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Synopsis Little is known regarding the coordination of audition with decision-making and subsequent motor responses

that initiate social behavior including mate localization during courtship. Using the midshipman fish model, we tested

the hypothesis that the time spent by females attending and responding to the advertisement call is correlated with the

activation of a specific subset of catecholaminergic (CA) and social decision-making network (SDM) nuclei underlying

auditory- driven sexual motivation. In addition, we quantified the relationship of neural activation between CA and

SDM nuclei in all responders with the goal of providing a map of functional connectivity of the circuitry underlying a

motivated state responsive to acoustic cues during mate localization. In order to make a baseline qualitative comparison

of this functional brain map to unmotivated females, we made a similar correlative comparison of brain activation in

females who were unresponsive to the advertisement call playback. Our results support an important role for dopami-

nergic neurons in the periventricular posterior tuberculum and ventral thalamus, putative A11 and A13 tetrapod ho-

mologues, respectively, as well as the posterior parvocellular preoptic area and dorsomedial telencephalon, (laterobasal

amygdala homologue) in auditory attention and appetitive sexual behavior in fishes. These findings may also offer

insights into the function of these highly conserved nuclei in the context of auditory-driven reproductive social behavior

across vertebrates.

Introduction

Socially motivated behavior related to sexual repro-

duction is indicative of an individual’s fine-tuned,

physiologically regulated internal state which is si-

multaneously receptive and responsive to conspecific

sensory cues. Vocal-acoustic social communication is

fundamental for reproduction in several vertebrate

groups and is thought to have first evolved in teleost

fishes (Bass et al. 2008). In order to respond

appropriately to a male advertisement or “mate”

call the receiver must be able to (1) detect and en-

code signals with context-dependent salience and (2)

respond and attend to the signal in a motivated

manner adaptive for reproduction. Investigations of

these various processing mechanisms by receiver sys-

tems have received recent attention in songbirds,

amphibians and fishes (for reviews see Wilczynski

and Ryan 2010; Hoke and Pitts 2012; Maney 2013;
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Forlano et al. 2015b; Maney and Rodriguez-Saltos

2016). However, there is still little known regarding

the coordination of auditory responsiveness with

decision-making and subsequent motor responses

that initiate social behavior including mate localiza-

tion during courtship behavior.

The social decision-making network (SDM) pro-

posed by O’Connell and Hofmann (2011, 2012)

combines the mesolimbic reward system with the

evolutionarily conserved social behavior network

(SBN), a reciprocally connected group of hormone-

sensitive nuclei in the basal forebrain and midbrain

that is essential for basic behaviors expressed by all

vertebrates which include maternal, sexual, aggres-

sive, and communicative (Newman 1999; Goodson

2005; Goodson and Kabelik 2009; Goodson and

Kingsbury 2013). An important component of the

SDM is the ascending dopaminergic system which

is thought to interact with the SBN to mediate ap-

propriate behavioral responses to social cues

(O’Connell and Hofmann 2011). While the idea of

the SDM as a functional network across all verte-

brate groups is largely theoretical, it does offer

many hypotheses to test, especially in anamniotes

(Goodson and Kingsbury 2013). Furthermore, dopa-

mine has been shown to play important roles in

appetitive female sexual behavior in a variety of ver-

tebrates (Endepols et al. 2004; Riters et al. 2007;

Graham and Pfaus 2012; McHenry et al. 2017).

Notably, songbirds provide some evidence that the

salience of conspecific vocal signals can be modu-

lated by steroid hormones via dopamine and nor-

adrenaline (Caras 2013; Maney 2013). Although

many dopaminergic cell populations exist within

the forebrain of vertebrates (Yamamoto and

Vernier 2011), with few exceptions (e.g., Bharati

and Goodson 2006; O’Connell et al. 2013; Kelly

and Goodson 2015), most studies have focused on

the midbrain ventral tegmental area (VTA), (the ma-

jor source of ascending dopaminergic input to fore-

brain limbic areas in mammals) in the context of

social behavior. Therefore, significant insight into

the role of forebrain dopamine groups in vertebrate

social behavior can be gained by investigations across

taxa and in a variety of social contexts. These studies

are especially necessary in anamniotes such as teleost

fishes where a direct homology to the mammalian

VTA is unclear or absent and where other forebrain

dopamine groups may confer functional equivalence

to the VTA in social contexts (Tay et al. 2011;

Goodson and Kingsbury 2013).

The plainfin midshipman fish, Porichthys notatus,

is a highly appropriate model to address the above

questions related to the neural basis underlying

female auditory- driven social behavior in vertebrates

as the perception of the male advertisement call and

the subsequent female phonotaxic response to the

social signal is essential to this species’ reproduction

(Bass and McKibben 2003; Sisneros 2009; Forlano

et al. 2015b). Plainfin midshipman spawn in the

late spring and early summer months in the rocky

intertidal zone of northern California and

Washington State in the United States. Males exca-

vate and defend nests under rocks and court females

at night with a long duration advertisement call, or

hum. Females use the hum to locate a potential

mate, deposit her eggs in the courting male’s nest,

and then return to deep waters offshore, while the

nest-guarding male provides all the parental care for

the offspring (Brantley and Bass 1994; Bass 1996;

Bass and McKibben 2003; Forlano et al. 2015b).

Only gravid females (ripe with eggs) exhibit robust

unconditioned positive phonotaxis, a directed loco-

motor response toward (and subsequent localization

of) the sound source produced by the “humming”

male, and the fundamental frequency of the hum

(approximately 100 Hz at 16 �C) has been shown to

be necessary and sufficient to elicit this positive

appetitive sexual behavior (McKibben and Bass

1998; Zeddies et al. 2010). Phonotaxis behavior

in midshipman can be viewed as an unambiguous

measure of arousal and motivation, with the fe-

male making a decision to respond to a salient

social signal in an appropriate fashion (Forlano

and Bass 2011). While only gravid females exhibit

phonotaxis (spent females, who have released all

their eggs, do not), there can be significant varia-

tion in responsiveness of gravid females, ranging

from 30 to 70% in previous experiments

(Zeddies et al. 2010). Once a female has localized

the source of the hum playback, the duration of

attending the speaker is also variable (but has not

been systematically studied) and is the main focus

of this paper. Therefore this simple behavior offers

an excellent opportunity to test the hypothesis that

SDM components are active in this social context

during mate localization.

Importantly, recent studies in midshipman have

also established a strong neuroanatomical foundation

for catecholamines, and dopamine in particular, as

modulators of seasonally plastic audition and

auditory-driven social behavior (Forlano and

Sisneros 2016). We recently identified dopaminergic

neurons in the diencephalic periventricular posterior

tuberculum (TPp) that directly innervate the saccule,

the main endorgan of hearing in midshipman and the

site of seasonal, steroid-driven changes in auditory

frequency sensitivity that allow for better encoding
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of the male advertisement call (Forlano et al. 2014;

Forlano et al. 2015b; Sisneros et al. 2004a). This same

population of dopaminergic neurons directly inner-

vates the auditory efferent nucleus (Perelmuter and

Forlano 2017) and innervation of both areas varies

seasonally depending on reproductive state (Forlano

et al. 2015a). TPp dopaminergic neurons appear to

innervate the auditory thalamus, and several nodes

of the SBN, including the periaqueductal gray

(PAG) and basal forebrain areas (Forlano et al.

2014). Interestingly, TPp dopamine neurons also

project to the spinal cord and therefore are ideal

candidate neurons to integrate sensory-motor and

higher decision making processes (O’Connell and

Hofmann 2011; Tay et al. 2011; Forlano et al.

2014). While several lines of evidence suggest that

these neurons are homologous to mammalian A11

dopamine neurons (see Yamamoto and Vernier

2011; Schweitzer et al. 2012; Goodson and

Kingsbury 2013; Forlano et al. 2014), they, along

with other forebrain dopamine neurons may confer

functions analogous to A10 dopamine neurons in

the tetrapod VTA (Yamamoto and Vernier 2011;

Goodson and Kingsbury 2013). Importantly, TPp

dopaminergic neurons and noradrenergic neurons

of the locus coeruleus are active (via double labeling

with cFos, an immediate early gene product and

proxy for neural activity) in males exposed to play-

backs of the hum and are therefore involved in

processing acoustic social signals in this species

(Petersen et al. 2013).

In order to test the hypothesis that the time spent

by females attending to the advertisement call is

correlated with the activation of a specific subset

of catecholaminergic (CA) and SDM nuclei

(Table 1) underlying auditory- driven sexual moti-

vation, we utilized double-label immunofluores-

cence (-ir) histochemistry for cFos and tyrosine

hydroxylase (TH), markers of neural activity and

catecholamine synthesis, respectively. In addition,

we quantified the relationship of neural activation

between CA and SDM nuclei in all responders (fe-

males that displayed phonotaxis behavior) with the

goal of providing a map of functional connectivity

of the circuitry underlying the response to acoustic

cues during mate localization. In order to make a

baseline qualitative comparison of this functional

brain map to unmotivated females, we made a sim-

ilar correlative comparison of brain activation in

females who were unresponsive to the advertise-

ment call playback. Our results support an impor-

tant role for two forebrain dopaminergic and two

SDM nuclei in auditory attention and appetitive

sexual behavior in vertebrates.

Materials and methods

Animals

All experimental animal procedures performed in

this study were approved by the Institute for

Animal Care and Use Committee of the University

of California, Davis and CUNY Brooklyn College.

During the late spring and summer breeding period,

reproductively-primed, gravid (body cavity full of

large, yolked eggs) females can be characterized by

several factors which included high (>10%) gonado-

somatic index (GSI, the ratio of gonad weight to

total body weight), location collected (shallow inter-

tidal zones as opposed to deep offshore sites), and

the display of mate seeking behaviors (Sisneros et al.

2004b). Female midshipman fish were collected from

nests by hand during the early morning low tide in

the seasonal reproductive period (late May-June) in

Tomales Bay near Marshall, California, USA. Females

were transported in coolers with aerated sea water to

the UC Davis Bodega Marine Laboratory (BML)

where they were then group-housed with other fe-

males in aquaria with ambient temperature (11–

16 �C) flow-through seawater until the phonotaxis

behavioral assays were conducted after nightfall on

the same day of collection. Based on GSI measure-

ment all females used in this study were character-

ized as “gravid” upon sacrifice (see below).

Behavioral phonotaxis assay and brain (tissue)

collection

Phonotaxis trials were conducted similar to that de-

scribed in Zeddies et al. (2010). Prior to testing, in-

dividual females were held outside near the testing

area in plastic 5 gallon buckets with water from the

test tank and allowed to acclimate for 30 min. Trials

were run in an outdoor cylindrical concrete tank

(4 m in diameter, 0.75m in depth, water depth,

50 cm) after nightfall (21:00–2:00 h) since midship-

man are nocturnal breeders. An underwater speaker

suspended from a beam in the center of the tank was

used to playback a pure tone that simulated the fun-

damental frequency of the male mate call, which was

determined by ambient temperature each night (see

McKibben and Bass 1998). A 30 cm diameter cylin-

drical mesh cage with openings at its base was placed

109 cm from the speaker where the playback sound

was calibrated to 130 dB re: 1 lPa. With the sound

playing continuously, fish were manually placed into

the cylinder and allowed to swim toward the speaker

at their own accord. The response times of the fe-

males recorded were based on the length of time that

the female spent attending the speaker once she

reached the source of the sound (n ¼ 12).
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The latencies for positive response initiation are gen-

erally very short and were not recorded in this study.

Each trial ended when the fish left the speaker and

touched the wall of the tank; fish were then placed

back into the 5 gal holding tank for 2 h for cFos to

accumulate (see Petersen et al. 2013) after which fish

were deeply anesthetized by immersion in mixture of

0.025% benzocaine and sea water, weighed, mea-

sured, and then transcardially perfused with ice

cold teleost ringers solution followed by 4% parafor-

maldehyde in 0.1 M phosphate buffer (PB; pH 7.2).

Brains were then surgically removed and post fixed

for 1 h in same fixative before storage at 4 �C in a 0.1

PB, 0.03% sodium azide solution. Ovaries were re-

moved, weighed and GSI calculated at this time. The

brains were then transported to CUNY Brooklyn

College where they were cryoprotected in 30% su-

crose PB solution for 24–48 h before they were sec-

tioned via cryostat at 25 mm, in 2 series, in the

transverse plane and collected onto positively

charged superfrost slides then stored at – 80�C until

they were immunohistochemically processed. In ad-

dition, a group of control animals (n ¼ 6) which did

not exhibit phonotaxis, were allowed to stay in the

tank for 10–15 min, and like responders, were placed

in individual buckets for 2 h, sacrificed and pro-

cessed as above.

Immunohistochemistry

Fluorescence IHC was slightly modified from a pre-

vious protocol (Petersen et al. 2013). Slides were al-

lowed to warm to room temperature prior to being

washed 2 X 10 min in 0.1 M phosphate-buffered sa-

line (PBS; pH 7.2), followed by a 1-h soak in block-

ing solution (PBSþ 10% normal donkey

serumþ 0.3% Triton X-100; PBS-DS-T). After block-

ing, tissue was incubated for 18 h at room tempera-

ture in PBST-DS containing mouse anti-TH (1:1000;

Millipore, Temecula, CA, USA) and rabbit anti-cFos

(1:2000; sc-253 lot #C2510, Santa Cruz

Biotechnology, Santa Cruz, CA, USA) primary anti-

bodies. After incubation, slides were washed 5 X

10 min in PBSþ 0.5% normal donkey serum (PBS-

DS), followed by a 2-h incubation in PBS-DS-T

combined with anti-mouse and anti-rabbit secondary

antibodies conjugated to Alexa Fluor 488 and 568,

respectively (1:200; Life Technologies, Norwalk, CT,

USA). Slides were then washed 3 X 10 min in PBS,

coverslipped with ProlongGold containing DAPI nu-

clear stain (Life Technologies).

Image acquisition and anatomy

Immunofluorescent images were acquired using an

Olympus BX61 epifluorescence compound micro-

scope using MetaMorph imaging and processing soft-

ware. Each brain nucleus was captured with a 20�
objective lens at the same exposure time and light

Table 1 Catecholaminergic (TH-ir), social decision-making net-

work (SDM), and auditory nuclei matched with corresponding

putative mammalian homologues

Brain area Putative mammalian homologue

TH-ir

Vd Striatum/basal ganglia9,11,17,20

Vp Extended central amygdala/bed nucleus of stria

terminalis2,7,9,13

PPa A1221

VM-VL A1318,21

TPp A1118,21

LC Locus coeruleus15,18

SDM/Auditory

Dma Laterobasal amygdala1,2,9,14,16,19,20

Vva,b Septum2,7,9,13,20

Vd Striatum/basal ganglia9,11,17,20

Vsa,b Extended central amygdala/bed nucleus of stria

terminalis2,7,9,13

Vpa Extended central amygdala/bed nucleus of stria

terminalis2,7,9,13

PPaa,b POA6,10

PPpa,b POA6,10

PMb Paraventricular nucleus4,5,8

ATa,b Ventromedial hypothalamus (in part)3,6,7

CPca Medial geniculate nucleus12

PAGa,b Periaqueductal/central gray6,7

Note: aConfirmed to receive auditory input in midshipman fish (Bass

et al. 2000; Goodson and Bass 2002).
bComponents of the social behavior network (SBN) as described for

Osteichthyes (Goodson 2005).
1(Braford 1995).
2(Bruce and Braford 2009).
3(Forlano et al. 2005).
4(Forlano and Cone 2007).
5(Gilchriest et al. 2000).
6(Goodson 2005).
7(Goodson and Kingsbury 2013).
8(Kapsimali et al. 2001).
9(Maximino et al. 2013).
10(Moore and Lowry 1998).
11(Mueller and Wullimann 2009).
12(Mueller 2012).
13(Northcutt 1995).
14(Northcutt 2006).
15(Smeets and Gonzalez 2000).
16(Portavella et al. 2004).
17(Rink and Wullimann 2001).
18(Tay et al. 2011).
19(Von Trotha et al. 2014).
20(Wullimann and Mueller 2004).
21(Yamamoto and Vernier 2011).
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level. Each photomicrograph was obtained consecu-

tively using Texas Red (Tx-Red), green fluorescence

protein (GFP) and DAPI filter sets with a z-stack of

seven levels each having a thickness of 1 mm. These

photomicrographs were then combined into a single

projected image with ImageJ (NIH, USA) using the

“maximum intensity” z-projection function, and re-

gions of interest (ROIs) were drawn after acquisition

using DAPI to define neuroanatomical boundaries and

outline cytoarchitecture. Sampling strategies were de-

termined per region to account for intrinsic variation

in size between brain areas. For unilateral sampling, the

left side of the brain was imaged. In the case of tissue

loss or damage, the opposite side of the brain was used

or the section was omitted.

Figure images were level adjusted for accurate

background compensation in GNU Image

Manipulation Program (GIMP), merged from mul-

tiple micrographs, when necessary, in Adobe

Photoshop CS5 (Adobe Systems, San Jose, CA) and

organized, labeled, and formatted into final figures

with Adobe Illustrator and GIMP.

Catecholaminergic nuclei of interest included the

periventricular posterior tuberculum (TPp), locus

coeruleus (LC), anterior parvocellular preoptic nu-

cleus (PPa), ventromedial and ventrolateral thalamic

nuclei (VM-VL), and the postcommissural (Vp) and

dorsal (Vd) nuclei of the ventral telencephalon. All 6

of these nuclei were analyzed for %TH-ir neurons

that contained cFos-ir, meaning all TH-ir neurons

were counted and then the percentage of those

TH-ir neurons that also contained cFos in their nu-

cleus were counted to calculate %THþ cFos-ir. PPa,

Vp, and Vd are nuclei that contain TH-ir neurons at

their lateral boundary and in the latter two these

neurons arguably lie just outside the boundaries de-

fined by Nissl staining (Forlano et al. 2014); there-

fore in these areas cFos was also counted within the

typically defined and more ventricular boundaries

separately from where TH-ir neurons are located

(see below). The measure of %THþ cFos was never

combined with cFos alone in regions without TH

neurons. Sampling of the LC and TPp were carried

out as previously described (Petersen et al. 2013;

Forlano et al. 2015a; Ghahramani et al. 2015) for

an average of 11.3 (61.5 SD) and 9.1 (61.4 SD)

sections per animal through the LC and TPp, respec-

tively. Sampling of TH-ir neurons within PPa was

carried out as described (Forlano et al. 2015a;

Ghahramani et al. 2015) for an average of

12.2 6 2.7 sections per animal. Sampling of VM-VL

began rostral to CPc with the appearance of small,

round TH-ir neurons lateral to the midline which

form a continuous caudal chain converging at the

midline near the third ventricle (Forlano et al.

2014). TH-ir neurons in VM-VL were analyzed an

average of 8 (61.3 SD) sections per animal. With the

exception of the rostral extent of the nucleus (where

it was necessary to take two images to capture all

visible TH-ir neurons), a single image of each section

was taken. Sampling of Vp started rostral to VM-VL,

being a distinct cluster of cells positioned dorsome-

dial to the POA with TH-ir neurons arranged in the

lateral aspect of the nucleus. TH-ir neurons in Vp

were imaged an average of 7.3 (61.7 SD) sections

per animal. The transition from Vp to Vd is based

on the distinct appearance of the anterior commis-

sure (ac) at the ventral base of the midline, dorso-

lateral to PPa. TH-ir neurons in Vd were sampled an

average of 10 (62.3 SD) sections, stopping with the

appearance of the olfactory bulbs.

Nuclei that were analyzed for presence of cFos-ir

exclusive of TH-ir activity included the periaqueductal

grey (PAG), compact division of the auditory thala-

mus (CPc), anterior tuberal nucleus of the hypothal-

amus (AT), preoptic nuclei (magnocellular, PM;

posterior parvocellular, PPp; PPa), ventral telence-

phalic nuclei (Vp; Vd; supracommissural, Vs; ventral,

Vv), and medial zone of the dorsal telencephalon

(Dm; i.e., dorsomedial telencephalon). The PAG ap-

pears as a dense layer of cell bodies ventral to the

cerebral aqueduct and medial to the periventricular

cell layer of the torus semicircularis (Goodson and

Bass 2002; Kittelberger and Bass 2013). Sampling of

the PAG was carried out as previously described

(Ghahramani et al. 2015). Images were taken across

an average of 7.5 (61.4 SD) sections per animal.

cFos-ir cells were quantified within the ROI that

was drawn around the layer of cells comprising the

PAG, lying ventral to the cerebral aqueduct. Sampling

of CPc was carried out as described (Petersen et al.

2013; Forlano et al. 2015a), beginning with the DAPI-

labeled wing-shaped band of cells lateral to the mid-

line. A boundary was drawn around CPc, and cFos-ir

cells were quantified within. CPc was sampled an av-

erage of 6.7 (61.2 SD) sections per animal. The AT

was sampled as previously described (Petersen et al.

2013; Forlano et al. 2015a; Ghahramani et al. 2015),

for an average of 3.1 (60.5 SD) and cFos-ir cells were

quantified within the field of view (143,139 lm2).

Three subregions of the POA were identified as

per previously defined morphological features

(Braford and Northcutt 1983; Goodson et al. 2003)

and were analyzed for cFos-ir exclusive of TH-ir.

These nodes were sampled based on their appearance

in the brain moving rostrally: magnocellular division

of the preoptic area (PM; 3.8 6 1.6 SD sections sam-

pled), posterior parvocellular preoptic nucleus (PPp;

824 P. M. Forlano et al.
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2.9 6 1.2 SD), and PPa (4.3 6 1.7 SD). Note that

since PM and PPp are sometimes found in the

same section, cell counts for those regions were per-

formed separately based on cytoarchitectural criteria

but at times in shared sections.

Within the ventral telencephalon, we quantified

cFos-ir exclusive of TH-ir across an average of 7.2

(62 SD) sections per animal through Vp and 9.3

(61.7 SD) sections through Vd. Both of these areas

were sampled in a manner similar to the aforemen-

tioned TH-ir neuron sampling method, except im-

ages were taken at the midline since TH-ir neurons

are largely found only at the lateral boundaries of

each nucleus. Both Vs and Vv are oriented in close

proximity to Vp and Vd, and do not contain TH-ir

neurons. Sampling of Vs started with the appearance

of the ac and rostral to the POA, where a single

photomicrograph was taken so that the nucleus

took up the field of view with the midline serving

as the lateral boundary and ac serving as the ventral

boundary of the image. Vv appears rostral to Vs and

caudal to the olfactory bulbs (Forlano et al. 2014).

Similar to Vs, sampling of Vv began with a single

photomicrograph positioned at the midline so that

Vv took up the field of view, and ended with the

appearance of the olfactory bulbs. Images were taken

across an average of 6.9 (61.9 SD) sections through

Vs and 3 (60.7 SD) through Vv, and cFos-ir cells

were quantified within the field of view

(143,139 lm2).

The location of the Dm has been thoroughly de-

lineated in midshipman (Brantley and Bass 1988)

and its precise neuroanatomical boundaries, chemo-

architecture, and sensitivity to cFos assay have re-

cently been described in detail in zebrafish (Von

Trotha et al. 2014). We unilaterally sampled serial

sections from the core of the rostral Dm averaging

9.3 (6 1.0 SD) sections per animal. The lateral, in-

clusive boundary of Dm was defined by a seam of

relatively dense DAPI staining running from a peri-

ventricular sulcus at the dorsal boundary of the brain

ventrally to core of the telencephalic parenchyma.

The entirety of the transverse extent of Dm was an-

alyzed in selected sections, thus necessitating the im-

aging of two adjacent micrographs—a medial image

bordering the telencephalic ventricle, and a lateral

image containing the aforementioned sulcus and ad-

jacent cellular density.

Quantitative analysis of catecholaminergic activity

and cFos induction

Cell counts in the aforementioned TH-ir nuclei were

done in accordance with prior studies (Petersen et al.

2013; Forlano et al. 2015a; Ghahramani et al. 2015).

Experimenters were blind to the treatment condi-

tions of any slides analyzed. Activation of CA neu-

rons was measured by the occurrence of a cFos-ir

nucleus within a TH-ir neuron, which we refer to

herein as colocalization (Bharati and Goodson 2006;

Petersen et al. 2013). To analyze the percentage of

TH-ir neurons colocalized with cFos-ir, photomicro-

graphs were taken under the same conditions as

those used for analysis in the aforementioned audi-

tory and SBN nuclei. Photomicrographs were com-

bined into a single projected image with ImageJ. The

GFP and DAPI channels were overlaid, and TH-ir

neurons were counted manually. Individual TH-ir

neurons were counted only if the perimeter of the

cell was clearly outlined with a labeled neurite in

addition to having a nucleus that exhibited colocal-

ization with DAPI. The Tx-Red channel was then

overlaid, and each instance where a TH-ir neuron

had cFos-ir localized within the nucleus was

counted. The sum of TH-ir neurons containing

cFos-ir was divided by the total number of TH-ir

neurons X 100 for a percentage of THþ cFos-ir

colocalization per brain region.

DAPI-labeled cell nuclei containing cFos signal in

areas not containing TH-ir was accomplished

through user interaction with a custom-written

macro in ImageJ. Nuclei positive for cFos appear

as distinct circles of relatively uniform bright signal

that correspond to a distribution of points, corre-

sponding to maximal peaks of label in an image.

To assist with the detection of cells, observers first

ran the “find maxima” algorithm after setting toler-

ance levels appropriate for the relative signal density

and intensity of the given sample of tissue. Validity

of automated cFos signal identification was con-

firmed visually after signal thresholding which was

performed to account for relative fluorescence back-

ground and corrected as needed. The mean number

of cFos-ir cells per section (total number of cFos-ir

neurons divided by number of sections sampled)

were computed per brain region in each animal.

Statistics

Statistical analyses were conducted using GraphPad

Prism 6 software. Pearson correlations were per-

formed between response time and %TH-irþ cFos-

ir in Vp, Vd, PPa, VM-VL, TPp, and LC, as well as

cFos-ir/section in Dm, Vv, Vs, Vd, Vp, PPa, PPp,

PM, AT, CPc, and PAG. Mann-Whitney U-tests

were used to compare morphometrics between re-

sponding and nonresponding females due to uneven

sample sizes between groups. To compare patterns of
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brain activation between divergent states of behavior

(responders vs. nonresponders), data were pooled for

all nuclei sampled, and two separate correlation ma-

trices were computed. Corrections for multiple com-

parisons within the same dataset were done by

controlling for the false discovery rate (FDR) using

the Benjamini-Hochberg procedure with an FDR of

0.25 (Butler and Maruska 2016). All significant

P-values remained significant after correction; there-

fore, only the exact P-values and effect size (e.g.,

r-values) are included in each table. Statistics are

reported herein as mean 6 standard deviation (SD)

unless otherwise indicated.

Results

Morphometrics

As expected, female midshipman captured in the in-

tertidal zone during the summer reproductive

months had a high GSI (>10%). The GSI of re-

sponding females (N¼ 12) ranged from 15.8–43.2%

(mean¼ 32.8 6 7.3 SD). Body mass ranged between

26.1–70.6 g (37.4 6 12 SD), gonad mass ranged 4.2–

21.3 g (9.4 6 4.3 SD), and standard length (SL)

ranged from 12.5–16.7 cm (13.7 6 1.1 SD). In the

group of nonresponding females (N¼ 6), GSI ranged

from 17.9–34.3% (26.6 6 5.3 SD). Body mass ranged

between 19.6–36 g (29.3 6 7.6 SD), gonad mass

ranged 3–8 g (6.2 6 2.1 SD), and SL ranged from

11.7–14.3 cm (13.2 6 1.1 SD). The amount of time

responding females spent attending to the underwa-

ter speaker ranged from 4–14 min (7.3 6 3.1 SD).

There were no significant relationships between GSI

and %THþ cFos-ir in any CA-ergic nuclei sampled.

However, within responders, there were significant

negative correlations between GSI and cFos-ir/

section in Vd (r10¼ –0.656, P¼ 0.0206), and cFos-

ir/section in PPa within nonresponders (r10¼ –0.815,

P¼ 0.048).

Relationship between time attending and responding

to speaker and cFos induction

Figs. 1 and 2 show representative micrographs of all

brain areas sampled and measured for cFos induc-

tion, including 5 dopaminergic nuclei: TPp (Fig. 1A

and B), VM-VL (Fig. 1D and E), Vd (Fig. 2A), Vp

(Fig. 2D), PPa (Fig. 2E), the noradrenergic LC

(Fig. 2J); SBN/SDM nuclei: preoptic area subdivi-

sions PPp (Fig. 1G and H), PPa (Fig. 2E) PM

(Fig. 2F), Dm (Fig. 1J and K), Vd (Fig. 2A), Vs

(Fig. 2B), Vv (Fig. 2C), Vp (Fig. 2D), AT

(Fig. 2H), PAG (Fig. 2I), and the auditory thalamus,

CP, (Fig. 2G). Out of these areas, there were signif-

icant relationships between time attending speaker

and %THþ cFos-ir in VM-VL (r2
10¼ 0.6444,

P¼ 0.0017) and TPp (r2
10¼ 0.526, P¼ 0.0076), as

well as cFos-ir/section in Dm (r2
10¼ 0.5884,

P¼ 0.0036), and PPp (r2
10¼ 0.3678, P¼ 0.0365).

Fig. 1 shows correlation plots of cFos induction vs.

time attending to the playback speaker of these four

areas and representative sections from low (4–5 min)

and high (10–11 min) responders. Importantly, un-

like responders, nonresponders while subjected to

the stimulus for varying lengths of time, showed

no relationship of cFos-ir and time of exposure to

the playback.

Brain activation correlations of responders and

nonresponders

In an attempt to resolve functional relationships be-

tween TH-ir nuclei, SDM nodes, and auditory cir-

cuitry that may underlie divergent motivational

states, correlation matrices were computed across

all sampled brain regions within responders and

within nonresponders (Fig. 3, Suppl. Table 1).

There was a notable difference in the number of

significant correlations between responders (18)

and nonresponders (8). The only relationship that

was consistent between the two behavioral states is

the negative correlation between cFos-ir/section in

Vp and Dm, being stronger in nonresponders

(r¼ –0.9931, P¼ 0.0069) than responders

(r¼ –0.6059, P¼ 0.0368).

Preoptic area

Interestingly, nonresponders showed no significant

correlations involving preoptic nuclei. However,

within responders, cFos-ir/section in PPp and PM

exhibited positive relationships with %THþ cFos-ir

in both VM-VL (r¼ 0.7059, P¼ 0.0103) and Vd

(r¼ 0.7244, P¼ 0.0077), respectively. %THþ cFos-

ir in PPa was co-active with Vd (r¼ 0.5899,

P¼ 0.0435) and TPp (r¼ 0.631, P¼ 0.0278), and

PPa cFos-ir/section was co-active with both PPp

(r¼ 0.6603, P¼ 0.0194) and CPc (r¼ 0.7956,

P¼ 0.002).

Positive coactivation between multiple

dopaminergic nuclei

In contrast with nonresponders, responding females

showed notable coactivation amongst the majority of

dopaminergic TH-ir nuclei sampled: %THþ cFos-ir

in Vd was correlated with PPa (r¼ 0.5899,

P¼ 0.0435) and VM-VL (r¼ 0.5905, P¼ 0.0432),

and %THþ cFos-ir in TPp was similarly correlated

with PPa (r¼ 0.631, P¼ 0.0278) and VM-VL

(r¼ 0.8143, P¼ 0.0013).
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TH-ir and SDM network interactions

In responders, Dm cFos-ir activity shared positive

correlations with %THþ cFos-ir nuclei: PPa

(r¼ 0.5791, P¼ 0.0485), VM-VL (r¼ 0.7836,

P¼ 0.0026), and TPp (r¼ 0.9273, P< 0.0001).

Nonresponders showed no relationships between

cFos-ir activity in Dm with any TH-ir nuclei sampled.

%THþ cFos-ir in VM-VL was also differentially

co-active between the two behavioral states: within

responders, %THþ cFos-ir in VM-VL was correlated

with cFos-ir/section in PPp (r¼ 0.7059, P¼ 0.0103),

while in nonresponders it was correlated with cFos-ir/

section in CPc (r¼ 0.8116, P¼ 0.0499). CPc in turn,

in nonresponders, is positively correlated with both

AT (r¼ 0.9079, P¼ 0.0123) and PAG (r¼ 0.8894,

P¼ 0.0177).

Fig. 1 Example micrographs showing nuclei found to have a significant relationship between time attending speaker and TH-irþ cFos

colocalization (A–F) or cFos expression (G–L) in transverse sections. Graphed representation of data (n¼ 12) and Pearson’s corre-

lation results are presented for each region (C,F,I,L). Arrows in A–E indicate cFos-ir colocalized to TH-ir nuclei. (A–C) Periventicular

posterior tuberculum (TPp): mean % colocalization of cFos in TH-ir cells is 36.28% 6 5.94%. (D–E) Ventromedial and ventrolateral

nuclei of the thalamus (VM-VL): mean % colocalization of cFos in TH-ir cells in VM-VL is 2.2% 6 1.6%. (G–I) Posterior parvocellular

preoptic nucleus (PPp) mean number of cFos cells per section is 82.216 19.8. (J–L) Medial zone of the dorsal telencephalon (Dm):

number of cFos cells per section in Dm is 85.8 6 24.8. Arrows in G–K indicate Fos-ir within areas of interest. Scale bar¼ 100 mm.
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Negative correlations between nuclei

The number of negative correlations was mostly

equivalent between responders and nonresponders

(4 vs. 3) (Fig. 3, Suppl. Table 1). However, there

were differences between groups with regard to

which nuclei exhibited negative Pearson correlation

coefficients. In responders, %THþ cFos-ir in PPa

was negatively correlated with cFos-ir/section in

PAG (r¼ –0.5865, P¼ 0.045), and %THþ cFos-ir

in the NA-ergic LC was negatively correlated with

cFos-ir/section in AT (r¼ –0.7107, P¼ 0.0096),

which itself shared a negative relationship with Vp

(r¼ –0.6318, P¼ 0.0275). In non-responders,

%THþ cFos-ir in TPp shared negative relationships

with cFos-ir/section in both Vd (r¼ –0.8544,

P¼ 0.0299) and Vp (r¼ –0.9533, P¼ 0.0467). As

mentioned above, the negative correlation between

cFos-ir/section in Vp and Dm was shared in both

groups of animals.

Discussion

The present study utilized phonotaxis behavior as an

unambiguous measure of female sexual motivation

(Forlano and Bass 2011). Similar to conspecific vo-

calizations in songbirds, the simple fundamental fre-

quency playback of a hum can be viewed as signal

with high incentive salience (see Maney 2013) as it is

well documented to be necessary and sufficient to

produce phonotaxis in gravid female midshipman

(McKibben and Bass 1998; Bass and McKibben

2003; Zeddies et al. 2010). All females who re-

sponded to the male advertisement call made a de-

cision to move toward and attend to the sound

source for variable lengths of time. Therefore, all

responders can be categorized as reproductively

ready and the more time spent attending to the

acoustic signal could reflect greater levels of arousal

and motivation or drive for locating a mate.

Harnessing individual female variability in duration

Fig. 2 Example micrographs showing nuclei found to have no significant relationship between time attending speaker and TH-irþ cFos

colocalization (A,D,E,J) or cFos expression (A–I). Transverse sections are shown from the ventral telencephalon (V) (A-D): (A) dorsal

nucleus of V (Vd), (B) supracommissural nucleus of V (Vs), (C) ventral nucleus of area V (Vv), and (D) postcommissural nucleus of area

V (Vp). Diencephalon (E–H): (E) anterior parvocellular preoptic nucleus (PPa), (F) magnocellular preoptic nucleus (PM), (G) central

posterior nucleus of the thalamus (CP), (H) anterior tuberal nucleus (AT). Brainstem (I–J): (I) periaqueductal gray (PAG), (J) locus

coeruleus (LC). Scale bar¼ 100 mm.
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of the behavioral response to the playback, we

sought to test which nuclei may co-vary and underlie

variation in time attending the playback.

Nonresponders, considered absolutely not motivated

to respond to the playback call, were utilized as a

baseline to compare the pattern of correlated brain

activation to responders and create contrasting maps

of brain coactivation in two divergent behavioral

states (Fig. 3). Our results show that the cFos re-

sponse in several forebrain nuclei (two of which

are dopaminergic) are positively correlated to time

attending to the reproductive acoustic stimulus. In

addition, by comparing cFos coactivation across six

catecholaminergic and ten SDM nuclei we can begin

to identify functional neural networks underlying the

coordination of auditory responsiveness with

decision-making and subsequent motor responses

to engage in reproductive behavior.

Results from the current study provide support

for dopamine as a candidate neuromodulator under-

lying female sexual proceptivity in response to a so-

cial acoustic signal in midshipman. While a role for

dopamine as a regulator of female sexual behavior

and or neural response to male courtship signals is

consistent with studies in other vertebrates

(Mermelstein and Becker 1995; Ellingsen and

Agmo 2004; LeBlanc et al. 2007; Riters et al. 2007;

Maney et al. 2008; Matragrano et al. 2012), the main

focus of dopamine in most other studies is known or

proposed to originate in the midbrain VTA (A10),

since it is a key element in the mesolimbic reward

system (O’Connell and Hofmann 2011). Here we

demonstrate both dopaminergic groups (TPp, VM-

VL) responsive to time females attend to the play-

back reside in the diencephalon and have homologies

to groups (A11, A13) not well studied in the context

of social behavior (Yamamoto and Vernier 2011;

Goodson and Kingsbury 2013). These results do,

however, support dopaminergic TPp neurons as pos-

sibly serving functions analogous to VTA in mam-

mals (Salamone and Correa 2012).

Nuclei with positive cFos-ir response in relation to

time attending playback speaker

Two dopaminergic nuclei (VM-VL and TPp), a sub-

division of the preoptic area, and the dorsomedial

telencephalon were more active (contained greater

numbers of cFos-ir cells) the longer the female was

engaged in mate seeking behavior and are thus likely

involved in maintaining the drive for mate seeking

behavior. Therefore, females who persisted in this

Fig. 3 Top-down schematic diagrams of correlated activity between catecholaminergic nuclei, social decision-making network (SDM)

nodes, and auditory circuitry in responding (A) and nonresponding (B) females during playback of the male advertisement call. Positive

Pearson coefficients (r-values) are represented as solid lines, and negative correlations are denoted with dotted lines. All correlations

had P-values� 0.0495.
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behavior by attending to the playback speaker longer

can be interpreted as being more motivated to find a

mate. We believe it is highly unlikely that the cFos

induction resulted merely from increased stimulus

exposure because (1) we did not see a relationship

between cFos and time attending to the playback in

primarily auditory regions (e.g., AT, CPc), where one

would expect IEG expression to positively correlate

with stimulus exposure (e.g., Lu et al. 2009), and (2)

nonresponders, who were also subjected to the stim-

ulus for varying lengths of time showed no relation-

ship of cFos induction and time of exposure to the

playback.

The following discussion focuses, in part, on what

is known about the above nuclei and why they are

good candidates underlying auditory-driven appeti-

tive reproductive behavior. As described above, do-

paminergic TPp neurons are ideal candidate

neuromodulators of sensory-motor integration due

to their projections to peripheral, hindbrain and tha-

lamic auditory centers as well as ascending projec-

tions to limbic homologues in the ventral

telencephalon and descending spinal innervation

(Rink and Wullimann 2001; Tay et al. 2011;

Forlano et al. 2014). While in zebrafish these neu-

rons are demonstrated to be important for sensory

and motor function (Lambert et al. 2012; Jay et al.

2015; Toro et al. 2015; Reinig et al. 2017), only in

midshipman has a sensory input pathway onto these

cells been delineated. Kittelberger and Bass (2013)

demonstrated strong reciprocal connectivity between

TPp and the PAG. Interestingly, the PAG receives

ascending auditory input directly from hindbrain,

midbrain (torus semicircularis), hypothalamic (AT)

and thalamic (CP) nuclei (Goodson and Bass 2002;

Kittelberger and Bass 2013). Indeed, playback expo-

sure to field recorded hums elicits strong cFos-ir

response in TPp TH-ir neurons in other midship-

man males (Petersen et al. 2013). Thus, while these

dopaminergic neurons are unlikely direct homo-

logues to the tetrapod VTA (see Goodson and

Kingsbury 2013), they may play a similarly impor-

tant role in regulating behavioral responses to salient

reproductive signals (O’Connell and Hofmann 2011,

2012; Forlano et al. 2014). In support of this, chem-

ical lesioning of dopaminergic neurons in the poste-

rior tuberculum of female green treefrogs caused a

negative effect on phonotaxis behavior and is attrib-

uted to a degradation of motor processing and func-

tion (Endepols et al. 2004). Other immediate early

gene studies in anurans suggest posterior tubercular

dopamine neurons project to the striatum and are

involved in sensory motor processing and important

for phonotaxis (Hoke et al. 2007; Hoke and

Pitts 2012). Interestingly, systematic dopamine de-

pletion in grey treefrogs produces a negative effect

on attention to the courtship signal and suggests a

role for dopamine in auditory filtering (Endepols et

al. 2004). It is highly likely that due to the wide

ranging projections of TPp neurons that vary with

reproductive state, they play a complex role in both

modulating auditory (peripheral and central) pro-

cessing and coordinating locomotor response to re-

productive social signals (Forlano et al. 2014;

Forlano et al. 2015a; Perelmuter and Forlano 2017).

Unlike TH-ir neurons in the TPp, much less is

known about the functional significance of dopami-

nergic neurons in the ventral thalamus (VM-VL) in

fish and in other vertebrates in general. This group is

most likely homologous to A13 incerto-

hypothalamic projecting dopamine neurons in mam-

mals (Yamamoto and Vernier 2011). In midship-

man, TH-ir neurons in VM/VL appear to send

prominent projections to the lateral division of nu-

cleus preglomerulosus (PGl) (Forlano et al. 2014), a

diencephalic auditory nucleus which receives input

from the midbrain auditory torus semicricularis

(Bass et al. 2000). A single study in zebra finches

focused on the interactions of various dopaminergic

nuclei on behavioral phenotype suggests A13

THþ cFos labeled neurons are important in the pro-

cessing of social behavior, in particular social nov-

elty, and a negative relationship to anxiety measures

(Kelly and Goodson 2015). The current study is per-

haps the first to provide evidence of these dopamine

neurons involved in reproductive social behavior.

One subdivision of the preoptic area (PPp)

showed a significant cFos response with time females

attended to the playback. The preoptic area is per-

haps one of the most well studied and conserved

vertebrate brain regions known as a major neuroen-

docrine and sensory motor integration center con-

trolling reproduction and homeostatic functions

(Butler and Hodos 2005), and often thought of a

functional unit with the anterior hypothalamus (see

Forlano and Bass 2011 and refs within). In addition

to the well characterized anatomical and neurochem-

ical distinction of various POA subregions (Goodson

et al. 2003; Bass and Grober 2009; Forlano and Bass

2011), the current study supports a functional sepa-

ration of POA regions. Importantly, various tract-

tracing studies have demonstrated the PPp receives

input from the ascending auditory system (Bass et al.

2000; Goodson and Bass 2002; Forlano et al. 2014),

and therefore sits in an ideal position to regulate

behavioral output based on internal state (e.g.,

Maruska and Fernald 2011). Importantly, lesions to

the preoptic area in anurans disrupt female
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phonotaxis (Walkowiak et al. 1999). Furthermore,

estradiol enhances the effect of hearing mate calls

on the immediate early gene egr-1 expression in

the preoptic area of tungara frogs and may function

as a hormonal mediator for phonotaxis (Chakraborty

and Burmeister 2015).

Residing in the dorsomedial telencephalon, Dm is

the proposed homologue to the ventral pallial or

laterobasal amygdala complex (Maximino et al.

2013; Table 1). It receives strong input, in part,

from the auditory thalamus (CPc) (Goodson and

Bass 2002) and may serve as the highest level of

auditory processing in fishes (McCormick 2011).

Importantly, targets of Dm projections include social

behavior network nuclei such as ventral tuberal (vT,

anterior hypothalamus), AT, and PPa, and Dm re-

ceives input from PPp and PPa. Therefore, Dm sits

as an important node in the SDM (O’Connell and

Hofmann 2011, 2012) and likely regulates the highest

form of auditory cognitive processing (integration of

sensory input and decision-making and initiation of

behavioral output) in teleosts. Previous lesioning

studies in goldfish implicate Dm in emotional learn-

ing (Vargas et al. 2009). Immediate early gene induc-

tion in Dm has been investigated in zebrafish and an

African cichlid and appears to be engaged in male-

male social interactions (Maruska et al. 2013; Teles

et al. 2015, 2016) as well as in female spawning be-

havior in medaka (Okuyama et al. 2011). The pre-

sent study is the first to investigate the Dm in

appetitive female reproductive behavior and corrob-

orates known anatomical connections to auditory

and SBN circuitry in midshipman.

Distinct brain coactivation patterns in female

responders vs. non-responders

Correlation matrices were assembled to visualize

coactivation of catecholamine nuclei, SBN/SDM

nodes and the auditory thalamus (CPc) to generate

putative functional relationships of circuitry under-

lying sexually motivated (responders) compared to

unmotivated (non-responders) females. Even though

all females could be categorized as reproductive since

all females in the study were identified as “gravid”

(GSI> 10%), not all females exhibited phonotaxis,

indicating there is individual variability in female re-

sponsiveness to playbacks (see McKibben and Bass

1998; Zeddies et al. 2010). This is similar to studies

on female starlings in the breeding season where there

can be large individual variation in behavior that sig-

nals reproductive readiness (Pawlisch et al. 2012). The

differences in number of brain activation correlations

between responders (18) and nonresponders (8)

(Fig. 3) may reflect functional connectivity patterns

in these two divergent behavioral states.

Interestingly, all six CA nuclei exhibited interactions

with SBN/SDM nuclei in responders vs. just two in

non-responders. Secondly, all preoptic area subdivi-

sions exhibited some coactivation with other nuclei

in responders but none were represented in non-

responders. This striking difference between two

behavioral states supports the preoptic area as funda-

mental to female appetitive reproductive behaviors.

Negative relationships could be explained in part

by GABAergic nuclei within the SDM (Filippi et al.

2014; Mueller and Guo 2009; Maruska et al. 2017;

Timothy and Forlano, unpublished observations).

Also worth noting is that AT was the only nucleus

that showed significant negative relationships be-

tween cFos-ir/section in Vp and %THþ cFos-ir in

LC, indicating potential functional connectivity be-

tween these three brain regions. Goodson and Bass

(2002) demonstrated that iontophoretic injections

into the AT of midshipman resulted in putative ter-

minals ventral to Vp near the anterior commissure

in the forebrain. Additionally, it has been shown that

10–20% of noradrenergic neurons in LC project to

the hypothalamus in developing zebrafish (Tay et al.

2011). Negative Pearson coefficients suggest that in-

creased activity in AT may attenuate the phasic

responses of LC (r¼ –0.719, P¼ 0.014) and Vp

(r¼ –0.64, P¼ 0.0339), thereby serving as a possible

negative relay through which noradrenergic activity

in the hindbrain is conveyed to higher decision-

making areas in the forebrain.

TPp connectivity to ventral telencephalic nuclei

(Vv/Vd) was initially established in zebrafish and

supported evidence for the ascending dopaminergic

system in teleosts originating in the TPp (Rink and

Wullimann 2001). Interestingly, the positive correla-

tion in responders of TPp- Vv (septal homologue;

Goodson 2005; Goodson and Kingsbury 2013) con-

trasts with TPp negatively correlated to Vd (striatal

homologue) in nonresponders. This is consistent

with studies in anurans showing septal and striatal

lesions disrupt phonotaxis (Walkowiak et al. 1999).

Conclusions

The plainfin midshipman is becoming an emerging

comparative model to investigate how various dopa-

minergic, and proposed SBN and SDM network nu-

clei interact to mediate appropriate behavioral

responses to social acoustic cues. As a comparative

model the midshipman is exemplified by its wealth

of neural tract tracing studies that preceded and

became the foundation for proposing the
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reciprocally-connected SBN nuclei as a conserved

vertebrate feature (Goodson 2005). Thus, many of

the examples of neural coactivation using cFos as a

marker for neural activity in the present study cor-

roborate and complement preexisting neuroanatom-

ical studies (e.g., Dm-Vp, Vp-AT, CPc-AT, CP-PPp/

PPa, CP-PAG, AT-PAG; see Bass et al. 2000;

Goodson and Bass 2002; Kittelberger and Bass

2013). Future studies of the midshipman should pro-

vide a strong neuroethological framework to test a

number of hypotheses that could provide insight

into the SDM and SBN components that are active

during socially motivated behaviors.
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