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Research progress on the neural mechanism of the regulation of social isolation

on innate behaviors

ZHAO Jia-Ying, JI Xiao-Xiao, PAN Yu-Feng, CHEN Jie’
School of Life Science and Technology, Southeast University, Nanjing 210096, China

Abstract: Innate behavior is mainly controlled by genetics, but is also regulated by social experiences such as social isolation. Studies
in animal models such as Drosophila and mice have found that social isolation can regulate innate behaviors through the changes at
the molecular level, such as hormone, neurotransmitter, neuropeptide level, and at the level of neural circuits. In this review, we
summarized the research progress on the regulation of social isolation on various animal innate behaviors, such as sleep, reproduction
and aggression by altering the expression of conserved neuropeptides and neurotransmitters, hoping to deepen the understanding of
the key and conserved signal pathways that regulate innate behavior by social isolation.
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Fig. 1. The expression of Dsk neurons and regulatory mechanisms on courtship behavior and aggressive behavior. 4: Single-neuron

labeling of Dsk neurons in the medial protocerebrum (MP). Stochastic labeling of single MP3 (upper left), two MP3 (upper right),

single MP1la (middle row) and single MP1b neurons (lower left). Two MP3, one MP1la and one MP1b neurons are registrated in a

standard brain (lower right). Scale bar, 50 um. B: Social isolation leads to a decrease in the expression of the neuropeptide Dsk,

resulting in increases in futile courtship behavior and aggressive behavior of male flies. Dsk: Drosulfakinin. Fig. 14 is from our previous

[38]

findings
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Table 1. Effects and regulatory mechanisms of social isolation on animal innate behaviors

Drosophila Mice Rat
Behavioral effects Regulatory Behavioral Regulatory Behavioral Regulatory
mechanism effects mechanism effects mechanism
Sleep Reduced sleep Activity of NPF” Reduced sleep  GABAergic — —
P2 neurons **** neuron
Neurotransmitter dysfunction "
DA P!

Reproductive Weakened male

Reduced Ca™ levels Reduced female ERot™

Reduced male Reduced

behavior courtship-competition in Or47b ORNs " sexual behavior mating behavior CRE-dependent
Increased futile Neuropeptide transcription ™
courtship behavior Dsk| ¥
Aggressive  Increased aggressive  Neuropeptide Increased Neuropeptide Increased Neurotransmitter
behavior behavior Dsk ™! aggressive NkB1"! aggressive 5-HT P>
Neuropeptide behavior Neurotransmitter behavior Neurotransmitter
TkT[Sl’ 52] 5—HTL[53’ 54] DAT[59]
Neurotransmitter
D AT[58]
PFC-BLA neural
circuit™™ 7

NPF: neuropeptide F; DA: dopamine; Or47b: Odorant receptor 47b; ORNSs: olfactory receptor neurons; ERa: estrogen receptor o;
CRE: cAMP response element; Dsk: Drosulfakinin; Tk: Tachykinin; NkB: Neurokinin B; PFC: prefrontal cortex; BLA: basal lateral

amygdala.



A%

10

11

12

13

14

R

A5 B S TR 3 AN REAT N IR LGB L i P

and health. Science 1988; 241(4865): 540-545.

Valtorta N, Hanratty B. Loneliness, isolation and the health
of older adults: do we need a new research agenda? J R Soc
Med 2012; 105(12): 518-522.

Cacioppo JT, Hawkley LC. Perceived social isolation and
cognition. Trends Cogn Sci 2009; 13(10): 447-454.
Cacioppo JT, Cacioppo S, Capitanio JP, Cole SW. The
neuroendocrinology of social isolation. Annu Rev Psychol
2015; 66: 733-767.

Li W, Wang Z, Syed S, Lyu C, Lincoln S, O'Neil J, Nguyen
AD, Feng I, Young MW. Chronic social isolation signals
starvation and reduces sleep in Drosophila. Nature 2021;
597(7875): 239-244.

Xiong Y, Hong H, Liu C, Zhang YQ. Social isolation and
the brain: effects and mechanisms. Mol Psychiatry 2023;
28(1): 191-201.

Zelikowsky M, Hui M, Karigo T, Choe A, Yang B, Blanco
MR, Beadle K, Gradinaru V, Deverman BE, Anderson DJ.
The neuropeptide Tac2 controls a distributed brain state
induced by chronic social isolation stress. Cell 2018;
173(5): 1265-1279.¢19.

Santini ZI, Jose PE, Cornwell EY, Koyanagi A, Nielsen L,
Hinrichsen C, Meilstrup C, Madsen KR, Koushede V.
Social disconnectedness, perceived isolation, and symp-
toms of depression and anxiety among older Americans
(NSHAP): a longitudinal mediation analysis. Lancet Public
Health 2020; 5(1): E62-E70.

Du Preez A, Onorato D, Eiben I, Musaelyan K, Egeland M,
Zunszain PA, Fernandes C, Thuret S, Pariante CM. Chronic
stress followed by social isolation promotes depressive-like
behaviour, alters microglial and astrocyte biology and
reduces hippocampal neurogenesis in male mice. Brain
Behav Immun 2021; 91: 24-47.

Lei H, Shu H, Xiong R, He T, Lv J, Liu J, Pi G, Ke D,
Wang Q, Yang X, Wang JZ, Yang Y. Poststress social isolation
exerts anxiolytic effects by activating the ventral dentate
gyrus. Neurobiol Stress 2023; 24: 100537.

McWain MA, Pace RL, Nalan PA, Lester DB. Age-depen-
dent effects of social isolation on mesolimbic dopamine
release. Exp Brain Res 2022; 240(10): 2803-2815.

Burke AR, McCormick CM, Pellis SM, Lukkes JL. Impact
of adolescent social experiences on behavior and neural
circuits implicated in mental illnesses. Neurosci Biobehav
Rev 2017; 76(Pt B): 280-300.

Walker DM, Cunningham AM, Gregory JK, Nestler EJ.
Long-term behavioral effects of post-weaning social isola-
tion in males and females. Front Behav Neurosci 2019; 13:
66.

Mumtaz F, Khan MI, Zubair M, Dehpour AR. Neurobiology

15

16

17

18

19

20

21

22

23

24

25

26

27

315

and consequences of social isolation stress in animal model-A
comprehensive review. Biomed Pharmacother 2018; 105:
1205-1222.

Jones GH, Hernandez TD, Kendall DA, Marsden CA,
Robbins TW. Dopaminergic and serotonergic function
following isolation rearing in rats: study of behavioural
responses and postmortem and in vivo neurochemistry.
Pharmacol Biochem Behav 1992; 43(1): 17-35.

Bickerdike MJ, Wright IK, Marsden CA. Social isolation
attenuates rat forebrain 5-HT release induced by KCI stim-
ulation and exposure to a novel environment. Behav Phar-
macol 1993; 4(3): 231-236.

Fulford AJ, Marsden CA. Effect of isolation-rearing on
noradrenaline release in rat hypothalamus and hippocampus
in vitro. Brain Res 1997; 748(1-2): 93-99.

LiuY, Sun Y, Zhao X, Kim JY, Luo L, Wang Q, Meng X, Li
Y, Sui N, Chen ZF, Pan C, Li L, Zhang Y. Enhancement of
aggression induced by isolation rearing is associated with a
lack of central serotonin. Neurosci Bull 2019; 35(5): 841—
852.

Soga T, Teo CH, Cham KL, Idris MM, Parhar IS. Early-life
social isolation impairs the gonadotropin-inhibitory hor-
mone neuronal activity and serotonergic system in male
rats. Front Endocrinol (Lausanne) 2015; 6: 172.

Karni A, Tanne D, Rubenstein BS, Askenasy JJ, Sagi D.
Dependence on REM sleep of overnight improvement of a
perceptual skill. Science 1994; 265(5172): 679-682.
Ganguly-Fitzgerald I, Donlea J, Shaw PJ. Waking experi-
ence affects sleep need in Drosophila. Science 2006;
313(5794): 1775-1781.

Brown MK, Strus E, Naidoo N. Reduced sleep during
social isolation leads to cellular stress and induction of the
unfolded protein response. Sleep 2017; 40(7): zsx095.
Donlea JM, Pimentel D, Miesenbock G. Neuronal machinery
of sleep homeostasis in Drosophila. Neuron 2014; 81(4):
860-872.

Kempf A, Song SM, Talbot CB, Miesenbock G. A potassium
channel beta-subunit couples mitochondrial electron trans-
port to sleep. Nature 2019; 568(7751): 230-234.
Shohat-Ophir G, Kaun KR, Azanchi R, Mohammed H,
Heberlein U. Sexual deprivation increases ethanol intake in
Drosophila. Science 2012; 335(6074): 1351-1355.

Chung BY, Ro J, Hutter SA, Miller KM, Guduguntla LS,
Kondo S, Pletcher SD. Drosophila neuropeptide F signaling
independently regulates feeding and sleep-wake behavior.
Cell Rep 2017; 19(12): 2441-2450.

Dierick HA, Greenspan RJ. Serotonin and neuropeptide F
have opposite modulatory effects on fly aggression. Nat
Genet 2007; 39(5): 678—682.



316

28

29

30

31

32

33

34

35

36

37

38

39

40

Horio N, Liberles SD. Hunger enhances food-odour attrac-
tion through a neuropeptide Y spotlight. Nature 2021;
592(7853): 262-266.

Kaushal N, Nair D, Gozal D, Ramesh V. Socially isolated
mice exhibit a blunted homeostatic sleep response to acute
sleep deprivation compared to socially paired mice. Brain
Res 2012; 1454: 65-79.

Dong E, Matsumoto K, Uzunova V, Sugaya I, Takahata H,
Nomura H, Watanabe H, Costa E, Guidotti A. Brain Salpha-
dihydroprogesterone and allopregnanolone synthesis in a
mouse model of protracted social isolation. Proc Natl Acad
Sci U S A2001; 98(5): 2849-2854.

Murata K, Li F, Shinguchi K, Ogata M, Fujita N, Takahashi
R. Yokukansankachimpihange improves the social isola-
tion-induced sleep disruption and allopregnanolone reduc-
tion in Mice. Front Nutr 2020; 7: 8.

Cacioppo JT, Ernst JM, Burleson MH, McClintock MK,
Malarkey WB, Hawkley LC, Kowalewski RB, Paulsen A,
Hobson JA, Hugdahl K, Spiegel D, Berntson GG. Lonely
traits and concomitant physiological processes: the MacAr-
thur social neuroscience studies. Int J Psychophysiol 2000;
35(2-3): 143-154.

Yu B, Steptoe A, Niu K, Ku PW, Chen LJ. Prospective
associations of social isolation and loneliness with poor
sleep quality in older adults. Qual Life Res 2018; 27(3):
683—-691.

De Melo Sene F. Effect of social isolation on behavior of
Drosophila silvestris from Hawaii. Proc Hawaiian Entomol
Soc 1977; 22(3): 469-474.

Kim YK, Ehrman L. Developmental isolation and subse-
quent adult behavior of Drosophila paulistorum. IV. court-
ship. Behav Genet 1998; 28(1): 57-65.

Marie-Orleach L, Bailey NW, Ritchie MG. Social effects on
fruit fly courtship song. Ecol Evol 2018; 9(1): 410-416.
Sethi S, Lin HH, Shepherd AK, Volkan PC, Su CY, Wang
JW. Social context enhances hormonal modulation of pher-
omone detection in Drosophila. Curr Biol 2019; 29(22):
3887-3898.¢4.

Wu S, Guo C, Zhao H, Sun M, Chen J, Han C, Peng Q,
Qiao H, Peng P, Liu Y, Luo SD, Pan Y. Drosulfakinin
signaling in fruitless circuitry antagonizes P1 neurons to
regulate sexual arousal in Drosophila. Nat Commun 2019;
10(1): 4770.

Katsouni E, Zarros A, Skandali N, Tsakiris S, Lappas D.
The role of cholecystokinin in the induction of aggressive
behavior: a focus on the available experimental data
(review). Acta Physiol Hung 2013; 100(4): 361-377.
Zwanzger P, Domschke K, Bradwejn J. Neuronal network

of panic disorder: the role of the neuropeptide cholecystokinin.

41

42

43

44

45

46

47

48

49

50

51

52

53

HE B AR Acta Physiologica Sinica, April 25, 2024, 76(2): 309-318

Depress Anxiety 2012; 29(9): 762-774.

Shen CJ, Zheng D, Li KX, Yang JM, Pan HQ, Yu XD, Fu
JY, Zhu Y, Sun QX, Tang MY, Zhang Y, Sun P, Xie Y, Duan
S, Hu H, Li XM. Cannabinoid CB1 receptors in the amyg-
dalar cholecystokinin glutamatergic afferents to nucleus
accumbens modulate depressive-like behavior. Nat Med
2019; 25(2): 337-349.

Duffy JA, Hendricks SE. Influences of social isolation
during development on sexual behavior of the rat. Anim
Learn Behav 1973; 1(3): 223-227.

Liu ZW, Yu 'Y, Lu C, Jiang N, Wang XP, Xiao SY, Liu XM.
Postweaning isolation rearing alters the adult social, sexual
preference and mating behaviors of male CD-1 mice. Front
Behav Neurosci 2019; 13: 21.

Kercmar J, Tobet SA, Majdic G. Social isolation during
puberty affects female sexual behavior in mice. Front
Behav Neurosci 2014; 8: 337.

Barrot M, Wallace DL, Bolanos CA, Graham DL, Perrotti
LI, Neve RL, Chambliss H, Yin JC, Nestler EJ. Regulation
of anxiety and initiation of sexual behavior by CREB in the
nucleus accumbens. Proc Natl Acad Sci U S A 2005;
102(23): 8357-8362.

Freedman LJ, Cassell MD. Relationship of thalamic basal
forebrain projection neurons to the peptidergic innervation
of the midline thalamus. J Comp Neurol 1994; 348(3):
321-342.

Ueda A, Kidokoro Y. Aggressive behaviours of female
Drosophila melanogaster are influenced by their social
experience and food resources. Physiol Entomol 2002;
27(1): 21-28.

Hoffmann AA. The influence of age and experience with
conspecifics on territorial behavior in Drosophila-melano-
gaster. J Insect Behav 1990; 3(1): 1-12.

Agrawal P, Kao D, Chung P, Looger LL. The neuropeptide
Drosulfakinin regulates social isolation-induced aggression
in Drosophila. J Exp Biol 2020; 223(Pt 2): jeb207407.

Wu F, Deng B, Xiao N, Wang T, Li Y, Wang R, Shi K, Luo
DG, Rao Y, Zhou C. A neuropeptide regulates fighting
behavior in Drosophila melanogaster. Elife 2020; 9:
e54229.

Asahina K, Watanabe K, Duistermars BJ, Hoopfer E, Gon-
zalez CR, Eyjolfsdottir EA, Perona P, Anderson DJ. Tachy-
kinin-expressing neurons control male-specific aggressive
arousal in Drosophila. Cell 2014; 156(1-2): 221-235.
Zelikowsky M, Ding K, Anderson DJ. Neuropeptidergic
control of an internal brain state produced by prolonged
social isolation stress. Cold Spring Harb Symp Quant Biol
2018; 83: 97-103.

Bibancos T, Jardim DL, Aneas I, Chiavegatto S. Social



A%

54

55

56

57

58

59

60

61

62

63

64

65

R

A5 B S TR 3 AN REAT N IR LGB L i P

isolation and expression of serotonergic neurotransmis-
sion-related genes in several brain areas of male mice.
Genes Brain Behav 2007; 6(6): 529-539.

Shimizu K, Kurosawa N, Seki K. The role of the AMPA
receptor and 5-HT3 receptor on aggressive behavior and
depressive-like symptoms in chronic social isolation-reared
mice. Physiol Behav 2016; 153: 70-83.

Preece MA, Dalley JW, Theobald DEH, Robbins TW,
Reynolds GP. Region specific changes in forebrain 5-hy-
droxytryptaminel A and 5-hydroxytryptamine2A receptors
in isolation-reared rats: An in vitro autoradiography study.
Neuroscience 2004; 123(3): 725-732.

Muchimapura S, Mason R, Marsden CA. Effect of isolation
rearing on pre- and post-synaptic serotonergic function in
the rat dorsal hippocampus. Synapse 2003; 47(3): 209-217.
Toth M, Tulogdi A, Biro L, Soros P, Mikics E, Haller J. The
neural background of hyper-emotional aggression induced
by post-weaning social isolation. Behav Brain Res 2012;
233(1): 120-129.

Gariepy JL, Gendreau PL, Mailman RB, Tancer M, Lewis
MH. Rearing conditions alter social reactivity and D1 dopa-
mine receptors in high- and low-aggressive mice. Pharmacol
Biochem Behav 1995; 51(4): 767-773.

Fabricius K, Helboe L, Fink-Jensen A, Wortwein G, Steiniger-
Brach B, Sotty F. Increased dopaminergic activity in socially
isolated rats: An electrophysiological study. Neurosci Lett
2010; 482(2): 117-122.

Lee NS, Kim CY, Beery AK. Peer social environment
impacts behavior and dopamine D1 receptor density in
prairie voles (Microtus ochrogaster). Neuroscience 2023;
515: 62-70.

Fulford AJ, Marsden CA. Conditioned release of 5-hy-
droxytryptamine in vivo in the nucleus accumbens following
isolation-rearing in the rat. Neuroscience 1998; 83(2): 481—
487.

Fulford AJ, Marsden CA. Effect of isolation-rearing on
conditioned dopamine release in vivo in the nucleus
accumbens of the rat. ] Neurochem 1998; 70(1): 384-390.
Lapiz MD, Fulford A, Muchimapura S, Mason R, Parker T,
Marsden CA. Influence of postweaning social isolation in
the rat on brain development, conditioned behavior, and
neurotransmission. Neurosci Behav Physiol 2003; 33(1):
13-29.

Weiss IC, Pryce CR, Jongen-Relo AL, Nanz-Bahr NI, Feldon
J. Effect of social isolation on stress-related behavioural
and neuroendocrine state in the rat. Behav Brain Res 2004;
152(2): 279-295.

Serra M, Pisu MG, Floris I, Biggio G. Social isolation-

induced changes in the hypothalamic-pituitary-adrenal axis

66

67

68

69

70

71

72

73

74

75

76

77

317

in the rat. Stress 2005; 8(4): 259-264.

van Bokhoven I, Van Goozen SHM, van Engeland H,
Schaal B, Arseneault L, Seguin JR, Nagin DS, Vitaro F,
Tremblay RE. Salivary cortisol and aggression in a popula-
tion-based longitudinal study of adolescent males. J Neural
Transm (Vienna) 2005; 112(8): 1083—-1096.

McBurnett K, Lahey BB, Rathouz PJ, Loeber R. Low
salivary cortisol and persistent aggression in boys referred
for disruptive behavior. Arch Gen Psychiatry 2000; 57(1):
38-43.

Haller J, Halasz J, Mikics E, Kruk MR. Chronic glucocorti-
coid deficiency-induced abnormal aggression, autonomic
hypoarousal, and social deficit in rats. ] Neuroendocrinol
2004; 16(6): 550-557.

Tan T, Wang W, Liu T, Zhong P, Conrow-Graham M, Tian X,
Yan Z. Neural circuits and activity dynamics underlying
sex-specific effects of chronic social isolation stress. Cell
Rep 2021; 34(12): 108874.

Wang ZJ, Shwani T, Liu J, Zhong P, Yang F, Schatz K,
Zhang F, Pralle A, Yan Z. Molecular and cellular mecha-
nisms for differential effects of chronic social isolation
stress in males and females. Mol Psychiatry 2022; 27(7):
3056-3068.

Ross AP, McCann KE, Larkin TE, Song Z, Grieb ZA, Huhman
KL, Albers HE. Sex-dependent effects of social isolation on
the regulation of arginine-vasopressin (AVP) Vla, oxytocin
(OT) and serotonin (5SHT) 1a receptor binding and aggres-
sion. Horm Behav 2019; 116: 104578.

Wongwitdecha N, Marsden CA. Social isolation increases
aggressive behaviour and alters the effects of diazepam in
the rat social interaction test. Behav Brain Res 1996; 75(1—
2): 27-32.

Oliveira VEM, Neumann ID, de Jong TR. Post-weaning
social isolation exacerbates aggression in both sexes and
affects the vasopressin and oxytocin system in a sex-specific
manner. Neuropharmacology 2019; 156.

Toth M, Halasz J, Mikics E, Barsy B, Haller J. Early social
deprivation induces disturbed social communication and
violent aggression in adulthood. Behav Neurosci 2008;
122(4): 849-854.

Leigh-Hunt N, Bagguley D, Bash K, Turner V, Turnbull S,
Valtorta N, Caan W. An overview of systematic reviews on
the public health consequences of social isolation and lone-
liness. Public Health 2017; 152: 157-171.

Schrempft S, Jackowska M, Hamer M, Steptoe A. Associa-
tions between social isolation, loneliness, and objective
physical activity in older men and women. BMC Public
Health 2019; 19(1): 74.

Shao F, Jin J, Meng Q, Liu M, Xie X, Lin W, Wang W.



318

78

79

80

81

82

83

84

85

86

87

88

89

90

Pubertal isolation alters latent inhibition and DA in nucleus
accumbens of adult rats. Physiol Behav 2009; 98(3): 251—
257.

Silva-Gomez AB, Rojas D, Juarez I, Flores G. Decreased
dendritic spine density on prefrontal cortical and hippocampal
pyramidal neurons in postweaning social isolation rats.
Brain Res 2003; 983(1-2): 128-136.

Rollenhagen A, Bischof HJ. Rearing conditions affect
neuron morphology in a telencephalic area of the zebra
finch. Neuroreport 1991; 2(11): 711-714.

Duman RS. Role of neurotrophic factors in the etiology and
treatment of mood disorders. Neuromolecular Med 2004;
5(1): 11-25.

Chao MV. Neurotrophins and their receptors: A conver-
gence point for many signalling pathways. Nat Rev Neurosci
2003; 4(4): 299-309.

Han X, Wang W, Xue X, Shao F, Li N. Brief social isolation
in early adolescence affects reversal learning and forebrain
BDNF expression in adult rats. Brain Res Bull 2011; 86(3—
4): 173-178.

Spear LP. The adolescent brain and age-related behavioral
manifestations. Neurosci Biobehav Rev 2000; 24(4): 417—
463.

Fields HL. Pain modulation: expectation, opioid analgesia
and virtual pain. Prog Brain Res 2000; 122: 245-253.
Panksepp J, Herman B, Conner R, Bishop P, Scott JP. The
biology of social attachments: opiates alleviate separation
distress. Biol Psychiatry 1978; 13(5): 607-618.

Keverne EB, Martensz ND, Tuite B. Beta-endorphin con-
centrations in cerebrospinal fluid of monkeys are influenced
by grooming relationships. Psychoneuroendocrinology
1989; 14(1-2): 155-161.

Haj-Mirzaian A, Nikbakhsh R, Ramezanzadeh K, Rezaee M,
Amini-Khoei H, Haj-Mirzaian A, Ghesmati M, Afshari K,
Haddadi NS, Dehpour AR. Involvement of opioid system in
behavioral despair induced by social isolation stress in
mice. Biomed Pharmacother 2019; 109: 938-944.

Inagaki TK, Irwin MR, Eisenberger NI. Blocking opioids
attenuates physical warmth-induced feelings of social con-
nection. Emotion 2015; 15(4): 494-500.

Inagaki TK, Ray LA, Irwin MR, Way BM, Eisenberger NI.
Opioids and social bonding: naltrexone reduces feelings of
social connection. Soc Cogn Affect Neurosci 2016; 11(5):
728-735.

Inagaki TK, Hazlett LI, Andreescu C. Opioids and social

91

92

93

94

95

96

97

98

99

100

101

HE B AR Acta Physiologica Sinica, April 25, 2024, 76(2): 309-318

bonding: Effect of naltrexone on feelings of social connec-
tion and ventral striatum activity to close others. J Exp Psy-
chol Gen 2020; 149(4): 732-745.

Smith-Osborne L, Duong A, Resendez A, Palme R, Fadok
JP. Female dominance hierarchies influence responses to
psychosocial stressors. Curr Biol 2023; 33(8): 1535-1549.
es.

Andersson M, Roques JAC, Aliti GM, Ademar K, Sundh H,
Sundell K, Ericson M, Kettunen P. Low holding densities
increase stress response and aggression in zebrafish.
Biology (Basel) 2022; 11(5): 725.

Kalueff AV, Echevarria DJ, Stewart AM. Gaining transla-
tional momentum: more zebrafish models for neuroscience
research. Prog Neuropsychopharmacol Biol Psychiatry
2014; 55: 1-6.

Lukkes JL, Mokin MV, Scholl JL, Forster GL. Adult rats
exposed to early-life social isolation exhibit increased anxiety
and conditioned fear behavior, and altered hormonal stress
responses. Horm Behav 2009; 55(1): 248-256.

Parker MO, Millington ME, Combe FJ, Brennan CH.
Housing conditions differentially affect physiological and
behavioural stress responses of zebrafish, as well as the
response to anxiolytics. PLoS One 2012; 7(4): €34992.
Shams S, Chatterjee D, Gerlai R. Chronic social isolation
affects thigmotaxis and whole-brain serotonin levels in
adult zebrafish. Behav Brain Res 2015; 292: 283-287.
Grandel H, Kaslin J, Ganz J, Wenzel I, Brand M. Neural
stem cells and neurogenesis in the adult zebrafish brain:
origin, proliferation dynamics, migration and cell fate. Dev
Biol 2006; 295(1): 263-277.

Kaslin J, Ganz J, Brand M. Proliferation, neurogenesis and
regeneration in the non-mammalian vertebrate brain. Philos
Trans R Soc Lond B Biol Sci 2008; 363(1489): 101-122.
Kalueft AV, Echevarria DJ, Stewart AM. Gaining transla-
tional momentum: More zebrafish models for neuroscience
research Preface. Prog Neuropsychopharmacol Biol Psychiatry
2014; 55: 1-6.

Grigoryan GA, Pavlova IV, Zaichenko MI. Effects of social
isolation on the development of anxiety and depression-like
behavior in model experiments in animals. Neurosci Behav
Physiol 2022; 52(5): 722-738.

Veenema AH. Early life stress, the development of aggres-
sion and neuroendocrine and neurobiological correlates:
What can we learn from animal models? Front Neuroendo-
crinol 2009; 30(4): 497-518.



