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Abstract Tonic immobility remains one of the
least understood behaviors in nature. Despite this,
the behavior has been described in a diversity of
species across the animal kingdom. Tonic immobil-
ity has been observed in sharks and rays both in the
laboratory and field. However, actual scientific stud-
ies of tonic immobility have been completed on only
a few species of elasmobranchs. The behavior is
frequently induced by handling an animal in a cer-
tain way rather than utilizing chemical anesthesia in
order to assess body condition and implant electronic
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tracking devices. This behavior functions as (1) an
innate defensive passive response against a predatory
attack, (2) a component of courtship and copulation,
and (3) a protective mechanism limiting the effect
of overwhelming sensory stimulation. We present
a review of the behavioral, physiological, and neu-
rological processes that result in tonic immobility
in sharks, and compare this information to the pro-
cesses of tonic immobility that are better understood
in mammals.

Keywords Sharks - Behavior - Analgesia -
Midbrain - Periaqueductal gray

Introduction

There are many names for tonic immobility in ani-
mals such as the immobility reflex, freezing, death
feint, thanatosis, opossum play, animal hypnosis,
paralysis-like fear response, behavioral arrest, tonic
immobility, and limp response. We choose the term,
tonic immobility (TI), when referring to this behavior
because this term is widely accepted in the fields of
behavioral biology and neuroscience. This is an innate
reflex. It has been described in all classes of inverte-
brates and vertebrates, minus the Agnatha (Whitman
1984; Henningsen 1994). Artificially elicited TI has
been reported for the Osteichthyes and Chondrich-
thyes fishes (Whitman et al. 1986; Henningsen 1994;
Brooks et al. 2011; Kessel and Hussey 2015; Yoshida
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2021). It is a reversible behavioral state, which can be
elicited by a wide range of external actions. The main
way of eliciting TI is by physical restraint of the ani-
mal and placing it generally in an inverted body posi-
tion (Monassi et al. 1999; Miranda et al. 2006, 2014,
2016; Kozlowska et al. 2015). The behavior can be
induced by a diversity of stimuli but external pres-
sure combined with physical restraint are the most
common and effective stimuli (Jones 1986; Wells
et al. 2005; Miranda et al. 2006, 2016). The response
is exhibited by prey when caught or transported by a
predator (Monassi et al. 1999; Miranda et al. 2006).

Tonic immobility is slightly different for each
species, yet it is common across many taxa (Gallup
1974; Klemm 2001; Miranda et al. 2014). Reactive
immobility is characterized by one feature, a neu-
rally activated cessation of voluntary movements
except rhythmic breathing (Watsky and Gruber 1990;
Miranda et al. 2014) and vision (Reese et al. 1984).
Because tonic immobility is commonly observed in
a variety of contexts, it has generated considerable
historical interest among notable scientists such as
Darwin and Pavlov. They have discussed its possible
significance (Ratner 1967; Gallup 1977; Reese et al.
1984; Kozlowska et al. 2015; Humphreys and Ruxton
2018).

Tonic immobility may be even more common than
currently reported. At times, this behavior is simply
overlooked (Humphreys and Ruxton 2018). The tem-
porary cessation of body movement has generally been
thought to be a defensive strategy (Carli et al. 1976;
Gallup and Maser 1977; Monassi et al. 1999; Moskow-
itz 2004; Ramos et al. 2008; Miranda et al. 2014, 2016).
It has been explained as being a defensive response
to predation (Wilson 2004; Humphreys and Ruxton
2018). This is because immobility increases the chance
of survival prior to or even after being attacked by a
predator (Miyatake et al. 2009; Humphreys and Rux-
ton 2018). The manner in which an organism contorts
its body during TI might also have a secondary benefit
(Wilson 2004). For example, the more diminutive and
compact posture during TI may make it a less attrac-
tive food parcel (Wilson 2004). Furthermore, it may
reduce the likelihood of being seized because predators
are attracted to and strike moving objects while losing
interest in immobile objects (Wilson 2004).

One of the most useful physiological benefits of
the tonic immobility is analgesia, or the decreased
sensation of pain. This may reduce the likelihood that
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a predator will continue to further attack potential
prey acting in this way (Wilson 2004; Miranda et al.
2006). The inhibition of pain enables the subject to
use this behavior in its defense. Some originators of
somatic-pain models involving mechanically, elec-
trically, or thermally noxious stimuli argue that the
perception of pain is reduced during TI (Dannemann
et al. 1988; Fleischmann and Urca 1993; Morgan
et al. 1998; Leite-Panissi et al. 2001; Miranda et al.
2014, 2016). Tonic immobility may also reduce vis-
ceral pain (Miranda et al. 2006) as well as prolonged
noxious stimulation (Carli et al. 1976), which could
be adaptive for a shark during a predatory attack or in
response to the biting behavior of male sharks during
with mating.

Tonic immobility in elasmobranchs

Tonic immobility has been reported for multiple spe-
cies of elasmobranchs (Table 1). Little is known of
the physiology behind the behavioral responses of this
behavior in sharks and rays (Williamson et al. 2018;
De Swaef et al. 2020). However, it has been observed
in shark species during courtship (Klimley 1980; Car-
rier and Pratt 2004; Williamson et al. 2018; De Swaef
et al. 2020). Likely, it is easier for a male to insert his
clasper and eject spermatozoa into the female uterus
if she remains immobile (Klimley 1980; Carrier and
Pratt 2004).

Investigators have also artificially induced tonic
immobility in large sharks in order to examine their
health, make measurements of their length and body
parts, and attach electronic tags (Watsky and Gruber
1990; Henningsen 1994; Holland et al. 1999; Bonfil
et al. 2005; Wells et al. 2005; Hoyos-Padilla et al. 2016;
Clayton and Seeley 2019). If a shark or a ray is captured,
restrained on a surface, and turned over on its dorsum—
this appears to sedate the animal (Henningsen 1994;
Brooks et al. 2011). The time required to gain immobil-
ity and its duration are dependent upon the individual
and species (Henningsen 1994; Brooks et al. 2011).
There is great inter-individual variability in the nature of
this behavior (Whitman et al. 1986; Watsky and Gruber
1990). As such, it is only possible to use this technique
to sedate some species of sharks (Watsky and Gruber
1990). Tonic immobility may last from < 1 min to multi-
ple hours (Gallup 1974; Watsky and Gruber 1990; Hen-
ningsen 1994; Klemm 2001).



Environ Biol Fish

Table 1 Species, for which tonic immobility, has been described in the scientific literature. Note the diversity in orders with sharks
displaying this behavior, indicating the possibility that it occurs in all of the Chondrichthyes

Order Species and genus Common name References
Hexanchiformes Notorynchus cepedianus Broadnose sevengill shark Henningsen 1994
Squaliformes Squalus acanthias Spiny dogfish Lissman 1946
Mustelus canis Smooth dogfish Whitman et al. 1986
Scyliorhinus canicula Lesser-spotted dogfish Kreidl 1916; Mangold 1920
Rhinopristiformes  Rhinobatos productus Shovelnose guitarfish Henningsen 1994
Orectolobiformes  Stegostoma fasciatum Zebra shark Brunnschweiler and Pratt 2008; Williamson et al.
2018
Hemiscyllium halmahera Halmahera walking shark ~ Mukharror et al. 2019
Lamniformes Carcharodon carcharias White shark Pyle et al. 1999; De Swaef et al. 2020
Carcharhiniformes  Cephaloscyllium ventriosum  Swellshark Henningsen 1994
Triakis semifasciata Leopard shark Henningsen 1994
Galeocerdo cuvier Tiger shark Holland et al. 1999
Negaprion brevirostris Lemon shark Gruber and Keyes 1981; Watsky and Gruber 1990;
Brooks et al. 2011
Carcharhinus melanopterus  Blacktip reef shark Davie et al. 1993; Henningsen 1994
Carcharhinus perezi Caribbean reef shark Henningsen 1994
Carcharhinus plumbeus Sandbar shark Whitman 1984
Triaenodon obesus Whitetip reef shark Henningsen 1994
Rajiformes Raja eglanteria Clearnose skate Henningsen 1994
Raja clavata Thornback skate Schaefer 1921
Myliobatiformes Rhinoptera bonasus Atlantic cownose ray Henningsen 1994

Urolophus halleri

Urolophus jamaicensis

California round ray
Yellow stingray

Henningsen 1994
Henningsen 1994

Tonic immobility has been elicited most often by
manipulating the shark into a horizontally inverted
position with its ventral surface facing upward
(Whitman et al. 1986; Henningsen 1994). This
causes stiff muscle hypertonicity in terrestrial verte-
brates but relaxed muscle tone and a “limp” posture
in fishes (Whitman et al. 1986; Wells et al. 2005;
Brooks et al. 2011; Yoshida 2021). This is likely due
to the downward force of gravity in air and upward
force due to the animal’s buoyancy in an aqueous
environment. However, there are additional ways
of eliciting TI other than rotating a shark on to its
back. It can be quickly induced in the zebra shark
(Stegostoma fasciatum) as well as other shark spe-
cies by grasping the caudal fin tightly with the hands
(Williamson et al. 2018).

Besides inverting the body position or applying
body pressure to the caudal fin of the shark, over-
stimulating the ampullae of Lorenzini, with which a
shark detects faint electrical or magnetic stimuli, can
also induce this behavior. Located in the region of the

snout and around the eyes, these organs can detect
minute electric fields. Sharks are responsive to alter-
nating current with frequencies below 8 Hz of only
a few microvolts in amplitude (Bres 1993). Rubbing
or even touching the shark’s snout may innervate the
sensors on the snout of the shark and immediately
trigger an episode of tonic immobility. In the white
(Carcharodon carcharias) sharks, touching, rub-
bing, or stroking the area of shark’s snout has been
observed to induce an episode of tonic immobility
(see https://www.dailymail.co.uk/news/article-37621
70/Diver-grabs-great-white-shark-nose-sedate-near-
Augusta-south-Perth.html). This form of immobility
resembles “freezing,” e.g., the immobility of a deer
when illuminated with a car headlights or in rats by
applying an electric shock to their feet (Klemm 2001;
Kozlowska et al. 2015).

Tonic immobility may be also elicited by applying a
powerful flow of water through the branchial chambers
of fish (Wells et al. 2005; Brooks et al. 2011; De Swaef
et al 2020). This response has been observed in 22
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species of bony and cartilaginous fishes, which occupy
diverse habitats. This behavior consists of caudal mus-
cle hypotonicity and limp posture. The shark may
remain immobile for multiple hours and the activity of
the subject may be revived upon the cessation of flow
(Wells et al. 2005). Henningsen (1994) has recorded
(1) the number of attempts required to induce immo-
bility, (2) the necessary time that the subject must be
restrained prior to immobility, (3) the percentage of
individuals exhibiting TI after stimulating them for a
period of time, and (4) the amount of time that each
episode lasts.

Brain structure responsible for tonic immobility

The brain mass to body mass ratio (often termed
the index of cephalization) of the elasmobranchs
is similar to that in birds and mammals (Northcutt
1977; Bres 1993). Hence, sharks are likely exhibit
complex behaviors analogous to those already
identified in other large-brained vertebrates (Bres
1993). Many examples of complex behaviors such
as dominance hierarchies have been observed in
two shark species, the bonnethead (Sphyrna tiburo)
and scalloped hammerhead (Sphyrna lewini) sharks
(Myrberg and Gruber 1974; Klimley 1985).

Quantitative information on the organization and
relative development of the major brain areas in
Chondrichthyes is confined to a few benchmark stud-
ies (Northcutt 1977, 1978; Yopak et al. 2007). This
class is divided into two subclasses, the Elasmo-
branchii, which is comprised of the sharks and rays,
and the Holocephali, which includes the chimeras
(Northcutt 1977, 1978; Compagno 1999; Yopak et al.
2007). More is known about the brain organization of
teleost fishes, birds, and in particular mammals than
the Chondrichthyes (Yopak et al. 2007). It is likely
that the elasmobranch brain has evolved structures
homologous with these other groups of vertebrates
(Northcutt 1977). For example, the main midbrain
structures—the periaqueductal gray (PAG) area of
the brain is present in a diversity of taxa in the ani-
mal kingdom (Kittelberger et al. 2006; Vazquez et al.
2022).

Oceanic shark species from different orders gen-
erally have an enlarged midbrain that comprises
on average 17% of the whole brain (Yopak et al.
2007). This is the region of the brain where the
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information from multiple senses is integrated, and
from where instructions are sent out along motor
neurons to the muscles to control the shark’s move-
ments (Tricas et al. 1997; Hofmann 1999; Yopak
et al. 2007, 2019). The tectum region of the mid-
brain is where electrosensory and mechanosensory
inputs are processed and lead to motor responses.
It likely plays an important role in controlling the
behavioral responses to a novel or threatening stim-
uli (Bodznick 1991; Bres 1993).

The periaqueductal gray region (PAG) is likely pre-
sent in the brains of all vertebrate species (Kittelberger
et al. 2006; Kingsbury et al. 2011). Different parts of
the PAG modulate different behavioral and physiologi-
cal functions, including defense and sexual responses
(Bandler et al. 1991; Bandler and Shipley 1994; Bandler
and Keay 1996; Kingsbury et al. 2011; Vazquez et al.
2017). In mammals, numerous studies indicate the
involvement of the PAG in producing tonic immobil-
ity (Bandler et al. 1991; Morgan et al. 1998; Morgan
and Clayton 2005; Miranda et al. 2016). The only neu-
ral structure, which upon direct activation elicits tonic
immobility combined with analgesia, is the ventrolateral
region of the PAG (Reynolds 1969; Morgan et al. 1998;
Miranda et al. 2016). In general, birds have been shown
to possess a midbrain anatomically different but physi-
ologically similar to that of the mammals (Kingsbury
etal. 2011).

The mesencephalon of the sharks is the most likely
cerebral region, from which tonic immobility is con-
trolled. Kittelberger and coworkers (2006) have found
evidence that the PAG region in the brain of the tel-
eost midshipman fish (Porichthys notatus) plays an
essential role in vocalization. It is similar in both its
functional and structural organization to the PAG of
mammals, which emit vocalizations (Kittelberger et al.
2006). It is possible that a midbrain structure similar to
the PAG may be present in their brains of many shark
species, and that it produces physiological responses
such as analgesia and immobility. Yet it is premature
to propose that the PAG unequivocally produces tonic
immobility without more studies of comparative neuro-
anatomy of the sharks.

Tonic immobility might elicit analgesia in sharks

There is no current information that pain is alleviated
during tonic immobility in sharks (Williamson et al.
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2018). Tiger sharks (Galeocerdo cuvier) restrained
upside-down at the side of the boat became immo-
bile, and this made it easier to remove hooks from
the mouth and the attachment or implantation of
electronic transmitters on or in the body (Holland
et al. 1999; Yoshida 2021). This implies that there
may be some degree of analgesia experienced by the
sharks. Recovery from this form of tranquilization
has been found to release post release stress (Holland
et al. 1999; Kessel and Hussey 2015; Yoshida 2021).
The tagged individuals swam away vigorously upon
release, apparently free from stress (Holland et al.
1999). Kessel and Hussey (2015) prefer to immobi-
lize sharks by moving them upside down rather than
immobilizing them with a chemical anesthetic.

Suggestions for future research on tonic
immobility in elasmobranchs

There is a need for further interdisciplinary research
to understand the behavioral, physiological, and neu-
rological mechanisms underlying tonic immobility
(Brooks et al. 2011; Humphreys and Ruxton 2018).
Future use of technology outside the laboratory and in
the wild would add to this burgeoning field of study
(Humphreys and Ruxton 2018). We propose studies
that would provide more insight into the cause and
neural control of tonic immobility. Firstly, more phys-
iological measurements should be taken of immo-
bile species’ blood chemistry, respiratory and heart
rates, blood pressure, and neurological activity of
the hypothalamus—pituitary—adrenal axis. Some stud-
ies have been carried out already (Davie et al. 1993;
Brooks et al. 2011; De Swaef et al. 2020; Yoshida
2021) but more are needed on a diversity of species.
Thus, information is unavailable from a sufficient
number of species to make generalizations about the
physiology mechanisms leading to tonic immobility.
Secondly, despite some important studies of brain
organization (Yopak et al. 2007, 2019), there is still
a paucity of neuroanatomical studies on sharks and
rays. In particular, studies are lacking on several brain
regions, specifically on mesencephalic structures
such as the PAG because this appears to be the key
neural center producing tonic immobility and analge-
sia in the elasmobranchs. Such studies have already
been completed on species of teleosts (Kittelberger
et al. 2006). Thirdly, researchers have yet to map

the cyto-architecture of many regions of the shark’s
brain. These surgical studies could be performed
on the brains of deceased sharks that are present in
laboratory collections to avoid the sacrifice of living
individuals. Fourthly, protocols should be developed
using a pharmacological approach to understand
in vivo motor control, analgesia, and tonic immobil-
ity in sharks. Fifthly, activity in specific regions of the
brain, from which different behaviors are controlled,
should be identified in sharks using electrophysiolog-
ical techniques. This last type of study has been per-
formed in vivo in neuroscience laboratories mainly
on rodents but could be also be performed on sharks.

Summary

Tonic immobility remains one of the least studied
behaviors exhibited by elasmobranchs. The rotation
of the body upside down and the forceful handling
of the caudal fin produces tonic immobility in sharks
and rays. Periaqueductal gray matter, or its mesen-
cephalic equivalent, is likely the brain structure that
controls tonic immobility in elasmobranchs as it does
in mammals. In summary, evidence indicates that
tonic immobility in shark functions in the follow-
ing ways: (1) it serves as an innate passive response
that reduces the likelihood of a predator attack, (2)
an adaptive behavioral component of courtship, and
(3) a protective mechanism reducing the effect of
overwhelming sensory stimulation, mainly from
the facial electroreceptive receptors and branchial
mechanoreceptors.

Acknowledgements We are grateful for the funds provided
by the Instituto Politécnico Nacional (SIP 20210587). EMHP
and AMP are fellows of SNI (CONACYT) Mexico. Authors
thanks to Dr. Priscila Vazquez-Ledn for the supplied material,
and the anonymous reviewers whose comments allow improve
the manuscript.

Author contribution All authors have been involved
throughout the review and participated significantly to the writ-
ing. Specifically: conceived and designed the review and wrote
the paper: AMP; corrected and edited the manuscript: MHP;
wrote and edited extensively the manuscript: APK.

Data availability Data sharing not applicable to this article
as no datasets were generated or analyzed during the current
study.

@ Springer



Environ Biol Fish

Code availability Not applicable.

Declarations
Ethical statement Not applicable.

Consent to participate All the authors agree with the con-
tents of the manuscript and give their consent to submit.

Consent for publication This work is an original review car-
ried out by the authors and all of us agree with its submission in
the present form to the RFBF. The manuscript is not currently
under consideration in another journal.

Conflict of interest The authors declare no competing interests.

References

Bandler R, Carrive P, Depaulis A (1991) Emerging principles
of organization in the midbrain periaqueductal gray mat-
ter. In: Depaulis A, Bandler R (eds) The midbrain peri-
aqueductal gray matter: functional, anatomical and neuro-
chemical organization. Plenum press, New York, pp 1-8

Bandler R, Shipley MT (1994) Columnar organization in the
midbrain periaqueductal gray: modules for emotional
expression? Trends Neurosci 17:379-389

Bandler R, Keay KA (1996) Columnar organization in the mid-
brain periaqueductal gray and the integration of emotional
expression. In: Holstege G, Bandler R, Saper CB (eds)
The emotional motor system. Prog Brain Res 107. Else-
vier Science BV, Amsterdam, pp 285-300

Bodznick D (1991) Elasmobranch vision: multimodal integra-
tion in the brain. J Exp Zool 5(Supp):108-116

Bonfil R, Meyer M, Scholl MC, Johnson R, OBrien S, Oost-
huizen H. (2005) Transoceanic migration, spatial dynam-
ics, and population linkages of white sharks. Science
310(5745):100-103. https://doi.org/10.1126/science.
1114898

Bres M (1993) The behaviour of sharks. Rev Fish Biol Fish
3(2):133-159

Brooks EJ, Sloman KA, Liss S, Hassan-Hassanein L, Danyl-
chuk AJ, Cooke SJ, Mandelman JW, Skomal GB, Sims
DW, Suski CD (2011) The stress physiology of extended
duration tonic immobility in the juvenile lemon shark,
Negaprion brevirostris (Poey, 1868). J Exp Mar Biol Ecol
409:351-360

Brunnschweiler JM, Pratt HL Jr (2008) Putative male-male ago-
nistic behavior in free-living zebra sharks, Stegostoma fascia-
tum. Open Fish SciJ 1:23-27

Carli G, Lefebvre L, Silvano G, Vierucci S (1976) Suppression
of accompanying reactions to prolonged noxious stimu-
lation during animal hypnosis in the rabbit. Exp Neurol
53:1-11

Carrier JC, Pratt HL Jr (2004) Group reproductive behaviors
in free-living nurse sharks, Ginglymostoma cirratum.
Copeia 1994:646-656

@ Springer

Clayton L, Seeley KE (2019) Sharks and medicine. In: Miller
RE, Lamberski N, Calle PP (eds) Fowler’s zoo and wild
animal medicine current therapy. Elsevier Inc. Missouri.
Vol 9 pp 338-344

Compagno LIV (1999) Checklist of living elasmobranches.
In: Hamlet WC (ed) Sharks, skates, & rays. Johns Hop-
kins University Press, Baltimore MD, The biology of
elasmobranch fishes, pp 471-498

Dannemann JP, White WJ, Marshall WK, Lang CM (1988)
An evaluation of analgesia associated with the immo-
bility response in laboratory rabbits. Lab Animal Sci
38:51-56

Davie PS, Franklin CE, Grigg GC (1993) Blood pressure and
heart rate during tonic immobility in the black tipped
reef shark. Carcharhinus Melanoptera Fish Physiol Bio-
chem 12(2):95-100

De Swaef E, Vercauteren M, Pieraets L, Declercq AM (2020)
Fight, flight or freeze. Tonic immobility in sharks. Vlaams
Diergeneeskd Tijdschr 89:243-250

Fleischmann A, Urca G (1993) Tail-pinch induced analgesia
and immobility: altered responses to noxious tail-pinch by
prior pinch of the neck. Brain Res 601:28-33

Gallup GG Jr (1974) Animal hypnosis: factual status of a fic-
tional concept. Psychol Bull 81:836-853

Gallup GG Jr (1977) Tonic immobility: the role of fear and
predation. Psychol Rec 1:41-61

Gallup GG Jr, Maser JD (1977) Tonic immobility: evolution-
ary underpinnings of human catalepsy and catatonia. In:
Seligman MEP (ed) Psychopathology: experimental mod-
els. Freeman WH, New York, pp 334-457

Gruber SH, Keyes RS (1981) Keeping sharks for research. In:
Hawkings AD (ed) Aquarium systems. Academic Press,
London, pp 373-402

Henningsen AD (1994) Tonic immobility in 12 elasmobranchs:
use as an aid in captive husbandry. Zoo Biol 13:325-332

Hofmann MH (1999) Nervous system. In: Hamlet WC (ed)
Sharks, skates, & rays. Johns Hopkins University Press,
Baltimore MD, The biology of elasmobranch fishes, pp
273-299

Holland KN, Wetherbee BM, Lowe CG, Meyer CG (1999)
Movements of tiger sharks (Galeocerdo cuvier) in coastal
Hawaiian waters. Mar Biol 134:665-673

Hoyos-Padilla EM, Klimley AP, Galvin-Magafia F, Antoniou
A (2016) Contrasts in the movements and habitat use of
juvenile and adult white sharks (Carcharodon carcharias)
at Guadalupe Island. Mexico Anim Biotelemetry 4:14.
https://doi.org/10.1186/s40317-016-0106-7

Humphreys RK, Ruxton GD (2018) A review of thana-
tosis (death feigning) as an anti-predator behaviour.
Behav Ecol Sociobiol 72:22. https://doi.org/10.1007/
$00265-017-2436-8

Jones RB (1986) The tonic immobility reaction of the domestic
fowl: a review. Worlds Poult Sci J 42:82-96

Kessel ST, Hussey NE (2015) Tonic immobility as an anaes-
thetic for elasmobranch during surgical implantations pro-
cedures. Can J Fish Aquat Sci 72:1287-1291

Kingsbury MA, Kelly AM, Schrock SE, Goodson JL (2011)
Mammal-like organization of the avian midbrain central
gray and a reappraisal of the intercollicular nucleus. PLoS
One 6(6):e20720


https://doi.org/10.1126/science.1114898
https://doi.org/10.1126/science.1114898
https://doi.org/10.1186/s40317-016-0106-7
https://doi.org/10.1007/s00265-017-2436-8
https://doi.org/10.1007/s00265-017-2436-8

Environ Biol Fish

Kittelberger JM, Land BR, Bass AH (2006) Midbrain periaq-
ueductal gray and vocal patterning in a teleost fish. J Neu-
rophysiol 96(1):71-85

Klemm WR (2001) Behavioral arrest: in search of neural con-
trol system. Prog Neurobiol 65:453-471

Klimley AP (1980) Observations of courtship and copula-
tion in the nurse shark, Ginglymostoma cirratum. Copeia
1980:878-882

Klimley AP (1985) Schooling in the large predator, Sphyrna
lewini, a species with low risk of predation: a non-egal-
itarian state. Zeitschrift fiir Tierpsychologie (=Ethology)
70:297-319

Kreidl A (1916) Uber hypnose bei Fschen. Pfluger’s Arch Gen
Physiol 164:441-444

Kozlowska K, Walker P, McLean L, Carrive P (2015) Fear and
the defense cascade: clinical implications and manage-
ment. Harvard Rev Psychiat 23(4):263287. https://doi.org/
10.1097/HRP.0000000000000065

Leite-Panissi CR, Rodrigues CL, Brentegani MR, Menes-
cal-De-Oliveira L (2001) Endogenous opiate analgesia
induced by tonic immobility in guinea pigs. Brazil ] Med
Biol Res 34:245-250

Lissman HW (1946) The neurological basis of the locomotory
rhythm in the spinal dogfish (Scyallum canicula, Acan-
thias vulgaris) 1. Reflex Behavior. J Exp Zool 23:143-161

Mangold E (1920) Die tierische hypnose (Einschliesslich tonis-
che tetanische und Totsell-reflex: Reactions- Akinese der
Protisten). Ergelon Physiol 18:79-117

Miranda A, De La Cruz F, Zamudio SR (2006) Immobility
response elicited by clamping the neck induces antinocice-
ption in a “tonic pain” test in mice. Life Sci 79:1108-1113

Miranda PA, Vazquez LP, Martinez ML, Sandoval HV, Vil-
lanueva BI, Zamudio HSR (2014) The effects of orexin A
and orexin B on two forms of immobility responses and
on analgesia. Adv Neuroim Biol 5:235-242. https://doi.
org/10.3233/NIB-140092

Miranda PA, Zamudio SR, Vazquez LP, Campos RC, Ramirez
SJE (2016) Involvement of opioid and GABA systems in
the ventrolateral periaqueductal gray on analgesia associ-
ated with tonic immobility. Pharmacol Biochem Behav
142:72-78

Miyatake T, Nakayama S, Nishi Y, Nakajima S (2009) Toni-
cally immobilized selfish prey can survive by sacrificing
others. Proc R Soc 276:2763-2767

Monassi CR, Leite-Panissi CR, Menescal-de-Oliveira L (1999)
Ventrolateral periaqueductal gray matter and the control
of tonic immobility. Brain Res Bull 50:201-208

Morgan M, Whitney P, Gold M (1998) Immobility and flight
associated with antinociception produced by activation of
the ventral and lateral/dorsal regions of the rat periaque-
ductal gray. Brain Res 804:159-166

Morgan M, Clayton C (2005) Defensive behaviors evoked
from the ventrolateral periaqueductal of the rat: compari-
son of opioid and GABA disinhibition. Behav Brain Res
164:61-66

Moskowitz AK (2004) “Scared stiff”: catatonia as evolution-
ary-based fear response. Psychol Rev 111(4):984—-1002

Mukharror DA, Susiloningtyas D, Ichsan M (2019) Tonic
immobility induction and duration on halmahera walking

shark (Hemischyllium halmahera). 10P C Ser Earth Env
404:012080

Myrberg AA, Gruber SH (1974) The behavior of the bonnet-
head shark, Sphyrna lewini. Copeia 1974:358-374

Northcutt RG (1977) Elasmobranch central nervous system
organization and its possible evolutionary significance.
Am Zool 17:411-429

Northcutt RG (1978) Brain organization in the cartilaginous
fishes. In: Hodgson ES, Mathewson RF (eds) Sensory
biology of sharks, skates, and rays. Arlington VA: Office
of Naval Research, pp 117-193

Pyle P, Schramm MJ, Keiper C, Anderson SD (1999) Preda-
tion on a white shark (Carcharodon carcharias) by a killer
whale (Orcinus orca) and a possible case of competitive
displacement. Mar Mam Sci 15(2):563-568

Ramos CM, Souza SLF, Menescal OL (2008) Modulation of
tonic immobility in guinea pig PAG by homocysteic acid,
a glutamate agonist. Physiol Behav 94:468-473

Ratner SC (1967) Comparative aspects of hypnosis. In: Gordon
JE (ed) Handbook of clinical and experimental hypnosis.
McMillan, New York

Reese WG, Angel C, Newton JEO (1984) Immobility reactions:
a modified classification. Pay J Biol Sci Jul-Sept:137-143

Reynolds DV (1969) Surgery in the rat during electrical
analgesia induced by focal brain stimulation. Science
164(3878):444-445

Schaefer JG (1921) Uber den lagerreflextonus von Raja clav-
ata. Biol Zentrabl 41:291-295

Tricas TC, Deacon K, Last P, McCosker JE, Walker TI, Taylor
L (1997) Sharks and rays. Taylor L (ed) Sydney, Reader’s
Digest

Véazquez LP, Mendoza RLG, Ramirez SJE, Chamorro CGA,
Miranda PA (2017) Analgesic and anxiolytic effects of
[Leu®!, Pr°34]-neuropeptide Y microinjected into the peri-
aqueductal gray in rats. Neuropeptides 66:81-89

Vazquez LP, Miranda PA, Valencia FK, Sanchez CA (2022)
Defensive and emotional behavior modulation by sero-
tonin in the periaqueductal gray. Cell Mol Neurobiol.
https://doi.org/10.1007/s10571-022-01262-z

Watsky MA, Gruber SH (1990) Induction and duration of tonic
immobility in the lemon shark Negaprion brevirostris.
Fish Physiol Biochem 8:207-210

Wells RMG, McNeil H, McDonald JA (2005) Fish hypnosis:
induction of an atonic immobility reflex. Marine Behav
Physiol 38(1):71-78. https://doi.org/10.1080/1023624040
0029341

Whitman PA (1984) Tonic immobility in juvenile sandbar
sharks, Carcharhinus plumbeus (Nardo, 1827) (Pisces,
Carcharhinidae). M. S. thesis, Univ West Va. Morgantown
WYV, USA

Whitman PA, Marshal JA, Keller BC Jr (1986) Tonic immobil-
ity in the smooth dogfish shark, Mustelus canis (Pisces,
Carcharinidae). Copeia 3:829-832

Williamson MJ, Dudgeon C, Slade R (2018) Tonic immobility
in the zebra shark, Stegostoma fasciatum, and its use for
capture methodology. Environ Biol Fish 101:741-748

Wilson AL (2004) Death feigning: an adaptive, antipredator
response. Bio 755 # 1, pp 1-5. https://people.eku.edu/rithc
isong/behavcol/awilson_feigning.pdf

@ Springer


https://doi.org/10.1097/HRP.0000000000000065
https://doi.org/10.1097/HRP.0000000000000065
https://doi.org/10.3233/NIB-140092
https://doi.org/10.3233/NIB-140092
https://doi.org/10.1007/s10571-022-01262-z
https://doi.org/10.1080/10236240400029341
https://doi.org/10.1080/10236240400029341
https://people.eku.edu/rithcisong/behavcol/awilson_feigning.pdf
https://people.eku.edu/rithcisong/behavcol/awilson_feigning.pdf

Environ Biol Fish

Yopak KE, Lisney TJ, Collin SP, Montgomery JC (2007)
Variation in brain organization and cerebellar foliation in
chondrichthyans: sharks and holocephalans. Brain Behav
Evol 69(4):280-300. https://doi.org/10.1159/000100037

Yopak KE, McMeans BC, Mull CG, Feindel KW, Kovacs KM,
Lydersen C, Fisk AT, Collin SP (2019) Comparative brain
morphology of the Greenland and Pacific sleeper sharks
and its functional implications. Sci Rep 9:10022. https://
doi.org/10.1038/541598-019-462255

Yoshida M (2021) Immobility behaviors in fish: a comparison
with other vertebrates. In: Sakai M (ed) Death-feigning in
insects. Entomology Monographs. Springer, Singapore.
https://doi.org/10.1007/978-981-33-6598-8_11

@ Springer

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://doi.org/10.1159/000100037
https://doi.org/10.1038/s41598-019-462255
https://doi.org/10.1038/s41598-019-462255
https://doi.org/10.1007/978-981-33-6598-8_11

	A review of tonic immobility as an adaptive behavior in sharks
	Abstract 
	Introduction
	Tonic immobility in elasmobranchs
	Brain structure responsible for tonic immobility
	Tonic immobility might elicit analgesia in sharks
	Suggestions for future research on tonic immobility in elasmobranchs
	Summary
	Acknowledgements 
	References


