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Neural substrates for regulating self-grooming behavior in rodents
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Abstract: Grooming, as an evolutionarily conserved repetitive behavior, is common in various animals, including humans, and 
serves essential functions including, but not limited to, hygiene maintenance, thermoregulation, de-arousal, stress reduction, and 
social behaviors. In rodents, grooming involves a patterned and sequenced structure, known as the syntactic chain with four 
phases that comprise repeated stereotyped movements happening in a cephalocaudal progression style, beginning from the nose 
to the face, to the head, and finally ending with body licking. The context-dependent occurrence of grooming behavior indicates 
its adaptive significance. This review briefly summarizes the neural substrates responsible for rodent grooming behavior and 
explores its relevance in rodent models of neuropsychiatric disorders and neurodegenerative diseases with aberrant grooming 
phenotypes. We further emphasize the utility of rodent grooming as a reliable measure of repetitive behavior in neuropsychiatric 
models, holding promise for translational psychiatry. Herein, we mainly focus on rodent self-grooming. Allogrooming (grooming 
being applied on one animal by its conspecifics via licking or carefully nibbling) and heterogrooming (a form of grooming 
behavior directing towards another animal, which occurs in other contexts, such as maternal, sexual, aggressive, or social 
behaviors) are not covered due to space constraints.

Key words: Grooming; Repetitive behavior; Syntactic chain; Cephalocaudal progression; Neuropsychiatric disorders

1 Introduction 

Grooming is an evolutionarily conserved repeti‐
tive behavior (Fentress, 1968a, 1968b; Spruijt et al., 

1988, 1992; Leonard et al., 2005) that is common in 
various animals, including humans (Cohen-Mansfield 
and Jensen, 2007; Prokop et al., 2014). It has multifa‑
ceted roles including hygiene maintenance, thermoregu‐
lation, de-arousal, and stress reduction (Smolinsky 
et al., 2009; Kalueff et al., 2016), as well as social be‐
haviors via chemosensory communications (Harriman 
and Thiessen, 1985; Ferkin and Leonard, 2010; Hobbs 
et al., 2012; Zhang et al., 2022). In rodents, grooming 
behavior involves a sequenced structure, known as 
the syntactic chain with four phases that comprise re‐
peated stereotyped movements sequentially progress‐
ing from the nose (phase I) to the face (phase II), to the 
head (phase III), and finally ending with body licking 
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(phase IV), typically defined as a cephalocaudal pro‐
gression. Phase I (paw, nose grooming) is character‐
ized with series of elliptical strokes tightly around the 
nose. Phase II (face grooming) is composed of series 
of unilateral strokes (each made by one paw) that reach 
up the mystacial vibrissae to below the eye. Phase 
III (head grooming) is typically shown as series of bi‐
lateral strokes made by both paws simultaneously. 
Paws reach back and upwards, usually ascending high 
enough to pass over the ears. Phase IV (body licking) 
is preceded by a postural cephalocaudal transition 
from paw/head grooming to body grooming (Berridge 
et al., 2005; Kalueff et al., 2007, 2016). It is note‐
worthy that tail/genital grooming, as a part of a cepha‐
locaudal grooming pattern, is also frequently observed 
in rodents. Rostral grooming is composed of forepaw 
(preliminary rostral grooming) and head grooming. 
Caudal grooming is arbitrarily defined as comprising 
body, legs, and tail/genital grooming (Kalueff et al., 
2007). The syntactic grooming chain is regulated by 
specific brain areas such as the basal ganglia (Al‐
dridge, 2005). A plethora of evidence demonstrates 
that lesions of the dorsolateral striatum impair the 
completion of syntactic grooming chains (Berridge, 
1989; Berridge and Whishaw, 1992; Cromwell and 
Berridge, 1996), indicating that an intact striatum is 
indispensable in the correct performance of grooming 
chains. Since the serial structure of this chain is repeti‐
tive and consistent in terms of order and time, once 
the first phase (phase I) begins, the entire remaining 
sequential pattern reliably continues through all four 
phases. Approximately 10%–15% of all observed self-
grooming behaviors in rodents exhibit such intact syn‐
tactic chain pattern, and the remainder usually follow 
less predictable sequential patterning rules (Kalueff 
et al., 2007).

In the temporal allocation system of multiple be‐
haviors, grooming behavior is a low-priority one that 
is not time-locked to urgent external behavioral re‐
quirements. Grooming behavior usually fills the time 
intervals left by high-priority functions (Mul et al., 
2013). In laboratory rearing conditions, rats spend 
25%–40% of their awake time involved in grooming 
behavior, with most of the behavior seen just before 
and after the diurnal period of low activity (Bolles, 
1960). In addition, the occurrence of grooming be‐
havior is context-dependent, under either relaxed or 
stressed condition. There is evidence showing that 
rodents perform grooming frequently right after a 

sequence of eating, drinking, exploratory behavior 
(Bolles, 1960; Mul et al., 2013), or mating (Karigo 
and Deutsch, 2022), which is probably due to the post-
rewarding effects resulting from feeding and drinking, 
or the need for post-copulatory hygiene of the genital 
area. Actually, grooming behavior per se could induce 
rewarding effects in rodents. This could be supported 
by our recent work disclosing that, in the post condi‐
tioning session of the conditioned place preference 
test, D3-Cre/ChR2 mice prefer to spend more time in 
the chamber paired with more grooming mice trig‐
gered by the activation of ventral striatal islands of 
Calleja dopamine receptor 3 (D3)-expressing neurons 
compared to the chamber paired with less grooming 
mice. However, when the same test was performed 
with a collar around the neck of D3-Cre/ChR2 mice 
to block self-directed orofacial grooming by prevent‐
ing the forepaws from contacting the face and head, 
the conditioned place preference caused by the stimu‐
lation of D3 neurons disappeared, suggesting that 
grooming behavior elicited by the activation of D3 
neurons is necessary for the rewarding effect (Zhang 
et al., 2023).

Rodents also exhibit abundant grooming behav‐
ior in a stressed context (Spruijt et al., 1992; Kalueff 
and Tuohimaa, 2004, 2005b). Indeed, grooming be‐
havior happens during (and following) exposure to 
distinct types of stressful situations/stimuli (Spruijt 
et al., 1992; van Erp et al., 1994). Generally, rodent 
grooming behavior is indicative of their state of stress 
resilience. For example, by selecting male mice with 
high immobility (HI) and low immobility (LI) traits in 
the tail suspension test and using the repeated restraint 
stress paradigm, HI animals (low resilience to stress) 
show an increased frequency and decreased duration 
of grooming behavior in a familiar environment com‐
pared to LI animals (high resilience). In contrast, in a 
novel environment, stress increases the frequency and 
duration of grooming behavior in HI versus LI animals 
(Reis-Silva et al., 2019). In a study on inbred Roman 
low- and high-avoidance rats (RLA-I and RHA-I), 
and the outbred National Institutes of Health Genetic‑
ally Heterogeneous Rat Stock (NIH-HS), grooming 
behavior was compared under different conditions 
(Estanislau et al., 2013). No differences were observed 
in the home cage. In contrast, when tested in a novel 
environment, RHA-I rats exhibited less grooming be‐
havior than the other rats. In addition, in the two-way 
active avoidance training test, after avoidance responses 
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appeared, differences among the strains were opposite 
to those observed in novelty tests. This evidence re‐
veals that grooming behavior varies robustly under 
testing situations involving different levels of aver‐
siveness. Rodents may recruit the involvement of the 
hypothalamic-pituitary-adrenal (HPA) axis to appro‐
priately orchestrate stress-induced grooming behavior 
depending on distinct stressed contexts, which is sup‐
ported by the fact that corticosterone-induced HPA 
disruption blunts acute stress-induced grooming be‐
havior in a novel environment (Kinlein et al., 2019).

In rodents, multiple brain centers/neural circuits 
are specifically recruited for the control of stress-
triggered grooming behavior. For example, a di-synaptic 
circuit linking the hippocampal ventral subiculum to 
the ventral lateral septum (LSv) and then the lateral 
hypothalamus tuberal nucleus regulates stress-induced 
grooming behavior with positive affective valence, 
suggesting the potential contribution of grooming be‐
havior to post-stress de-arousal with adaptive value 
(Mu et al., 2020). In addition, grooming behavior can 
help rodents relieve the negatively affective state re‐
sulting from external stress. One recent study reveals 
that the subthalamo-parabrachial glutamatergic path‐
way is involved in body-restraint and foot-shock 
stress-induced grooming behaviors (Jia et al., 2023). 
Similarly, it is reported that the circuit linking the cen‐
tral amygdala to the medial paralemniscal nucleus 
(MPL) and the ventral tegmental area (VTA) controls 
grooming behavior and post-stress anxiety alleviation, 
suggesting that rodents did gain relief and pleasure 
during and after the typical repetitive behavior—
grooming (Sun et al., 2022). Except for the aforemen‐
tioned neural substrates specifically responsible for 
the regulation of stress-induced grooming behavior, a 
variety of other elaborated neural circuits are also en‐
gaged in the control of grooming behavior, which are 
detailed in the following sections.

2 Neural substrates underlying grooming 
behavior

The performance of the proper functions of neural 
circuits relies heavily on mutual interactions among 
specific brain centers (Fig. 1). Several brain regions, 
such as the lateral septum (LS) (Mu et al., 2020), the 
prefrontal cortex (PFC) (Ahmari et al., 2013; Burguière 

et al., 2013; Pinhal et al., 2018), the amygdala (Hong 
et al., 2014; Alò et al., 2015), the hypothalamus 
(Dunn et al., 1987; Dunn, 1988; Roeling et al., 1993; 
Kruk et al., 1998; Mangieri et al., 2018; Mu et al., 
2020), the brainstem (Berntson et al., 1988; Berridge, 
1989; Spruijt et al., 1992), the periaqueductal gray 
(PAG) (Gao et al., 2019), the cerebellum (Berridge 
and Whishaw, 1992), the MPL (Sun et al., 2022), and 
the spinal cord (Xie et al., 2022), are responsible for 
the control of grooming behavior. We describe how 
these brain areas are involved in the regulation of 
grooming behavior below.

The LS is a major relay connecting several brain 
regions, and its crucial role in the regulation of 
grooming has been broadly reported (Xu et al., 2019, 
2023; Mu et al., 2020). There is evidence that the acti‐
vation of the LSv projecting paraventricular hypothal‐
amus (PVH) melanocortin receptor 4 (PVHMc4R) 
neurons promotes stress-related self-grooming in mice 
(Xu et al., 2023) (Table 1). Another study focusing on 
the PVH to LSv pathway showed that the weak opto‐
genetic activation of PVH glutamatergic terminals in 
LSv elicits stress-related self-grooming, which is dis‐
tinct from the strong photostimulation condition that 
causes fear-related escape jumping behavior (Xu et al., 
2019). Additionally, the circuit from the hippocampal 
ventral subiculum to the LS has pinpointed the import‑
ant role of the LS in the control of grooming, and the 
activation of this pathway could trigger delayed but 
robust excessive grooming behavior (Mu et al., 2020). 
It is assumed that the LS controls grooming behavior 
in rodents through orchestrating neurons expressing 
specific receptors, for example, the corticotropin-
releasing factor (CRF) receptors. This hypothesis has 
been corroborated by the evidence that infusions of 
CRF1/CRF2 agonist urocortin into the LS reliably en‐
hanced grooming behavior in food-restricted male 
Sprague-Dawley rats (Bakshi et al., 2007) (Table 1).

Grooming behavior is also modulated by the lim‐
bic circuitry, including the amygdala and the hypo‐
thalamus, as well as cortical areas such as the PFC. 
Stress-induced grooming behavior specifically pre‐
dicts enhanced motivation to self-administer cocaine 
in rats, which is related to dopamine release in the 
amygdala and medial PFC (mPFC) (Homberg et al., 
2002). In addition, the extended amygdala is com‐
posed of the medial and lateral divisions. The medial 
part includes the medial nucleus of the amygdala 
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(MeA) and the medial bed nucleus of the stria termi‐
nalis (BNST), and the lateral part includes the central 
nucleus of the amygdala (CeA) and the lateral BNST. 
Different subregions and even distinct neuronal types 
in the same division of the amygdala exert varied ef‐
fects on the regulation of grooming behavior. There 
is evidence that glutamatergic and γ-aminobutyric 
acid (GABA)-ergic (GABAergic) neurons in the pos‐
terior dorsal part of the medial amygdala (MeApd) 
antagonistically modulate grooming behavior, with the 

former promoting and the latter inhibiting grooming 
(Hong et al., 2014). It seems that distinct neuronal 
types in the MeA function differently in the orchestra‐
tion of grooming behavior. Interestingly, it has also 
been revealed that, in the MeApd in female mice, the 
photoexcitation of vesicular glutamate transporter 2 
(VGluT2) neurons increases self-grooming without 
affecting the lordosis quotient (LQ), and photoinhib‑
ition of vesicular GABA transporter (VGAT) neurons 
specifically decreases the LQ but does not influence 

Fig. 1  Neural circuits involved in the regulation of rodent self-grooming. Activation of the LSv-projecting PVHMc4R neurons 
promoted stress-related self-grooming in mice (Xu et al., 2023), and weak optogenetic activation of PVH glutamatergic 
terminals in LSv also elicited stress-related self-grooming (Xu et al., 2019). Activation of the hippocampal ventral 
subiculum to LS triggered robust excessive grooming behavior in rats (Mu et al., 2020). Repeated photostimulation of 
the OFC-to-VMS projections induced increased grooming in mice (Ahmari et al., 2013). Specific ablation or chemogenetic 
silencing of histaminergic neurons in the TMN of the HYP enhanced grooming in mice, and the TMN to DS pathway 
took charge of the modulation of grooming behavior (Rapanelli et al., 2017). Optogenetic stimulation of lateral rostral 
medulla neurons projecting to the dorsal part of MDRN induced grooming or hand-to-mouth movements in mice (Ruder 
et al., 2021). The excitatory somatostatin-positive neurons in the MPL bidirectionally regulated grooming in mice via the 
CeA-MPL-VTA pathway (Sun et al., 2022). Circuitry linking the cerebellum and the mPFC has been documented in 
regulating grooming in mice. Inhibition of Rcrus1 PCs induced grooming, which, however, could not be rescued by gain-
of-function of Rcrus1 PCs (Kelly et al., 2020). Cervical spinal cord projecting Cbln2+-expressing neurons in Sp5C 
bidirectionally regulated repetitive orofacial grooming in mice (Xie et al., 2022). (a) Infusions of CRF1/CRF2 agonist 
urocortin into the LS enhanced grooming in food-restricted male Sprague Dawley rats (Bakshi et al., 2007). (b) Activation 
of glutamatergic and GABAergic neurons, respectively, in the MeApd promoted and inhibited grooming in mice (Hong 
et al., 2014). (c) In the MeApd of female mice, photoexcitation of VGluT2 neurons increased self-grooming, and 
photoinhibition of VGAT neurons did not influence grooming (Johnson et al., 2021). (d) VMAT2-conditioned knockout 
mice exhibited excessive grooming accompanied by a pronounced reduction of dopamine levels in the mPFC (Petrelli 
et al., 2023). (e) Activation of Tac1-expressing neurons in the lateral and ventrolateral PAG (l/vlPAG) triggered grooming in 
mice (Gao et al., 2019). (f) Ventral striatal islands of Calleja D3 neurons bidirectionally controlled grooming in mice 
(Zhang et al., 2021). Cbln2, cerebellin-2; CeA, central nucleus of the amygdala; CRF, corticotropin-releasing factor; 
D3, dopamine receptor 3; DS, dorsal striatum; GABAergic, γ-aminobutyric acid (GABA)-ergic; HIPPO, hippocampus; 
HYP, hypothalamus; LSv, ventral lateral septum (LS); MDRN, medullary reticular nucleus; MeApd, posterior dorsal 
part of the medial amygdala; mPFC, medial prefrontal cortex; MPL, medial paralemniscal nucleus; OFC, orbitofrontal 
cortex; OT, olfactory tubercle; PAG, periaqueductal gray; PCs, Purkenje cells; PVHMc4R, paraventricular hypothalamus 
(PVH) melanocortin receptor 4; Rcrus1, right crus 1; Sp5C, caudal part of the spinal trigeminal nucleus; Tac1, 
tachykinin 1; TMN, tuberomammillary nucleus; VGAT, vesicular GABA transporter; VGluT2, vesicular glutamate 
transporter 2; VMAT2, vesicular monoamine transporter 2; VMS, ventromedial striatum; VTA, ventral tegmental area.
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grooming behavior (Johnson et al., 2021) (Table 1). 
Moreover, region-specific infusion of orexin-B into the 
CeA moderately enhances grooming frequency in ham‐
sters (Alò et al., 2015), supporting the supposition that 
both MeA and CeA are engaged in grooming control.

The PFC interconnects with multiple brain re‐
gions, and its dysfunctions are also closely associated 
with abnormal grooming behavior in rodents (Petrelli 
et al., 2023). The internal capsule (IC) and the dorsal 
part of the ventral striatum (dVS) are two distinct 
brain areas that are potentially modulated by prefront‑
al cortical fibers. In a synapse-associated protein 
90/postsynaptic density protein 95 (SAP90/PSD95)-
associated protein 3 (Sapap3)-mutant mouse model, 
deep brain stimulation (DBS) of the IC dramatically 
ameliorates excessive grooming, whereas DBS of the 
dVS is less effective. In addition, grooming behavior 

is reduced rapidly after the onset of DBS of the IC 
and reinstates upon DBS offset (Pinhal et al., 2018). 
This evidence strongly suggests that the PFC executes 
its key role in grooming control by innervating down‐
stream areas via its broad corticofugal fibers. In add‑
ition, the orbitofrontal cortex (OFC), as a key prefront‑
al region, is also heavily involved in the modulation 
of grooming behavior. Repeated photostimulations of 
OFC to ventromedial striatum (VMS) projections trig‐
ger hyperactivation of this pathway, which in turn 
leads to progressively increased grooming behavior in 
mice (Ahmari et al., 2013). In contrast, Burguière et al. 
(2013) reported that selective optogenetic stimulation 
of glutamatergic projections of the lateral orbitofronto-
striatal pathway could prevent over-expression of both 
conditioned and spontaneous repetitive grooming be‐
haviors in mice. The discrepancies among these studies 

Table 1  Summary of genes pertaining to grooming behavior in rodents

Gene
Melanocortin receptor 4 (Mc4R)

Corticotropin-releasing factor 
(CRF)

Vesicular glutamate transporter 2 
(VGluT2)

Vesicular monoamine transporter 2 
(VMAT2)

Tachykinin 1 (Tac1)

Glutamate receptor-interacting 
proteins 1/2 (Grip1/2) and 
metabotropic glutamate receptor 5 
(mGluR5)

Cerebellin-2 (Cbln2)

Dopamine receptor 3 (D3)

SH3 and multiple ankyrin repeat 
domains (Shank)

Glutamic acid decarboxylase-67 
(Gad67)

SAP90/PSD95-associated protein 3 
(Sapap3)

Species
Mouse

Rat

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Effects on grooming behavior
Activation of PVHMc4R→LSv projections promoted stress-related self-grooming 

(Xu et al., 2023)

Infusions of CRF1/CRF2 agonist urocortin into the LS enhanced grooming (Bakshi 
et al., 2007)

Photoexcitation of VGluT2-expressing neurons increased self-grooming (Johnson 
et al., 2021)

VMAT2-conditioned knockout mice exhibited excessive grooming (Petrelli et al., 
2023)

Activation of Tac1-expressing neurons in the lateral and ventrolateral PAG 
(l/vlPAG) triggered robust grooming (Gao et al., 2019)

Loss of Grip1/2 in cerebellar PCs led to AMPAR-trafficking defects in these 
neurons and disturbances of mGluR5 signaling in cerebellum, which resulted 
in increased grooming (Mejias et al., 2019)

Inactivation of Cbln2+ Sp5C neurons prevented orofacial grooming while 
activation of these neurons induced forelimb movements resembling 
orofacial grooming (Xie et al., 2022)

Optogenetic activation of D3 neurons triggered robust grooming while 
inhibition or ablation of these neurons remarkably decreased total grooming 
time (Zhang et al., 2021)

Shank1-mutant mice showed slightly increased grooming as adults, but not as 
juveniles (Sungur et al., 2014); Shank2-mutant females but not males showed 
elevated duration of grooming bouts (Schmeisser et al., 2012); Shank3-mutant 
mice had increased duration of grooming bouts (Peça et al., 2011; Wang et al., 
2011; Yang et al., 2012)

Gad67-deficient mice exhibited enhanced stereotypic grooming (Zhang et al., 2014)

Sapap3-mutant mice showed robust increased grooming which could be rescued 
by Sapap3 re-expression in the striatum (Welch et al., 2007; Wan et al., 2014)

PVH, paraventricular hypothalamus; LSv, ventral lateral septum (LS); PAG, periaqueductal gray; PCs, Purkenje cells; AMPAR, α-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor; Sp5C, caudal part of the spinal trigeminal nucleus; SAP90, synapse-associated 
protein 90; PDP95, postsynaptic density protein 95.
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are probably due to distinct experimental manipulations 
recruited as well as different subregions of OFC studied. 
In addition, it is noteworthy that, in a vesicular mono‐
amine transporter 2 (VMAT2)-conditioned knockout 
mouse model, mice exhibited excessive grooming be‐
havior accompanied by a pronounced reduction of 
dopamine levels in the mPFC (Petrelli et al., 2023) 
(Table 1), implying that dopamine release control in 
the PFC is one potentially vital factor for orchestrat‐
ing grooming behavior.

The hypothalamus is another crucial limbic brain 
area that is heavily implicated in the control of rodent 
grooming behavior (Roeling et al., 1993). The hypo‐
thalamus is traditionally considered as the “grooming 
center” in the brain, and the hypothalamic “grooming 
area” consists of parts of the hypothalamic paraven‐
tricular nucleus and parts of the dorsal hypothalamic 
area, as well as of the tuberomammillary nucleus 
(TMN), which probably interacts intensely with other 
grooming-related circuitries in the brain (Roeling et al., 
1993; Rapanelli et al., 2017). For example, the PVH 
and MeApd are reciprocally connected, and the latter 
is an important brain area that plays key roles in modu‐
lating grooming behavior in mice (Roeling et al., 1993; 
Hong et al., 2014). Additionally, specific ablation 
or chemogenetic silencing of histaminergic neurons 
in the TMN of the hypothalamus remarkably enhances 
grooming behavior in mice and concomitantly ele‐
vates markers of neuronal activity in both the dorsal 
striatum and the mPFC. Further experiments delineate 
that the TMN to dorsal striatum pathway takes charge 
of the modulation of grooming behavior while the 
TMN to mPFC underlies the increased locomotion ef‐
fect but not the grooming control (Rapanelli et al., 
2017). The interaction between the hypothalamus and 
the pituitary system is also engaged in the regulation 
of grooming behavior via specific hormones such as 
the stress-related peptides corticotropin-releasing hor‐
mone (CRH), adrenocorticotropic hormone (ACTH) 
(Dunn et al., 1979, 1987), testosterone, prolactin, and 
corticosterone (Kruk et al., 1998). This evidence indi‐
cates that the hypothalamus, via its broad connections 
with other grooming-related brain centers and acting as 
a crossroads, is a far underappreciated brain region that 
integrates the neural and endocrine regulation of groom‐
ing behavior (Spruijt et al., 1992; Kruk et al., 1998).

The brainstem circuitry is also engaged in the or‐
chestration of grooming behavior in rodents, especially 

playing an indispensable role in the execution of fully 
patterned grooming sequences (Berridge, 1989; Kal‐
ueff et al., 2016). It is reported that the optogenetic 
stimulation of lateral rostral medulla neurons project‐
ing to the dorsal part of the medullary reticular forma‐
tion induces grooming behavior or hand-to-mouth 
movements in mice (Ruder et al., 2021), in which the 
induced grooming behavior seems unnatural and is 
not similar to normal self-grooming behavior. The 
PAG, as the other key subregion of the brainstem 
structure, also has an important role in grooming con‐
trol. The activation of tachykinin 1 (Tac1)-expressing 
neurons in the lateral and ventrolateral PAG (l/vlPAG) 
triggers robust spontaneous scratching and grooming 
behaviors (Gao et al., 2019) (Table 1). As another po‐
tentially underlying mechanism, the PAG may modu‐
late grooming behavior via interacting with distinct 
peptide components such as the ACTH and the sub‐
stance P, which could trigger excessive grooming be‐
havior by local infusion into the dorsal part of the 
PAG in rats (Spruijt et al., 1986; Aguiar and Brandão, 
1994). Arginine vasopressin (AVP) produces enhanced 
grooming behavior in golden hamsters (Cormier et al., 
2015), and the luteinizing hormone-releasing hormone 
(LHRH), as well as and the bombesin (BBS), produces 
enhanced grooming behavior in rats (Kyrkouli et al., 
1987; Gargiulo and Donoso, 1989), when locally ap‐
plied to the PAG. As another key component of the 
brainstem, the rostral pons is also engaged in groom‐
ing behavior. The MPL is located in the rostral pons, 
and the excitatory somatostatin-positive neurons in 
the MPL could bidirectionally regulate grooming be‐
havior in mice via the CeA-MPL-VTA pathway (Sun 
et al., 2022). The aforementioned evidence reveals 
that distinct components of the brainstem are all ac‐
tively involved in the regulation of grooming behav‐
ior, and further highlights the paramount role of the 
brainstem in the control of this stereotypical and re‐
petitive behavior in rodents.

The brainstem, as a hub, connects the cerebrum 
to the cerebellum and the spinal cord, and the latter 
two are involved in grooming control. A circuitry link‐
ing the cerebellum and the mPFC, starting from the 
cerebellar cortical areas right crus 1 (Rcrus1) and pos‐
terior vermis through the cerebellar nuclei and ventro‐
medial thalamus, and culminating in the mPFC, has 
been documented as regulating grooming behavior 
in mice. This reveals that the inhibition of Rcrus1 

846



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(10):841-856    |

Purkenje cells (PCs) induces both social impairments 
and grooming behavior, which, however, could not be 
rescued by the gain-of-function of Rcrus1 PCs (Kelly 
et al., 2020). These results suggest that dysfunctions 
of PCs in the cerebellum are closely related to abnor‐
mal grooming behavior. Mejias et al. (2019) demon‐
strated that the loss of glutamate receptor-interacting 
proteins 1/2 (Grip1/2) in cerebellar PCs leads to 
α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic 
acid (AMPA) receptor (AMPAR)-trafficking defects 
in these neurons and disturbances of metabotropic glu‐
tamate receptor 5 (mGluR5) signaling in the cerebel‐
lum, which, in the end, results in increased repetitive 
grooming behavior in mice (Table 1). This finding 
suggests a potentially crucial role of mGluR5 in the 
orchestration of grooming behavior, which is supported 
by the evidence that the administration of 2-methyl-6-
phenylethyl-pyrididine (MPEP), the mGluR5 antagon‑
ist, could significantly alleviate grooming behavior in 
valproic acid (VPA)-treated mice (Mehta et al., 2011). 
Similarly, the spinal cord-related neural circuits are 
also engaged in modulating grooming behavior. In the 
caudal part of the spinal trigeminal nucleus (Sp5C), 
cerebellin-2-positive (Cbln2+)-expressing neurons re‐
cruit a neural pathway via projections to the cervical 
spinal cord to bidirectionally regulate repetitive orofa‐
cial grooming in mice. Moreover, the inactivation of 
Cbln2+ Sp5C neurons prevents both sensory-evoked 
and stress-induced repetitive orofacial grooming while 
the activation of these neurons induces short-latency 
repetitive forelimb movements resembling orofacial 
grooming (Xie et al., 2022) (Table 1), uncovering a 
brain-to-spinal sensorimotor loop for repetitive groom‐
ing in mice.

In addition to the aforementioned brain areas, 
the basal ganglia is also involved in the patterning 
and execution of grooming behavior (Cromwell and 
Berridge, 1996; Aldridge et al., 2004; Graybiel, 2008; 
Burguière et al., 2015; Graybiel and Grafton, 2015; 
Rapanelli et al., 2017; Yu et al., 2018). Different stria‐
tal subregions and their downstream targets play dis‐
tinct roles in the regulation of grooming behavior. Le‐
sions to the dorsolateral striatum dramatically reduce 
syntax completion without affecting total grooming 
time, while lesions to the ventral pallidum, a down‐
stream target of the ventral striatum, decrease total 
grooming time without affecting syntax completion 
(Cromwell and Berridge, 1996). Electrophysiological 
recordings in the dorsolateral striatum in rats reveal 

that neurons in this area are responsible for the entire 
grooming sequence pattern as a whole, especially fir‐
ing in terminal phases. These neurons could discrim‐
inate between the sequential pattern and those same 
grooming movements produced in distinct phases out‐
side of the syntactic chain (Aldridge et al., 1993; Al‐
dridge and Berridge, 1998; Meyer-Luehmann et al., 
2002). In contrast, neural activity in the substantia 
nigra pars reticulata, the other important component of 
the basal ganglia, appears to take charge of the initi‑
ation of the pattern, responding especially to the onset 
of chains (Meyer-Luehmann et al., 2002). In addition, 
as a key subregion of the ventral striatum and a main 
member of the olfactory cortices, the olfactory tuber‐
cle (OT) plays a crucial role in the regulation of 
grooming behavior. Our recent work shows that the 
ventral striatal islands of Calleja D3 neurons bidirec‐
tionally control grooming behavior in mice (Zhang 
et al., 2021). Optogenetic activation of OT D3 neurons 
triggers robust grooming behavior with short onset 
latency while the inhibition or ablation of these 
neurons remarkably decreases total grooming time, in‐
dicating a novel role of ventral striatal D3 neurons in 
the regulation of grooming behavior in mice. Taken 
together, this evidence suggests that distinct com‐
ponents of the basal ganglia work cooperatively in the 
initiation and organization of sequential patterns of 
grooming, rather than just implementing the elemen‐
tary component movements within a pattern.

Last but not least, historic studies indicate that 
rodents display a sexual dimorphic phenotype in 
grooming behavior (Moore, 1986; Thor et al., 1988; 
Hill et al., 2007; Schmeisser et al., 2012). When adult 
Long-Evans hooded rats are exposed to a novel juven‑
ile conspecific, males perform substantially greater 
self-grooming behaviors than females (Thor et al., 
1988). There is evidence showing that the difference 
in testosterone availability during the peripubertal 
period is one primary reason accounting for the sex dif‐
ferences in the self-grooming behavior of rats (Moore, 
1986). Moreover, in an aromatase knockout (ArKO) 
mouse model that is deficient of estrogen, males but 
not females develop excessive grooming behavior 
(Hill et al., 2007). This evidence suggests a hormonal 
basis for a sex dimorphic effect on grooming behav‐
ior. In addition, a dysfunctional synapse is one poten‐
tial factor inducing sex differences in grooming behav‐
ior. For example, SH3 and multiple ankyrin repeat 
domains (Shank2), as a member of the Shank family 
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of synaptic proteins, plays a role in synaptogenesis, 
and Shank2-mutant females but not males exhibit an 
elevated duration of grooming bouts (Schmeisser et al., 
2012). Unfortunately, relatively little information is 
available pertaining to the neural circuits underlying 
sex differences in grooming behavior, and more further 
work is warranted.

3 Grooming behavior and neuropsychiatric 
disorders 

Repetitive behavior is a typical phenotype of some 
neuropsychiatric disorders including, but not limited 
to, autism spectrum disorder (ASD) and obsessive 
compulsive disorder (OCD). Grooming, as a repeti‐
tive behavior, is also frequently observed in humans 
and, to some extent, self-grooming in humans is simi‐
lar to that seen in other animals (Cohen-Mansfield 
and Jensen, 2007; Prokop et al., 2014). In humans, 
grooming behavior, such as care-of-body-surface via 
applying cosmetics to the skin, plays a crucial role in 
body surface maintenance, and it is traditionally con‐
sidered as providing functional and aesthetic benefits—
we keep clean and we look good (McGlone et al., 
2016). Nowadays, humans spend more time auto-
grooming, for example, washing, bathing, haircutting, 
etc., and humans seem to deviate from other primates 
by shifting their grooming from pure hygiene mainten‑
ance to beautification, reflecting reduced hygienic 
need and increased investment in mate attraction 
(Jaeggi et al., 2017). It is noteworthy that human self-
grooming behavior can become pathological, for ex‐
ample, during stressful conditions or in certain neuro‐
psychiatric disorders (Golani and Fentress, 1985; 
Berridge et al., 1987; Berridge and Aldridge, 2000; 
Kalueff et al., 2007; Ahmari et al., 2013; Roth et al., 
2013) including ASD and OCD. It is generally accept‐
able that grooming behaviors in rodents can be used 
to model normal or pathological human grooming be‐
haviors (Feusner et al., 2009). In addition, grooming 
behavior abnormalities are usually common symptoms 
in some rodent models of anxiety and depression 
(Smolinsky et al., 2009; Kalueff et al., 2016). There‐
fore, grooming may be a useful measure of repetitive 
behavior in rodent models of neuropsychiatric dis‑
orders, and is accordingly endowed with the value of 
translational psychiatry (Kalueff et al., 2016).

The inbred BTBR T+ tf/J (BTBR) mouse strain 
exhibits increased repetitive grooming behavior and 
abnormal behaviors that resemble the symptoms of 
ASD (Amodeo et al., 2014). The enhanced grooming 
in these BTBR mice could be improved via pharma‐
cological reagents such as the muscarinic cholinergic 
receptor (mAChR) agonist, oxotremorine (Amodeo 
et al., 2014), and the glutamatergic metabotropic 
mGluR5 receptor antagonist, methyl-6-phenylethynyl-
pyridine (MPEP) (Silverman et al., 2010), as well as 
the selective negative allosteric modulator of the 
mGluR5 receptor, 4-difluoromethoxy-3-(pyridine-2-
ylethynyl)phenyl)5H-pyrrolo[3,4-b]pyridine-6(7H)-yl 
methanone (GRN-529) (Silverman et al., 2012). Inter‐
estingly, though co-rearing with a non-ASD strain 
(C57BL/6J) corrected social deficits in BTBR mice, 
it failed to rescue the heightened grooming behavior 
(Yang et al., 2011), raising the possibility that the ASD-
like behavior, repetitive grooming, may be regulated by 
distinct brain areas with different mechanisms which 
are probably discrepant to those of social deficits.

Mice with mutations in Shank genes also dis‐
play aberrant grooming behavior (Schmeisser, 2015). 
For example, Shank1-mutant mice show slightly in‐
creased levels of grooming behavior as adults, but not 
as juveniles (Sungur et al., 2014). Shank2-mutant 
mice demonstrate sexual dimorphic effects on groom‐
ing behavior, with females but not males showing an 
elevated duration of grooming bouts (Schmeisser et al., 
2012). Interestingly, the influence of the Shank2 muta‐
tion on grooming behavior is context-dependent, with 
enhanced grooming during a novel object recognition 
test but not the open field test (Won et al., 2012). 
Similarly, Shank3-mutant mice exhibit an increased 
duration of grooming bouts (Peça et al., 2011; Wang 
et al., 2011; Yang et al., 2012) (Table 1). These results 
reveal that the Shank-mutant mice are good models 
of ASD. Moreover, glutamic acid decarboxylase-67 
(Gad67) is the GABA-synthesizing enzyme. Gad67-
deficient mice show enhanced stereotypic grooming 
behavior and impaired spatial learning and social 
behavior, resembling symptoms of ASD (Zhang 
et al., 2014) (Table 1), suggesting that altered striatal 
GABAergic activity could be involved in ASD-related 
deficits such as aberrant grooming (Centonze et al., 
2008; Chao et al., 2010).

Excessive grooming is also a key characteristic 
of some forms of OCD (Graybiel and Saka, 2002; 
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Parolari et al., 2021). Sapap3-mutant mice show robust 
increased grooming which could be rescued by Sapap3 
re-expression in the striatum (Welch et al., 2007; Wan 
et al., 2014) (Table 1). In rodents, since SAPAP3 is 
primarily expressed in the striatal glutamatergic syn‐
apses, and the striatum is a key brain region heavily 
engaged in the regulation of grooming, it is not sur‐
prising that mutations of Sapap3-induced neural sub‐
strates are responsible for the modulation of grooming 
behavior in these mutant models. This is supported 
by the finding that optogenetic stimulation of the 
orbitofronto-striatal pathway is sufficient to correct 
the excessive grooming behavior observed in the 
Sapap3-mutant mice (Burguière et al., 2013, 2015; 
Ahmari and Dougherty, 2015; Monteiro and Feng, 
2016). Moreover, even in wild-type mice, grooming 
behavior is remarkably enhanced via repeatedly stimu‑
lating a nearby part of the OFC (Ahmari et al., 2013). 
This evidence further emphasizes the crucial role of 
corticostriatal circuits in the modulation of grooming 
behavior in rodents, which is undoubtedly useful for 
modelling compulsions in humans with OCD, and 
even related mental disorders. In addition to OCD and 
ASD, abnormal grooming behaviors are also depicted 
in some other models of neuropsychiatiric disorders 
such as Alzheimer’s disease (AD) (Várkonyi et al., 
2022) and Parkinson’s disease (Paumier et al., 2013). 
For example, in a triple-transgenic mouse (3×Tg-AD) 
model of AD, it was found that the four-month-old 
3×Tg-AD animals spent more time engaging in groom‐
ing behavior than the controls (Várkonyi et al., 2022). 
In contrast, in the Parkinson’s disease model, A53T-
mutant mice show ameliorated grooming behavior 
before the occurrence of parkinsonian-like pheno‐
types (Paumier et al., 2013). This evidence implies 
that grooming behavior acts as a common behavioral 
hallmark of these disorder models but with large 
variances.

Aberrant grooming behavior is also observed in 
rodent models of anxiety and depression (Smolinsky 
et al., 2009; Kalueff et al., 2016). Abnormal grooming 
behavior could be triggered by acute stressors (Ro‐
dríguez Echandía et al., 1987; Spruijt et al., 1987, 
1988; Kalueff and Tuohimaa, 2004; Brodkin et al., 
2014) and chronic anxiogenic states (Kalueff and Tuo‐
himaa, 2004; Kalueff et al., 2007; Estanislau et al., 
2013), and therefore it is considered a useful measure 
of stress or anxiety in a variety of experimental models 

and tests (Kalueff et al., 2007). Acute stress usually in‐
duces anxiety-like behaviors in rodents (Smolinsky 
et al., 2009). However, distinct acute stressors exert 
different effects on grooming behavior. In rats, both 
foot shock and the acute administration of the stress 
hormone corticosterone alleviate grooming behavior 
while novelty habituation produces the opposite effect 
(Rojas-Carvajal et al., 2023). Interestingly, acute stress 
via footshock mildly ameliorates complex grooming 
sequences while increasing cephalic grooming behav‐
ior (Rojas-Carvajal and Brenes, 2020), indicating that 
acute stress differentially affects grooming subtypes. 
Novelty stress induced by exposing rodents to an un‐
familiar environment usually evokes high levels of 
grooming behavior (File et al., 1988; Kalueff and Tuo‐
himaa, 2005a), and stronger stressors, for example, a 
5-min pre-exposure to a predator or a bright light, 
also elicit robust grooming behavior in rodents (File 
et al., 1988; Kalueff and Tuohimaa, 2004, 2005b). 
Generally, the grooming microstructure of mice is 
considered a reliable anxiety marker, and could be 
leveraged as a valuable tool in the behavioral pharma‐
cology of anxiety (Kalueff and Tuohimaa, 2005c). 
For example, zinc finger protein 462 (Zfp462)-mutant 
mice demonstrate anxiety-like behaviors with exces‐
sive grooming behavior (Wang et al., 2017), provid‐
ing a useful tool to pinpoint potential therapeutic tar‐
gets for anxiety and screen anti-anxiety drugs. With the 
development of more ethologically based measures of 
anxiety, abnormal grooming behavior has been utilized 
to comprehensively understand the behavioral profile 
of mouse strains in anxiety tests (Rodgers et al., 1997; 
Carobrez and Bertoglio, 2005).

The analysis of rodent grooming behavior not 
only serves as a powerful way to study animal stress 
and anxiety, but also provides an avenue for investi‐
gating depression (Smolinsky et al., 2009). In mouse 
models of depression, mice exhibit remarkably de‐
creased grooming behavior in the sucrose splash test 
(Santarelli et al., 2003), reflecting self-care difficulties 
in these animals. Aberrant grooming behavior in ro‐
dents could reliably mirror symptoms in patients with 
depression. For example, grooming patterning rigidity 
in rodents is similar to behavioral perseveration in de‐
pression patients, and reduced grooming activity could, 
to some extent, reflect the anhedonia and poor hygiene 
state of patients suffering from depression (American 
Psychiatric Association, 2013). Compared to acute 
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stress, chronic mild stress is generally used to induce 
animal models of depression. Distinct from the “acute” 
nature of anxiety-induced grooming responses, the ef‐
fects of depression on grooming behavior are delayed 
and somewhat less obvious (Smolinsky et al., 2009). 
Moreover, the effect of chronic mild stress on animal 
grooming behavior is, to some extent, controversial. 
Some researchers demonstrated that chronic mild stress 
ameliorates grooming (Piato et al., 2008; Wang et al., 
2008), while other studies showed that the chronic ap‐
plication of strong stressors, such as olfactobulbectomy 
or peripheral anosmia, could trigger a remarkable in‐
crease in grooming behavior (Iu Makarchuk, 1999; Iu 
Makarchuk and Zyma, 2002). The discrepancies be‐
tween acute and chronic stress-induced emotional state 
changes, accompanied by abnormal grooming behav‐
iors in rodents, are probably, to some extent, due to 
varied stress levels affecting distinct brain regions and/
or different neurotransmitters (Adell et al., 1988; 
Hellriegel and D'Mello, 1997; Jankord and Herman, 
2008).

4 Grooming behavior and other diseases 

Apart from acting as a hallmark of some neuro‐
psychiatric disorders, aberrant grooming behavior also 
occurred in a rodent model of some other diseases 
including, but not limited to, Tourette’s syndrome 
(Taylor et al., 2010), Huntington’s disease (Hickey 
et al., 2002; Scattoni et al., 2004; Steele et al., 2007; 
André et al., 2011), and familial Danish dementia 
(Vidal et al., 2009), as well as Krabbe disease (Scruggs 
et al., 2013). For example, in a quinolinic acid injection-
induced rat model of Huntington’s disease, abnormal 
hyper-grooming was observed in the early stages of 
the disease (Scattoni et al., 2004). In addition, abnor‐
mal grooming behavior is frequently observed in ro‐
dent models of itch and pain. It is demonstrated that 
house dust mite allergen-induced scratching behavior 
(itch) is positively correlated with grooming behavior 
in BALB/c mice (Anggraeni et al., 2023). Similarly, the 
activation of Tac1-expressing glutamatergic neurons 
in the l/vlPAG triggers robust spontaneous scratching 
and grooming behaviors (Gao et al., 2019). This evi‐
dence suggests that unnatural grooming behavior is 
probably an accompanied behavior of itch-induced 
scratching behavior and could, to some extent, be con‐
sidered a derivative of the latter. Pain is also closely 

associated with grooming behavior in rodents. Groom‐
ing is one kind of surrogate behavior that is used to 
indirectly assess painful states, which can be achieved 
through the grooming transfer test (Turner et al., 2019) 
and facial grooming method (Liu et al., 2023). De‐
spite aforementioned evidence, it is worth noting that, 
in rodents, itch behavior is distinct from pain or groom‐
ing (Meixiong and Dong, 2017). Moreover, abnormal 
grooming behavior is also reported in a rodent model 
of some other neurodegenerative diseases (Glynn 
et al., 2005; Bubeníková -Valesováet al., 2006) and 
even cancers such as gastric cancer (Heideman et al., 
2004; Song et al., 2010). It is disclosed that female se‐
vere combined immune-deficient mice inoculated intra‑
peritoneally with human gastric cancer cells de‑
velop peritoneal tumors and exhibit poor grooming 
behavior (Song et al., 2010). Collectively, this evi‐
dence suggests that grooming behavior is an avail‐
able and useful measurement for modelling various 
neurodegenerative disorders and even other diseases 
including cancers, and also for uncovering corre‐
sponding pathobiological mechanisms.

5 Perspectives and concluding remarks 

Although great advances have been made in un‐
derstanding the neurobiology of grooming behavior in 
the past few decades, much more work is still war‐
ranted, given the high level of behavioral complexity 
and organization of this evolutionarily conserved be‐
havior. Several key research questions remain to be 
addressed: (1) How can we develop more automated 
paradigms/platforms to analyze grooming behavior in 
a more precise, objective, and efficient way? (2) What 
are the exact neuromorphological endophenotypes of 
corresponding brain regions under both normal and 
aberrant grooming behaviors? (3) How do environ‐
mental factors interact with genes specifically pertain‐
ing to grooming behavior? (4) What are the potential 
associations between the distinctly paralleled neural 
circuits responsible for grooming behavior? (5) How do 
we apply large-scale bioinformatics and pathway ana‑
lyses to study the complex grooming microstructure?

Research on rodent grooming behavior, especially 
dissecting the neural substrates responsible for this 
evolutionarily conserved behavior, has provided valu‐
able information on the pathophysiology of some 
neuropsychiatric disorders and neurodegenerative 
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diseases and, therefore, has great value for transla‐
tional psychiatry. In the future, it will be very help‐
ful to develop more rodent models of grooming that 
could be easily manipulated, allowing for a thorough 
examination of human-related diseases and the un‐
derlying mechanisms. Meanwhile, conducting more 
elaborate investigations on neural circuitries, genetic 
determinants, and associated molecular pathways per‐
taining to grooming behavior from different view‐
points, using a combination of multiple cutting-edge 
techniques, will undoubtedly provide important in‐
sights into how complex behaviors are regulated by the 
brain under both normal and pathological conditions.

Data availability statement
All data supporting the findings of this study are avail‐

able within the paper.

Acknowledgments
This work was supported by the National Natural Sci‐

ence Foundation of China (No. 82371515), the Talent Initi‐
ation BaiRen Plan Start-up Funds (No. E251F811), and the 
State Key Laboratory of Integrated Management of Pest Insects 
and Rodents (No. IPM2301), China.

Author contributions
Yiqun YU, Zhenshan WANG, and Yun-Feng ZHANG 

designed and supervised the project. All authors were involved 
in collecting related references, drafting subsections individually/
cooperatively, and preparing the manuscript. Guanqing LI and 
Chanyi LU were involved in organizing the manuscript and 
engaged in the preparation of all subsections. Miaomiao YIN, 
Peng WANG, Pengbo ZHANG, Jialiang WU, and Wenqiang 
WANG took charge of subsections 1 and 2. Ding WANG, 
Mengyue WANG, Jiahan LIU, and Xinghan LIN works on 
subsections 3 and 4. Jianxu ZHANG works on subsection 5 
and cooperated with other authors to modify the table and 
the figure. All authors have read and approved the final 
manuscript.

Compliance with ethics guidelines
Guanqing LI, Chanyi LU, Miaomiao YIN, Peng WANG, 

Pengbo ZHANG, Jialiang WU, Wenqiang WANG, Ding 
WANG, Mengyue WANG, Jiahan LIU, Xinghan LIN, Jian-
Xu ZHANG, Zhenshan WANG, Yiqun YU, and Yun-Feng 
ZHANG declare that they have no conflict of interest.

This article does not contain any studies with human or 
animal subjects performed by any of the authors.

References
Adell A, Garcia-Marquez C, Armario A, et al., 1988. Chronic 

stress increases serotonin and noradrenaline in rat brain 

and sensitizes their responses to a further acute stress. J 
Neurochem, 50(6):1678-1681. 
https://doi.org/10.1111/j.1471-4159.1988.tb02462.x

Aguiar MS, Brandão ML, 1994. Conditioned place aversion 
produced by microinjections of substance P into the peri‐
aqueductal gray of rats. Behav Pharmacol, 5(3):369-373.
https://doi.org/10.1097/00008877-199406000-00017

Ahmari SE, Dougherty DD, 2015. Dissecting OCD circuits: 
from animal models to targeted treatments. Depress Anx‐
iety, 32(8):550-562. 
https://doi.org/10.1002/da.22367

Ahmari SE, Spellman T, Douglass NL, et al., 2013. Repeated 
cortico-striatal stimulation generates persistent OCD-like 
behavior. Science, 340(6137):1234-1239. 
https://doi.org/10.1126/science.1234733

Aldridge JW, 2005. Grooming. In: Whishaw IQ, Kolb B 
(Eds.), The Behaviour of the Laboratory Rat: A Hand‐
book with Tests. MIT Press, Cambridge, p.141-149.

Aldridge JW, Berridge KC, 1998. Coding of serial order by 
neostriatal neurons: a “natural action” approach to move‐
ment sequence. J Neurosci, 18(7):2777-2787. 
https://doi.org/10.1523/JNEUROSCI.18-07-02777.1998

Aldridge JW, Berridge KC, Herman M, et al., 1993. Neuronal 
coding of serial order: syntax of grooming in the neostri‐
atum. Psychol Sci, 4(6):391-395. 
https://doi.org/10.1111/j.1467-9280.1993.tb00587.x

Aldridge JW, Berridge KC, Rosen AR, 2004. Basal ganglia 
neural mechanisms of natural movement sequences. Can 
J Physiol Pharmacol, 82(8-9):732-739. 
https://doi.org/10.1139/y04-061

Alò R, Avolio E, Mele M, et al., 2015. Central amygdalar nu‐
cleus treated with orexin neuropeptides evoke differing 
feeding and grooming responses in the hamster. J Neurol 
Sci, 351(1-2):46-51. 
https://doi.org/10.1016/j.jns.2015.02.030

American Psychiatric Association, 2013. Diagnostic and Stat‑
istical Manual of Mental Disorders, 5th Ed. American 
Psychiatric Publishing, Washington, USA.

Amodeo DA, Yi JL, Sweeney JA, et al., 2014. Oxotremorine 
treatment reduces repetitive behaviors in BTBR T+ tf/J 
mice. Front Synaptic Neurosci, 6:17. 
https://doi.org/10.3389/fnsyn.2014.00017

André VM, Cepeda C, Fisher YE, et al., 2011. Differential 
electrophysiological changes in striatal output neurons in 
Huntington’s disease. J Neurosci, 31(4):1170-1182. 
https://doi.org/10.1523/JNEUROSCI.3539-10.2011

Anggraeni S, Triesayuningtyas DC, Endaryanto A, et al., 2023. 
Correlation between grooming and scratching behavior 
in BALB/c mice related to itch sensation caused by house 
dust mite allergen. J Pakistan Assoc Dermatol, 33(2):
579-586.

Bakshi VP, Newman SM, Smith-Roe S, et al., 2007. Stimula‐
tion of lateral septum CRF2 receptors promotes anorexia 
and stress-like behaviors: functional homology to CRF1 
receptors in basolateral amygdala. J Neurosci, 27(39):
10568-10577. 

851



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(10):841-856

https://doi.org/10.1523/JNEUROSCI.3044-06.2007
Berntson GG, Jang JF, Ronca AE, 1988. Brainstem systems 

and grooming behaviors. Ann N Y Acad Sci, 525(1):350-
362. 
https://doi.org/10.1111/j.1749-6632.1988.tb38619.x

Berridge KC, 1989. Progressive degradation of serial groom‐
ing chains by descending decerebration. Behav Brain Res, 
33(3):241-253. 
https://doi.org/10.1016/s0166-4328(89)80119-6

Berridge KC, Whishaw IQ, 1992. Cortex, striatum and cere‐
bellum: control of serial order in a grooming sequence. 
Exp Brain Res, 90(2):275-290. 
https://doi.org/10.1007/BF00227239

Berridge KC, Aldridge JW, 2000. Super-stereotypy II: en‐
hancement of a complex movement sequence by intra‐
ventricular dopamine D1 agonists. Synapse, 37(3):205-215.
https://doi.org/10.1002/1098-2396(20000901)37:3<205::
AID-SYN4>3.0.CO;2-A

Berridge KC, Fentress JC, Parr H, 1987. Natural syntax rules 
control action sequence of rats. Behav Brain Res, 23(1):
59-68. 
https://doi.org/10.1016/0166-4328(87)90242-7

Berridge KC, Aldridge JW, Houchard KR, et al., 2005. Se‐
quential super-stereotypy of an instinctive fixed action pat‐
tern in hyper-dopaminergic mutant mice: a model of obses‐
sive compulsive disorder and Tourette’s. BMC Biol, 3:4.
https://doi.org/10.1186/1741-7007-3-4

Bolles RC, 1960. Grooming behavior in the rat. J Comp 
Physiol Psychol, 53(3):306-310. 
https://doi.org/10.1037/h0045421

Brodkin J, Frank D, Grippo R, et al., 2014. Validation and im‐
plementation of a novel high-throughput behavioral phe‐
notyping instrument for mice. J Neurosci Methods, 224:
48-57. 
https://doi.org/10.1016/j.jneumeth.2013.12.010

Bubeníková-Valesová V, Balcar VJ, Tejkalová H, et al., 2006. 
Neonatal administration of N-acetyl-L-aspartyl-L-glutamate 
induces early neurodegeneration in hippocampus and al‐
ters behaviour in young adult rats. Neurochem Int, 48(6-7):
515-522. 
https://doi.org/10.1016/j.neuint.2006.01.019

Burguière E, Monteiro P, Feng GP, et al., 2013. Optogenetic 
stimulation of lateral orbitofronto-striatal pathway sup‐
presses compulsive behaviors. Science, 340(6137):1243-
1246. 
https://doi.org/10.1126/science.1232380

Burguière E, Monteiro P, Mallet L, et al., 2015. Striatal cir‐
cuits, habits, and implications for obsessive-compulsive 
disorder. Curr Opin Neurobiol, 30:59-65. 
https://doi.org/10.1016/j.conb.2014.08.008

Carobrez AP, Bertoglio LJ, 2005. Ethological and temporal 
analyses of anxiety-like behavior: the elevated plus-maze 
model 20 years on. Neurosci Biobehav Rev, 29(8):1193-
1205.
https://doi.org/10.1016/j.neubiorev.2005.04.017

Centonze D, Rossi S, Mercaldo V, et al., 2008. Abnormal striatal 

GABA transmission in the mouse model for the fragile 
X syndrome. Biol Psychiatry, 63(10):963-973. 
https://doi.org/10.1016/j.biopsych.2007.09.008

Chao HT, Chen HM, Samaco RC, et al., 2010. Dysfunction in 
GABA signalling mediates autism-like stereotypies and 
Rett syndrome phenotypes. Nature, 468(7321):263-269. 
https://doi.org/10.1038/nature09582

Cohen-Mansfield J, Jensen B, 2007. Dressing and grooming: 
preferences of community-dwelling older adults. J Geron‐
tol Nurs, 33(2):31-39. 
https://doi.org/10.3928/00989134-20070201-07

Cormier HC, Della-Maggiore V, Karatsoreos IN, et al., 2015. 
Suprachiasmatic vasopressin and the circadian regulation 
of voluntary locomotor behavior. Eur J Neurosci, 41(1):
79-88. 
https://doi.org/10.1111/ejn.12637

Cromwell HC, Berridge KC, 1996. Implementation of action 
sequences by a neostriatal site: a lesion mapping study 
of grooming syntax. J Neurosci, 16(10):3444-3458. 
https://doi.org/10.1523/JNEUROSCI.16-10-03444.1996

Dunn AJ, 1988. Studies on the neurochemical mechanisms 
and significance of ACTH-induced grooming. Ann N Y 
Acad Sci, 525(1):150-168. 
https://doi.org/10.1111/j.1749-6632.1988.tb38603.x

Dunn AJ, Green EJ, Isaacson RL, 1979. Intracerebral adreno‐
corticotropic hormone mediates novelty-induced groom‐
ing in the rat. Science, 203(4377):281-283. 
https://doi.org/10.1126/science.216073

Dunn AJ, Berridge CW, Lai YI, et al., 1987. CRF-induced ex‐
cessive grooming behavior in rats and mice. Peptides, 8(5):
841-844. 
https://doi.org/10.1016/0196-9781(87)90069-6

Estanislau C, Díaz-Morán S, Cañete T, et al., 2013. Context-
dependent differences in grooming behavior among the 
NIH heterogeneous stock and the Roman high- and low-
avoidance rats. Neurosci Res, 77(4):187-201. 
https://doi.org/10.1016/j.neures.2013.09.012

Fentress JC, 1968a. Interrupted ongoing behaviour in two spe‐
cies of vole (Microtus agrestis and Clethrionomys britan‐
nicus). I. Response as a function of preceding activity 
and the context of an apparently ‘irrelevant’ motor pat‐
tern. Anim Behav, 16(1):135-153. 
https://doi.org/10.1016/0003-3472(68)90124-3

Fentress JC, 1968b. Interrupted ongoing behaviour in two spe‐
cies of vole (Microtus agrestis and Clethrionomys britan‐
nicus). II. Extended analysis of motivational variables 
underlying fleeing and grooming behaviour. Anim Behav, 
16(1):154-167. 
https://doi.org/10.1016/0003-3472(68)90125-5

Ferkin MH, Leonard ST, 2010. Self-grooming as a form of ol‐
factory communication in meadow voles and prairie voles 
(Microtus spp.). In: Kalueff AV, la Porte JL, Bergner CL 
(Eds.), Neurobiology of Grooming Behavior. Cambridge 
University Press, Cambridge, p.19-45. 
https://doi.org/10.1017/CBO9780511676109.003

Feusner JD, Hembacher E, Phillips KA, 2009. The mouse who 

852



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(10):841-856    |

couldn’t stop washing: pathologic grooming in animals 
and humans. CNS Spectr, 14(9):503-513. 
https://doi.org/10.1017/s1092852900023567

File SE, Mabbutt PS, Walker JH, 1988. Comparison of adaptive 
responses in familiar and novel environments: modulatory 
factors. Ann N Y Acad Sci, 525(1):69-79. 
https://doi.org/10.1111/j.1749-6632.1988.tb38596.x

Gao ZR, Chen WZ, Liu MZ, et al., 2019. Tac1-expressing 
neurons in the periaqueductal gray facilitate the itch-
scratching cycle via descending regulation. Neuron, 101(1):
45-59.e9. 
https://doi.org/10.1016/j.neuron.2018.11.010

Gargiulo PA, Donoso AO, 1989. Luteinizing hormone releas‐
ing hormone (LHRH) in the periaqueductal gray substance 
increases some subcategories of grooming behavior in 
male rats. Pharmacol Biochem Behav, 32(4):853-856. 
https://doi.org/10.1016/0091-3057(89)90047-6

Glynn D, Drew CJ, Reim K, et al., 2005. Profound ataxia in 
complexin I knockout mice masks a complex phenotype 
that includes exploratory and habituation deficits. Hum 
Mol Genet, 14(16):2369-2385. 
https://doi.org/10.1093/hmg/ddi239

Golani I, Fentress JC, 1985. Early ontogeny of face grooming 
in mice. Dev Psychobiol, 18(6):529-544. 
https://doi.org/10.1002/dev.420180609

Graybiel AM, 2008. Habits, rituals, and the evaluative brain. 
Annu Rev Neurosci, 31:359-387. 
https://doi.org/10.1146/annurev.neuro.29.051605.112851

Graybiel AM, Saka E, 2002. A genetic basis for obsessive 
grooming. Neuron, 33(1):1-2. 
https://doi.org/10.1016/s0896-6273(01)00575-x

Graybiel AM, Grafton ST, 2015. The striatum: where skills 
and habits meet. Cold Spring Harb Perspect Biol, 7(8):
a021691. 
https://doi.org/10.1101/cshperspect.a021691

Harriman AE, Thiessen DD, 1985. Harderian letdown in male 
mongolian gerbils (Meriones unguiculatus) contributes to 
proceptive behavior. Horm Behav, 19(2):213-219. 
https://doi.org/10.1016/0018-506x(85)90020-0

Heideman DAM, van Beusechem VW, Bloemena E, et al., 
2004. Suppression of tumor growth, invasion and angio‐
genesis of human gastric cancer by adenovirus-mediated 
expression of NK4. J Gene Med, 6(3):317-327. 
https://doi.org/10.1002/jgm.523

Hellriegel ET, D'Mello AP, 1997. The effect of acute, chronic 
and chronic intermittent stress on the central noradrener‐
gic system. Pharmacol Biochem Behav, 57(1-2):207-214.
https://doi.org/10.1016/s0091-3057(96)00341-3

Hickey MA, Reynolds GP, Morton AJ, 2002. The role of do‐
pamine in motor symptoms in the R6/2 transgenic mouse 
model of Huntington’s disease. J Neurochem, 81(1):46-59.
https://doi.org/10.1046/j.1471-4159.2002.00804.x

Hill RA, McInnes KJ, Gong ECH, et al., 2007. Estrogen defi‐
cient male mice develop compulsive behavior. Biol Psy‐
chiat, 61(3):359-366. 
https://doi.org/10.1016/j.biopsych.2006.01.012

Hobbs NJ, Finger AA, Ferkin MH, 2012. Effects of food 
availability on proceptivity: a test of the reproduction at 
all costs and metabolic fuels hypotheses. Behav Process, 
91(2):192-197. 
https://doi.org/10.1016/j.beproc.2012.07.008

Homberg JR, van den Akker M, Raasø HS, et al., 2002. En‐
hanced motivation to self-administer cocaine is predicted 
by self-grooming behaviour and relates to dopamine re‐
lease in the rat medial prefrontal cortex and amygdala. 
Eur J Neurosci, 15(9):1542-1550. 
https://doi.org/10.1046/j.1460-9568.2002.01976.x

Hong WZ, Kim DW, Anderson DJ, 2014. Antagonistic con‐
trol of social versus repetitive self-grooming behaviors 
by separable amygdala neuronal subsets. Cell, 158(6):
1348-1361. 
https://doi.org/10.1016/j.cell.2014.07.049

Iu Makarchuk M, 1999. An electrophysiological evaluation of 
the role of the olfactory analyzer in brain integrative ac‐
tivity. Fiziol Zh (1994), 45(4):77-83 (in Ukrainian).

Iu Makarchuk M, Zyma IH, 2002. Effect of anosmia on sex-
related differences in conditioned avoidance in rats. Fiziol 
Zh (1994), 48(3):9-15 (in Ukrainian).

Jaeggi AV, Kramer KL, Hames R, et al., 2017. Human groom‐
ing in comparative perspective: people in six small-scale 
societies groom less but socialize just as much as expected 
for a typical primate. Am J Phys Anthropol, 162(4):810-
816. 
https://doi.org/10.1002/ajpa.23164

Jankord R, Herman JP, 2008. Limbic regulation of hypothalamo-
pituitary-adrenocortical function during acute and chronic 
stress. Ann N Y Acad Sci, 1148(1):64-73. 
https://doi.org/10.1196/annals.1410.012

Jia T, Chen J, Wang YD, et al., 2023. A subthalamo-parabrachial 
glutamatergic pathway is involved in stress-induced self-
grooming in mice. Acta Pharmacol Sin, 44(11):2169-
2183.
https://doi.org/10.1038/s41401-023-01114-6

Johnson CS, Hong WZ, Micevych PE, 2021. Posterodorsal 
medial amygdala regulation of female social behavior: 
GABA versus glutamate projections. J Neurosci, 41(42):
8790-8800. 
https://doi.org/10.1523/JNEUROSCI.1103-21.2021

Kalueff AV, Tuohimaa P, 2004. Grooming analysis algorithm 
for neurobehavioural stress research. Brain Res Protoc, 
13(3):151-158. 
https://doi.org/10.1016/j.brainresprot.2004.04.002

Kalueff AV, Tuohimaa P, 2005a. Contrasting grooming pheno‐
types in three mouse strains markedly different in anx‐
iety and activity (129S1, BALB/c and NMRI). Behav 
Brain Res, 160(1):1-10. 
https://doi.org/10.1016/j.bbr.2004.11.010

Kalueff AV, Tuohimaa P, 2005b. The grooming analysis algo‐
rithm discriminates between different levels of anxiety 
in rats: potential utility for neurobehavioural stress re‐
search. J Neurosci Methods, 143(2):169-177. 
https://doi.org/10.1016/j.jneumeth.2004.10.001

853



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(10):841-856

Kalueff AV, Tuohimaa P, 2005c. Mouse grooming microstruc‐
ture is a reliable anxiety marker bidirectionally sensitive 
to GABAergic drugs. Eur J Pharmacol, 508(1-3):147-153.
https://doi.org/10.1016/j.ejphar.2004.11.054

Kalueff AV, Aldridge JW, LaPorte JL, et al., 2007. Analyzing 
grooming microstructure in neurobehavioral experiments. 
Nat Protoc, 2(10):2538-2544. 
https://doi.org/10.1038/nprot.2007.367

Kalueff AV, Stewart AM, Song C, et al., 2016. Neurobiology 
of rodent self-grooming and its value for translational 
neuroscience. Nat Rev Neurosci, 17(1):45-59. 
https://doi.org/10.1038/nrn.2015.8

Karigo T, Deutsch D, 2022. Flexibility of neural circuits regu‐
lating mating behaviors in mice and flies. Front Neural 
Circuits, 16:949781. 
https://doi.org/10.3389/fncir.2022.949781

Kelly E, Meng FT, Fujita H, et al., 2020. Regulation of autism-
relevant behaviors by cerebellar-prefrontal cortical circuits. 
Nat Neurosci, 23(9):1102-1110. 
https://doi.org/10.1038/s41593-020-0665-z

Kinlein SA, Phillips DJ, Keller CR, et al., 2019. Role of corti‐
costerone in altered neurobehavioral responses to acute 
stress in a model of compromised hypothalamic-pituitary-
adrenal axis function. Psychoneuroendocrinology, 102:
248-255. 
https://doi.org/10.1016/j.psyneuen.2018.12.010

Kruk MR, Westphal KGC, van Erp AMM, et al., 1998. The 
hypothalamus: cross-roads of endocrine and behavioural 
regulation in grooming and aggression. Neurosci Biobehav 
Rev, 23(2):163-177. 
https://doi.org/10.1016/s0149-7634(98)00018-9

Kyrkouli SE, Stanley BG, Leibowitz SF, 1987. Bombesin-
induced anorexia: sites of action in the rat brain. Pep‐
tides, 8(2):237-241. 
https://doi.org/10.1016/0196-9781(87)90096-9

Leonard ST, Alizadeh-Naderi R, Stokes K, et al., 2005. The 
role of prolactin and testosterone in mediating seasonal 
differences in the self-grooming behavior of male meadow 
voles, Microtus pennsylvanicus. Physiol Behav, 85(4):
461-468. 
https://doi.org/10.1016/j.physbeh.2005.05.011

Liu SF, Crawford J, Tao F, 2023. Assessing orofacial pain be‐
haviors in animal models: a review. Brain Sci, 13(3):390.
https://doi.org/10.3390/brainsci13030390

Mangieri LR, Lu YG, Xu YZ, et al., 2018. A neural basis for 
antagonistic control of feeding and compulsive behav‐
iors. Nat Commun, 9:52. 
https://doi.org/10.1038/s41467-017-02534-9

McGlone F, Walker S, Ackerley R, 2016. Affective touch and 
human grooming behaviours: feeling good and looking 
good. In: Olausson H, Wessberg J, Morrison I, et al. (Eds.), 
Affective Touch and the Neurophysiology of CT Affer‐
ents. Springer, New York, USA, p.265-282. 
https://doi.org/10.1007/978-1-4939-6418-5_16

Mehta MV, Gandal MJ, Siegel SJ, 2011. mGluR5-antagonist 
mediated reversal of elevated stereotyped, repetitive 

behaviors in the VPA model of autism. PLoS ONE, 6(10):
e26077. 
https://doi.org/10.1371/journal.pone.0026077

Meixiong J, Dong XZ, 2017. Mas-related G protein-coupled 
receptors and the biology of itch sensation. Annu Rev 
Genet, 51:103-121. 
https://doi.org/10.1146/annurev-genet-120116-024723

Mejias R, Chiu SL, Han M, et al., 2019. Purkinje cell-specific 
Grip1/2 knockout mice show increased repetitive self-
grooming and enhanced mGluR5 signaling in cerebel‐
lum. Neurobiol Dis, 132:104602. 
https://doi.org/10.1016/j.nbd.2019.104602

Meyer-Luehmann M, Thompson JF, Berridge KC, et al., 
2002. Substantia nigra pars reticulata neurons code initi‐
ation of a serial pattern: implications for natural action 
sequences and sequential disorders. Eur J Neurosci, 16(8):
1599-1608. 
https://doi.org/10.1046/j.1460-9568.2002.02210.x

Monteiro P, Feng GP, 2016. Learning from animal models of 
obsessive-compulsive disorder. Biol Psychiatry, 79(1):7-16.
https://doi.org/10.1016/j.biopsych.2015.04.020

Moore CL, 1986. A hormonal basis for sex differences in the 
self-grooming of rats. Horm Behav, 20(2):155-165. 
https://doi.org/10.1016/0018-506X(86)90014-0

Mu MD, Geng HY, Rong KL, et al., 2020. A limbic circuitry 
involved in emotional stress-induced grooming. Nat 
Commun, 11:2261. 
https://doi.org/10.1038/s41467-020-16203-x

Mul JD, Spruijt BM, Brakkee JH, et al., 2013. Melanocortin 
MC4 receptor-mediated feeding and grooming in rodents. 
Eur J Pharmacol, 719(1-3):192-201. 
https://doi.org/10.1016/j.ejphar.2013.04.060

Parolari L, Schneeberger M, Heintz N, et al., 2021. Functional 
analysis of distinct populations of subthalamic nucleus 
neurons on Parkinson’s disease and OCD-like behaviors 
in mice. Mol Psychiatry, 26(11):7029-7046. 
https://doi.org/10.1038/s41380-021-01162-6

Paumier KL, Sukoff Rizzo SJ, Berger Z, et al., 2013. Behav‐
ioral characterization of A53T mice reveals early and late 
stage deficits related to Parkinson’s disease. PLoS ONE, 
8(8):e70274. 
https://doi.org/10.1371/journal.pone.0070274

Peça J, Feliciano C, Ting JT, et al., 2011. Shank3 mutant mice 
display autistic-like behaviours and striatal dysfunction. 
Nature, 472(7344):437-442. 
https://doi.org/10.1038/nature09965

Petrelli F, Zehnder T, Laugeray A, et al., 2023. Disruption of 
astrocyte-dependent dopamine control in the developing 
medial prefrontal cortex leads to excessive grooming in 
mice. Biol Psychiatry, 93(11):966-975. 
https://doi.org/10.1016/j.biopsych.2022.11.018

Piato ÂL, Detanico BC, Jesus JF, et al., 2008. Effects of Mar‐
apuama in the chronic mild stress model: further indication 
of antidepressant properties. J Ethnopharmacol, 118(2):
300-304. 
https://doi.org/10.1016/j.jep.2008.04.018

854



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(10):841-856    |

Pinhal CM, van den Boom BJG, Santana-Kragelund F, et al., 
2018. Differential effects of deep brain stimulation of the 
internal capsule and the striatum on excessive grooming in 
Sapap3 mutant mice. Biol Psychiatry, 84(12):917-925. 
https://doi.org/10.1016/j.biopsych.2018.05.011

Prokop P, Fančovičová J, Fedor P, 2014. Parasites enhance 
self-grooming behaviour and information retention in 
humans. Behav Processes, 107:42-46. 
https://doi.org/10.1016/j.beproc.2014.07.017

Rapanelli M, Frick L, Bito H, et al., 2017. Histamine modula‐
tion of the basal ganglia circuitry in the development of 
pathological grooming. Proc Natl Acad Sci USA, 114(25):
6599-6604. 
https://doi.org/10.1073/pnas.1704547114

Reis-Silva TM, Sandini TM, Calefi AS, et al., 2019. Stress re‐
silience evidenced by grooming behaviour and dopamine 
levels in male mice selected for high and low immobility 
using the tail suspension test. Eur J Neurosci, 50(6):
2942-2954. 
https://doi.org/10.1111/ejn.14409

Rodgers RJ, Cao BJ, Dalvi A, et al., 1997. Animal models of 
anxiety: an ethological perspective. Braz J Med Biol Res, 
30(3):289-304. 
https://doi.org/10.1590/s0100-879x1997000300002

Rodríguez Echandía EL, Broitman ST, Fóscolo MR, 1987. Ef‐
fect of the chronic ingestion of chlorimipramine and de‐
sipramine on the hole board response to acute stresses in 
male rats. Pharmacol Biochem Behav, 26(2):207-210. 
https://doi.org/10.1016/0091-3057(87)90106-7

Roeling TAP, Veening JG, Peters JPW, et al., 1993. Efferent 
connections of the hypothalamic “grooming area” in the 
rat. Neuroscience, 56(1):199-225. 
https://doi.org/10.1016/0306-4522(93)90574-y

Rojas-Carvajal M, Brenes JC, 2020. Acute stress differentially 
affects grooming subtypes and ultrasonic vocalisations in 
the open-field and home-cage test in rats. Behav Processes, 
176:104140. 
https://doi.org/10.1016/j.beproc.2020.104140

Rojas-Carvajal M, Leandro R, Brenes JC, 2023. Distinct acute 
stressors exert an antagonistic effect on complex groom‐
ing during novelty habituation in rats. Behav Process, 
212:104931. 
https://doi.org/10.1016/j.beproc.2023.104931

Roth A, Kyzar EJ, Cachat J, et al., 2013. Potential translational 
targets revealed by linking mouse grooming behavioral 
phenotypes to gene expression using public databases. 
Prog Neuropsychopharmacol Biol Psychiatry, 40:312-325.
https://doi.org/10.1016/j.pnpbp.2012.10.015

Ruder L, Schina R, Kanodia H, et al., 2021. A functional map 
for diverse forelimb actions within brainstem circuitry. 
Nature, 590(7846):445-450. 
https://doi.org/10.1038/s41586-020-03080-z

Santarelli L, Saxe M, Gross C, et al., 2003. Requirement of 
hippocampal neurogenesis for the behavioral effects of 
antidepressants. Science, 301(5634):805-809. 
https://doi.org/10.1126/science.1083328

Scattoni ML, Valanzano A, Popoli P, et al., 2004. Progressive 
behavioural changes in the spatial open-field in the quino‐
linic acid rat model of Huntington’s disease. Behav Brain 
Res, 152(2):375-383. 
https://doi.org/10.1016/j.bbr.2003.10.021

Schmeisser MJ, 2015. Translational neurobiology in Shank 
mutant mice-model systems for neuropsychiatric dis‐
orders. Ann Anat, 200:115-117. 
https://doi.org/10.1016/j.aanat.2015.03.006

Schmeisser MJ, Ey E, Wegener S, et al., 2012. Autistic-like 
behaviours and hyperactivity in mice lacking ProSAP1/
Shank2. Nature, 486(7402):256-260. 
https://doi.org/10.1038/nature11015

Scruggs BA, Bowles AC, Zhang XJ, et al., 2013. High-
throughput screening of stem cell therapy for globoid 
cell leukodystrophy using automated neurophenotyping 
of twitcher mice. Behav Brain Res, 236:35-47. 
https://doi.org/10.1016/j.bbr.2012.08.020

Silverman JL, Tolu SS, Barkan CL, et al., 2010. Repetitive 
self-grooming behavior in the BTBR mouse model of au‐
tism is blocked by the mGluR5 antagonist MPEP. Neuro‐
psychopharmacology, 35(4):976-989. 
https://doi.org/10.1038/npp.2009.201

Silverman JL, Smith DG, Sukoff Rizzo SJ, et al., 2012. Nega‐
tive allosteric modulation of the mGluR5 receptor reduces 
repetitive behaviors and rescues social deficits in mouse 
models of autism. Sci Transl Med, 4(131):131ra51. 
https://doi.org/10.1126/scitranslmed.3003501

Smolinsky AN, Bergner CL, LaPorte JL, et al., 2009. Analy‐
sis of grooming behavior and its utility in studying ani‐
mal stress, anxiety, and depression. In: Gould TD (Ed.), 
Mood and Anxiety Related Phenotypes in Mice: Charac‐
terization Using Behavioral Tests. Humana Press, Totowa, 
USA, p.21-36. 
https://doi.org/10.1007/978-1-60761-303-9_2

Song KY, Wong J, Gonzalez L, et al., 2010. Antitumor efficacy 
of viral therapy using genetically engineered newcastle 
disease virus [NDV(F3aa)-GFP] for peritoneally dissem‐
inated gastric cancer. J Mol Med (Berl), 88(6):589-596. 
https://doi.org/10.1007/s00109-010-0605-6

Spruijt BM, Cools AR, Gispen WH, 1986. The periaqueductal 
gray: a prerequisite for ACTH-induced excessive groom‐
ing. Behav Brain Res, 20(1):19-25. 
https://doi.org/10.1016/0166-4328(86)90097-5

Spruijt BM, Welbergen P, Brakkee J, et al., 1987. Behavioral 
changes in ACTH-(1-24)-induced excessive grooming in 
aging rats. Neurobiol Aging, 8(3):265-270. 
https://doi.org/10.1016/0197-4580(87)90011-x

Spruijt BM, Welbergen P, Brakkee J, et al., 1988. An ethologic‑
al analysis of excessive grooming in young and aged rats. 
Ann N Y Acad Sci, 525(1):89-100. 
https://doi.org/10.1111/j.1749-6632.1988.tb38598.x

Spruijt BM, van Hooff JA, Gispen WH, 1992. Ethology and 
neurobiology of grooming behavior. Physiol Rev, 72(3):
825-852. 
https://doi.org/10.1152/physrev.1992.72.3.825

855



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(10):841-856

Steele AD, Jackson WS, King OD, et al., 2007. The power of 
automated high-resolution behavior analysis revealed by 
its application to mouse models of Huntington’s and prion 
diseases. Proc Natl Acad Sci USA, 104(6):1983-1988. 
https://doi.org/10.1073/pnas.0610779104

Sun JJ, Yuan Y, Wu XH, et al., 2022. Excitatory SST neurons 
in the medial paralemniscal nucleus control repetitive self-
grooming and encode reward. Neuron, 110(20):3356-
3373.e8.
https://doi.org/10.1016/j.neuron.2022.08.010

Sungur AÖ, Vörckel KJ, Schwarting RKW, et al., 2014. Re‐
petitive behaviors in the Shank1 knockout mouse model 
for autism spectrum disorder: developmental aspects and 
effects of social context. J Neurosci Methods, 234:92-100.
https://doi.org/10.1016/j.jneumeth.2014.05.003

Taylor JL, Rajbhandari AK, Berridge KC, et al., 2010. Dopa‐
mine receptor modulation of repetitive grooming actions 
in the rat: potential relevance for Tourette syndrome. 
Brain Res, 1322:92-101. 
https://doi.org/10.1016/j.brainres.2010.01.052

Thor DH, Harrison RJ, Schneider SR, et al., 1988. Sex differ‐
ences in investigatory and grooming behaviors of labora‐
tory rats (Rattus norvegicus) following exposure to nov‐
elty. J Comp Psychol, 102(2):188-192. 
https://doi.org/10.1037/0735-7036.102.2.188

Turner PV, Pang DSJ, Lofgren JLS, 2019. A review of pain 
assessment methods in laboratory rodents. Comp Med, 
69(6):451-467. 
https://doi.org/10.30802/AALAS-CM-19-000042

van Erp AMM, Kruk MR, Meelis W, et al., 1994. Effect of 
environmental stressors on time course, variability and 
form of self-grooming in the rat: handling, social con‐
tact, defeat, novelty, restraint and fur moistening. Behav 
Brain Res, 65(1):47-55. 
https://doi.org/10.1016/0166-4328(94)90072-8

Várkonyi D, Török B, Sipos E, et al., 2022. Investigation of 
anxiety- and depressive-like symptoms in 4- and 8-month-
old male triple transgenic mouse models of Alzheimer’s 
disease. Int J Mol Sci, 23(18):10816. 
https://doi.org/10.3390/ijms231810816

Vidal R, Barbeito AG, Miravalle L, et al., 2009. Cerebral am‐
yloid angiopathy and parenchymal amyloid deposition in 
transgenic mice expressing the Danish mutant form of 
human BRI2. Brain Pathol, 19(1):58-68. 
https://doi.org/10.1111/j.1750-3639.2008.00164.x

Wan YH, Ade KK, Caffall Z, et al., 2014. Circuit-selective 
striatal synaptic dysfunction in the Sapap3 knockout mouse 
model of obsessive-compulsive disorder. Biol Psychia‐
try, 75(8):623-630. 
https://doi.org/10.1016/j.biopsych.2013.01.008

Wang B, Zheng Y, Shi H, et al., 2017. Zfp462 deficiency 
causes anxiety-like behaviors with excessive self-grooming 
in mice. Genes Brain Behav, 16(2):296-307. 
https://doi.org/10.1111/gbb.12339

Wang D, An SC, Zhang X, 2008. Prevention of chronic stress-
induced depression-like behavior by inducible nitric oxide 

inhibitor. Neurosci Lett, 433(1):59-64. 
https://doi.org/10.1016/j.neulet.2007.12.041

Wang XM, McCoy PA, Rodriguiz RM, et al., 2011. Synaptic 
dysfunction and abnormal behaviors in mice lacking major 
isoforms of Shank3. Hum Mol Genet, 20(15):3093-3108.
https://doi.org/10.1093/hmg/ddr212

Welch JM, Lu J, Rodriguiz RM, et al., 2007. Cortico-striatal 
synaptic defects and OCD-like behaviours in Sapap3-
mutant mice. Nature, 448(7156):894-900. 
https://doi.org/10.1038/nature06104

Won H, Lee HR, Gee HY, et al., 2012. Autistic-like social be‐
haviour in Shank2-mutant mice improved by restoring 
NMDA receptor function. Nature, 486(7402):261-265. 
https://doi.org/10.1038/nature11208

Xie ZY, Li DP, Cheng XY, et al., 2022. A brain-to-spinal senso‐
rimotor loop for repetitive self-grooming. Neuron, 110(5):
874-890.e7. 
https://doi.org/10.1016/j.neuron.2021.11.028

Xu YZ, Lu YG, Cassidy RM, et al., 2019. Identification of a 
neurocircuit underlying regulation of feeding by stress-
related emotional responses. Nat Commun, 10:3446. 
https://doi.org/10.1038/s41467-019-11399-z

Xu YZ, Jiang ZY, Li HL, et al., 2023. Lateral septum as a 
melanocortin downstream site in obesity development. 
Cell Rep, 42(5):112502. 
https://doi.org/10.1016/j.celrep.2023.112502

Yang M, Perry K, Weber MD, et al., 2011. Social peers rescue 
autism-relevant sociability deficits in adolescent mice. 
Autism Res, 4(1):17-27. 
https://doi.org/10.1002/aur.163

Yang M, Bozdagi O, Scattoni ML, et al., 2012. Reduced excit‐
atory neurotransmission and mild autism-relevant pheno‐
types in adolescent Shank3 null mutant mice. J Neuro‐
sci, 32(19):6525-6541. 
https://doi.org/10.1523/JNEUROSCI.6107-11.2012

Yu XZ, Taylor AMW, Nagai J, et al., 2018. Reducing astro‐
cyte calcium signaling in vivo alters striatal microcircuits 
and causes repetitive behavior. Neuron, 99(6):1170-1187.e9.
https://doi.org/10.1016/j.neuron.2018.08.015

Zhang K, Hill K, Labak S, et al., 2014. Loss of glutamic acid 
decarboxylase (Gad67) in Gpr88-expressing neurons in‐
duces learning and social behavior deficits in mice. Neuro‐
sci, 275:238-247. 
https://doi.org/10.1016/j.neuroscience.2014.06.020

Zhang YF, Vargas Cifuentes L, Wright KN, et al., 2021. Ven‐
tral striatal islands of Calleja neurons control grooming 
in mice. Nat Neurosci, 24(12):1699-1710. 
https://doi.org/10.1038/s41593-021-00952-z

Zhang YF, Janke E, Bhattarai JP, et al., 2022. Self-directed 
orofacial grooming promotes social attraction in mice via 
chemosensory communication. iScience, 25(5):104284.
https://doi.org/10.1016/j.isci.2022.104284

Zhang YF, Wu JL, Wang YQ, et al., 2023. Ventral striatal islands 
of Calleja neurons bidirectionally mediate depression-like 
behaviors in mice. Nat Commun, 14:6887. 
https://doi.org/10.1038/s41467-023-42662-z

856


