes provide a 
particularly unique biological context to study sexual differentiation 
(Casas and Saborido-Rey, 2021; Erisman et al., 2013; Kuwamura et al., 
2020; Lamm et al., 2015; Prim et al., 2022). In these fishes, sex is 
determined by social status in adulthood, meaning that a fish will spend 
part of its adult life as one sex (e.g., a male with functional testes and 
male-like POA), then if/when the fish ascends to the dominant position 
in the social hierarchy, it will change to the other sex (e.g., become fe-
male, replacing functional testes with ovaries and developing a female- 
like POA). Different species exhibit either protogynous (female-to- 
male), protandrous (male-to-female), or bidirectional sex change. 
Throughout sex change, circulating levels of gonad-derived androgens 
and estrogens generally fall between the more extreme values typical of 
reproductive males (high androgen and low estrogen) or females (low 
androgen and high estrogen) (Godwin and Thomas, 1993; Nakamura 
et al., 1989; Parker et al., 2022), and in some species the hormones have 
been shown to gradually shift over the course of sex change (Nakamura 
et al., 1989). Sex differences in cell numbers in the POA have been 
described in a number of sex-changing fishes, including protandrous 
anemonefish (Amphiprion spp.) (Dodd et al., 2019; Elofsson et al., 1997), 
the protogynous Bluehead wrasse (Thalassoma bifasciatum) (Grober 
et al., 1991; Grober and Bass, 1991), and bidirectional sex-changing 
gobies (Lythrypnus dalli, Trimma okinawae) (Black et al., 2004; Grober 
and Sunobe, 1996; Reavis and Grober, 1999). These POA sex differences 
appear to gradually reverse over the course of sex change, which takes 
weeks to months depending on the species (Black et al., 2004; Dodd 
et al., 2019; Grober et al., 1991). However, little is known about the 
mechanisms underlying this process, nor how the development of those 
POA sex differences may relate to the unique landscape of circulating 
gonad-derived steroids observed during sex change (Nakamura et al., 
1989; Parker et al., 2022). 

There is evidence supporting both gonad-dependent and gonad- 
independent modes of brain sexual differentiation in sex-changing 
fishes. Gonad-dependent modes are generally driven by gonad-derived 
androgens or estrogens, while gonad-independent modes may result 
from brain-derived steroids or other non-steroidal mechanisms. In the 
protogynous Bluehead wrasse, for example, there is evidence that a sex 
difference in gonadotropin-releasing hormone (GnRH) neuron number 
in the POA is controlled by gonadal androgens (Grober et al., 1991; 
Grober and Bass, 1991). As androgen secretion gradually increases over 
the course of female-to-male sex change in these fish, GnRH neuron 
number increases as well (Grober et al., 1991; Nakamura et al., 1989). 
This fits well with the broader consensus framework that has developed 
around sexual differentiation of the teleost brain generally, which holds 
that brain sexual differentiation is principally accomplished by gonadal 
steroids secreted in adulthood and not during early development (Okubo 
et al., 2019; Page et al., 2010). However, gonadal steroids do not control 
all aspects of brain sexual differentiation in sex-changing fish. For 
example, vasotocin neuron soma size and vasotocin gene expression in 

the POA is differentiated through gonad-independent mechanisms in the 
Bluehead wrasse (Semsar and Godwin, 2004, 2003). Recent work in the 
common clownfish Amphiprion ocellaris, which changes sex from male- 
to-female, identified a sex difference in the POA that is differentiated 
independent of gonadal influence as well (Dodd et al., 2019). Female 
anemonefish had approximately twice the number of medium-sized cells 
in the anterior POA compared to males, and this sex difference emerged 
within six months of sex change, before gonadal sex change is complete 
(Dodd et al., 2019). The phenotype and function of these cells is yet to be 
established, but their number and distribution throughout the anterior 
POA is most consistent with a neuronal identity. 

One hypothesis to explain the doubling of this cell population before 
gonadal sex change is complete in anemonefish is that a period of 
enhanced cell proliferation, survival, or differentiation of new cells is 
triggered during sex change by gonad-independent means. Cellular 
proliferation (and subsequent differentiation into neurons) is known to 
persist throughout the fish brain throughout adulthood, including in the 
POA (Ganz and Brand, 2016; Kaslin et al., 2008; Page et al., 2010; 
Pellegrini et al., 2016; Zupanc, 2021). Radial glia that line the ventricle 
within the POA, and throughout the adult fish brain, serve as an 
asymmetrically-dividing progenitor cell pool as well as a scaffolding for 
neuroblast migration into the brain parenchyma (Ganz and Brand, 2016; 
Pellegrini et al., 2016; Zupanc, 2021). Continuous cell proliferation and 
neurogenesis allows for continuous growth throughout life in fish, as 
well as central nervous system repair after injury (Diotel et al., 2013; 
Ganz and Brand, 2016; Kaslin et al., 2008). Estrogens and androgens are 
known to play a role in regulating proliferation and survival of new 
neurons in the forebrain and hypothalamus (Diotel et al., 2013; Narita 
et al., 2018; Pellegrini et al., 2016). The estrogens in question appear to 
be brain-derived (Diotel et al., 2013), whereas androgen effects have 
only been demonstrated through exogenous administration (Narita 
et al., 2018). Rates of cell proliferation in the POA are also sensitive to 
social status in some teleost fish (Maruska et al., 2012). It is plausible 
that similar mechanisms may also be employed in the context of socially- 
controlled sex change. Despite all of this, no research has yet tested the 
potential role for new cell addition to contribute to brain sex change in 
any sex-changing fish. 

In the present study we aimed to test whether a period of increased 
new cell addition to the POA could be identified that may contribute to 
the emergence of a sex difference in POA cell number during sex change 
in anemonefish. We use the term “cell addition” to refer to the combined 
process of cell proliferation, survival, migration and differentiation, 
ultimately resulting in a net increase in the number of new cells. The 
sizeable sex difference observed in the anemonefish POA appears reli-
ably within six months, providing a good opportunity to study the 
remodeling of the POA over a predictable timeframe (Dodd et al., 2019). 
We quantified the number of new cells added to the POA at regular in-
tervals within six months after the onset of sex change in Amphiprion 
ocellaris, with the goal of identifying a time period within the six month 
interval where more new cells were added to the POA in sex-changing 
fish. 

2. Methods 

2.1. Animals and husbandry 

Fish were bred in-house from fish originally obtained from Ocean 
Reefs and Aquariums (Fort Pierce, FL). A total of 60 male Amphiprion 
ocellaris were used in this study to generate sex-changing pairs (see 
below, “2.2. Initiation of Sex Change”). Anemonefish are among the 
best-studied protandrous species, in part due to their unique life history 
(Casas et al., 2022). They live in small groups of approximately 2–4, 
sometimes more, around an anemone host. The group consists of one 
dominant female and her breeding male partner (the next fish in the 
hierarchy), often along with one or a few smaller non-breeding fish. If 
the dominant female disappears, the breeding male will change sex to 
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become female and the largest non-breeder will mature into a repro-
ductive male. Sex change can also be initiated in the laboratory by 
pairing two males together in a tank (Dodd et al., 2019). The male to 
establish dominance will change sex. Anemonefish sex change is typified 
by an individually-variable timecourse, spanning two to six months or 
more (Casas et al., 2016; Dodd et al., 2019; Fricke and Fricke, 1977; 
Godwin, 1994; Moyer and Nakazono, 1978). This is the case in the 
laboratory as well as in the wild, although laboratory sex change 
generally does appear to proceed more slowly. Over the course of sex 
change the dominant fish gradually loses testicular tissue (Casas et al., 
2016; Dodd et al., 2019; Godwin, 1994). And in cases where sex change 
is initiated through male-male pairing, both the dominant as well as 
subordinate fish gradually lose testicular tissue at a comparable rate 
(Dodd et al., 2019). This is hypothesized to reflect a state of reproductive 
stasis that both fish occupy while the process of sex change unfolds in the 
dominant fish (Dodd et al., 2019; Fricke, 1983). 

Prior to the experiment, each of the males were paired with females 
and spawning regularly. Another four breeding pairs (4 males and 4 
females) were used as controls. Each tank contained one terra-cotta pot 
(diameter 6′′) as a nest site and spawning substrate. All fish used in this 
study were reproductively mature, having been observed spawning with 
fertilized eggs at least once within three months preceding the experi-
ment. Breeding pairs in our colony are continuously spawning and nests 
are checked for the presence of fertilized eggs daily. Fish were housed in 
twenty-gallon tall (24′′ x 12′′ x 16′′) aquarium tanks integrated with a 
central circulating filtration system. Conditions mimicked the 
A. ocellaris natural environment (system water temperature range 
26–28C, pH range of 8.0–8.4, specific gravity of 1.026, 12:12 photope-
riod with lights on at 0700 and off at 1900 h). Fish were fed twice daily 
with Reef Nutrition TDO Chroma Boost pellets. Experimental procedures 
were approved by the University of Illinois Institutional Animal Care 
and Use Committee. 

The fish used in this study were also involved in a related study with 
the goal of investigating the timecourse of behavioral and hormonal sex 
change, the results of which are now published (Parker et al., 2022). In 
the three days prior to the day of euthanasia and tissue collection, all fish 
were subjected to behavioral assays consisting of two fifteen-minute 
encounters with a novel male fish, two fifteen-minute encounters with 
a novel female fish, and a thirty-minute encounter with a clutch of un-
related eggs. The reader is directed to that published report for a com-
plete description of the behavioral assays (Parker et al., 2022). Relevant 
portions of the methods and results from that report are reiterated and 
discussed in the present report. 

2.2. Initiation of sex change 

Sex change was initiated by pairing two male fish together in a tank, 
as in previous work (Dodd et al., 2019). When two male A. ocellaris are 
paired together in a tank they will display aggressive interactions to 
establish dominance (Yaeger et al., 2014). Generally, the larger fish will 
establish dominance and as a result change sex to female. To standardize 
the dominance contest we paired fish based on body size, keeping the 
body size discrepancy as consistent as possible across pairs. On average 
the larger fish in each pair was 15 ± 3 %  longer (mean ± standard 
deviation) and 51 ± 18 %  more massive than its partner. 

Dominance status in anemonefish is readily observable to an exper-
imenter. Fish establish and maintain their dominance through aggres-
sive displays (chasing, biting, lunging at subordinate fish). Subordinate 
fish do not aggress in response, and instead display submissive behaviors 
(e.g., fleeing when chased, trembling) (DeAngelis et al., 2020; Fricke 
and Fricke, 1977; Gonzalez et al., 2021; Iwata and Manbo, 2013; Wong 
et al., 2013). Newly established pairs were monitored daily by experi-
enced researchers (CGP and JSR) during the first week after pairing to 
qualitatively assess the direction of aggressive and submissive behaviors 
within pairs, as in previous work (Dodd et al., 2019). Based on this 
assessment we confirmed that the larger fish was the one to establish 

dominance in all pairs. Dominant fish are also expected to grow sub-
stantially to cement their dominant status and attain female size, which 
is approximately 25 % longer and 300 % more massive than the male 
partner (Buston, 2003; Fricke, 1979). To quantify change in body length 
and body mass over time we collected body length and body mass 
measurements at the time of pairing and again at the time of behavior 
and blood collection. Changes in body length and body mass were then 
calculated for each fish as percent change from initial length and mass. 
Indeed, we found that dominant fish in this study grew at a greater rate 
than subordinate fish, consistent with dominance establishment and the 
initiation of change (Parker et al., 2022). 

Sixty male A. ocellaris were removed from their female mates and 
paired off to create thirty dominant-subordinate pairs. This generated n 
= 30 dominant sex-changing fish and n = 30 subordinate non-changing 
fish. Four mature male–female breeding pairs were chosen from our 
colony to serve as controls (n = 4 control males and n = 4 control fe-
males). These fish had been observed spawning and rearing viable eggs 
at least once within three months prior to the study. Control pairs 
remained in their home tanks, receiving experimental treatments iden-
tical to the newly established experimental pairs. 

2.3. Terms and definitions regarding sex change 

Within the context of this report we will define sex and sex change as 
follows. Male and female fish are reproductively mature, having suc-
cessfully fertilized or laid eggs, respectively, within the past three 
months. Control male and female fish used in this study satisfied these 
criteria. When a male fish, in the absence of a female, establishes 
dominance over a subordinate tankmate, the dominant fish is no longer 
considered to be male and is instead considered to be in the process of 
sex change. The partners of these dominant sex-changing fish are 
considered to be subordinate non-changing fish. Subordinate non- 
changing fish are distinct from typical male fish because of their 
unique social context, as well as evidence that subordinate non- 
changing fish enter a period of reproductive dormancy characterized 
by regression of testicular tissue in the gonads (Dodd et al., 2019). 

It is generally accepted that the process of sex change in anemonefish 
is complete when a fish has gonads that are completely comprised of 
ovarian tissue, including bearing eggs at various stages of vitellogenesis, 
and lacking testicular tissue (Dodd et al., 2019; Fricke and Fricke, 1977; 
Godwin, 1994). To our knowledge, all available evidence indicates that 
vitellogenic oocytes rarely co-occur with any amount of testicular tissue 
remaining, and by the time a new female fish has spawned for the first 
time it has lost all testicular tissue. Based on these criteria, we happened 
to find 2 out of 29 dominant fish in this study (7 % of dominant fish) had 
completed gonadal sex change by the time of tissue collection. One of 
these fish was in the 18 week timepoint, and one was in the 26 week 
timepoint (see below, “2.4. BrdU Administration”, for information on 
timepoints). To distinguish these fish from control females we will refer 
to these fish as “new females”, and we refer to the tankmate of a new 
female as a “new male” to distinguish it from a control male. Neither of 
these sex-changed fish had laid eggs before tissue collection. 

Terms, as defined above, will be abbreviated as follows in the text 
and figures: male fish (M), female fish (F), dominant sex-changing fish 
(D), subordinate non-changing fish (S), new female (NF), new male 
(NM). 

2.4. BrdU administration 

Each of the 30 dominant-subordinate pairs were assigned to one of 
six timepoints for bromodeoxyuridine (BrdU) dosing (n = 5 pairs each 
timepoint). BrdU is a thymidine analogue that is incorporated into the 
DNA of dividing cells. Immunohistochemical detection of BrdU in a cell 
indicates that the cell was born at the time of BrdU administration. Fig. 1 
summarizes the BrdU dosing and tissue collection schedule. BrdU was 
administered to fish for five consecutive days beginning either 2, 6, 10, 
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14, 18, or 22 weeks after pairs were established (n = 5 pairs each 
timepoint). Fish were then left undisturbed for 4 weeks to allow BrdU- 
labeled cells to proliferate, migrate and differentiate, then fish were 
euthanized and tissue was collected. Thus, the timepoints for tissue 
collection were at 6, 10, 14, 18, 22, or 26 weeks, respectively. Groups 
will be referred to by these tissue collection timepoints throughout the 
report and figures. 

BrdU was administered to all fish during their designated dosing 
period for 5 consecutive days between 1000 and 1200 h each day, with 
the last dose being administered exactly 28 days (4 weeks) prior to the 
day of euthanasia and tissue collection. BrdU was prepared in a sterile 
saline solution (0.9 %) and injected intraperitoneally at a final dosage of 
10 ug/g body mass. Unfortunately, one pair of fish assigned to the week 
18 timepoint had to be removed from the study because the dominant 
fish died after BrdU dosing. This, along with the assignment of the two 
fish that completely changed sex into a separate group for analysis (see 
above, “2.3. Terms and Definitions Regarding Sex Change”), left n = 3 
dominant-subordinate pairs at the 18 week timepoint, n = 4 pairs at the 
26 week timepoint, and n = 5 pairs at all other timepoints. The 
maximum time of 26 weeks (six months) was chosen because our pre-
vious study found that the sexually-differentiated anterior POA cell 
population is reliably female-like in cell number within six months of sex 
change (Dodd et al., 2019). 

2.5. BrdU Immunohistochemistry and quantification 

Following euthanasia, brains were extracted and placed in a chilled 
4 % paraformaldehyde solution (pH 7.4) for 24 h. Brains were then 
treated in 30 % sucrose solution at 4 ◦C for 24 h, then embedded in OCT 
medium and frozen at − 80 ◦C until sectioning. Brains were sectioned on 
a cryostat in the coronal plane at 18 um and mounted directly onto slides 
(SuperFrost Plus, Fisher Scientific) in two series. One series was used in 
the present study. After sectioning, slides were allowed to dry for 24 h at 
room temp and then stored in slide boxes at − 80 ◦C until immunohis-
tochemical processing. 

Immunohistochemical staining for BrdU+ cells was carried out as 
follows. First, slides were removed from − 80 ◦C storage to defrost and 
dry at room temp for 24 h. Slides were then immersed in a chilled bath of 
4 % paraformaldehyde solution for 10 min, then washed in Tris-buffered 
saline (TBS) 3 times, 5 min each wash. Then, to reduce endogenous 
peroxidase activity, slides were immersed in 0.6 % H2O2 solution for 30 
min, followed by another 3 × 5 min TBS washes. For antigen retrieval 
slides were then incubated in a 50 % formamide solution at 65 ◦C for 90 
min, then washed in 2 M saline sodium citrate at room temp for 15 min, 
incubated in 2 M HCl at 37 ◦C for 30 min, then in 0.1 M borate buffer (pH 
8.5) at room temp for 10 min, then finally slides were washed in TBS 3 ×

5 min. Next, a hydrophobic barrier was drawn around the boundary of 
the slide surface with an ImmEdge PAP Pen (Vector Labs). A blocking 
solution (3 % normal goat serum and 0.1 % Triton-X in TBS) was then 
pipetted onto the slides for an incubation at room temp in a humid 
chamber for 1 h. Slides were then incubated in the primary antibody 
solution (rat monoclonal anti-BrdU at 1:1000 in blocking solution; 
Abcam #ab6326) at 4 ◦C in a humid chamber overnight (approximately 
18 h). Following the primary antibody treatment, slides were washed 
again in TBS 3 × 5 min then incubated in the secondary antibody so-
lution (goat anti-rat, biotinylated, at 1:250 in blocking solution; Vector 
Labs #BA-9400–1.5) at room temp in a humid chamber for 2 h. Slides 
were washed in TBS 3 × 5 min, then were incubated in an avidin–biotin 
solution (Vectastain ABC Kit, Vector Labs) at room temp in a humid 
chamber for 1 h, followed by another 3 × 5 min washes in TBS. Slides 
were then treated in a 3,3′-diaminobenzidine solution (SigmaFast DAB 
Kit, Sigma Aldrich #D4418), then briefly washed in TBS 3 × 1 min. 
Finally, slides were dehydrated, counterstained, and coverslipped as 
follows: TBS for 5 min, 1 % periodic acid for 5 min, methylene blue- 
azure II solution for 7 min, brief dunk in 95 % ethanol, brief dunk in 
100 % ethanol, treat in 100 % ethanol for 1 min, another fresh 100 % 
ethanol for 3–5 min (depending on stain intensity), xylenes for 10 min, 
coverslip using Permount mounting medium (Fisher Scientific). 

Brains were imaged to quantify number of BrdU+ cells and volume 
of the POA at 100x total magnification on a Zeiss AxioScope A1 light 
microscope using AxioVision software (Zeiss). The POA was identified 
and outlined in images with reference to a high-quality brain atlas for 
the cichlid fish Astatotilapia burtoni created and maintained by Karen 
Maruska’s Lab, as well as other published atlases for A. burtoni (Fernald 
and Shelton, 1985). Based on these references and following similar past 
work (Dodd et al., 2019) we split the POA into anterior, middle, and 
posterior subdivisions (aPOA, mPOA, and pPOA respectively). Moving 
through the brain from anterior to posterior, the beginning of the aPOA 
coincides with the middle of the anterior commissure. The boundary 
between aPOA and mPOA is defined by the appearance of the nearby 
entopeduncular nucleus, and the boundary between the mPOA and 
pPOA is defined by the end of the entopeduncular nucleus and the lateral 
extension of the ventral part of the POA along the optic nerve. The end of 
the pPOA coincides with the start of the nearby anterior thalamic nu-
cleus. These POA divisions follow previous work (Dodd et al., 2019), and 
result in the following relationships with POA divisions of the cichlid 
fish brain: the aPOA consists entirely of anterior parvocellular POA, the 
mPOA consists largely of magnocellular POA, and the pPOA consists of 
gigantocellular and posterior parvocellular POA. Previously, we found 
an increase in cell number specifically in the aPOA during sex change 
using a Nissl stain and counting total number of cells in each POA 
subdivision (Dodd et al., 2019). In the present work, BrdU+

Fig. 1. Summary of study design. Thirty dominant- 
subordinate pairs were generated from sixty male 
A. ocellaris. Pairs were assigned to one of six time-
points for brain and gonad tissue collection (n = 5 
pairs per timepoint). Timepoints were scheduled for 
tissue collection at 6, 10, 14, 18, 22, and 26 weeks 
after pairing to initiate sex change. BrdU was 
administered to fish over five consecutive days, with 
the last day of BrdU dosing falling exactly twenty- 
eight days (four weeks) before tissue collection. The 
four week incubation period between BrdU dosing 
and tissue collection allows time for newly- 
proliferated cells to either migrate and differentiate 
or turn over.   
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immunostained cells within the boundaries of the POA were manually 
counted for each section using ImageJ. Immunohistochemistry targeting 
BrdU stains the nuclei of the cell. A stained object had to satisfy-three 
criteria to be counted as a BrdU+ cell: shape (must be approximately 
circular or elliptical in shape, as is expected of neuronal nuclei), size 
(approximately 4–8 um in diameter, as is expected of neuronal nuclei in 
our fish), and stain quality (must clearly stand out against the back-
ground and have a clear edge). Examples of BrdU+ cells meeting these 
criteria appear in Fig. 4. An estimate of total cell count for each subdi-
vision was then generated by calculating the average BrdU+ cells per 
section for each subdivision, multiplying this value by the total number 
of sections in the subdivision (including missing or damaged sections 
from which no counts could be taken), then multiplying this value by 
two to account for working from one of two series of brain sections. The 
volume of the POA in each section was also quantified and used to 
calculate an estimated total volume for each POA subdivision in a 
similar manner. Density of BrdU+ cells in each POA subdivision was also 
calculated as total cell count divided by volume. All BrdU+ cell counts 
and POA volume estimates were collected by a single researcher 
following the a priori agreed upon set of criteria outlined above. 

2.6. Gonadal histology and quantification 

Gonads were collected and their composition assessed to determine 
the extent of gonadal sex change relative to brain sex change. Following 
euthanasia, the fish bodies were placed in chilled 4 % paraformaldehyde 
solution (pH 7.4) for 24 h, then treated in 30 % sucrose solution at 4 ◦C 
for 24 to 48 h. Bodies were then trimmed to remove excess tissue leaving 
only the abdominal cavity containing the gonads to be embedded in OCT 
cryosectioning medium (Fisher Scientific) and frozen at − 80 ◦C until 
sectioning. Tissue was sectioned at 40 um in the sagittal plane on a 
cryostat and mounted directly onto slides (SuperFrost Plus, Fisher Sci-
entific) in a single series. After sectioning, slides were allowed to dry at 
room temp for 24 h and then were stored in slide boxes in − 80 ◦C until 
staining. 

Gonad sections were stained with hematoxylin and eosin (H&E) as 
follows. First, slides were removed from − 80 ◦C storage to defrost and 
dry at room temp for 24 h, then they were immersed in a chilled bath of 
4 % paraformaldehyde solution for 10 min, then briefly washed in 
distilled water. Slides were then immersed in hematoxylin solution 
(Sigma Aldrich #HHS-32) for 6 min, then washed in gently running tap 
water for 5 min. This was followed by an acid alcohol solution (0.2 M 
HCl in 70 % ethanol), a wash in running tap water for 1 min, a lithium 
carbonate solution (0.2 M lithium carbonate in water), and another 
wash in running tap water for 5 min. Slides were then rinsed in a series 
of 95 % ethanol baths (5 clean baths, 1–3 dips each depending on stain 
intensity), then immersed in an eosin-phloxine B solution (1 % eosin Y 
and 0.1 % phloxine B in 74 % ethanol with 0.4 % glacial acetic acid) for 
1 min. Slides were then dehydrated and coverslipped as follows: 95 % 
ethanol for 3 min, another 95 % ethanol for 3 min, 100 % ethanol for 3 
min, another 100 % ethanol for 3 min, xylenes for 10 min, then cover-
slipped with Permount mounting medium (Fisher Scientific). 

Gonads were imaged and gonadal composition was quantified 
following established procedures (Dodd et al., 2019; Gonzalez et al., 
2021). First, to estimate the proportions of major tissue types in the 
gonad for each fish (% testicular tissue, % non-vitellogenic ovarian tis-
sue, and % vitellogenic ovarian tissue), twenty gonad sections were 
sampled at random for each fish and imaged at 100x total magnification 
on a Zeiss AxioScope A1 light microscope using AxioVision software 
(Zeiss). Using Adobe Photoshop CS6, the gonad was outlined in the 
image and the Quick Selection tool was used to differentiate testicular 
tissue from ovarian tissue automatically with manual correction, 
following established procedures (Dodd et al., 2019; Gonzalez et al., 
2021). The area proportion of the gonad covered by each of these tissue 
types (% testicular, % non-vitellogenic ovarian, % vitellogenic ovarian) 
was calculated for each section. These proportions were then averaged 

over the twenty sections to produce an estimated proportion for each 
tissue type for each fish. Then, to estimate the total gonad volume for 
each fish, half of all sections were selected at random and imaged at 25x 
total magnification on a Zeiss AxioScope A1 light microscope using 
AxioVision software. For each image the gonad was outlined using 
Adobe Photoshop CS6 and the area was recorded. The average area per 
section was then calculated for each fish, then this value was multiplied 
by the total number of sections through the gonad and the thickness of 
each section (40 um) to calculate an estimate of the total gonad volume. 
This was then used to calculate a normalized gonad volume value (akin 
to a gonadosomatic index) for each fish as total gonad volume divided by 
body mass. 

2.7. Statistical analysis 

Statistical analyses were conducted using R (4.1.0) and SAS (SAS 
Institute, Cary, NC). P-value < 0.05 was considered statistically signif-
icant for all analyses. To test whether dominant sex-changing fish and 
their subordinate partners differed between one another over time in 
terms of gonad composition or gonad size, we fit linear mixed-effect 
models for testicular tissue proportion and for normalized gonad vol-
ume. Status (dominant vs subordinate) was entered as a fixed categorical 
factor, timepoint as a fixed continuous factor, and tank as a random 
categorical factor. The random factor tank accounts for possible inter- 
tank differences as well as possible variation due to BrdU solution 
batch differences, as both fish in each tank were injected at the same 
time from the same batch. Timepoint was treated as a continuous factor 
to model a predicted linear decline in testicular tissue proportion, as 
observed in previous work (Dodd et al., 2019). Analyses were repeated 
with timepoint as a categorical factor as well yielding no additional 
insight (see Results below). Then, to test how dominant and subordinate 
fish compared to control males and new males in terms of testicular 
tissue proportion and normalized gonad volume, we collapsed dominant 
and subordinate fish across timepoints and fit a mixed-effects model for 
each outcome measure followed by Fisher’s LSD post-hoc when appro-
priate. For these analyses the group factor had four levels (dominant, 
subordinate, new male, male), and tank was included as a random fac-
tor. Control females and new females were omitted from these analyses 
for two reasons. First, they have zero testicular tissue by definition, 
while all other groups have non-zero testicular tissue by definition, 
making statistical comparisons on the basis of testicular tissue moot. 
Second, tissue was collected at random timepoints in the reproductive 
cycle for each female, and total gonad volume is expected to vary widely 
over the course of the cycle as eggs develop. 

To test whether there was a timepoint(s) at which dominant sex- 
changing fish accumulated significantly more new BrdU+ cells than 
their subordinate non-changing partners, we fit linear mixed-effects 
models similar to those fit above for gonad measurements over time, 
with the exception that timepoint was treated as a categorical factor 
instead of continuous. This is because we did not necessarily predict a 
linear increase or decrease in BrdU+ cells over time in sex-changing fish. 
Then, to test how dominant and subordinate fish compared to all other 
groups, we collapsed them across timepoints as above and fit a mixed 
effects model with status as a fixed factor and tank as a random factor. 
Separate models were fit for BrdU+ cell count in each POA subdivision 
(aPOA, mPOA, pPOA). Subsequently, similar models were fit with the 
addition of a covariate to account for individual differences in brain or 
POA size. Models for BrdU+ cell count for each subdivision were fit with 
brain mass as a covariate, then again with POA subdivision volume as a 
covariate. Subdivision volume, when used as a covariate or denominator 
for density calculation, has the advantage of being more proximately 
related to POA BrdU+ cell count than whole brain mass. However, the 
disadvantage is that subregion volume estimation is subjective in nature 
and precise subregion boundaries are not as well defined in non-model 
species like A. ocellaris as they are in mainstream study systems. This 
naturally limits the maximum possible accuracy of volume estimates, 

C.G. Parker et al.                                                                                                                                                                                                                               



General and Comparative Endocrinology 333 (2023) 114185

6

making volume a potential source of unwanted noise. Brain mass has the 
advantage of being objective and straightforward to collect, but it is 
much less proximate to BrdU+ cell count in a particular subdivision of 
the POA. Models were also fit for BrdU+ cell density in each subdivision. 

Normality of residuals was assessed based on diagnostic plots (Q-Q 
plot and histogram of residuals) and skewness and kurtosis (skewness 
between − 1 and 1, kurtosis between − 2 and 2). Homogeneity of vari-
ance was checked using Levene’s test. Based on these metrics we 
determined that no transformations were necessary before analysis. 

3. Results 

3.1. Gonad Composition. Sex-changing fish and their non-changing 
partners lost testicular tissue in unison 

All major gonadal tissue types (testicular, non-vitellogenic ovarian, 
vitellogenic ovarian) were identified in gonad sections (see Fig. 2. for 
representative gonad images from fish of each group in this study). No 
effect of time (p = 0.18), status (p = 0.71), or interaction between time 
and status (p = 0.90) was observed when time was entered as a 
continuous variable for testicular tissue proportion (Fig. 3A). Nor was an 
effect of time (p = 0.90), status (p = 0.44), or an interaction (p = 0.40) 
observed for normalized gonad volume (Fig. 3B). Repeating these ana-
lyses with timepoint as a categorical factor returned no significant effect 

of time (p = 0.23) or status (p = 0.96), a significant interaction between 
status and timepoint for testicular tissue proportion (F5,42 = 2.86, p =
0.04), and no significant effect of time (p = 0.90), status (p = 0.85), or an 
interaction (p = 0.49) for normalized gonad volume. Post hoc analysis 
on testicular tissue proportion revealed five significant pairwise differ-
ences, four of which showed decreased proportion at a later time-point 
compared to an earlier one. These were between dominant fish at week 
14 and 22 (p = 0.02), subordinate fish at week 10 and 14 (p = 0.01), 
dominant fish at week 14 and subordinate fish at week 26 (p = 0.04), 
and subordinate fish at week 10 and dominant fish at week 22 (p =
0.03). The fifth significant pairwise difference detected was a greater 
proportion in dominant compared to subordinate fish at week 14 (p =
0.007). 

Collapsing dominant and subordinate fish across timepoints and 
comparing them against control males and new males (Fig. 3C) revealed 
a significant effect of status on testicular tissue proportion (F3,56 = 3.95, 
p = 0.01), such that control males had significantly more testicular 
tissue than all other groups (all p < 0.05). There was no difference be-
tween any of the groups in terms of normalized gonad volume (p = 0.44) 
(Fig. 3D). Control and new females were omitted from testicular pro-
portion analysis because their gonads, by definition, contain zero 
testicular tissue, and they were omitted from gonad volume analysis 
because female gonad volume is expected to vary widely across the 
reproductive cycle. 

Fig. 2. Representative images of hematoxylin and eosin stained gonad sections. Each image is labeled for the group it belongs to (dominant sex-changing, D; 
subordinate non-changing partner, S; new female, NF; new male, NM; control female, F; control male, M), and major tissue types are identified (testicular tissue, T; 
non-vitellogenic ovarian tissue, Onv; vitellogenic ovarian tissue, Ov). In non-female fish, testicular tissue forms the core of the gonad while ovarian tissue surrounds it. 
Note that gonads of dominant fish, subordinate fish, and new males are similar in composition, although the gonads of dominant fish appear slightly larger overall. 
Also note that new females and control females are similar, with many large developing vitellogenic oocytes. 
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Fig. 3. Sex-changing fish and their non-changing partners lost testicular tissue in unison. A) Proportion of testicular tissue in the gonad did not differ between 
dominant sex-changing fish and subordinate non-changing fish over time, nor did B) gonad volume. C) Sex-changing fish had testicular tissue proportion comparable 
to their non-changing partners and new males. Control males had a higher testicular proportion than all other groups, and control females and new females had zero 
testicular tissue in their gonads (control females and new females not shown in figure). D) Gonad volume did not differ between any of the groups compared when 
collapsing across time. Control and new females are omitted from gonad volume analysis because tissue was collected at random timepoints in the reproductive cycle, 
and total gonad volume is expected to vary widely over the course of the cycle as eggs develop. Groups are abbreviated as follows: dominant sex-changing, D; 
subordinate non-changing partner, S; new male, NM; control male, M. Letters over boxplots distinguish groups that are significantly different from one another. 
Boxplots capture the inter-quartile range (IQR, first to third quartile), whiskers extend to the largest value within 1.5 IQR of the box, and median is marked by a 
horizontal line within the boxplot. 

Fig. 4. BrdU+ cells were found throughout the POA. Representative images through the anterior, middle, and posterior POA (aPOA, mPOA, pPOA, respectively) 
immunostained to reveal BrdU and counterstained with methylene blue & azure II. In each image, the POA region is outlined in yellow. Insets show a magnified view 
of BrdU+ cells from each image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.2. POA BrdU+ Cell Count. Sex-changing fish accumulate more new 
cells in the aPOA than non-changing fish. 

BrdU+ cells were found throughout all subdivisions of the POA (see 
Fig. 4 for representative images of BrdU+ cells in each POA subdivision). 
Previous research identified a female-biased sex difference in aPOA cell 
number that emerges within six months of sex change (Dodd et al., 
2019). Based on this, we expected to observe more new cells added to 
the aPOA, but not the mPOA or pPOA, at one or more timepoints during 
sex change in dominant fish. Indeed, there was a main effect of status on 
BrdU+ cell count in the aPOA, such that dominant sex-changing fish had 
more new cells than their non-changing partners (F1,20 = 10.34, p =
0.004), and no main effect of time (p = 0.83) or interaction effect (p =
0.85) (Fig. 5A). No significant effect of time (p = 0.68), status (p = 0.10), 
or an interaction (p = 0.38) was detected in the mPOA (Fig. 5B), nor was 
an effect of time (p = 0.57), status (p = 0.48),or an interaction (p = 0.34) 
detected in the pPOA (Fig. 5C). Comparing dominant and subordinate 
fish collapsed across timepoints against all other groups revealed a 
significant effect of status on BrdU+ cell count in the aPOA (F5,29 = 4.29, 
p = 0.005) (Fig. 5D). Dominant fish again had a significantly greater 
BrdU+ cell count than subordinate fish (p = 0.002), and new female fish 
had a significantly greater count than all other groups (all p < 0.05) 
except for control males (p = 0.16). There was an effect of status in the 
mPOA as well (F5,29 = 3.83, p = 0.009) (Fig. 5E), and this effect was 
driven by new females which had significantly more BrdU+ cells than all 

other groups (all p < 0.05) except for dominant fish (p = 0.07). There 
was no effect of status in the pPOA (p = 0.11) (Fig. 5F). 

These differences in BrdU+ cell count may be attributable, in part or 
in whole, to differences in POA size, as BrdU+ cell count is expected to 
scale with POA volume as in similar past work (Ahmed et al., 2008). To 
address this possibility, we fit the same models described above with the 
addition of either POA subdivision volume or whole brain mass as a 
covariate. We also tested models for BrdU+ cell density. None of these 
models detected any effect of time when comparing dominant and 
subordinate fish over time (all p > 0.05), so in the interest of clarity we 
are only describing the models collapsed across timepoints comparing 
all groups. The statistics and estimated marginal means ± standard error 
associated with the models for BrdU+ cell counts are summarized in 
Table 1, and the statistics and observed means ± standard error for 
subdivision volume and cell density are summarized in Table 2. With 
brain mass in the model as a covariate, there was still a significant main 
effect of status on BrdU+ cell count in the aPOA (F5,28 = 3.60, p = 0.01) 
and mPOA (F5,28 = 3.61, p = 0.012). However, the nature of this effect 
changed such that post hoc analysis no longer detected a significant 
pairwise difference between dominant and subordinate fish in the aPOA 
(p = 0.80). The effects driven by new females in the aPOA and mPOA 
largely remained when including brain mass as a covariate (see Table 1 
for pairwise differences). Including subregion volume as a covariate 
caused the main effect of status on BrdU+ cell count to be lost in the 
aPOA (p = 0.096) but not the mPOA (F5,28 = 3.29, p = 0.02). The effect 

Fig. 5. Sex-changing fish accumulate more new cells 
in the aPOA during sex change. A) Dominant sex- 
changing fish gradually accumulated more new cells 
in the aPOA than non-changing fish in the six months 
following initiation of sex change. B) There was no 
effect of status or time on BrdU+ cells in the mPOA, 
C) nor were there any effects in the pPOA. D) In the 
aPOA new females accumulated even more BrdU+

cells than sex-changing fish, as well as all other 
groups except for control males, and E) in the mPOA 
new females had a greater number of BrdU+ cells 
than all other groups except for dominant fish. Note 
that there are only n = 2 new females, meaning these 
results regarding new females should be interpreted 
cautiously. F) None of the groups compared when 
collapsing dominant and subordinate fish across time 
differed in new cells in the pPOA. Groups are abbre-
viated as follows: dominant sex-changing, D; subor-
dinate non-changing partner, S; new female, NF; new 
male, NM; control female, F; control male, M. Letters 
over boxplots distinguish groups that are significantly 
different from one another. Boxplots capture the 
inter-quartile range (IQR, first to third quartile), 
whiskers extend to the largest value within 1.5 IQR of 
the box, and median is marked by a horizontal line 
within the boxplot.   
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in the mPOA was again driven by new females (see Table 1 for pairwise 
differences). There were no effects of status on BrdU+ cell density or on 
volume in any POA subregion (Table 2). Based on these results we 
cannot rule out the hypothesis that the differences in BrdU+ cell count 
observed here are at least partially attributable to differences in POA 
size. Still, it is noteworthy that an effect of status was only detected in 
the aPOA, but not the mPOA or pPOA, for BrdU+ cell count over time 
when omitting brain mass or POA volume as a covariate (Fig. 5A). 

4. Discussion 

The goal of this study was to test whether a period of enhanced cell 
addition to the aPOA could be identified that may contribute to the 
emergence of a sex difference in cell number during sex change, and 
whether that process relates to gonadal sex change. A sex difference was 
previously described in the anemonefish aPOA, such that females 
display approximately twice the number of medium-sized cells than 
males (Dodd et al., 2019). This sex difference is observable in sex- 
changing fish several months after the initiation of sex change, before 
gonadal sex change occurs and before the circulating sex hormones are 
female-like (Dodd et al., 2019). In the present study we found that sex- 
changing fish added more new cells to the aPOA, but not the mPOA or 
pPOA, than their non-changing partners (Fig. 5). Moreover, new female 
fish had even more new cells added to the aPOA than most (~75 % of) 
sex-changing fish, as well as to the mPOA. This may indicate that a 
further surge of new cell addition occurs around the time of gonadal sex 
change, but with only n = 2 new females confirmation in a larger sample 
will be necessary before generalizations can be made. Altogether, the 
results presented here are consistent with sex-changing fish gradually 

accumulating new cells in the aPOA throughout the months-long process 
of sex change. This effect is observable as an effect of status only in the 
aPOA where a sex difference was expected to gradually emerge, and not 
in the mPOA or pPOA where no sex difference was expected (Dodd et al., 
2019). This accumulation occurs at a steady rate, meaning the effect can 
be masked when including stronger predictors of BrdU+ cell count like 
POA volume or brain size as a covariate. The increased cell addition 
throughout sex change may be a result of altered rates of cell prolifer-
ation, survival, migration, or differentiation, alone or in combination. 

While new cells are being added to the aPOA of sex changing fish the 
proportion of testicular tissue decreases, but these two phenomena are 
probably unrelated because the same decrease in proportion of testicular 
tissue also occurs in the subordinate fish. Sex-changing fish and their 
non-changing partners (both of which were reproductive males before 
the experiment began) lost testicular tissue to a comparable degree 
within the first 6 weeks after initiation of sex change, and this reduced 
testicular proportion was maintained throughout the experiment. 
Because control males displayed a higher proportion of testicular tissue 
than dominant or subordinate fish, this indicates that the proportion of 
testicular tissue decreases substantially within the first 6 weeks in both 
dominant and subordinate fish. This reduced testicular proportion is 
continuously maintained for at least 26 weeks, and if anything slowly 
continues to decline as seen in previous work (Dodd et al., 2019). This is 
consistent with the notion that loss of testicular tissue may reflect a state 
of reproductive stasis that both sex-changing and non-changing fish 
occupy, and that the loss of testicular tissue in a sex-changing fish need 
not necessarily reflect a process of feminization per se (Dodd et al., 2019; 
Fricke, 1983). 

Further, we find no clear relationship between gonadal hormones 
and the addition of new cells to the aPOA. This study was carried out in 
coordination with a separate study that quantified circulating androgen 
(11-ketotestosterone; 11KT) and estrogen (estradiol; E2) from plasma 
samples taken the day of tissue collection in these fish (Parker et al., 
2022). Hormones aligned with gonadal histology (Fig. 3) such that 
dominant and subordinate fish had levels of 11KT and E2 in-between 

Table 1 
Statistics and estimated marginal means ± standard error (EMM ± SE) for 
BrdU+ cell count with subdivision volume or brain mass as a covariate. Values 
for aPOA, mPOA, and pPOA given in the top, middle, and bottom thirds 
respectively. Both covariates abolish the effect of status to some extent. Signif-
icant effects of status that survive correction for either covariate were followed 
by post-hoc analysis for pairwise differences, and superscript letters are used to 
indicate which groups did and did not differ from each other.  

Status BrdU+ Cell Counts (EMM ± SE)  
with Volume Covariate with Brain Mass Covariate 

Anterior 
D 341.43 ±26.59 318.95ab ±30.10 
S 280.20 ±28.03 308.00ab ±33.55 
NF 524.52 ±96.97 504.50a ±101.15 
NM 349.64 ±96.01 387.98ab ±101.12 
F 256.35 ±68.33 155.51b ±83.90 
M 376.92 ±67.74 436.54a ±70.94 
Status F5,28 = 2.10, p = 0.096 F5,28 = 3.60, p = 0.01 
Volume F1,28 = 8.03, p = 0.008 – 
Brain Mass – F1,28 = 7.77, p = 0.009 
Middle 
D 135.54ab ±14.20 144.98ab ±16.37 
S 123.58ab ±14.50 108.82a ±17.83 
NF 231.66a ±52.16 256.22b ±56.30 
NM 113.29b ±52.05 92.13a ±56.29 
F 55.23b ±37.23 90.39a ±44.87 
M 114.93ab ±36.74 103.65a ±39.58 
Status F5,28 = 3.29, p = 0.02 F5,28 = 3.61, p = 0.012 
Volume F1,28 = 8.01, p = 0.009 – 
Brain Mass – F1,28 = 0.59, p = 0.45 
Posterior 
D 65.69 ±5.26 64.93 ±6.23 
S 63.72 ±5.46 63.48 ±7.00 
NF 99.33 ±19.34 100.96 ±20.64 
NM 70.17 ±19.30 69.95 ±20.64 
F 25.62 ±14.66 33.66 ±17.51 
M 44.12 ±13.65 43.43 ±14.46 
Status F5,28 = 2.29, p = 0.07 F5,28 = 1.90, p = 0.13 
Volume F1,28 = 7.20, p = 0.01 – 
Brain Mass – F1,28 = 8.03, p = 0.53  

Table 2 
Statistics and observed means ± standard error for POA subdivision volume and 
BrdU+ cell density. Values for aPOA, mPOA, and pPOA given in the top, middle, 
and bottom thirds respectively. Models for volume included brain mass as a 
covariate, while models for density did not. Status did not significantly affect 
volume or BrdU+ cell density in any subdivision.  

Status Volume (mm3) BrdU+ Cell Density 

Anterior 
D 0.0341 ±0.0014  10611.42 ±882.17 
S 0.0280 ±0.0011  9064.38 ±602.86 
NF 0.0388 ±0.0034  15211.18 ±4636.70 
NM 0.0274 ±0.0032  11723.45 ±558.55 
F 0.0361 ±0.0046  8044.36 ±1773.54 
M 0.0343 ±0.0034  11602.19 ±4070.26 
Status F5,28 = 1.06, p = 0.41 F5,29 = 1.75, p = 0.15 
Brain Mass F1,28 = 17.64, p < 0.001 – 
Middle 
D 0.0224 ±0.0011  6540.38 ±888.65 
S 0.0198 ±0.0008  5790.75 ±624.65 
NF 0.0249 ±0.0006  9981.62 ±2139.71 
NM 0.0186 ±0.0042  5701.59 ±1175.81 
F 0.0255 ±0.0023  2905.30 ±830.61 
M 0.0200 ±0.0032  5404.60 ±1146.25 
Status F5,28 = 0.17, p = 0.97 F5,29 = 1.58, p = 0.20 
Brain Mass F1,28 = 10.26, p = 0.003 – 
Posterior 
D 0.0143 ±0.0007  4942.41 ±422.53 
S 0.0128 ±0.0005  4802.59 ±498.71 
NF 0.0155 ±0.0023  7014.94 ±1974.25 
NM 0.0127 ±0.0024  5594.54 ±1873.59 
F 0.0186 ±0.0022  2084.29 ±441.21 
M 0.0130 ±0.0006  3303.44 ±960.13 
Status F5,28 = 0.82, p = 0.55 F5,29 = 1.55, p = 0.20 
Brain Mass F1,28 = 20.10, p < 0.001 –  
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what was observed in control males (high 11KT and low E2) or control 
females (high E2 and low 11KT), and hormones did not significantly 
change over time in either group. Dominant and subordinate fish had 
comparable levels of E2, but dominant fish had significantly higher 
levels of 11KT compared to subordinate fish (although still significantly 
lower than a control male). New females and new males had hormone 
profiles more similar to their new sex: 11KT in new females dropped to a 
control female level while E2 rose, and 11KT in new males rose to a 
control male level while E2 dropped. Elevated 11KT in sex-changing fish 
may reflect a role in driving cell proliferation, as recent work in tilapia 
has demonstrated a stimulatory role for 11KT in brain cell proliferation 
and neurogenesis (Narita et al., 2018). Alternatively, the increased 
addition of new cells to the aPOA in sex-changing fish could result from 
mechanisms that are intrinsic to the brain and independent of the go-
nads and gonadal hormones. 

Mechanisms underlying sexual differentiation of the brain that are 
independent of gonads and gonadal hormones remain poorly under-
stood. Alternative mechanisms that may be responsible for the observed 
effects include sex steroids synthesized locally within the brain, or 
glucocorticoid signaling. Estradiol synthesized within the brain by radial 
glia has an inhibitory effect on adult neurogenesis in fish, and the 
expression of brain aromatase (the enzyme that synthesizes estradiol) is 
dynamically regulated in order to actively modulate rates of neuro-
genesis in the context of brain repair after injury in zebrafish (Diotel 
et al., 2013; Pellegrini et al., 2016). However, brain aromatase expres-
sion increases in anemonefish throughout sex change (Casas et al., 2016), 
which would be inconsistent with increased new cell addition in the 
aPOA if E2 is inhibitory in these fish as well. These data on brain aro-
matase expression throughout sex change were collected from whole- 
brain homogenate, so it may be possible that aromatase is down-
regulated locally within the aPOA to create a niche favorable to cell 
proliferation despite being upregulated at the whole-brain level. Glu-
cocorticoids (e.g. cortisol) are another alternative mechanism, having 
been identified as mediating the effects of social stimuli on neurogenesis 
in a series of studies in weakly electric fish (Dunlap et al., 2013, 2011, 
2006). In these fish, social enrichment is associated with elevated 
cortisol that in turn drives increased neurogenesis within brain regions 
responsible for social communication. Cortisol is elevated during sex 
change in anemonefish above what is seen in either males or females 
(Godwin and Thomas, 1993), and elevated glucocorticoid signaling is 
thought to play a central role in many models of socially-controlled sex 
change (Goikoetxea et al., 2017; Solomon-Lane et al., 2013; Todd et al., 
2019). An analogous process of brain region-specific, cortisol-induced 
new cell addition may underlie sexual differentiation of the aPOA of 
anemonefish, but further work is needed. Identifying the signaling 
pathways that connect dominance status to increased cell addition to 
specific regions of the POA would greatly advance our understanding of 
how gonad-independent sexual differentiation of the brain is 
accomplished. 

Our findings are consistent with past work indicating that the gonads 
of sex-changing fish and their non-changing partners lost testicular tis-
sue in unison after pairing (Dodd et al., 2019). This has a number of 
implications for how protandrous sex change in anemonefish is unique 
relative to protogynous or bidirectional sex change. First, it supports the 
theory that gonadal sex change in anemonefish is not a linear progres-
sion directly from male to female. Rather, the gonads of sex-changing 
fish shift to a state of non-reproductive quiescence while body growth 
is prioritized (Buston, 2003; Fricke, 1983; Parker et al., 2022) and 
changes take place in the brain (Dodd et al., 2019; Elofsson et al., 1997). 
Some previous studies that examined sex change in wild anemonefish 
interpreted the predominance of non-vitellogenic ovarian tissue in the 
gonads of sex-changing fish as indicating partial gonadal sex change or 
an immature female phenotype (Casas et al., 2016; Godwin, 1994), 
including one of the earliest pioneering reports of experimentally- 
induced sex change in anemonefish by Fricke & Fricke (1977). How-
ever, in subsequent work Hans Fricke corrected this interpretation, 

preferring instead the theory that the gonads of these fish are arrested at 
a critical stage just before the irreversible commitment to a female fate, 
retaining the ability to reverse course if needed (Fricke, 1983). By 
sampling both sex-changing fish and their non-changing partners and 
revealing their gonadal composition to be comparable to one another in 
this study and past work (Dodd et al., 2019), we find further support for 
this reproductive quiescence model to explain the gonadal state of sex- 
changing fish. This state of reproductive quiescence in both sex- 
changing and non-changing fish may be similar to the gonadal state 
observed in non-breeding anemonefish. Non-breeding anemonefish also 
have gonads that are primarily composed of non-vitellogenic ovarian 
tissue (Wang et al., 2022) similar to what we have observed in sex- 
changing and non-changing fish here and in past work (Dodd et al., 
2019). Yet the gonads of non-breeding anemonefish are transcriptomi-
cally more male-like than female-like (Wang et al., 2022), which un-
derscores the notion that in anemonefish a gonad that is 
overwhelmingly composed of non-vitellogenic ovarian tissue is not 
necessarily female-like. And while other work has found the overall 
gonadal transcriptome of sex-changing anemonefish to be distinct from 
both males and females (Casas et al., 2016), it remains to be seen how 
the gonads of sex-changing fish compare to those of their non-changing 
partners at the molecular level. 

Second, these results reinforce the hypothesis that the timecourse of 
gonadal sex change in anemonefish is protracted and highly variable, 
unlike in protogynous or bidirectional species. In this and past work 
from our lab, the earliest observed sex change was within four months, 
and by six months sex change was completed in approximately 25 % of 
pairs (Dodd et al., 2019; Parker et al., 2022). From other past work 
(much of which was done in the field with wild fish) sex change is 
typically completed anywhere between two to six months (Casas et al., 
2016; Fricke and Fricke, 1977; Fricke, 1983; Godwin, 1994; Moyer and 
Nakazono, 1978), with the shortest reported timespan for complete sex 
change at 26 days (Fricke and Fricke, 1977). Contrast this with the 
protogynous Bluehead wrasse or the bidirectional sex-changing blue-
banded goby, both of which predictably complete sex change within two 
to three weeks (Reavis and Grober, 1999; Todd et al., 2019; Warner and 
Swearer, 1991). It appears, then, that gonadal sex change in anemone-
fish is uniquely characterized by a slow and individually-variable pro-
gression, making it distinct from other modes of sex change as they are 
currently understood. The final commitment to a female gonadal fate is 
likely approached with caution because it is irreversible (Fricke and 
Fricke, 1977; Fricke, 1983), and the “decision” to commit is probably 
dependent on intrinsic factors related to body growth and preparedness 
to spawn (Buston, 2003; Fricke, 1983; Reed et al., 2019; Warner, 1988). 
It may be that (re)differentiation of the brain precedes, and possibly 
determines, differentiation of the gonads, as has been proposed for 
teleost fish generally (Francis, 1992). During this period, circulating 
11KT and E2 remains between male- and female-typical levels until the 
final commitment to a female gonadal fate (Dodd et al., 2019; Godwin 
and Thomas, 1993; Parker et al., 2022) while the POA is gradually 
differentiating. Distinct timecourses for transformation of different tis-
sue types suggest that sex change involves the coordination of multiple 
tissue-specific mechanisms for sexual differentiation (Arnold, 2020). 
Future work should continue to leverage sex-changing fishes for the 
study of sexual differentiation coordinated across the whole organism 
(for example, see Lorenzi et al., 2012; Schuppe et al., 2017). These data 
also highlight the potential for comparisons between lineages of sex- 
changing fish to reveal divergent, convergent, or conserved patterns 
and mechanisms of sexual plasticity, given that socially-controlled sex 
change has independently evolved in numerous teleost families (de 
Mitcheson and Liu, 2008; Erisman et al., 2013; Pla et al., 2022). 

One limitation of this study is that we did not evaluate the phenotype 
of the BrdU+ cells, and so we do not know what proportion of the BrdU+

cells are neurons, radial glia, or other cell types. BrdU+ cells were 
observed throughout the POA, near the ventricle as well as deeper into 
the brain parenchyma. Cells deeper into the brain parenchyma are likely 
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to be neurons as few other cell types populate the POA in large number, 
and some portion of the cells nearer the ventricle may be radial glia 
serving as a progenitor cell pool (Cuoghi and Mola, 2009; Ganz and 
Brand, 2016). Which specific types of neurons (e.g. excitatory, inhibi-
tory, neuropeptide-expressing, steroid sensitive) or glia (e.g. aromatase 
expressing, progenitor cell) populate the POA during sex change is an 
important question for future inquiry. Further research is also needed to 
test which component processes (differential cell proliferation, survival, 
migration or differentiation) contribute to growth of this cell 
population. 

Likewise, the function of these aPOA cells is not yet known. They 
may serve to differentiate some aspect of physiology, as differentiated 
cell numbers in the mammalian anterior POA differentiates reproductive 
physiology (McCarthy, 2020; Mohr et al., 2017). Indeed, the present 
study parallels a series of studies in rats that used similar methods to 
establish that new cells (both neurons and glia) are gradually added to 
the AVPV during the peripubertal period (Ahmed et al., 2008; Mohr 
et al., 2016). Those new cells help regulate the luteinizing hormone 
surge that is necessary for ovulation in female rats (Mohr et al., 2017). 
The timecourse of POA sex change described here is consistent with a 
role in regulating differentiated physiology or behavior, as differentia-
tion of the POA precedes both gonadal and behavioral sex change (Dodd 
et al., 2019; Parker et al., 2022). Alternatively, sex differences in the 
developing or adult brain can in some cases bring the sexes toward 
similar functional endpoints by compensating for differences elsewhere 
in the system (Arnold, 2014; De Vries, 2004; De Vries and Boyle, 1998; 
McCarthy et al., 2012). The classic example of this comes from research 
in biparental prairie voles (De Vries, 2004). Female and male prairie 
voles display a similar degree and kind of parental care behavior (with 
the obvious exception of nursing). In females this behavior is driven by 
parturition-associated hormonal changes. Males, however, do not give 
birth and so rely on a sexually-differentiated vasopressin system to drive 
parental care behavior. If future research determines that the new cells 
in the anemonefish POA are involved in regulating the female repro-
ductive cycle or some aspect of sexually-differentiated social behavior, 
then anemonefish may provide a valuable model for investigating the 
conserved or divergent mechanisms for differentiation of the female 
reproductive system. Results from such research will, in turn, benefit our 
understanding of female brain differentiation and reproductive function 
across vertebrate species. 

5. Conclusions 

During male-to-female sex change in anemonefish, new cells are 
gradually added to the anterior POA before the gonads become female- 
like and before the fish displays female-typical sex hormones. These 
effects may be mediated by gonadal steroids, or by gonad-independent 
mechanisms like brain-derived steroids or systemic glucocorticoids 
that are secreted during sex change. These results provide further insight 
into the unique characteristics of protandrous sex change in anemone-
fish relative to other modes of sex change in other species. In doing so, 
they reinforce the usefulness of anemonefish as a complementary model 
to other sex-changing fish, and the potential for developing a richer 
understanding of the myriad mechanisms for achieving sexual differ-
entiation of the brain. 
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