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Summary

In most species, females time reproduction to coincide with fertility. Thus, identifying factors that 

signal fertility to the brain can provide access to neural circuits that control sexual behaviors. In 

vertebrates, levels of key signaling molecules rise at the time of fertility to prime the brain for 

reproductive behavior [1–11], but how and where they regulate neural circuits is not known [12, 

13]. Specifically, 17α,20β-dihydroxyprogesterone (DHP) and prostaglandin F2α (PGF2α) levels 

rise in teleost fish around the time of ovulation [10, 14, 15]. In an African cichlid fish, 

Astatotilapia burtoni, fertile females select a mate and perform a stereotyped spawning routine, 

offering quantifiable behavioral outputs of neural circuits. We show that within minutes, PGF2α 

injection activates a naturalistic pattern of sexual behavior in female A. burtoni. We also identify 

cells in the brain that transduce a prostaglandin signal to mate, and show that the gonadal steroid 

DHP modulates mRNA levels of the putative receptor for PGF2α (Ptgfr). We use CRISPR/Cas9 to 

generate the first targeted gene mutation in A. burtoni, and show that Ptgfr is necessary for the 

initiation of sexual behavior, uncoupling sexual behavior from reproductive status. Our findings 

are consistent with a model in which PGF2α communicates fertility status via Ptgfr to circuits in 

the brain that drive female sexual behavior. Our targeted genome modification in a cichlid fish 

shows that dissection of gene function can reveal basic control mechanisms for behaviors in this 

large family of species with diverse and fascinating social systems [16, 17].

Results

We sought to understand the control of the complex spawning behavioral routine in a cichlid 

fish, A. burtoni. In this species, the male dramatically displays his body coloration to a 
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female while quivering vigorously, then attempts to lead her back to his territory (Figure 1A, 

Movie S1). If the female is ready to spawn, she follows him into his spawning site and pecks 

at egg-like spots on the anal fin of the male as he quivers in front of her. She then lays eggs 

and immediately collects them from the substrate into her mouth. As she searches for more 

eggs, she pecks again at egg spots near the site of sperm release from the male, fertilizing 

the eggs. The male and female circle around one another several times, repeating these 

behaviors in sequence. The female then carries the embryos in her mouth for ~2 weeks as 

they develop.

We first asked whether this spawning routine could be elicited by PGF2α, a factor whose 

titers rise in the fertile female fish [18]. Within 30 minutes of intraperitoneal PGF2α 

injection into females visually identified as non-fertile, they exhibited behavior quite similar 

to natural spawning behavior, whereas vehicle-injected controls rarely showed the full 

sequelae of reproductive behaviors (PGF2α-injected, 43% circled; vehicle-treated, 7% 

circled; n = 28/group; P = 0.0043, Fisher’s Exact Test) (Figure S1A, Movie S2). Females 

performed all behavioral sequences typical of reproductive behavior except egg laying, since 

we selected only fish that had not ovulated. Differences between PGF2α- and vehicle-

injected fish cannot be ascribed to differences in male behavior or reproductive stage 

(assessed by ovary mass), as these parameters did not differ between assays with PGF2α- 

and vehicle-injected females (Figures 1B, 1C, 1G, 1H). Female following and spawning site 

entry was not significantly increased (Figures 1D, 1E), implying that PGF2α promotes the 

final stage of spawning behavior, circling (Figure 1F). We compared the behavior of 

naturally spawning females to a subset of PGF2α-injected females that exhibited comparable 

levels of reproductive behaviors by testing the frequency of transitions between behaviors. 

We found that PGF2α-injected females were similar to naturally spawning females in 

frequency and ordering of reproductive behaviors (Figure 1J). Thus, the behavioral sequelae 

elicited by PGF2α are very similar to those of naturally spawning females, but are performed 

outside the time of fertility.

This rapid generation of a complex behavior that we and others [8, 11] observe in cichlids 

led us to seek the mechanism of action for PGF2α at the genetic and neural levels. We 

identified a family of 11 putative prostaglandin G protein-coupled receptors in the A. burtoni 
genome and show that only a single receptor forms a monophyletic clade with PGF2α 

receptors (Ptgfr) from other vertebrate genomes (Figure S2A). This A. burtoni G protein-

coupled receptor has conserved residues for PGF2α signaling, and elements of synteny are 

maintained from cichlid to human (Figures S2B, S2C), suggesting it is the sole Ptgfr 
ortholog, and has maintained PGF2α signaling capability.

A prior study in goldfish found that PGF2α injection directly into the brain is more potent 

than systemic injection for eliciting reproductive behavior, and that ovariectomized females 

spawn in response to PGF2α [19]. Together these results indicate that PGF2α acts on target(s) 

in the brain. Therefore, we localized cells expressing Ptgfr in the brain using in situ 
hybridization (ISH) and found expression in only four regions (Figures 2A–2B, S3A–S3D): 

the preoptic area (POA), a region implicated in sexual behavior across vertebrates [20]; the 

lateral tubular nucleus (NLT), a suggested homolog of the mammalian arcuate nucleus [21]; 

the vagal lobe (VL), a region that communicates with the internal viscera and controls mouth 
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movements [22] but has not previously been implicated in female reproduction; and the 

dorsal compartment of the ventral telencephalon (Vd), a subpallial structure with no known 

function [23].

Since individual neurons activated during female spawning behavior have not been 

previously identified, we asked whether these brain regions were active during spawning by 

using cFos mRNA expression, a proxy for recent neural activity. We allowed uninjected 

females to interact with a courting male and compared cFos expression in females that 

spawned to those that did not. Cells in the POA and VL exhibited greater cFos expression in 

females that had spawned naturally when exposed to males compared to females that did not 

spawn (POA, 2.4-fold increase in spawning females, P = 0.012, Mann-Whitney test; VL, 

only had cFos expression in spawners; n ≥ 7/group) (Figure 2). NLT was cFos+ in females 

exposed to males regardless of spawning behavior (Figures S3I–S3L), but we did not detect 

a robust cFos induction in Vd in any fish (data not shown). Taken together, these results 

indicate that Ptgfr+ regions POA and VL play a role in reproductive behavior, while Ptgfr in 

Vd and NLT likely are involved in non-spawning behaviors.

Ptgfr expression varied systematically across the reproductive cycle, with Ptgfr mRNA 

staining increased ~3-fold in the POA of females that had just spawned naturally, relative to 

females with small or large ovaries earlier in the reproductive cycle (Figures 3A–3D), 

indicating that its expression is enhanced only briefly around the time of spawning. The 

teleost progestin, 17α,20β-dihydroxyprogesterone (DHP), promotes final maturation and 

ovulation of oocytes prior to spawning in most teleosts including cichlids [15, 24, 25]. We 

found that the progesterone receptor (Pgr) is present in the female POA (Figure 3E). To test 

the role of this signaling pathway in Ptgfr expression, we treated ovariectomized females 

with either DHP or vehicle, and measured Ptgfr mRNA in the POA after 3 hours. DHP 

treatment caused an increase in Ptgfr mRNA in the POA similar to that observed in naturally 

spawning females (Figures 3F–3H), suggesting that Pgr signaling at ovulation increases 

sensitivity to PGF2α, promoting spawning behavior.

To directly test the role of Ptgfr in spawning behavior, we generated A. burtoni carrying 

mutant Ptgfr using the CRISPR/Cas9 system [26]. We injected single-cell embryos with 

Cas9 mRNA [27, 28] and a single guide RNA targeting the second transmembrane domain 

of Ptgfr (Figures 4A–4B). We raised injected embryos to adulthood, separated them by sex, 

and housed them with WT fish of the opposite sex. We found that none of the injected 

female G0 fish produced offspring (n = 9 females). When we sequenced finclip genomic 

DNA from injected females, we found that CRISPR/Cas9 is efficient in A. burtoni: 
sequencing of genomic DNA from 20/22 (91%) injected fish exhibited extensive 

modification of the Ptgfr locus (Figure S4). Thus, CRISPR/Cas9 can be used to cause indels 

in A. burtoni, enabling the rapid detection phenotyping of mutant cichlids.

CRISPR/Cas9 has been suggested to cause low rates of off-target mutations [28], so we 

outcrossed G0 males to WT females to isolate the effect of targeted mutations. Ptgfr mutant 

males produced numerous broods with WT females. This contrast with Ptgfr mutant females 

suggested a sex-specific role for Ptgfr in spawning. Half of G1 offspring (49%) carried Ptgfr 
indel alleles, indicating numerous mutant cells in the germline (n = 92 fish). These G1 
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offspring carried a variety of indel alleles, so we selectively propagated those predicted to 

result in a loss of function (i.e. two frameshift and a 177 bp deletion). We intercrossed non-

sibling G1 fish to obtain biallelic Ptgfr mutants (PtgfrΔ/Δ). These crosses transmitted 

modified Ptgfr alleles at expected frequencies, and PtgfrΔ/Δ fish are viable (Table S1). To 

assess whether PtgfrΔ/Δ females would reproduce naturally, we collected fin clips from 

females observed carrying broods. PCR amplification and sequencing revealed that no 

mouthbrooding females were PtgfrΔ/Δ (Figure 4I).

Although these results indicate that Ptgfr is critical for reproduction, we asked whether Ptgfr 
mutant females would perform complete spawning behavior routines. We injected these 

females and their WT siblings with PGF2α and paired each with a WT singly-housed male. 

PtgfrΔ/Δ females never exhibited the circling behavior typical of their WT siblings (P = 0.04, 

Fisher’s Exact test; n = 8–13/genotype), though they did perform the initial components of 

the routine (Figure 4D). These phenotypes were not a result of differential courtship by 

males or female size, and ovary mass indicated females had high GSI (Figures 4E–4H). 

Thus, PGF2α signaling through Ptgfr is necessary for the final stages of reproductive 

behavior, and there appears to be no redundancy in signaling pathways that activate 

spawning.

Discussion

Our results show that PGF2α signaling is necessary and sufficient to induce the final stages 

of reproductive behavior in cichlid fish, and we have identified regions in the brain likely 

important for generating this behavior. Although the neural circuit for spawning requires 

Ptgfr, other factors must modulate its action. For example, we found that PGF2α robustly 

activated spawning behavior in 8/10 WT females with larger ovaries (gonadosomatic index > 

1.4), but 0/7 females with smaller ovaries (Figure S1B), suggesting that some factor(s) other 

than DHP inhibits sexual behavior after recent egg laying. PGF2α-insensitive periods have 

been observed later in the reproductive cycle in the paradise fish [10], though PGF2α appears 

uniformly effective in other species [11, 29]. Additionally, Ptgfr mRNA levels in the POA 

rise in A. burtoni during a separate short time window around spawning, suggesting that 

Ptgfr+ neurons become more sensitive to PGF2α when females are fertile.

We propose that individual Ptgfr+ regions control discrete aspects of female reproduction. 

The POA has been implicated in sexual behavior across vertebrates [20, 30, 31], and the 

expression of Ptgfr mRNA in this region is consistent with a role in spawning behavior. 

Given the known roles of the VL, Ptgfr mRNA expression here may identify neurons that 

are important for the initiation of mouthbrooding, or for receiving signals from viscera 

including the reproductive tract. Accordingly, females that exhibit circling behavior 

subsequent to PGF2α injection do not show cFos mRNA in the VL (data not shown), 

implying that egg laying and/or mouthbrooding is controlled by these neurons. Are these 

regions activated simultaneously to drive reproductive behavior, or might one region be the 

site at which the PGF2α signal from the periphery acts? Cells in the POA could be accessible 

to circulating prostaglandins, similar to mammals [32]. In an alternative model, fertility 

signals from the reproductive tract could be communicated to the brain via another signal, 

triggering the neural synthesis of PGF2α. One candidate for such a mediator is the vagus 
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nerve, which innervates the viscera and communicates with the VL. A comparison of Ptgfr 

expression patterns across brain regions in species with divergent behavioral patterns may 

highlight the presence or absence of Ptgfr+ neuronal subsets, allowing inferences about 

specific functions for individual populations. The development of CRISPR/Cas9 in cichlids 

will allow tests of such hypotheses using cell-type specific gene modifications.

In mammals, PGF2α promotes both the onset of labor and maternal behavior [2, 6]. Our 

data, taken together with results from other vertebrates including ovoviviparous fish [33], 

suggests that PGF2α signaling has an ancestral function linking the release of offspring or 

eggs from the reproductive tract with the appropriate behavior. In mammals, for which 

sexual behavior is temporally dissociated from parturition, either progesterone or 

prostaglandin E2 (PGE2) is sufficient to drive female sexual behavior after priming by 

estradiol [1, 4, 34, 35]. PGE2 signaling therefore may act in a signaling pathway that 

anticipates ovulation, in order to time sexual behavior with fertility [29]. This function could 

result from a gain of expression of a PGE2 receptor in an ancestral mating circuit, or from 

co-opting of PGE2-sensitive cells into a mating circuit. Future experiments may reveal a 

conserved pattern of gene expression in cells that regulate mating in mammals [36, 37] and 

fish.

Given the remarkable diversity in reproductive behaviors among the ~1500 known cichlid 

species [17], genetically modified cichlids [38] have the potential to test the function of 

specific genes, neurons, and hormones that control social behaviors and to reveal their 

evolutionary trajectories. Furthermore, since the prolific speciation of East African cichlids 

is postulated to result from sexual selection [39], Ptgfr+ cells are a crucial component of a 

circuit through which females select a partner and initiate mating. Thus, mapping the inputs 

and outputs of these cells will permit an understanding of how females select a mate and 

ultimately shape evolution.

Experimental Procedures

Fish were bred and used at Stanford University from a colony derived from Lake Tanganyika 

[16] in accordance with AAALAC standards.

Non-gravid females were identified by absence of abdominal distension due to ovary size 

and injected intraperitoneally with PGF2α (~1.5 μg per g body; Cayman) or vehicle. Females 

were introduced into a male’s tank immediately after injection. Behaviors were video 

recorded for 30 minutes. Naturally spawning females in Figures 2 and S3 were collected by 

allowing a male access to uninjected females. Brains were dissected 30 minutes after 

observing spawning, and simultaneously from a control female from the same tank that did 

not spawn. Behavior assays were coded by an observer blind to treatment using custom 

MATLAB software [40].

Adult female A. burtoni were allowed to recover for 1–2 weeks after OVX, then were 

injected intraperitoneally with DHP (125 ng/g body weight; Sigma-Aldrich) or DMSO/

saline vehicle. Brains were collected at 3 hours post-injection.
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Raster plots and transitional probabilities were generated using a custom software package 

in R (http://fernaldlab.stanford.edu/resources). We used Mann-Whitney U-tests for two-

group comparisons of continuous data and Fisher’s Exact test for categorical data. 

Transitional probabilities were calculated by dividing the total number of each behavior by 

the number of instances in which the subsequent behavior occurred. Arrow weights in 

Figure 1J are only shown for transitions with probability ≥4%. We selected 5 PGF2α-

injected females with a similar number of circling bouts to compare with 5 naturally 

spawning females, and matched 5 vehicle-injected females by their comparable GSI. We 

used Mann-Whitney U-tests to compare transition probabilities across groups, with a 

Bonferroni-corrected cutoff of α=0.0027 to correct for 19 transitions we observed in Figure 

1J.

For ISH, we subcloned Ptgfr and cFos (NM_001286320), into pCR-TOPO4 (Life 

Technologies). Ptgfr forward, 5′-AACCAAAGACTGGCTGGATG-3′; Ptgfr reverse, 5′-

AAATTTCGAGCCACAACAGC-3′; cFos forward, 5′-

AATTGGATCCAAGCCCAGATCTTCAGTGG-3′; cFos reverse, 5′-

AATTGAATTCATAGCCCTGTGATCGGCAC-3′.

Mutations of Ptgfr were induced by injection of a single guide RNA (sgRNA) targeting the 

second transmembrane domain. We annealed oligonucleotides gPtgfrF, 5′ – 

TAGGCTTGAGCCCCTTGTTCCT – 3′, and gPtgfrR, 5′ – 

AAACAGGAACAAGGGGCTCAAG – 3′, and ligated the product into pT7-gRNA [27, 28]. 

We waited for 30 min of fertilization, then injected single-cell embryos. We delivered ~1 nL 

of 12 ng/μL Ptgfr sgRNA, 60 ng/μL nls-zCas9-nls mRNA, and 0.3% Texas Red-conjugated 

dextran (3000 MW, Life Technologies). In ~5 week embryos, we PCR amplified a 554 bp 

amplicon spanning the sgRNA binding site with the primers PtgfrFlankF, 5′ – 

CTTCTCCAACAGCCTTGCTC – 3′ and PtgfrFlankR, 5′ – 

CACAGCCTGTTAGCGTGTTG – 3′, and Sanger sequenced the product with PtgfrFlankF 

(ElimBio). We saved fish showing evidence of mutant Ptgfr, and crossed these fish to wild-

types. G1 fish carrying an indel predicted to result in a null mutation were intercrossed to 

generate F1 fish. Additional information can be found in Supplemental Experimental 

Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Prostaglandin F2α injection rapidly leads to naturalistic female spawning 

behavior

2. A single receptor for prostaglandin F2α, Ptgfr, is expressed in four brain regions

3. Deletion of Ptgfr with CRISPR yields females that do not exhibit sexual 

behavior
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Figure 1. PGF2α activates female reproductive behavior in A. burtoni
a, Natural progression of spawning behavior. After ovulation, females lay eggs during 

circling. B–I, Analysis of all reproductive assays. B, C, G, Males quiver, lead, and attack 

similarly with vehicle and PGF2α-injected females. D–F, I, Vehicle- and PGF2α-injected 

females show similar following and pot entry (D–E), but females show circling behavior 

more rapidly and frequently after PGF2α injection (F, I). H, Body weight-normalized ovary 

mass does not differ between groups. *, P = 0.0018, Mantel-Cox test; **, P = 0.0010, Mann-

Whitney U-test. Mean ± SEM. n = 28 females per treatment. J, Ethograms reveal that 

naturally spawning and a reproductive subset of PGF2α-injected females exhibit 

quantitatively similar transitions between reproductive behaviors. Vehicle-treated females 

were matched for normalized ovary mass, but rarely circle. Diameters of circles are 

proportional to count of each behavior; weights of arrows are proportional to fraction 

followed by second behavior. Transitional probabilities do not differ between naturally 

spawning and PGF2α-injected females; all transitions P > 0.05, Mann-Whitney U-test. n = 5 

assays per group. See also Figure S1; Movies S1, S2.
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Figure 2. Ptgfr is expressed in regions active during spawning, and rises at the time of spawning
A, B, Ptgfr mRNA is expressed in the POA and in scattered cells of the VL. C–H, POA and 

VL express cFos mRNA after being allowed to spawn naturally when exposed to a male (C, 
D). Females exposed to a courting male that did not spawn did not show cFos expression (E, 
F). Scale bars, 100 μm; n = 6–11 per group. See also Figures S2, S3; Table S1.
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Figure 3. Progestin signaling upregulates Ptgfr mRNA expression in POA
A–D, Ptgfr mRNA levels rise in the POA around the time of spawning. Females with small 

(A) or large (B) ovary mass but that did not spawn had less Ptgfr mRNA expression than 

females that spawned 30 minutes prior (C). *, P = 0.0009 by Kruskal-Wallis test and p < 

0.05 by Dunn’s post-hoc test; n = 6–11 females per group. E, Progesterone receptor is 

expressed in the Ptgfr+ compartment of the POA. F–H, Treatment of ovariectomized (OVX) 

females with 17α,20β-dihydroxyprogesterone (DHP) results in a rise in Ptgfr mRNA levels. 

*, P = 0.0286 by Mann-Whitney test; n = 4 females/group. Mean ± SEM; scale bar, 100 μm.

Juntti et al. Page 12

Curr Biol. Author manuscript; available in PMC 2017 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. CRISPR/Cas9-mediated mutation of Ptgfr results in failure to spawn
A, Schematic for generation of biallelic Ptgfr mutants. sgRNA, single guide RNA. B, Three 

Ptgfr alleles encoding a large deletion or frameshift mutations were analyzed in F1 females. 

The protospacer-adjacent motif is underlined, and Cas9 cut site indicated by arrowhead. C–
D, PtgfrΔ/Δ females did not initiate circling behavior in response to PGF2α injection *, P = 

0.031, Mantel-Cox test; n = 8–13 females/genotype. e, Ovary size was not different from 

WT males. F–H, males did not show different levels of courtship (F, G) or aggression (H) 

toward PtgfrΔ/Δ females. Mean ± SEM. I, Group-housed PtgfrΔ/Δ females were not found to 

carry offspring despite comprising 42% of the population. **, P < 0.0001, Fisher’s exact 

test, n = 93 group housed fish, n = 31 mouthbrooders. See also Figure S4, Table S2.
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