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Abstract—Parental care is widespread in the animal kingdom, but for many species, provisioning energetic
resources must be balanced with trade-offs between self-promoting and offspring-promoting behaviors. How-
ever, little is known about the neural mechanisms underlying these motivational decisions. Mouthbrooding is
an extreme form of parental care most common in fishes that provides an ideal opportunity to examine which
brain regions are involved in parenting and energetics. The African cichlid fish Astatotilapia burtoni is a maternal
mouthbrooder in which females hold developing young inside their mouths for 2 weeks. This brood care makes
feeding impossible, so females undergo obligatory starvation. We used immunohistochemistry for the neural acti-
vation marker pS6 to examine which brain regions were involved in processing salient information in mouth-
brooding, starved, and fed females. We identified brain regions more associated with maternal brood care
(TPp, Dc-4/-5), and others reflective of energetic state (Dl-v, NLTi). Most nuclei examined, however, were involved
in both maternal care and energetic status. Placement of each of the 16 examined nuclei into these functional cat-
egories was supported by node by node comparisons, co-activity networks, hierarchical clustering, and discrim-
inant function analysis. These results reveal which brain regions are involved in parental care and food intake in a
species where provisioning is skewed towards the offspring when parental feeding is not possible. This study
provides support for both distinct and shared circuitry involved in regulation of maternal care, food intake, and
energy balance, and helps put the extreme parental case of mouthbrooding into a comparative and evolutionary
context. � 2020 IBRO. Published by Elsevier Ltd. All rights reserved.
Key words: Astatotilapia burtoni, brain, energetics, maternal care, pS6, teleost.
INTRODUCTION

Feeding and energetics are crucial to survival and species

persistence. For species that also care for their young,

additional decisions related to provisioning of energetic

resources must be made to balance trade-offs between

self-promoting and offspring-promoting behaviors.

Parental care has evolved independently multiple times

in animals, with many different species-specific

behavioral rules related to feeding, protection, and

reproductive efforts (Royle et al., 2012; Fischer and

O’Connell, 2017). In many mammals and birds, for exam-

ple, the parent will increase food intake during pregnancy

to the benefit of both parent and offspring, as well as pro-

vide food to the young after birth (Beekman et al., 2019;

Meiri, 2019). In other cases, food intake of the parent is

reduced or inhibited to allow offspring care at the expense
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of parental health (Fischer and O’Connell, 2017). One

example of this reduced food intake during parental care

is mouthbrooding. Mouthbrooding parents will hold devel-

oping young in their mouth and refrain from feeding to pro-

mote offspring survival, sometimes for days or weeks.

This extreme parental care behavior evolved indepen-

dently in several animal groups but is most common

and diverse in fishes, the largest group of vertebrates

(Sargent and Gross, 1986; Goodwin et al., 1998;

Duponchelle et al., 2008). How does the brain regulate

this tremendous shift in energetic and parental activities

to promote adaptive physiology and behavior, and to what

extent is the neural circuitry underlying these decisions

shared among these processes?

The brain and peripheral body tissues are tightly

linked with a plethora of signaling molecules to

communicate energetic, reproductive, and parental

state, which allows individuals to make adaptive

behavioral decisions about when to eat, when to mate,

and when to care for young. The neural circuits involved

in both parental care and feeding are relatively well

studied in vertebrates (Numan and Sheehan, 1997;
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Dulac et al., 2014; Kohl et al., 2017; Kohl and Dulac,

2018; Liu and Kanoski, 2018; Klockars et al., 2019), and

it is clear that many of the neural components and signal-

ing molecules are conserved and shared between them

(Fischer and O’Connell, 2017). For example, many brain

nuclei implicated in social behaviors like parental care,

such as the preoptic area, amygdala, hypothalamic, stri-

atal, and septal regions (and their homologs in different

taxa), are also involved in feeding and energetics. Fur-

ther, numerous chemical messengers produced both cen-

trally and in peripheral tissues (e.g. digestive organs,

adipose tissue) have effects on both parental and food

intake behaviors (Volkoff, 2016; Delgado et al., 2017;

Ronnestad et al., 2017). For example, some appetite-

stimulating (orexigenic; e.g. NPY, AgRP, ghrelin, orexin)

and appetite-inhibiting (anorexigenic; e.g. CART, a-
MSH, leptin) hormones also influence reproductive and

parental behaviors, and canonical reproductive-related

molecules (e.g. GnRH) also modulate feeding and energy

balance (Soengas et al., 2018; Blanco, 2020). Little is

known, however, about the neural mechanisms involved

in processing the motivational decisions and trade-offs

between parental care and feeding that are specifically

related to mouthbrooding.

The African cichlid fish Astatotilapia burtoni is an ideal

system to examine which brain regions are involved in

parental care and food intake (Renn et al., 2009; Grone

et al., 2012; Porter et al., 2017; Maruska and Fernald,

2018), which is necessary to put the extreme case of

mouthbrooding into a comparative and evolutionary con-

text. This species is a maternal mouthbrooder that must

balance energetic trade-offs between self-feeding and

caring for offspring inside their mouths. Following egg

deposition on the substrate, egg pick-up into the mouth,

and fertilization by a male, mouthbrooding females will

incubate, churn, oxygenate, and care for the developing

embryos in their buccal cavity for �2 weeks before releas-

ing them. Mouthbrooding and physical presence of the

developing young inside the mouth hinders food intake

and females typically do not eat during this period. Mouth-

brooding females have different behavioral, physiological,

and neurobiological characteristics compared to females

in other stages of the reproductive cycle (Renn et al.,

2009; Grone et al., 2012; O’Rourke and Renn, 2015;

Porter et al., 2017). Further, they also have different

mRNA expression levels of some neuropeptides and their

receptors in the brain compared to females that are

starved, suggesting that different regulatory mechanisms

control this special case of reduced food intake during

brood care (Grone et al., 2012). Given the shared and

overlapping neural circuitry governing feeding and paren-

tal care behaviors in vertebrates (O’Rourke and Renn,

2015; Fischer and O’Connell, 2017), it is important to

understand which brain nuclei are involved in integrating

energetic and parental activities in mouthbrooding

species.

The goal of this study was to test whether brain

activation patterns differed with female energetic and

mouthbrooding state. By comparing neural activation in

16 different brain nuclei of A. burtoni females that were

mouthbrooding, starved, or fed, we were able to identify
distinct patterns associated with each condition. Our

analysis highlights neural processing regions associated

with maternal brood care compared to those associated

with energetic and feeding state, as well as regions that

may be involved in integration of food-intake and

maternal activities. These results provide insights on

which brain regions are involved in processing

information related to the balance between self-

promoting and offspring-promoting behaviors, with

important implications for the evolution of feeding and

parental circuits across vertebrates.

EXPERIMENTAL PROCEDURES

Experimental animals

Adult A. burtoni were laboratory bred from a wild stock

caught from Lake Tanganyika, Africa in the 1970s.

Mixed-sex communities were comprised of 75 L aquaria

with gravel covered bottoms and three to four halved

terracotta pots to serve as spawning territories.

Conditions mimicked their natural habitat: pH = 7.6–8.0;

28–30 �C; 12L:12D diurnal cycle. Adults were fed cichlid

flakes (AquaDine, Healdsburg, CA, USA) daily and

supplemented with brine shrimp every other day. Under

these conditions, animals breed continuously, with

females exhibiting a 12–14 day brooding stage and

�24-day recovery stage before they can spawn again.

Community tanks were monitored daily and the onset of

mouthbrooding was recorded. All experiments were

performed in accordance with the recommendations and

guidelines stated in the National Institutes of Health

(NIH) Guide for the Care and Use of Laboratory

Animals, 2011. All animal care and collection was

approved by the Institutional Animal Care and Use

Committee (IACUC) at Louisiana State University, Baton

Rouge, LA.

Experimental paradigm and animal collection

To investigate neural activation patterns related to

brooding maternal care and feeding state, we collected

brains from three female groups: mouthbrooding,

starved, and fed (Fig. 1). All animals were initially

identified as mouthbrooding in community tanks, and on

the first day of mouthbrooding (within �24 h of

spawning), females were randomly assigned to each

condition. Females in the brooding condition were

transferred to the experimental tank with brood intact

inside their mouths. Females in both the starved and

fed conditions had their broods removed by gently

holding them head-down underwater with the jaw open

to allow the fertilized eggs to fall out of the buccal

cavity. The buccal cavity was visually verified to be

empty, and then fish were transferred to experimental

tanks. Fish in the fed condition were fed two cichlid

flakes each morning, including the day of collection, but

starved fish and brooding fish were not fed. All three

conditions were collected 12 days after being transferred

to the experimental tanks. Experimental tanks consisted

of three 38 L tanks divided in half by a clear acrylic

barrier and visually isolated from neighboring tanks by



Fig. 1. Schematic timeline of experimental paradigm to examine neural activation patterns in mouthbrooding female A. burtoni cichlids.

Mouthbrooding females were selected from community tanks on Day 1 of the brood cycle (within 24 h of spawning) and designated into one of three

conditions before being placed in experimental aquaria: brooding females retained their broods while starved and fed groups had their broods

removed. For the following 12 days, the fed group was fed daily while the brooding and starved groups were not fed. Collection of animals and brains

occurred on Day 12.
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blue opaque barriers. Fish were generally run in pairs so

that they were not socially isolated, with one fish in each

compartment of a tank. Fish from different conditions

were never housed in adjacent compartments of the

same tank.

All animals were collected between 9:00 and

11:00 am. ‘‘Fed” females were collected �2 h after

feeding. Females were netted from their compartment,

measured for standard length (SL) and body mass (BM;

measured without brood in mouth), and sacrificed by

rapid cervical transection. The brain was exposed from

olfactory bulbs to spinal cord and fixed in the head

overnight in 4% paraformaldehyde (4% PFA) in 1�
phosphate buffered saline (1� PBS). Heads were then

rinsed in 1� PBS for �24 h and cryoprotected in 30%

sucrose in 1� PBS for at least 12 h at 4 �C but not

longer than 1 week. Gonads were removed and

weighed (gonad mass, GM) to calculate a

gonadosomatic index [GSI = (GM/BM)*100]. Fulton’s

condition factor was also calculated using the formula

K= 100(BM/SL3). After cryoprotection, brains were

removed from the head and embedded in optimal

cutting temperature media (TissueTek OCT, Sakura

Fine Tek, Torrance, CA, USA) prior to sectioning. Brains

were sectioned in the transverse plane on a cryostat

(Leica CM1850 or Cryostar NX50) at 20 lm onto two

alternate sets of charged slides (VWR Superfrost plus,

Chicago, IL, USA). Slides were dried at room

temperature overnight and stored at �80 �C until

processing.

pS6 immunohistochemistry

To label recently activated neurons, we used

immunohistochemistry for the phosphorylated ribosome

marker, pS6. Similar to immediate early genes (IEGs),

pS6 is present in neurons that were activated within the

previous �1 h prior to sacrifice, and phosphorylation of

pS6 is associated with increased translation (Ruvinsky

and Meyuhas, 2006; Knight et al., 2012). In contrast to

more transient IEGs, however, pS6 is better able to detect

differences among more stable steady states of neural

activity. In studies using neural activation markers like
pS6, it is also important to recognize the limitations their

use may pose for interpretation. This includes the fact that

pS6 may not be expressed in all cell types, the cellular

phenotype of activated neurons is not known, the relation-

ship between pS6 expression and neural firing or changes

in downstream translation are unclear, and the absence of

pS6 staining is not necessarily indicative of an absence of

activation (e.g. activation occurs but pS6 is not used for

signaling). Further, many activation markers are most

sensitive to novel or changing stimuli such that more

stable states, as examined here, could reflect new base-

line neural activity. However, while this transient response

is typical for IEG, pS6 is not an IEG and can better distin-

guish steady state neural activity. Nevertheless, it is an

informative and valuable approach to initially examine

which brain regions and neural circuitry is involved in pro-

cessing salient stimuli in different contexts.

Staining was done as previously described (Butler

et al., 2018). Briefly, slides of cryosectioned brains were

rinsed with 1� PBS, non-specific binding was blocked

(0.2% bovine serum albumin, 0.3% Triton-X, and 5.0%

normal goat serum made in 1�PBS), and then slides

incubated with primary pS6 antibody (1:1500; Cell Signal-

ing pS6 ribosomal protein S235/236 antibody #2211,

made in rabbit) overnight at 4 �C. Slides were then rinsed

with 1� PBS, incubated in biotinylated goat anti-rabbit

IgG secondary antibody (Vector Labs BA-1000; 1:277)

for 2 h at RT, rinsed with 1� PBS, endogenous peroxi-

dase activity quenched with 1.5% H2O2, rinsed in 1�
PBS, incubated in Vectastain Avidin-Biotin-Complex

(ABC) for 2 h, and reacted with DAB substrate for

�30 min until desired staining intensity. Preabsorption of

the primary antibody with pS6 blocking peptide failed to

produce any staining (Butler et al., 2018).

Imaging and analysis

Slides were visualized on a Nikon Eclipse Ni microscope

and images taken with a digital color camera (Nikon DS-

Fi2) controlled with Nikon NIS Elements software.

Quantification was done as previously described for pS6

and IEG, and performed by individuals blind to

experimental group (Butler and Maruska, 2016; Butler
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et al., 2018). Images were taken at the highest magnifica-

tion that encompassed the region of interest (ROI).

Approximate borders were drawn around the ROI and

gridlines applied to the image (Fig. 2; Table S1). We ran-

domly selected boxes (3–6 dependent on ROI size) and

quantified the number of stained cells within those boxes

(details in Table S1). The density of pS6-stained cells was

calculated as the number of stained cells divided by the

area of the boxes quantified. For each region, 3–4 con-

secutive sections were quantified (dependent on region,

but consistent across animals) at the same rostro-

caudal location within the nucleus across animals and

averaged together for each animal to obtain a mean

pS6-stained cell density per brain region (# of cells per

mm2).

We quantified staining in 16 brain nuclei implicated in

social behavior or feeding circuitry: two subdivisions

(rostral and caudal) of ventral part of the ventral

telencephalon (Vv-r, Vv-c), supracommissural nucleus of

the ventral telencephalon (Vs), dorsal part of the ventral
Fig. 2. Approximate locations of brain regions in which pS6 staining was qua

the Vv-r (A), Dm, Dl-g, Dl-v, Dc-4, Dc-5, Vs, Vd-c, Vv-c, Vp, and nPPa (B),
Cresyl Violet staining and approximate borders of regions. Right panel shows

regions quantified outlined in black (note that left and right images are f

Abbreviations: ATn: anterior tuberal nucleus; Dc-4: central part of the do

telencephalon, subdivision 5; Dl-g: lateral part of the dorsal telencephalon,

subdivision; Dm: medial part of the dorsal telencephalon; NLTi: lateral tube

ventral subdivision; nPPa: parvocellular preoptic nucleus, anterior part; TPp:

the ventral telencephalon; Vp: postcommissural nucleus of the ventral telenc

VTn: ventral tuberal nucleus; Vv-c: ventral part of the ventral telencephalon

rostral subdivision.
telencephalon (Vd), postcommissural nucleus of the

ventral telencephalon (Vp), two subdivisions (granular

and ventral) of the lateral part of the dorsal

telencephalon (Dl-g, Dl-v), medial part of the dorsal

telencephalon (Dm), two subdivisions (4 and 5) of the

central part of the dorsal telencephalon (Dc-4, Dc-5),

anterior and ventral tuberal nuclei (ATn, VTn),

periventricular nucleus of the posterior tuberculum

(TPp), parvocellular preoptic nucleus, anterior part

(nPPa), and intermediate and ventral parts of the lateral

tuberal nucleus (NLTi, NLTv).
Statistical analysis

All analysis was performed in SigmaPlot 12.3, SPSS 25,

or R 3.6.0. Data were first checked for outliers using

Iglewicz and Hoaglin robust test for multiple outliers

using a z-score of 3.5 (Iglewicz and Hoaglin, 1993). Brain

activation data were run as a single linear mixed model

(LMM) with brain region as a repeated factor in SPSS.
ntified as a measure of neural activation. We quantified expression in

VTn (C), NLTv (C, D), ATn, TPp, and NLTi (D, E). Left panel depicts
a representative section illustrating pS6 staining, with the approximate

rom different brains and may be slightly different section planes).

rsal telencephalon, subdivision 4; Dc-5: central part of the dorsal

granular zone; Dl-v: lateral part of the dorsal telencephalon, ventral

ral nucleus, intermediate subdivision; NLTv: lateral tuberal nucleus,

periventricular nucleus of the posterior tuberculum; Vd: dorsal part of

ephalon; Vs: supracommissural nucleus of the ventral telencephalon;

, caudal subdivision; Vv-r: ventral part of the ventral telencephalon,



Table 1. Post-hoc condition * region interaction statistics. All regions

are significantly different from each other (P < 0.001 for all). Condition

differences within each region are described below. Bold indicates

significant differences at P < 0.05. Dashed lines separate regions into

four group-based differences

K. P. Maruska et al. / Neuroscience 446 (2020) 199–212 203
Animal ID was used as a random factor and condition (i.e.

brooding, starved, fed) and brain region as fixed factors.

SL and BM (body size) were used as covariates. We used

body size as a covariate in the models because there was

high variation in fish sizes across groups, and brain,

region, and cell sizes often vary with body size. Least sig-

nificant difference post hoc testing was used to determine

differences within fixed factors and their interaction (i.e.

region X condition). Body size-corrected values are plot-

ted in box plots. Other measures of physiology (e.g. body

size and GSI) were analyzed using one-way ANOVA fol-

lowed by Tukey’s post hoc testing. To determine the rela-

tive role of maternal care and energetic state, we used a

two-way ANOVA on predicted, body size-corrected val-

ues from the LMM. The two factors were maternal care

(yes: brooding females; no: starved and fed females)

and energetic/feeding state (fed: fed females; starved:

starved and brooding females). Hedge’s G effect sizes

were calculated for each factor and a ratio of the two

effect sizes was created (=maternal care/energetic

state). A two-fold difference in effect size was considered

significant (i.e. >2.0 or <0.5). Values between 0.5 – 2.0

were considered to have equal effect sizes and represent

likely integration of maternal care and energetic state

information. To examine co-activity across brain regions,

we used Pearson correlations (SigmaPlot), principal com-

ponent analysis (SPSS), and discriminant function analy-

sis (SPSS). Raw data (i.e. prior to body size corrections)

were used for these analyses because body size correc-

tions artificially enhanced correlations. Group means

replaced missing values as appropriate. Pearson correla-

tion coefficients were used to generate heatmaps, with

significant correlations designated by an asterisk. Cluster-

ing analysis was done using the pvclust package in R

using multiscale bootstrap resampling. Significant clus-

ters (P< 0.05) are outlined in black, and sometimes are

nested within each other. Factor analysis was done using

principal components with eigenvalues greater than 1,

and small coefficients (<0.3) were suppressed. For dis-

criminant function analysis, all groups were considered

equal and classification was done using within-group

covariance.

For all analyses, we chose not to use corrections for

multiple testing. These tests (e.g. Bonferroni) can

reduce statistical power and increase type II errors

leading to potential masking of biologically relevant

results (Nakagawa, 2004). Instead, we checked false dis-

covery rate (FDR) using Benjamini-Hochberg procedure

with an FDR of 0.10. All significant p-values remained sig-

nificant after correction, so only exact p-values are

reported.

Boxplots of body size corrected data (model-predicted

outputs) were used for visualization. The box extends to

the furthest data points within the 25th/75th percentiles,

and whiskers extend to the furthest data points within

1.1� the interquartile range. Outliers (beyond 1.1� the

interquartile range) are designated by filled circles and

are not reflective of statistical outliers as described

above. Data median is represented by a solid line and

data mean by an open circle within the box.
RESULTS

Standard length (38.645 ± 3.903 mm; mean ± s.d),

body mass (1.433 ± 0.518 g), and condition factor

(2.420 ± 0.373) did not differ among the groups (SL:

F2,28 = 0.942, P= 0.402; BM: F2,28 = 2.034,

P= 0.150; K: H= 4.169, Df = 2, N= 31, P= 0.124).

GSI was significantly higher in fed females compared to

brooding and starved fish (F2,28 = 29.920, P< 0.001;

Post-hoc: Br-Fed: q= 9.382, P< 0.001; Fed-St:

q= 8.611, P< 0.001; St-Br: q= 0.992, P= 0.765).

We analyzed activation in 16 brain regions of

mouthbrooding, fed, and starved females. There was an

overall effect of region (F15,420 = 8.956e13; P< 0.001),

condition (F2,420 = 96.459; P< 0.001), and an

interaction between region and condition

(F30,420 = 2.441e12; P< 0.001) such that differences

among the conditions were region-dependent (Table 1

for post-hoc values). All but two regions, the ATn and

Dm-3 (Fig. S2), had differential activation among the

groups.

In both the TPp and Dc-5, mouthbrooding females had

higher activation than fed and starved individuals (Fig. 3).

Conversely, Dc-4 activation in mouthbrooding females

was lower than fed and starved individuals. The

difference between mouthbrooding and starved animals

suggests this activation is not related to mouthbrooding-

induced starvation, but more reflective of some other

maternal-care related factor. Activation in the NLTi and

Dl-v was higher in fed animals than brooding and

starved individuals (Fig. 3, S2). In the nPPa, both

brooding and starved individuals had higher activation

than fed animals. In these three regions (NLTi, Dl-v,

nPPa), activation differences may be due to energetic

state because mouthbrooding and starved individuals

had similar activation levels.



Fig. 3. Neural activation patterns revealed by pS6 staining that reflect brooding or feeding state. (A–C) Activation of the TPp and both Dc

subdivisions was mediated by the presence or absence of mouthbrooding. TPp and Dc-5 activation was higher in brooding females than fed or

starved individuals. In the Dc-4, activation was lower in the Dc-4 of mouthbrooding females than fed or starved animals. (D–E) Activation of NLTi, Dl-

v (see Fig. S2), and nPPa was mediated by feeding state. NLTi and Dl-v activation was higher in fed females than brooding or starved individuals.

nPPa activation was higher in brooding and starved animals than fed females. N = 10–11 fish per group. See methods for boxplot descriptions.

Different letters indicate statistical significance at P< 0.05. See Table 1 for statistical details. Predicted values from the ANCOVA (i.e. body-size

corrected cell densities) are plotted. Scale bars represent 100 mm in all photomicrographs. See Fig. 2 legend for abbreviations.
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In the remaining 8 regions, there appeared to be more

complex underpinnings of activation suggestive of

integration or parallel signaling of maternal care and

energetic state information (Fig. 4, S2). In both the

rostral and caudal Vv subdivisions, brooding females

had higher activation than fed and starved individuals,

and fed animals had higher activation than starved

individuals. In the VTn and Vd-c, brooding females also

had greater activation than fed and starved animals, but

starved individuals were an intermediate between

brooding and fed fish. Activation in the Vp and Vs-m

was similar in brooding and fed animals, which were
both higher than starved fish. Fed individuals had higher

activation in the NLTv than both brooding and starved

fish, and brooding females had higher activation than

starved fish. Activation in the Dl-g was greatest in

starved fish, closely followed by brooding females, and

both starved and brooding females had higher activation

than fed fish (Fig. S2).

To investigate the relative importance of maternal

care and energetic state influence on activation, we ran

a separate analysis on all 16 regions with maternal care

(yes: brooding; no: starved and fed combined) and

energetic state (fed: fed fish; starved: starved and



Fig. 4. Representative brain regions with neural activation patterns that reflect integration or parallel signaling of maternal care and energetic state

information. (A, B) In the VTn and Vd-c, brooding females had highest activation, followed by starved, then fed females. (C) Activation in the Vs-m

was higher in brooding and fed females compared to starved females. (D) Vv activation was highest in brooding females, while fed females were an

intermediate between brooding and starved. (E) Activation in the NLTv was highest in fed females. Brooding females had higher activation than

starved females. N= 10–11 fish per group. See methods for boxplot descriptions. Different letters indicate statistical significance at P< 0.05. See

Table 1 for statistical details. Predicted values from the ANCOVA (i.e. body-size corrected cell densities) are plotted. Scale bars represent 50 mm in

all photomicrographs. See Fig. 2 legend for abbreviations.
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brooding combined) as the two factors (Table 2). Like the

analyses described above, there were no significant

differences in activation of ATn or Dm-3. In the TPp, Dc-

4, and Dc-5, there was a significant effect of maternal

care but not energetic state. The NLTi, Dl-v, and nPPa

had a significant effect of energetic state, but not

maternal care. The remaining eight regions had

significant effects of both maternal care and energetic

state, suggesting possible integration of information.

Importantly, this classification system (maternal care,

energetic state, integration) agrees with the
comparisons between activation in brooding, starved,

and fed animals described above.

To further investigate the relative effect of maternal

care and energetic state on brain activation, we

calculated the effect size for maternal care and

energetic state (Table 3) and created a ratio of the two

effect sizes, such that any value greater than two

reflects a relatively stronger effect of maternal care and

a value less than 0.5 reflects a stronger effect of

energetic state (Fig. 5). A value around one reflects a

similar effect of maternal care and energetic state and



Table 2. Two-way ANOVA of brain activation with maternal care and

energetics as the two factors in each region. Brooding = Maternal

Care (MC), St; Starved = no MC, St; Fed = no MC, no St. No

interaction could be tested due to the lack of a group displaying

maternal care but also being fed (not possible in this mouthbrooding

species). Bold indicates significance at P < 0.05

Table 3. Effect sizes for maternal care (MC) and energetic state (ES)

on each brain region. The MC/ES ratio reflects the relative strength of

each effect size such that a value greater than 1 indicates a stronger

effect of maternal care while a value less than 1 indicates a stronger

effect of energetics. Bold indicates values where there was a twofold

difference in effect size (ratio >2 or <0.5)
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may suggest strong involvement of both. The TPp, Dc-4,

Dc-5, VTn, and Vv-c had relatively stronger effects

relating to maternal care, but the NLTi, NLTv, Dl-g, Dl-v,

and Vd-c had strong effects of energetic state. In

contrast, the Vv-r, Vs-m, Vp, and nPPa have a ratio

around 1, suggesting similar effects of maternal care

and energetics, indicating integration, parallel signaling,

or independent activation of cells involved in energetic

and maternal stimuli in the same region. While both the
ATn and Dm-3 have ratios less than 1, the effect sizes

were all below one and no significant differences were

detected among the groups.

To examine how activation in each brain region

related to the others, we performed network co-activity

analysis via correlations and factor analyses (Figs. 6, 7).

We used Pearson correlations of pS6 activity within

brooding, starved, and fed females to assess network

coactivity (Tables S2–S4). Overall, each animal group

had different patterns of co-activity and clustering of

brain regions. For example, brooding females had two

significant clusters, while fed and starved animals had

three significant clusters. Importantly, across all three

conditions, regions that respond to maternal care,

energetic state, or both are interconnected in all

conditions. This highlights the complexity of neural

communication relevant to these biological processes.

Next, to determine if co-activity across all 16 nuclei

produced brain activation patterns in brooding, starved,

and fed females that were distinct from each other, we

ran a discriminant function analysis. The DFA produced

two significant functions. Function 1, explaining 79.1%

of the data (Eigenvalue = 10.045; chi-square = 75.814;

P< 0.001), clearly separated fed animals from starved

and brooding animals, suggesting most variation in brain

activation is reflective of energetic state. Function 1 was

strongly positively loaded by the Vd-c and negatively by

the NLTv and NLTi. Function 2 explained the remaining

20.9% of the variation (Eigenvalue = 2.656, chi-

square = 26.573, P= 0.032) and separated brooding

females from starved females. It was most strongly

loaded by the TPp, VTn, Vs-m, Vv-c, and NLTv. The

DFA correctly classified 100% of fed and starved

animals. However, one (of 11; 9.1%) brooding female

was classified into the starved group. Overall, these

data indicate that brain activation patterns are different

among the three conditions and each condition can be

predicted by their overall neural activation patterns

across the 16 nuclei examined.
DISCUSSION

We examined neural activation patterns in the brains of

female A. burtoni to test whether the extreme parental

care case of mouthbrooding, which is associated with

obligatory starvation, differed from that seen in non-

brooding females that were either fed or starved. Our

results identified differential activation patterns

associated with either maternal care or energetic state,

along with nuclei involved in possible integration or

parallel signaling of these biological processes. Further,

co-activity networks and hierarchical clustering analysis

showed that neural activation patterns were distinct in

each female group, and discriminant functional analysis

correctly classified brooding, starved, and fed females

based on these neural activation patterns alone. This

study provides important insights on which brain regions

are involved in parental care and food intake in a

species where provisioning is tipped towards offspring

care while parental feeding is not possible. These

results provide further support for overlapping and



Fig. 5. Maternal care to energetic state effect size ratio for each brain region. Effect size was

calculated for each factor, and a ratio of the two by dividing the maternal care effect size by the

energetic state effect size was calculated. A value of one represents equal strengths of maternal care

and energetic state on neural activation. The gray box represents values with less than a twofold

difference between the two effect sizes (0.5–2.0), such that regions above the gray box represent

significantly stronger effects of maternal care and regions below the gray box represent stronger

effects of energetic state. See Table 3 for effect size values. See Fig. 2 legend for abbreviations.
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interconnected circuitry involved in regulation of maternal

care, food intake, and energy balance, and help put the

extreme parental case of mouthbrooding into a

comparative and evolutionary context.
Brain regions involved in maternal brood care

Our neural activation analyses revealed several brain

regions that are more associated with aspects of

maternal brood care rather than feeding state. For

example, activation in TPp and Dc-4/-5 regions was

mediated by presence or absence of mouthbrooding,

although in slightly different patterns. The difference

between mouthbrooding and starved animals in these

regions, however, suggests the activation is not related

to mouthbrooding-induced starvation, but more reflective

of some other aspects of maternal care. This is further

supported by multivariate analysis that groups TPp and

Dc-4/-5 within a significant cluster in brooding animals

that differs from starved animals. The teleost TPp is

homologous in part to the mammalian ventral tegmental

area (VTA), and TPp and VTA both contain a large

dopaminergic cell population involved in the mesolimbic

reward system (O’Connell and Hofmann, 2011;

O’Connell et al., 2011). In mammals, the VTA is part of

the neural circuitry necessary for maternal care and

strong activation of VTA neurons was seen in mother rats

interacting with their pups (Numan and Stolzenberg,

2009; Caba et al., 2019). Brain imaging (fMRI) in humans

also showed increased activation of VTA regions when

mothers viewed the face of their own child compared to
others (Rigo et al., 2019). Thus,

the greater neural activation

observed in the TPp of mouth-

brooding females may reflect pro-

cessing related to rewarding or

goal-directed stimuli of maternal

care.

The teleost Dc is still

somewhat enigmatic, but some

evidence supports it is

homologous in part to deep

layers of the isocortex

(neocortex) in mammals (Mueller

et al., 2011; Northcutt, 2011).

Notably, the subdivisions of Dc-4

and Dc-5 are very distinct in A.
burtoni and showed opposite acti-

vation patterns in mouthbrooding

females (Dc-4 low and Dc-5 high

relative to fed and starved

groups). Similarly, other neural

activation studies in A. burtoni
examining different social con-

texts also show distinct patterns

in these two adjacent Dc subdivi-

sions, providing additional sup-

port that they serve different

functions (Butler and Maruska,

2016; Butler et al., 2018; Field

et al., 2018). The neocortex of

mammals is involved in many
higher-order brain functions including sensory perception,

cognition, motor control, and spatial reasoning, all of

which are important for appropriately responding to sali-

ent stimuli during maternal care. Our analyses indicate

that activation in Dc is associated with maternal care

state, providing some functional evidence to further

explore the homology of this region across vertebrates.

It is important to note that we only examined one phase

of maternal care in A. burtoni, the period when embryos

are utilizing yolk reserves while they develop inside the

mother’s mouth. Once fry are released, the female will

begin eating but also continues maternal care for several

days by allowing free-swimming fry to re-enter her mouth

for protection. It will be interesting, therefore, to test

whether neural activation patterns associated with this

post-release feeding maternal care period are similar or

different to those observed here during the brooding star-

vation phase.

Brain regions involved in feeding and energetic state

Because our goal here was solely to identify brain regions

involved in energetics and maternal care, it is important to

note that our experimental setup that included feeding 2 h

before collection (fed group) was not designed to

specifically distinguish whether observed neural

activation patterns reflected recent food consumption,

anticipation, satiety, or steady state feeding. Thus,

regardless of the exact feeding-related stimuli that

caused the resulting activation, patterns in Dl-v, NLTi,

and nPPa appeared to be mediated by female feeding



Fig. 6. Co-activity networks across 16 brain regions vary with both maternal brood care and energetic state. (A–C) Hierarchical clustering and

Pearson correlation diagrams indicate that coactivity across the brain varies between brooding (A), starved (B), and fed (C) individuals. * represents
significant correlations. Outlined boxes represent significant clusters. (D–F) Node linkage diagrams based on clustering and correlations further

support overall activation differences across the brain. Despite both groups being starved, brooding females (D) and starved individuals (E) have
significantly different brain activation patterns. Gray shading indicates significant clusters. Nodes connected with solid lines are positively

significantly correlated while dashed lines represent significant negative correlations. Nodes are colored based on above results: blue = maternal

care; pink: fed; yellow: starved; purple: integration of maternal care and feeding state; white: not significant differences. See Table S2 (brooding), S3

(starved), and S4 (fed) for Pearson correlation statistics used to construct heatmaps. See Fig. 2 legend for abbreviations. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Summary of brain activation differences among brooding, starved, and fed individuals. (A) A discriminant function analysis correctly

classifies all starved and fed individuals and >90% of brooding individuals, indicating that brain activation patterns are significantly different

between the three conditions. Dots represent individual fish and stars are centroids. (B) Venn diagram of brain activation among brooding, starved,

and fed individuals. Regions are placed based on the highest activation (e.g. Dc-5 activation highest in brooding females; Vd activation higher in

brooding and starved females than fed). Regions at the center of all three groups had some interaction of maternal care and feeding state. (C)
Schematic lateral view of the brain illustrating which nuclei (nodes) responded to maternal care and/or energetic state. Region location is only

approximate. See Fig. 2 legend for abbreviations.
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and energetic state rather than the maternal aspect of

mouthbrooding. The teleost Dl-v is homologous in part

to the mammalian hippocampus, which is best known

for its role in spatial learning and memory (Portavella

et al., 2002; Rodriguez et al., 2002; Elliott et al., 2017).

However, in mammals, the hippocampus also plays a role

in learned and motivational aspects of feeding behavior

(Sweeney and Yang, 2015; Stevenson and Francis,

2017). The association of Dl-v with feeding and energetic

state observed here in the cichlid, therefore, provides

some of the first evidence that this teleost hippocampal

homolog may have a conserved role in motivation of food

intake. The teleost lateral tuberal nucleus (NLT) is homol-

ogous in part to the mammalian arcuate nucleus, which

has a well-known role in regulation of food intake and

metabolism (Sohn et al., 2013; Joly-Amado et al., 2014;

Ronnestad et al., 2017). This region contains neurons

expressing orexigenic and anorexigenic neuropeptides

across vertebrate taxa (Forlano and Cone, 2007; Sohn

et al., 2013; Porter et al., 2017). In A. burtoni, the NLTv

of feeding gravid females has larger orexigenic neuropep-

tide Y (NPY) and agouti-related protein (AGRP) cells, but

smaller anorexigenic pomc1a cells compared to starved

mouthbrooding females (Porter et al., 2017). While the

NLTv, rather than NLTi, is likely the teleost homolog of

the arcuate nucleus, the similar activation observed here

in brooding and starved females suggests the NLTi may

be primarily involved in metabolic regulation associated

with the starvation aspect of mouthbrooding rather than

the maternal care itself. This is supported by clustering

of NLTi with other nuclei in fed and starved fish but not

in brooding fish. Co-localization studies with activation

markers and feeding neuropeptides in the different NLT

subdivisions of across different energetic states will pro-

vide further insights on the relevant cellular and molecular

mechanisms.

We also observed greater activation in the anterior

preoptic area (nPPa) in brooding and starved females

compared to fed females, and our analysis places this

nucleus in the group of brain regions with stronger

influence from energetic state, although it also clusters

with regions implicated in maternal care. In virgin female

mice, the presence of pups suppresses hunger-induced

feeding, and activation of the medial preoptic area was

sufficient to induce this same reduced food intake

behavior (Han et al., 2017). Thus, high neural activation

in brooding female cichlids may involve some of the neu-

ral circuitry responsible for suppressing food intake.

Another possibility is that higher activation in nPPa of

brooding and starved females is involved in inhibition of

the hypothalamic-pituitary axis when food intake is

reduced, possibly to shift resources to homeostatic pro-

cesses. Body size and condition factor do not differ across

female groups, but GSI is lower in brooding and starved

females compared to fed individuals, suggesting

depressed HPG axis activity and reduced allocation of

resources towards gonadal growth. The preoptic area of

vertebrates, however, is a collection of heterogeneous

nuclei with many different neuron types and a multitude

of functions that includes regulation of social behaviors

and homeostasis (Zohar et al., 2010; O’Connell and
Hofmann, 2011; Fassini et al., 2017; Moffitt et al.,

2018). It also produces many neuropeptides involved in

regulation of hunger, metabolism, stress, reproduction,

behaviors, and other biological processes. In A. burtoni,
for example, this preoptic nucleus contains neurons

expressing GnRH, galanin, arginine vasotocin (AVT),

corticotropin-releasing factor (CRF), and NPY, among

others (Davis and Fernald, 1990; Chen and Fernald,

2008; Carpenter et al., 2014; Hu et al., 2016; Loveland

and Fernald, 2017; Porter et al., 2017). All of these signal-

ing molecules influence feeding in some way, but also

have other diverse functions from osmoregulation to

stress to reproductive physiology to social behaviors.

The nPPa also significantly clusters with several other

nuclei in fed females, and with different nuclei in brooding

females, but does not correlate with other brain regions in

starved females. Thus, the nPPa is likely involved in both

maternal care and energetic status, but possibly via dis-

tinct pathways and neuronal phenotypes. Future studies

should examine which types of neurons are activated in

the nPPa to better understand the role of this diverse

brain region in maternal versus energetic aspects of

mouthbrooding.
Brain regions involved in both maternal care and
energetic state

Most brain regions we examined (Vd-c, Vs-m, Vv-c, Vv-r,

Vp, Dl-g, VTn, and NLTv) show evidence for involvement

in both maternal brood care and feeding state.

Importantly, however, the patterns of activation among

the three female groups differed in different brain

regions, but they all showed significant associations with

both maternal care and energetic state. This suggests

that these nodes may serve as integration centers for

processing aspects of feeding and metabolism that are

related to maternal brood activities. Thus, the shared

circuitry used to make decisions about balancing trade-

offs between energetics and maternal care include

these regions. It is also possible, however, that rather

than integration, these nuclei process multiple parallel

signaling pathways that do not interact or that

heterogeneous cell types are activated independently by

non-interacting energetic or maternal stimuli.

Nevertheless, these nuclei (and their mammalian

homologs) are involved in a multitude of behavioral and

physiological processes that includes aspects of

parental care and energy balance across taxa. The

NLTv of A. burtoni showed greatest activation in fed

females, lowest in starved, and intermediate activation

in brooding females. This further supports the

involvement of this region in regulation of feeding and

energetics, as it is likely homologous to the arcuate

nucleus of mammals because it expresses canonical

neuropeptides such as AgRP, NPY, POMC, and CART

(Forlano and Cone, 2007; Porter et al., 2017). While the

arcuate nucleus in mammals is well known for its role in

feeding and metabolism, it is also involved in neuroen-

docrine and behavioral processes governing maternal

care and reproduction. In rodents for example, female lor-

dosis behavior is regulated by steroid sensitive circuitry
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between the arcuate nucleus and medial preoptic area

(mPOA) (Micevych et al., 2017), and arcuate to mPOA

projections regulate aspects of maternal care such as

nest building, lactation, and nursing (Li et al., 1999; Li

et al., 2019). Thus, the NLTv of A. burtoni, and likely other

teleosts, may be an important hub in the complex circuitry

controlling energetic-related aspects of other social

behaviors, including parental care and offspring

provisioning.

All the subpallial ventral telencephalon regions we

examined also fall into this category of involvement in

both maternal care and energetics. The subpallium

contains primarily GABAergic neurons in vertebrates,

including in A. burtoni (Maruska et al., 2017), that provide

inhibitory-excitatory balance to other regions of the fore-

brain (Lavdas et al., 1999; Cobos et al., 2001; Mueller

and Guo, 2009; Ganz et al., 2012). Further, many of these

same subpallial regions in A. burtoni and other fishes con-

tain neurons, axon projections, or express receptors of

various neuropeptides such as NPY, AgRP, CART, gala-

nin, and others that are implicated in control of food

intake, nutrient sensing, and other metabolic processes

(Cerda-Reverter et al., 2000; Porter et al., 2017; Tripp

and Bass, 2020). Thus, these subpallial regions likely play

important roles in the neural circuitry mediating motiva-

tion, as well as energy expenditure and resource alloca-

tion related to multiple aspects of mouthbrooding.

Neural activation patterns associated with

mouthbrooding, and those associated with fed and

starved states were different in female A. burtoni
cichlids. Our collective analyses of activation patterns

shown by pS6 staining across many brain regions

revealed which regions are involved in processing

information related to the linked processes of maternal

care and feeding/energetic state. Comparing activation

in brooding and starved females, for example, provides

insights into which regions are involved in maternal

brood care that are separate from the associated

starvation aspect of brooding. Out of the 16 brain

regions examined, 11 showed differences in activation

between brooding and starved females. These include

both the regions more associated with maternal care

(TPp, Dc-4, Dc-5) and the regions implicated in possible

integration or parallel processing of maternal and

feeding states (Vd-c, Vs-m, Vv-c, Vv-r, Vp, Dl-g, VTn,

and NLTv). These patterns suggest, not surprisingly,

that the neural processing associated with starvation

during brooding differs from that of fasting or starvation

in general. Some of these differences may also be

associated with neural processing of signals provided by

brood presence in the mouth, possibly functioning to

regulate aspects of mouth brood care like churning or

oxygenation, or to prepare the female for the transition

to the post-release maternal care period. Further, our

results provide evidence for shared and overlapping

neural circuitry for feeding/energetics and maternal care

within the same nuclei. This provides support for the

idea that modification of existing feeding circuits for

provision-related maternal activities may have

contributed to the evolution of parental care and other

social behaviors. There is existing evidence that circuitry
controlling goal-directed social behaviors may have

evolved from feeding/foraging circuits, especially

considering all of these processes require decision-

making (Hills, 2006). Together, this work provides support

for the idea that maternal care and energetics are not only

behaviorally linked, but also mechanistically linked in the

central nervous system of fishes, particularly in species

with balanced energetic trade-offs between self-care

and offspring-care.
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