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Abstract

Many organisms exhibit social behaviors and are part of some scheme of social structure.
Zebrafish are highly social, shoaling fish and therefore, social isolation may have notable
impacts on their physiology and behavior. The objective of this study was to evaluate the
effects of social isolation on feed intake, monoaminergic system related gene expression,
and intestinal health of juvenile zebrafish fed a high-inclusion soybean meal based diet. At 20
days post-fertilization zebrafish were randomly assigned to chronic isolation (1 fish per 1.5 L
tank) or social housing (6 fish per 9 L tank) with 18 tanks per treatment group (n = 18). Divid-
ers were placed between all tanks to prevent visual cues between fish. Zebrafish were fed a
commercial fishmeal based diet until 35 days post-fertilization and then fed the experimental
high-inclusion soybean meal based diet until 50 days post-fertilization. At the end of the
experiment (51 days post-fertilization), the mean total length, weight, and weight gain were
not significantly different between treatment groups. Feed intake and feed conversion ratio
were significantly higher in chronic isolation fish than in social housing fish. Expression of
monoaminergic and appetite-related genes were not significantly different between groups.
The chronic isolation group showed higher expression of the inflammatory gene il-1b, how-
ever, average intestinal villi width was significantly smaller and average length-to-width ratio
was significantly higher in chronic isolation fish, suggesting morphological signs of inflamma-
tion were not present at the time of sampling. These results indicate that chronic isolation
positively affects feed intake of juvenile zebrafish and suggest that isolation may be useful in
promoting feed intake of less-palatable diets such as those based on soybean meal.

Introduction

Many organisms exhibit social behaviors and there is a strong connection between social con-
text and neural and cognitive function [1]. Social isolation has been shown to activate the
hypothalamic pituitary adrenocortical/interrenal (HPA/I) axis and increase stress levels and
feeding rate in a variety of organisms [2, 3]. Social isolation is often thought to induce a stress
response in social animals, especially herding and shoaling species. However, social isolation
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may not be as stressful to some fish species as previously predicted. Multiple studies found
either no change or reduced levels of cortisol in fish that were isolated compared to those in
social housing (SH) [4-7]. Similar studies also showed a reduction in anxiety-related behaviors
in isolated individuals [8, 9].

The monoaminergic system is involved in the regulation of physiological processes and
has become increasingly important in understanding feeding and other behaviors in fish
[10-12]. Two major neurotransmitters in the monoaminergic system are dopamine and sero-
tonin. Dopamine is an important neurotransmitter when it comes to motivation and reward.
It is largely involved in re-approach to previously rewarding stimuli and maintaining a pat-
tern of behavior once reward is learned [13]. Serotonin is an important enteric signaling mol-
ecule involved in secretory functions in the gut [14] and plays a critical role in appetite and
signaling satiety [15, 16]. Social interactions have been shown to increase monoamine levels:
shoaling and presentation of conspecific images have been found to increase dopamine levels
in zebrafish (Danio rerio) [17, 18] and social subordination can contribute to serotonin over-
production [19]. Additionally, increases in dopaminergic and serotonergic activity have been
associated with reduced feed intake [20-24]. Changes in production and release of these sig-
naling molecules may help to understand the effects of social isolation on feed intake and
teed utilization.

While most of the research on social isolation in fish evaluates stress response, neurochemi-
cal regulation, and immune response, little is known about how social isolation affects feeding
and nutrition [5, 8-9]. This is critical considering that stress and hormone regulation play a
large role in hunger cues and feeding rate in a variety of organisms [15, 25]. Social isolation
has been shown to reduce appetite and feed intake in catfish [26, 27] and larval zebrafish [28].
However, there is also some connection between social isolation and increased feed intake.
Multiple studies of mice and rats have found that those in isolation consume and weigh signifi-
cantly more than those that are in social housing [29-31]. A study of isolated juvenile zebrafish
found no significant difference in growth performance between isolated and social groups,
suggesting no difference in feed intake throughout the study [5]. These contrasting results sug-
gest that isolation could be a useful tool for gaining an understanding of how social context
relates to feeding behavior.

Soybean meal (SBM) has become a common protein replacement for fishmeal (FM) in fish
feed formulations because of its high protein content, high digestibility, and relatively well-bal-
anced amino acid profile [32]. However, at high inclusion rates, SBM has been shown to nega-
tively affect feed ingestion and growth rate and cause intestinal inflammation in a variety of
species [32-37]. Understanding how to increase ingestion rates and utilization of dietary SBM
without impacting health constitutes an important aspect of fish nutrition. Zebrafish have
been found to have a middle-ground tolerance to SBM with no inflammatory effect detected
up to 50% inclusion therefore, they could serve as models for testing methods of improving
dietary SBM utilization [36].

Because social interactions have been found to increase monoaminergic activity and mono-
amines can have an inhibitory effect on feed intake, we hypothesized that fish in chronic isola-
tion (CI) would have altered expression of dopamine and serotonin related genes,
representative of reduced monoaminergic activity and thus resulting in increased feed intake
when compared to SH fish. However, due to the inflammatory nature of SBM, increased feed
intake of the experimental diet may lead to increased intestinal inflammation. Therefore, the
objective of this study was to evaluate the effects of chronic social isolation on 1) feed intake
and utilization of a high-inclusion SBM diet, 2) dopamine and serotonin-related gene expres-
sion, 3) appetite-related gene expression and 4) intestinal health using zebrafish as a model
species.
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Methods
Animal husbandry

The experiment was conducted in the Center for Fisheries, Aquaculture, and Aquatic Sciences
at Southern Illinois University-Carbondale (SIUC), IL. All procedures were carried out in
strict accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals of STUC. The SIUC Institutional Animal Care and Use Committee approved all pro-
tocols utilized during experimentation (Protocol # 21-006). Involved researchers were trained
in accordance with SIUC Institutional Animal Care and Use Committee requirements. All
efforts were made to minimize pain, stress, and discomfort in the experimental animals. Zeb-
rafish were observed daily for signs of distress and discomfort and no fish had to be euthanized
prior to experimental termination.

Wild-type juvenile zebrafish were housed in 1.5 L and 9.0 L polycarbonate aquaria on a
recirculated aquaculture system (Pentair Aquatic Ecosystems, Cary, NC, USA) that was modi-
fied to be an open system with continuous flow-through of city water (Carbondale, IL, USA).
The system was altered to prevent olfactory cues or hormonal signaling between tanks through
shared system water [9]. City water was filtered through a carbon filter, aerated, and heated to
27.21 £ 0.24°C. Water pH and conductivity were monitored daily through the system and
averaged 7.38 £ 0.09 and 189.23 £ 6.05 pS respectively. Dissolved oxygen was monitored daily
using a multiparameter meter (YSI, Yellow Springs, OH) and averaged 6.72 + 0.22 mg/L. Zeb-
rafish were subject to a 10:14 photoperiod with automatic lights turning on at 08:00 hours and
off at 18:00 hours. The illumination provided was at 245 lux and the distance between the sur-
face of the water and the light source was 10 cm.

Feed preparation

The experimental high inclusion SBM diet was formulated based on previous studies with
some modification to allow for higher rates of SBM inclusion (55.7%) [36, 38, 39]. The diet
was prepared at SIUC (Table 1). The dry ingredients were uniformly mixed using a mixer (Far-
berware, Fairfield, CA) adding water and oil components slowly until they were homogenous.
The ingredients were then extruded (Caleva Extruder 20, Sturminster Newton Dorset,
England), spheronized (Caleva Multibowl Spheronizer, Sturminster Newton Dorset, England),
and freeze-dried (Labconco FreeZone 6, Kansas City, MO) to remove moisture. The diet was
sieved to varying particle sizes; the particle size of feed was adjusted according to fish gape size
throughout the experimental trial (150-355 pm).

Brood-stock spawning and larval fish

Wild-type juveniles were spawned from a brood-stock composed of domesticated individuals
that originated from pet store zebrafish stocked to the SIUC system in 2018 (Petco, Carbon-
dale, IL, USA). Males and females were separated for a week and fed twice a day with Artemia
nauplii and commercial diet (Otohime, Japan). After this separation period, males and females
were combined in a 9L tank to breed and a mesh insert on the tank bottom was used to protect
fertilized eggs from adults. Larval fish were reared in a “common garden” in the 9L tank on the
modified flow-through system until 20 days post-fertilization (dpf). As zebrafish do not exhibit
shoaling behavior until 7 dpf, extended time together allowed zebrafish to become acclimated
to social groups and exhibit social behavior [9]. Zebrafish were fed an abundance of rotifers
(Brachionus plicatilis) as a first feeding for 4 days followed by Artemia nauplii for 10 days [40].
Once able to be weaned to dry feed, larval fish were trained on a commercial diet (Otohime,
Japan).
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Table 1. The feed formulation and proximate composition of the experimental diet (SBM: Soybean-meal-based
diet).

Ingredients SBM (%)
SBM' 55.70
Krill Meal® 10.00
CPSP’ 5.00
Dextrin* 6.34
Fish Oil° 6.55
Soy Lecithin® 5.00
Mineral mix’ 2.50
CaHPO,* 1.50
Vitamin mix® 2.50
Vitamin C’ 0.10
Choline chloride* 0.06
Methionine* 0.50
Lysine* 1.00
Threonine* 0.25
Taurine* 1.00
CcMC' 2.00
Analyzed Composition (%)

Crude Protein 36.63 +0.12

Crude Lipids 1543 +0.15

Ash 9.18 £0.02

Moisture 3.70 £ 0.02

! Harper Feed Mill, Herrin, 1l, USA

2 Processed Euphausia superba, Florida Aqua Farms, Dade City, FL, USA

? Soluble fish protein hydrolysate, Sopropeche S.A., Boulogne Sur Mer, France

* Dyets, Bethlehem, PA, USA

® Cod liver oil, MP Biomedicals, Solon, OH, USA

© Refined soy lecithin, MP Biomedicals, Solon, OH, USA

7 Bernhart-Tomarelli mineral mix with 5 ppm selenium in a form of sodium selenite, Dyets, Bethlehem, PA, USA
8 Custom Vitamin Mixture (mg/kg diet) Thiamin HCI, 4.56; Riboflavin, 4.80; Pyridoxine HCl, 6.86; Niacin, 10.90;
D-Calcium Pantothenate, 50.56; Folic Acid, 1.26; D-Biotin, 0.16; Vitamin B12 (0.1%), 20.00; Vitamin A Palmitate
(500,000 IU/g), 9.66; Vitamin D3 (400,000 IU/g), 8.26; Vitamin E Acetate (500 IU/g), 132.00; Menadione Sodium
Bisulfite, 2.36; Inositol, 500, Dyets, Bethlehem, PA, USA

® L-Ascorbyl-2-Polyphosphate, Argent Aquaculture, Redmond, WA, US

1% Carboxymethyl cellulose sodium salt high viscosity, MP Biomedicals, Solon, OH, USA

https://doi.org/10.1371/journal.pone.0307967.t001

Experimental design and feeding regimen

To avoid any biases derived from sexual dimorphism of zebrafish, the experiment was carried
out from 20 to 51 dpf, before zebrafish reached sexual maturity. At 20 dpf, zebrafish were sepa-
rated into one of two treatment groups: SH or CI with 18 tanks per treatment group (n = 18,
Fig 1). Social housing was used as the control group as this method of housing is most com-
monly used in zebrafish husbandry. Density was controlled for in each experimental group by
stocking one fish per 1.5 L of water. Consequently, zebrafish assigned to CI were housed in 1.5
L tanks with one fish per tank and zebrafish assigned to SH were housed in 9 L tanks with six
fish per tank. Additionally, water flow was set to 70 ml/min in the 1.5 L tanks and 420 ml/min
in the 9 L tanks to maintain the same exchange rate of water between treatment groups. To
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Fig 1. Experimental design displaying the timeline for separation into treatment groups, feeding regime, and sampling schedule (dpf = days post-

fertilization).

https://doi.org/10.1371/journal.pone.0307967.9001

randomize treatment assignment, fish from the common garden were stocked into treatment
tanks one at a time, rotating between SH and CI tanks. Once the CI tanks were filled, fish
stocking continued one fish at a time in the SH tanks until they were filled. As visual cues from
conspecifics are important for developing learned social behavior, black tarp dividers were
installed between all tanks to prevent visibility between them [9].

Once separated into treatment groups (CI or SH), fish were fed commercial diet (Otohime,
Japan) three times per day to apparent satiation for 15 days ensuring that CI fish were exposed
to chronic isolation before introduction of the experimental diet. After this 15-day acclimation
period [4] in treatment tanks (35 dpf), the experimental SBM-based diet was introduced. All
zebrafish were fed the high-inclusion SBM diet to apparent satiation three times per day for
another 15 days. Each feeding period was limited to 1 h of satiation feeding-the three feeding
periods were 08:00-09:00, 12:00-13:00, and 16:00-17:00. Zebrafish were initially offered a
small amount of food and their feeding behavior was carefully observed. Tanks were provided
additional small amounts of feed if “hunting” behavior was observed, and fish were monitored
to ensure these offerings were consumed. Once signs of slowed feeding behavior were
observed, feed offerings were halted. To accurately compare feed intake between treatment
groups, feeding ceased when the single fish in CI tanks discontinued feeding behavior and
when only one fish remained feeding in SH tanks, or when the 1 h feeding period ended. Diets
for each tank were weighed before and after daily feedings to measure the amount of feed con-
sumed daily.
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Sampling

Due to their small size and to avoid injuries or mortalities of fish utilized in this study, three
randomly collected subsamples of 10-11 zebrafish from the common garden (n = 31) were
measured to obtain weights and lengths prior to stocking the treatment tanks at 20 dpf. The
sample fish were euthanized in an ice bath, patted dry, and individually weighed and measured
for total length. The average weight and total length of the 31 samples was used as an average
initial weight (8.63+2.57 mg) and length (9.93+0.81 mm) of juvenile fish stocked into treat-
ment tanks.

At the end of the experiment (51 dpf), all zebrafish were moved to petri dishes and photo-
graphed using a Sony Cybershot DSC RX100 III digital camera. Image] (NIH Image) was used
to determine the length of all individual fish in each treatment group. Fish were patted dry and
weighed using an analytical scale (Mettler-Toledo, Columbus OH, USA). Twelve fish from the
18 tanks in each treatment group were randomly selected and euthanized using ice slurry with
equal proportions of water and ice [41]. To accurately compare the treatment groups, one fish
from SH was compared to one fish from CIL. From the samples in each treatment group, six
were randomly assigned for analysis of gene expression and the remaining six for histological
analysis. For the zebrafish assigned to gene expression, the digestive tract and head were dis-
sected and stored in RNAlater (Sigma-Aldrich, St. Louis, MO, USA). For the zebrafish
assigned to histology, bodies were bisected at an angle below the anal fin and stored in forma-
lin. Growth performance was measured as total length and weight. Weight gain was calculated
by subtracting the average initial weights obtained from the common garden (W) from the
final weights (Wy). Feed intake was measured daily and feed conversion ratio (FCR) was calcu-
lated by dividing cumulative feed intake by weight gain.

Gene expression analysis

Dissected zebrafish heads and bodies were stored in RNAlater at -20°C after sampling. Sam-
ples were manually homogenized and processed using TRIzol Reagent (Ambion, Foster City,
CA, USA) and RNA was extracted using the On-Column PureLink™ DNase Treatment (Pure-
Link™ RNA Mini Kit and PureLink™ DNase, Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. Once the RNA was extracted and purified, each RNA sample was
quantified (ng/pl) using a spectrophotometer (Nanodrop 2000c, Thermo Fisher Scientific,
Waltham, MA, USA). Then, 500 ng of RNA from each sample was reverse transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA,
USA). The RT-reactions were then diluted (1:10) and 4 pl of each diluted cDNA were used in a
25 ul volume of quantitative PCR (qPCR) reaction. Gene expression analysis was performed
using a CFX96 Connect™ Real-Time PCR Detection System (Bio-Rad) and iTaq Universal
SYBR™ Green Supermix (Bio-Rad). Primers (Table 2) were designed using the open source
Primer3 program under the following settings for best qPCR efficiency: mplicon size 70-150
bp; primer melting temperature 60°C; GC primer content > 50%. All assays showed an effi-
ciency between 87-105%.

The qPCR protocol consisted of an initial denaturation step of 95°C for 30 s, followed by 40
cycles of denaturation for 5 s at 95°C and annealing/extension for 30 s at 60°C. The efficiency
of PCR reactions was higher than 90% and negative controls without sample templates were
performed for each primer set. The specificity of PCR reactions was verified by analysis of
melting curves (ramping rates of 0.5°C/10 s over a temperature range of 65-95°C). Fluores-
cence raw data were collected during the PCR extension phase and analyzed by Bio-Rad CFX
Maestro software. The AACt method [42] was applied to calculate the relative gene expression
levels, using eukaryotic translation elongation factor 1 alpha 1 (eeflal) as housekeeping gene.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 6/23


https://doi.org/10.1371/journal.pone.0307967

PLOS ONE

Social isolation and feed intake in zebrafish

Table 2. Primers used for gene expression analysis.

Gene Gene Description Primers for Semi-Quantitative RT-PCR GenBank Accession Number

drdl Dopamine receptor D1 F: GGAGGACGACTCTGGCATAA FJ208849.1
R: AGACGTCCGCATCACTATCC

drd2a Dopamine receptor D2a F: GCAACACCAGCAGTATCACG NM_183068.1
R: GGCCTTCTTCTCCTTCTGCT

drd3 Dopamine receptor D3 F: CCTGCCCTCTACTGTTTGGA NM_183067.1
R: AACGACACCACGGAGGAGTA

drd4a Dopamine receptor D4a F: GCAAGCTGGAGGACAACAAC NM_001012616.3
R: GCAGTACAGGAGCAGCATGA

htrlbd Serotonin receptor 1bd F: CTCACACGCAAGCTTCACAC NM_001145686.1
R: TGGACACCAGGAGGTCTGTC

mao Monoamine oxidase-metabolism of biogenic amines F: CGAGTCAGATCTGGCAGTCA NM_212827.3
R: TTCTCTCCCAGAAGGTGGTG

tphla Tryptophan hydroxylase 1a —synthesis of serotonin F: GGAGCATCAGACGACTCCAT NM_178306.3
R: TTACAGAGCCCGAACTCCAC

slc6ada Sodium-dependent serotonin transporter F: TGCCAGCTACAATCCCTITTC XM_009291668.3
R: AAGCCTGACAGGAAACTGGTC

slc18a2 Vesicular monoamine transporter 2 F: AGTGCTTGATGGAGCTCTGC NM_001256225.2
R: GGAACCTGCTGCAATGAGG

il-1b Interleukin-1 beta-pro-inflammatory cytokine F: TGGACTTCGCAGCACAAAATG NM_212844.2
R: GTTCACTTCACGCTCTTGGATG

il-6 Interleukin 6 —pro-inflammatory cytokine F: GCGTCCTGACGTGGTATAAAG JN698962.1
R: GTCGTTTGGTGCTGTGTTTG

tnfa Tumor necrosis factor alpha-pro-inflammatory cytokine F: GCGCTTTTCTGAATCCTACG NM_212859.2
R: TGCCCAGTCTGTCTCCTTCT

agrp Agouti related neuropeptide-orexigenic effects F: GTCCACCTGCAGAGAAGAGG NM_001328012.1
R: GCCTTAAAGAAGCGGCAGTA

galrlb Galanin/GMAP receptor-orexigenic effect F: CACATGCTGTTATGCCAAGGT NM_001327843.1
R: CAACACCGTCTGAGCTGTCT

ghsra Ghrelin receptor-orexigenic effect F: TGCCTGTGTTCTGCTTAACTGTC NM_001146272.1
R: ACACCACCACAGCCAGCAT

nucb2b Nucleobindin 2 -anorexigenic effect F: GGGCTTGTTTGGATGCACTG NM_201493.1
R: GCCGGTGTCTGCATTTTCAG

npy Neuropeptide Y-orexigenic effect F: TGGGGACTCTCACAGAAGGG BC162071.1
R: AATACTTGGCGAGCTCCTCC

ghrl Ghrelin-orexigenic effect F: GTGTCTCGAGTCTGTGAGCG AMO055940.1
R: CAGCTTCTCTTCTGCCCACT

lep Leptin a—anorexigenic effect F: TGTTGACCAGATACGCCGAG NM_001128576.1
R: GTCCAGCGCTTTCCCATTTG

cck8 Cholecystokinin-regulating the release of digestive enzymes F: GTTCAGTCTAATGTCGGCTCC NM_001386383.1
R: TAGTTCGGTTAGGCTGCTGC

eeflal Eukaryotic translation elongation factor 1 alpha 1 F: GCTGGCAAGGTCACAAAGTC NM_131263.1

R: GAAGAACACGCCGCAACCT

https://doi.org/10.1371/journal.pone.0307967.t002

Fold-change variation for each gene was expressed referred to SH control group (values >1
indicate up-regulated genes, conversely values < 1 indicate down-regulated genes).

Histological analysis

Slides for histological analysis were prepared at Saffron Scientific Histology Services (Carbon-
dale, IL). Zebrafish samples were cut below the anal fin to open the body cavity and fixate the
intestine in 10% neutral buffered formalin. Samples were moved through increasing concen-
trations of ethanol until all water was removed from the tissue. Ethanol was then replaced with
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paraffin wax, infiltrating the tissues. Samples were embedded in a paraffin wax block, sectioned
at 5um intervals, and stained with hematoxylin and eosin (H&E). Slides were viewed at 100x
magnification using a microscope (Nikon SMZ1500) and pictures were taken using Nikon
Digital Sight. Only three samples from each group were able to be analyzed due to the destruc-
tion of intestinal villi through the mounting process. Six intestinal villi from each slide were
randomly selected for measurements. Intestinal villus length and width were measured using
NIS Elements software (Nikon Instruments Inc., Melville, NY).

Statistical analysis

Statistical analyses were performed using R software [43]. T-tests were used to compare aver-
age length, weight, feed intake, FCR, gene expression levels, and intestinal villi (length, width,
and length:width ratio) between treatment groups. All data were normal; Welch’s t-tests rather
than Student t-tests were used in the case of unequal variances in data. Differences between
groups were considered significant at p values < 0.05.

Mixed model repeated measures analysis was used to compare FM intake between treat-
ment groups for the first 15 days of the feeding trial. A logarithmic transformation was used
on the feed intake data to meet the homogeneity of variances assumption for this analysis.
Akaike’s Information Criterion (AIC) model selection was used to select the best fit correlation
structure; first order autoregressive correlation was used for this data set. Differences between
groups were considered significant at p values < 0.05.

Results
Growth performance

At the end of the experiment, the mean weight and weight gain were not significantly different
between treatment groups (p > 0.05). Nor was the mean total length significantly different
between treatment groups (p > 0.05; Fig 2).

Feed utilization

Total feed intake (commercial plus SBM-based diet) measured as average milligrams of feed
consumed per fish was significantly higher in CI fish than in SH fish (t = 4.25, df = 34,

p = 0.00016) over the course of the study. Soybean meal-based diet intake over the 15-day
experimental feeding trial was also significantly higher in CI fish than in SH fish (t = 2.1471,

2501 0 301 .
* *
—_ g ® . — I “
g 200 . . = e '.:
= ’ E \E/ 25 - :
4= 150 1
M o= ..'C_. . '.
] 4 2
= 1007 N 3 201 * .
. & L d
[ 1] L ]
50
* *
cl SH cl SH
Treatment Treatment

Fig 2. Growth performance metrics represented as final weight (CI: 137.1+65.1 mg, SH: 160.3+39.2 mg) and total
length (CI: 23.3+3.73 mm, SH: 24.9+1.9 mm).

https://doi.org/10.1371/journal.pone.0307967.9002
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Fig 3. Feed utilization metrics represented as a) total feed intake (commercial + SBM; CI = 453.5+138.9 mg,
SH = 307.0+45.6 mg), b) SBM intake (CI = 219.7+75.8 mg, SH = 177.9+32.9 mg), and c) feed conversion ratio
(FCR; CI = 4.11+1.56, SH = 2.18+0.76). Feed intake was measured in milligrams per fish for both treatments
throughout the study. Brackets with p-values indicate significant difference (p < 0.05).

https://doi.org/10.1371/journal.pone.0307967.9003

df = 34, p = 0.039). While feed intake of commercial diet was higher on average in CI fish com-
pared to SH fish, no significant differences were detected in average total commercial diet
intake between treatment groups (p > 0.05). The FCR was significantly higher in the CI group
than in the SH group too (t = 4.7138, df = 34, p = 0.00004). Feed intake and FCR are presented
in Fig 3.

With an increase in age, there was some increase in average feed intake of the commercial
diet, but once SBM was introduced, there was a gradual decline in daily feed intake for both
treatment groups (Fig 4). Repeated measures analysis indicated a highly significant effect of
both main effects (treatment and time) as well as the treatment by time interaction
(p < 0.0001). When examined as a percentage of biomass, commercial feed intake on the first
day of the experiment (20 dpf) was significantly higher in the CI group (50.08 + 16.39) than
the SH group (20.96 + 7.72; t = 6.8158, df = 34, p < 0.0001). However, on the final day (50
dpf), SBM diet intake as a percent of biomass was not statistically significant (p > 0.05)
between the two groups (CI =9.38 + 3.18, SH = 8.57 + 1.27).

Gene expression

Genes involved in dopamine and serotonin transport, reception, and metabolism were ana-
lyzed (Fig 5). There was no significant difference in expression of any of the monoaminergic-
related genes between treatment groups.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 9/23


https://doi.org/10.1371/journal.pone.0307967.g003
https://doi.org/10.1371/journal.pone.0307967

PLOS ONE Social isolation and feed intake in zebrafish

N
o

Cl

w
(6]

*k*

w
o

N
o

-
o

Average Feed Intake per Fish (mg)
N N
o o

()]

1 2 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
Days of Feeding Trial

Fig 4. Average daily feed intake of FM-based diet and SBM-based diet per fish (mg) over time. The line indicates separation of FM and SBM feeding
periods. The asterisks (***) indicate a highly significant effect of both treatment and time during the FM feeding period.

https://doi.org/10.1371/journal.pone.0307967.9004

3 m SH

I 1 g .
1 I
0.5
0 T T T T T T T T
l drd1 drd2 drd3 drd4 Hhtr1bd toh1a slc6a4a slc18a2J mao

Dopamine Serotonin

Fold Change

—_
1

Fig 5. Expression of neurotransmitter-related genes in the zebrafish brain represented as fold change. Values are presented as
mean fold change + standard error of mean.

https://doi.org/10.1371/journal.pone.0307967.g005

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 10/23


https://doi.org/10.1371/journal.pone.0307967.g004
https://doi.org/10.1371/journal.pone.0307967.g005
https://doi.org/10.1371/journal.pone.0307967

PLOS ONE Social isolation and feed intake in zebrafish

4.0 f Cl
3.5 - a = SH
3.0 -

Fold Change
N N N N
o v o o

o
(&)
1

0.0

il1b iI6 tnfa

Fig 6. Expression of inflammation-related genes in the zebrafish intestine represented as fold change. Values are
presented as mean fold change # standard error of mean. Significant differences between groups (p < 0.05) are
indicated by different letters.

https://doi.org/10.1371/journal.pone.0307967.g006

Inflammation-related genes in the gut were also analyzed (Fig 6). The CI group showed a
significantly higher expression of il-1b than the SH group (p = 0.004327). There was no signifi-
cant difference in the expression of il-6 or tnfa.

Analysis of appetite-related genes was performed in both the gut and the brain (Fig 7).
There was no significant difference in any of the appetite-related genes; however, expression of
ghrelin, leptin, and cholecystokinin was numerically higher in the SH group than in the CI

group.

Histological analysis

The distal portion of the intestine was used for histological analysis as diet-related inflamma-
tion is known to be present in this region [35, 36]. The intestinal villi length was not signifi-
cantly different. However, the intestinal villi width was significantly different between
treatment groups (t38 = -2.1082, p = 0.04166), the average width being higher in the SH group
than in the CI group. Intestinal villi length-to-width ratio was measured by dividing each villi
length by its width. The length to width ratio of intestinal villi was significantly higher in the
CI group (2.45 £0.97) than in the SH group (1.91 £0.58; t34 = 2.0327, p = 0.0499; Fig 8).

Discussion

During early development, social organisms learn by observing conspecifics and the social
environment of an individual can largely shape brain development and behavior [5, 9, 44].
Social isolation is often thought to induce a stress response in social animals [2, 45], and can
result in changes in both physiology and behavioral phenotype [46]. The results from this
study showed no effect of social isolation on growth performance or monoaminergic system
gene expression; however, social isolation appears to have a notable effect on feeding behavior.
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Consistent with previous reports of zebrafish [5, 9], this study found no significant
differences in weight or total length between CI and SH treatment groups. This suggests that
isolation itself does not appear to have a negative impact on growth performance of the species.
A similar result was found in a study of adult male medaka (Oryzias latipes) with no difference
in final body weights between isolated or group housed fish after a 2-week period [47].

In contrast, studies of juvenile catfish (Clarius gariepinus) found significantly reduced feed
intake and growth performance in individually housed fish compared to those that were
socially housed [26, 27]. This was seen in a study of juvenile cichlids (Pelvicachromis taeniatus)
as well: fish reared in isolation were significantly smaller than those in social groups as well
[48]. Interestingly, the smallest fish in the social housing treatment group were significantly
smaller than the isolated fish, suggesting that subordination can alter growth performance in
social groups [48].
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The variable effect of social isolation on growth may be linked to predation, social status,
and competition [48]. Shoaling is an effective strategy against predation, providing valuable
benefits for survival [49]; however, there are also costs to shoaling, including competition for
resources and transmission of diseases [50]. Thus, in the absence of predation, as in typical fish
culture and laboratory systems, the benefit of group living may not be as pronounced, resulting
in variable growth performance [50]. As an example, juvenile nine-spined sticklebacks (Pungi-
tius pungitius) descending from low-predator density pond populations grew significantly
more when socially isolated than those that were group-housed [50]. Additionally, dominant
individuals in a shoal are better able to monopolize a food source and tend to grow much faster
than their subordinate counterparts, suggesting that social status and competition can result in
a high variation in size within a group [48].

A common indicator of stress in fish is reduced appetite, leading to decreased feed intake,
feeding efficiency, and growth [25]. However, the appetite regulation response may differ for
acute versus chronic stressors [51-53]. While it is widely assumed that isolation would increase
stress levels, length of isolation may greatly affect stress regulation and coping mechanisms in
fish. In contrast to chronic isolation in which a fish may become adapted to their social context
over time, acute isolation may increase stress levels as a sudden change in environment and
social context may be alarming. Habituation and suppression of stress response may occur
only after frequent exposures to a particular stressor [53]. It has been shown across multiple
studies that CI or chronic stress in isolated zebrafish led to decreased levels of cortisol and
stress-related behavior compared to those that were acutely isolated [54] or SH [4, 9, 54]. The
zebrafish in this study were in isolation for 30 days and previous studies have considered
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acclimation to isolation or “CI” to be anywhere from 15 to 90 days [4, 8]. It is possible that fish
exposed to CI in this study were less stressed after acclimating to their social environment and
consequently consumed more feed. Though, the stress status of the CI fish is speculative and
based on the observed feeding behavior as stress levels were not quantified in the present
study. However, this potential ability for coping with isolation can also be seen in angelfish
(Pterophyllum scalare). Feeding rates of angelfish that were kept in isolation and transferred to
a new tank were significantly higher than those of individuals isolated for the first time. This
finding suggests that the long-term isolated fish may adjust to the absence of conspecifics over
time [55].

Considering that feed intake is a large determining factor in growth performance, and that
CI fish consumed significantly more feed throughout this study, the similar growth perfor-
mance between groups was perplexing. Increased feed intake but no increase in weight
explains the significantly higher FCR in the CI group compared to that of the SH group. Japa-
nese seabass (Lateolabrax japonicas) fed a 50% SBM diet showed a significantly higher feed
intake than those fed a FM diet [56]. The 75% SBM group had the second highest feed intake
of the three diets, although not significantly different from the FM group. However, feeding
efficiency in both SBM groups was significantly reduced compared to the FM group [56]. Simi-
larly, a study of juvenile tilapia (Oreochromis niloticus x O. aureus) saw an increasing trend in
feed intake with increasing levels of dietary SBM inclusion [57]. The 100% SBM group pre-
sented with the highest feed intake and FCR [57]. The reduced utilization of SBM diets even at
higher feeding rates is most likely attributed to the low digestibility of SBM-based diets and the
presence of anti-nutritional factors [32, 36, 56, 58]. Therefore, the increased feed intake of diets
high in SBM often reflects compensation for the reduced digestibility and nutrient uptake [59].

Stress creates communication between the brain and body; the hypothalamic pituitary adre-
nocortical or interrenal (HPA/I) axis tells the cardiovascular and immune systems how to
respond via neural and hormonal mechanisms [51]. Social isolation has previously been
shown to cause increased activation of the HPA/I axis in social animals [2, 6]. Increased activa-
tion in early life can lead to dysfunction of the HPA/I axis, which can then cause inflammation,
impair the immune system [5, 60, 61], and induce a higher prevalence of depression and anxi-
ety-related disorders [62, 63]. However, previous studies of zebrafish found varying physiolog-
ical and behavioral responses to social isolation including no change or reduced cortisol [4-7]
and anxiety levels [8, 9] suggesting that the relationship between social environment and stress
is more complex in this particular species.

Shoal cohesion has been found to increase with age in zebrafish and similarly, dopamine
and its metabolite 3,4-Dihydroxyphenylacetic acid (DOPAC) levels also exhibit age-dependent
increases [17, 64]. Therefore, it may be expected that a socially isolated zebrafish that is unable
to shoal would present with reduced dopaminergic activity. This effect was observed in studies
of isolated zebrafish in which either reduced DOPAC [9] or a reduction in both DOPAC and
dopamine were observed [54]. However, our gene expression results indicated that there was
no significant difference in the expression of dopamine receptors D1-D4 between CI and SH
fish. This finding suggests that there was no difference in dopamine activity between treatment
groups. Similar results were found in other studies of isolated versus socially housed zebrafish
[8, 65].

One possible explanation for the similar expression of dopamine-related genes between
treatment groups could revolve around feed intake and hyperactivity. Motivation to eat and
consumption of food activates dopamine production and release; repeated activation of the
dopaminergic system through consumption of food strengthens the habit and reinforces the
behavior [13, 66]. Chronically isolated fish consumed significantly more on average than those
in the SH group. In addition, the CI fish quickly adjusted to a routine of feeding and appeared
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to respond to subtle cues of meal-time more readily. Similarly, exercise and locomotion are
also linked to dopaminergic activity [67-71]. In a study of zebrafish with pharmacologically
induced depression, dopamine levels were significantly reduced [72]. However, when these
zebrafish were challenged with exercise for 20 days, there was a significant rise in dopamine,
suggesting that physical exercise was able to combat depression-induced dopamine dysfunc-
tion [72]. Although not measured in the present study, CI fish appeared to have more frequent
bouts of hyperactivity and swimming behavior than their SH counterparts. Perhaps the
increased feed intake and hyperactivity observed in this study aided in offsetting the decrease
in dopaminergic activity previously recorded in isolated zebrafish [9, 54].

Social stress and social subordination have been shown to cause chronic activation of the
serotonergic system in adult zebrafish [73]. In addition, socially subordinate fish characteristi-
cally show a reduction in locomotor behavior and feed consumption when in the presence of
conspecifics [73]. As social stress can contribute to serotonin over-production, we expected to
see lower serotonergic activity in the socially isolated fish than in social groups. However, we
found no significant difference in gene expression of serotonin receptors and transporters.
Past studies of zebrafish have found varying impacts of social isolation on serotonin and its
metabolite (SH1AA) with no change in either, reduction in serotonin only, or reduction in
5H1AA only [8, 9, 54]. One aspect to consider is that serotonin synthesis is dependent on tryp-
tophan availability and thus diet and feed intake may be involved in serotonin production as
well [73-76].

Opverall, monoamine-related gene expression did not give a clear insight into the mecha-
nisms behind the increased feed intake observed in the fish that were socially isolated. How-
ever, the monoaminergic system is complex and can be influenced by a wide range of factors
[77-79], and gene expression analysis does not provide the full context in which this system
functions. Thus, we cannot fully rule out that these neurotransmitters played a role in the
results of this study.

Measuring cortisol is a widely approved method for determining stress levels in fish and
characterizing the coping abilities of fish in response to novel environments [80]. As a non-
invasive method of measuring this hormone [80], we collected water samples throughout the
study in an attempt to evaluate how stress levels varied across social treatments. However, we
were unable to extract quantifiable levels from these water samples. In the future, improving
this method of collection and quantification could provide valuable insights into how fish
adapt to social treatments over time.

Feed intake is regulated by complex gut-brain neuroendocrine interactions [81]. Appetite-
related genes, namely those involved in orexigenic and anorexigenic signaling, were analyzed
due to their involvement in regulating feed intake [82]. While there were no significant differ-
ences in the expression of any of the appetite-related genes analyzed, it is worth noting that SH
fish displayed numerical upregulation of ghrelin, leptin, and CCK transcripts compared to the
CI fish.

Ghrelin, an orexigenic hormone, is often associated with nutrient uptake; circulating levels
of this hormone rise in preprandial periods and periods of fasting and then decrease during
postprandial periods [82]. Studies of zebrafish found that fasting caused a significant increase
in ghrelin expression in the gut and a significant reduction after re-feeding [81, 83]. A similar
result was seen in goldfish (Carassius auratus), with variations in ghrelin expression being
dependent on feeding state [84]. As the SH group showed numerically higher expression of
ghrelin in the gut, and higher levels are typically associated with a fasting state in zebrafish
[81], it is possible that the lower expression of ghrelin in the CI fish represented satiation due
to increased feeding rate throughout the study [40]. It is important to note, however, that the
zebrafish in this study were sampled approximately 18 to 20 h after receiving their last meal,
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and significant changes in ghrelin expression were not seen until 3-5 days of fasting in previ-
ous studies [81, 84].

Conversely, leptin is an anorexigenic hormone with a negative role in appetite, controlling
diet and nutrient intake [85]. In goldfish, administering leptin via injection significantly
reduced feed intake [86]. Leptin was found to be significantly reduced in zebrafish intestines
after 12 and 24 h of fasting when compared to those that were sampled 2 h after feeding [87].
In another study, however, leptin increased through 48 h after feeding and only significantly
decreased at the 192 h mark [83], suggesting that the timeframe for appetite-inhibitory feed-
back of this hormone can vary. The relatively lower numerical expression of leptin in the CI
fish at only 18-20 h after feeding might suggest a faster return from the postprandial anorectic
effects of leptin and may be another reason behind the increased feed intake that was
observed.

Cholecystokinin (CCK) is another anorexigenic hormone that operates to signal satiety and
trigger digestive enzyme secretion [88]. Additionally, CCK and leptin have been shown to act
interdependently and leptin can cause an increase in CCK [86-87]. The numerically higher
expression of both leptin and CCK genes in the gut of the SH fish may be a result of this
interaction.

The hypothalamus represents the central command system controlling appetite and energy
balance, and the monoaminergic system is largely involved not only in stress response but also
in feed intake [89, 90]. Therefore, many complex interactions are likely involved in the expres-
sion of these appetite-related genes making it hard to directly pinpoint their influence on feed
intake in this study. Additionally, analysis of the whole brain rather than specific regions (e.g.
specific hypothalamic nuclei) may have influenced the results obtained.

Numerous studies have shown that SBM-based diets are associated with intestinal inflam-
mation and reduced ingestion of feed; the degree of detrimental effects varies with species and
amount of SBM included in the feed. Inclusion of SBM is typically limited in diets for carnivo-
rous species (25-30%) as negative impacts on gut health are more prevalent at lower levels
[91]. Detrimental effects on intestinal health were observed in Atlantic salmon (Salmo salar) at
10% dietary SBM inclusion and severe inflammation at 20% inclusion after only 3 days of feed-
ing [35]. Similarly, 24% SBM dietary inclusion caused adverse effects on Japanese flounder
(Paralichthys olivaceus) growth and health [92]. A study of turbot (Scophthalmus maximus)
found that those fish fed SBM diets at rates of 26-54% inclusion showed dose-dependent
increases in severity of intestinal inflammation, with progressively decreasing intestinal fold
height and increased fusion of folds [91]. Individuals with increased intestinal inflammation
also showed decreased growth performance and nutrient absorption [91]. Herbivores and
omnivores are generally able to utilize higher dietary levels of SBM due to their overall better
tolerance of plant feedstuffs [93]. There were no significant differences in weight gain or feed
efficiency in juvenile redlip mullet (Liza haematocheila) fed 0, 25, 50, and 75% inclusion of
SBM, however, the 75% SBM group did have relatively lower values than the other groups sug-
gesting over 50% inclusion of SBM may have adverse effects [93]. Additionally, the 100% SBM
group had the highest numerical daily feed intake but significantly lower feeding efficiency
compared to the 0, 25, and 50% groups [93], exemplifying the higher feeding rate and lower
utilization often observed in SBM-based diets. Similarly, studies of zebrafish found 50% inclu-
sion of dietary SBM decreased the intestinal villi length, representative of an inflammatory
reaction [36, 94]. Adept at utilizing both animal and plant feed sources and tolerant of higher
levels of dietary SBM inclusion [36], zebrafish are a useful organism for modeling nutrition
[95] and inflammatory mechanisms in both carnivorous and omnivorous species [96].

Interleukin-1beta (il-1b), interleukin-6 (il-6), and tumor necrosis factor alpha (tnfa) are
pro-inflammatory cytokines that are important for modulating inflammatory reactions
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through innate and adaptive immune responses [97, 98]. The expression of these cytokines
was examined because high-inclusion SBM diets often result in intestinal inflammation in a
variety of fish species [32, 36, 91, 97, 98]. Previous studies found an increase in il-1b expres-
sion in zebrafish fed 30-50% inclusion SBM diets [36, 94, 97-99]. Expression of il-1b in our
CI fish was significantly higher than in SH fish, possibly indicating an increase in inflamma-
tory response within the intestine [100]. While both treatment groups in our study were fed
with a diet based on 55.7% SBM, the CI group consumed significantly more on average than
those in the SH group when measured as average milligrams consumed per fish. The increase
in SBM diet consumption may have resulted in the increased expression of this pro-inflam-
matory cytokine. This increase can be seen in a study of seabass where the group that was fed
a50% SBM inclusion diet had the highest feeding rate: expression of il-1b in these fish was
also significantly higher than in the FM and 75% SBM groups [56]. The increased expression
of this pro-inflammatory cytokine may also explain the reduced feeding efficiency observed
in the CI fish.

Interestingly, the expression of il-6 and tnfa was not significantly different between treat-
ment groups. Whereas past studies have shown that SBM diets tend to upregulate these pro-
inflammatory cytokines [94, 97, 98], this effect was not observed in our study.

Although expression of il-1b was significantly higher in the CI fish, there were no morpho-
logical signs of intestinal inflammation at the end of the experiment. Histological analysis
revealed that the villi length-to-width ratio in CI fish was significantly higher than in the SH
fish. Villi length-to-width ratio is a common way of measuring potential inflammation and a
lower ratio reduces surface area for absorption [37, 38]. A higher ratio usually indicates
increased surface area in the intestine for nutrient absorption, which can translate to improved
growth performance [37, 40]. Higher feed intake and increased expression of il-1b in the CI
fish may have promoted morphological adaptation to SBM in the gut over time as il-1b signal-
ing and immune-mediated inflammation are essential for tissue regeneration [101]. Changes
in villi surface area are not just a consequence of a typical inflammatory diet but may also indi-
cate an additive effect of social environment. In rodent studies, social stressors and chronic
subordination were shown to increase inflammation of the gastrointestinal tract [102-104].
While not extensively studied in fish species, conflict for social dominance was found to cause
cellular degeneration and atrophy of mucous epithelium in the stomachs of European eels
(Anguilla anguilla L.) [105]. If social stress contributes to inflammation or damage of the gas-
trointestinal tract, perhaps CI fish were better able to mediate dietary-related inflammation
without social conflicts as an additional stressor.

Conclusion

The results from this study show that chronic isolation leads to increased feed intake of both
marine and plant protein-based diets; it is important to note, however, that high FCR values
suggest that increased feed intake did not translate to improved feed utilization. Although the
mechanisms behind increased feed intake in this study are unclear, further investigation into
effects of social interaction on feeding behavior may lead to useful tactics for promoting feed
intake of less-palatable diets. Additionally, chronic isolation does not appear to negatively
affect growth performance or intestinal morphology, nor does it alter expression of genes asso-
ciated with monoaminergic function or appetite signaling after a period of 30 days. As reduced
feed intake and growth performance are often used as indicators of stress, the increased feed
intake and similar growth performance of CI fish compared to SH fish may support previous
studies that suggest social isolation is not be inherently stressful to zebrafish.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 17/23


https://doi.org/10.1371/journal.pone.0307967

PLOS ONE

Social isolation and feed intake in zebrafish

Supporting information

S1 File. Zebrafish health analysis. This file contains the raw data for growth, feed intake, his-
tological and gene expression analysis of the zebrafish used in this study.
(XLSX)

Acknowledgments
We thank Saffron Scientific Histology Services (Carbondale, IL) for providing the histological

services for this study. We also thank Dr. John Reeve for his statistical expertise and Dr. Robin
Warne for his assistance in sample analysis.

Author Contributions

Conceptualization: Aubrey Dissinger, Karolina Kwasek.

Data curation: Aubrey Dissinger.

Formal analysis: Aubrey Dissinger.

Funding acquisition: Karolina Kwasek.

Investigation: Aubrey Dissinger, Karolina Kwasek.

Methodology: Aubrey Dissinger, Simona Rimoldi, Karolina Kwasek.
Project administration: Karolina Kwasek.

Resources: Karolina Kwasek.

Software: Aubrey Dissinger.

Supervision: Karolina Kwasek.

Validation: Aubrey Dissinger, Simona Rimoldi, Genciana Terova, Karolina Kwasek.
Visualization: Aubrey Dissinger.

Writing - original draft: Aubrey Dissinger.

Writing - review & editing: Genciana Terova, Karolina Kwasek.

References

1. Levine JD. Chronically lonely flies overeat and lose sleep. Nature. 2021; 597(7875):179-180. https:/
doi.org/10.1038/d41586-021-02194-2 PMID: 34408302

2. Cacioppo JT, Hawkley LC, Norman GJ, Bernston GG. Social Isolation. Ann N.Y. Acad. Sci. 2011;
1231:17-22. https://doi.org/10.1111/].1749-6632.2011.06028.x PMID: 21651565

3. LiW,WangZ, SyedS, Lyu C, Lincoln S, O’'Neil J, et al. Chronic social isolation signals starvation and
reduces sleep in Drosophila. Nature. 2021; 597:239-244. https://doi.org/10.1038/s41586-021-03837-
0 PMID: 34408325

4. Giacomini ACVV, de Abreu MS, Koakoski G, Idaléncio R, Kalichak F, Oliveria TA, et al. My stress, our
stress: Blunted cortisol response to stress in isolated housed zebrafish. Physiology & Behavior. 2015;
139:182-187. https://doi.org/10.1016/j.physbeh.2014.11.035 PMID: 25449397

5. Forsatkar MN, Safari O, Boiti C. Effects of social isolation on growth, stress response, and immunity of
zebrafish. Acta Ethol. 2017; 20:255-261. https://doi.org/10.1007/s10211-017-0270-7

6. Shams S, Khan A, Gerlai R. Early social deprivation does not affect cortisol response to acute and
chronic stress in zebrafish. Stress. 2021; 24:273-281. https://doi.org/10.1080/10253890.2020.
1807511 PMID: 32781882

7. Onarheim T, Janczak AM, Nordgreen J. The Effects of Social vs. Individual Housing of Zebrafish on
Whole-Body Cortisol and Behavior in Two Tests of Anxiety. Front. Vet. Sci. 2022; 9:859848. https://
doi.org/10.3389/fvets.2022.859848 PMID: 35433896

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 18/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307967.s001
https://doi.org/10.1038/d41586-021-02194-2
https://doi.org/10.1038/d41586-021-02194-2
http://www.ncbi.nlm.nih.gov/pubmed/34408302
https://doi.org/10.1111/j.1749-6632.2011.06028.x
http://www.ncbi.nlm.nih.gov/pubmed/21651565
https://doi.org/10.1038/s41586-021-03837-0
https://doi.org/10.1038/s41586-021-03837-0
http://www.ncbi.nlm.nih.gov/pubmed/34408325
https://doi.org/10.1016/j.physbeh.2014.11.035
http://www.ncbi.nlm.nih.gov/pubmed/25449397
https://doi.org/10.1007/s10211-017-0270-7
https://doi.org/10.1080/10253890.2020.1807511
https://doi.org/10.1080/10253890.2020.1807511
http://www.ncbi.nlm.nih.gov/pubmed/32781882
https://doi.org/10.3389/fvets.2022.859848
https://doi.org/10.3389/fvets.2022.859848
http://www.ncbi.nlm.nih.gov/pubmed/35433896
https://doi.org/10.1371/journal.pone.0307967

PLOS ONE

Social isolation and feed intake in zebrafish

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Shams S, Chatterjee D, Gerlai R. Chronic social isolation affects thigmotaxis and whole-brain seroto-
nin levels in adult zebrafish. Behav. Brain Res. 2015; 292:283-287. https://doi.org/10.1016/j.bbr.2015.
05.061 PMID: 26119237

Shams S, Amlani S, Buske C, Chatterjee D, Gerlai R. Developmental Social Isolation affects adult
social behavior, social interaction, and dopamine metabolites in zebrafish. Dev. Psychobiol. 2018; 60
(1):43-56. https://doi.org/10.1002/dev.21581 PMID: 29091281

Khan N, Deschaux P. Role of Serotonin in Fish Immunomodulation. J Exp Biol. 1997; 200: 1833—
1838. https://doi.org/10.1242/jeb.200.13.1833 PMID: 9319745

Pérez Maceira JJ, Mancebo MJ, Aldegunde M. The involvement of 5-HT-like receptors in the regula-
tion of food intake in rainbow trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. 2014; 161:1-6.
https://doi.org/10.1016/j.cbpc.2013.12.003 PMID: 24365333

Volkoff H. Fish as models for understanding the vertebrate endocrine regulation of feeding and weight.
Mol Cell Endocrinol. 2019; 497:110437. https://doi.org/10.1016/j.mce.2019.04.017 PMID: 31054868

Wise RA. Dopamine, learning and motivation. Nat. Rev. Neurosci. 2004; 5:483—494. https://doi.org/
10.1038/nrn1406 PMID: 15152198

Banskota S, Ghia JE, Khan WI. Serotonin in the gut: Blessing or a curse. Biochimie. 2019; 161:56-64.
https://doi.org/10.1016/j.biochi.2018.06.008 PMID: 29909048

Yabut JM, Crane JD, Green AE, Keating DJ, Khan WI, Steinberg GR. Emerging Roles for Serotonin in
Regulating Metabolism: New Implications for an Ancient Molecule. Endocr. Rev. 2019; 40(4):1092—
1107. https://doi.org/10.1210/er.2018-00283 PMID: 30901029

Uyttebroek L, van Remoortel S, Buyssens L, Popowycz N, Hubens G, Timmermans JP, et al. The
Effect of Diet Induced Obesity on Serotonin in Zebrafish. J Cell Signal. 2022; 3(2):115-128. https://doi.
org/10.33696/Signaling.3.074

Buske C, Gerlai R. Maturation of shoaling behavior is accompanied by changes in the dopaminergic
and serotoninergic systems in zebrafish. Dev. Psychobiol. 2012; 54(1):28-35. https://doi.org/10.1002/
dev.20571 PMID: 21656763

Saif M, Chatterjee D, Buske C, Gerlai R. Sight of conspecific images induces changes in neurochemis-
try in zebrafish. Behav Brain Res. 2013; 243:294—299. https://doi.org/10.1016/j.bbr.2013.01.020
PMID: 23357085

Qverli &, Winberg S, Damsard B, Jobling M. Food intake and spontaneous swimming activity in Arctic
char (Salvelinus alpinus): role of brain serotonergic activity and social interactions. Can. J Zool. 1998;
76(7):1366—1370. https://doi.org/10.1139/z98-050

de Pedro N, Delgado MJ, Pinillos ML, Alonso-Bedate M. a1-Adrenergic and dopaminergic receptors
are involved in the anoretic effect of corticotropin-releasing factor in goldfish. Life Sci. 1998; 62
(19):1801-1808. https://doi.org/10.1016/s0024-3205(98)00142-8 PMID: 9585111

de Pedro Pinillos ML, Valenciano Al, Alonso-Bedate M, Delgado MJ. Inhibitory Effect of Serotonin on
Feeding Behavior in Goldfish: Involvement of CRF. Peptides. 1998; 19(3):505-511. https://doi.org/10.
1016/s0196-9781(97)00469-5 PMID: 9533638

Ruibal C, Soengas JL, Aldegunde M. Brain serotonin and the control of food intake in rainbow trout
(Oncorhynchus mykiss): effects of changes in plasma glucose levels. J Comp Physiol A Neuroethol
Sens Neural Behav Physiol. 2002; 188(6):479—84. https://doi.org/10.1007/s00359-002-0320-z PMID:
12122466

Rubio VC, Sanchez-Vazquez FJ, Madrid JA. Oral serotonin administration affects the quantity and the
quality of macronutrients selection in European sea bass Dicentrarchus labrax L. Physiol. Behav.
2006; 87:7—-15. https://doi.org/10.1016/j.physbeh.2005.08.030 PMID: 16257018

de Farias NO, Oliveira R, Moretti PNS, Pinto JM, Oliveira AC, Santos VL, et al. Fluoxetine chronic
exposure affects growth, behavior and tissue structure of zebrafish. Comp Biochem Physiol C Toxicol
Pharmacol. 2020; 237:108836. https://doi.org/10.1016/j.cbpc.2020.108836 PMID: 32585365

Ellis T, Yildiz HY, Lépez-Olmeda J, Spedicato MT, Tort L, @verli &, et al. Cortisol and finfish welfare.
Fish Physiol. Biochem. 2012; 38:163—188. https://doi.org/10.1007/s10695-011-9568-y PMID: 22113503

Martins CIM, Trenovski M, Schrama JW, Verreth JAJ. Comparison of feed intake behaviour and stress
response in isolated and non-isolated African catfish. J Fish Biol. 2006; 69:629-636. https://doi.org/10.
1111/j.1095-8649.2006.01121.x

Ojelade O, Lyasere O, Durosaro S, Abdulraheem |, Akinde A. Social isolation impairs feed intake,
growth, and behavioural patterns of catfish under culture conditions. Animal. 2022; 16:100521. https://
doi.org/10.1016/j.animal.2022.100521 PMID: 35472534

Wee CL, Song E, Nikitchenko M, Herrera KJ, Wong S, Engert F, et al. Social isolation modulates appe-
tite and avoidance behavior via a common oxytocinergic circuit in larval zebrafish. Nat. Commun.
2022; 13(1):2573. https://doi.org/10.1038/s41467-022-29765-9 PMID: 35545618

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 19/23


https://doi.org/10.1016/j.bbr.2015.05.061
https://doi.org/10.1016/j.bbr.2015.05.061
http://www.ncbi.nlm.nih.gov/pubmed/26119237
https://doi.org/10.1002/dev.21581
http://www.ncbi.nlm.nih.gov/pubmed/29091281
https://doi.org/10.1242/jeb.200.13.1833
http://www.ncbi.nlm.nih.gov/pubmed/9319745
https://doi.org/10.1016/j.cbpc.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24365333
https://doi.org/10.1016/j.mce.2019.04.017
http://www.ncbi.nlm.nih.gov/pubmed/31054868
https://doi.org/10.1038/nrn1406
https://doi.org/10.1038/nrn1406
http://www.ncbi.nlm.nih.gov/pubmed/15152198
https://doi.org/10.1016/j.biochi.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/29909048
https://doi.org/10.1210/er.2018-00283
http://www.ncbi.nlm.nih.gov/pubmed/30901029
https://doi.org/10.33696/Signaling.3.074
https://doi.org/10.33696/Signaling.3.074
https://doi.org/10.1002/dev.20571
https://doi.org/10.1002/dev.20571
http://www.ncbi.nlm.nih.gov/pubmed/21656763
https://doi.org/10.1016/j.bbr.2013.01.020
http://www.ncbi.nlm.nih.gov/pubmed/23357085
https://doi.org/10.1139/z98-050
https://doi.org/10.1016/s0024-3205%2898%2900142-8
http://www.ncbi.nlm.nih.gov/pubmed/9585111
https://doi.org/10.1016/s0196-9781%2897%2900469-5
https://doi.org/10.1016/s0196-9781%2897%2900469-5
http://www.ncbi.nlm.nih.gov/pubmed/9533638
https://doi.org/10.1007/s00359-002-0320-z
http://www.ncbi.nlm.nih.gov/pubmed/12122466
https://doi.org/10.1016/j.physbeh.2005.08.030
http://www.ncbi.nlm.nih.gov/pubmed/16257018
https://doi.org/10.1016/j.cbpc.2020.108836
http://www.ncbi.nlm.nih.gov/pubmed/32585365
https://doi.org/10.1007/s10695-011-9568-y
http://www.ncbi.nlm.nih.gov/pubmed/22113503
https://doi.org/10.1111/j.1095-8649.2006.01121.x
https://doi.org/10.1111/j.1095-8649.2006.01121.x
https://doi.org/10.1016/j.animal.2022.100521
https://doi.org/10.1016/j.animal.2022.100521
http://www.ncbi.nlm.nih.gov/pubmed/35472534
https://doi.org/10.1038/s41467-022-29765-9
http://www.ncbi.nlm.nih.gov/pubmed/35545618
https://doi.org/10.1371/journal.pone.0307967

PLOS ONE

Social isolation and feed intake in zebrafish

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Sahakian BJ, Burdess C, Luckhurst H, Trayhurn P. Hyperactivity and Obesity: The Interaction of
Social Isolation and Cafeteria Feeding. Physiol. Behav. 1982; 28:117—124. https://doi.org/10.1016/
0031-9384(82)90112-3 PMID: 7079310

Vargas J, Junco M, Gomez C, Lajud N. Early Life Stress Increases Metabolic Risk, HPA Axis Reactiv-
ity, and Depressive-like Behavior When Combined with Postweaning Social Isolation in Rats. PLoS
ONE. 2016; 11(9):e0162665. https://doi.org/10.1371/journal.pone.0162665 PMID: 27611197

Benfato ID, Quintanilha ACS, Henrique JS, Souza MA, Rosario BA, Filho AB, et al. Effects of long-
term social isolation on central, behavioural and metabolic parameters in middle-aged mice. Behav.
Brain Res. 2022; 417:113630. https://doi.org/10.1016/j.bbr.2021.113630 PMID: 34656691

Zhou QC, Mai KS, Tan BP, Liu YJ. Partial replacement of fishmeal by soybean meal in diets for juve-
nile cobia (Rachycentron canadum). Aquacult. Nutr. 2005; 11(8):175-182. https://doi.org/10.1111/j.
1365-2095.2005.00335.x

Fontainhas-Fernandes A, Gomes E, Reis-Henriques MA, Coimbra J. Replacement of Fish Meal by
Plant Proteins in the Diet of Nile Tilapia: Digestibility and Growth Performance. Aquacult. Int. 1999;
7:57-67. https://doi.org/10.1023/A:1009296818443

de Francesco M, Parisi G, Médale F, Lupi P, Kaushik SJ, Poli BM. Effect of long-term feeding with a
plant protein mixture based diet on growth and body/fillet quality traits of large rainbow trout (Oncor-
hynchus mykiss). Aquaculture. 2004; 236(1—4):413-29. https://doi.org/10.1016/j.aquaculture.2004.
01.006

Uran PA, Schrama JW, Rombout JHWM, Taverne-Thiele JJ, Obach A, Koppe W, et al. Time-related
changes of the intestinal morphology of Atlantic salmon, Salmo salarL., at two different soybean meal
inclusion levels. J Fish Dis. 2009; 32(9):733-744. https://doi.org/10.1111/j.1365-2761.2009.01049.x
PMID: 19515072

Hedrera MI, Galdames JA, Jimenez-Reyes MF, Reyes AE, Avendafo-Herrera R, Romero J, et al.
Soybean meal induces intestinal inflammation in zebrafish larvae. PLoS ONE. 2013; 8(7):e69983.
https://doi.org/10.1371/journal.pone.0069983 PMID: 23894568

Wang YR, Wang L, Zhang CX, Song K. Effects of substituting fishmeal with soybean meal on growth
performance and intestinal morphology in orange-spotted grouper (Epinephelus coioides). Aquacul-
ture Reports. 2017; 5:52-57. https://doi.org/10.1016/j.aqrep.2016.12.005

Molinari GS, McCracken VJ, Wojno M, Rimoldi S, Terova G, Kwasek K. Can intestinal absorption of
dietary protein be improved through early exposure to plant-based diet? PLoS ONE. 2020; 15(6):
e0228758. https://doi.org/10.1371/journal.pone.0228758 PMID: 32497052

Patula S, Wojno M, Pinnell LJ, Oliaro F, Cabay C, Molinari GS, et al. Nutritional Programming with Die-
tary Soybean Meal and Its Effect on Gut Microbiota in Zebrafish (Danio rerio). Zebrafish. 2021; 18
(2):125-138. https://doi.org/10.1089/zeb.2020.1952 PMID: 33761297

Kwasek K, Wojno M, lannini F, McCracken VJ, Molinari GS, Terova G. Nutritional programming
improves dietary plant protein utilization in zebrafish Danio rerio. PLoS ONE. 2020; 15(3):1-19. https://
doi.org/10.1371/journal.pone.0225917 PMID: 32142555

Wallace CK, Bright LA, Marx JO, Anderson RP, Mullins MC, Carty AJ. Effectiveness of Rapid Cooling
as a Method of Euthanasia for Young Zebrafish (Danio rerio). J Am. Assoc. Lab. Anim Sci. 2018; 57
(1), 58-63.

Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative
PCR and the 2-AACT Method. Methods. 2001; 25(4):402—408. https://doi.org/10.1006/meth.2001.
1262 PMID: 11846609

R Core Team (2022). R: A language and environment for statistical computing. R Foundation for Sta-
tistical Computing, Vienna, Austria. URL https://www.R-project.org/.

Tamilselvan P. Sloman KA. Developmental social experience of parents affects behaviour of offspring
in zebrafish. Anim. Behav. 2017; 133:153—160. https://doi.org/10.1016/j.anbehav.2017.09.009

Hawkley LC, Cole SW, Capitanio JP, Norman GJ, Cacioppo JT. Effects of social isolation on glucocor-
ticoid regulation in social mammals. Horm. Behav. 2012; 62(3):314-323. hitps://doi.org/10.1016/].
yhbeh.2012.05.011 PMID: 22663934

Sloman KA, Baron M. Conspecific presence affects the physiology and behaviour of developing
trout. Physiol. Behav. 2010; 99:599-604. https://doi.org/10.1016/j.physbeh.2010.01.027 PMID:
20138071

Otsuka A, Inahata M, Shimomura Y, Kagawa N. Physiological changes in response to social isolation
in male medaka fish. Fisheries Sci. 2020; 86:775-781. https://doi.org/10.1007/s12562-020-01441-1

Hesse S, Thiinken T. Growth and social behavior in a cichlid fish are affected by social rearing environ-
ment and kinship. Naturwissenschaften. 2014; 101(4):273-283. https://doi.org/10.1007/s00114-014-
1154-6 PMID: 24504534

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 20/23


https://doi.org/10.1016/0031-9384%2882%2990112-3
https://doi.org/10.1016/0031-9384%2882%2990112-3
http://www.ncbi.nlm.nih.gov/pubmed/7079310
https://doi.org/10.1371/journal.pone.0162665
http://www.ncbi.nlm.nih.gov/pubmed/27611197
https://doi.org/10.1016/j.bbr.2021.113630
http://www.ncbi.nlm.nih.gov/pubmed/34656691
https://doi.org/10.1111/j.1365-2095.2005.00335.x
https://doi.org/10.1111/j.1365-2095.2005.00335.x
https://doi.org/10.1023/A%3A1009296818443
https://doi.org/10.1016/j.aquaculture.2004.01.006
https://doi.org/10.1016/j.aquaculture.2004.01.006
https://doi.org/10.1111/j.1365-2761.2009.01049.x
http://www.ncbi.nlm.nih.gov/pubmed/19515072
https://doi.org/10.1371/journal.pone.0069983
http://www.ncbi.nlm.nih.gov/pubmed/23894568
https://doi.org/10.1016/j.aqrep.2016.12.005
https://doi.org/10.1371/journal.pone.0228758
http://www.ncbi.nlm.nih.gov/pubmed/32497052
https://doi.org/10.1089/zeb.2020.1952
http://www.ncbi.nlm.nih.gov/pubmed/33761297
https://doi.org/10.1371/journal.pone.0225917
https://doi.org/10.1371/journal.pone.0225917
http://www.ncbi.nlm.nih.gov/pubmed/32142555
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://www.R-project.org/
https://doi.org/10.1016/j.anbehav.2017.09.009
https://doi.org/10.1016/j.yhbeh.2012.05.011
https://doi.org/10.1016/j.yhbeh.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/22663934
https://doi.org/10.1016/j.physbeh.2010.01.027
http://www.ncbi.nlm.nih.gov/pubmed/20138071
https://doi.org/10.1007/s12562-020-01441-1
https://doi.org/10.1007/s00114-014-1154-6
https://doi.org/10.1007/s00114-014-1154-6
http://www.ncbi.nlm.nih.gov/pubmed/24504534
https://doi.org/10.1371/journal.pone.0307967

PLOS ONE

Social isolation and feed intake in zebrafish

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Herbert-Read JE, Rosén E, Szorkovszky A, loannou CC, Roggell B, Perna A, et al. How predation
shapes the social interaction rules of shoaling fish. P Roy. Soc. B-Biol. Sci. 2017; 284(1861). https:/
doi.org/10.1098/rspb.2017.1126 PMID: 28855361

Herczeg G, Gonda A, Merild J. The social cost of shoaling covaries with predation risk in nine-spined
stickleback, Pungitius pungitius, populations. Anim. Behav. 2009; 77(3):575-580. https://doi.org/10.
1016/j.anbehav.2008.10.023

McEwen B. Physiology and Neurobiology of Stress and Adaptation: Central Role of the Brain. Physiol.
Rev. 2007; 87(3):873-904. https://doi.org/10.1152/physrev.00041.2006 PMID: 17615391

Chao AM, Jastrebroff AM, White MA, Grilo CM, Sinha R. Stress, cortisol, and other appetite-related
hormones: Prospective prediction of 6-month changes in food cravings and weight. Obesity. 2017; 25
(4):713-720. https://doi.org/10.1002/0by.21790 PMID: 28349668

Demin KA, Taranov AS, llyin NP, Lakstygal AM, Volgin AD, de Abreu MS. Understanding neurobeha-
vioral effects of acute and chronic stress in zebrafish. Stress. 2021; 24(1):1-18. https://doi.org/10.
1080/10253890.2020.1724948 PMID: 32036720

Shams S, Seguin D, Facciol A, Chatterjee D, Gerlai R. Effects of social isolation on anxiety-related
behaviors, cortisol, and monoamines in adult zebrafish. Behav. Neurosci. 2017; 131(6):492-504.
https://doi.org/10.1037/bne0000220 PMID: 29189020

Goémez-Laplaza LM, Morgan E. Transfer and isolation effects on the feeding behaviour of the angel-
fish, Pterophyllum scalare. Experientia. 1993; 49:817-819. https://doi.org/10.1007/BF01923557

Zhang C, Rahimnejad S, Wang Y, Lu K, Song K, Wang L, et al. Substituting fish meal with soybean
meal in diets for Japanese seabass (Lateolabrax japonicus): Effects on growth, digestive enzymes
activity, gut histology, and expression of gut inflammatory and transporter genes. Aquaculture. 2018;
483:173-182. https://doi.org/10.1016/j.aquaculture.2017.10.029

Lin S, Luo L. Effects of different levels of soybean meal inclusion in replacement for fish meal on
growth, digestive enzymes and transaminase activities in practical diets for juvenile tilapia, Oreochro-
mis niloticus x O. aureus. Anim. Feed Sci. Tech. 2011; 168(1-2):80-87. https://doi.org/10.1016/j.
anifeedsci.2011.03.012

Hernandez MD, Martinez FJ, Jover M, Garcia BG. Effects of partial replacement of fish meal by soy-
bean meal in sharpsnout seabream (Diplodus puntazzo) diet. Aquaculture. 2007; 263:159-167.
https://doi.org/10.1016/j.aquaculture.2006.07.040

Refstie S, Trond S, Roem AJ. Feed consumption and conversion in Atlantic salmon (Salmo salar) fed
diets with fish meal, extracted soybean meal or soybean meal with reduced content of oligosaccha-
rides, trypsin inhibitors, lectins and soya antigens. Aquaculture. 1998; 162:301-312. https://doi.org/
10.1016/s0044-8486(98)00222-1

Yarahmadi P, Miandare HK, Fayaz S, Caipang CMA. Increased stocking density causes changes in
expression of selected stress- and immune-related genes, humoral innate immune parameters and
stress responses of rainbow trout (Oncorhynchus mykiss). Fish Shellfish Immun. 2016; 48:43-53.
https://doi.org/10.1016/}.fsi.2015.11.007 PMID: 26549176

Dai C, Zheng J, Qi L, Deng P, Wu M, LiL, et al. Chronic stress boosts systemic inflammation and com-
promises antiviral innate immunity in Carassius gibel. Front. Immun. 2023; 14:1105156. hitps://doi.
org/10.3389/fimmu.2023.1105156 PMID: 36814911

Fonseka TM, Wen X, Foster JA, Kennedy SH. Zebrafish Models of Major Depressive Disorders. J
Neurosci. Res. 2016; 94:3—14. https://doi.org/10.1002/jnr.23639 PMID: 26452974

Wei P, Zhao F, Zhang X, Ru S. Long-term exposure of zebrafish to bisphenol S impairs stress function
of hypothalamic-pituitary-interrenal axis and causes anxiety-like behavioral responses to novelty. Sci.
Total Environ. 2020; 716:137092. https://doi.org/10.1016/j.scitotenv.2020.137092 PMID: 32044495

Buske C, Gerlai R. Shoaling develops with age in zebrafish (Danio rerio). Prog. Neuro-Psychoph.
2011; 35:1409—1415. https:/doi.org/10.1016/j.pnpbp.2010.09.003 PMID: 20837077

Fulcher N, Tran S, Shams S, Chatterjee D, Gerlai R. Neurochemical and Behavioral Responses to
Unpredictable Chronic Mild Stress Following Developmental Isolation: The Zebrafish as a Model for
Major Depression. Zebrafish. 2017; 14(1):23-34. https://doi.org/10.1089/zeb.2016.1295 PMID:
27454937

Volkow ND, Wise RA, Baler R. The dopamine motive system: implications for drug and food addiction.
Nat. Rev. Neurosci. 2017; 18:741-752. https://doi.org/10.1038/nrn.2017.130 PMID: 29142296

Mok EYM, Munro AD. Effects of dopaminergic drugs on locomotor activity in teleost fish of the genus
Oreochromis (Cichlidae): involvement of the telencephalon. Physiol. Behav. 1998; 64(3):227-234.
https://doi.org/10.1016/s0031-9384(98)00038-9 PMID: 9748087

Sutoo D, Akiyama K. Regulation of brain function by exercise. Neurobiol. Dis. 2003; 13(1): 1-14.
https://doi.org/10.1016/s0969-9961(03)00030-5 PMID: 12758062

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 21/23


https://doi.org/10.1098/rspb.2017.1126
https://doi.org/10.1098/rspb.2017.1126
http://www.ncbi.nlm.nih.gov/pubmed/28855361
https://doi.org/10.1016/j.anbehav.2008.10.023
https://doi.org/10.1016/j.anbehav.2008.10.023
https://doi.org/10.1152/physrev.00041.2006
http://www.ncbi.nlm.nih.gov/pubmed/17615391
https://doi.org/10.1002/oby.21790
http://www.ncbi.nlm.nih.gov/pubmed/28349668
https://doi.org/10.1080/10253890.2020.1724948
https://doi.org/10.1080/10253890.2020.1724948
http://www.ncbi.nlm.nih.gov/pubmed/32036720
https://doi.org/10.1037/bne0000220
http://www.ncbi.nlm.nih.gov/pubmed/29189020
https://doi.org/10.1007/BF01923557
https://doi.org/10.1016/j.aquaculture.2017.10.029
https://doi.org/10.1016/j.anifeedsci.2011.03.012
https://doi.org/10.1016/j.anifeedsci.2011.03.012
https://doi.org/10.1016/j.aquaculture.2006.07.040
https://doi.org/10.1016/s0044-8486%2898%2900222-1
https://doi.org/10.1016/s0044-8486%2898%2900222-1
https://doi.org/10.1016/j.fsi.2015.11.007
http://www.ncbi.nlm.nih.gov/pubmed/26549176
https://doi.org/10.3389/fimmu.2023.1105156
https://doi.org/10.3389/fimmu.2023.1105156
http://www.ncbi.nlm.nih.gov/pubmed/36814911
https://doi.org/10.1002/jnr.23639
http://www.ncbi.nlm.nih.gov/pubmed/26452974
https://doi.org/10.1016/j.scitotenv.2020.137092
http://www.ncbi.nlm.nih.gov/pubmed/32044495
https://doi.org/10.1016/j.pnpbp.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20837077
https://doi.org/10.1089/zeb.2016.1295
http://www.ncbi.nlm.nih.gov/pubmed/27454937
https://doi.org/10.1038/nrn.2017.130
http://www.ncbi.nlm.nih.gov/pubmed/29142296
https://doi.org/10.1016/s0031-9384%2898%2900038-9
http://www.ncbi.nlm.nih.gov/pubmed/9748087
https://doi.org/10.1016/s0969-9961%2803%2900030-5
http://www.ncbi.nlm.nih.gov/pubmed/12758062
https://doi.org/10.1371/journal.pone.0307967

PLOS ONE

Social isolation and feed intake in zebrafish

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Carpenter RE, Watt MJ, Forster GL, @verli &, Bockholdt C, Renner KJ, et al. Corticotropin releasing
factor induces anxiogenic locomotion in trout and alters serotonergic and dopaminergic activity. Horm.
Behav. 2007; 52(5):600-611. https://doi.org/10.1016/j.yhbeh.2007.07.012 PMID: 17826776

Mathes WF, Nehrenberg DL, Gordon R, Hua K, Garland T, Pomp D. Dopaminergic dysregulation in
mice selectively bred for excessive exercise or obesity. Behav. Brain Res. 2010; 210(2):155-163.
https://doi.org/10.1016/j.bbr.2010.02.016 PMID: 20156488

Robinson LS, Swenson S, Hamilton J, Thanos PK. Exercise Reduces Dopamine D1R and Increases
D2R in Rats: Implications for Addiction. Med. Sci. Sport Exer. 2018; 50(8):1596—1602. https://doi.org/
10.1249/MSS.0000000000001627 PMID: 29613999

de Melo Martins GM, Petersen BD, Rilbensam G, da Silva JMK, Gaspary KV, Wiprich MT, et al. Physi-
cal exercise prevents behavioral alterations in a reserpine-treated zebrafish: A putative depression
model. Pharmacol. Biochem. Behav. 2022; 220: 173455. https://doi.org/10.1016/j.pbb.2022.173455
PMID: 36063969

Backstom T, Winberg S. Serotonin Coordinates Responses to Social Stress—What We Can Learn
from Fish. Front. Neurosci. 2017; 11:595. https://doi.org/10.3389/fnins.2017.00595 PMID: 29163002

Johnston WL, Atkinson JL, Hilton JW, Were KE. Effect of Dietary Tryptophan on Plasma and Brain
Tryptophan, Brain Serotonin, and Brain 5-Hydroxyindoleacetic Acid in Rainbow Trout. J Nutr. Bio-
chem. 1990; 1(1):49-54. https://doi.org/10.1016/0955-2863(90)90100-y PMID: 15539165

Koopmans SJ, Guzik AC, van der Meulen J, Dekker R, Kogut J, Kerr BJ, et al. Effects of supplemental
L-tryptophan on serotonin, cortisol, intestinal integrity, and behavior in weanling piglets. J Anim. Sci.
2006; 84(4):963-971. https://doi.org/10.2527/2006.844963x PMID: 16543575

Kwon WB, Soto JA, Stein HH. Effects of dietary leucine and tryptophan on serotonin metabolism and
growth performance of growing pigs. J Anim. Sci. 2021; 100(1):skab356. https://doi.org/10.1093/jas/
skab356 PMID: 34865076

Dahlbom JS, Backstrom T, Lundstedt-Enkel K, Winberg S. Aggression and monoamines: Effects of
sex and social rank in zebrafish (Danio rerio). Behav. Brain Res. 2012; 228(2): 333—338. https://doi.
org/10.1016/j.bbr.2011.12.011 PMID: 22192379

Teles MC, Dahlbom SJ, Winberg S, Oliveira RF. Social modulation of brain monoamine levels in zeb-
rafish. Behav. Brain Res. 2013; 253:17-24. https://doi.org/10.1016/j.bbr.2013.07.012 PMID:
23850359

Mayol-Cabré M, Prats E, Raldia D, Gémez-Canela C. Characterization of monoaminergic neuro-
chemicals in the different brain regions of adult zebrafish. Sci. Total Environ. 2020; 745:141205.
https://doi.org/10.1016/j.scitotenv.2020.141205 PMID: 32758735

Sadoul B, Geffroy B. Measuring cortisol, the major stress hormone in fishes. Fish Biol. 2019; 94:540—
555. https://doi.org/10.1111/jfb.13904 PMID: 30667059

Amole N, Unniappan S. Fasting induces preproghrelin mRNA expression in the brain and gut of zebra-
fish, Danio rerio. Gen. Comp. Endocr. 2009; 161(1):133—-137. https://doi.org/10.1016/j.ygcen.2008.11.
002 PMID: 19027742

Opazo R, Plaza-Parrochia F, Cardoso dos Santos GR, Carneiro GRA, Sardela VF, Romero J, et al.
Fasting Upregulates npy, agrp, and ghsr Without Increasing Ghrelin Levels in Zebrafish (Danio rerio)
Larvae. Front. Physiol. 2019; 9. https://doi.org/10.3389/fphys.2018.01901 PMID: 30733682

Tian J, He G, Mai K| Liu C. Effects of postprandial starvation on mRNA expression of endocrine-,
amino acid and peptide transporter-, and metabolic enzyme-related genes in zebrafish (Danio rerio).
Fish Physiol. Biochem. 2015; 41:773-787. https://doi.org/10.1007/s10695-015-0045-x PMID:
25805459

Unniappan S, Canosa LF, Peter RE. Orexigenic Actions of Ghrelin in Goldfish: Feeding-Induced
Changes in Brain and Gut mRNA Expression and Serum Levels, and Responses to Central and
Peripheral Injections. Neuroendocrinology. 2004; 79:100—108. https://doi.org/10.1159/000076634
PMID: 15004432

Audira G, Sarasamma S, Chen J, Juniardi S, Sampurna BP, Liang S, et al. Zebrafish Mutants Carrying
Leptin a (lepa) Gene Deficiency Display Obesity, Anxiety, Less Aggression and Fear, and Circadian
Rhythm and Color Preference Dysregulation. Int. J Mol. Sci. 2018; 19(12):4038. https://doi.org/10.
3390/ijms19124038 PMID: 30551684

Volkoff H, Eykelbosh AJ, Peter RE. Role of leptin in the control of feeding of goldfish Carassius aura-
tus: interactions with cholecystokinin, neuropeptide Y and orexin A, and modulation by fasting. Brain
Res. 2003; 972(1-2):90—-109. https://doi.org/10.1016/S0006-8993(03)02507-1 PMID: 12711082

Garcia-Suarez O, Cabo R, Abbate F, Randazzo B, Laura R, Piccione G, et al. Presence and distribu-
tion of leptin and its receptor in the gut of adult zebrafish in response to feeding and fasting. Anat. His-
tol. Embyol. 2018; 47(5):456—465. https://doi.org/10.1111/ahe.12384 PMID: 29998487

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 22/23


https://doi.org/10.1016/j.yhbeh.2007.07.012
http://www.ncbi.nlm.nih.gov/pubmed/17826776
https://doi.org/10.1016/j.bbr.2010.02.016
http://www.ncbi.nlm.nih.gov/pubmed/20156488
https://doi.org/10.1249/MSS.0000000000001627
https://doi.org/10.1249/MSS.0000000000001627
http://www.ncbi.nlm.nih.gov/pubmed/29613999
https://doi.org/10.1016/j.pbb.2022.173455
http://www.ncbi.nlm.nih.gov/pubmed/36063969
https://doi.org/10.3389/fnins.2017.00595
http://www.ncbi.nlm.nih.gov/pubmed/29163002
https://doi.org/10.1016/0955-2863%2890%2990100-y
http://www.ncbi.nlm.nih.gov/pubmed/15539165
https://doi.org/10.2527/2006.844963x
http://www.ncbi.nlm.nih.gov/pubmed/16543575
https://doi.org/10.1093/jas/skab356
https://doi.org/10.1093/jas/skab356
http://www.ncbi.nlm.nih.gov/pubmed/34865076
https://doi.org/10.1016/j.bbr.2011.12.011
https://doi.org/10.1016/j.bbr.2011.12.011
http://www.ncbi.nlm.nih.gov/pubmed/22192379
https://doi.org/10.1016/j.bbr.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/23850359
https://doi.org/10.1016/j.scitotenv.2020.141205
http://www.ncbi.nlm.nih.gov/pubmed/32758735
https://doi.org/10.1111/jfb.13904
http://www.ncbi.nlm.nih.gov/pubmed/30667059
https://doi.org/10.1016/j.ygcen.2008.11.002
https://doi.org/10.1016/j.ygcen.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19027742
https://doi.org/10.3389/fphys.2018.01901
http://www.ncbi.nlm.nih.gov/pubmed/30733682
https://doi.org/10.1007/s10695-015-0045-x
http://www.ncbi.nlm.nih.gov/pubmed/25805459
https://doi.org/10.1159/000076634
http://www.ncbi.nlm.nih.gov/pubmed/15004432
https://doi.org/10.3390/ijms19124038
https://doi.org/10.3390/ijms19124038
http://www.ncbi.nlm.nih.gov/pubmed/30551684
https://doi.org/10.1016/S0006-8993%2803%2902507-1
http://www.ncbi.nlm.nih.gov/pubmed/12711082
https://doi.org/10.1111/ahe.12384
http://www.ncbi.nlm.nih.gov/pubmed/29998487
https://doi.org/10.1371/journal.pone.0307967

PLOS ONE

Social isolation and feed intake in zebrafish

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Koven W, Schulte P. The effect of fasting and refeeding on mRNA expression of PepT1 and gastroin-
testinal hormones regulating digestion and food intake in zebrafish (Danio rerio). Fish Physiol. Bio-
chem. 2012; 28(6):1565—1575. https://doi.org/10.1007/s10695-012-9649-6 PMID: 22565667

Rennestad |, Gomes AS, Murashita K, Angotzi R, Jénsson E, Volkoff H. Appetite-Controlling Endo-
crine Systems in Teleosts. Front. Endocr. 2017; 8. https://doi.org/10.3389/fendo.2017.00073 PMID:
28458653

Conde-Sieira M, Chivite M, Miguez JM, Soengas JL. Stress Effects on the Mechanisms Regulating
Appetite in Teleost Fish. Front. Endocr. 2018; 9. https://doi.org/10.3389/fendo.2018.00631 PMID:
30405535

Gu M, Bai N, Zhang Y, Krogdahl A. Soybean meal induces enteritis in turbot Scophthalmus maximus
at high supplementation levels. Aquaculture. 2016; 464:286—295. https://doi.org/10.1016/j.
aquaculture.2016.06.035

Ye JD, Liu XH, Wang ZJ, Wang K. Effect of partial fish meal replacement by soybean meal on the
growth performance and biochemical indices of juvenile Japanese flounder Paralichthys olivaceus.
Aquaculture. 2011; 19(1):143-153. https://doi.org/10.1007/s10499-010-9348-1

Liu T, Han T, Wang J, Liu T, Bian P, Wang Y, et al. Effects of replacing fish meal with soybean meal on
growth performance, feed utilization and physiological status of juvenile redlip mullet Liza haemato-
cheila. Aquaculture Reports. 2021; 20:100756. https://doi.org/10.1016/j.aqrep.2021.100756

Micheloni G, Carnovali M, Millefanti G, Rizzetto M, Moretti V, Montalbano G, et al. Soy diet induces
intestinal inflammation in adult Zebrafish: Role of OTX and P53 family. Exp. Pathol. 2021; 103(1):13—
22, https://doi.org/10.1111/iep.12420 PMID: 34725870

Ulloa PE, Iturra P, Neira R, Araneda C. Zebrafish as a model organism for nutrition and growth:
towards comparative studies of nutritional genomics applied to aquacultured fishes. Rev. Fish Biol.
Fisher. 2010; 21(4):649-666. https://doi.org/10.1007/s11160-011-9203-0

Brugman S. The zebrafish as a model to study intestinal inflammation. Dev. Comp. Immun. 2016;
64:82-92. https://doi.org/10.1016/j.dci.2016.02.020 PMID: 26902932

Perera E, Yufera M. Soybean meal and soy protein concentrate in early diet elicit different nutritional
programming effects on juvenile zebrafish. Zebrafish. 2016; 13(1):61-69; https://doi.org/10.1089/zeb.
2015.1131 PMID: 26716770

Carnovali M, Valli R, Banfi G, Porta G, Mariotti M. Soybean Meal-Dependent Intestinal Inflammation
Induces Different Patterns of Bone-Loss in Adult Zebrafish Scale. Biomedicines. 2021; 9(4):393.
https://doi.org/10.3390/biomedicines9040393 PMID: 33917641

Fehrman-Cartes K, Coronado M, Hernandez AJ, Allende ML, Feijoo CG. Anti-inflammatory effects of
aloe vera on soy meal-induced intestinal inflammation in zebrafish. Fish Shellfish Immun. 2019;
95:564-573. https://doi.org/10.1016/j.fsi.2019.10.075 PMID: 31706009

Zhang JM, An J. Cytokines, Inflammation and Pain. Int. Anesthesiol. Clin. 2007; 45(2):27-37. https://
doi.org/10.1097/AlA.0b013e318034194e PMID: 17426506

Hasegawa T, Hall CJ, Crosier PS, Abe G, Kawakami K, Kudo A, et al. Transient inflammatory
response mediated by interleukin-18 is required for proper regeneration in zebrafish fin fold. J Stem
Cells Regen. Med. 2017; 6:e22716. https://doi.org/10.7554/eLife.22716.001

Reber SO, Obermeier F, Straub RH, Falk W, Neumann ID. Chronic Intermittent Psychosocial Stress
(Social Defeat/Overcrowding) in Mice Increases the Severity of an Acute DSS-Induced Colitis and
Impairs Regeneration. Endocrinology. 2006; 147(10):4968—4976. https://doi.org/10.1210/en.2006-
0347 PMID: 16794011

Reber SO, Obermeier F, Straub RH, Veenema AH, Neumann ID. Aggravation of DSS-induced colitis
after chronic subordinate colony (CSC) housing is partially mediated by adrenal mechanisms. Int. J
Biol. Stress. 2008; 11(3):225-234. https://doi.org/10.1080/10253890701733351 PMID: 18465469

Maltz RM, Keirsey J, Kim SC, Mackos AR, Gharaibeh RZ, Moore CC, et al. Social stress affects
colonic inflammation, the gut microbiome, and short chain fatty acid levels and receptors. J Pediatr.
Gastr. Nutr. 2020; 68(4):533-540. https://doi.org/10.1097/MPG.0000000000002226 PMID: 30540706

Peters G. The effect of stress on the stomach of the European eel, Anguilla anguilla L. J Fish Biol.
1982; 21:497-512. hitps://doi.org/10.1111/j.1095-8649.1982.tb02855.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0307967  July 26, 2024 23/23


https://doi.org/10.1007/s10695-012-9649-6
http://www.ncbi.nlm.nih.gov/pubmed/22565667
https://doi.org/10.3389/fendo.2017.00073
http://www.ncbi.nlm.nih.gov/pubmed/28458653
https://doi.org/10.3389/fendo.2018.00631
http://www.ncbi.nlm.nih.gov/pubmed/30405535
https://doi.org/10.1016/j.aquaculture.2016.06.035
https://doi.org/10.1016/j.aquaculture.2016.06.035
https://doi.org/10.1007/s10499-010-9348-1
https://doi.org/10.1016/j.aqrep.2021.100756
https://doi.org/10.1111/iep.12420
http://www.ncbi.nlm.nih.gov/pubmed/34725870
https://doi.org/10.1007/s11160-011-9203-0
https://doi.org/10.1016/j.dci.2016.02.020
http://www.ncbi.nlm.nih.gov/pubmed/26902932
https://doi.org/10.1089/zeb.2015.1131
https://doi.org/10.1089/zeb.2015.1131
http://www.ncbi.nlm.nih.gov/pubmed/26716770
https://doi.org/10.3390/biomedicines9040393
http://www.ncbi.nlm.nih.gov/pubmed/33917641
https://doi.org/10.1016/j.fsi.2019.10.075
http://www.ncbi.nlm.nih.gov/pubmed/31706009
https://doi.org/10.1097/AIA.0b013e318034194e
https://doi.org/10.1097/AIA.0b013e318034194e
http://www.ncbi.nlm.nih.gov/pubmed/17426506
https://doi.org/10.7554/eLife.22716.001
https://doi.org/10.1210/en.2006-0347
https://doi.org/10.1210/en.2006-0347
http://www.ncbi.nlm.nih.gov/pubmed/16794011
https://doi.org/10.1080/10253890701733351
http://www.ncbi.nlm.nih.gov/pubmed/18465469
https://doi.org/10.1097/MPG.0000000000002226
http://www.ncbi.nlm.nih.gov/pubmed/30540706
https://doi.org/10.1111/j.1095-8649.1982.tb02855.x
https://doi.org/10.1371/journal.pone.0307967

