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A B S T R A C T

Super-conserved Receptors Expressed in Brain (SREB) are a highly conserved family of orphan G protein-coupled 
receptors that consist of three members in most vertebrates: SREB1 (GPR27), SREB2 (GPR85), and SREB3 
(GPR173). Each receptor is associated with diverse physiological processes and expressed in both ovaries and 
testes, but reproductive functions are only beginning to be understood. In addition, some fishes gained a novel 
fourth gene, SREB3B, which may have unique functions. The purpose of this study was to conduct a spatial and 
quantitative analysis of SREBs in the gonads of pufferfish (Dichotomyctere nigroviridis), which expresses all four 
genes. Multiplex RNAscope and absolute qPCR were used to assess gene expression patterns in both ovaries and 
testes. Expression was detected in early ovaries and dominated by sreb1 (approximately 2500 copies/ng RNA vs. 
300 or less for others), with notable expression of all receptors in primary oocytes, granulosa cells, and small 
numbers of extra-follicular cells. Within primary oocytes, sreb1 and sreb3b exhibited diffuse patterns that may 
indicate early functions, while sreb2 and sreb3a were granular and may reflect stored mRNA. Early testicular 
development was dominated by sreb1 and sreb2 (~5000 copies/ng RNA) in spermatogonia. These patterns were 
somewhat reduced in late testes (~1000–2600 copies/ng RNA), but sreb3b exhibited a novel spatial pattern 
(~380 copies/ng RNA) within spermatogenic cysts. These results highlight diverse roles for the SREB family, and 
sreb3b is hypothesized to have unique roles in fish reproduction.

1. Introduction

Super-conserved receptors expressed in brain (SREB) are a family of 
Class A rhodopsin-like G protein-coupled receptors (GPCRs) that are 
among the most highly conserved receptor genes across vertebrate 
evolution (O’Dowd et al., 1998; Hellebrand et al., 2000; Matsumoto 
et al., 2000). Most vertebrates exhibit three members (SREB1, SREB2, 
and SREB3), but their functions remain largely elusive due to a lack of 
confirmed ligands, and the group is still identified as orphan receptors 
(GPR27, GPR85, and GPR173, respectively) (Stäubert et al., 2022). 
While all three exhibit elevated expression in neurons of the mammalian 
central nervous system, they are also expressed in many other organs 
and cell types, and each receptor is associated with a variety of 

physiological processes (Matsumoto et al., 2000, 2005).
SREB1 was examined as a novel GPCR regulator of insulin secretion 

in pancreatic beta cells, where it reduced insulin mRNA and had minor 
effects on glucose tolerance in mice (Regard et al., 2007; Ku et al., 2012; 
Chopra et al., 2020). In contrast, SREB2 has mostly been studied in the 
brain and plays roles in neurogenesis and memory (Chen et al., 2012). 
Brain size is affected in mice when SREB2 expression is perturbed, and 
the gene has been identified in humans as a risk factor for schizophrenia 
and autism spectrum disorder (Matsumoto et al., 2008; Fujita-Jimbo 
et al., 2015). The third family member, SREB3, has received the most 
recent research attention due to the identification of several uncon-
firmed potential ligands, including: 1) a cleavage product of a mito-
chondrial protein (phoenixin), 2) a metabolite of gonadotropin- 
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releasing hormone (GnRH(1–5)), and 3) a well-studied neuropeptide 
(cholecystokinin) (He et al., 2023; Larco et al., 2013; Mcilwraith and 
Belsham, 2018; Yosten et al., 2013). Collectively, these studies elucidate 
the roles of SREB3 in neuronal cells, including the mediation of inhibi-
tory signals, cell migration, appetite regulation, and hypothalamic 
control of reproduction (He et al., 2023; Larco et al., 2018; Mcilwraith 
et al., 2022).

SREBs also play reproductive roles in gonads, as all members are 
expressed in ovaries and testes (Matsumoto et al., 2000). In the human 
ovary, SREB3 is expressed in granulosa cells and promotes growth and 
estradiol production during the follicular phase (Nguyen et al., 2019). 
Female reproductive tissues in some mammals exhibit SREB3 changes 
during polycystic ovary syndrome and cystic endometrial hyperplasia, 
respectively (Kalamon et al., 2020; Rybska et al., 2022, 2023). Ovarian 
roles may be highly conserved across vertebrates, as SREB3 was also 
detected in zebrafish (Danio rerio) granulosa cells and oocytes, and the 
protein promotes follicle growth and maturation (Rajeswari and 
Unniappan, 2020). Additionally, SREB3 is expressed in the zebrafish 
testis, and the entire SREB family in most fishes actually exhibits higher 
gene expression levels in testes compared to the ovaries (Rajeswari and 
Unniappan, 2020; Breton et al., 2021). However, the testicular roles for 
any SREB are poorly understood, and no studies to date have focused on 
SREB1 or SREB2 in any reproductive context. Perhaps the most signif-
icant knowledge gap is that these two genes have not yet been charac-
terized spatially outside of the brain in any vertebrate.

Fish represent an intriguing vertebrate clade to study the SREB 
family. Fish are unique among vertebrates in that many species exhibit a 
novel fourth family member, SREB3B, which resulted from a gene 
duplication event of SREB3 following the teleost whole genome dupli-
cation (Breton et al., 2021). As a result, less derived fishes such as 
zebrafish lack SREB3B, while more derived species such as salmonids 
and percomorphs exhibit the additional gene. While SREB3B remains 
largely unstudied, there is some evidence to support: 1) divergent 
functions from SREB3A (the fish ortholog to mammalian SREB3), and 2) 
reproductive roles for the receptor. For instance, spotted scat (Scat-
ophagus argus) hypothalamic cells exhibited different sreb3a and sreb3b 
gene expression changes when exposed to estradiol (Jiang et al., 2022). 
In addition, upstream genomic regions of sreb3b, but not sreb3a, 
exhibited highly conserved transcription factor binding sites related to 
ovarian growth and germ cell pluripotency (Breton et al., 2023). Overall 
though, more research is needed to better understand the novel receptor, 
its potential reproductive roles, and how it may be unique in spatial 
location from other gonadal SREBs.

The purpose of the present study was to conduct a detailed spatial 
and quantitative characterization of the entire SREB family in fish go-
nads, to better understand their expression patterns across different cell 
types and potential roles in reproduction. Based on evidence from past 
studies in other vertebrate systems, we hypothesize that most sreb genes 
exhibit similar expression patterns in both oocytes and follicle cells in 
ovaries, and in developing spermatogenic cells in testes. We also hy-
pothesize that the novel fish-specific sreb3b will exhibit divergent spatial 
patterns from sreb3a in some gonadal cell types. To evaluate these hy-
potheses, green-spotted pufferfish (Dichotomyctere nigroviridis) was used, 
which is a highly derived species that exhibits all four genes, unlike 
zebrafish and some other fishes (Breton et al., 2021). In addition, puf-
ferfish exhibit unique characteristics in their genome assembly that 
warrant investigation, including unverified annotations for sreb1 and 
sreb3a that label them as both pseudogenes and protein-coding genes 
(Ensembl genome browser 112, TETRAODON 8.0). To address this, we 
used standard PCR to verify near full-length transcription of each sreb 
gene in pufferfish. Then, multiplex fluorescence RNAscope and absolute 
quantitative PCR (qPCR) were used to map expression patterns of all 
four genes across gonadal development in both ovaries and testes.

2. Material and methods

2.1. Pufferfish care and sampling

Wild-caught green-spotted pufferfish from Thailand were imported 
through a local wholesaler (Segrest Farms, LLC) in October 2023, and 
maintained in a 215 L tank supplied with flow-through degassed and 
filtered freshwater at the University of Florida (UF) Tropical Aquacul-
ture Laboratory (Ruskin, FL, USA). All fish were maintained and 
sampled in accordance with guidelines from the UF Institutional Animal 
Care and Use Committee (IACUC #202300000749) regarding ethical 
vertebrate animal use. Approval was also provided by the University of 
Maine at Farmington (UMF) Grant Coordination Committee, and all 
experiments were conducted in compliance with ARRIVE guidelines.

To identify a variety of ovarian and testicular stages and promote 
gonadal development, fish were acclimated to saltwater (30 g/L salinity) 
over 14 days and periodically sampled across four months (October 
2023 – February 2024). All fish were euthanized with 500 mg/L neutral- 
buffered tricaine methanesulfonate (MS-222; Syndel, Ferndale, WA, 
USA), weighed, measured (total length, mm) and gonads were removed. 
Gonadal fragments from each fish were: 1) placed in a cryomold and 
submerged in Optimal Cutting Temperature (OCT) compound for spatial 
analyses in RNAscope, and 2) preserved in RNALater (Ambion, Inc., 
Austin, TX, USA) for PCR-based analyses. All gonadal samples were 
immediately frozen on dry ice, preserved at −80 ◦C, and shipped frozen 
to UMF laboratories for gene expression analyses.

2.2. RNA extractions and confirmation of sreb transcription

RNA extractions for PCR-based analyses were performed on primary 
and early secondary stage ovaries (n = 8, mean total length = 62.9 ±
1.6 mm, mean weight = 7.2 ± 0.6 g), vitellogenic ovaries (n = 5, 60.4 ±
1.4 mm, 7.1 ± 0.4 g), early developing testes (n = 7, 67 ± 1.7 mm, 9.9 
± 1.7 g), and mid-late testes (n = 5, 65.8 ± 3.8 mm, 9.6 ± 1.7 g). All 
samples were homogenized in Tri Reagent (Sigma-Aldrich, St. Louis, 
MO, USA) and used in standard phenol/chloroform procedures. Most 
vitellogenic ovaries required an additional incubation using a poly-
vinylpyrolidone (PVP) solution (2 % PVP, 1.4 M NaCl) and a lithium 
chloride precipitation to remove polysaccharide contamination (Picha 
et al., 2008). RNA quantity and quality were checked using a NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) 
and 1 % agarose gel electrophoresis. All samples exhibited high quality 
(absorbance ratios 260/280 and 260/230 of ~ 2.0 and > 2.0, respec-
tively) with intact rRNA bands. Total RNA (1.67–2.50 μg) was treated 
with ezDNase and a 5 min incubation step at 37 ◦C to remove genomic 
DNA contamination, followed by cDNA synthesis using Superscript IV 
VILO (Invitrogen, Carlsbad, CA, USA).

To confirm that each sreb gene was likely fully transcribed for later 
analyses, standard PCR and 2 % agarose gel electrophoresis were per-
formed on selected cDNA samples (n = 2/stage). Samples were used in 
PCR with the Promega GoTaq Flexi PCR kit (Promega, Madison, WI, 
USA) following standard protocols (Breton et al., 2019). Standard PCR 
primers (two sets per gene) were designed to: 1) include most of the 
protein-coding sequence intended for use in RNAscope probes (see 
Section 2.3), and 2) flank regions previously validated in each gene 
using qPCR primers (Breton et al., 2021). All primer sets were designed 
for a 60 ◦C annealing temperature and are provided in Supplementary 
Table 1. PCR products were used in agarose gel electrophoresis 
following standard protocols and imaged to observe expected banding 
patterns. Negative controls (no reverse transcriptase and no template) 
exhibited no amplification.

2.3. Multiplex RNAscope

Selected primary and early secondary stage ovaries (total n = 7), 
vitellogenic ovaries (n = 3), early developing testes (n = 3), and mid-late 
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testes (n = 5) were used in multiplex RNAscope to identify mRNA spatial 
expression patterns within each organ and developmental stage. Briefly, 
fresh frozen gonadal fragments in OCT were sectioned at 10 μm in a 
−20 ◦C equilibrated cryostat (Leica CM1850), mounted onto SuperFrost 
Plus slides (VWR International, LLC, Radnor, PA, USA), dried for 
approximately 1 hr at −20 ◦C, and stored in a slide box wrapped in 
aluminum foil at −80 ◦C for up to three days prior to use.

Pufferfish-specific double-Z probes for multiplex RNAscope were 
designed by Advanced Cell Diagnostics (ACD) (Hayward, CA, USA). 
Previously identified pufferfish sreb1, sreb2, sreb3a, and sreb3b se-
quences were used (Breton et al., 2021) to identify protein coding re-
gions in ORFfinder (see Supplementary Data) and used to generate 12ZZ 
(designed for channel 1), 20ZZ (2), 12ZZ (3), and 10ZZ (4) probe sets 
targeting nucleotide positions 32–1101, 2–1107, 2–1341, and 27–814, 
respectively. In addition, probe sets for positive control genes actb1 
(GenBank Accession No. CR695870.2), eef1a (Ensembl Tetraodon gene 
ENSTNIT00000017382.1), zp3f (Ensembl gene ENST-
NIT00000010945.1), and dmrt1 (Ensembl gene 

ENSTNIT00000018941.1) were used to generate 11ZZ (1), 17ZZ (2), 
20ZZ (3), and 15ZZ (4) probe sets targeting nucleotide positions 2–1845, 
45–1036, 2–936, and 85–842, respectively. A 4-plex negative control 
probe set for bacterial gene dapB was also used (ACD Cat. No. 321831). 
Target probe sequences are proprietary but can be purchased from ACD 
(Wang et al., 2012).

Due to imaging limitations with fluorophores, all target probes were 
used in 3-plex combinations. Briefly, positive control genes were sorted 
into two multiplexes to alternate between an ovary-specific (zp3f) or 
testis-specific (dmrt1) gene. Control Multiplex 1 consisted of actb1, 
eef1a, and zp3f, while Control Multiplex 2 consisted of actb1, eef1a, and 
dmrt1. Both control multiplexes were used in ovary and testis sections to 
validate expected expression patterns. Control Multiplex 3 consisted of 
the ACD negative control dapB probe mix. Probes for sreb genes were 
also used in multiplex combinations. Multiplex 1 consisted of sreb1, 
sreb3a, and sreb3b, which was designed to investigate potential co- 
localization between the two sreb3 paralogs in fish (Breton et al., 
2021). Multiplex 2 consisted of sreb1, sreb2, and sreb3b, which was 

Fig. 1. Ensembl genome browser 112 features (left) and representative agarose gel electrophoresis (right) of PCR products from cDNAs for pufferfish sreb1 (A), sreb2 
(B), sreb3a (C), and sreb3b (D). Predicted pseudogenes, protein-coding regions, and EST cluster transcripts identified in Unigene are labeled in gray, red, and green, 
respectively. Transcript regions used for RNAscope probe synthesis and qPCR are labeled in blue and purple stripes, respectively. Additional two PCR-amplified 
regions (1, 2) used to confirm transcription of each gene at RNAscope probe sites are shown in white bars with intended product sizes (base pairs, bp). Repre-
sentative gel images for all genes reflect similar results across all four gonadal stages. Black bar refers to 100 bp.
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designed to investigate potential similarity in spatial patterns between 
the highly conserved latter two genes (Breton et al., 2021). Multiplexes 1 
and 2 were used in all gonad samples previously described, except for 
primary and early secondary growth ovaries (n = 3). Since neither 
multiplex could evaluate co-localization within oocytes between sreb2 
and sreb3a simultaneously, a third multiplex of only these two genes 
(Multiplex 3) was used in additional primary growth ovary samples (n =
4).

Multiplex RNAscope was conducted following recommended pro-
tocols in the RNAscope Multiplex Fluorescent Kit v2 (ACD Cat. No. 
323100) and 4-Plex Ancillary Kit (ACD Cat. No. 323120). Briefly, slides 
with gonadal sections were incubated at 4 ◦C in 10 % neutral-buffered 
formalin for 1 hr, then rinsed twice with 1X phosphate buffered sa-
line, dehydrated in an ethanol series, and treated with hydrogen 
peroxide for 10 min and Protease IV for 30 min at room temperature 
following manufacturer’s instructions. Slides were then incubated with 
prepared probe multiplexes in the HybEZ II oven (ACD) for 2 hr at 40 ◦C. 
Positive and negative control multiplex slides were used in every 
RNAscope procedure and run alongside Multiplexes 1, 2, or 3. Each 
positive control or sreb probe was used in at least two multiplexes, 
except for the expected ovary or testis-specific markers zp3f and dmrt1, 
respectively. Following recommended steps, Amps 1, 2, and 3 were then 
hybridized to the slides, and HRP-C1, HRP-C2, and either HRP-C3 or 

HRP-C4 (depending on multiplex) signals were developed. To visualize 
each channel, Opal fluorophores 520 (channel 1), 570 (channel 2), and 
620 (channel 3 or 4) (Akoya Biosciences, Marlborough, MA, USA) were 
used at a recommended concentration of 1:1500 by ACD. Opal fluo-
rophores were prepared as recommended by Akoya Biosciences and the 
4-Plex Ancillary Kit. After signal development, DAPI was added to each 
slide to stain cell nuclei, incubated for 30 s, removed, and Prolong Gold 
antifade mounting medium (Fisher Scientific, Wilmington, DE, USA) 
was added. Coverslips were then placed, and slides were dried overnight 
in the dark before storage at 4 ◦C.

2.4. Confocal microscopy and co-localization analysis

All slides were first examined for fluorescence within 24–48 hrs of 
the completed RNAscope procedure using a FluoView FV1000 confocal 
microscope (Olympus Life Science, Waltham, MA, USA) with 10X, 20X, 
and 40X UplanSApo or 60X PlanSApo (oil immersion) objective lenses. 
Images were acquired using simultaneous capture of up to three fluo-
rophores with standard settings, including low Gain, low Offset, and HV 
levels generally between 600 and 750 (Olympus FluoView-1000 User’s 
Guide, V.M. Bloedel Hearing Research Center, Digital Microscopy Cen-
ter, University of Washington). Opal 520, 570, and 620 fluorescence 
were imaged using recommended filter settings FITC, Cy3, and Cy5.5 (4- 

Fig. 2. Multiplex RNAscope pufferfish ovary positive (A-D), ovary negative (E, F), testis positive (G-J), and testis negative (K, L) controls. Control Multiplexes 1, 2, 
and 3 refer to 3-plex probe combinations of: 1) actb1, eef1a, and zp3f, 2) actb1, eef1a, and dmrt1, or 3) bacterial gene dapB, respectively. Scale bars refer to 50 μm. Cell 
nuclei are stained blue using DAPI, and actb1 and eef1a are labeled green and red, respectively, while zp3f and dmrt1 are labeled white. AF = atretic follicle; LU =
lumen of testicular lobule; PO = primary oocyte; SC = spermatocytes; SZ = spermatozoa.
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Plex Ancillary Kit).
To assess potential sreb co-localization within primary growth oo-

cytes, a correlation-based method was used in the Coloc2 package 
within Fiji/ImageJ (Schindelin et al., 2012, Mascalchi and Cordelières, 
2019). Single channel images of every ovary sample in each multiplex 
were taken using the 40X UplanSApo lens. Each sample was imaged in 
three random locations within the ovary where at least three primary 
follicles were visible. Images were then imported into Fiji, converted to 
16-bit, and the freehand tool was used to identify regions of interest 
(ROIs) consisting of three randomly chosen individual primary oocytes 
in each image. One vitellogenic ovary sample mostly lacked primary 
growth follicles and was removed from some comparisons. Pairwise 
single channel images with oocyte ROIs were then compared using 
standard parameters in Coloc2 to calculate Pearson’s R value, which 
provides a measure of correlation between two signals. Since this 
method was expected to exhibit high variability, the procedure was 
validated by including Positive Control Multiplex 1 genes in the pairwise 
comparisons. These genes were expected to exhibit greater positive 
values than sreb genes due to abundant oocyte expression throughout 
the ooplasm. In addition, the sreb1 vs. sreb3b comparison was performed 
twice because these genes were run simultaneously in both Multiplex 1 
and 2, and similar mean values were expected. The pairwise compari-
sons in Coloc2 consisted of the following ovary sample sizes and indi-
vidual oocyte ROIs: 1) actb1 vs. eef1a (fish n = 5 and oocyte n = 45), 2) 
eef1a vs. zp3f (n = 5 and 45), 3) actb1 vs. zp3f (n = 5 and 45), 4) sreb1 vs. 
sreb3a (n = 5 and 45), 5) sreb1 vs. sreb3b (Multiplex 1, n = 5 and 45), 6) 
sreb1 vs. sreb3b (Multiplex 2, n = 6 and 51), 7) sreb3a vs. sreb3b (n = 5 
and 45), and 8) sreb2 vs. sreb3a (n = 4 and 36). Pearson’s R values were 
square root transformed to meet normality and equal variance as-
sumptions and used in one-way ANOVA in SYSTAT12 (Systat Software 
Inc., San Jose, CA, USA). Tukey’s post hoc tests were used to identify 
significant differences in R values among pairwise comparisons (p <
0.05).

2.5. Absolute quantitative PCR

To directly compare expression levels across sreb genes, absolute 
quantitative PCR (qPCR) was performed using all RNA-extracted 
gonadal samples (see section 2.2). While a prior study in pufferfish 
used relative quantitative PCR to assess gonadal sreb patterns (Breton 
et al., 2021), this approach was limited and could not statistically 
compare gene levels across different transcripts. As such, absolute qPCR 
was used in this study to quantify transcript copy numbers and char-
acterize if some receptor types are predominant or only weakly 
expressed in the gonads. Previously designed qPCR primers (Breton et al. 
2021, Supplementary Table 1) were used in a StepOne Plus Real Time 
PCR System with FAST SYBRTM Green Master Mix (Applied Biosystems, 
Waltham, MA, USA). Synthetic oligonucleotides for each pufferfish sreb 
gene were purchased as gBlocksTM gene fragments (see Supplementary 
Data) from Integrated DNA Technologies (IDT, Coralville, IA, USA), 
resuspended following IDT protocols, and diluted to 106 copies/μl for 
use in standard curves. Standards were serially diluted 1/10 following 
established protocols (Conte et al., 2018), and quantitative results for all 
assays were demonstrated down to 100 copies/μl, after which cycle 
threshold (Ct) values exceeded 32–34. Pooled cDNA samples across all 
stages were also used in relative standard curves at the same PCR con-
ditions to demonstrate similar amplification. All assays were conducted 
in 10 μl total volumes with 1.33 μl template, 0.05–0.2 μM primers 
(depending on assay), 50 ng/μl bovine serum albumin (BSA) to mini-
mize potential inhibitor effects (Schriewer et al., 2011), and standard 
cycling conditions (95 ◦C for 10 min, 40 cycles of 95 ◦C for 15 s and 60 ◦C 
for 1 min). All gBlock curves and relative sample standard curves were 
run in triplicate, consisted of at least four points, and exhibited 
approximately 90–110 % PCR efficiency. Following assay validation, an 
additional gBlock standard curve was run with all cDNA samples 
(diluted 1/10) in the same 96-well plate for quantification. All samples 
were assayed in duplicate and exhibited single peak amplification in 

Fig. 3. Multiplex RNAscope of primary and early secondary growth pufferfish ovaries using Multiplex 1 (sreb1, sreb3a, and sreb3b; A-C) or Multiplex 2 (sreb1, sreb2, 
sreb3b; D-F). Scale bars refer to 50 μm. Cell nuclei are stained blue using DAPI, and sreb1 and sreb3b are labeled green and white, respectively, while sreb2 and sreb3a 
are labeled red. CA = cortical alveoli stage or early secondary oocyte; FC = follicle cells; PO = primary oocyte. * indicates dotted sreb pattern within ooplasm. ** 
indicates follicle cell expression with overlapping DAPI. *** indicates stromal cell expression not associated with an ovarian follicle.
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dissociation curve analysis. Standard qPCR negative controls (no tem-
plate and no reverse transcriptase) exhibited no contamination. Addi-
tional pooled cDNA samples (n = 2/assay) were also spiked with gBlock 
standards using two different known concentrations and quantified, 
which resulted in 91.8 % mean recovery of expected values across all 
assays.

Copy number/µl results were normalized to input RNA quantity, and 
each assay was contained in a single 96-well plate (Campbell et al., 
2006). Data were log-transformed to meet assumptions of normality and 
used in one-way ANOVAs in SYSTAT12. Tukey’s post hoc tests were 
used to identify significant differences across genes within each gonadal 
stage (p < 0.05).

3. Results

3.1. Confirmation of sreb transcription

Each pufferfish sreb gene exhibited evidence of transcription in all 
gonadal stages (Fig. 1). Primers that flanked previously validated qPCR 
transcripts exhibited expected PCR banding patterns, and no differences 
were detected between genes predicted as pseudogenes (sreb1 and 
sreb3a, Fig. 1A, C) and those identified only as protein-coding genes 
(sreb2 and sreb3b, Fig. 1B, D). Evidence of transcription was also evident 
in the 5′ end of sreb1, which did not share similarity to expressed 
sequence tags (ESTs) from other species in Unigene (Fig. 1A). Overall, all 
sreb protein-coding regions selected for RNAscope probes were identi-
fied as transcriptionally active.

3.2. RNAscope positive and negative controls

Ovary positive control genes actb1, eef1a, and zp3f were all abun-
dantly expressed in primary growth stage oocytes (Fig. 2A, B). When the 
ovary-specific gene zp3f was replaced with testis marker dmrt1 in Con-
trol Multiplex 2, abundant expression of both actb1 and eef1a were 
retained in oocytes while dmrt1 signals were low (Fig. 2C, D). Ovary 
negative controls for the dapB bacterial gene exhibited no apparent 
signals in any channel (Fig. 2E, F).

Testis positive control genes actb1 and eef1a exhibited abundant 
expression, especially in areas around the periphery of testicular lobules 
(Fig. 2G). In contrast, the third gene and ovary-specific marker (zp3f) in 
Control Multiplex 1 exhibited no notable expression in testis (Fig. 2H). 
When zp3f was replaced with testis marker dmrt1, abundant expression 
was detected throughout the tissues along with retention of the actb1 
and eef1a signals (Fig. 2I, J). Testis negative controls with dapB 
exhibited no signals (Fig. 2K, L).

3.3. Ovary spatial sreb patterns and co-localization within primary 
oocytes

Expression patterns within oocytes differed among sreb genes 
(Fig. 3). For instance, sreb3b was present as a diffuse signal throughout 
the ooplasm of primary (PO) and early secondary growth (CA, cortical 
alveoli) oocytes, while sreb3a exhibited a more dotted pattern in discrete 
locations (indicated by * in Fig. 3A). Signals for sreb1 were more similar 
to sreb3b and diffuse (Fig. 3B, C). The sreb2 signals most closely matched 
sreb3a, with a clear dotted patterning in the ooplasm (see Multiplex 2 in 
Fig. 3D, E). The sreb1 and sreb3b patterns were also diffuse in the 
ooplasm in this multiplex (Fig. 3F). Overall weak expression was also 

Fig. 4. RNAscope Multiplex 3 (sreb2 and sreb3a) (A, B) and co-localization analysis across all gene pairwise comparisons in primary and early secondary growth 
pufferfish ovaries (C). Cell nuclei are stained blue using DAPI, and sreb2 and sreb3a are labeled green and red, respectively. Yellow dotted areas encircle oocyte 
regions of interest (ROIs) used in co-localization analysis in Fiji. Scale bar refers to 50 μm. Significant differences in Pearson’s R value across gene pairwise com-
parisons are indicated by different letters (p < 0.05). Pairwise comparisons are sorted based on ascending median Pearson’s R values. PO = primary oocyte. * and ** 
indicate sreb2 and sreb3a dotted patterns in ooplasm, respectively.
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detected in granulosa cells surrounding oocytes (indicated by ** in fol-
licle cell (FC) layers) and in several locations in stromal cells not asso-
ciated with ovarian follicles (*** in Fig. 3B, E, F).

The dotted patterns for both sreb2 and sreb3a in early stage oocytes 
were confirmed in a third multiplex using early growth stage (PO) oo-
cytes (see * and ** in Fig. 4A, B). However, these signals exhibited no 
similarity to each other and did not co-localize to the same locations in 
ooplasm, as Pearson’s R values were largely near zero (Fig. 4C). In 
addition, no significant oocyte co-localizations were detected in any 
gene pairwise comparisons among sreb1, sreb2, or sreb3a. However, 
sreb3b exhibited moderate but significant co-localization with all other 
sreb genes, and this was at least partially validated across two multi-
plexes (see sreb1 vs. sreb3b comparisons, Fig. 4C). As expected, most 
Control Multiplex 1 genes exhibited the greatest significant correlations 
to each other, except for eef1a vs. zp3f, which was the most variable of 
all pairwise comparisons but did exhibit a greater median value than any 
of the sreb genes (Fig. 4C).

Vitellogenic oocytes at either early (EV) or late growth (LV) largely 
did not exhibit sreb signals within the ooplasm, except within the zona 
pellucida (ZP) and at its outer edge (* in Fig. 5). This was similar to 
patterns observed in control genes (data not shown). All sreb genes 
exhibited these patterns and were largely similar to each other. Gran-
ulosa cells in the follicle layers immediately peripheral to the zona 
pellucida also exhibited expression at these stages, as well as in extra- 
follicular cells (** in Fig. 5A,B, D, F).

3.4. Testis spatial sreb patterns

The early developing testis was characterized overall by widespread 
sreb1 and sreb2 expression but more moderate levels for sreb3a and 
sreb3b (ET in Fig. 6). These same patterns were largely spread across the 
entire organ, with the only differing characteristic among sreb genes 
being particularly abundant sreb2 expression in larger cells that likely 

reflect spermatogonia (* in Fig. 6D). In contrast, testes in mid-late 
development exhibited greater divergence among signals located in 
testicular lobules surrounding the lumen (LU) (Fig. 7). In particular, 
sreb3b-specific expression was detected within testicular lobules in 
small, dotted patterns within only some cysts, which possibly reflects 
presence at specific stages of spermatocyte or spermatid growth (dotted 
circles in Fig. 7A, B, D–F). Larger cells (~10 μm diameter) at the pe-
riphery of the testicular lobules but likely inside the basement mem-
brane also exhibited abundant expression of all sreb genes (see * in 
Fig. 7A–C). Smaller cells either at the periphery of testicular lobules or 
closer to the lumen also exhibited abundant expression (see ** in Fig. 7C, 
D).

3.5. Absolute quantification of sreb transcripts

Both ovary stages exhibited significantly greater quantities of sreb1 
than any other gene (mean 2562 and 925 mRNA copies/ng total RNA, 
respectively; p < 0.001, Fig. 8). In the primary and early secondary stage 
ovary, expression of sreb2 was lower (340 copies/ng RNA) but still 
significantly greater than either sreb3a or sreb3b (69 and 121 copies/ng 
RNA, respectively; p < 0.01). However, as transcription decreased in the 
vitellogenic ovary these three genes all exhibited similar levels. The 
early developing testis exhibited the overall greatest sreb transcription of 
all gonadal stages and was dominated by similar levels of sreb1 and sreb2 
expression (5464 and 4958 copies/ng RNA, respectively, Fig. 8). 
Significantly more sreb3b than sreb3a was also detected in early testis 
(826 vs. 274 copies/ng RNA, respectively, p < 0.05), but these levels 
were both less than other genes. Later testicular development was 
characterized by relative decreases in all genes, but sreb1 and sreb2 
remained at higher transcript levels (2631 and 1046 copies/ng RNA, 
respectively) and in most cases, were significantly elevated compared to 
sreb3a (150 copies/ng RNA, p < 0.01) and sreb3b (381 copies/ng RNA, p 
< 0.05). Overall, gonads were broadly characterized by greater 

Fig. 5. Multiplex RNAscope of vitellogenic stage pufferfish ovaries using Multiplex 1 (sreb1, sreb3a, and sreb3b; A-C) or Multiplex 2 (sreb1, sreb2, sreb3b; D-F). Scale 
bars refer to 50 μm. Cell nuclei are stained blue using DAPI, and sreb1 and sreb3b are labeled green and white, respectively, while sreb2 and sreb3a are labeled red. EV 
= early vitellogenic oocyte; FC = follicle cells; LV = late vitellogenic oocyte; PO = primary oocyte; ZP = zona pellucida. * and ** indicate sreb patterns within the ZP 
and extra-follicular cells, respectively.
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expression early in development and were dominated by sreb1 in ovaries 
and both sreb1 and sreb2 in testes. The sreb3a gene consistently exhibited 
the lowest overall expression in both organs.

4. Discussion

All sreb genes exhibited evidence of transcription in both pufferfish 
ovaries and testes. While this was expected for sreb2 and sreb3b, which 
are identified as protein-coding genes in the pufferfish genome assem-
bly, this was not assumed for the other two that were annotated as 
possible pseudogenes (Breton et al., 2021). Such verifications are 
necessary, as sreb loss is not uncommon in some fishes, mammals, and 
birds (Breton et al., 2021; Stäubert et al., 2022). Results from the present 
study support pufferfish sreb1 and sreb3a being protein-coding genes, 
and they are at least not transcriptionally silent. This reinforces past 
research, where pufferfish genomic DNA sequences confirmed full- 
length protein-coding regions with no premature stop codons (Breton 
et al., 2021). As such, the pseudogene annotations for sreb1 and sreb3a 
instead likely reflect their: 1) characteristics as small, single exons, or 2) 
reduced gene sizes due to the pufferfish’s uniquely compact genome 
(Crollius et al., 2000). In either case, these genes are actually transcribed 
and likely both functional and protein-coding, with each sreb exhibiting 
some unique patterns in gonads.

Ovaries exhibited the greatest expression early in oocyte growth, and 
patterns were largely sreb1-dominated. The sreb1 mRNA was diffuse 
throughout the ooplasm, which matched patterns for actb1, eef1a, and 
zp3f that are largely translated before oocyte maturation in vertebrates 
(Ge et al., 2017; Jansova et al., 2018). Although functions for oocyte 

sreb1 are unknown, the receptor regulates glucose metabolism in other 
cell types (Chopra et al., 2020, Dolanc et al., 2022), and it may play a 
role in glycolysis before or during fish oocyte maturation (Kang et al., 
2021). A similar spatial pattern was observed for the novel sreb3b, which 
could reflect overlapping roles or functions in folliculogenesis and 
germline pluripotency (Breton et al., 2023). The sreb3b gene also 
exhibited particularly broad expression throughout the early ooplasm, 
with significantly greater co-localization to all other sreb genes, which 
may indicate diverse functions for this gene in early oocyte growth. Of 
note, the human paralog sreb3 is also translated in oocytes (Nguyen 
et al., 2019), which further reinforces that the diffuse mRNA pattern in 
ooplasm may indicate a functional role early in ovarian development 
rather than being a stored transcript.

In contrast, other sreb transcripts in oocytes may be stored mRNA, as 
sreb2 and sreb3a in primary oocytes both exhibited a highly granular 
appearance. Primary oocytes in vertebrates synthesize large quantities 
of mRNAs that are not constitutively translated but are instead largely 
stored for maturation, fertilization, or embryonic development (Wallace 
and Selman, 1990; Richter, 2007). Examples include ccnb1 (cyclin B) 
and pou5f1 (Oct4), which are synthesized early in the vertebrate oocyte 
but translated later to act as an oocyte maturation regulator and as an 
embryonic transcription factor, respectively (Ovitt and Schöler, 1998; 
Nagahama and Yamashita, 2008; Lubzens et al., 2010). Both of these 
transcripts exhibit dotted patterns in mammalian oocytes that reflect 
their storage in RNA granules, and these patterns are both not co- 
localized and strikingly similar to those observed for sreb2 and sreb3a 
(see Fig. 4 in Sanada and Kotani, 2024 and compare to Fig. 4 here). 
Embryonic roles for sreb2 are not unexpected, as the receptor regulates 

Fig. 6. Multiplex RNAscope of early developing pufferfish testes using Multiplex 1 (sreb1, sreb3a, and sreb3b; A-C) or Multiplex 2 (sreb1, sreb2, sreb3b; D-F). Scale bars 
refer to 50 μm. Cell nuclei are stained blue using DAPI, and sreb1 and sreb3b are labeled green and white, respectively, while sreb2 and sreb3a are labeled red. The 
inset square labeled “E, F” in panel D is shown at greater magnification in panels E and F. ET = early testis. * indicates expression in large spermatogonial cells.

T.S. Breton et al.                                                                                                                                                                                                                                General and Comparative Endocrinology 360 (2025) 114641 

8 



Fig. 7. Multiplex RNAscope of mid to late testicular development in pufferfish using Multiplex 1 (sreb1, sreb3a, and sreb3b; A–C) or Multiplex 2 (sreb1, sreb2, sreb3b; 
D–F). Scale bars refer to 50 μm. Cell nuclei are stained blue using DAPI, and sreb1 and sreb3b are labeled green and white, respectively, while sreb2 and sreb3a are 
labeled red. White dotted areas encircle cysts containing sreb3b-specific expression. LU = lumen of testicular lobule. * and ** indicate sreb expression in likely larger 
(~10 μm diameter) spermatogonial stem cells and later stage spermatgonia, respectively.

Fig. 8. Absolute qPCR of sreb transcripts normalized to input RNA quantity in four pufferfish gonadal stages. Each bar represents the mean ± standard error. Green, 
red, gray, and white bars refer to sreb1, sreb2, sreb3a, and sreb3b, respectively. Significant differences between sreb transcripts within a stage are identified in brackets, 
where *, **, and *** indicate p < 0.05, 0.01, and 0.001, respectively.
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neuron development in mice and may be associated with organ devel-
opment and cell proliferation in fish (Matsumoto et al., 2008; Breton 
et al., 2021, 2023). However, the identification of sreb2 as a possible 
maternal mRNA transcript is novel and implicates the receptor in earlier 
embryonic processes than previously studied. Similarly, sreb3a may also 
have embryonic roles, with related systems functioning in cell growth 
and neuron migration (Larco et al., 2013; Breton et al., 2022). These 
roles are still mostly unstudied though, and granule dynamics can be 
complex (Tauber et al., 2020). For instance, while such germline com-
plexes likely act as reservoirs of translationally repressed but competent 
mRNAs, they can also function in degradation or be incidental by- 
products of ongoing cytoplasmic activities that become saturated 
(Cassani and Seydoux, 2024). Since sreb3a is the least expressed of the 
receptors in pufferfish, these weaker signals may reflect mRNA decay. 
However, sreb3a could also be a low abundance but important stored 
transcript, as these mRNAs seem to be retained in vitellogenic oocytes.

Ovarian sreb patterns were also detected in vitellogenic oocytes, 
granulosa cells, and small numbers of extra-follicular cells. In vitello-
genic oocytes, all sreb transcripts were in smaller quantities than during 
primary growth. Patterns were also restricted to the oocyte periphery 
and zona pellucida, which is likely the result of accumulating vitello-
genins in the central ooplasm and a dramatic decrease in transcriptional 
activity (De La Fuente and Eppig, 2001; Breton et al., 2022). The control 
genes also reinforced this and exhibited a similar overall pattern, while 
identical spatial results were observed for sreb3b in killifish (Notho-
branchius furzeri) (Breton et al., 2021). Just outside the zona pellucida, 
elevated sreb patterns were also detected in granulosa cells of the follicle 
wall. Granulosa cell SREB3 has previously been found in both human 
and zebrafish follicles, where the system promotes steroidogenesis and 
gonadotropin signaling (Nguyen et al., 2019; Rajeswari and Unniappan, 
2020). While similar processes are likely present in pufferfish granulosa 
cells, the presence of all four sreb genes implicate overlapping or broader 
functions for the entire receptor family. Also of note, both prior work 
and the present study failed to identify robust sreb expression in theca 
cells (Nguyen et al., 2019), meaning that ovarian expression may be 
greatly reduced outside of granulosa cells. However, small numbers of 
extra-follicular cells did exhibit expression of sreb genes, which may be 
stromal cells or oogonia undergoing particular metabolic or proliferative 
processes that need further characterization.

The greatest sreb expression was evident in the early testis and likely 
originated from spermatogonia. Proliferation of spermatogonia is 
characteristic of prepubertal fish testes, which must generate enough 
cysts with meiotic spermatocytes to ensure proper testicular develop-
ment (Schulz et al., 2010). Proliferation begins with undifferentiated 
spermatogonia that are larger in diameter (~ 10 μm) (Lacerda et al., 
2014; Xie et al., 2020). These are the largest germ cells in the fish testis, 
very low in number, and found near the interstitial regions but inside the 
basement membrane (Schulz et al., 2010; Xie et al., 2020). Cells with 
these characteristics were identified in the pufferfish testes and exhibi-
ted elevated sreb expression. Prior research also identified that early 
pufferfish testes exhibit the greatest expression across gonadal stages 
(Breton et al. 2021), which was reinforced in the present study. The 
current work, however, also highlights that both sreb1 and sreb2 are 
expressed at significantly greater levels in these cells than the other 
receptor genes. Expression was also clear in smaller cells inside lobules 
in mid-late testes, which probably reflects differentiating spermatogonia 
as they decrease in size (Lacerda et al., 2014). Elevated expression in 
these cells may function in stem cell maintenance, as many GPCRs, 
including all three mammalian sreb members, are upregulated in 
pluripotent stem cells and regulate self-renewal (Choi et al., 2015). Such 
roles are also supported by the relative dominance in testicular tissues of 
both sreb1 and sreb2, which likely regulate proliferation (Matsumoto 
et al., 2008; Wang et al., 2022; Breton et al., 2023).

Lastly, while all sreb genes were detected in testicular mitotic cells, 
their expression was restricted in meiotic cells. Only sreb3b was identi-
fied in some spermatogenic cysts in the mid-late testes, but expression 

was likely limited to either spermatocyte or spermatid developmental 
stages. Similar patterns for zebrafish SREB3A were previously found, but 
specific staging also was unclear (Rajeswari and Unniappan, 2020). 
Overall, there is very little information on sreb expression in meiotic 
cells in any vertebrate testis. However, specific patterns observed in 
pufferfish indicate that the fish-specific sreb3b likely exhibits novel roles 
that are distinct from the other receptors. As such, future research is 
warranted to better understand sreb3b functions in both oocytes and 
spermatogenic cells, which could provide new insights into the regula-
tion of gamete development in fish.

5. Conclusion

The sreb receptor family is expressed in both pufferfish ovaries and 
testes, and patterns reflect possible roles in oocyte growth, embryonic 
development, and spermatogonial cell proliferation. In particular, sreb1 
and sreb2 exhibited the greatest overall expression in all stages. 
Expression patterns for sreb3b were unique in both oocytes and sper-
matogenic cells, which may indicate novel gamete-specific reproductive 
roles. Lastly, both sreb3a and sreb2 may be stored mRNA transcripts in 
oocytes. These complex spatial patterns highlight how little is known 
about these receptors in any vertebrate, and future studies will be crit-
ical to unravel SREB roles in both ovarian and testicular development.
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