Figure 3. Representative photomicrographs showing nuch2-expressing cells revealed by in situ
hybridization in the brain of A. burtoni females from rostral (a) to caudal (h). Nucb2 cells are
found in the terminal nerve ganglion (gTN) (a), parvocellular (nPPp), magnocellular (nMMp),
and gigantocellular (nGMp) and magnocellular (nPMp) divisions of the magnocellular preoptic
nucleus (b, ¢), lateral tuberal nucleus, ventral part (NLTV) of the hypothalamus (d), pituitary (e),
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nucleus of the medial longitudinal fasiculus (nMLF) (f), Edinger—Westphal nucleus (EW) (g),
and the central grey nucleus (CG) (h). Inset at upper left shows a sagittal view of the A. burtoni
brain with approximate locations of cross sections shown in photomicrographs indicated and
inset at upper right shows a summary of the nucb2-expressing cell groups throughout the brain.
Scale bars =50 um, insetin ¢; 100 umina, b, d, e, f, g, h.

14



Figure 4. Localization of nucb2 neurons in the brain of A. burtoni. Representative line drawings
(right side) and cresyl violet stained (left side) transverse sections from rostral (a) to caudal (g)
brain regions showing the locations of nuch2 somata labeled by in situ hybridization. Inset at
upper right shows a sagittal brain with the approximate location of each transverse section.
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Differences in nucb2-positive cell numbers and cell sizes in fed, starved, and
mouthbrooding A. burtoni females

In the nPPa, starved females had fewer nucb2-positive cells compared to fed and mouthbrooding
females (H= 12.959; df=2; p=0.002, Post-hoc (Dunn’s Method: Fed-St: g= 5.085; Feb-Mb:
g=2.485, Mb-St: q=2.600) (Fig. 5a). (Fig. 5b). In the nMLF, mouthbrooding and fed females had
a similar number of nucb2-positive cells, but both had more cells compared to the starved
females (F=12.927; d=2; p<0.001, Post-hoc (Holm-Sidak method): Mb-Fed: t=5.058; p<0.001,
St-Fed: t=2.981; p=0.019; Mb-Sr: t=2.016; p<0.055) (Fig. 5¢). There was no difference in the
number of nuch2 positive cells among fed, starved, and mouthbrooding females in the gTN (H=
0.242; df=2; p=0.886), NLTv (F=682; df=2; p=0.996), or EW (F=0.514; df=2; p=0.609) (Fig.
5d, 5e).

In the nPPa there was no difference in nuchb2 neuron soma size between fed and starved females,
but mouthbrooding females had smaller somata compared to the other two groups (F= 4.430;
df=2; p=0.034, Post-hoc Holm-Sidak Method: Fed-Mb: p=0.041, St-Mb: p=0.083, Fed-St: p=
0.486). However, for the other regions (TN, NLTv, EW, and nMLF) there were no differences
in the somata sizes among the three different female groups (gTN: F=0.629; df=2; p=0.550,
NLTv: F=2.112; df= 2; p=0.164, EW: H=0.524; df=2; p=0.769, nMLF: H=0.0982; df=2;
p=0.955).
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Figure 5. Comparisons of the number of nucb2-expressing neurons in different brain regions
among female A. burtoni of different energetic states. In the nPPa, starved females had fewer
nucb2 positive cells compared to the fed and the mouthbrooding females (a). There was no
difference in the number of nucb2 cells among different groups in the NLTv (b). In the nMLF,
mouthbrooding and fed females had more nucb?2 positive cells compared to starved females (c).
There was no difference in the number of nucb2 cells among different groups in the gTN (d) and
EW (e). The lower and upper limits of the box represent the 25" and 75" percentile respectively
and whiskers extend to the smallest and the largest values 1.5 x the interquartile range.
Individual data points are plotted as filled circles, data mean as an “X”” and median as a line. N =
6 fish each for fed, starved, and mouthbrooding groups. Different letters indicate statistical
differences at p < 0.05.

Discriminant Functional Analysis

Discriminant function analysis was also used to test whether the number and size of nucb2 cells
across all five analyzed brain regions could accurately predict female energetic and parental
state. The DFA produced one significant function (Function 1; Eigenvalue = 45.74; chi-square =
50.23; df = 20; p < 0.001) that explained 93.4% of the total variance and correctly classified
100% of females into their respective groups (Fig. 6). Function 1 clearly separated starved
females from mouthbrooding and fed females and was positively loaded by the size of nucb2
cellsin NLTv and gTN.
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Figure 6. Discriminant function analysis correctly classifies all starved, fed, and mouthbrooding
females based on the number and size of nucb2 neurons throughout the brain. Symbols represent
individual fish (triangles, starved; circles, fed; squares, mouthbrooding) and stars are centroids.

Nucb2 mRNA expression in A. burtoni brain and peripheral tissues

We used RT-PCR and gel electrophoresis to examine the distribution of nuch2 mRNA in
macrodissected brain regions. We found nucb2 expression in the olfactory bulbs, telencephalon,
hypothalamus, pituitary, midbrain, cerebellum, hindbrain, spinal cord and eyes of the female A.
burtoni (Fig. 7). In peripheral tissues, we found nucb2 expression in the spleen, skeletal muscles,

kidney, intestine, testis (of males), stomach, liver, heart, and ovaries (Fig. 8).
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Figure 7. Expression of nucb2 and 4-actin (control) in different brain regions of A. burtoni.
Representative expression is shown by PCR from reverse transcribed cDNA and gel
electrophoresis (2% agarose gel). No band was observed in the negative controls (no RT). Base
pair (bp) numbers to the left side are the size of the indicated ladder bands.
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Figure 8. Expression of nucb2 and 4~actin (control) in different tissues of A. burtoni.
Representative expression is shown by PCR from reverse transcribed cDNA and gel
electrophoresis (2% agarose gel). No band was observed in the negative controls (no RT, no
cDNA). Base pair (bp) numbers to the left side are the size of the indicated ladder bands.

Differences in energetic and reproductive state among fed, starved, and mouthbrooding
females

A total of 30 female A. burtoni (10 fed, 10 starved and 10 mouthbrooding) were used in this
portion of the study. HSI differed among fed, starved and mouthbrooding groups (H=215.119;
p<0.001, df=2 Post -hoc (Dunn’s Method): Mb-St: g= 20.732; p< 0.001, Mb-Fed: 9=9.671;
p<0.001, Fed-St: g=9.563; p< 0.001), with highest levels in mouthbrooding females, lowest in
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starved females, and fed females with intermediate values (Fig. 9a). Condition factor for the fed
group was significantly higher than that of both the starved and the mouthbrooder groups
(H=10.304; p= 0.006; df=2, Post-Hoc (Dunn’s Method): Fed-Mb: q=2.876; p<0.005, Fed-St:
0=2.649; p<0.005, Mb-St: g=0.285) (Fig. 9b). Fed females had a higher GSI (H= 18.640; df=2;
p<0.001, Pos-hoc (Dunn’s Method): Fed-St: q=3.109; p<0.001, Fed-Mb: gq=4.224; p<0.055 Mb-
St: q=1.263) (Fig. 9c) compared to the starved and the mouthbrooding females, indicative of
greater reproductive potential.
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Figure 9. Physiological differences among starved, fed, and mouthbrooding A. burtoni females.
(a) Mouthbrooding females have the highest hepatosomatic index (HSI), and starved have the
lowest, with fed females as intermediate. Fed females have a higher gonadosomatic index (GSI)
(b) and condition factor (K) (c) compared to mouthbrooding and starved females. See Figure 5
for box plot descriptions. N =10 for fed, starved, and mouthbrooding groups. Different letters
indicate statistical differences at p < 0.05.

In the stomach, nucb2 mMRNA expression was higher in the fed females compared to the starved
and the mouthbrooding females (F=7.91; p=0.001; df=2, Post-hoc (Dunn’s Method): St-Mb:
0=3.132; p=0.99, St-Fed: g=2.655; p=0.005, Mb-Fed: q=0.497, p= 0.004 (Fig. 10a). In the
intestines (H=1.200; p=0.549; df=2), nuch2 mRNA expression did not differ among the different
female groups (Fig. 10b). In the liver, however, nucb2 mRNA expression was higher in starved
females compared to fed and mouthbrooding females (H=11.131; p=0.004; df=2, Post-hoc
(Dunn’s Method): St-Mb: g=3.132; p=0.05, St-Fed: q=2.655; p=0.05, Mb-Fed: q=0.497) (Fig.
10c).
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Figure 10. Comparison of nuch2 mRNA expression levels in different peripheral tissues of fed,
starved, and mouthbrooding A. burtoni females. Fed females had higher nucb2 levels in the
stomach compared to starved and mouthbrooding females (a). There was no difference in nuch2
MRNA expression in the intestine (b). Starved females had higher nuch2 mRNA expression in
the liver (c) compared to starved and mouthbrooding females. See Figure 5 for box plot
descriptions. Different letters indicate statistical differences at p < 0.05.
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DISCUSSION
Here we describe the localization of nucb2-positive cells that encode the neuropeptide nesfatin-1
in the female cichlid A. burtoni brain. These cells are present mainly in discrete nuclei
throughout the brain that are associated with feeding and reproduction as seen in other
vertebrates (Stengel, Goebel et al. 2011, Garcia-Galiano and Tena-Sempere 2013). We also
tested whether the number and size of nucb2-expressing cells differed among fed, starved, and
mouthbrooding females of different energetic and reproductive states. The number of nuch2-
positive cells was similar across groups within most quantified brain regions, but starved females
had fewer nucb2 cells in nMLF and nPPa compared to both fed and mouthbrooding females.
Further, nucb2 cells in nPPa were smaller in mouthbrooding females but there were no
differences in somata sizes in any other region. In addition to the brain, we also show widespread
expression of nuch2 in many peripheral tissues, suggesting that nesfatin-1 may function in both
central and peripheral regulation of body processes. The mMRNA expression of nucb2 did not
differ across female groups in the intestine. However, levels in the stomach were higher in fed
females, and levels in the liver were higher in starved females compared to fed and
mouthbrooding, suggesting different regulatory mechanisms and metabolic processes carried out
in different organs among these groups (Sun and Yang 2018). Collectively, this work suggests a
potential role for nesfatin-1 produced by the nucbh2 gene to be involved in central and peripheral
regulation of processes associated with changes in metabolic, reproductive, and parental care
investment in this mouthbrooding cichlid fish.

Localization of nucb2 expression in the brain and comparison with other fishes

Neurons expressing nuch2 were localized to specific nuclei from the forebrain to the hindbrain in
female A. burtoni, including gTN, preoptic nuclei, NLT, nMLF, EWcp, CG, and the pituitary
gland. Nucb2 expression in specific brain regions of fishes was examined via mMRNA expression
or immunohistochemical studies in zebrafish (Hatef, Shajan et al. 2015), goldfish (Sundarrajan,
Blanco et al. 2016), African Turquoise killifish (Montesano, De Felice et al. 2019), Ya fish (Lin,
Zhou et al. 2014), and Siberian sturgeon (Zhang, Wang et al. 2018), but localization of
nuch2/nesfatin-1 neurons throughout the entire brain of a single fish species are limited. The
immunohistochemical studies in goldfish show the presence of nesfatin-1-like immunoreactivity

within the preoptic area and hypothalamus, specifically the NLT, which is considered in part a
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teleostean homologue to the mammalian arcuate nucleus (Gonzalez, 2010). A study in African
Turquoise killifish also demonstrated positive nesfatin-1 immunohistochemical cells in the
ventral telencephalon and nuclei of the diencephalon. In the telencephalon, abundant
immunopositive fibers were found in the supracommissural zone of the ventral telencephalon,
and in the diencephalon, cells were labeled in the magnocellular, parvocellular preoptic nucleus,
preglomerular nucleus, tuberal hypothalamus, thalamic nucleus, periventricular nucleus, and
glomerular nucleus (Montesano, De Felice et al. 2019). In the midbrain of the African Turquoise
killifish, the optic tectum and torus semicircularis also showed nesfatin-1 positive neurons. Many
of these regions show similar nucb2-positive staining in A. burtoni such as the parvocellular,
magnocellular preoptic nucleus, periventricular preoptic nucleus, and NLT, but we did not
observe cells in the tectum or torus semicircularis. Neurons expressing npy, agrp, cart2, cart4,
galanin, and pomcla are also present in in the NLT of A. burtoni and the localization of nucb2-
positive cells in this same region suggests possible interactions of nesfatin-1 with other peptides
in regulating food intake and maternal care (Porter, 2017). Similarly, the preoptic area also
expresses many other neuropeptides in A. burtoni, including gnrhl, avt (arginine vasotocin)
(Greenwood, Wark et al. 2008), galanin, npy, ghrelin and others, that could be co-localized with
nucb2 or interact with it in some way (Porter, 2017). Future co-labelling experiments of nucb2
with some of these other neuropeptides would help better understand the diverse roles of nuch2
and its co-regulation in the feeding and reproductive circuits of teleost fishes. Thus, while there
are some similarities in expression of nucbh2/nesfatin-1 across the different fish species examined
to date (e.g., preoptic area, NLT), there are also several differences that may reflect
methodological differences (e.g., in situ hybridization, gPCR, immunostaining) or species-

specific functions.

Our RT-PCR analysis also showed widespread nucb2 expression throughout the brain and in
many peripheral tissues. The RT-PCR results are in general concordance with the ISH results
because we observed at least some nucb2-expressing cells in most macrodissected brain regions.
The only exceptions were the olfactory bulbs and cerebellum, which did not show clearly stained
cells in ISH, but did show weak “fuzzy” staining that may be due to small granular cells in these
regions with little cytoplasm. This widespread brain distribution is also true for other fish species

like goldfish (Sundarrajan, Blanco et al. 2016) and African turquoise killifish (Montesano, 2019).
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In the case of goldfish, nuch2 mMRNA positive bands were observed in the olfactory bulbs,
telencephalon, midbrain, hindbrain, hypothalamus, and pituitary. Apart from the brain of
goldfish, nucb2 expression was also seen in the ovaries, heart, intestines, testis, gall bladder,
liver, rectum, midgut, and skin. Further, we observed nucb2 expression in the A. burtoni eye,
which is also seen in goldfish (Sundarrajan, Blanco et al. 2016), zebrafish (Hatef, 2015) and Ya-
fish (Lin et al., 2014), suggesting a potential role in visual function. Future studies in more fish
species are needed to understand whether nucb2 expression and function in the brain and sensory
organs is conserved among species or represents species-specific adaptations.

Comparison of brain nucb2 expression with other vertebrates

The distribution of neurons expressing nucb2 in the A. burtoni brain is also similar to that of the
few other vertebrates where localization patterns are described such as frogs, rats, mice, and pigs.
However, mammals overall have nucb2/nesfatin-1 cells in many more areas of the brain as
compared to the fish. In the rat and pig brain, nucb2 positive immunoreactivity is found in the
arcuate nucleus (homologous in part to NLT in A. burtoni) (Oh, Shimizu et al. 2006), which is
involved in the central regulation of glucose metabolism and feeding. Like in A. burtoni, nuch2-
positive staining occurs in the preoptic area of the frog, pig, and rat, which is a region involved
in regulating feeding behavior and body weight via oxytocin/melanocortin dependent pathways,
suggesting conserved roles across vertebrates in this region (Senejani, 2014, Varricchio, 2014,
Prinz, 2016). In rats and frogs, apart from the preoptic area, cells immunopositive for nesfatin-1
are also found in the hypothalamus, known to control feeding behavior, the distal lobe of the
pituitary gland, and in the cerebellar nucleus of the midbrain that is involved in the stress
response (Prinz, 2016, Senejani, 2014, de Abreu, 2021). Frogs also have nesfatin-1 like
immunoreactivity in the magnocellular nucleus which is homologous to the mammalian
paraventricular nucleus involved in feeding behavior. Our observation of nucb2 cells in the
putative EW nucleus of A. burtoni is similar to that described in the rat brain, where it may
function in managing stress (Garcia-Galiano, 2013; Senejani, Gaupale et al. 2014). Hence, nucb2
expression appears conserved in several brain regions across vertebrates, while other regions

seem to show species-specific patterns.
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Reproductive and energetic state differences in somata numbers and sizes

We found that starved females had fewer nucb2 positive cells in the nPPa compared to fed and
mouthbrooding females. This could be explained based on the role of nucb2/nesfatin-1 in the
regulation of feeding. In mammals and fishes, levels of nucb2 in the brain typically increase
within hours after feeding and are reduced during periods of fasting. For example, in the
goldfish, a 7-day food-deprivation caused a 3-fold reduction in nucb2 mRNA levels in the
hypothalamus (Gonzalez et al. 2010). We initially predicted to see differences in nucb2 cells
among female cichlid groups in the NLT because it is involved in regulation of food intake. The
reason for the lack of differences in NLT could be because feeding regulation is a complex
process and multiple central and peripheral mechanisms work together to carry out feeding and
energy homeostasis. However, consistent with that seen in mammals and other fishes, we did
find that starved female cichlids had fewer nucb2 cells in the nPPa compared to fed and brooding
groups, suggesting that this region may also be involved in metabolic regulation. Mouthbrooding
females, which are also actively starving, have more but smaller nucb2 positive cells compared
to starved females. Thus, the nucb2 cells in nPPa of mouthbrooding females appear to be
regulated by factors different from those acting solely during periods of fasting. It is also
possible that the brood in the mouth signals the brain into thinking that the stomach is full and
the female does not need to eat. Given that the nPPa contains heterogeneous neuron populations,
nucb2 cells in this nucleus may play pleotropic roles in metabolism, reproduction, feeding

behavior, and parental care.

We also observed fewer nuch2-positive neurons in the nMLF of starved compared to fed and
mouthbrooding females. While this nucleus is not known to be involved in metabolism or
feeding behavior in fishes, it does function in locomotion behaviors. For example, studies in
zebrafish show that the nMLF contains neurons that function in swimming and escape behaviors,
as well as in postural control of tail orientation to steer directional swimming (Thiele, Donovan
et al. 2014, Xu, Guan et al. 2021). In rats, intracerebroventricular injections of nesfatin-1 reduces
locomotor activity (Yosten et al., 2008), suggesting that nuch2/nesfatin-1can have direct effects
on motor neurons in the brain to alter movements. Thus, fewer nucb2 neurons in the nMLF of
starved females may facilitate increased swimming and locomotor activity to promote foraging

behaviors that would ultimately lead to increased food intake.

25



While we observed some differences in the number and size of nuch2-expressing neurons across
female groups, it is important to note that there is not always a straightforward relationship
between stomata size, and mRNA or protein expression levels. For example, a study in European
starling showed a positive relationship between cell number, cell size, and peptide concentration,
whereas a study in the Japanese quail demonstrated that an increase in cell size could be because
of production and storage of peptide in the cell rather than increased release (Boswell, Millam et
al. 1998, Calisi, Diaz-Munoz et al. 2011). Therefore, an increase in cell size could be due to an
increase in peptide production or reduced peptide release and storage, but it is not possible to
distinguish amongst these possibilities via staining techniques alone. Future studies are needed to
determine whether these differences in neuron numbers and size within discrete brain nuclei

reflect changes in mMRNA and protein levels that are related to biological functions.

We also found that the discriminant function analysis accurately predicted female energetic and
parental state based on the number and size of nucb2 cells across all five analyzed brain regions.
We saw a clear separation among the starved, mouthbrooding and fed female groups based on
the size of the nucb2 cells in the NLTv and gTN. Thus, nucb2 cell characteristics alone can
predict whether females are starved, fed, or mouthbrooding. This suggests that mouthbrooding
and fed females are more similar to each other, but both differ from starved females.
Mouthbrooding females likely have compensatory mechanisms, possibly involving nucb2 cells,
that may help provide a satiety signal to prevent them from eating during the brood period

despite their starvation status.

Expression of nuch2 and reproductive and energetic state differences in peripheral tissues
We found that nuch2 mRNA is expressed in many different tissues throughout the A. burtoni
body. We detected nucb2 mRNA expression in brain, spleen, skeletal muscle, kidney, intestine,
testis, stomach, liver, heart, and ovaries. Similarly, Ya-fish, zebrafish and goldfish also show a
wide distribution pattern of nucb2 mRNA in peripheral tissues (Gonzalez, Kerbel et al. 2010,
Lin, Zhou et al. 2014, Hatef, Shajan et al. 2015). Nesfatin-1 mRNA expression is also seen in the
stomach and pancreas of cats; stomach, intestines, pancreas, and liver of dogs; stomach and

pancreas of pigs; and pancreas and liver of humans (Morton, Hargreaves et al. 2018). In rats,
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autoradiography to localize expression of nesfatin-1 receptor showed binding in stomach,
intestines, liver, and pancreas, suggesting these tissues are also targets of nesfatin-1 (Prinz,
Goebel-Stengel et al. 2016). Thus, the ubiquitous presence of nucb2/nesfatin-1 in mammalian
and non-mammalian species suggests that nesfatin-1 or the other nuch2-encoded peptides may

have pleiotropic effects.

There was no difference in the nuch2 mRNA in intestine among starved, fed, and mouthbrooding
female A. burtoni. However, nucb2 mRNA levels in the stomach and the liver were different
among the three female groups. The fed females had higher nucb2 mRNA expression in the
stomach compared to the starved and the mouthbrooding females. After feeding, the stomach is
full, and increased nucb2 may provide a satiety signal for the animal to stop eating. In mammals
and other fishes, nuch2 mRNA increased in the stomach of fed animals (Stengel et al., 2009;
Hatef et al., 2014). These results suggest that nucb2 is a meal responsive hormone and could
change pre- or post-prandially to influence food intake (Gonzalez et al., 2014; Lin et al., 2014).
In the liver, the starved females had more nuch2 mRNA expression compared to the fed and the
mouthbrooders. There are several possible explanations for this result. First, there may be direct
involvement of nucb2/nesfatin-1in liver physiology during food deprivation. During starvation,
liver glucogenesis acts as a primary source of glucose to facilitate the restoration of
normoglycemia (Gonzalez, Kerbel et al. 2010). A similar trend was seen in the Ya-fish,
zebrafish, and goldfish in which mRNA levels in the liver were elevated during a week of food
deprivation, suggesting a specific local role in the regulation of metabolism during starvation
(Gonzalez, Kerbel et al. 2010, Lin, Zhou et al. 2014, Hatef, Shajan et al. 2015). Thus,
upregulation of nucb2 in the starved A. burtoni females could suggest a potential tissue specific
role for nucb2 in the regulation of the cellular gluconeogenic process in catabolic states. Second,
higher levels of nuch2 mRNA in the liver of starved females may function to inhibit the HPG
(hypothalamic-pituitary-gonadal) axis as seen in goldfish (Gonzalez, Shepperd et al. 2012).
Localization of nesfatin-1 receptor expression along the HPG axis will help test some of these
hypotheses. However, neither of these reasons would explain why mouthbrooding females,
which are also food deprived, would have liver nucb2 mRNA levels lower than starved females.
The difference in nucb2 mRNA levels in the liver of mouthbrooding and starved females

suggests that it is not merely food deprivation alone that is regulated by nucb2/nesfatin-1, but
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that there may be additional metabolic functions specific to the parental brooding state. Further
studies are warranted to identify the role of nucb2 in the liver, especially related to different

energetic states of fishes.
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