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Chapter	1	

Preface	
 

Nonhuman	 primates	 (NHP),	 such	 as	 macaques	 and	 common	 marmosets	 (Callithrix	

jacchus),	 share	 many	 important	 biological	 and	 psychological	 characteristics	 with	 humans.	

These	 similarities	 occur	 because	 the	 marmoset	 and	 Homo	 sapiens	 have	 diverged	 from	 a	

common	 ancestor,	 a	 primitive	 anthropoid,	 approximately	 30	 million	 years	 ago1,2.	 On	 the	

evolutionary	scale	this	is	relatively	recent.	This	make	them	valuable	models	for	several	areas	

of	 biomedical	 research	 like	 infectious	 diseases	 (such	 as	 AIDS,	 malaria	 and	 tuberculosis),	

chronic	debilitating	diseases,	 such	as	 rheumatoid	arthritis	and	multiple	 sclerosis	as	well	 as	

for	 neurological	 disorders,	 such	 as	 Parkinson’s	 disease,	 Alzheimer’s	 disease	 and	 sleep	

disorders3-13.	 NHP	 can	 provide	 very	 important	 indicators	 of	 what	 will	 happen	 in	 humans	

during	 specific	 disease	 processes.	 This	 can	 help	 in	 unravel	 mechanism	 of	 disease	 or	

physiological	processes	in	detail.	

However,	 NHP	 are	 sensitive,	 intelligent	 beings	 that	 require	 specific	 attention	with	

respect	 to	 their	 physical	 and	 behavioural	 requirements	 (e.g.	 social	 interactions	 with	

conspecifics,	 husbandry	 and	 housing).	 Animal	 discomfort,	 suffering	 and	 distress	 due	 to	

improper	husbandry,	housing,	restraint	or	handling	can	potentially	decrease	the	reliability	of	

the	obtained	experimental	results.	 In	most	research	areas,	behaviour	 is	used	as	one	of	the	

read-out	 parameters	 for	 studying	 the	 progression	 of	 a	 disease	 and/or	 the	 effects	 of	 a	

treatment	 over	 time.	 Therefore,	 reducing	 stress	 resulting	 from	 daily	 handling,	 restraint,	

veterinary	care,	husbandry	and	housing	improves	not	only	the	well-being	of	animals	but	also	

leads	 to	 smaller	 variations	 in	 the	 biometric	 data,	 resulting	 in	 more	 reliable	 results,	

refinement	 of	 data	 collection,	 reduction	 in	 animal	 use	 and	ultimately	 in	 potentially	 better	

treatment	 of	 disorders	 (refinement	 and	 reduction).	 All	 individuals	 working	 in	 biomedical	

research	 are	 committed	 to	 implement	 the	 principles	 of	 the	 3R’s	 (Replacement,	 Reduction	

and	Refinement).		

The	3R’s	are	embedded	in	national	and	international	legislation	regulating	the	use	of	

animals	in	scientific	procedures.	Legislation	is	needed	to	permit	and	control	the	use	of	NHP	

for	 scientific	 experimentation.	 Within	 the	 European	 Union	 (EU),	 the	 use	 of	 animals	 for	

research	purposes	is	only	permitted	if	there	is	no	viable	alternative	that	would	produce	the	

required	 result	 without	 using	 animals	 or	 with	 other	 “lower”	 animals.	 The	 rules	 for	
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experiments	 with	 animals	 are	 formulated	 in	 the	 European	 Directive	 2010/63/EU.	 The	 EU	

Directive	stands	for	better	protection	of	animals	used	and	involved	in	scientific	research:	 it	

lays	 down	 minimum	 standards	 for	 housing	 and	 care	 and	 regulates	 the	 use	 of	 animals	

through	 a	 systematic	 project	 evaluation.	 It	 requires	 regular	 inspections,	 improves	

transparency	through	measures	such	as	publication	of	non-technical	project	summaries	and	

retrospective	assessment.	Besides,	 it	encourages	the	application	of	the	3Rs.	The	applicable	

law	 in	 the	Netherlands	 is	 the	Experiments	on	Animals	Act	 (Wet	op	de	dierproeven,	WOD),	

which	was	amended	in	December	2014.	

The	EU	is	focused	on	achieving	the	complete	replacement	of	experiments	on	NHP	by	

other	research	methods	as	soon	as	technically	feasible.	However,	with	regard	to	the	present	

state	 of	 scientific	 knowledge,	 the	 use	 of	 NHP	 in	 scientific	 procedures	 is	 still	 necessary	 in	

biomedical	 research.	 Due	 to	 their	 genetic	 proximity	 to	 human	 beings	 and	 to	 their	 highly	

developed	 social	 skills,	 the	 use	 of	 NHP	 in	 scientific	 procedures	 raises	 specific	 ethical	 and	

practical	concerns	and	problems.	Furthermore,	the	use	of	NHP	is	of	the	greatest	concern	to	

the	public.	Therefore	 the	use	of	NHP	 is	permitted	only	 in	 those	biomedical	areas	essential	

for	the	benefit	of	human	beings,	for	which	really	no	other	alternative	replacement	methods	

are	 yet	 available14.	 Knowledge	 about	 animals'	 physical	 and	 behavioural	 requirements	 is	

increasing	rapidly	and	translating	this	 into	practical	 information	is	critical	to	minimise	pain,	

suffering	 and	 distress	 as	 well	 as	 ensuring	 the	 reproducibility	 of	 the	 experiments	 NHP	 are	

used	for.	In	order	to	ensure	the	best	standards	for	using	NHP	in	research	and	to	create	the	

ability	 for	 an	 animal	 to	 exhibit	 species-specific	 and	 natural	 behaviour,	 the	 Biomedical	

Primate	 Research	 Centre	 (BPRC,	 Rijswijk,	 The	 Netherlands)	 have	 developed	 and	 are	

continually	evolving	research	to	improve	animal	welfare.	

Common	marmosets	

The	common	marmoset	belongs	to	the	family	of	the	Callitrichidae	and	is	native	to	the	

Atlantic	coastal	forests	of	north-eastern	Brazil.	Marmosets	are	arboreal	and	live	in	stable	and	

compact	social	groups	composed	of	an	adult	breeding	pair	and	multiple	sets	of	offspring15.	

The	body	weight	of	adult	monkeys	ranges	from	about	300	to	450	grams.	A	mature	marmoset	

reaches	a	body	length	of	approximately	20	cm.	Both	sexes	are	of	similar	size.	Marmosets	are	

characterized	by	streaked	grey,	brown	and	yellow	coloured	pelt	with	white	ear	tufts	and	a	

long	banded	tail	of	about	30	cm16.	Their	natural	diet	consists	of	tree	gum	gouged	from	tree	

bark,	 fruits,	 insects	 and	 bird	 eggs.	 	 Marmosets	 become	 sexually	 mature	 at	 about	 14-18	

months	and	old	age	is	reached	at	around	8-10	years16.	Mothers	give	usually	birth	to	twins	or	

triplets	per	pregnancy,	which	takes	144	days17.	They	have	a	post-partum	ovulation	and	can	
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conceive	within	10-40	days	of	 giving	birth	which	 results	 in	 two	births	per	 year17.	 They	are	

able	 to	 breed	 until	 the	 end	 of	 their	 lifespan16.	 Marmosets	 have	 a	 cooperative	 breeding	

system;	the	male	and	previous	offspring	help	with	the	care	of	the	new	offspring.	Compared	

to	 other	 NHP,	 they	 have	 a	 relatively	 high	 reproductive	 efficiency	 in	 captivity	 (high	

reproduction	 rate	 and	 high	 number	 of	 offspring),	which	makes	 them	 interesting	 for	 being	

used	in	biomedical	research,	including	generation	of	transgenic	animals18.		

Physical	and	genetic	similarities	between	humans	and	primates	make	them	useful	as	

model	for	biomedical	research.	Primates	are	generally	classified	into	groups	for	which	there	

is	 evidence	 that	 their	 ancestry	 traces	 back	 to	 a	 single	 common	 ancestor.	 The	 six	 major	

groups	are:	lemurs;	loriformes;	tarsiers;	New	World	monkeys;	Old	World	monkeys;	and	apes.	

From	a	human	perspective,	our	closest	relatives	are	the	apes,	followed	by	the	progressively	

more	distant	 relatives:	 the	Old	Word	monkeys,	 the	New	World	monkeys,	 the	 tarsiers,	and	

the	lemurs1,19-21.	The	taxonomic	list	of	the	New	World	monkeys	(Infraorder	Platyrrhini)	which	

we	 describe	 here	 changed	 and	 will	 change	 considerably,	 even	 in	 the	 near	 future,	 with	

further	 discoveries	 of	 new	 forms,	 genetic	 and	 phylogenetic	 analyses,	 and	 the	 revision	 of	

genera	and	species	groups	based	on	morphology	and	the	study	of	museum	specimens.	The	

Platyrrhini	 can	 be	 grouped	 into	 four	 major	 subfamily	 radiations:	 Atelinae,	 Pitheciinae,	

Cebinae	 and	 Callitrichinae.	 The	 Callitrichinae	 are	 classified	 into	 five	 genera:	 Saguinus	

(Tamarin),	 Leontopithecus	 (Lion	 tamarin),	 Callimico	 (Goeldi’s	 monkey),	 Cebuella	 (Pygmy	

marmoset)	 and	 Callithrix	 (Marmoset).	 The	 genus	 Callithrix	 is	 grouped	 into	 13	 species,	

including	the	common	marmoset	(Callithrix	jacchus)22.	Considering	the	evolutionary	distance	

between	 marmosets	 and	 humans,	 the	 karyotypes	 appear	 surprisingly	 similar.	 Of	 the	 24	

human	 chromosome	paints,	 15	mapped	 to	one	 chromosomal	 region	within	 the	marmoset	

karyotype.	This	compares	with	23	in	the	chimpanzee,	21	in	the	gorilla,	23	in	the	orangutan,	

21	in	the	macaque	and	eight	in	the	gibbon19,20.	It	also	shows	that	the	extent	of	differences	in	

the	karyotype	of	species	is	not	necessarily	proportional	to	the	time	elapsed	since	the	species	

diverged,	as	gibbons	are	more	closely	related	to	humans	than	marmosets20,21.	

Common	marmosets	and	their	use	in	biomedical	research	

Common	marmosets	are	frequently	used	in	biomedical	research	in	a	variety	of	human	

health	fields	such	as	neuroscience,	stem	cell	research,	drug	toxicology,	aging,	immunity	and	

autoimmune	diseases,	reproductive	biology	and	regenerative	medicine16,23-25.		

	 The	most	frequently	highlighted	advantage	is	their	outbred	nature	and	proximity	to	

humans	 (anatomy,	 immunology,	 physiology	 and	 microbiology).	 The	 high	 reproductive	
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efficiency	 (high	availability	of	marmosets	 for	biomedical	 research)	 is	 another	advantage	of	

marmosets	for	biomedical	research.	Moreover,	marmoset	twins	are	bone	marrow	chimeras	

as	a	result	of	establishment	of	vascular	anastomoses	between	the	placentae	of	the	embryos.	

The	embryos	share	a	common	chorionic	cavity	by	day	30	of	gestation,	when	the	embryos	are	

at	 an	early	presomite	 stage26-28.	 The	 resultant	hemopoietic	 chimerism	 remains	 throughout	

adulthood.	The	chimeric	state	results	 in	 immunological	similarity	and	hence	can	be	used	in	

pairs	for	therapeutic	studies.	It	seems	likely	that	any	differences	between	twins	will	have	to	

be	 caused	 by	 experimental	 factors	 e.g.	 treatment	 versus	 non-treatment	 rather	 than	 by	

genetics.	Besides,	twin	siblings	are	mutually	allo	tolerant	enabling	adoptive	transfer	of	cells	

between	 siblings.	 In	 addition,	 when	 using	 marmosets,	 the	 cost	 of	 developing	 drugs	 is	

reduced	because;	due	to	their	small	size,	10-	to	20-fold	less	compound	is	needed	compared	

to	when	larger	NHP	like	macaques	or	baboons	are	used.		

		 Despite	these	advantages,	some	disadvantages	exist	like	their	relatively	high	costs	of	

housing	and	breeding	them	when	compared	to	rodents.	Although	marmosets	are	relatively	

small	and	easy	to	house,	it	has	to	be	taken	into	account	that	they	require	much	more	space	

compared	 with	 laboratory	 rodents.	 Their	 small	 body	 size	 makes	 it	 also	 difficult	 or	 even	

impossible	 to	perform	certain	procedures	or	 techniques	 (e.g.	CSF	sampling)	and	only	small	

volume	 of	 blood	 or	 organs	 (e.g.	 lymph	 nodes)	 can	 be	 obtained	 to	 perform	 ex	 vivo	

experiments.	But	 these	 limitations	are	comparable	with	 those	 for	 laboratory	 rodents.	Also	

the	availability	of	diagnostic	reagents	such	as	monoclonal	antibodies	for	flow	cytometry	and	

immunohistochemistry	 (cross-reactivity)	 is	 limited	 for	 marmosets.	 Moreover,	 the	 general	

public's	perceptions	 that	NHP	are	closer	 to	humans	compared	 to	 rodents	 raises	additional	

concern	 about	 the	 use	 of	 NHP.	 Therefore,	 NHP	 are	 only	 used	 when	 it	 is	 scientifically	

demonstrated	that	there	is	no	viable	alternative	species	appropriate	for	the	purpose	of	the	

study.	

As	more	and	more	information	about	basic	requirements,	life	history,	behaviour	and	

diet	of	marmosets	have	become	available	from	experience	with	natural	and	captive	habitats	

the	 housing,	 husbandry	 and	 handling	 conditions	 of	 these	 animals	 have	 improved	

significantly	over	the	last	decades.	This	has	improved	captive	life	and	the	implementation	of	

research	 requirements	 for	 the	 animals16,24,29-36.	 In	 addition,	 non-invasive	 techniques	 and	

restraint	 methods	 were	 developed	 for	 obtaining	 samples	 or	 data	 from	 marmosets	 in	 a	

variety	 of	 research	 settings34,37-40.	 Nevertheless,	 there	 is	 always	 scope	 for	 welfare	

improvement	due	to	the	fact	that	most	of	the	housing,	husbandry	and	handling	procedures	

are	still	in	evidence	in	the	remains	of	early	experiences	with	colonies	of	imported	animals.	
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Welfare	status	

The	 traditional	 housing	 and	 handling	 practices	 of	 laboratory	 housed	 primates	

potentially	expose	the	animals	to	distress,	which	is	not	only	an	ethical	concern	—	distress	is	

a	sign	of	 impaired	well-being	—	but	also	a	scientific	concern	—	distress	 is	an	uncontrolled	

variable	that	increases	statistical	variance34.	Housing	and	handling	practices	can	be	refined,	

in	 such	 a	 way	 that	 distress	 responses	 are	 minimized	 or	 avoided.	 A	 range	 of	 parameters	

including	health,	physiology	and	behaviour	are	used	to	define	the	quality	of	life	of	animals.	

However,	animal	welfare	is	a	very	complex	concept	due	to	it	being	a	key-factor	in	de	modern	

human-animal	relationship,	which	is	a	sensitive	topic	in	our	civilized	society.	Assessment	of	

animal	 welfare	 is	 multidimensional,	 comprising	 good	 health,	 comfort,	 expression	 of	

behaviour	 and	 so	 on.	 Outlining	 all	 the	 different	 aspects	 and	 factors	 of	 this	 complexity	 is	

unfortunately	 beyond	 the	 scope	 of	 this	 thesis.	 Its	 overall	 assessment	 therefore	 requires	 a	

multicriteria	 evaluation.	 The	 status	 of	 an	 animal’s	 welfare	 can	 be	 assessed	 by	 means	 of	

different	frameworks41-49.	However,	we	will	only	discuss	the	most	widespread	framework	of	

animal	welfare;	 the	Five	 freedoms49.	The	Five	 freedoms	could	be	compared	 to	 the	Human	

Rights	Act	in	the	sense	that	they	preach	‘freedoms’	every	animal	should	have	(comparable	to	

‘the	 right	 to…’).	 They	 stated,	 “an	 animal	 should	 at	 least	 have	 sufficient	 freedom	 of	

movement	 to	 be	 able	without	 difficulty	 to	 turn	 round,	 groom	 itself,	 get	 up,	 lie	 down	 and	

stretch	 its	 limbs.”	These	became	known	as	the	Five	 freedoms	and	were	 later	on	expanded	

and	 refined	 by	 the	 British	 Farm	 Animal	 Welfare	 Council	 (FAWC).	 However,	 since	 then,	

additional	shaping	and	specification	has	taken	place,	resulting	in	the	Five	freedoms	that	are	

known	today:	

1.	Freedom	from	hunger	and	thirst	 -	by	 ready	access	 to	water	and	diet	 to	maintain	health	

and	vigour.	

2.	 Freedom	 from	 discomfort	 -	 by	 providing	 an	 appropriate	 environment	 including	 shelter	

and	a	comfortable	resting	area.	

3.	Freedom	from	pain,	injury	or	disease	-	by	prevention	or	rapid	diagnosis	and	treatment.	

4.	Freedom	to	express	normal	behaviour	-	by	providing	sufficient	space,	proper	facilities	and	

appropriate	company	of	the	animals	own	kind.	

5.	 Freedom	 from	 fear	 and	 distress	 -	 by	 ensuring	 conditions	 and	 treatments,	 which	 avoid	

mental	suffering.		



Chapter	1	

12	

	 The	 Five	 freedoms	 had	 an	 enormous	 impact	 on	 the	 ongoing	 debate	 of	 animal	

welfare.	 They	 are	 commonly	 used	 as	 guidelines	 for	 animal	welfare	 assessments	 assuming	

the	 welfare	 to	 be	 impaired	 when	 the	 criteria	 of	 the	 freedoms	 are	 not	 met.	 One	 of	 the	

biggest	 points	 of	 criticism	 of	 the	 Five	 freedoms	 is	 that	 the	 rather	 negative	 and	 static	

statement	 	 ‘the	 animal	 should	 be	 kept	 free	 from…’	 ignores	 the	 fact	 that	 animals	 are	 not	

static	 at	 all;	 not	 as	 individuals	 within	 their	 life-time	 and	 not	 as	 species	 over	 evolutionary	

time50).	 Animals	 have	 evolved	 over	 centuries	 to	 be	 able	 to	 interact	 and	 adapt	 to	 their	

changing	 environment,	 and	 even	 though	 people	 now	 control	 their	 environment,	 the	

existence	of	this	ancient	adaptive	system	highlights	the	importance	for	their	welfare	of	being	

able	 to	 adequately	 react	 to	 the	 changing	 demands.	 In	 other	 words,	 these	 changing	

conditions	affect	an	animal’s	homeostasis,	and	being	able	 to	cope	with	 these	changes	and	

re-establish	the	standard	intrinsic	values	are	of	great	importance	for	their	well-being43.	The	

Five	freedoms	is	a	good	base	for	a	universal	welfare	assessment,	however	it	still	needs	some	

additions	 and	 refinements,	 which	 should	 be	 guided	 by	 research,	 in	 all	 the	 different	

approaches.	

Aims	and	outline	of	this	thesis	

Convergent	 to	 their	 frequent	 use	 in	 biomedical	 research,	 the	 number	 of	 research	

publications	 utilizing	 common	marmosets	 has	 progressively	 increased	during	 recent	 years.	

However,	 there	 is	 clearly	 still	 a	growing	need	 to	obtain	up-to-date	 information	concerning	

the	handling,	housing,	husbandry	and	veterinary	related	issues	of	marmosets	in	the	research	

laboratory	 environment.	 Refinement	 of	 these	 issues	 would	 increase	 the	 welfare	 of	

laboratory-housed	 marmosets.	 	 The	 ready	 availability	 of	 such	 information	 would	 enable	

even	 greater	 utilization	 of	 marmosets	 as	 research	 models	 and	 research	 alternatives.	 The	

primary	 goal	 of	 our	 research	 is	 to	 refine	 husbandry,	 handling,	 and	 veterinary	 care	 for	

marmosets	maintained	in	research	settings.	This	thesis	highlights	that	the	ethical	treatment	

of	NHP	must	 go	 beyond	 a	 narrow	 focus	 on	 research	 convenience,	 hygienic	 environments,	

attempts	 to	 limit	 the	 number	 of	 primates	 used	 and	 minimize	 pain	 and	 distress	 during	

housing,	 husbandry	 and	 experimental	 procedures.	 The	 progress	 of	 this	 thesis	 has	 been	

towards	a	more	adequate	concept	of	how	to	protect	the	physical	and	psychological	welfare	

needs	of	 laboratory	housed	marmosets,	 and	how	 to	 create	 living	 conditions	 that	actualize	

essential	behavioural	dimensions	of	their	natural	 lives	without	 interfering	with	their	use	or	

future	use	in	biomedical	research,	highlighting	the	interconnectivity	between	these	subjects.	
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Monitoring	welfare	

Due	 to	 marmosets	 being	 frequently	 used	 in	 biomedical	 research,	 it	 is	 desirable	 to	

monitor	 their	 welfare	 status	 using	 objective,	 non-invasive	 parameters	 to	 monitor	

(dis)comfort,	pain	and	distress	to	enable	us	to	optimize	their	welfare	conditions	(keeping	in	

mind	 the	 Five	 freedoms).	 The	 production	 of	 ultrasonic	 vocalization	 (USV)	 and	 its	 use	 as	 a	

welfare	 indicator	 has	 been	 intensively	 studied	 in	 rats	 and	 mice51-57.	 USV	 produced	 by	

laboratory	 rats	 in	 response	 to	 painful	 procedures,	 provided	more	 information	 about	 their	

acute	 emotional	 state	 than	 audible	 vocalizations.	 The	 vocal	 repertoire	 of	 common	

marmosets	 is	 described	 to	 comprise	 not	 only	 audible	 vocalizations	 but	 also	 USV58,59.	

However,	 the	 use	 of	 pure	 USV	 production	 and/or	 the	 high	 frequency	 components	 in	 the	

ultrasonic	 range	 of	 vocalizations	 as	 indicator	 of	 distress	 has	 never	 been	 studied	 before.	

Therefore,	we	analysed	if	the	production	of	USV	could	be	used	to	gauge	emotional	effects,	

such	as	pain	or	distress	in	marmosets	(Chapter	2).	

Optimising	data	collection	

In	our	search	to	monitor	welfare	status,	telemetry	was	identified	as	another	possible	

option.	Telemetry	has	shown	to	be	very	important	for	monitoring	physiological	parameters	

in	 awake	 and	 freely	 moving	 laboratory	 animals60,61.	 The	 standardised	 approach	 leads	 to	

smaller	variations	in	the	biometric	data,	resulting	in	more	reliable	results,	refinement	of	data	

collection,	reduction	in	animal	use	and	ultimately	potentially	better	treatment	of	disorders62.	

Telemetry	 in	 marmosets	 is	 already	 used	 to	 study	 a	 variety	 of	 human	 diseases,	 including	

neurodegenerative	 disorders	 such	 as	 Parkinson’s	 disease8.	 Progression	 of	 disease	 can	 be	

monitored	 by	 parameters,	 such	 as	 home	 cage	 activity,	 motor	 function	 and	 behaviour.	

Although	implantable	transmitters	reduce	stress	resulting	from	daily	handling	and	restraint,	

the	procedure	requires	 invasive	surgery,	which	 in	turn,	affects	behaviour	and	well-being	of	

animals	in	several	ways	e.g.	to	suffer	pain	post	surgery.	This	aspect	is	important	in	cases	in	

which	behaviour	is	used	as	one	of	the	read-out	parameters	for	studying	the	progression	of	a	

disease	and/or	the	effects	of	a	treatment	over	time.	In	mice,	surgery,	as	well	as	the	presence	

of	the	intra-abdominal	transmitter	are	known	to	affect	the	well-being	of	mice	after	surgery	

as	 they	 show	 changes	 in	 body	 weight,	 locomotion,	 eating	 behaviour,	 grooming	 and	

immobility	 activities63,64.	 In	 order	 to	 obtain	 reliable	 data,	 it	 is	 essential	 that	 the	 effects	 of	

implantation	of	 the	 devices	 in	 these	 animals	 are	 thoroughly	 known	and	minimised	before	

the	 monitoring	 starts.	 We	 determined	 the	 effects	 of	 surgical	 placement	 of	 an	 intra-

abdominal	 transmitter	on	 locomotor	activity,	health	 status,	 and	bodyweight	 in	marmosets	
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(Chapter	3).	The	collected	data	is	important	to	optimise	the	design	of	future	studies	utilising	

these	implantable	transmitters.	

Refining	housing,	husbandry	and	care		

At	 the	BPRC	outside	enclosures	and	 the	use	of	deep	 litter	as	bedding	material	were	

initiatives	 that	 improved	 the	 animals’	welfare	 (freedom	4:	 the	 freedom	 to	express	normal	

behaviour	–	by	providing	sufficient	space,	proper	facilities	and	appropriate	company	of	the	

animals	own	kind).	Besides,	it	is	known	that	biologic	response	of	animals	to	husbandry	stress	

with	 implications	 for	 biomedical	models30.	 As	 scent	marking	 is	 an	 important	 aspect	 of	 the	

natural	behaviour	of	marmosets,	also	in	laboratory-settings65,	we	decided	to	limit	removal	of	

scents	as	much	as	possible	and	decided	to	stop	cleaning	their	enclosures	with	disinfectants.	

Moreover,	 not	 using	 disinfectants	 could	 have	 another	 beneficial	 effect,	 since	 it	 was	

suggested	 that	 chromosomal	 disorders	 in	 marmosets	 could	 be	 related	 to	 the	 chemical	

disinfection	 of	 their	 environment.	 However,	 it	 was	 thought	 that	 housing	 laboratory	

marmosets	 in	 enriched	 cages,	 with	 both	 indoor	 and	 outdoor	 enclosures,	 providing	 them	

with	deep	litter	and	eliminating	the	use	of	disinfectants	does	in	theory	present	an	increased	

veterinary	 risk.	 We	 therefore	 evaluated	 whether	 these	 ongoing	 housing	 and	 husbandry	

changes	constituted	an	 improvement	or	an	 increased	veterinary	risk	 for	 laboratory-housed	

common	marmosets		(Chapter	4).		

Refinement	of	veterinary	knowledge	

A	major	benefit	of	outdoor	enclosures	is	exposure	to	seasonal	fluctuations	in	light	and	

climate	 and	 increased	 sensory	 stimulation,	 which	 provide	 greater	 opportunities	 for	

exploration	 and	 manipulation	 that	 all	 contribute	 positively	 to	 the	 animals’	 welfare.	

Furthermore,	marmosets	are	known	to	be	susceptible	 to	metabolic	bone	diseases,	as	 they	

are	unable	 to	synthesize	vitamin	D3	 	 (vit	D3)	 from	the	plant	 form	of	 the	vitamin	 (vitamine	

D2)	without	access	to	ultraviolet-B	radiation	as	vit	D3	is	formed	in	the	skin	by	the	UV	part	of	

sunlight66.	Vit	D	is	essential	for	strong	bones	as	it	helps	the	body	use	calcium	from	the	diet.	

In	 addition	 to	 dietary	 supplementation	with	 vit	 D3,	we	 assumed	 that	 access	 to	 unfiltered	

sunlight	in	outside	enclosures	can	prevent	vit	D	deficiency.	Increasingly,	research	is	revealing	

the	importance	of	vit	D	in	protecting	against	a	wide	variety	of	health	problems	as	vit	D	is	an	

important	 immune	system	regulator;	 the	active	 form	of	vit	D	 is	 recently	described	to	have	

effect	 on	 the	 development	 and	 course	 of	 autoimmune	 diseases,	 including	 inflammatory	

bowel	disease	and	multiple	sclerosis,	as	vit	D	 is	known	to	have	specific	effects	on	T,	B	and	
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dendritic	cells67-71.	In	Chapter	4	we	describe	our	results	about	the	vit	D	level	in	our	breeding	

colony.		

As	marmosets	are	used	 in	biomedical	 research	 for	 studies	 involving	 the	skeleton12,	

the	normal	 osteology	of	 healthy	marmosets	 needs	 to	 be	 known	 first.	Detailed	description	

and	 illustrations	 of	 the	 skeleton	 of	 the	 common	 marmoset	 as	 an	 anatomical	 guide	 for	

further	biomedical	research	were	created	(Chapter	5).		

Implementation	 of	 the	 3R’s	 in	 biomedical	 research	 also	 includes	 optimisation	

(Refinement)	 of	 sedation	 and	 anaesthetic	 protocols	 and	 appropriate	 analgesia.	 As	

marmosets	 are	 used	 as	 model	 for	 neuroanatomical	 and	 neurophysiological	 studies	 this	

requires	 the	 implantation	 of	 telemetric	 devices	 (see	 Chapter	 3).	 The	 implantation	 of	 such	

devices	 requires	balanced	anaesthesia,	a	mixture	of	anaesthetics	and	analgesics.	However,	

analgesic	 and	 anaesthetic	 agents	 have	 the	 potential	 to	 adversely	 affect	 the	 patient.	 No	

recommendations	were	available	about	sedation	in	marmosets.	Therefore,	we	investigated	

and	compared	the	four	most	frequent	used	sedation	protocols	(Chapter	6).		

When	 selecting	 appropriate	 analgesic	 to	 treat	 pain,	 both	 analgesic	 efficacy	 and	

safety	 need	 to	 be	 considered.	 Some	 analgesics,	 especially	 opioids,	 are	 known	 to	 cause	

adverse	 effects;	 respiratory	 depression	 is	 the	 most	 serious	 because	 of	 the	 risk	 of	 a	 fatal	

outcome72-74.	 Surprisingly	 few	 studies	 have	 addressed	 the	 clinically	 important	

cardiorespiratory	 effects	 of	 analgesics	 in	 combination	 with	 anaesthesia	 in	 NHP75,	 and	 no	

study	has	been	published	in	marmosets.	By	the	study	described	in	Chapter	7,	we	fulfilled	this	

lack	 of	 knowledge.	 The	 primary	 aim	 of	 the	 study	 was	 to	 determine	 the	 effects	 on	

cardiorespiratory	 parameters	 after	 premedication	 with	 three	 different	 analgesics	 using	 IV	

sedation.		
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ABSTRACT	

The	vocal	repertoire	 in	common	marmosets	(Callithrix	 jacchus)	has	been	assumed	to	

consist	not	only	of	vocalizations	audible	to	humans	but	also	of	ultrasonic	vocalizations	(USV).	

The	use	of	USV	to	socially	indicate	distress	has	not	been	evaluated	in	this	species,	however.	

The	 authors	 analyzed	 the	 ultrasonic	 vocal	 repertoire	 of	 the	 common	 marmoset	 under	

normal	 housing	 conditions,	 under	 various	 experimental	 manipulations	 intended	 to	 elicit	

positive	 or	 negative	 emotional	 responses	 and	during	 stressful	 experiences	 including	 blood	

draw	 and	 exposure	 to	 a	 perceived	 predator.	 Analysis	 of	 the	 recordings	 showed	 that	

marmosets	produced	vocalizations	with	ultrasonic	components	as	part	of	their	normal	vocal	

repertoire,	 but	 these	 vocalizations	 all	 have	 audible	 components	 as	well.	 Only	 4	 of	 the	 13	

types	 of	 vocalizations	 had	 ultrasonic	 components.	 These	 ultrasonic	 components	were	 not	

reliably	associated	with	responses	to	different	experimental	manipulations,	suggesting	that	

they	are	not	used	to	indicate	pain,	discomfort	or	distress.	

 

 

 

 

  



Chapter	2	

24	

INTRODUCTION	

Intra-species	 communication	 of	 many	 species,	 including	 flying	 squirrels
1
,	 Bornean	

frogs
2,3
,	 rats

4
,	 voles

5
,	 minks

6	 and	 non-human	 primates
7–21

,	 consists	 of	 vocalizations	 with	

frequencies	in	the	ultrasonic	range	(>	20	kHz)	as	well	as	in	the	range	audible	to	humans	(20	

Hz–20	kHz).	New	World	monkeys	have	vocal	repertoires	comprising	both	audible	and	ultra-	

sonic	 frequencies
8,22

;	 common	 marmosets	 (Callithrix	 jacchus)	 can	 hear	 sounds	 with	

frequencies	<	36	kHz23.	Common	marmosets	produce	various	types	of	audible	vocalizations	

under	different	conditions
7,11–15,17,19–21

.	For	example,	exposure	to	unfamiliar	animals	induces	

aggressive	or	 territorial	behavior	 in	marmosets
24
,	and	several	audible	call	 types	have	been	

reported	 in	 these	 intergroup	 aggression	 con-	 texts
18
.	 Common	 marmosets	 also	 produce	

specific	 audible	 calls	 during	 separation
21	 and	 in	 response	 to	 danger

7
.	Whether	 these	 calls	

also	 have	 ultrasonic	 components,	 and	 whether	 the	 common	 marmoset	 produces	 other	

vocalizations	exclusively	in	the	ultra-	sonic	range,	have	not	been	demonstrated.	

Because	 the	 common	marmoset	 is	 frequently	 used	 in	 biomedical	 research
25,26

,	 it	 is	

desirable	to	identify	objective,	non-invasive	measures	for	monitoring	dis-	comfort,	pain	and	

distress	in	these	animals	in	order	to	optimize	welfare	conditions.	One	of	the	possibilities	for	

assessing	 the	 well-being	 of	 common	 marmosets	 might	 be	 evaluating	 their	 production	 of	

ultrasonic	vocalizations	(USV).	The	production	of	USV	in	rats	and	mice	and	its	use	as	welfare	

indicator	 has	 been	 intensively	 studied.	 USV	 produced	 by	 laboratory	 rats	 in	 response	 to	

painful	 procedures	 provide	 more	 information	 about	 their	 acute	 emotional	 state	 than	 do	

their	 audible	 vocalizations
4,27–30

,	 but	 in	 mice	 this	 seems	 not	 to	 be	 the	 case
31,32

.	 The	

production	 and	 potential	 relevance	 of	 USV	 by	 common	 marmosets	 in	 various	 stressful	

conditions	has	not	previously	been	studied.		

We	analyzed	the	production	of	USV	in	common	marmosets	and	determined	whether	

USV	 can	 be	 used	 to	 gauge	 emotional	 states,	 pain	 or	 distress	 by	 evaluating	 how	 USV	

production	 differed	 in	 response	 to	 various	 experimental	 manipulations	 intended	 to	 elicit	

positive	or	negative	emotional	responses	or	during	stressful	experiences.	

	

METHODS	

	Animals	

	Common	marmosets	were	housed	in	an	animal	facility	accredited	by	the	Association	

for	Assessment	and	Accreditation	of	Laboratory	Animal	Care	International	at	the	Biomedical	
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Primate	 Research	 Centre.	 All	 research	 activities	 were	 done	 in	 accordance	 with	 the	 legal	

requirements	of	the	Netherlands	and	the	EU	Directive	63/2010.	Marmosets	in	the	breeding	

facility	 were	 housed	 in	 family	 groups,	 each	 in	 an	 indoor	 enclosure	 of	 2m	 ×	 2m	 ×	 3m	

connected	to	an	outdoor	enclosure	of	2m	×	2m	×	3m	with	walls	made	of	concrete.	The	floors	

of	 the	 indoor	 enclosures	 were	 bedded	 with	 deep	 litter	 made	 of	 French	 pine	 (Van	 Dijk	

Groothandel/Biofiltratie	B.V.,	Veenendaal,	 the	Netherlands).	 The	 surface	of	 the	deep	 litter	

was	 raked	 and	 sprinkled	 with	 water	 twice	 per	 month.	 The	 front	 walls	 of	 the	 indoor	

enclosures	 consisted	 of	 transparent	 plastic	 doors,	 which	 limit	 the	 transmission	 of	 sound	

between	groups	in	the	breeding	facility.	Marmosets	in	the	experimental	facility	were	housed	

in	same-sex	pairs	in	wire-mesh	cages	measuring	75	cm	×	75	cm	×	185	cm	(Tecnilab-BMI	B.V.,	

Someren,	the	Netherlands),	with	wood	shavings	as	bedding	material	 (Lignocel	3–4-S;	 JRS	J.	

Rettenmaier	&	 Sohne	GmbH	&	Co,	 Ellwangen-Holzmuhle,	Germany).	 Standard	 enrichment	

materials,	such	as	branches,	baskets,	garden	ropes,	fire	hoses	and	nets,	were	always	present	

in	the	cages.	

The	 same	 husbandry	 procedures	 were	 used	 at	 both	 facilities.	 All	 animals	 were	 fed	

commercial	monkey	pellets	 (Ssniff,	Soest,	Germany)	ad	 libitum,	supplemented	with	 limited	

amounts	 of	 Arabic	 gum	 and	 fresh	 fruit	 at	 3:00	 p.m.	 Water	 was	 provided	 ad	 libitum	 in	

drinking	bottles	or	via	drinking	nipples.	The	room	was	maintained	at	a	temperature	between	

23	°C	and	27	°C	and	on	a	12-h:12-h	light:dark	cycle	with	lights	on	at	7:00	a.m.	The	ventilation	

rate	was	8	air	changes	per	h.	

Vocalizations	in	home	enclosures	

We	first	recorded	vocalizations	made	by	common	marmosets	housed	in	the	breeding	

colony	 under	 normal	 conditions.	 Seventeen	 randomly	 selected	 family	 groups,	 each	

comprised	 of	 6–12	 marmosets,	 were	 recorded.	 Eight	 family	 groups	 consisted	 of	 one	

breeding	pair	 and	offspring	 that	 included	 infants	 younger	 than	 four	months	old.	 In	one	of	

these	groups,	 the	breeding	 female	was	on	birth	 control	 (Implanon,	Organon	n.v.,	Oss,	 the	

Netherlands).	Four	family	groups	consisted	of	one	breeding	pair	and	offspring	that	were	all	>	

four	 months	 old.	 In	 three	 of	 these	 groups,	 the	 breeding	 female	 was	 on	 birth	 control	

(Implanon,	Organon	n.v.,	Oss,	the	Netherlands).	Five	family	groups	consisted	of	relatives	of	

the	same	sex	(e.g.,	 father	and	sons).	We	recorded	the	sound	in	each	cage	once	for	30	min	

daily	between	9:00	a.m.	and	12:00	p.m.,	 excluding	weekends,	 for	one	month.	We	opened	

the	plastic	front	doors	of	the	cage	that	was	being	recorded,	leaving	the	doors	of	all	the	other	

cages	closed.	
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Vocalizations	in	response	to	experimental	manipulations		

We	 recorded	 vocalizations	 during	 various	 experimental	 manipulations	 expected	 to	

elicit	 positive	 or	 negative	 emotional	 states	 in	 the	 animals,	 as	 determined	 by	 our	 own	

experience	and	by	 the	 literature	 (Table	1).	We	carried	out	 these	experiments	 in	 the	home	

cages	 of	 six	 adult	 male	 marmosets	 (2–3	 y	 of	 age),	 all	 housed	 in	 the	 same	 room	 in	 the	

experimental	 facility	with	no	other	marmosets	present.	 Two	of	 these	marmosets	 that	had	

been	pair-housed	were	separated	due	to	incompatibility	and	were	temporarily	singly	housed	

during	the	experiment.	The	other	four	marmosets	were	pair-housed.	

During	 each	 trial,	 marmosets	 in	 each	 cage	 were	 exposed	 to	 the	 experimental	

manipulation	and	recorded	one	at	a	time	for	20	min	each.	During	trials	in	which	pair-housed	

marmosets	 were	 recorded,	 we	 determined	 which	 of	 the	 two	 animals	 produced	 the	

vocalization,	and	we	determined	the	social	 rank	order	of	 the	marmosets	 (dominant	versus	

subordinate)	by	visual	observation.	

During	 Trial	 A,	we	 recorded	 baseline	 vocalizations	 of	 the	marmosets	 in	 undisturbed	

conditions	 while	 engaging	 in	 normal	 behavior	 (Table	 1).	 During	 Trial	 B,	 we	 offered	 one	

marshmallow	 (Frisia	mini	mallows;	Astra	Faam	BV,	Harlingen,	 the	Netherlands)	by	hand	 to	

each	 of	 the	 marmosets.	 Marshmallows	 are	 commonly	 used	 to	 reward	 these	 marmosets	

during	training,	and	therefore	they	were	expected	to	have	a	positive	emotional	response	to	

the	marshmallow.	During	Trial	C,	we	presented	a	blue	 leather	welder	glove	 (Liberty	Glove	

Inc.,	City	of	Industry,	CA)	to	the	marmosets	by	hand.	This	handling	glove	is	used	to	restrain	

the	 marmosets	 when	 needed	 (e.g.,	 during	 biannual	 vaccination);	 there-	 fore,	 they	 were	

expected	to	have	a	negative	emotional	response	to	the	glove.	One	singly	housed	marmoset	

was	 not	 included	 in	 Trial	 C,	 because	 it	was	 sedated	 for	 use	 in	 another	 study	 at	 the	 time.	

During	Trial	D,	we	visually	separated	the	pair-housed	marmosets	 (n	=	4)	by	placing	an	 iron	

plate	horizontally	in	the	cage	to	divide	it	 into	two	separate	compartments,	each	containing	

one	 of	 the	 two	 marmosets.	 The	 separation	 was	 expected	 to	 elicit	 a	 negative	 emotional	

response	in	the	marmosets.	

During	Trial	E,	we	removed	three	of	the	marmosets	(two	pair-housed	and	one	singly	housed)	

from	the	room	and	left	the	other	three	marmosets	(two	pair-	housed	and	one	singly	housed)	

in	the	room.	Then,	we	introduced	three	unfamiliar	males	of	the	same	age	into	the	room.	The	

introduction	 of	 the	 unfamiliar	 males	 was	 also	 expected	 to	 elicit	 a	 negative	 emotional	

response	in	the	marmosets.	
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Table	1.	Experimental	manipulations	during	recording	of	vocalizations	

Trial	 Manipulation	 Emotional	
response	
expected	

Number	and	composition	of	cage	recorded	

A	 None	 n/a	 Four	(four	pair-housed	and	two	singly	housed	
marmosets)	

B	 Presentation	of	marshmallows	 positive	 Four	(four	pair-housed	and	two	singly	housed	
marmosets)	

C	 Presentation	of	blue	catching	
glove	

negative	 Three	(four	pair-housed	and	tone	singly	
housed	marmoset)	

D	 Visual	separation	 Negative21,39	 Two	(four	pair-housed	marmosets)	
E	 Introduction	of	unfamiliar	animals	 Negative24	 Two	(two	pair-housed	marmosets)	
 

Vocalizations	during	blood	draw	

We	 recorded	 the	vocalizations	of	nine	male	marmosets	and	nine	 female	marmosets	

(3–8	 y	of	 age)	during	blood	 sampling	without	 sedation.	 These	marmosets	were	housed	as	

same-sex	pairs;	one	randomly	selected	 individual	 from	each	pair	was	sampled.	Marmosets	

were	 transported	 individually	 to	 an	 adjacent,	 temperature-	 controlled	 (24	 °C)	 observation	

room.	 After	 recording	 began,	 a	 caretaker	 restrained	 the	 conscious	 marmoset	 using	 blue	

leather	 welder	 gloves	 (Liberty	 Glove	 Inc.,	 City	 of	 Industry,	 CA)	 while	 a	 second	 caretaker	

inserted	 a	 26-gauge	 needle	 (0.5-in	 Sterican	 Hypodermic	 Needle;	 B.	 Braun,	 Melsungen,	

Germany)	percutaneously	into	the	saphenous	vein	and	collected	a	200-ml	blood	sample	for	

use	in	another	study
33
.	No	topical	analgesics	were	applied	prior	to	blood	sampling.	If	a	first	

attempt	 at	 blood	 sampling	 was	 not	 successful,	 a	 second	 attempt	 was	 made.	 After	 blood	

sampling	was	completed,	we	stopped	the	audio	recording.	

Vocalizations	in	response	to	perceived	predator	

In	 previous	 studies,	 captive,	 predator-naive	 marmosets	 have	 produced	 ‘tsik’	 calls	

(mobbing	calls)	in	reaction	to	a	toy	snake,	similar	to	the	reaction	of	wild	marmosets	to	a	real	

snake
7,8,34–36

,	but	whether	USV	are	produced	as	well	has	not	been	evaluated.	We	 recorded	

vocalizations	in	the	enclosures	of	three	different	family	groups	in	the	breeding	facility	(one	

family	 group	 with	 a	 breeding	 female	 (n	 =	 10),	 one	 family	 group	 with	 a	 female	 on	 birth	

control	 (n	=	 7)	 and	 one	 family	 group	 of	 same-sex	 relatives	 (n	=	 3)	while	marmosets	were	

presented	with	either	a	toy	snake	(52	in	long;	M.	&	K.	Enterprises	(Europe)	Ltd,	Worsley,	UK)	

or	a	toy	cow	(15	in	long	with	a	5	in	tail;	Applause	Inc.,	Woodland	Hills,	CA).	The	toy	cow	was	

used	 to	distinguish	 the	marmoset’s	 response	 to	 the	perceived	predator	 (snake)	 from	 their	

response	to	a	neutral	novel	object	(cow).	One	of	the	two	toys	was	placed	inside	the	cage	for	

a	period	of	5–7	min.	Two	groups	were	first	presented	with	the	toy	snake	and	later	with	the	
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toy	cow,	whereas	the	third	group	was	first	presented	with	the	cow	and	then	with	the	snake.	

A	one-month	intervening	period	separated	the	two	presentations.	Only	one	presentation	of	

each	toy	was	made	to	each	group.	

Audio	recording	and	data	analysis	

We	recorded	behaviors	and	audible	vocalizations	using	a	digital	camcorder	(Sony	DCR-

SR72E;	Tokyo,	Japan).	The	frequency	threshold	for	audible	vocalizations	was	set	at	<	20	kHz.	

We	 classified	 the	 types	 of	 audible	 vocalizations	 produced	 by	 the	 marmosets	 based	 on	

descriptions	given	in	the	literature	(Table	2)
	7–10,17–19

.	

Table	2.	Classification	of	the	identifiable	vocalizations	detected	

Interpreted	audible	
calls	

Total	number	
detected	

Calls	without	extension	
into	the	ultrasonic	range	

Calls	with	extension	into	the	
ultrasonic	range	

Alarm	17	 2	 2	 	

Chatter	7,	8,	17,	18,	20	 3	 3	 	

Chirp	7,	8,	9,	17,	18	 18	 18	 	

Egg	7,	8,	17,	18	 9	 9	 	

Loud	shrill	7,	8,	9,	17,	42	 125	 55	 70	

Phee	7,	8,	14,	23	 66	 46	 20	

Seep	7,	8,	17,	42	 4	 2	 2	

Small	phee	7	 7	 7	 	

Squeal	7,	8	 4	 4	 	

Trill/whirr	7,	8,	10,	17,	18	 105	 105	 	

Tse7,	8,	17	 9	 9	 	

Tsik	7,	8,	17	 20	 7	 13	

Twitter	7,	8,	9,	10,	17,	18	 53	 53	 	

Total	 425	 320	 105	

We	classified	only	those	calls	and	behaviors	that	were	clearly	isolated	from	each	other	and	could	definitively	be	
localized	to	one	particular	individual.	

	

We	 recorded	USV	 using	 a	 Sonotrack	 (Metris	 B.V.,	 Hoofddorp,	 the	Netherlands)	 and	

four	 ultrasound	microphones	 and	 amplifiers	 that	 detect	 sounds	 in	 the	 frequency	 range	of	

15–100	kHz.	We	established	noise	floor	levels	to	filter	out	sounds	and	background	noise	that	

were	 not	 of	 interest;	 peak	 threshold	 was	 set	 at	 0.3	 V,	 and	 the	 number	 of	 peaks	 above	

threshold	was	 set	 at	 five.	We	 defined	USV	 as	 vocalizations	with	 frequencies	 >20	 kHz.	We	

analyzed	the	USV	using	dedicated	Sonotrack	software	as	well	as	the	open-	source	software	

programs	mp3DirectCut	(mpesch3	audio	tools,	Frankfurt,	Germany),	SYRINX	(Higher	Concept	

Software,	Reading,	UK)	 and	Avisoft	 SASLab	 Lite	 (Avisoft	Bioacoustics,	Glienicke,	Germany).	
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For	each	experimental	condition,	we	determined	the	total	number	of	audible	vocalizations,	

the	vocalization	rate	and	the	presence	of	ultrasonic	frequency	components	for	each	group.	

For	 the	 blood	 draw	 experiment	 and	 in	 the	 imitation	 predator	 experiment,	 we	 used	 the	

Mann-	Whitney	U	 test	 to	determine	 the	median	and	 the	25%	and	75%	 interquartile	 range	

(IQR)	for	USV	production	rates.	We	considered	P	values	<	0.05	to	be	statistically	significant.	

Data	are	presented	as	either	mean	+	s.d.	or	median	(IQR).	

 

RESULTS	

In	all	of	the	experiments,	we	recorded	a	total	of	950	vocalizations.	Of	these,	we	were	

able	 to	 interpret	 425	 audible	 vocalizations	 that	 could	 be	 classified	 as	 1	 of	 13	 vocalization	

types	described	in	the	literature	(Table	2).	

Of	those	425	audible	vocalizations,	303	calls	could	be	linked	to	a	particular	behavioral	

context	 (for	 example,	 loud	 shrills	 and	 trills	 were	mostly	 produced	 in	 a	 solitary	 behavioral	

context;	 data	 not	 shown).	 The	 remaining	 recorded	 vocalizations	 (525)	 were	 considered	

undefined	 because	 it	was	 not	 possible	 to	 identify	 the	 caller	 or	 to	 determine	whether	 the	

calls	were	produced	by	more	than	one	animal	simultaneously.	

Nine	 of	 the	 vocalization	 types	 that	 we	 identified	 consisted	 of	 frequencies	 in	 the	

audible	 range	 only,	 but	 four	 of	 these	 vocalization	 types	 sometimes	 included	 ultrasonic	

frequencies	in	addition	to	audible	frequencies	(Tables	2	and	3):	56%	of	loud	shrills	(Fig.	1a),	

30%	 of	 ‘phee’	 calls	 (Fig.	 1b),	 50%	 of	 ‘seep’	 calls	 (Fig.	 1c)	 and	 65%	 of	 tsik	 calls	 (Fig.	 1d)	

extended	into	the	ultrasonic	range.	These	calls	consisted	of	frequencies	ranging	from	20	kHz	

to	100	kHz	and	possibly	extending	to	 frequencies	higher	than	100	kHz.	Marmosets	did	not	

produce	 vocalizations	 with	 frequencies	 exclusively	 in	 the	 ultra-	 sonic	 range	 in	 any	 of	 our	

recordings.	

Vocalizations	in	home	enclosures	

Analysis	of	the	recordings	made	under	normal	housing	conditions	demonstrated	that	

vocalizations	 with	 ultrasonic	 components	 are	 commonly	 produced	 during	 normal	

communication	among	marmosets	(0.35	±	0.36	USV	per	min	per	group).	In	four	of	the	family	

groups,	no	USV	were	recorded,	however.	Two	of	these	were	groups	of	same-sex	relatives	(n	

=	3	for	both	groups),	one	was	a	family	group	with	the	breeding	female	on	birth	control	(n	=	

11)	 and	 one	 was	 a	 family	 group	 with	 a	 breeding	 female	 not	 on	 birth	 control	 (n	 =	 5).	 A	

comparison	 of	 the	 USV	 production	 rates	 of	 the	 different	 groups	 showed	 no	 relationship	

between	the	size	of	the	group	and	the	rate	of	USV	production.	We	observed	no	significant	
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differences	 in	 the	 rate	of	USV	production	between	 family	groups	with	and	without	 infants	

younger	than	4	months	old	(0.43	±	0.41	USV	per	min	per	group	and	0.27	±	0.31	USV	per	min	

per	group,	respectively;	P	=	0.38)	or	between	cages	with	females	on	birth	control	and	those	

with	females	not	on	birth	control	(0.47	±	0.33	USV	per	min	per	group	and	0.31	±	0.33	USV	

per	min	per	group,	respectively;	P	=	0.48).	The	family	groups	with	very	young	offspring	(9	d	

old	and	younger)	showed	no	differences	in	USV	production	from	other	groups.	

	

Table	3.	Mean	durations	and	frequency	ranges	of	call	types	detected.	

Call	type	
Mean	

duration	(s)	
Mean	minimum	
frequency	(kHz)	

Mean	maximum	
frequency	(kHz)	

Mean	start	
frequency	(kHz)	

Mean	end	
frequency	(kHz)	

Alarm	1	 0,28±0,00	 5,25±1,61	 14,32±0,05	 7,10±0,14	 5,48±1,50	

Chatter	 0,95±0,21	 1,67±0,11	 13,77±0.99	 1,94±0,11	 1,88±0,16	

Chirp	 0,75±1,09	 6,12±0,93	 10,70±1,80	 8,68±1,01	 6,45±0,62	

Egg	 0,12±0,15	 1,83±0,38	 10,21±1,80	 2,88±0,69	 2,61±0,70	

Loud	shrill	 1,32±0,30	 6,58±0,36	 53,90±33,92*	 6,91±0,39	 6,99±0,52	

Phee	 1,09±0,39	 6,58±0,74	 34,85±30,34*	 6,87±0,61	 7,75±0,77	

Seep	 0,03±0,01	 10,81±2,29	 38,38±27,33*	 11,11±2,41	 16,41±3,02	

Small	phee	 0,22±0,13	 6,92±0,20	 9,30±2,78	 7,09±0,18	 7,42±0,20	

Squeal	 0,44±0,13	 1,45±0,37	 15,08±1,13	 4,33±2,76	 6,69±0,24	

Trill/whirr	 0,44±0,15	 6,23±0,69	 12,54±3,03	 6,69±0,79	 7,06±0,74	

Tse	 1,07±0,38	 6,67±0,47	 14,67±2,84	 7,06±0,47	 7,30±0,84	

Tsik	 0,05±0,01	 4,06±2,93	 42,42±21,57*	 10,50±1,92	 4,34±3,44	

Twitter	 1,17±0,24	 5,01±0,54	 15,91±0,91	 8,29±1,51	 8,24±0,90	

*Call	includes	frequencies	in	the	ultrasonic	range.	
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Figure	1.	Typical	audiograms	of	four	defined	audible	vocalizations;	loud	shrills	with	extension	into	the	ultrasonic	
range	(A);	loud	shrills	without	extension	into	the	ultrasonic	range	(B);	phee	call	with	extension	into	the	ultrasonic	
range	 (C);	phee	call	without	extension	 into	the	ultrasonic	 range	 (D);	Seep	 call	with	extension	 into	the	ultrasonic	
range	 (E);	 Seep	call	without	 extension	 into	 the	 ultrasonic	 range	(F);	Tsik	call	with	 extension	 into	 the	 ultrasonic	
range	(G);	Tsik	call	without	extension	into	the	ultrasonic	range	(H).	
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Vocalizations	in	response	to	experimental	manipulations		

Male	marmosets	 that	were	 either	 pair-housed	or	 singly	 housed	 in	 the	 experimental	

facility	produced	audible	vocalizations	at	baseline	(Trial	A),	and	one	singly	housed	marmoset	

also	produced	USV	 (Fig.	 2).	When	marshmallows	were	offered	 to	 the	marmosets	 (Trial	B),	

they	 all	 came	 to	 collect	 one	 and	 a	 few	 vocalized,	 but	 the	 vocalizations	 only	 consisted	 of	

audible	 frequencies.	 When	 the	 catching	 glove	 was	 presented	 (Trial	 C),	 all	 marmosets	

stopped	moving	and	stared	at	the	glove.	Two	cages	produced	audible	vocalizations,	and	one	

cage	 of	 pair-housed	 marmosets	 produced	 vocalizations	 that	 extended	 into	 the	 ultrasonic	

range.	In	response	to	separation	(Trial	D),	cage	mates	that	were	confined	to	the	lower	parts	

of	the	cage	reacted	to	the	separation	with	audible	vocalizations,	but	these	did	not	have	any	

ultra-	sonic	components.	Marmosets	confined	to	the	top	parts	of	the	cages	did	not	produce	

any	vocalizations	during	 the	separation.	 In	addition,	no	vocalizations	were	produced	when	

the	 partition	 was	 removed.	 In	 Trial	 E,	 the	 male	 marmosets	 that	 were	 introduced	 to	 the	

experimental	housing	room	did	not	produce	any	vocalizations.	The	pair-housed	marmosets	

that	 had	 been	 in	 the	 room	 previously	 stared	 at	 the	 new	 arrivals	 but	 did	 not	 vocalize,	

whereas	 the	 singly	 housed	 marmoset	 showed	 increased	 scent-marking	 behavior	 and	

produced	audible	vocalizations	(chatter	and	phee	calls)	without	any	ultrasonic	components.	

In	 all	 of	 the	 trials,	 among	 the	pair-housed	marmosets,	 loud	 shrills	with	 and	without	

extensions	 into	 the	 ultrasonic	 range	were	 produced	 significantly	more	 often	 by	 dominant	

animals	 than	 by	 subordinate	 animals	 (P	 =	 0.004).	 Dominant	 animals	 also	 produced	 the	

twitter	 call	 more	 often	 than	 subordinate	 animals,	 and	 subordinate	 animals	 produced	 the	

squeal	 call	 more	 often	 than	 dominant	 animals,	 though	 these	 differences	 were	 not	

significant.	

Vocalizations	during	blood	draw	

In	 response	 to	 handling	 for	 blood	 collection,	 all	 animals	 produced	 audible	

vocalizations,	mostly	consisting	of	chatter	calls	and	other	undefined	vocalizations,	during	the	

initial	restraint.	In	addition,	17	of	18	marmosets	produced	USV.	The	median	(IQR)	production	

rate	was	7.04	 (3.68–13.78)	USV	per	min.	Males	 showed	a	 tendency	 to	produce	more	USV	

than	 females	 (11.85	 (5.25–33.76)	 USV	 per	 min	 versus	 4.87	 (2.16–9.54)	 USV	 per	 min;		

P	 =	 0.08).	 All	 marmosets	 stopped	 vocalizing	 once	 they	 were	 fully	 restrained,	 and	 no	

vocalizations	 were	 produced	 during	 the	 blood	 draw.	 In	 cases	 where	 repeated	 blood	

sampling	was	necessary,	no	vocalizations	were	produced.	
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Figure	 2.	Vocalization	 production	 rate	 of	male	marmosets	 in	 their	 home	 cages	 during	 various	 experimental	
manipulations.	Circles,	number	of	audible	vocalizations	(open)	and	USV	(closed)	produced	per	min	in	each	cage	
of	pair-housed	marmosets.	Triangles,	number	of	audible	vocalizations	(open)	and	USV	(closed)	produced	per	min	
in	each	cage	of	singly	housed	marmosets.	Horizontal	bars	represent	the	median	vocalization	production	rate.	

	

Vocalizations	in	response	to	perceived	predator	

In	all	 three	family	groups,	 the	 introduction	of	a	 toy	snake	was	 immediately	 followed	

by	the	production	of	USV	at	a	much	higher	median	rate	(76	(20–92)	USV	per	min)	than	the	

median	 rate	 of	USV	 production	 in	 response	 to	 the	 introduction	 of	 a	 toy	 cow	 (4.14	 (2.00–	

13.14)	 USV	 per	 min),	 but	 this	 difference	 was	 not	 significant	 (P	 =	 0.10).	 The	 marmosets	

produced	repetitive	tsik	calls	in	response	to	the	snake.	They	stared	at	the	object,	remained	

at	a	distance	and	kept	the	object	in	sight.	When	the	toy	cow	was	introduced,	all	marmosets	

initially	 reacted	 with	 single	 tsik	 calls,	 but	 after	 a	 short	 period	 of	 observing	 the	 toy,	 they	

ignored	it.	

	

DISCUSSION	

In	 this	 study,	we	assessed	 the	production	of	 vocalizations	 in	 the	ultrasonic	 range	by	

common	 marmosets	 under	 normal	 circumstances	 and	 in	 response	 to	 a	 variety	 of	

experimental	manipulations	that	would	be	expected	to	elicit	positive	or	negative	emotional	

responses	or	to	 induce	stress.	Our	findings	demonstrate	that	common	marmosets	produce	

USV,	both	in	undisturbed	conditions	and	in	conditions	that	elicit	negative	emotional	states,	

as	 part	 of	 their	 normal	 vocal	 repertoire.	 However,	 all	 recorded	 USV	 were	 extensions	 of	

specific	audible	vocalizations	and	consisted	of	multiple	frequency	levels,	ranging	from	20	kHz	

to	 100	 kHz.	 No	 vocalizations	 with	 frequencies	 exclusively	 in	 the	 ultrasonic	 range	 were	

recorded.	
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Marmosets	 produce	 different	 call	 types	 in	 different	 contexts.	 We	 detected	 13	

different	 audible	 vocalization	 patterns,	 only	 four	 of	 which	 had	 components	 in	 the	 ultra-	

sonic	range.	One	of	these,	the	tsik	call,	was	produced	in	response	to	the	presence	of	a	toy	

snake,	 which	 was	 consistent	 with	 earlier	 reports
7,8,34,35

.	 The	 tendency	 for	 marmosets	 to	

produce	more	USV	in	combination	with	repetitive	tsik	calls	may	comprise	a	natural	danger	

signal,	 originally	 used	 in	 the	 arboreal	 setting	 of	 marmosets	 to	 indicate	 the	 presence	 of	

predators.	Additionally,	 tsik	calls	are	believed	to	be	 instrumental	 in	 lowering	cortisol	 levels	

and	may	be	a	mechanism	enabling	marmosets	to	cope	with	stress
37
.	Whether	the	ultrasonic	

components	 of	 the	 call	 have	 a	 role	 in	 inducing	 avoidance	 or	mobbing	 behaviors	 in	 other	

marmosets	requires	further	study.	

We	 found	 that	 USV	 were	 produced	 in	 response	 to	 the	 presentation	 of	 the	 leather	

handling	glove,	and	17	of	18	animals	 responded	 to	 restraint	during	blood	col-	 lection	with	

audible	vocalizations	with	extensions	in	the	ultrasonic	range.	Because	no	vocalizations	were	

emitted	during	bleeding,	the	USV-containing	calls	may	be	produced	in	response	to	the	stress	

of	being	restrained	rather	than	in	response	to	acute	pain.	These	results	are	consistent	with	

observations	in	mice
32
.	We	were	unable	to	analyze	the	blood	samples	collected	for	the	stress	

hormone	 cortisol,	 however,	 because	 the	blood	 samples	were	used	 for	other	 experimental	

purposes.	 It	would	be	 interesting	 to	determine	whether	 the	 audible	 calls	 that	 extend	 into	

the	ultrasonic	range	have	the	same	function	as	those	that	do	not	extend	into	the	ultrasonic	

range.	 It	 may	 be	 that	 USV	 of	 one	 particular	 call	 type,	 but	 not	 another,	 are	 indicative	 or	

associated	with	negative	welfare	or	stress.	

Loud	 shrills	 and,	 to	 a	 lesser	 extent,	 phee	 calls	 are	 produced	 during	 aggressive	

encounters
18	 and	 when	 group	 members	 are	 separated	 from	 each	 other

21,38
.	 Exposure	 to	

unfamiliar	 animals	 in	 separate	 cages	 but	 in	 the	 same	 environment	 induces	 aggressive	 or	

territorial	 behavior	 in	marmosets
24
.	 Additionally,	marmosets	 are	 highly	 social	 animals	 and	

separation	 from	a	cagemate	 is	 stressful	 to	 them
39
.	When	unfamiliar	animals	were	brought	

into	 the	 facility,	only	one	singly	housed	marmoset	vocalized,	and	only	 the	marmosets	 that	

were	kept	in	the	lower	parts	of	the	cages	reacted	to	separation	from	their	cage	mates	with	

vocalizations,	 possibly	 because	 marmosets	 prefer	 the	 upper	 parts	 of	 the	 cages
8,40,41

.	 It	 is	

possible	 that	 the	 adverse	 effects	 of	 introducing	 unfamiliar	 animals	 and	 social	 separation	

were	 buffered	 in	 our	 experiments	 by	 familiar	 environmental	 and	 olfactory	 surroundings,	

because	the	recordings	took	place	in	the	marmosets’	home	cage
24
.	
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The	 absence	 of	 pure	 USV	 in	 marmosets	 is	 in	 contrast	 to	 rats	 and	 mice,	 in	 which	

production	of	pure	USV	is	an	indicator	of	acute	emotional	stress
27–32

.	The	USV	we	recorded	

in	marmosets	are	the	high-frequency	components	 (harmonic	 frequencies	above	20	kHz)	of	

vocalizations	of	which	most	of	 the	 spectral	 energy	 falls	 primarily	within	 the	 audible	 range	

(i.e.,	 the	 fundamental	 frequency	 is	below	20	kHz)	and	 is	 concentrated	 in	 the	 range	of	6–9	

kHz13.	In	contrast,	rodents	and	flying	squirrels	produce	vocalizations	in	which	all	the	spectral	

energy	of	the	vocalization	is	concentrated	at	frequencies	>	20	kHz1.	Because	the	presence	of	

higher	 harmonics	 in	 the	 vocalizations,	 which	 extend	 into	 the	 ultrasonic	 range,	 may	 be	 a	

consequence	 of	 more	 intense	 (energetic)	 calling,	 the	 impact	 of	 vocal	 intensity	 should	 be	

considered.	 Greater	 energy	 in	 the	 fundamental	 (‘audible’)	 component	 may	 make	 the	

ultrasonic	 components	 easier	 to	 detect.	 Unfortunately,	we	were	 unable	 to	 determine	 the	

energy	in	the	fundamental	components	without	USV	and	the	fundamental	components	with	

USV.	 More	 research	 is	 needed	 for	 detailed	 analysis	 of	 spectral	 energy,	 fundamental	 and	

harmonic	frequencies	in	the	vocalizations	of	marmosets.	

We	found	that	audible	calls	with	ultrasonic	components	were	produced	by	marmosets	

under	normal	 conditions	 and	also	 in	 response	 to	 restraint	 stress	 and	 confrontation	with	a	

perceived	predator.	Because	we	were	not	able	to	distinguish	between	the	production	of	USV	

in	normal	and	stressful	conditions,	USV	production	cannot	be	used	as	a	reliable	indicator	of	

stress	in	marmosets.	Whether	the	presence	of	ultrasonic	frequencies	in	the	vocalizations	of	

marmosets	has	any	bio-	 logical	 relevance	 remains	a	 salient	question.	Common	marmosets	

have	a	hearing	range	of	up	to	36	kHz23,	and	since	production	of	USV	is	energy-	consuming,	it	

is	likely	that	vocalizations	made	at	these		high	frequencies	are	purposeful.	For	example,	USV	

might	 be	 used	 to	 detect	 objects	 and	 obstacles,	 to	measure	 distances	 or	 to	 locate	 prey.	 It	

might	serve	as	a	private	channel	of	communication	that	cannot	be	intercepted	by	predators	

or	prey.	Additionally,	the	ultrasonic	component	might	contain	information	about	the	sender	

(as	 in	 bird	 song),	 although	we	 did	 not	 detect	 any	 individual	 USV	 signatures	 in	 this	 study.	

Although	the	current	data	do	not	clarify	the	function	of	USV	production	in	marmosets,	our	

observations	 that	a	 limited	 range	of	audible	vocalizations	produced	by	marmosets	 contain	

ultrasonic	 components	 offer	 new	 opportunities	 to	 study	 the	 biological	 relevance	 of	

marmoset	vocalizations.	
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ABSTRACT	

Background:	 Telemetry	 is	 very	 important	 for	monitoring	 physiological	 functions	 in	 awake	

and	 freely	 moving	 laboratory	 animals.	 Although	 implantable	 transmitters	 reduce	 stress	

resulting	 from	daily	handling	and	 restraint,	 the	procedure	 requires	 invasive	 surgery,	which	

affects	 behaviour	 and	 wellbeing	 of	 animals.	 This	 aspect	 is	 important	 in	 cases	 in	 which	

behaviour	 is	 used	 as	 one	 of	 the	 read-out	 parameters	 for	 studying	 the	 progression	 of	 a	

disease	 and/or	 the	 effects	 of	 a	 treatment	 over	 time.	 In	 mice,	 implantation	 of	 telemetric	

devices	shows	changes	in	body	weight,	locomotor	and	eating	behaviour,	and	grooming	and	

immobility	 activities.	 In	 contrast	 to	mice,	 no	 specific	 research	 has	 been	 reported	 in	 larger	

animals.	 Therefore,	 effect	 on	 motor	 activity,	 health	 status	 and	 bodyweight	 after	 surgical	

placement	 of	 intra-abdominal	 transmitter,	 electroencephalogram	 (EEG)	 electrodes	 and	

electromyogram	(EMG)	electrodes	in	common	marmosets	(Callithrix	jacchus)	were	assessed.	

Two	 behavioural	 test	 systems	 for	 locomotor	 function	 were	 used:	 the	 Hourglass	 test	 to	

measure	the	time	a	monkey	needs	to	return	to	 its	normal	upright	position,	and	the	Tower	

test	 to	 measure	 jumping	 behaviour.	 Additionally,	 health	 status	 and	 bodyweight	 were	

monitored	daily	from	2	weeks	pre	surgery	until	49	days	post	surgery.	

Results:	 Compared	 to	 baseline	 values,	 the	 surgery	 or	 the	 physical	 presence	 of	 the	

transmitter	 caused	 an	 increase	 in	 time	 needed	 to	 achieve	 an	 upright	 position	 in	 the	

Hourglass	test.	Recovery	to	baseline	values	was	observed	within	8	days	post	surgery.	For	the	

Tower	test,	the	total	number	of	jumps	decreased	by	80%	directly	after	surgery.	Fifteen	days	

after	surgery,	the	number	of	jumps	normalised,	which	paralleled	an	increase	in	body	weight	

after	 a	 15-day	 period	 of	 body	weight	 decline.	 By	 day	 31,	 body	weight	 had	 normalised	 to	

baseline	level.	

Conclusions:	 	 The	 data	 from	 our	 study	 show	 that	 the	 surgery	 led	 to	 decreased	 motor	

activity,	 disturbed	 health	 status	 and	 loss	 of	 body	 weight	 in	 the	 common	 marmoset.	 Full	

recovery,	 as	 assessed	 by	 reaching	 all	 preoperation	 values,	 was	 reached	 31	 days	 after	

surgery.	 These	 data	 are	 important	 to	 optimise	 the	 design	 of	 future	 studies	 utilizing	 these	

implantable	transmitters.	

Keywords:	 Common	 marmoset,	 Electrodes,	 Intra-abdominal	 transmitter,	 Locomotor	

capacity,	Recovery	period	
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BACKGROUND	

Telemetry	is	a	useful	tool	for	measuring	physiological	parameters	such	as	heart	rate,	

core	body	 temperature	and	 locomotor	activity	 in	conscious,	non-restrained	animals1-3.	The	

standardised	 approach	 leads	 to	 smaller	 variations	 in	 the	biometric	 data,	 resulting	 in	more	

reliable	 results,	 refinement	 of	 data	 collection,	 reduction	 in	 animal	 use,	 and	 ultimately	 in	

potentially	better	treatment	of	disorders4.	

Telemetry	has	demonstrated	its	potential	 in	primates5-7,	 including	data	acquisition	of	

brain	 signals	 by	 means	 of	 electroencephalogram	 (EEG)	 in	 conscious,	 unrestrained	

marmosets8-11.	However,	surgery	as	well	as	the	presence	of	the	intra-abdominal	transmitter	

are	known	to	affect	the	wellbeing	of	mice	for	2	weeks	after	surgery,	leading	to	a	change	in	

locomotor	 activity	 due	 to	 decreased	 motivation	 or	 physical	 disturbance,	 which	 can	

potentially	 decrease	 the	 reliability	 of	 the	 obtained	 experimental	 results12-13.	 No	 specific	

research	 regarding	 influence	 of	 the	 surgery	 and	 the	 presence	 of	 the	 intraabdominal	

transmitter	 and	 EEG	 and	 electromyogram	 (EMG)	 electrodes	 on	 data	 collection,	 behaviour	

and	recovery	times	has	been	reported	in	non-rodents.	

Common	marmosets	 (Callithrix	 jacchus)	are	 regularly	used	 in	biomedical	 research	 to	

study	 a	 variety	 of	 human	 diseases,	 including	 neurodegenerative	 disorders	 such	 as	

Parkinson’s	 disease14.	 Progression	 of	 disease	 can	 be	monitored	 by	 studying,	 for	 example,	

home	cage	activity,	motor	 function	and	behaviour.	Telemetry	 is	used	 to	collect	 these	data	

without	disturbing	the	animals.	In	order	to	obtain	reliable	data,	it	is	essential	that	the	effects	

of	implantation	of	the	devices	in	these	animals	are	thoroughly	known	and	minimised	before	

the	monitoring	starts.	

The	objectives	of	our	study	were	to	determine	the	effects	of	surgical	placement	of	an	

intra-abdominal	 transmitter	 and	 EEG	 and	 EMG	 electrodes	 on	 locomotor	 activity,	 health	

status	and	bodyweight	in	common	marmosets	(Callithrix	jacchus).	

	

RESULTS	

Five	 healthy	 animals	 were	 implanted	 with	 a	 transmitter	 and	 electrodes	 and	 all	

provided	high	quality	data	(EEG,	EMG,	core	body	temperature	and	locomotor	activity)	over	a	

period	 of	 49	 days.	 In	 addition,	 there	 were	 no	movement	 artefacts	 present	 on	 the	 signal.	

Visual	monitoring	 of	 animal	movements	 and	 behaviours	 showed	 that	 the	 animals	 did	 not	
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appear	to	be	affected	by	the	physical	presence	of	the	transmitter	and	electrode	leads.	There	

were	no	cases	of	infection	subsequent	to	the	implantation	procedure.	

Evaluation	of	health	status	and	body	weight	

The	levels	of	general	appearance	showed	stable	baseline	measurements	in	all	animals	

(score	0),	but	changed	in	three	out	of	five	marmosets	after	surgery.	These	animals	displayed	

stupor	 during	 the	 first	 3	 days	 after	 surgery	 (score	 2).	 None	 of	 the	 marmosets	 showed	

abnormal	level	of	consciousness	after	4	days	and	onwards.	A	drop	in	locomotor	activity	was	

observed	in	the	first	week	after	surgery	(score	1),	though	this	was	not	significantly	different	

(P	>0.05)	from	the	baseline	behaviour	(score	0).	Position	 in	the	cage	and	animal	behaviour	

indicated	considerable	divergence	in	the	pre-	as	well	as	in	the	postoperative	period,	and	no	

effects	induced	by	the	surgical	implantation	were	detected.	

Faeces	consisted	of	firm	droppings	(score	0)	during	baseline	measures	until	amoxicillin	

was	administered	(day	-1).	Thereafter	all	animals	excreted	liquid	faeces	for	8	days	(score	3).	

Presurgery	body	weights	were	relatively	constant,	as	the	slope	of	the	regression	 line	

of	all	tested	marmosets	did	not	deviate	significantly	from	0	(Figure	1)	(P	=	0.957).	Days	3	to	

14	 showed	 a	 significant	 decrease	 in	 bodyweight	 estimated	 at	 0.992	 g/day	 with	 a	 95%	

confidence	 interval	 (CI)	of	 -1.782	 to	 -0.199	 (P	=	0.0154).	 From	day	15	until	 the	end	of	 the	

study,	 an	 ascending	 trend	 in	 the	 graphs	 showed	 a	 significant	 increase	 in	 body	 weight	

estimated	at	0.675	g/day	with	a	95%	CI	of	0.539	 to	0.810	 (P	=	5.32	x	10-14).	The	baseline	

body	weight	was	reached	after	31	days	post-surgery.	
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Figure	1.	Regression	lines	of	bodyweight	per	marmoset	per	predefined	period.	(Top:	days	-14	to	0;	Middle:	days	
0	to	14;	Bottom:	days	14	to	49);	1	to	5	correspond	to	animals	#1	to	5.	
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Testing	locomotor	capacity	

After	surgery,	all	animals	displayed	a	similar	increase	(not	significant)	in	righting	time	

in	 the	 Hourglass	 test	 compared	 to	 baseline	 values	 for	 a	 timeframe	 of	 7	 days	 (Table	 1).	

Starting	from	day	8,	the	righting	times	decreased,	and	mean	values	(from	day	8	to	end	of	the	

study)	even	declined	below	baseline	values.	Animal	#5	showed	deviant	turning	results,	even	

during	presurgery	sessions.	In	some	trials,	the	monkey	did	not	turn	at	all.	In	previous	studies	

this	inability	to	turn	during	baseline	data	collection	was	never	observed.	Based	on	the	high	

standard	 deviation	 of	 this	 monkey	 during	 the	 baseline	 sessions,	 this	 marmoset	 was	 not	

included	for	statistical	analyses.	

The	Tower	test	data	(Table	1)	revealed	that	the	total	number	of	level	changes	in	a	10-

minute	test	period	were	significantly	reduced,	with	19.16	level	changes	directly	after	surgery	

(days	3	to	7).	Significant	reductions	(P	<0.05)	relative	to	baseline	values	were	also	observed	

between	days	8	to	14,	days	22	to	27	and	days	37	to	48.	All	animals	reached	the	top	level	at	

least	once	in	each	test	session,	both	pre	as	well	as	post	surgery.	

Table	1.	Locomotor	function	parameters:	Tower	and	Hourglass	data	

Parameter	

(Mean±Sem)	

Days	

-7	-	-3	 3-7	 8-14	 15-21	 22-27	 28-36	 37-48	

Tower:		 23.76	 4.60	 7.60	 17.92	 15.55	 NT	 19.47	

Level	changes	(#)	 ±2.05	 ±0.62	 ±1.30	 ±2.51	 ±0.88	 	 ±0.24	
Hourglass:		 2.40	 3.89	 0.96	 0.76	 1.52	 0.96	 0.80	
Turning	time	(s)	 ±1.00	 ±2.17	 ±0.29	 ±0.27	 ±0.36	 ±0.25	 ±0.27	

The	Tower	 test	data	shows	a	 reduction	 in	 the	 total	number	of	 level	changes	after	surgery.	The	Hourglass	data	
shows	 an	 increase	 in	 righting	 time	 compared	 to	 baseline	 values	 1	 week	 after	 surgery	 (days	 3-7);	 thereafter	
righting	time	was	normalised/decreased.	NT:	not	tested.	

	

Data	derived	from	an	independent	study	(n	=	10	normal	non-treated	animals)	showed	

a	decrease	of	33%	in	turning	time	between	weeks	0	and	3	of	their	testing.	

Baseline	 values	 of	 the	 Hourglass	 test	 after	 habituation	 (last-measured	 preoperative	

values)	 were	 compared	 to	 the	 post-peak	measures	 in	 order	 to	 assess	 whether	 a	 learning	

effect	existed.	The	post-peak	measures,	excluding	days	3-7	post	surgery,	were	all	lower	than	

preoperative	 measures,	 from	 which	 suggest	 that	 a	 habituation	 effect	 was	 present.	 Data	

derived	from	the	independent	study	showed	the	same	habituation	effect.	

We	compared	the	data	collected	at	days	3	 to	7	with	baseline	data	derived	 from	the	

independent	 study,	 which	were	 also	 in	week	 3	 of	 their	 habituation	 period.	 These	 control	
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animals	 showed	 a	 turning	 time	 of	 1.04	 ±	 0.77	 s,	 while	 the	 operated	 animals	 showed	 a	

turning	time	of	3.89	±	2.17	s.	

Pathology	

At	gross	pathology,	a	visual	inspection	of	the	abdominal	organs	determined	no	sign	of	

trauma	or	inflammation	in	four	marmosets	(animals	#1	to	4)	at	day	142.	The	transmitter	was	

fixated	 to	 the	 ventral	 abdominal	 wall,	 electrode	 wires	 were	 still	 intact,	 fixed	 at	 the	 right	

location	 and	 no	 adjacent	 tissue	 was	 damaged.	 All	 five	 brains	 showed	 two	 macroscopic	

indentations	 caused	by	 the	 screws.	However,	 the	dura	was	 still	 intact.	During	necropsy	of	

animal	#5	(the	marmoset	that	showed	deviant	turning	results	in	the	hourglass,	even	during	

presurgery	sessions),	severe	focal	haemorrhagic	necrosis	of	the	ceaco-colonal	 junction	was	

discovered	in	the	dorsal	abdomen.	

	

DISCUSSION	

Telemetry	is	very	important	for	monitoring	physiological	functions	in	awake	and	freely	

moving	 laboratory	 animals13,15,16.	 In	 contrast	 to	 mice,	 no	 specific	 research	 regarding	

influence	of	the	surgery	as	well	as	the	presence	of	the	intra-abdominal	transmitter	and	EMG	

and	 EEG	 electrodes	 on	 body	 weight,	 health	 status	 and	 locomotor	 activity	 have	 been	

reported	in	larger	laboratory	animals.	The	data	from	our	study	show	that	the	surgery	led	to	

decreased	motor	 activity,	 disturbed	health	 status	 and	 loss	of	 body	weight	 in	 the	 common	

marmoset.	 Full	 recovery,	 as	 assessed	 by	 reaching	 all	 preoperative	 values,	was	 reached	 31	

days	after	surgery.	These	data	are	important	to	optimise	the	design	of	future	studies	utilising	

these	implantable	transmitters.	

Comparison	of	 the	data	collected	at	days	3	 to	7	with	baseline	data	derived	 from	an	

independent	study	resulted	 in	the	assumption	that	the	surgery	procedure	for	the	 insertion	

of	 the	 intra-abdominal	 transmitter	 was	 the	 cause	 of	 the	 peak	 in	 righting	 time	 in	 the	

Hourglass	 test	 3	 to	 7	 days	 post	 surgery,	 since	 for	 all	 monkeys	 this	 was	 the	 only	 change	

introduced	in	this	period.	

Although	 implantable	 transmitters	 reduce	 stress	 resulting	 from	 daily	 handling	 and	

restraint,	the	procedure	requires	invasive	surgery,	which	affects	behaviour	and	wellbeing	of	

animals12.	This	aspect	is	of	crucial	importance	in	cases	in	which	behaviour	is	used	as	one	of	

the	 read-out	parameters	 for	 studying	 the	progression	of	 a	 disease	 and/or	 the	effects	 of	 a	

treatment	over	time.	In	rodents,	implantation	of	telemetric	devices	resulted	in	body	weight	
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decreased	 as	 well	 as	 climbing,	 locomotor	 and	 eating	 behaviour,	 whereas	 grooming	 and	

immobility	 activities	 increased,	 and	 full	 recovery	 was	 reached	 after	 2	 weeks12.	 Like	 in	

rodents,	 marmosets	 showed	 a	 decrease	 in	 bodyweight	 and	 disturbance	 in	 mobility	 as	

demonstrated	by	their	 jumping	behaviour.	However,	 full	 recovery	took	significantly	 longer,	

that	 is,	 more	 than	 4	 weeks.	 When	 designing	 studies	 in	 marmosets,	 this	 longer	 recovery	

period	has	to	be	taken	into	account.	

In	our	 study,	 decrease	 in	body	weight	was	 attributed	 to	 loss	of	 appetite,	 to	protein	

catabolism,	 which	 follows	 surgical	 operations17,	 and	 to	 diarrhoea.	 However,	 in	 healthy	

people	with	antibiotic-associated	diarrhoea,	diarrhoea	caused	a	loss	of	water	in	the	persons’	

stools,	but	as	they	continued	to	eat	their	normal	diet	and	kept	fluids	up,	they	stayed	roughly	

the	 same	weight18.	 The	 gastrointestinal	 disturbance	 that	 was	 observed	 in	 the	marmosets	

started	 already	 1	 day	 before	 surgery	 and	 cannot	 be	 directly	 attributed	 to	 surgery.	 Most	

likely,	 oral	 administration	 of	 amoxicillin	 caused	 ecological	 disturbances	 in	 the	 normal	

intestinal	microflora,	resulting	in	diarrhoea19-22.	

At	necropsy,	no	pathological	disturbances	were	observed	due	to	the	intra-abdominal	

implantation	 and	 subcutaneous	 tunnelled	 electrode	 leads.	 One	 animal	 had	 an	 old	

haemorrhagic	 area	 of	 the	 cerosa	 of	 the	 ceco-colonal	 junction.	 Because	 the	 lesion	 was	

located	 in	the	dorsal	abdomen,	while	the	transmitter	was	fixated	to	the	ventral	abdominal	

wall,	 this	 lesion	could	not	be	directly	 linked	 to	 the	abdominal	 transmitter.	This	 lesion	 is	of	

unknown	etiology.	This	animal	also	showed	atypical	turning	results	in	the	hourglass	test	pre	

surgery.	

Critics	of	the	transmitter	implantation	correctly	inquire	as	to	the	effects	of	the	weight	

and	 volume	 of	 the	 implanted	 transmitter	 on	 animal	 behaviour	 and	 stress	 and	 on	

physiological	functions16.	However,	 if	an	appropriate	recovery	period	is	taken	into	account,	

this	 surgery	 does	 not	 interfere	with	 research	 results,	 and	 the	 health	 status	 of	marmosets	

does	not	appear	to	be	seriously	impaired	by	the	insertion	of	an	intra-abdominal	transmitter.	

The	 difference	 between	 the	 recovery	 of	 rodents	 and	 marmosets	 demonstrate	 that	 the	

optimal	 recovery	 time	 has	 to	 be	 assessed	 for	 each	 species	 separately.	 In	 small	 animal	

practices,	 the	most	 common	neurological	 conditions	encountered	are	 seizures23.	To	better	

understand	the	aetiology	and	to	improve	seizure	management,	telemetry	is	very	helpful	as	it	

prevents	 stress	 and	 immobilisation	 of	 the	 animal,	 disturbing	 its	 behaviour	 and	 the	 EEG,	

especially	 in	 epilepsy,	 neurotoxicology	 and	 pharmacology	 studies24-26.	 Our	 data	 show	 that	

that	 postoperative	 effects	 must	 be	 fully	 assessed	 and	 all	 physiological	 and	 behavioural	

functions	must	have	been	normalised	to	be	able	to	obtain	meaningful	data.	With	a	sufficient	
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experimental	 setup,	 in	 which	 the	 recovery	 time	 is	 taken	 into	 account,	 this	 methodology	

using	 telemetric	 data	 acquisition	 is	 of	 high	 importance	 in	 longitudinal	 studies	 towards	

neurological	disorders,	such	as	Parkinson’s	disease,	Alzheimer’s	disease,	sleep	disorders	and	

epilepsy.	

Marmosets	 tolerate	 the	 implantation	 of	 the	 transmitter	 without	 obvious	 problems,	

and	all	animals	were	judged	to	be	fully	recovered	31	days	after	surgery.	This	waiting	period	

should	be	taken	into	account	in	marmosets	after	transmitter	implantation.	

	

METHODS	

Animals,	housing	and	care	

Five	 adult	 female	 common	marmosets	 (Callithrix	 jacchus),	 aged	 3.8	 ±	 0.3	 years	 and	

weighing	366.6	±	9.4	g	housed	at	 the	Biomedical	Primate	Research	Centre	 (BPRC,	Rijswijk,	

The	 Netherlands)	 were	 used.	 Each	 animal	 was	 given	 a	 complete	 physical,	 haematological	

and	 biochemical	 examination	 before	 start	 of	 the	 study.	 All	 animals	 displayed	 all	 values	

within	 the	 normal	 range.	 The	monkeys	 remained	 under	 veterinary	 supervision	 during	 the	

entire	study.	Animals	were	housed	as	described	earlier27.	Food	was	 removed	16	h	prior	 to	

surgery	but	water	intake	was	never	restricted.	

Ethics	

This	 study	 protocol	was	 reviewed	 and	 approved	 by	 the	 institute’s	 ethics	 committee	

(Dieren	 Experimenten	Commissie	 (DEC))	 before	 the	 start	 of	 experiment	 (approval	 number	

DEC698).	The	procedures	performed	in	this	study	were	in	accordance	with	the	Dutch	law	on	

animal	 experimentation,	 with	 the	 regulations	 for	 animal	 handling	 as	 described	 in	 the	 EU	

Directive	63/2010,	and	with	the	Weatherall	report	(2006).	

Experimental	design	

A	 study	 with	 each	 animal	 acting	 as	 its	 own	 control	 was	 designed	 (Table	 2).	

Measurements	 taken	 during	 the	 period	 prior	 to	 surgery	 (days	 -14	 to	 0)	 were	 adopted	 as	

baseline	 values	 and	 were	 subsequently	 compared	 to	 various	 periods	 post	 surgery.	 The	

animals	 were	 taken	 from	 their	 home	 cage	 to	 an	 adjacent	 quiet,	 temperature-controlled	

room	(24°C)	for	measurements	of	body	weight	and	locomotor	capacity	testing.	A	camera	for	

video	analysis	was	installed	in	this	room.	

From	an	 independent	 study	 (n	=	10	normal	nontreated	animals),	 data	were	derived	

from	the	Tower	and	Hourglass	tests	to	determine	the	habituation	effect	to	these	two	tests.	
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These	 10	 animals	 were	 tested	 for	 3	 successive	 weeks.	 Housing	 and	 care	 were	 similar	 as	

described	above.	

Table	2.	Experimental	design	

Technique	 Time	(days)	

	 -14	-	0	 0	 1	-	2	 3	-	49	

Surgery	 	 x	 	 	

Scoring	of	behaviour	 x	 x	 x	 x	

Body	weight	 x	 x	 x	 x	

Hourglass	test	 x	 	 	 x	

Tower	test	 x	 	 	 x	

EEG	check	 	 x	 	 x	

Days	 -14	 to	 0:	 Period	 prior	 to	 surgery;	 baseline	 values	 of	 behaviour	 and	 bodyweight	 were	 obtained.	 Day	 0:	
surgery.	Days	1	to	49:	After	surgery;	possible	alterations	on	behaviour	and	body	weight	were	measured.	

	

Surgery	

One	day	prior	to	surgery	until	5	days	post	surgery,	12.5	mg/kg	amoxicillin	(Synulox®,	

Pfizer	Animal	Health	B.V.,	Capelle	a/d	IJssel,	The	Netherlands),	was	administered	orally	(PO)	

twice	 a	 day.	 As	 analgaesia,	 1	 h	 prior	 to	 surgery,	 0.20	 mg/kg	 meloxicam	 (Metacam®,	

Boehringer	 Inhelheim,	Alkmaar,	The	Netherlands)	was	administered	PO	together	with	0.02	

mg/kg	 buprenorphine	 (Buprecare®,	 AST	 farma	 B.V.,	 Oudewater,	 The	 Netherlands)	

intramuscularly	(IM).	After	surgery,	animals	received	meloxicam	(0.10	mg/kg	PO)	once	daily	

in	combination	with	buprenorphine	(0.02	mg/kg	IM)	twice	a	day	for	2	days.	

Anaesthesia	was	 achieved	by	means	of	 16	mg/kg	alphaxalone	 (Alfaxan®,	Vétoquinol	

B.V.,	 ‘s-Hertogenbosch,	 The	 Netherlands)	 IM.	 Subsequently,	 the	 head	 and	 abdomen	were	

shaved	and	prepared	with	Hibiscrub	and	Betadine.	The	marmosets	were	placed	on	a	heated	

blanket	in	order	to	stabilise	body	temperature	and	were	breathing	room	air	spontaneously	

throughout	the	surgery.	

A	 1-cm	 skin	 incision	 was	 made	 in	 a	 transversal	 direction	 between	 the	 scapulae.	 A	

sterile	 bandage	was	 used	 to	 cover	 this	 incision	when	 the	marmoset	was	 placed	 in	 dorsal	

recumbency	 in	order	 to	make	a	3-cm	 incision	 in	 the	abdominal	 skin	 (below	 the	umbilicus)	

along	the	midline.	Subsequently,	 the	skin	was	separated	 from	the	abdominal	muscles.	The	

abdomen	 was	 opened,	 and	 the	 sterile	 transmitter	 (TL11M2-F40-EET,	 PhysioTel®,	 Data	

Sciences	 (DSI),	 St.	 Paul,	MN,	 USA)	 was	 placed	 inside	 the	 abdominal	 cavity.	 The	 electrode	

wires	originating	 from	the	 transmitter	were	 tunnelled	 through	 the	abdominal	wall	 (on	 the	
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right	 side	 of	 the	 abdominal	 incision)	 by	 means	 of	 an	 over-the-needle	 catheter.	 The	

transmitter	 had	 a	 ridge	 containing	 four	 holes	 on	 the	 upper	 surface	 which	 were	 used	 to	

attach	 to	 the	 abdominal	 wall	 during	 wound	 closure	 with	 absorbable	 sutures	 (Vicryl	 Plus	

suture	4-0,	Ethicon/Johnson	&	Johnson).	The	electrode	wires,	which	protruded	through	the	

abdominal	wall,	were	tunnelled	subcutaneously	to	the	skin	incision	between	the	scapulae	by	

means	 of	 an	 over-the-needle	 catheter.	 After	 tunnelling,	 the	 abdominal	 skin	 incision	 was	

closed	 with	 single-knot	 sutures	 (Vicryl	 Plus	 suture	 4-0)	 and	 covered	 with	 wound	 spray.	

Subsequently,	the	skull	was	exposed	by	means	of	an	anterior	to	posterior	skin	incision	across	

the	top	of	the	head	between	the	ears.	Two	out	of	four	wires	from	the	skin	incision	between	

the	 scapulae	 to	 the	 skin	 incision	 in	 the	 head	were	 tunnelled.	 The	 periost	 of	 the	 skull	was	

scraped	back	and	thoroughly	scratched	using	a	scalpel	blade	no.	10.	A	cotton	swab	soaked	in	

35%	hydrogen	peroxide	was	used	to	degrease	the	surface	of	the	skull.	Two	small	holes	were	

drilled,	both	at	3	mm	lateral	(right)	to	the	sagittal	suture	and	2	mm	and	9	mm	anterior	of	the	

bregma,	 respectively,	 using	a	dental	 drill.	 The	electrode	wires	were	pushed	 through	 these	

holes	and	fixed	by	stainless	steel	screws.	The	screws	reached	the	dura	and	did	not	penetrate	

the	 cortex.	 The	 heads	 of	 the	 screws	 were	 completely	 covered	 with	 cement	 (Antibiotic	

Simplex®	 P	 with	 Tobramycin	 (0.5	 dose	 CE)	 bone	 cement,	 Stryker	 Corporation,	 Meyzieu,	

France),	which	also	continued	over	the	surrounding	skull.	Subsequently,	the	skin	incision	was	

closed	using	Vicryl	Plus	suture	4-0.	The	remaining	two	electrode	wires	protruding	from	the	

incision	in	the	scapula	area	were	tunnelled	subcutaneously	by	means	of	an	over-the-needle	

catheter	 and	 fixed	 with	 a	 single	 stitch	 to	 either	 the	 chin	 muscle	 (m.	 trigonum	

submandibularis)	 or	 to	 the	 neck	 muscle	 (m.	 trapezius)	 for	 EMG	 data	 recording.	 Stitching	

required	a	small	incision	above	the	respective	muscles,	subsequently	closed	with	single-knot	

sutures	 (Vicryl	 Plus	 suture	 4-0)	 and	 covered	with	wound	 spray.	 The	 animals	 recovered	 in	

their	home	cage	on	an	open	non-heated	blanket.	

Assessment	of	health	status	and	body	weight	

The	 health	 status	 of	 the	marmosets	was	 evaluated	 through	 daily	 visual	 assessment	

between	 15:00	 and	 16:00	 during	 the	 entire	 study.	 The	 scoring	 system	 included	 numeric	

values	 for	 general	 appearance,	 respiration,	 faeces	 and	 urine	 production,	 food	 intake,	

locomotor	activity,	and	evaluation	of	skin	and	fur	coat.	Position	in	the	cage	was	also	scored.	

Social	 behaviours	 were	 classified	 as	 described	 by	 Stevenson	 and	 Poole28	 and	 number	 of	

occurrences	per	minute	were	scored	(Table	3).	

	



Recovery	time	after	surgery	

	 53	

Table	3.	Clinical	scoring	system	to	assess	health	status	

*Scored	in	number	of	occurrences	per	minute.	

Parameter	 What	looked	for	(include	but	not	limited	to	these	clinical	signs)	 Score	

General	
Appearance	

Normal,	alert	 0	
Abnormal	or	hunched	posture,	dull	appearance	to	eyes,	dehydration,	notable	weight	
loss	

1	

Stupor:	A	state	of	impaired	consciousness	characterized	by	a	marked	diminution	in	
the	capacity	to	react	to	environmental	stimuli	

2	

Sopor:		a	deep,	lethargic	or	unnatural	sleep	 3	
Coma:	a	state	of	extreme	unresponsiveness,	in	which	an	individual	exhibits	no	
voluntary	movement	or	behaviour.	Even	painful	stimuli	(actions	which,	when	
performed	on	a	healthy	individual,	result	in	reactions)	are	unable	to	affect	any	
response,	and	normal	reflexes	may	be	lost	

4	
	

Skin	and	fur	

		

Normal	 0	
Ruffled	fur,	unkept	appearance	 1	

Rash,	pallor,	redness,	icterus,	petechiae,	ccchymoses,	wound,	abscess,	ulcer	 2	
Respiration	 Normal	 0	

Increased	(>60)	or	decreased	respiration	rate	per	minute	(<50/min),	cough,	sneezing	 1	

Dyspnoea,	open	mouth	breathing,	cyanosis	 2	
Faeces	and	
urine	

Normal	consistency	and	volume	 0	

Decreased	faeces,	fry,	wet	and	pasty,	discoloration	decreased	urine,	discoloration	 1	
Faeces	absent	 2	

Liquid	faeces	(if	debilitating),	urine	absent,	blood	in	faeces	or	urine	 3	
Food	Intake	 Normal	 0	

Decreased	(eating	less	than	half	normal	food	intake)	 1	

Eating	biscuits	but	no	fruit	or	pellets	 2	
Severely	decreased	(not	eating	biscuits)	 3	

Loco-motor	
activity	

		

Normal	 0	
Hyperactivity	(circling,	increased	aggression);	Hypoactivity	(hunched,	inactive	on	
camera,	active	with	people	in	room)	

1	

Ataxia,	neurological	signs	(tremors,	head	tilt),	loss	of	interest	in	treats	 2	

Reluctant	to	move,	uses	cage	for	support,	difficulty	getting	to	food	or	water	
(decreased	response	to	human	presence),	seizures	

3	

Down	with	no	or	minimal	response	to	human	approach,	coma	 4	

Position	in	
the	cage*	

Upper	part	 	
Bottom	part	 	

Social	
behaviour*	

Scent-marking	 	
Twisting	 	

Slit	stare	 	

Grooming	 	
Sitting	and	resting	 	

Walking,	running,	climbing	and	jumping	gaps	between	objects	 	
‘Bouncing	gait’:	running	with	an	exaggerated	bouncing	movement	and	frequently	
included	bouncing	off	objects	
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The	 body	weight	was	measured	 each	working	 day.	Marmosets	 had	 been	 trained	 to	

voluntarily	 enter	 a	 Perspex	 cylinder	 and	 were	 taken	 out	 of	 their	 cage	 by	 means	 of	 this	

cylinder.	The	cylinder	with	the	animal	was	placed	on	a	weighing	scale	to	assess	body	weight.	

Testing	locomotor	capacity	

 

Figure	2.	Image	of	Hourglass.	A	cylinder	measuring	11	cm	x	27	cm	was	used	to	turn	the	animal	upside	down	in	
the	Hourglass	 setup.	One	 trial	 period	 consisted	of	 turning	 the	 cylinder	 180°,	 causing	 the	marmoset	 to	be	 in	 a	
head-down	 position,	 to	 the	 moment	 the	 marmoset	 is	 once	 again	 in	 an	 upright	 position.	 Intervals	 between	
cylinder	turn	and	the	marmoset’s	ability	to	recover	its	position	(head	above	legs)	was	noted	(righting	time)	with	
non-automated	video	analysis,	done	by	an	observer.	Maximum	time	noted	was	30	s	(also	for	marmosets	which	
did	not	turn	upright	at	all).	One	test	comprised	10	180°	turns	of	the	cylinder.	

	

The	Hourglass	(Figure	2)	and	Tower	tests	(Figure	3)	were	used	to	measure	a	decrease	

in	 motor	 function	 as	 indicator	 for	 both	 physical	 discomfort	 and	 motivation	 to	 move29.	

Physical	 disturbance	 caused	 by	 the	 intra-abdominal	 transmitter	 can	 result	 in	 an	 extended	

righting	 time30.	 A	 cylinder	measuring	 11	 cm	 x	 27	 cm	was	 used	 to	 turn	 the	 animal	 upside	

down.	One	trial	period	consisted	of	turning	the	cylinder	180°,	causing	the	marmoset	to	be	in	

a	head	down	position,	to	the	moment	the	marmoset	is	once	again	in	an	upright	position.	The	

time	 it	 took	 for	 the	marmoset	 to	 turn	 back	 in	 the	 upright	 position	 was	 noted	 with	 non-

automated	 video	 analysis,	 done	 by	 an	 observer.	 Intervals	 between	 cylinder	 turn	 and	 the	

marmoset’s	 ability	 to	 recover	 its	 position	 (head	 above	 legs)	 was	 noted	 (righting	 time),	

maximum	time	noted	was	30	s	 (also	for	marmosets	which	did	not	turn	upright	at	all).	One	

test	comprised	10	180°	turns	of	the	cylinder.	

The	Tower	test	setup	consisted	of	a	230-cm	high	cabinet	with	a	transparent	plexiglas	

front,	 in	which	 five	 horizontally	 situated	 crossbars	with	 varying	distances	 between	10,	 19,	

45,	70	and	50	cm,	respectively,	were	present.	At	the	start	of	a	test,	a	marmoset	was	located	

behind	 a	 sliding	 door	 adjacent	 to	 the	 bottom	 of	 the	 cabinet.	 After	 opening	 of	 the	 sliding	

door,	the	marmoset	enters	the	cabinet.	Simultaneously,	an	observer	sitting	in	another	room	

in	front	of	a	video	screen	recorded	each	point	of	time	the	marmoset	jumped	from	one	level	
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to	another	over	a	10-min	period.	The	scoring	results	of	the	Tower	test	showed	the	amount	

of	time	the	marmoset	was	present	on	each	level	and	the	total	number	of	jumps	in	this	10-

min	period.	

Transmitter	data	acquisition	

Post	surgery,	a	weekly	check	was	performed	to	ensure	that	the	abdominal	transmitter	

was	functioning	properly.	The	transmitter	could	be	switched	on	and	off	by	a	magnetic	switch	

passing	 a	magnet	 along	 the	 respective	monkey	 at	 a	 distance	 of	 about	 1	 to	 2	 cm	 from	 its	

surface.	 Signals	 from	 the	 telemetric	 devices	 were	 transmitted	 to	 a	 receiver	 (RPC-1,	 Data	

Sciences	 International,	 St.	 Paul,	 MN,	 USA)	 placed	 at	 a	 distance	 of	 about	 20	 cm	 from	 the	

transmitter.	In	order	to	assemble	signals,	the	Perspex	cylinder	containing	one	marmoset	was	

placed	on	top	of	the	receiver.	Signals	collected	by	the	receiver	were	consolidated	and	stored	

by	way	of	a	consolidation	matrix	(Data	Exchange	Matrix	CH20,	Data	Sciences	International,	

St.	Paul,	MN,	USA)	attached	to	a	computer	equipped	with	Data	Science	ART	4.1	software	for	

signal	processing.	
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Figure	3.	Image	of	Tower.	The	Tower	test	setup	consisted	of	a	230-cm	high	cabinet	with	a	transparent	Plexiglas	

front,	 in	which	 five	 horizontally	 situated	 crossbars	with	 varying	 distances	 between	 10,	 19,	 45,	 70	 and	 50	 cm,	

respectively.	At	the	start	of	a	test,	a	marmoset	was	located	behind	a	sliding	door	adjacent	to	the	bottom	of	the	

cabinet.	After	opening	of	the	sliding	door,	the	marmoset	enters	the	cabinet.	Simultaneously,	an	observer	sitting	

in	another	room	in	front	of	a	video	screen	recorded	each	point	of	time	the	marmoset	jumped	from	one	level	to	

another	over	a	10-min	period.	The	figure	shows	a	marmoset	at	level	3	(A)	and	jumping	(B)	to	level	5	(C).	
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Pathology	

Necropsy	 was	 performed	 on	 all	 marmosets	 142	 days	 post	 surgery.	 The	 abdominal	

cavity	 was	 opened	 and	 the	 abdominal	 organs	 were	 inspected	 for	 possible	 trauma	 or	

inflammation	 caused	 by	 the	 transmitter.	 Electrode	 wires	 were	 followed	 to	 the	 skull	 to	

determine	whether	they	were	still	 in	place	and	not	causing	damage	to	the	adjacent	tissue.	

The	 skull	was	opened	carefully	 to	observe	possible	 indentation	 in	 the	brain	 caused	by	 the	

two	screws	in	the	skull.	

Statistical	analysis	

The	experimental	 design	of	 this	 study	 is	 a	 ‘within-design	 study’,	 that	 is,	 each	 tested	

animal	 acted	 as	 its	 own	 control.	Measurements	 taken	 in	 the	period	prior	 to	 surgery	were	

adopted	 as	 baseline	 values	 and	 subsequently	 com-	 pared	 to	 various	 periods	 post	 surgery.	

The	postsurgery	period	was	divided	 in	 two	parts:	 immediately	after	 surgery	 (days	3	 to	14)	

and	recovery	(days	15	to	48).	

Data	were	 collected	 into	 Excel	 spread	 sheets	 (Microsoft	 Corporation,	Redmond,	VA,	

USA)	and	averaged	to	obtain	mean	values	for	baseline	as	well	as	both	postsurgery	periods.	

These	averages	were	transferred	to	the	statistical	processing	program	R31.	

Baseline	and	postsurgery	weight	averages	were	initially	compared	using	paired	t-tests	

(that	 is,	 the	 difference	 in	 average	 body	 weights	 was	 calculated	 and	 subsequently	 tested	

against	the	null	hypothesis	that	this	difference	is	0).	Postsurgery	body	weight	was	corrected	

for	transmitter	weight	(7.0	g).	Changes	in	body	weight	in	the	three	time	brackets	described	

above	 were	 further	 analysed	 using	 linear	 mixed	 models.	 The	 mixed	 models	 provide	

estimates	for	change	in	body	weight	per	day,	complemented	with	95%	CIs,	while	adjusting	

for	random	effects	(due	to	random	selection	of	animals).	Mixed	effect	models	with	different	

random	effects	(random	intercept	and/or	random	slope)	were	defined	and	fitted.	The	model	

with	 the	 best	 fit	 (as	 represented	 by	 the	 lowest	 Akaike	 Information	 Criterion	 (AIC))	 was	

subsequently	 used	 to	 calculate	 the	 weight	 change	 per	 day.	 The	 level	 of	 probability	 for	

accepting	statistical	significance	was	set	at	P	<0.05.	

In	 order	 to	 standardise	 the	 results	 of	 the	Hourglass	 test,	 only	 eight	 out	 of	 10	 trials	

conducted	 of	 each	 test	 session	were	 included	 (the	 lowest	 and	 the	 highest	 scores	 of	 each	

monkey	within	 one	 session	were	 not	 taken	 into	 account)	 to	 analyse	 the	 same	 number	 of	

turns	for	each	animal.	
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ABSTRACT	

Between	 1975	 and	 2014,	 housing	 conditions	 for	 laboratory-housed	 marmosets	

changed	 dramatically	 after	 the	 introduction	 of	 new	 guidelines	 designed	 to	 improve	 their	

care	 and	 wellbeing.	 According	 to	 these	 guidelines,	 our	 facility	 provided	 marmosets	 with	

outside	enclosures,	switched	to	deep	litter	as	bedding	material,	and	discontinued	the	use	of	

disinfectant	 agents	 in	 animal	 enclosures.	 However,	 both	 deep	 litter	 and	 access	 to	 outside	

enclosures	 hypothetically	 increase	 the	 risk	 of	 potential	 exposure	 to	 pathogenic	

microorganisms.	 We	 evaluated	 whether	 these	 housing	 and	 husbandry	 modifications	

constituted	 an	 increased	 veterinary	 risk	 for	 laboratory-housed	 common	 marmosets	

(Callithrix	jacchus).	After	the	animals	had	been	exposed	to	these	new	housing	conditions	for	

2.5	years,	we	examined	their	intestinal	bacterial	flora	and	feces,	the	deep	litter,	and	insects	

present	 in	 the	 housing.	 In	 addition,	 we	 assessed	 the	 marmosets’	 general	 health	 and	 the	

effect	 of	 outdoor	 housing	 on,	 for	 example,	 vitamin	D	 levels.	 Although	 numerous	 bacterial	

strains—from	 nonpathogenic	 to	 potentially	 pathogenic—were	 cultured,	 we	 noted	 no	

increase	in	illness,	mortality,	or	breeding	problems	related	to	this	environmental	microflora.	

Housing	 laboratory	 marmosets	 in	 large	 enriched	 cages,	 with	 both	 indoor	 and	 outdoor	

enclosures,	providing	them	with	deep	litter,	and	eliminating	the	use	of	disinfectants	present	

an	increased	veterinary	risk.	However,	after	evaluating	all	of	the	collected	data,	we	estimate	

that	the	veterinary	risk	of	the	new	housing	conditions	is	minimal	to	none	in	terms	of	clinical	

disease,	disease	outbreaks,	abnormal	behavior,	and	negative	effects	on	reproduction.	

  



Chapter	4	

64	

INTRODUCTION	

The	 Biomedical	 Primate	 Research	 Centre	 (Rijswijk,	 The	 Netherlands)	 houses	 a	 self-

sustaining	 breeding	 colony	 of	 common	 marmosets	 (Callithrix	 jacchus)	 for	 the	 purpose	 of	

conducting	biomedical	 research	on	 life-threatening	human	diseases.	The	marmoset	 colony	

was	 formed	 in	 1975	 and	 has	 been	 used	 mainly	 for	 research	 on	 autoimmune	 diseases,	

neurodegenerative	disorders,	and	comparative	genetics1-6.		

After	 the	 introduction	of	new	European	and	Dutch	guidelines	 regarding	animal	 care	

and	 welfare,	 animal	 housing	 conditions	 changed	 markedly	 between	 1975	 and	 2014.	 Our	

facility	responded	promptly	to	these	new	guidelines,	by	providing	larger	and	more	complex	

cages	 comprising	 outdoor	 enclosures,	 each	 with	 an	 attached	 heated	 indoor	 enclosure,	

where	the	animals	are	housed	in	family	groups	to	improve	animal	wellbeing7-8.	The	concept	

of	environmental	enrichment	continued	to	be	developed	and	optimized	over	the	years.	

Potential	benefits	of	outdoor	enclosures	are	exposure	to	seasonal	fluctuations	in	light	

and	climate	and	 increased	sensory	stimulation.	These	enclosures	provide	opportunities	 for	

exploration	 and	manipulation	 that	 are	 considered	 to	 contribute	 positively	 to	 the	 animals’	

wellbeing.	 Furthermore,	 marmosets	 housed	 indoors	 with	 no	 access	 to	 UV	 light	 are	

susceptible	 to	 metabolic	 bone	 diseases.	 Marmosets	 cannot	 synthesize	 vitamin	 D3	

(cholecalciferol)	 from	 the	 plant	 form	 of	 the	 vitamin	 (ergo-calciferol,	 vitamin	 D2).	Without	

access	 to	UVB	 radiation,	 they	 cannot	 form	vitamin	D3	 from	7-dehydroxycholesterol	 in	 the	

skin9.	 In	 addition	 to	dietary	 supplementation	with	 vitamin	D3,	we	 surmised	 that	 access	 to	

unfiltered	sunlight	in	outside	enclosures	would	limit	or	prevent	vitamin	D	deficiency.	

Another	 change	 initiated	 in	 response	 to	 BPRC’s	 new	 housing	 guidelines	 was	 the	

cleaning	 of	 the	 housing	 facilities.	 Scent	 marking	 is	 an	 important	 aspect	 of	 the	 natural	

behavior	 of	 marmosets.	 In	 laboratory	 settings,	 marmosets	 scent-mark	 their	 cages	

constantly10.	 To	minimize	 the	 removal	 of	 scents,	 disinfectants	 are	no	 longer	used	 to	 clean	

the	 enclosures.	 In	 addition	 to	 effects	 on	 scent,	 limiting	 disinfectant	 use	 could	 have	 other	

beneficial	 effects.	 For	 example,	 the	 chemical	 disinfection	 of	 their	 environment	 was	

suggested	to	be	one	cause	of	chromosomal	disorders	in	marmosets11.	

A	 third	 important	 housing-related	 change	 was	 the	 provision	 of	 deep	 litter	 in	 the	

outdoor	and	 indoor	enclosures.	Deep	 litter	 is	a	 floor	covering,	preferably	of	organic	origin,	

that	promotes	activities	including	locomotion,	foraging,	and	playing.	In	general,	the	changes	

associated	 with	 providing	 deep	 litter	 typically	 involved	 a	 shift	 in	 the	 animals’	 behavioral	

profiles	 toward	 those	 that	 might	 be	 observed	 in	 their	 wild	 counterparts;	 therefore,	 the	
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provision	of	deep	litter	is	seen	as	environmental	enrichment12-17.		

Although	 some	 of	 these	 changes	 have	 been	 implemented	 in	 zoos,	 primate	 centers	

that	breed	marmosets	for	research	purposes	have	been	more	reticent	because	of	potential	

health	 issues.	 To	 evaluate	 whether	 the	 new	 housing	 conditions	 enhance	 the	 animals’	

wellbeing,	 we	 studied	 their	 benefits	 and	 potential	 threats	 to	 the	 animals,	 the	 practical	

consequences	for	personnel	and	management,	and	the	influence	on	experimental	results.	In	

particular,	 the	 health	 risks	 for	 the	 marmosets	 due	 to	 increased	 microbiologic	 exposure	

because	 of	 the	 new	 housing	 conditions	 were	 examined.	 The	 aim	 of	 the	 study	 was	 to	

determine	whether	these	changes	in	their	housing	constituted	not	only	an	improvement	in	

their	wellbeing	but	also	a	possible	increased	veterinary	risk	for	laboratory-housed	common	

marmosets.	

	

MATERIALS	AND	METHODS	

Formed	 in	 1975,	 the	marmoset	 colony	 at	 the	 Bio-medical	 Primate	 Research	 Centre	

(Rijswijk,	 The	 Netherlands)	 consisted	 initially	 of	 animals	 obtained	 from	 various	 accredited	

suppliers	 (only	 captive-bred	 animals	 were	 included).	 Later,	 new	 breeding	 lines	 were	

introduced	on	several	occasions	to	maintain	the	outbred	character	of	the	colony.	Imported	

animals	were	 released	 into	 the	 colony	 after	 a	 12-week	 quarantine	 period,	which	 included	

monthly	 bacteriologic	 examinations	 of	 rectal	 swabs,	 parasitologic	 examinations	 of	 feces,	

tuberculin	 skin	 tests,	 physical	 examinations,	 and	 hematology	 and	 serum	 biochemistry	

analyses.	

The	 colony	 continuously	 includes	 around	 30	 breeding	 groups	 comprising	 a	 total	 of	

approximately	150	animals,	 ranging	from	infants	to	adults	older	than	12	years.	Marmosets	

were	 maintained	 as	 monogamous	 breeding	 pairs,	 sharing	 their	 accommodation	 with	

successive	 sets	 of	 offspring.	 The	offspring	 remained	with	 their	 family	 group	 for	 as	 long	 as	

possible,	that	is,	until	either	the	dam	or	sire	or	both	parents	rejected	them	or	until	they	were	

selected	for	experimental	use	(at	least	1.5	years	old).	

Before	 the	 guideline-associated	 changes,	 the	marmosets	were	 housed	 in	wire-mesh	

cages	 with	 a	 solid	 bottom	 and	 contact	 bedding	 (Lignocel	 3-4S,	 J	 Rettenmaier	 and	 Sohne,	

Rosenberg,	Germany).	Cages	were	cleaned	with	hot	water	once	each	week;	the	surrounding	

corridors	 were	 disinfected	 once	 weekly	 with	 Halamid-d	 (Chloramine-T,	 Veip,	 Wijk	 bij	

Duurstede,	the	Netherlands).	Beginning	in	2005,	animals	were	housed	in	outdoor	enclosures	

with	 heated	 indoor	 enclosures;	 the	 marmosets	 were	 able	 to	 move	 freely	 between	 the	 2	
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environments.	 Both	 enclosures	 measured	 300	 ×	 200	 ×	 300	 cm	 (Figure	 1	 A	 and	 B).	 The	

marmosets’	 environmental	 enrichment	was	 optimized	 by	 using	 a	 complex	 system	of	 fixed	

and	 swinging	 branches,	 ropes,	 nets,	 and	wooden	 runways.	 The	 bedding	 in	 the	 enclosures	

was	deep	 litter	consisting	of	French	pine	 (Pinus	pinastre;	Van	Dijk	Groothandel	Biofiltratie,	

Veenendaal,	 the	 Netherlands	 Figure	 2).	 Neither	 enclosure	 was	 cleaned;	 however,	 in	 the	

inside	 enclosure,	 the	 surface	 of	 the	 deep	 litter	was	 raked	 and	 sprinkled	with	water	 twice	

each	month.	

  

Figure	1.	(A)	Outdoor	and	(B)	indoor	marmoset	enclosures	at	the	BPRC.	Environmental	enrichment	consists	of	a	
system	of	fixed	and	swinging	branches,	ropes,	nets,	and	wooden	runways.	The	animals	are	able	to	move	freely	
between	the	2	environments	at	all	times.	

	

The	 temperature	 in	 the	 indoor	 enclosure	was	maintained	 between	 26	 °C	 and	 28	 °C	

with	a	relative	humidity	between	50%	and	60%	and	a	12:12-h	The	light:dark	cycle	(lights	on,	

0700	 to	1900).	 Lighting	 in	 the	 indoor	enclosures	was	provided	by	 fullspectrum	 fluorescent	

bulbs	placed	close	to	the	cages.	The	room	ventilation	rate	was	around	8	air	changes	hourly.	
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Figure	 2.	 Deep	 litter	 as	 bedding	 in	 the	 indoor	
enclosure.	 The	 insert	 shows	 mealworms	
(Tenebrio	molitor)	 that	 the	marmosets	 can	pick	
out	 of	 the	 bedding.	 Other	 insects	 that	 can	 be	
found	 in	 the	 bedding	 include	 woodlice,	 small	
spiders,	and	ants.			
 
 

The	daily	diet	consisted	of	commercial	primate	pellets	for	New	World	Monkeys	(Sniff,	

Soest,	Germany)	offered	free	choice	and	supplemented	daily	with	limited	amounts	of	fresh	

fruit,	gum	Arabic,	and	a	homemade	porridge.	Vitamin	D3	levels	provided	in	the	pellets	were	

3000	 IU	 per	 kg.	 Additional	 vitamin	 D3	 (Davitamon	 Vitamine	 D	 Aquosum,	 Omega	 Pharma	

Nederland,	Rotterdam,	the	Netherlands)	was	provided	in	the	porridge	(12	IU	per	marmoset).	

In	2003,	a	new	feeding	regimen	including	live	insects	(for	example,	mealworms,	crickets,	and	

grasshoppers)	was	introduced,	with	insects	being	supplied	by	a	regular	pet	shop.	Tap	water	

was	provided	free	choice	by	way	of	automatic	watering	nipples.	

All	 procedures	 performed	 in	 this	 study	were	 in	 accordance	with	 the	 regulations	 for	

animal	 handling	 as	 described	 in	 European	 Union	 Directive	 63/2010	 and	 the	 Weatherall	

report	(2006)18.	

Veterinary	risk	evaluation		

Approximately	 2.5	 years	 after	 the	 introduction	 of	 the	 new	 housing	 conditions	 (July	

2008),	microbiologic	profiles	of	the	deep	litter,	insects,	rectal	swabs,	and	fresh	stool	samples	

were	evaluated.	Data	 from	 the	 rectal	 swabs	 and	 fresh	 stool	 samples	were	 compared	with	
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those	of	samples	collected	 in	2008	and	2009.	 In	addition,	health	records	and	reproduction	

parameters	during	2004	 (old	housing	 conditions)	and	2008	 (new	housing	 conditions)	were	

compared.	 Health	 records	 collected	 before	 2004	were	 not	 analyzed,	 because	 initiation	 of	

pseudo-tuberculosis	 (Pseudovac)	 vaccination	 at	 the	 end	 of	 2003	 positively	 influenced	

mortality	and	health	records	tremendously19.	

Veterinary	care	and	health	monitoring	

Every	 year,	 each	 marmoset	 underwent	 complete	 physical,	 hematologic,	 and	

biochemical	 examination	 and	 tuberculin	 skin	 test	 for	 tuberculosis.	 In	 addition,	 the	 colony	

was	 monitored	 annually	 for	 presence	 of	 various	 bacteria	 and	 parasites	 (examination	 of	

rectal	 swabs	 and	 fresh	 stool	 samples).	 To	 discern	 any	 outward	 signs	 of	 disease,	 animal	

caretakers	examined	marmosets	at	least	twice	daily	for	injuries	and	for	changes	in	behavior	

and	 fecal	 consistency.	 Abnormalities	 were	 reported	 to	 the	 veterinarians,	 and	 daily	 health	

records	were	kept	for	each	animal.	

Acute	 outbreaks	 of	 Yersinia	 spp.	 infection	 occurred	 in	 2001,	 2002,	 and	 200319.	

Therefore,	 from	 2003	 onward,	 all	 marmosets	 were	 vaccinated	 every	 six	 months	 with	

Pseudovac	(obtained	from	the	Department	of	Veterinary	Pathology,	Zoo	and	Exotic	Animals	

Section,	 Utrecht	 University,	 Utrecht,	 The	 Netherlands),	 which	 effectively	 prevented	

additional	outbreaks	of	Yersinia.	

Pathology	

All	animals	in	the	breeding	colony	that	died	or	were	euthanized	were	examined	by	our	

veterinary	pathologist.		

Microbiologic	tests	

During	the	annual	veterinary	check-up	in	July	2008	(n	=	167	animals),	2.5	years	after	

introduction	 of	 the	 new	 housing	 conditions,	 we	 collected	 samples	 of	 deep	 litter,	 insects,	

rectal	 swabs,	and	 fresh	 stool	 for	microbiologic	examination.	Beginning	 in	2009,	only	 rectal	

swabs	 and	 fresh	 stool	 samples	were	 collected.		 Rectal	 swabs	were	obtained	 from	 sedated	

marmosets	by	 inserting	a	 swab	2	 cm	and	 spinning	 the	 swab	 for	 several	 full	 rotations.	 The	

swab	was	placed	immediately	in	a	tube	filled	with	charcoal	transport	medium	(Copan	Italia,	

Brescia,	 Italy).	 In	 addition,	 5	 fresh	 fecal	 samples	were	 picked	 randomly	 from	every	 indoor	

enclosure	(34	cages)	and	fixed	in	sodium	acetate–	acetic	acid–formalin.	
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We	 collected	 a	 total	 of	 10	 samples	 of	 deep	 litter	 (5	 superficial,	 5	 deep)	 from	 every	

indoor	enclosure	 (34	 cages).	 The	 samples	were	added	 to	0.9%	saline	 solution	 (sterile)	 and	

fixed	in	sodium	acetate–acetic	acid–formalin.	

Insects	were	 identified	 according	 to	 their	morphologic	 features	 by	 an	 expert	 in	 this	

field.	Crickets	(n	=	5	per	cage),	mealworms	(n	=	5	per	cage),	and	woodlice	(n	=	5	per	cage)	

were	 collected	 at	 random	 from	 every	 cage.	 In	 addition,	 3	 grasshoppers	 were	 collected	

directly	 from	 the	 delivery	 box	 when	 it	 arrived	 at	 our	 facility.	 The	 insects	 were	 squeezed	

directly	and	fixed	in	sodium	acetate–acetic	acid–formalin.	

All	 fixed	 samples	 of	 litter	were	 centrifuged	 at	 2.8	 ×	g	 for	 10	min.	 The	 pellets	were	

inoculated	on	Columbia	agar	with	5%	sheep	blood	(Becton	Dickinson,	Heidelberg,	Germany)	

for	 growth	of	 facultative	 anaerobic	 bacteria.	 The	 rectal	 swabs	were	 inoculated	on	 xylose–

lysine–deoxycholate	agar	(Becton	Dickinson)	for	growth	of	both	Salmonella	spp.	and	Shigella	

spp.,	cefsulodin–irgasan–novobiocin	agar	(Becton	Dickinson)	for	Yersinia	spp.,	CHROM	O157	

(Becton	 Dickinson)	 for	 growth	 of	 Escherichia	 coli	 O157,	 cefoperazone–vancomycin–

amphotericin	 agar	 (Becton	 Dickinson)	 for	 Campylobacter	 spp.,	 and	 CDC	 Anaerobe	 Blood	

Agar	with	5%	sheep	blood	(Becton	Dickinson)	for	obligate	anaerobe	bacteria.	All	agar	plates	

were	examined	after	24	and	48	h	 incubation	at	35	°C.	API	bacterial	 identification	products	

(BioMérieux,	 Boxtel,	 The	 Netherlands)	 were	 used	 to	 identify	 gram-positive	 and	 gram-

negative	bacteria.	

In	 addition,	 fixed	 stool	 specimens	 were	 concentrated	 according	 to	 the	 modified	

Ridley–Allen	 technique20.	 After	 iodine	 staining,	 the	 concentrate	 was	 examined	

microscopically	 for	 metazoans	 and	 metazoan	 eggs.	 Trichrome	 staining	 was	 done	 for	 the	

microscopic	 examination	 of	 protozoan	 cysts	 and	 trophozoites,	 and	 Ziehl–Neelsen	 staining	

was	used	to	identify	Microsporidia	spp.,	Cryptosporidium	spp.,	Cyclospora	spp.,	and	Isospora	

spp.	

Reproduction	

Reproductive	 data	 including	 birth	 interval,	 number	 of	 offspring	 per	 parturition,	 and	

number	 of	 abortions	 and	 stillbirths	 were	 obtained	 for	 7	 female	 marmosets	 (age	 at	 first	

parturition,	1.7	to	5.4	y)	of	breeding	pairs	that	had	been	housed	under	both	the	old	and	new	

conditions.	
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Vitamin	D	level	

For	 a	 separate	 study	 (DEC-BPRC	 no.	 676;	 January	 2013	 through	 February	 2014),	 a	

group	of	21	marmosets	was	sedated	for	monthly	radiographs,	and	monthly	blood	sampling	

was	 performed	 to	 determine	 vitamin	 D	 level.	 All	 blood	 samples	 (2	mL	 each)	 were	 drawn	

during	alphaxalone	sedation	(12	mg/kg	IM).	Samples	were	collected	from	the	vena	femoralis	

into	serum	tubes	(Greiner	Bio-one,	Linz,	Austria),	left	for	30	minutes,	and	centrifuged	at	1.9	

×	 g	 for	 10	 min.	 Serum	 was	 transferred	 to	 polypropylene	 tubes,	 frozen	 within	 1	 h	 of	

collection,	and	stored	upright	below	–20	°C	for	0	to	2	years	until	assayed.	All	measurements	

were	performed	by	using	an	automated	clinical	chemistry	analyzer	 in	a	medical	 laboratory	

(Reinier	de	Graaf	Groep	Diagnostisch	Centrum	SSDZ,	Delft,	the	Netherlands).	

Use	of	outside	enclosures	by	the	animals	

In	 November	 and	 December	 2008,	 a	 behavioral	 study	was	 conducted	 to	 determine	

how	often	the	marmosets	used	their	 indoor	and	outdoor	enclosures.	A	total	of	48	animals	

living	in	12	different	groups	of	2,	4	and	6	animals	were	monitored	for	7	weeks	by	2	students;	

one	 observed	 the	 indoor	 enclosure,	 while	 the	 other	 simultaneously	 observed	 the	 outside	

enclosure.	Every	animal	was	observed	8	times	for	15	min.	During	those	15	minutes	the	time	

spent	in	the	indoor	or	outdoor	enclosure	was	registered	using	focal	animal	sampling.	

	

RESULTS	

Microorganisms	in	the	litter,	insects,	and	feces	and	components	of	the	intestinal	bacterial	

flora	

Numerous	microorganisms	were	detected	in	the	July	2008	samples	of	 litter	from	the	

marmosets’	 enclosures:	 Acinetobacter	 baumannii,	 Aerococcus	 viridans,	 Aeromonas	

hydrophilia,	Aeromonas	sobria,	Alcaligenes	 faecalis,	Aspergillus	 flavus,	Aspergillus	nidulans,	

Bacillus	 cereus,	 Burkholderia	 cepacia,	 Chryseobacterium	 indologenes,	 Citrobacter	 freundii,	

Clostridium	 perfringens,	 Comamonas	 testosterone,	 Enterobacter	 aerogenes,	 Enterobacter	

amnigenus,	 Enterococcus	 avium,	 Enterococcus	 durans,	 Enterobacter	 cloacae,	 Enterococcus	

faecalis,	 Escherichia	 coli,	 Ewingella	 americana,	 Klebsiella	 pneumonia,	 Lactococcus	 lactis,	

Listeria	 spp.,	 Micrococcus	 spp.,	 Microsporidia	 spores,	 Moraxella	 spp.,	 Ochromobactrum	

anthropic,	 Pantoea	 spp.,	 Pasteurella	 pneumotropica,	 Proteus	 mirabilis,	 Proteus	 vulgaris,	

Pseudomonas	fluorescens,	Pseudomonas	luteola,	Pseudomonas	orzyhabitans,	Pseudomonas	

putida,	Ralstonia	picketti,	Raoultella	 terrigena,	Rhizobium	radiobacter,	Serratia	plymuthica,	
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Serratia	 rubidaea,	 Shewanella	 putrefaciens,	 Sphingomonas	 paucimobilis,	 Staphylococcus	

cohnii,	 Staphylococcus	 saprophyticus,	 Staphylococcus	 sciuri,	 Staphylococcus	 xylosus,	

Stenotrophomonas	 maltophilia,	 Vibrio	 parahaemolyticus,	 and	 Weeksella	 virosa.	 Most	

microorganisms	that	were	cultured	belong	to	the	normal	microflora	expected	in	marmosets	

living	 in	 new,	 open,	 natural-setting,	 housing	 conditions21.	 Percentages	 of	 potential	

pathogens,	including	facultative	pathogenic	bacteria	and	opportunistic	pathogenic	bacteria,	

cultured	from	the	tested	substrates	are	shown	in	Table	1.	More	than	50%	of	the	rectal	swabs	

were	 positive	 for	 Escherichia	 coli,	 but	 E.	 coli	 O157:H7	 was	 never	 cultured.	 Although	 the	

presence	of	various	microorganisms	shifted	somewhat	when	the	tests	were	repeated	1year	

later,	most	of	the	results	were	similar	(Table	2).	

Table	1.	Microbiologic	results		

	 Deep	

litter	

Cricket	 Grasshopper	 Woodlice	 Feces	 Rectal	swab	

Aeromonas	spp.	 24.0	 0	 66.7	 18.2	 15.4	 6.5	

Aspergillus	flavus	 16.0	 16.7	 0	 9.1	 2.2	 0	

Burkholderia	cepacia	 20.0	 0	 0	 18.2	 11	 0	

Citrobacter	freundii	 0	 0	 0	 0	 0	 21.0	

Clostridium	perfringens	 12.0	 0	 0	 0	 19.2	 11.0	

Enterobacter	aerogenes	 0	 0	 0	 0	 0	 11.0	

Enterobacter	cloacae	 0	 0	 0	 0	 0	 0.9	

Enterococcus	faecium	 0	 0	 0	 0	 0	 4	

Escherichia	coli	 0	 0	 0	 0	 0	 54.9	

Klebsiella	oxytoca	 0	 0	 0	 0	 0	 1.8	

Klebsiella	pneumoniae	 0	 0	 0	 0	 0	 6.4	

Proteus	spp.	 32.0	 16.7	 0	 18.2	 45.6	 22.9	

Pseudomonas	spp.	 4.0	 0	 0	 0	 9.6	 5.5	

Vibrio	

parahaemolyticus	

20.0	 16.7	 66.7	 27.3	 41.9	 0	

(%	 of	 samples	 positive	 for	 pathogens,	 including	 facultative	 and	 opportunistic	 pathogenic	 bacteria)	 of	 the	
substrates	tested	in	2008 

Table	2.	Overview	of	microbiologic	results	from	swabs	tested	in	2008	and	2009	

	 Feces		 	 Rectal	swab		

	 2008	 2009	 	 2008	 2009	

Aeromonas	hydrophilia	 +	 +	 	 -	 +	

Enterobacter	aerogenes	 +	 -	 	 +	 +	

Klebsiella	pneumoniae	 +	 -	 	 +	 +	

Pseudomonas	luteola	 +	 -	 	 +	 -	

Vibrio	parahaemolyticus	 +	 -	 	 -	 -	
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Clinical	illness	

Animal	 caretakers	 and	 veterinarians	 did	 not	 note	 any	 changes	 in	 behavior	 or	 fecal	

consistency,	 monitored	 as	 overt	 signs	 of	 disease,	 when	 comparing	 previous	 with	 new	

housing	conditions.	 In	addition,	no	abnormalities	were	 found	during	 the	annual	veterinary	

check-up.	

Pathology	

The	 percentage	 of	 marmosets	 that	 presented	 each	 year	 for	 necropsy	 after	

implementation	 of	 the	 new	 housing	 requirements	 (2007,	 9.8%;	 2008,	 7.5%;	 2009,	 5.2%;	

2010,	7.2%;	2011,	5.9%;	2012,	3.0%;	and	2013,	4.0%)	was	similar	to	that	under	the	previous	

conditions	(2004,	7.3%;	2005,	6.4%).	

Histopathologic	examination	of	tissue	samples	from	euthanized	(sick)	marmosets	with	

deteriorating	 health	 or	 those	 that	 died	 suddenly	 revealed	 lesions	 consistent	 with	mild	 to	

moderate	 chronic	 enterocolitis,	 chronic	 fibrosing	 glomerulonephritis,	 and	 lymphocytic	

interstitial	nephritis.	These	 lesions	are	common	 incidental	 findings	 in	marmosets	 (so-called	

‘wasting	marmoset	 syndrome’)22-25.	We	noted	no	negative	differences	when	we	compared	

samples	from	marmosets	housed	under	the	new	compared	with	previous	conditions.	

Vitamin	D	levels	

Determination	of	the	vitamin	D	levels	for	14	months	in	the	marmosets	of	the	breeding	

colony	showed	that	the	peak	concentrations	of	vitamin	D	were	during	the	summer	months,	

whereas	the	lowest	values	were	observed	during	the	winter	months.	This	pattern	occurred	

consistently	in	all	animals	studied	(Figure	3).	

Reproduction	

Under	the	former	housing	conditions,	the	average	interbirth	interval	was	168	d,	with	

2.3	offspring	per	parturition	 (n	=	29	parturitions).	 The	 first	 parturition	 in	 the	new	housing	

conditions	occurred	a	mean	of	211	d	after	the	last	one	in	the	previous	housing,	with	2.9	off	

spring	 per	 parturition	 (n	 =	 7	 parturitions).	 Subsequent	 parturitions	 showed	 an	 interbirth	

interval	 of	 168	 d,	 with	 2.6	 offspring	 per	 parturition	 (n	 =	 32	 parturitions).	 Under	 both	

conditions,	 the	 births	 were	 not	 seasonally	 restricted,	 nor	 were	 there	 any	 abortions	 or	

stillbirths.	
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Figure	 3.	 Data	 of	 3	
randomly	 selected	
animals.	 All	 sampled	
marmosets	 were	
housed	 in	the	breeding	
colony	 and	 had	
unlimited	 access	 to	 an	
outdoor	 enclosure.	
Vitamin	 D	 levels	 were	
monitored	monthly	be-	
tween	 January	 2013	
and	March	2014.	
 

Macroscopic	observation	of	the	deep	litter	of	the	indoor	enclosures	

No	 large	 areas	 with	 feces	 and	 dropped	 food	were	 present.	Woodlice,	 crickets,	 and	

ants	 (Hypoponera	 schauinslandi	 emery)	 were	 seen	 daily	 on	 the	 surface	 of	 the	 deep	 litter	

(data	 not	 shown).	 Grasshoppers	 were	 present	 only	 after	 they	 had	 been	 offered	 to	 the	

marmosets	as	food	(probably	escaped	insects).	Fungi	were	macroscopically	visible	as	well.	

Use	of	outside	enclosures	by	the	animals		

We	 did	 not	 expect	 the	 marmosets	 to	 enter	 the	 outside	 enclosures	 during	 winter.	

However,	all	48	animals	spent	an	average	of	3.2%	outside	while	they	were	being	observed,	

albeit	 this	 duration	 is	 much	 shorter	 than	 that	 during	 spring	 and	 summer,	 when	 the	

permanent	 animal	 caretakers	 report	 that	 the	 marmosets	 spend	 substantial	 time	 in	 the	

outdoor	enclosures.	

	

DISCUSSION	

Over	 the	 past	 couple	 of	 decades,	 major	 changes	 in	 the	 husbandry	 and	 housing	

conditions	 for	 common	marmosets	 at	 our	 facility	 have	 included	 the	 provision	 of	 indoor–

outdoor	enclosures	with	deep	litter	and	the	limited	use	of	disinfectants.	After	evaluating	all	
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of	the	collected	data,	we	estimate	that	the	veterinary	risk	of	the	new	housing	conditions	is	

minimal	 to	 none	 in	 terms	 of	 clinical	 disease,	 disease	 outbreaks,	 abnormal	 behavior,	 and	

negative	effects	on	reproduction.	

Deep	 litter	 has	been	used	 for	 some	 time	on	pig	 farms26-29,	 but	 is	 fairly	 new	 to	both	

zoos30	 	 and	 laboratory	 facilities.	 Bedding	 is	 normally	 used	 to	 bind	 excretions	 to	 keep	 the	

animals’	 living	environment	dry	and	comfortable.	 In	addition	to	feces	and	urine,	the	soiled	

bedding	 contains	 animal	 hair	 and	 dander	 and	 spoiled	 food,	 thus	 providing	 a	 breeding	

environment	 for	bacteria	and	 fungi.	The	microorganisms	 in	 the	bedding	may	be	spread	by	

way	of	 dust	 particles	 to	 the	breathing	 zone	of	 both	personnel	 and	 animals,	 constituting	 a	

health	risk	during	various	care	or	experimental	procedures31.	Adequate	ventilation	in	animal	

rooms	 minimizes	 this	 exposure.	 Although	 fungi	 were	 present	 inside	 the	 enclosures,	 no	

disease-associated	side	effects	were	noted	in	either	the	marmosets	or	their	caretakers.	

Most	 of	 the	 bacteria	 we	 obtained	 were	 harmless	 environmental	 bacteria;	 several	

were	 facultatively	 or	 opportunistically	 pathogenic21.	 Having	 colony	 animals	 that	 act	 as	

‘carriers’	of	pathogenic	to	facultatively	pathogenic	bacteria	is	a	potential	veterinary	risk;	for	

example,	Klebsiella-related	mortality	has	been	described32.	However,	we	noted	no	increase	

in	 clinical	 disease,	 disease	 outbreaks,	 abnormal	 behavior,	 or	 negative	 effects	 on	

reproduction	 during	 the	 study	 period;	 therefore	 no	 treatment	 was	 deemed	 necessary.	

Currently,	 the	marmosets	have	been	housed	 in	the	enriched	environment	 for	more	than	8	

years,	during	which	time	no	negative	veterinary	and	behavioral	effects	due	to	the	described	

housing	conditions	have	occurred.	

The	disadvantages	of	using	deep	litter	do	not	outweigh	its	advantages.	The	potential	

negative	of	providing	deep	litter	as	bedding	on	animal	wellbeing	include	possible	excessive	

vermin	reproduction	(which	can	promote	disease),	increased	ammonia	and	moisture	levels,	

and	 the	presence	of	 pathogenic	microorganisms.	 In	 contrast,	 providing	deep	 litter	 creates	

enrichment	for	the	animals,	a	welfare	benefit.	Furthermore,	the	decrease	 in	the	frequency	

with	which	cages	need	to	be	cleaned	means	 less	frequent	handling	and	disturbance	of	the	

animals,	 thus	 allowing	 the	 marmosets	 to	 remain	 within	 their	 scent-marked	 environment.	

Potentially	the	litter	may	never	need	to	be	changed;	however,	in	the	absence	of	supporting	

data,	we	completely	replaced	the	 litter	after	5	years.	When	deep	 litter	 is	used,	the	system	

must	be	kept	as	natural	as	possible	to	allow	the	feces,	urine,	and	food	deposited	on	top	of	

the	 litter	 to	 decompose	 biologically,	 which	 occurs	 at	 the	 bottom	 of	 the	 litter	 layer.	

Therefore,	 several	 factors	 need	 to	 be	 considered,	 especially	 those	 that	 affect	 the	

decomposition	 rate,	 such	 as	 type	 and	 number	 of	microorganisms,	 temperature,	 humidity,	
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the	percentage	of	oxygen,	and	pH.	To	optimize	these	factors,	the	surface	of	the	deep	litter	

must	be	raked	and	sprinkled	with	water	twice	each	month.	Macroscopically,	the	deep	litter	

appeared	to	have	absorbed	the	feces	and	dropped	food,	because	no	large	areas	of	feces	and	

dropped	food	were	apparent.	

Deep	litter	in	the	indoor	enclosures	seems	to	be	a	good	environment	for	some	insect	

species	to	live	and	even	to	reproduce	in.	This	environment	includes	not	only	physical	factors,	

such	as	climate	and	available	food,	but	also	the	presence	or	absence	of	predators	and	other	

members	 of	 a	 population.	 The	 origin	 of	 crickets,	 grasshoppers,	 and	 mealworms	 was	

probably	escaped	insects,	because	these	species	were	offered	weekly	as	food.	Other	species,	

like	woodlice,	were	not	offered	as	 food	but	migrated	 into	 the	deep	 litter.	We	experienced	

several	 limited	outbreaks	of	 small	 spiders	 (species	not	determined)	 and	ants	 (Hypoponera	

schauinslandi	emery),	which	might	be	bothersome	for	 the	animal	caretakers.	However,	we	

noted	no	effect	on	the	marmosets	themselves.	

The	microbial	ecosystem	in	the	deep	litter	is	acquired	naturally:	the	litter	itself	is	not	

sterilized,	 and	 the	 marmosets	 have	 their	 own	 microbiota.	 In	 addition,	 their	 fecal	 waste	

contains	 high	 amounts	 of	 intestinal	 bacteria,	 which	may	 or	may	 not	 grow	 in	 the	 bedding	

material.	Cross-infection	between	insects,	animals,	and	deep	litter	should	not	be	excluded,	

given	that	we	cultured	Aeromonas	spp.	and	Vibrio	parahaemolyticus	from	most	of	the	tested	

samples.	In	addition,	these	genera	of	microorganisms	were	cultured	from	fecal	samples	but	

not	from	rectal	swabs.	Furthermore,	Shigella	spp.	was	cultured	once	from	crickets	that	were	

obtained	 from	a	pet	 shop	and	 that	were	provided	weekly	 as	 part	 of	 the	marmosets’	 diet.	

Therefore,	 in	2009,	we	decided	to	discontinue	providing	crickets,	even	though	Shigella	was	

not	cultured	from	any	of	the	substrates	tested	in	2008	and	2009.	

Opinions	 vary	 concerning	 the	 benefits	 and	 disadvantages	 of	 outdoor	 enclosures.	 In	

addition	 to	 food	 supplementation	 with	 vitamin	 D3,	 providing	 the	 marmosets	 access	 to	

unfiltered	 sunlight	 in	 outside	 enclosures	 might	 limit	 or	 prevent	 the	 potential	 problem	 of	

vitamin	 D	 deficiency.	 The	 results	 of	 the	 monthly	 blood	 sampling	 demonstrate	 season-

dependent	 changes	 in	 vitamin	 D	 levels,	 strongly	 indicating	 the	 influence	 of	 sunlight.	 This	

seasonal	 influence	 doesn’t	 occur	 in	marmosets	with	 access	 to	 indoor	 facilities	 only33.	 This	

finding	strongly	supports	the	observation	that	outdoor	facilities	are	beneficial	for	marmosets	

in	regard	to	vitamin	D	levels.	Another	benefit	of	outdoor	enclosures	is	exposure	to	seasonal	

fluctuations	in	light	and	climate,	which	produce	physiologic	and	behavioral	changes	and	may	

contribute	 positively	 to	 the	 animals’	 wellbeing.	 These	 conditions	 contrast	 with	 the	 very	

stable	 temperature,	 humidity,	 and	 light	 conditions	 inside	 laboratory	 holding	 rooms.	 In	
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addition,	outdoor	enclosures	provide	the	animals	with	more	sensory	stimulation	and	more	

complex	 environments,	 which	 provide	 greater	 opportunities	 for	 exploration	 and	

manipulation,	for	example	forage	for	insects	and	watching	birds34.	An	additional	advantage	

of	free	access	to	outdoor	enclosures	is	that	partition	of	the	available	space	into	2	separate	

enclosures	may	 reduce	 stress,	 because	 of	 the	 increased	 opportunities	 to	 avoid	 aggressive	

encounters35.	 However,	 outdoor	 enclosures	 pose	 some	 disadvantages.	 First,	 outdoor	

enclosures	 provide	 the	 potential	 risk	 of	 disease	 transmission	 from	 outside	 vectors.	 The	

animals	 should	 be	 vaccinated	 to	 protect	 them	 against	 infections	 that	might	 be	 present	 in	

bird	and	rodent	droppings,	such	as	Yersinia	spp19.	Another	veterinary	risk	involves	potential	

access	to	toxic	living	plants.	Although	all	of	these	points	are	valid,	these	risks	likely	occur	at	

very	low	frequencies,	and	the	disadvantages	are	outweighed	by	positive	behavioral	changes.	

One	 study	 that	 included	 chromosomal	 analyses	 of	 marmosets	 from	 two	 colonies	

showed	 that	 the	 levels	of	 chromosomal	disorders	differed	between	 the	 colonies10.	One	of	

the	 biggest	 differences	 between	 the	 2	 colonies	 is	 that	 chlorine-based	 disinfectants	 were	

used	at	the	center	with	more	chromosomal	disorders,	whereas	no	chemical	disinfection	was	

applied	at	the	other	center10.	The	authors	suggested	that	an	increased	rate	of	chromosomal	

disorders	in	marmosets	might	be	related	to	the	chemical	disinfection	of	their	environment10.	

The	 size	of	 the	 living	 space	provided	 for	 each	marmoset	has	 increased	 considerably	

over	past	decades,	and	we	now	house	our	colony	animals	in	large	enriched	cages	that	have	

both	 indoor	 and	 outdoor	 enclosures.	 The	 modified	 housing	 conditions	 improve	 animal	

wellbeing	 in	conjunction	with	an	acceptable	 level	of	 increased	veterinary	risk.	The	minimal	

increased	veterinary	risk	associated	with	these	new	housing	conditions	is	far	outweighed	by	

the	improvement	in	the	marmosets’	wellbeing.	
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ABSTRACT	

Callithrix	 jacchus	 (common	 marmoset)	 is	 regularly	 used	 in	 biomedical	 research,	

including	 for	 studies	 involving	 the	 skeleton.	To	 support	 these	 studies,	 skeletons	of	healthy	

animals	 that	 had	been	 euthanized	 for	 reasons	 not	 interfering	with	 skeletal	 anatomy	were	

prepared.	 The	marmoset	dental	 formula	2I-1C-3P-2M	of	 each	oral	 quadrant	 is	 atypical	 for	

New	World	monkeys,	which	commonly	possess	a	third	molar.	Seven	cervical,	12–13	thoracic,	

7–6	 lumbar,	2–3	sacral	and	26–29	caudal	vertebrae	are	present,	 the	thoracolumbar	region	

always	 comprising	 19	 vertebrae.	 A	 sigmoid	 clavicle	 connects	 the	 scapula	 with	 the	

manubrium	of	the	sternum.	Depending	on	the	number	of	thoracic	vertebrae,	4–5	sternebrae	

are	 located	 between	 the	 manubrium	 and	 xiphoid	 process.	 Wide	 interosseous	 spaces	

separate	 the	 radius	 from	the	ulna,	and	 the	 tibia	 from	the	 fibula.	A	small	 sesamoid	bone	 is	

inserted	in	the	m.	abductor	digiti	primi	longus	at	the	medial	border	of	the	carpus,	a	pair	of	

ovoid	 sesamoid	 bones	 is	 located	 at	 the	 palmar/plantar	 sides	 of	 the	 trochleae	 of	 each	

metapodial	 bone,	 and	 round	 fabellae	 articulate	with	 the	 proximal	 surfaces	 of	 the	 femoral	

condyles.	Male	marmosets	possess	a	small	penile	bone.	Both	the	 front	and	hind	 feet	have	

five	 digits.	 The	 hallux	 possesses	 a	 flat	 nail,	 whereas	 all	 other	 digits	 present	 curved	 claws.	

Interestingly,	a	central	bone	is	present	in	both	the	carpus	and	tarsus.	This	study	provides	a	

description	 and	 detailed	 illustrations	 of	 the	 skeleton	 of	 the	 common	 marmoset	 as	 an	

anatomical	guide	for	further	biomedical	research.	
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For	osteological	studies,	the	translation	of	data	from	rodents	to	man	is	hampered	by	

the	delayed	epiphyseal	closure	with	continuous	bone	modelling	and	the	absence	of	cortical	

bone	osteons	in	the	former	species1.	By	contrast,	the	common	marmoset	(Callithrix	jacchus)	

resembles	 man	 in	 bone	 structure	 and	 remodelling,	 rendering	 it	 an	 excellent	 non-human	

primate	animal	model	for	osteological	studies1-2.	 In	contrast	to	other	non-human	primates,	

common	 marmosets	 are	 small	 animals,	 which	 translates	 into	 relatively	 small	 housing	

facilities,	with	low	feeding	and	housing	costs.	Together	with	the	easy	handling	and	relatively	

short	reproduction	time,	marmosets	offer	very	advantageous	animal	models	for	biomedical	

research3-6.	 Osteological	 studies	 using	 marmosets	 include	 the	 research	 on	 vitamin	 D-

dependent	 rickets,	 osteomalacia,	 osteopenia	 (a	 loss	 of	 10	 –	 25%	 of	 bone	 mass)	 and	

osteoporosis	(a	further	loss	of	bone	mass)5.	

The	common	marmoset	is	a	New	World	monkey	(Infraorder	Platyrrhini,	family	of	the	

Callithrichidae)	with	body	lengths	of	14	–	18	cm	and	tail	lengths	of	25	–	30	cm.	These	diurnal,	

arboreal	animals	originate	from	the	South	American	tropical	rainforest	and	weigh	between	

300	and	450	g.	 They	are	omnivorous	and	 feed	naturally	with	 tree	gum,	 fruit,	nuts,	 insects	

and	 small	 vertebrates7.	 Both	 in	 their	 natural	 habitats	 and	 in	 captivity	 they	 live	 in	 family	

groups	 led	by	 a	dominant,	monogamous	parent	pair8.	After	 a	 pregnancy	of	 approximately	

145	days,	twins	(or	often	triplets	in	captivity)	with	chimaeric	bone	marrow	due	to	the	fusion	

of	 the	placental	bloodstreams,	are	born9-10.	Sexual	maturity	 is	 reached	at	 the	age	of	1.5–2	

years	and	the	life	expectancy	of	captive	animals	amounts	to	16	years1.	

Marmosets,	 which	 have	 been	 kept	 as	 pets	 since	 the	 French	 baroque	 times,	 were	

introduced	in	biomedical	research	in	the	early	1960s11-13.	Since	then,	the	number	of	studies	

using	 common	marmosets	 has	 progressively	 increased.	 In	 1992,	 the	 European	Marmoset	

Research	Group	was	founded	to	optimize	the	research	performed	on	marmosets	which	are	

now	a	frequently	studied	laboratory	species11.	Despite	its	increased	use,	the	specific	skeletal	

features	of	this	species	are	poorly	documented1.	Hershkovitz14	gives	an	extended	overview	

of	the	anatomy	of	the	living	New	World	monkeys,	but	no	detailed	information	is	provided	on	

the	anatomy	of	 the	postcranial	bones	of	 the	common	marmoset.	Wagner	and	Kirberger13,	

while	 investigating	 the	 radiographic	 anatomy	of	Callithrix	 jacchus,	 focused	 on	 the	 internal	

organs	 and	 provided	 only	 a	 few	 descriptive	 osteological	 details.	 Radiographies	 have	 also	

been	 used	 for	 age	 determination	 of	 common	 marmosets	 based	 on	 tooth	 development,	

craniofacial	development,	and	the	length	and	stage	of	ossification	of	the	long	bones15-19.	By	

contrast,	many	authors	have	investigated	the	calcium	metabolism	in	Callithrichidae	as	they	
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require	exceptionally	 large	amounts	of	 vitamin	D3	due	 to	 the	end-organ	 resistance	 to	 this	

metabolite20-23.	

Because	 of	 the	 paucity	 of	 specific	 osteological	 data,	 the	 present	 article	 provides	 a	

detailed	 description	 of	 the	 skeleton	 of	 Callithrix	 jacchus	 to	 serve	 as	 a	 guide	 for	 further	

osteological	and	arthrological	research.	The	text	of	this	paper	focuses	on	the	main	features	

of	the	skeleton,	while	the	figures	illustrate	the	various	parts	of	the	skeleton	in	more	detail.	

Common	 English	 anatomical	 terminology	 is	 used	 throughout	 the	 text	 while	 the	 figure	

captions	also	provide	the	official	Latin	terms24.	

	

MATERIALS	AND	METHODS	

Animals	

To	reduce	the	number	of	laboratory	animals,	frozen	cadavers	of	10	adult	(2	–	8	years	

of	 age),	 healthy	 common	marmosets	 (Callithrix	 jacchus)	 of	 both	 genders	 (7	 females	 and	3	

males),	 two	 one-day-old	 males	 and	 two	 one-month-old	 marmosets	 of	 each	 gender	 were	

obtained	 from	 the	 Biomedical	 Primate	 Research	 Centre,	 Rijswijk,	 The	 Netherlands	 where	

they	 had	 been	 used	 in	 other	 studies.	 All	 animals	 were	 born	 and	 raised	 at	 this	 centre	 in	

natural	family	groups.	The	adult	marmosets	used	in	this	study	remained	in	their	birth	group	

until	they	were	18	months	old.	The	breeding	facilities	were	enriched	with	branches	and	toys,	

contained	 a	 biofloor	 and	 allowed	 free	 access	 to	 outside	 pens.	 Adult	 marmosets	 were	

subsequently	moved	 to	 experimental	 units	where	 they	were	 housed	 as	 same-sex	 pairs	 in	

spacious	cages	enriched	with	branches	and	toys,	and	with	padded	shelter	provided	on	the	

floor.	 The	 daily	 diet	 was	 composed	 of	 commercial	 food	 pellets	 for	 New	World	 monkeys	

(Sniff,	 Soest,	Germany)	 supplemented	with	 limited	amounts	of	 fresh	 fruit,	 arabic	 gum	and	

slurry	enriched	with	vitamin	D.	Drinking	water	was	provided	ad	libitum.	All	adult	animals	had	

been	 euthanized	 for	 various	 reasons	 not	 related	 to	 this	 study.	 The	 one-day-old	 neonates	

were	born	as	part	of	triplets	and	euthanized	since	marmosets	can	only	feed	two	babies.	The	

one-month-old	 animals	 were	 euthanized	 to	 prevent	 severe	 suffering	 from	 maternal	

agalactia.	 All	 housing,	 care	 and	use	of	 animals	were	 in	 accordance	with	 the	Dutch	 law	on	

animal	experimentation,	including	all	permits	and	approvals.	

Preparation	of	skeletons	

After	 thawing,	 the	 soft	 tissues	 of	 the	 cadavers	 were	 first	 removed	 manually	 by	

anatomical	dissection.	Subsequently,	 the	soft	 tissue	 remnants	were	digested	by	Dermestid	
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beetles.	Just	before	complete	disintegration	of	the	skeletons	they	were	placed	in	a	solution	

containing	 approximately	 10%	 hydrogen	 peroxide	 (Univar	 Benelux,	 Brussels,	 Belgium)	 to	

bleach	 the	 bones	 and	 macerate	 the	 smaller	 tissue	 remnants.	 The	 skeletons	 were	 finally	

degreased	with	methylene	chloride	(Univar	Benelux).	

Data	collection	

The	 skeletons	 were	 macroscopically	 examined.	 The	 young	 animals	 were	 used	 to	

describe	 the	 deciduous	 dentition	 and	 the	 cranial	 sutures.	 The	 rostrocaudal	 dimensions	 of	

the	skull,	the	lengths	of	the	various	segments	of	the	vertebral	column	including	the	tail,	the	

length	 of	 the	 hip	 bone	 and	 the	 lengths	 of	 the	 appendicular	 long	 bones,	 from	 the	 most	

proximal	 to	 the	 most	 distal	 extremities,	 were	 determined	 on	 the	 10	 adult	 animals	 using	

digital	 callipers.	 To	 detect	 potential	 differences	 in	 skeletal	 dimensions	 between	 the	 three	

male	and	seven	female	common	marmosets	a	Student’s	t-test	was	performed	in	Excel	2011	

(Microsoft,	Zaventem,	Belgium).	Differences	were	regarded	as	statistically	 significant	when		

P	<	0.05.	

Macroscopic	pictures	of	the	various	skeletal	structures	were	taken	with	a	digital	photo	

camera	 (Canon	 EOS	 50D,	 Canon	 Belgium,	 Diegem,	 Belgium)	 and	 served	 as	 a	 basis	 for	 the	

anatomical	description	of	the	skeleton.	To	illustrate	smaller	structures	such	as	the	teeth	and	

the	 ossicles	 of	 the	 middle	 ear	 a	 stereomicroscope	 (SZX7,	 Olympus	 Belgium,	 Aartselaar,	

Belgium)	linked	to	a	digital	camera	(ColorView,	Olympus	Belgium)	was	used.	The	topography	

of	the	carpal	bones	was	visualized	by	scanning	the	carpal	joints	using	an	in-house	developed	

microcomputed	 tomography	 system.	 This	 system	 consisted	 of	 an	 open-type	 X-ray	 system	

(Feinfocus,	 Garbsen,	 Germany)	 with	 transmission	 target	 and	 a	 VHR	 detector	 (Photonics	

Science,	 Millham,	 UK).	 A	 total	 of	 800	 projections	 were	 taken.	 Three-dimensional	 images	

were	constructed	with	OCTOPUS,	which	 is	an	 in-house	developed	software	package25,	and	

were	further	processed	in	MIMICS®	(Materialise,	Leuven,	Belgium).	

	

RESULTS	

Skull	

The	 mature	 skull	 measures	 45±2mm	 in	 length	 from	 the	 most	 rostral	 point	 of	 the	

incisive	bone	to	the	most	caudal	point	of	the	occiput,	and	29±1mm	in	width	between	both	

zygomatic	 arches	 (Table	 1).	 No	 statistically	 significant	 differences	 between	 the	 male	 and	

female	adult	common	marmosets	were	present.	
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Table	 1.	 Skull	 lengths	 and	widths,	 and	 lengths	 of	 the	 appendicular	 bones	 and	 vertebral	
regions	of	 the	seven	female	 (F1–F7)	and	three	male	 (M1–	M3)	common	marmosets	with	
the	mean	value	+	standard	deviation	(SD)	(all	values	in	mm)	

	 F1	 F2	 F3	 F4	 F5	 F6	 F7	 M1	 M2	 M3	 Mean±SD	

Skull	length	 45	 47	 43	 44	 45	 45	 48	 44	 45	 47	 45±2	

Skull	width	 28	 30	 29	 28	 28	 27	 30	 28	 29	 30	 29±1	

Cervical	region	 19	 25	 21	 22	 23	 22	 27	 22	 24	 25	 23±2	

Thoracic	region	 61	 59	 54	 50	 54	 55	 60	 54	 56	 59	 56±3	

Lumbar	region	 56	 56	 63	 51	 52	 53	 57	 53	 57	 58	 56±3	

Sacral	region	 16	 17	 15	 15	 11	 14	 16	 12	 16	 17	 298±40	

Tail	 385	 323	 255	 256	 243	 314	 300	 322	 281	 305	 29±1	

Scapula	 27	 29	 31	 27	 30	 28	 28	 30	 29	 31	 45±1	

Humerus	 47	 44	 43	 46	 45	 44	 47	 46	 44	 47	 40±1	

Radius	 42	 39	 40	 41	 40	 40	 43	 39	 39	 41	 47±1	

Ulna	 48	 46	 47	 48	 46	 46	 50	 46	 47	 49	 40±1	

Hip	bone	 39	 40	 40	 39	 40	 40	 41	 39	 40	 41	 57±2	

Femur	 58	 53	 55	 59	 57	 56	 60	 57	 56	 60	 57±2	

Tibia	 62	 59	 57	 60	 60	 59	 64	 61	 58	 61	 60±2	

Fibula	 60	 57	 56	 58	 57	 57	 61	 59	 57	 60	 58±2	

 

The	neurocranium	is	much	longer	than	the	splanchnocranium.	The	very	 large	conical	

orbits	are	almost	completely	postorbitally	 closed	as	only	narrow	dorsal	and	ventral	orbital	

fissures	 are	 present.	 The	 cranial	 sutures,	 particularly	 visible	 on	 the	 neonatal	 skull,	 include	

the	 frontal	 or	metopic	 suture	between	 the	 frontal	 bones,	 the	 sagittal	 suture	between	 the	

parietal	bones,	the	coronal	suture	between	the	frontal	and	parietal	bones,	and	the	lambdoid	

suture	 between	 the	 parietal	 and	 occipital	 bones.	 A	 suture	 between	 the	 zygomatic	 and	

parietal	 bones	 is	 present	 in	 the	 pterion	 area.	 The	 mandible	 and	 in	 particular	 its	 body	 is	

relatively	large.	A	prominent	mandibular	angle	can	be	seen.	The	symphysis	between	the	left	

and	right	mandibles	is	already	closed	at	birth	(Figure	1).	
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Figure	1.	Skull	of	the	common	marmoset.	(a)	Frontal	view	of	the	skull	of	an	adult	marmoset:	1	=	orbit	(orbita);	2	
=	 superciliary	 ridge	 (arcus	 supraciliaris);	 3	 =	 temporal	 line	 (linea	 temporalis);	 4	 =	 zygomatic	 arch	 (arcus	
zygomaticus);	 5	 =	 zygomaticofacial	 foramina	 (foramina	 zygomaticofacialia);	 6	 =	 infraorbital	 foramen	 (foramen	
infraorbitale);	7	=	ventral	nasal	concha	(concha	nasalis	ventralis);	8	=	coronal	suture	(sutura	coronalis);	9	=	optic	
foramen	 (foramen	 opticum);	 10	 =	 dorsal	 orbital	 fissure	 (fissure	 orbitalis	 dorsalis);	 11	 =	 ventral	 orbital	 fissure	
(fissura	orbitalis	ventralis);	Ia	=	alveolar	process	of	the	incisive	bone	(processus	alveolaris	ossis	incisivi);	In	=	nasal	
process	of	the	incisive	bone	(processus	nasalis	ossis	incisivi);	M	=	maxilla;	Z	=	zygomatic	bone	(os	zygomaticum);	



Skeleton	of	the	common	marmoset	

	

	 89	

N	=	nasal	bone	(os	nasale);	F	=	frontal	bone	(os	frontale);	P	=	parietal	bone	(os	parietale).	I1	=	first	incisor	(dens	
incisivus	primus);	 I2	=	second	 incisor	 (dens	 incisivus	secundus);	C	=	canine	tooth	(dens	caninus).	 (b)	Left	 lateral	
view	of	 the	 skull	 of	 an	adult	marmoset	 showing	 the	different	bones:	 E	=	ethmoidal	bone	 (os	ethmoidale),	 F	 =	
frontal	bone	(os	frontale);	Ia	=	alveolar	process	of	the	incisive	bone	(processus	alveolaris	ossis	incisivi);	In	=	nasal	
process	of	 the	 incisive	bone	 (processus	nasalis	ossis	 incisivi);	 L	=	 lacrimal	bone	 (os	 lacrimale);	M	=	maxilla;	N	=	
nasal	bone	(os	nasale);	O	=	occipital	bone	(os	occipitale);	P	=	parietal	bone	(os	parietale);	Pa	=	palatine	bone	(os	
palatinum);	S	=	sphenoidal	bone	(os	sphenoidale);	Tpt	=	petrosal	and	tympanic	parts	of	the	temporal	bone	(pars	
petrosa	 et	 pars	 tympanica	 ossis	 temporalis);	 Ts	 =	 squamous	 part	 of	 the	 temporal	 bone	 (pars	 squamosa	 ossis	
temporalis);	Pt	=	pterygoid	bone	(os	pterygoideum);	Z	=	zygomatic	bone	(os	zygomaticum);	Zf	=	frontal	process	of	
the	 zygomatic	 bone	 (processus	 frontalis	 ossis	 zygomatici);	 Zt	 =	 temporal	 process	 of	 the	 zygomatic	 bone	
(processus	 temporalis	 ossis	 zygomatici);	 1	 =	 coronal	 suture	 (sutura	 coronalis);	 2	 =	 zygomatic-parietal	 suture	
(sutura	zygomaticoparietalis).	(c)	Left	lateral	view	of	the	mandibles	of	an	adult	marmoset:	1	=	mandibular	body	
(corpus	mandibulae);	2	=	mandibular	ramus	(ramus	mandibulae);	3	=	condylar	process	(processus	condylaris);	4	=	
coronoid	 process	 (processus	 coronoideus);	 5	 =	mandibular	 notch	 (incisura	mandibulae);	 6	 =	mandibular	 angle	
(angulus	mandibulae);	7	=	mental	foramen	(foramen	mentale);	8	=	mandibular	foramen	(foramen	mandibulae);	
I1	 =	 first	 incisor	 (dens	 incisivus	 primus);	 I2	 =	 second	 incisor	 (dens	 incisivus	 secundus);	 C	 =	 canine	 tooth	 (dens	
caninus);	P2	=	second	premolar	(dens	premolaris	secundus);	P3	=	third	premolar	(dens	premolaris	tertius);	P4	=	
fourth	 premolar	 (dens	 premolaris	 quartus);	M1	=	 first	molar	 (dens	molaris	 primus);	M2	=	 second	molar	 (dens	
molaris	 secundus).	 (d)	 Left	 lateral	 view	 of	 the	 skull	 including	 the	mandibles	 of	 an	 adult	 marmoset:	 1	 =	 orbit	
(orbita);	2	=	superciliary	ridge	(arcus	supraciliaris);	3	=	temporal	line	(linea	temporalis);	4	=	lacrimal	canal	(canalis	
lacrimalis);	 5	 =	 zygomaticofacial	 foramina	 (foramina	 zygomaticofacialia);	 6	 =	 infraorbital	 foramen	 (foramen	
infraorbitale);	 7	=	maxillary	 tuberosity	 (tuber	maxillae);	 8	=	 zygomatic	 arch	 (arcus	 zygomaticus);	 9	=	 zygomatic	
process	of	 the	 temporal	bone	 (processus	 zygomaticus	ossis	 temporalis);	 10	=	 retroarticular	process	 (processus	
retroarticularis);	 11	 =	 mandibular	 fossa	 (fossa	 mandibularis);	 12	 =	 external	 acoustic	 pore	 (porus	 acusticus	
externus);	13	=	tympanic	bulla	(bulla	tympanica);	14	=	crista	nuchae	(nuchal	crest).	(e)	Dorsal	view	of	the	skull	of	
a	neonatal	marmoset	showing	the	position	of	the	foramen	magnum	and	the	different	sutures:	1	=	coronal	suture	
(sutura	coronalis);	2	=	sagittal	suture	(sutura	sagittalis);	3	=	frontal	or	metopic	suture	(sutura	frontalis).	(f)	Caudal	
view	of	the	skull	of	a	neonatal	marmoset	showing	the	different	sutures:	2	=	sagittal	suture	(sutura	sagittalis);	4	=	
lambdoid	suture	(sutura	lambdoidea).	(g)	Ventral	view	of	the	base	of	the	skull	of	an	adult	marmoset:	1	=	foramen	
magnum;	 2	 =	 occipital	 condyle	 (condylus	 occipitalis);	 3	 =	 opening	 for	 the	 hypoglossal	 nerve	 (canalis	 nervi	
hypoglossi);	4	=	jugular	foramen	(foramen	jugulare);	5	=	tympanic	bulla	(bulla	tympanica);	6	=	external	acoustic	
pore	(porus	acusticus	externus);	7	=	temporal	opening	(meatus	temporalis);	8	=	external	opening	of	the	carotid	
canal	 (apertura	 externa	 canalis	 carotici);	 9	 =	 stylomastoid	 foramen	 (foramen	 stylomastoideum);	 10	 =	 oval	
foramen	 (foramen	 ovale);	 11	 =	 spinous	 foramen	 (foramen	 spinosum);	 12	 =	 pterygoid	 processes	 (processus	
pterygoideus);	 13	 =	 caudal	 nasal	 spine	 (spina	 nasalis	 caudalis);	 14	 =	 zygomatic	 arch	 (arcus	 zygomaticus);	 15	 =	
palatine	fissure	(fissura	palatina);	16	=	ventral	orbital	fissure	(fissura	orbitalis	ventralis);	Bo	=	basioccipital	bone	
(pars	basilaris	ossis	occipitalis);	S	=	sphenoidal	bone	(os	sphenoidale);	I	=	incisive	bone	(os	incisivum);	M	=	maxilla;	
Ps	 =	 presphenoidal	 bone	 (os	 presphenoidale);	 Plh	 =	 horizontal	 plate	 of	 the	 palatine	 bone	 (lamina	 horizontalis	
ossis	palatini);	V	=	vomer	(os	vomer).	
 

Through	 the	 ectotympanic	 ring,	 the	 ossicles	 of	 the	middle	 ear,	 which	 comprise	 the	

malleus,	 incus	and	stapes,	are	readily	visible	on	lateral	adspection	of	the	skull.	The	malleus	

has	no	prominent	 lateral,	 rostral	or	muscular	processes.	A	 small	 lenticular	bone	 is	present	

between	the	incus	and	the	stapes	(Figure	2).	
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Figure	 2.	Ossicles	 of	 the	middle	 ear	 of	
the	 common	 marmoset.	 (a)	 In	 situ	
topography	of	 the	 right	ossicles	 (lateral	
view).	 (b)	 Larger	 magnification	 of	 the	
ossicles:	1	=	head	of	the	malleus	(caput	
mallei);	2	=	neck	of	the	malleus	(collum	
mallei);	 3	 =	 manubrium	 of	 the	 malleus	
(manubrium	 mallei);	 4	 =	 body	 of	 the	
incus	(corpus	incudis);	5	=	short	process	
of	 the	 incus	 (crus	 breve);	 6	 =	 long	
process	 of	 the	 incus	 (crus	 longum	 or	
processus	 lenticularis);	7	=	capitulum	of	
the	 stapes	 (caput	 stapedis);	 8	 =	 crus	 of	
the	 stapes	 (crus	 stapedis);	 9	 =	 base	 of	
the	stapes	(basis	stapedis).	

 

Dentition	

In	 the	 adult	 marmoset,	 each	 oral	 quadrant	 contains	 two	 incisors,	 a	 short-tusked	

canine	tooth,	three	premolars	and	two	molars,	which	results	in	a	total	number	of	32	teeth.	

In	the	maxilla,	the	rostral	(P2)	and	middle	(P3)	premolars	have	one	root,	the	caudal	premolar	

(P4)	 presents	 two	 roots,	 and	 both	 molars	 bear	 three	 roots	 (Figure	 3).	 The	 sizes	 of	 the	

maxillar	premolars	are	rather	equal.	By	contrast,	the	first	molar	is	markedly	larger	than	the	

last.	Both	molars	of	 the	mandibles,	which	do	not	differ	much	 in	 size,	have	 two	 roots.	This	

contrasts	with	the	single	roots	present	in	the	other	mandibular	teeth.	The	number	of	roots	is	

reflected	by	 the	number	of	 tubercles	 that	are	visible	on	 the	occlusal	 surfaces	of	 the	 teeth	

(Figure	 4).	 At	 birth,	 only	 the	 first	 deciduous	 incisors	 have	 erupted	 while	 the	 second	

deciduous	incisors	can	be	observed	underneath	the	gums.	The	deciduous	set	of	teeth,	which	

is	devoid	of	molars,	 is	complete	in	the	one-month-old	marmoset	(Figure	3).	The	number	of	

roots	of	 the	upper	and	 lower	deciduous	premolars	 is	1-3-2,	and	1-1-2,	 respectively	 (Figure	

4).	
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Figure	3.	Dentition	of	the	marmoset.	(a)	Ventral	view	of	the	dentition	of	the	upper	cheek	in	the	adult	marmoset:	
I1	 =	 first	 incisor	 (dens	 incisivus	 primus);	 I2	 =	 second	 incisor	 (dens	 incisivus	 secundus);	 C	 =	 canine	 tooth	 (dens	
caninus);	P2	=	second	premolar	(dens	premolaris	secundus);	P3	=	third	premolar	(dens	premolaris	tertius);	P4	=	
fourth	 premolar	 (dens	 premolaris	 quartus);	M1	=	 first	molar	 (dens	molaris	 primus);	M2	=	 second	molar	 (dens	
molaris	secundus);	I	=	incisive	bone	(os	incisivum);	M	=	maxilla;	Plh	=	horizontal	plate	of	the	palatine	bone	(lamina	
horizontalis	 ossis	 palatini);	 Plv	 =	 vertical	 plate	 of	 the	 palatine	 bone	 (lamina	 perpendicularis	 ossis	 palatini);	 1	 =	
palatine	fissure	(fissura	palatina);	2	=	palatine	process	of	the	incisive	bone	(processus	palatinus	ossis	incisivi);	3	=	
median	palatine	suture	(sutura	palatina	mediana);	4	=	transverse	palatine	suture	(sutura	palatina	transversa);	5	=	
major	palatine	foramen	(foramen	palatinum	majus);	6	=	caudal	nasal	spine	(spina	nasalis	caudalis);	7	=	rim	of	the	
choanae;	8	=	maxillary	tuberosity	(tuber	maxillae).	(b)	Ventral	view	of	the	dentition	of	the	upper	cheek	in	a	one-
month-old	 marmoset:	 Id1	 =	 first	 deciduous	 incisor	 (dens	 incisivus	 deciduus	 primus);	 Id2	 =	 second	 deciduous	
incisor	(dens	 incisivus	deciduus	secundus);	Cd	=	deciduous	canine	tooth	(dens	caninus	deciduus);	Pd2	=	second	
deciduous	 premolar	 (dens	 premolaris	 deciduus	 secundus);	 Pd3	 =	 third	 deciduous	 premolar	 (dens	 premolaris	
deciduus	 tertius);	 Pd4	 =	 fourth	 deciduous	 premolar	 (dens	 premolaris	 deciduus	 quartus).(c)	 Dorsal	 view	 of	 the	
dentition	 of	 the	 lower	 cheek	 in	 the	 adult	 marmoset:	 1	 =	 mandibular	 body	 (corpus	 mandibulae);	 2	 =	
intermandibular	 symphysis	 (symphysis	 intermandibularis);	 3	 =	 intermandibular	 space	 (spatium	
intermandibulare).	The	labeling	of	the	dentition	is	similar	to	the	upper	cheek.	(d)	Dorsal	view	of	the	dentition	of	
the	lower	cheek	in	a	1-month-old	marmoset.	The	labeling	of	the	dentition	is	similar	to	the	upper	cheek.	
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Figure	4.	Lateral	view	of	 the	 left-sided	 teeth	of	 the	adult	 (a)	and	one-month-old	 (b)	marmoset,	 respectively.	
The	upper	and	lower	rows	rep-	resent	the	teeth	of	the	upper	and	lower	cheeks,	respectively.	The	labelling	of	the	
dentition	is	analogous	to	Figure	3.	
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Axial	skeleton	and	thorax	

 

Figure	5.	The	axial	skeleton	of	the	marmoset.	(a)	Left	lateral	view	of	the	vertebral	column,	thorax	and	pelvis.	The	
cervical,	 thoracic	and	 lumbar	 regions	of	 this	 specimen	contain	7,	13	and	6	vertebrae,	 respectively.	The	sacrum	
consists	of	three	fused	vertebrae.	T1	=	first	thoracic	vertebra;	T13	=	thirteenth	thoracic	vertebra;	L1	=	first	lumbar	
vertebra;	L6	=	sixth	lumbar	vertebra.	The	insert	of	the	atlas	(caudal	view)	shows:	1	=	vertebral	foramen	(foramen	
vertebrale);	 2	 =	 dorsal	 arch	 (arcus	 dorsalis);	 3	 =	 ventral	 arch	 (arcus	 ventralis)	 with	 *	 =	 ventral	 tuberosity	
(tuberculum	ventrale);	4	=	wing	of	atlas	(ala	atlantis);	5	=	lateral	vertebral	foramen	(foramen	vertebrale	laterale);	
6	=	transverse	foramen	(foramen	transversarium);	7	=	caudal	articular	fovea	(fovea	articularis	caudalis).	Insert	of	
the	axis	(cranial	view):	1	=	vertebral	foramen	(foramen	vertebrale);	2	=	crest	of	the	axis	(crista	axis);	3	=	dens	of	
the	 axis	 (dens	 axis);	 4	 =	 transverse	 process	 (processus	 transversus);	 5	 =	 transverse	 foramen	 (foramen	
transversarium);	 6	 =	 cranial	 articular	 surface	 (facies	 articularis	 cranialis).	 Insert	 of	 the	 third	 cervical	 vertebra	
(cranial	 view):	 1	 =	 vertebral	 foramen	 (foramen	 vertebrale);	 2	 =	 vertebral	 arch	 (arcus	 vertebralis)	 devoid	 of	
spinous	process	 (processus	spinosus);	3	=	vertebral	body	 (corpus	vertebrae);	4	=	 transverse	process	 (processus	
transversus);	 5	 =	 transverse	 foramen	 (foramen	 transversarium);	 6	 =	 cranial	 articular	 surface	 (facies	 articularis	
cranialis).	The	sixth	cervical	vertebra	(C6)	can	easily	be	recognized	by	its	ventral	lamina	(lamina	ventralis).	Insert	
of	the	fifth	thoracic	vertebra	(T5)	(cranial	view):	1	=	vertebral	foramen	(foramen	vertebrale);	2	=	vertebral	arch	
(arcus	 vertebralis)	 with	 spinous	 process	 (processus	 spinosus);	 3	 =	 vertebral	 body	 (corpus	 vertebrae);	 4	 =	
transverse	process	(processus	transversus);	5	=	cranial	articular	surface	(facies	articularis	cranialis).	Insert	of	the	
fifth	lumbar	vertebra	(L5)	(cranial	view):	legend	similar	to	that	of	T5.	Insert	of	the	pelvis	(dorsal	view):	1	=	sacral	
wing	(ala	sacralis);	2	=	auricular	surface	(facies	auricularis);	3	=	dorsal	sacral	foramen	(foramen	sacrale	dorsale);	4	
=	median	sacral	crest	(crista	sacralis	mediana);	5	=	obturator	foramen	(foramen	obturatum);	6	=	pelvic	symphysis	
(symphysis	 pelvina).	 (b)	 Vertebrae	 of	 the	 tail	 (lateral	 view):	 Ca1	 =	 first	 caudal	 vertebra;	 Ca27	 =	 last	 caudal	
vertebra;	 1	 =	 vertebral	 body	 (corpus	 vertebrae);	 2	 =	 arcus	 haemalis	 (hemal	 arch);	 3	 =	 transverse	 process	
(processus	 transversus);	 4	 =	 cranial	 articular	 process	 (processus	 articularis	 cranialis).	 (c)	 Ventral	 view	 of	 the	
sternum.	

The	axial	skeleton	and	thorax	are	presented	in	Figure	5.	The	vertebral	column	consists	

of	seven	cervical	vertebrae,	12	or	13	thoracic	vertebrae,	seven	or	six	lumbar	vertebrae,	two	

or	three	sacral	vertebrae	and	26	–	29	caudal	vertebrae.	The	sum	of	the	thoracic	and	lumbar	

vertebrae	 always	 amounts	 to	 19.	 On	 the	 skeletons	 of	 the	 adult	 marmosets,	 the	 cervical,	
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thoracic,	lumbar,	sacral	and	caudal	regions	measured	23	±	2,	56	±	3,	56	±	3,	15	±	2	and	298	±	

40mm	 in	 length,	 respectively	 (Table	1).	Any	 statistically	 significant	difference	between	 the	

male	and	female	adult	common	marmosets	could	not	be	detected.	

The	 bodies	 of	 the	 cervical	 vertebrae	 are	 short.	 The	 atlas	 is	 characterized	 by	 small,	

rectangular	 wings	 and	 large	 lateral	 vertebral	 foramina.	 The	 crest	 of	 the	 axis	 is	 very	

prominent.	The	spinous	processes	 increase	 in	 length	from	the	third	to	the	seventh	cervical	

vertebra.	On	 the	 last	 two	cervical	 vertebrae,	 the	 tips	of	 the	 spinous	processes	 form	heavy	

tuberosities.	The	sixth	cervical	vertebra	can	easily	be	recognized	by	its	ventral	lamina.	

The	bodies	 of	 the	 thoracic	 vertebrae	 elongate	 towards	 the	 lumbar	 region	while	 the	

spinous	processes	shorten	and	become	broader.	These	processes	point	in	a	caudal	direction	

up	to	the	eighth	or	ninth	thoracic	vertebra.	The	spinous	processes	of	the	last	three	or	four	

thoracic	vertebrae,	as	well	as	those	of	the	lumbar	vertebrae,	point	in	a	cranial	direction.	As	a	

result,	the	anticlinal	vertebra	is	T9	or	T10.	

Although	the	number	of	lumbar	vertebrae	is	only	half	that	of	the	thoracic	vertebrae,	

the	 lengths	of	the	thoracic	and	 lumbar	regions	are	similar.	The	very	 long	 lumbar	vertebrae	

possess	 prominent	 spinous	 and	 cranioventrally	 inclined	 transverse	 processes	 that	 become	

larger	towards	the	sacrum.	The	last	lumbar	vertebra	is	always	shorter	than	the	other	lumbar	

vertebrae.	Only	a	narrow	lumbosacral	interarcual	space	(spatium	interarcuale	lumbosacrale)	

is	present	between	the	most	caudal	lumbar	vertebra	and	the	sacrum.	

In	most	cases	the	sacrum	is	composed	of	 three	fused	vertebrae.	 In	one	animal,	only	

two	sacral	vertebrae	were	present.	In	another	marmoset	a	transitional	vertebra	was	located	

in	between	the	last	lumbar	vertebra	and	the	sacrum	that	was	composed	of	two	fused	sacral	

vertebrae.	A	transitional	vertebra	between	the	second	sacral	vertebra	and	the	tail	was	seen	

once.	Although	the	bodies	of	the	sacral	vertebrae	are	fused,	the	transverse	processes	of	the	

first	can	be	recognized	 individually.	These	processes,	 together	with	the	cranial	 third	of	 the	

sacral	wings	that	are	formed	by	the	transverse	processes	of	the	subsequent	sacral	vertebrae,	

are	connected	to	the	auricular	surface	of	the	ilium.	

The	caudal	vertebrae	elongate	towards	the	middle	of	the	tail	and	then	start	to	shorten	

again.	 Closed	 neural	 arches	 are	 present	 on	 the	 first	 three	 to	 four	 vertebrae	 while	 closed	

hemal	arches	can	be	recognized	from	the	fourth	to	the	eighth	caudal	vertebra.	

The	 number	 of	 ribs	 is	 dependent	 on	 the	 number	 of	 thoracic	 vertebrae	 and	 varies	

between	 12	 and	 13	 pairs.	 However,	 a	 number	 of	 13	 thoracic	 vertebrae	 are	 predominant	

since	 only	 one	 of	 the	 seven	 female	 marmosets	 and	 one	 of	 the	 three	 male	 marmosets	
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investigated	 in	 this	 study	 had	 12	 thoracic	 vertebrae.	 The	 seventh	 or	 eighth	 pair	 of	 ribs,	

depending	 on	 the	 number	 of	 thoracic	 vertebrae,	 is	 the	 last	 sternal	 pair	 that	 is	 directly	

attached	 to	 the	 sternum	 by	 costal	 cartilage.	 The	 caudal	 pairs	 are	 asternal	 ribs	 that	 have	

indirect	connections	with	the	sternum	since	their	costal	cartilages	are	attached	to	that	of	the	

previous	rib.	The	last	pair	of	ribs	is	very	short	and	floating,	thus	lacking	any	connection	with	

the	sternum.	

The	 sternum	 is	 composed	 of	 a	 broad	manubrium,	 four	 or	 five	 cuboidal	 sternebrae	

related	 to	 the	 number	 of	 thoracic	 vertebrae,	 and	 a	 slender	 xiphoid	 process.	 Articular	

surfaces	 for	 the	 clavicles	 are	 located	 bilaterally	 on	 the	 craniolateral	 surfaces	 of	 the	

manubrium.	 Caudal	 to	 these,	 the	 costal	 cartilages	 of	 the	 first	 pair	 of	 ribs	 are	 attached.	

Subsequent	sternebrae	are	connected	to	each	other	by	means	of	 intersternebral	cartilages	

onto	which	the	costal	cartilages	are	attached.	

Penile	bone	

A	small	penile	bone,	approximately	2.5	mm	in	length,	is	present	at	the	tip	of	the	penis.	

It	 has	 a	 slender	 cranialprocess	 which	 extends	 to	 the	 glans	 of	 the	 penis	 and	 a	 more	

voluminous	caudal	part	(Figure	6).	

 

Figure	6.	(a)	Penile	bone	of	the	common	marmoset.	(b)	In	situ	topography	of	the	penile	bone	
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Front	limb	

The	long	bones	of	the	front	limb	(Figure	7)	comprise	the	scapula,	humerus,	radius	and	

ulna	that	measure	29	±	1,	45	±	1,	40	±	1	and	47	±	1	mm	in	length,	respectively	(Table	1).	No	

statistically	significant	differences	between	the	male	and	female	adult	common	marmosets	

were	 detected.	 The	 scapula	 is	 characterized	 by	 a	 prominent	 coracoid	 process	 and	 an	

acromion	 that	 has	 a	 connection	 with	 the	 sigmoidal	 clavicle.	 The	 humerus	 is	 slender	 and	

shows	a	discrete	humeral	crest	and	deltoid	tuberosity.	By	contrast,	the	medial	epicondyle	is	

very	 well	 developed	 and	 protrudes	 far	 medially.	 No	 supracondylar	 or	 supratrochlear	

foramina	are	present.	The	radius	and	ulna	are	separated	by	a	wide	interosseous	space	and	

are	 not	 fused.	 The	 carpus	 contains	 10	 carpal	 bones,	 viz.	 four	 in	 the	 antebrachial	 and	

metacarpal	rows,	a	central	carpal	bone	inserted	axially	between	both	rows	and	a	sesamoid	

bone	 located	 in	 the	 abductor	 muscle	 of	 the	 thumb	 (sesamoid	 bone	 of	 the	 m.	 abductor	

pollicis	 longus).	Axial	and	abaxial	ovoid	sesamoid	bones	articulate	with	the	palmar	sides	of	

the	distal	trochleae	of	each	of	the	five	metacarpal	bones.	The	pollex	has	only	two	phalanges,	

whereas	 the	 other	 four	 digits	 contain	 three	 phalanges.	 Each	 digit	 has	 a	 curved	 claw	bone	

covered	 by	 a	 sharp,	 curved	 claw	 (tegula).	 No	 distal	 sesamoid	 bones	 are	 present	 at	 the	

palmar	sides	of	the	distal	interphalangeal	joints.	
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Figure	7.	Skeleton	of	the	left	thoracic	limb.	(a)	Topography	of	the	skeletal	structures	of	the	thoracic	limb	(lateral	
view).	(b)	and	(c)	lateral	and	medial	views	of	the	scapula,	respectively:	db	=	dorsal	border	(margo	dorsalis);	cr	b	=	
cranial	border	(margo	cranialis);	ca	b	=	caudal	border	(margo	caudalis);	cr	a	=	cranial	angle	(angulus	cranialis);	ca	
a	 =	 caudal	 angle	 (angulus	 caudalis);	 va	 =	 ventral	 angle	 (angulus	 ventralis);	 ns	 =	 neck	 of	 the	 scapula	 (collum	
scapulae);	1	=	 supraspinous	 fossa	 (fossa	 supraspinata);	2	=	 infraspinous	 fossa	 (fossa	 infraspinata);	3	=	 spine	of	
scapula	 (spina	 scapulae);	 4	 =	 acromion;	 5	 =	 supraglenoid	 tuberosity	 (tuberculum	 supraglenoidale);	 6	 =	 glenoid	
cavity	 (cavitas	 glenoidalis);	 7	 =	 coracoid	 process	 (processus	 coracoideus);	 8	 =	 subscapular	 fossa	 (fossa	
subscapularis);	 9	=	 serrate	 face	 (facies	 serrata).	 (d)	 ventral	 view	of	 the	 clavicle	 (clavicula):	1	=	 face	articulating	
with	 the	 sternum	 (facies	 articularis	 sternalis);	 2	 =	 face	 articulating	 with	 the	 acromion	 of	 the	 scapula	 (facies	
articularis	acromialis).	(e)	and	(f)	lateral	and	cranial	views	of	the	humerus,	respectively:	1	=	head	of	the	humerus	
(caput	humeri);	2	=	greater	tubercle	(tuberculum	majus);	3	=	neck	of	the	humerus	(collum	humeri);	4	=	crest	of	
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greater	 tubercle	 (crista	 tuberculi	 majoris);	 5	 =	 tricipital	 line	 (linea	 musculi	 tricipitis);	 6	 =	 deltoid	 tuberosity	
(tuberositas	deltoidea);	7	=	crest	of	the	lateral	epicondyle	(crista	supracondylaris	lateralis);	8	=	radial	fossa	(fossa	
radialis);	9	=	 lateral	epicondyle	 (epicondylus	 lateralis);	10	=	humeral	 trochlea	 (trochlea	humeri)	with	capitulum	
(*);	11	=	lesser	tubercle	(tuberculum	minus);	12	=	intertubercular	groove	(sulcus	intertubercularis);	13	=	medial	
epicondyle	(epicondylus	medialis).	 (g)	and	(h)	 lateral	and	cranial	views	of	the	radius	and	ulna,	respectively:	1	=	
head	of	the	radius	(caput	radii);	2	=	fovea	capitis	of	the	radius	(fovea	capitis	radii);	3	=	neck	of	the	radius	(collum	
radii);	 4	 =	 articular	 circumference	 (circumferentia	 articularis);	 5	 =	 trochlea	 of	 the	 radius	 (trochlea	 radii);	 6	 =	
interosseous	space	(spatium	interosseum	antebrachii);	7	=	olecranon	of	the	ulna	with	olecranon	tuberosity	(tuber	
olecrani(*));	 8	=	anconeal	process	 (processus	anconeus);	 9	=	 trochlear	notch	 (incisura	 trochlearis);	 10	=	 lateral	
coronoid	process	(processus	coronoideus	lateralis);	11	=	lateral	styloid	process	(processus	styloideus	lateralis);	12	
=	medial	 coronoid	process	 (processus	coronoideus	medialis);	13	=	medial	 styloid	process	 (processus	 styloideus	
medialis).	(i)	cranial	view	of	the	carpus:	1	=	radius;	2	=	ulna;	3	=	sesamoid	bone	in	the	m.	abductor	pollicis	longus	
(os	 sesamoideum	 m.	 abductoris	 digiti	 primi	 (pollicis)	 longi);	 4	 =	 radial	 carpal	 bone	 (os	 carpi	 radiale	 or	 os	
scaphoideum);	 5	 =	 intermediate	 carpal	 bone	 (os	 carpi	 intermedium	or	 os	 lunatum);	 6	 =	 ulnar	 carpal	 bone	 (os	
carpi	ulnare	or	os	triquetrum);	7	=	accessory	carpal	bone	(os	carpi	accessorium	or	os	pisiforme);	8	=	central	carpal	
bone	(os	carpi	centrale);	9	=	carpal	bone	I	(os	carpale	primum	or	os	trapezium);	10	=	carpal	bone	II	 (os	carpale	
secundum	or	os	trapezoideum);	11	=	carpal	bone	III	(os	carpale	tertium	or	os	capitatum);	12	=	carpal	bone	IV	(os	
carpale	quartum	or	os	hamatum).	(j)	dorsal	view	of	the	left	front	foot:	1	=	first	metacarpal	bone	(os	metacarpale	
primum);	2	=	second	metacarpal	bone	(os	metacarpale	secundum);	3	=	third	metacarpal	bone	(os	metacarpale	
tertium);	 4	 =	 fourth	 metacarpal	 bone	 (os	 metacarpale	 quartum);	 5	 =	 fifth	 metacarpal	 bone	 (os	 metacarpale	
quintum);	6	=	proximal	phalanx	of	the	first	digit	(phalanx	proximalis	digiti	primi	s.	pollicis);	7	=	distal	phalanx	of	
the	 first	 digit	 (phalanx	 distalis	 digiti	 primi	 s.	 pollicis)	 covered	 by	 a	 sharp,	 curved	 claw	 (tegula);	 8	 =	 proximal	
phalanx	of	 the	third	digit	 (phalanx	proximalis	digiti	 tertii);	9	=	middle	phalanx	of	 the	third	digit	 (phalanx	media	
digiti	tertii);	10	=	distal	phalanx	of	the	third	digit	(phalanx	distalis	digiti	tertii).	
 

Hind	limb	

The	hipbone	(Figure	5)	measures	40	±	1	mm	from	the	sacral	to	the	ischial	tuberosities	

(Table	1).	No	statistically	significant	difference	between	the	male	and	female	adult	common	

marmosets	was	noticed.	It	contains	a	very	large	obturator	foramen.	The	acetabulum	is	deep	

and	contains	a	lunate	articular	face	that	is	interrupted	by	an	acetabular	notch.	Dorsal	to	the	

acetabulum,	a	discrete	ischial	spine	is	present.	The	pelvic	symphysis	remains	syndesmotic	in	

adult	animals,	and	the	angle	between	the	left	and	right	pubic	bones	is	approximately	708	on	

craniocaudal	view.	Sexual	dimorphism	of	the	pelvis	could	not	be	observed.	
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Figure	8.	Skeletal	 structures	of	 the	 left	pelvic	 limb.	 (a)	Topography	of	the	skeletal	structures	of	the	 left	pelvic	
limb	(lateral	view).	(b)	and	(c)	cranial	and	caudal	views	of	the	femur,	respectively:	1	=	femoral	head	(caput	ossis	
femoris);	2	=	fovea	of	the	femoral	head	(fovea	capitis	ossis	femoris);	3	=	femoral	neck	(collum	ossis	femoris);	4	=	
greater	 trochanter	 (trochanter	 majus);	 5	 =	 trochanteric	 fossa	 (fossa	 trochanterica);	 6	 =	 lesser	 trochanter	
(trochanter	minus);	7	=	intertrochanteric	crest	(crista	intertrochanterica);	8	=	trochlea	of	the	femur	(trochlea	ossis	
femoris);	 9	 =	 lateral	 epicondyle	 (epicondylus	 lateralis);	 10	 =	 medial	 epicondyle	 (epicondylus	 medialis);	 11	 =	
extensor	 fossa	 (fossa	 extensoria);	 12	 =	 lateral	 fabella	 (os	 sesamoideum	 musculi	 gastrocnemii	 laterale);	 13	 =	
medial	 fabella	 (os	 sesamoideum	musculi	 gastrocnemii	mediale);	 14	 =	 lateral	 condyle	 (condylus	 lateralis);	 15	 =	
medial	 condyle	 (condylus	medialis);	16	=	 intercondylar	 fossa	 (fossa	 intercondylaris);	17	=	 lateral	 supracondylar	
tuberosity	 (tuberositas	 supracondylaris).	 The	 insert	 shows	a	 cranial	 view	of	 the	patella.	 (d)	Cranial	 view	of	 the	
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tibia	and	fibula:	1	=	lateral	condyle	of	tibia	(condylus	lateralis);	2	=	medial	condyle	of	tibia	(condylus	medialis);	3	=	
tibial	 tuberosity	 (tuberositas	tibiae);	4	=	tibial	crest	 (crista	tibiae);	5	=	extensor	groove	(sulcus	extensorius);	6	=	
tibial	 cochlea	 (cochlea	 tibiae);	 7	 =	medial	malleolus	 (malleolus	medialis);	 8	 =	 fibular	 head	 (caput	 fibulae);	 9	 =	
fibular	 neck	 (collum	 fibulae);	 10	 =	 lateral	 malleolus	 (malleolus	 lateralis);	 11	 =	 interosseous	 space	 (spatium	
interosseum	cruris).	The	insert	shows	a	dorsal	view	of	the	tibial	plateau:	1	=	lateral	condyle	(condylus	lateralis);	2	
=	 medial	 condyle	 (condylus	 medialis);	 3	 =	 tibial	 tuberosity	 (tuberositas	 tibiae);	 *	 =	 intercondylar	 eminence	
(eminentia	 intercondylaris);	 encircled	 area	 =	 cranial	 intercondylar	 area	 (area	 intercondylaris	 cranialis);	 dot	 =	
caudal	intercondylar	area	(area	intercondylaris	caudalis).	(e)	Dorsal	view	of	the	skeleton	of	the	left	hind	foot:	1	=	
talus;	1’	=	 trochlea	of	 talus	 (trochlea	 tali);	2	=	 calcaneus;	2’	=	 calcaneal	 tuberosity	 (tuber	calcanei);	3	=	 central	
tarsal	bone	(os	tarsi	centrale	or	os	naviculare);	4	=	first	tarsal	bone	(os	tarsale	primum	or	os	cuneiforme	mediale);	
5	=	 second	 tarsal	bone	 (os	 tarsale	 secundum	or	os	 cuneiforme	 intermedium);	6	=	 third	 tarsal	bone	 (os	 tarsale	
tertium	 or	 os	 cuneiforme	 laterale);	 7	 =	 fourth	 tarsal	 bone	 (os	 tarsale	 quartum	 or	 os	 cuboideum);	 8	 =	 first	
metatarsal	bone	 (os	metatarsale	primum);	9	=	 second	metatarsal	bone	 (os	metatarsale	 secundum);	10	=	 third	
metatarsal	 bone	 (os	 metatarsale	 tertium);	 11	 =	 fourth	 metatarsal	 bone	 (os	 metatarsale	 quartum);	 12	 =	 fifth	
metatarsal	bone	(os	metatarsale	quintum);	13	=	proximal	phalanx	of	the	first	digit	(phalanx	proximalis	digiti	primi	
s.	hallucis);	14	=	distal	phalanx	of	the	first	digit	(phalanx	distalis	digiti	primi	s.	hallucis);	15	=	proximal	phalanx	of	
the	third	digit	(phalanx	proximalis	digiti	tertii);	16	=	middle	phalanx	of	the	third	digit	(phalanx	media	digiti	tertii);	
17	=	distal	phalanx	of	the	third	digit	(phalanx	distalis	digiti	tertii).	

	

The	 long	 bones	 of	 the	 hind	 limb	 (Figure	 8)	 comprise	 the	 femur,	 tibia	 and	 fibula	 of	

which	 the	 lengths	 amount	 to	 57	 ±	 2,	 60	 ±	 2	 and	 58	 ±	 2	 mm,	 respectively	 (Table	 1).	

Statistically	significant	differences	between	the	male	and	female	adult	common	marmosets	

were	 not	 present.	 The	 femur	 is	 very	 slender	 and	 shows	 a	well-delineated	 head,	 a	 distinct	

neck,	 and	 pronounced	 major	 and	 minor	 trochanters.	 No	 third	 trochanter	 or	 any	 obvious	

gluteal	 tuberosity	 is	 present.	 The	 patella	 has	 an	 ovoid	 shape.	 A	 small,	 round	 to	 cuboidal	

fabella	articulates	on	the	proximal	surface	of	each	femoral	condyle.	Like	the	radius	and	ulna,	

the	 tibia	 and	 fibula	 are	 separated	by	 an	 interosseous	 space	 and	are	not	 fused.	 The	 tarsus	

contains	seven	tarsal	bones,	i.e.	the	talus	and	calcaneus	in	the	crural	row,	the	central	tarsal	

bone	(forming	a	reduced	middle	row)	and	four	bones	of	the	metatarsal	row	that	increase	in	

size	 from	 medial	 to	 lateral.	 Five	 digits	 are	 present.	 The	 hallux	 contains	 two	 phalanges	

whereas	 the	other	 four	digits	have	 three	phalanges.	 The	 flattened,	blunt	distal	 phalanx	of	

the	hallux	is	covered	by	a	flat	nail	(unguis)	whereas	the	claw	bones	of	the	other	four	digits	

are	 covered	 by	 sharp,	 curved	 claws	 (tegula).	 Axial	 and	 abaxial	 ovoid	 sesamoid	 bones	 are	

present	 at	 the	 plantar	 sides	 of	 the	 distal	 trochleae	 of	 the	 metatarsal	 bones.	 No	 distal	

sesamoid	bones	are	present	at	the	plantar	sides	of	the	distal	interphalangeal	joints.	

No	 significant	 difference	 in	 bone	 sizes	 could	 be	 demonstrated	 between	 male	 and	

female	common	marmosets.	
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DISCUSSION	

Common	 marmosets	 are	 particularly	 useful	 as	 models	 in	 osteological	 studies	 since	

their	bone	morphology	and	physiology	 resemble	 that	of	man.	 In	particular,	 the	similarities	

between	the	aged	marmoset	and	man	in	bone	structure	and	remodelling	are	very	valuable	

for	the	study	of	bone	and	joint	diseases	such	as	osteoporosis	or	rheumatoid	arthritis1-6.	The	

present	morphometric	data	could,	for	example,	be	used	as	a	standard	in	studies	on	growth-

related	 disorders	 potentially	 evoked	 by	 calcium	 imbalance,	 or	 to	 assess	 the	 impact	 of	

therapies	 against	 osteoporotic	 skeletal	 deformation.	 Unfortunately,	 rodents	 cannot	 easily	

replace	 marmosets	 in	 such	 studies	 since	 they	 differ	 too	 much	 in	 bone	 characteristics1-2.	

Moreover,	 the	 Food	 and	 Drug	 Administration	 recommends	 the	 additional	 use	 of	 a	 non-

rodent	species	 in	studies	assessing	bone	quality1.	Although	marmosets	are	relatively	small,	

they	still	require	much	more	space	compared	with	laboratory	rodents7.	Other	disadvantages	

include	 the	 lack	 of	 diversified	 or	 genetically-altered	 strains	 and	 their	 higher	 demands	

concerning	 housing	 and	 feeding7.	 Although	 non-human	 primates	 such	 as	 the	 cynomolgus	

monkey	 (Macaca	 fascicularis)	 and	 rhesus	 monkey	 (Macaca	 mulatta)	 might	 be	 the	 best	

choice	for	translation	of	experimental	data	to	man,	their	use	is	restricted	by	their	high	cost,	

human	safety	considerations,	training	requirements	for	personnel	and	limited	availability1,12.	

It	 can	 therefore	 be	 concluded	 that	 the	 common	 marmoset	 presents	 a	 valuable	 research	

model	in	terms	of	cost	versus	benefit.	

For	osteological	studies,	it	is	important	that	the	examined	animals	are	healthy	and	do	

not	suffer	from	skeletal	diseases	such	as	osteomalacia	to	which	marmosets	are	very	prone	

due	 to	 their	 impaired	 binding	 capacity	 and	 affinity	 of	 the	 receptor	 for	 the	 hormone	

1α,25(OH)2D3
7,26.	This	leads	to	vitamin	D3	resistance	which	may	enhance	bone	resorption	to	

ensure	 adequate	 serum	 levels	 of	 calcium1.	 In	 addition,	 the	 potential	 reduction	 of	 both	

physical	activity	and	ultraviolet	exposure	of	common	marmosets	kept	in	captivity	can	result	

in	enhanced	bone	resorption	by	osteoclasts1.	Secondary	hyperparathyroidism	is	responsible	

for	 deformation,	 bending	 or	 fracturing	 of	 the	 long	 bones	 influencing	 the	 results	 of	

osteological	 studies2.	 Until	 the	 age	 of	 18	months,	 the	 animals	 investigated	 in	 the	 present	

study	were	housed	 in	well-enriched	 facilities	and	had	 free	access	 to	outside	pens	 in	which	

they	enjoyed	much	physical	activity	and	direct	sunlight.	To	prevent	osteomalacia,	they	were	

supplemented	 with	 vitamin	 D3.	 In	 addition,	 blood	 analyses	 of	 the	 adult	 animals	 did	 not	

demonstrate	any	metabolic	abnormalities.	
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The	 main	 characteristics	 of	 the	 skull	 of	 the	 adult	 marmoset	 include	 the	 almost	

complete	 postorbital	 closure	 of	 the	 eye	 sockets,	 the	 fused	 frontal	 suture	 and	

intermandibular	 symphysis	 which	 results	 in	 a	 single	 mandible27,	 the	 presence	 of	 a	

zygomaticoparietal	 suture,	 a	 large	 ectotympanic	 ring	 lateral	 to	 the	 tympanic	 bulla,	 short-

tusked	canines	and	three	premolars	in	each	oral	quadrant.	The	presence	of	only	two	molars	

in	each	oral	quadrant	is	rather	atypical	for	Platyrrhini	since	most	Platyrrhine	species	possess	

a	third	molar11,14.	

According	 to	 Wagner	 and	 Kirberger13,	 male	 marmosets	 often	 have	 13	 thoracic	

vertebrae,	whereas	females	almost	equally	have	12	or	13.	This	could	not	be	confirmed	in	the	

present	study.	On	the	contrary,	only	one	of	the	seven	examined	females	in	our	study	had	12	

thoracic	vertebrae.	Ongoing	studies	on	more	cadavers	may	clarify	this	ambiguity.	However,	

the	variation	 in	 the	number	of	 thoracic	 vertebrae	 is	probably	a	mere	anatomical	 variation	

that	 is	 also	 present	 in	 the	 rabbit	 that	 can	 either	 have	 12	 or	 13	 thoracic	 vertebrae28-29.	 In	

accordance	 with	 literature13,	 our	 observations	 confirm	 that	 the	 thoracolumbar	 vertebral	

number	 is	 always	 19,	 that	 the	 last	 lumbar	 vertebra	 is	 consistently	 shorter	 than	 the	 other	

lumbar	vertebrae,	and	that	 the	sacrum	consists	mainly	of	 three	fused	segments.	However,	

transitional	 lumbosacral	and	sacrocaudal	vertebrae	have	additionally	been	observed	 in	 the	

present	study.	

The	arboreal	life	of	marmosets	is	reflected	in	the	very	long	and	slender	bones	of	the	

limbs,	in	particular	the	similar	lengths	of	the	stylopodia	and	zeugopodia	of	both	the	thoracic	

and	 pelvic	 limbs,	 and	 the	 tail	 size	 that	 is	 twice	 the	 length	 of	 the	 marmoset’s	 body.	 Our	

measurements	of	 the	 lengths	of	 the	 long	bones	show	slightly	 larger	values	compared	with	

the	morphometric	data	obtained	in	a	previous	study30.	Different	genetic	background,	health	

status,	 feeding	 and	 environmental	 enrichment	 can	 probably	 explain	 this	 difference.	

Leutenegger	and	Larson30	state	that	Callithrix	females	surpass	males	in	bone	sizes	by	about	

10%.	 The	 latter	 statement	 could	 not	 statistically	 be	 confirmed	 in	 the	 present	 study	which	

might	 be	 due	 to	 the	 limited	 number	 of	 animals,	 in	 particular	 male	 animals,	 which	 were	

included.	

The	number	and	composition	of	the	carpal	bones	in	the	marmoset	contrast	with	that	

of	 hominoids28,31,32,	 but	 show	 similarities	 with	 that	 of	 the	 Old	 World	 monkeys	 and	 small	

domestic	mammals	including	laboratory	animals.	A	central	carpal	bone	is	found	in	all	genera	

of	 Old	World	 monkeys31,	 the	 rabbit28,	 the	 guineapig33,-34	 and	 the	 mouse	 and	 rat35-37.	 This	

central	 carpal	 bone	 is	 a	 remainder	 of	 the	 primitive	 autopodium	 in	which	 a	 central	 row	of	

four	bones	 is	present38.	A	 sesamoid	bone	 in	 the	m.	abductor	pollicis	 longus	 located	at	 the	
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medial	 side	of	 the	wrist	 is	present	 in	marmosets,	cats	and	dogs16,39-40.	Additional	 sesamoid	

bones	 are	 located	 at	 the	 femoral	 condyles	 and	 at	 the	 trochleae	 of	 the	metapodial	 bones.	

These	 sesamoid	 bones	 are	 not	 common	 in	 hominoids28,31.	 In	 contrast	 to	 the	 carpus,	 the	

composition	 of	 the	 tarsal	 bones	 of	 Callithrix	 jacchus	 is	 similar	 to	 that	 of	 hominoids,	 Old	

World	monkeys,	cats	and	dogs28,31,32,39-40.	

By	 presenting	 detailed	 anatomical	 data	 on	 the	 skeleton	 of	 the	 common	marmoset,	

this	study	obviously	promotes	the	education	in	laboratory	animal	science.	Together	with	the	

morphometrical	 data	 provided	 in	 our	 study,	more	 insight	 could	 be	 gained	 in	 pathological	

skeletal	changes	that	are	potentially	induced	by	experimental	protocols	and	drugs.	Skeletal	

pathologies	 easily	 develop	 in	 the	 common	 marmoset	 that	 is	 characterized	 by	 a	 specific	

calcium	metabolism20-23,26.	 In-depth	 knowledge	 of	 the	 skeleton	 of	 the	 common	marmoset	

could	also	contribute	to	a	better	evaluation	of	the	potential	effect	of	therapeutic	agents	or	

specific	 diets	 administered	 to	 treat	 skeletal	 and	 arthrological	 disorders	 including	

osteoporosis,	rickets	and	osteoarthritis5-6.	This	will	probably	result	in	refinement	of	research	

protocols	and	possibly	also	in	a	reduction	of	experimental	animals.	
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ABSTRACT	

Background	

Handling	of	common	marmoset	 (Callithrix	 jacchus)	usually	 requires	chemical	 restraint.	

Ketamine	has	been	associated	with	muscle	damage	 in	primates,	while	 common	marmosets,	

compared	to	other	primates,	additionally	display	an	exceptional	high	sensitivity	to	ketamine-	

associated	 side-effects.	 Notably,	 muscle	 twitching	 movements	 of	 limbs	 and	 hands,	 and	 a	

marked	 increase	 in	 salivation	 are	 observed.	 We	 investigated	 two	 alternative	 intramuscular	

(i.m.)	 immobilisation	 protocols	 against	 ketamine	 (50	 mg/kg;	 protocol	 1)	 in	 a	 double-blind	

randomised	crossover	study	in	ten	healthy	adult	common	marmosets	for	use	as	a	safe	reliable,	

short-term	 immobilisation	and	sedation.	These	protocols	comprised:	alphaxalone	(12	mg/kg;	

protocol	2)	and	25	mg/kg	ketamine	combined	with	0.50	mg/kg	medetomidine	(reversal	with	

2.5	mg/kg	 atipamezole;	 protocol	 3A).	 Following	 completion	 and	unblinding,	 the	project	was	

extended	with	an	additional	protocol	(3B),	comprising	25	mg/kg	ketamine	combined	with	0.05	

mg/kg	medetomidine	(reversal	with	0.25	mg/kg	atipamezole,	twice	with	35	min	interval).	

Results	

All	 protocols	 in	 this	 study	 provided	 rapid	 onset	 (induction	 times	 <5	 min)	 of	

immobilisation	and	sedation.	Duration	of	immobilisation	was	31.23	±	22.39	min,	53.72	±	13.08	

min,	 19.73	 ±	 5.74	 min,	 and	 22.78	 ±	 22.37	 min	 for	 protocol	 1,	 2,	 3A,	 and	 3B,	 respectively.	

Recovery	times	were	135.84	±	39.19	min,	55.79	±	11.02	min,	405.46	±	29.81	min,	and	291.91	±	

80.34	 min,	 respectively.	 Regarding	 the	 quality,	 and	 reliability	 (judged	 by	 pedal	 withdrawal	

reflex,	palpebral	reflex	and	muscle	tension)	of	all	protocols,	protocol	2	was	the	most	optimal.	

Monitored	 vital	 parameters	were	within	 clinically	 acceptable	 limits	 during	 all	 protocols	 and	

there	were	no	fatalities.	Indication	of	muscle	damage	as	assessed	by	AST,	LDH	and	CK	values	

was	most	prominent	elevated	in	protocol	1,	3A,	and	3B.	

Conclusions	

We	 conclude	 that	 intramuscular	 administration	 of	 12	mg/kg	 alphaxalone	 to	 common	

marmosets	 is	 preferred	 over	 other	 protocols	 studied.	 Protocol	 2	 resulted	 in	 at	 least	

comparable	immobilisation	quality	with	acceptable	and	less	frequent	side	effects	and	superior	

recovery	quality.	 In	all	protocols,	supportive	therapy,	such	as	external	heat	support,	remains	

mandatory.	Notably,	an	unacceptable	long	recovery	period	in	both	ketamine/	medetomidine	

protocols	 (subsequently	 reversed	 with	 atipamezole)	 was	 observed,	 showing	 that	 α-2	

adrenoreceptor	agonists	in	the	used	dose	and	dosing	regime	is	not	the	first	choice	for	sedation	

in	common	marmosets	in	a	standard	research	setting.	
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BACKGROUND	

The	 common	 marmoset	 (Callithrix	 jacchus)	 is	 frequently	 used	 in	 biomedical	

research1,2.	 Although	 certain	 procedures	 can	 sometimes	 be	 performed	 without	 sedation,	

more	complex	procedures	require	immobilisation.	However,	limited	information	is	available	

in	 the	 literature	 on	 marmoset	 chemical	 restraints3.	 The	 use	 of	 inhalation	 techniques	 is	

impractical	 when	 dealing	 with	 large	 numbers	 of	 animals	 simultaneously	 in	 environments	

without	 an	 operating	 theatre.	 Therefore,	 ketamine	 is	 commonly	 used	 for	 immobilisation,	

either	alone	or	combined	with	other	sedatives	and/or	analgesics3-5.	The	main	disadvantages	

of	 ketamine	 are	 poor	 muscle	 relaxation,	 grasping	 movements	 of	 limbs	 and	 hands,	 and	 a	

marked	 increase	 in	 salivation4,6.	 In	 addition,	 ketamine	 has	 been	 associated	 with	 muscle	

damage	in	primates7-9.	

Alternatively,	 sedation	 with	 alphaxalone-alphadolone	 (Saffan®,	 Althesin®)	 was	

recommended	 for	marmosets3,5,10.	Despite	 the	relatively	 large	 injection	volume,	no	muscle	

damage	 was	 observed	 5.	 Alphaxalone-alphadolone	 was	 solubilised	 with	 Cremophor®-EL,	

which	 resulted	 in	 adverse	 effects	 in	 dogs,	 cats,	 and	 humans11,12	 and	 consequently	 it	 was	

withdrawn	 from	 the	 market.	 Recently,	 a	 new	 formulation	 of	 alphaxalone	 without	

alphadalone	and	solubilised	with	the	aid	of	cyclodextrin	rather	than	Cremophor®-EL	became	

available	(Alfaxan®).	This	is	a	short-acting,	injectable	anaesthetic	agent	for	the	induction	and	

maintenance	of	general	anaesthesia	in	dogs	and	cats13-15.	Its	clinical	off-	label	administration	

has	been	described	in	several	species,	including	ponies,	pigs,	and	goats16-22.	

A	 short-term	 anaesthesia	 regimen	 frequently	 used	 in	 dogs	 and	 cats	 is	 ketamine	

combined	with	medetomidine23,24.	Concurrent	use	of	medetomidine	reduces	the	amount	of	

ketamine	required,	 induces	additional	analgesia	as	well	as	curtailing	increased	muscle	tone	

and	 salivation.	An	 important	advantage	 is	 the	quick	 recovery	 to	normal	 function	 following	

reversal	of	medetomidine	with	 the	specific	antagonist	atipamezole	 in	dogs	and	cats23-26.	 In	

addition,	the	combination	ketamine/medetomidine	caused	markedly	less	damage	to	muscle	

tissue	 at	 injection	 sites	 than	 did	 the	 single	 use	 of	 ketamine	 in	 rats27.	 The	 use	 of	

ketamine/medetomidine	 has	 been	 described	 in	 several	 primate	 species27-35,	 but	 these	

reports	 offer	 little	 guidance	 related	 to	 its	 practical	 implementation	 in	 the	 common	

marmoset.	

Due	 to	 the	 lack	of	 knowledge	on	 safe,	 reliable	and	 short-term	sedation	protocols	 in	

the	common	marmoset,	we	designed	a	crossover	study	to	assess	and	compare	the	effects	of	

ketamine,	 ketamine-medetomidine	 (reversed	 with	 atipamezole)	 and	 alphaxalone	
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administered	 i.m.	 for	allowing	the	undertaking	of	minor	 invasive	procedures	such	as	blood	

collection	from	the	femoral	vein,	tuberculin	testing,	routine	veterinary	interventions	such	as	

minor	surgical	procedures	or	wound	care,	radiography,	and	ultrasonography.	

	

METHODS	

Animals,	housing,	and	care	

Ten	(5	male	and	5	female)	healthy	adult	common	marmosets	(Callithrix	jacchus),	age	

3.2	 ±	 1.4	 years	 and	 mean	 bodyweight	 of	 364	 ±	 27	 g	 all	 originated	 from	 the	 Biomedical	

Primate	Research	Centre	(BPRC,	Rijswijk,	The	Netherlands).	All	monkeys	received	a	complete	

physical,	 haematological,	 and	 biochemical	 examination	 before	 the	 study	 started.	 Only	

animals	 with	 all	 values	 within	 the	 normal	 range	 were	 included.	 They	 remained	 under	

intensive	veterinary	supervision	during	the	entire	study	period.	Animals	were	housed	with	a	

same-sex	buddy	in	spacious	cages	(150	×	75	×	185	cm)	enriched	with	branches	and	toys,	in	

compliance	with	the	new	EU	directive	63/2010.	The	animals	were	 fed	commercial	monkey	

pellets	 (Ssniff®,	 Soest,	 Germany)	 supplemented	 with	 Arabic	 gum	 and	 limited	 amounts	 of	

fresh	 fruit.	 Drinking	 water	 was	 available	 ad	 libitum.	 Room	 temperature	 was	 23.2-26.8°C,	

with	 a	 12	 hour	 light:dark	 cycle.	 Food	was	 removed	 16	 hours	 prior	 to	 sedation	 but	 water	

intake	was	never	restricted.	

Ethical	consideration	

The	 experimental	 protocol	 (DEC-BPRC	 number:	 #	 665)	was	 approved	 by	 the	 Animal	

Experiments	 Committee	 (DEC)	 of	 the	BPRC.	 The	DEC	based	 its	 decision	on	 ‘De	Wet	op	de	

Dierproeven’	 (The	 Dutch	 ‘Experiments	 on	 Animals	 Act’,	 1996)	 and	 on	 the	

‘Dierproevenbesluit’	(The	Dutch	‘Experiments	on	Animals	Decision’,	1996).	Both	documents	

are	available	online	at	http://wetten.overheid.nl.	

Experimental	design	and	drug	administration	

The	study	was	initially	performed	in	three	sessions,	with	a	28-day	washout	interval	in	

a	prospective,	double	blinded	crossover	design.	Each	animal	was	randomised	to	receive	one	

of	 the	 following	 sedation	 protocols:	 (1)	 Ketamine	 hydrochloride	 (Ketamine	 10%;	 Alfasan	

Nederland	 BV,	 Woerden,	 NL,	 100	 mg/ml),	 at	 a	 dose	 of	 50	 mg/kg	 ketamine	 i.m.;	 (2)	

alphaxalone	 (Alfaxan;	 Vetoquinol	 B.V.,	 ‘s-Hertogenbosch,	 NL,	 10	 mg/ml),	 at	 a	 dose	 of	 12	

mg/kg	 alphaxalone	 i.m.;	 (3A)	 25	 mg/kg	 ketamine,	 and	 medetomidine	 hydrochloride	

(Sedastart;	AST	Farma	B.V.,	Oudewater,	NL,	1	mg/ml),	at	a	dose	of	0.5	mg/kg	i.m.	combined	
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in	the	same	syringe	just	before	its	use,	reversed	with	atipamezole	hydrochloride	(Sedastop;	

AST	Farma	B.V.,	Oudewater,	NL,	5	mg/ml),	at	a	dose	of	2.5	mg/kg	atipamezole	i.m.	after	10	

min	 of	 immobilisation.	 To	 maintain	 a	 double-blind	 design	 and	 to	 exclude	 any	 effect	 of	

mechanical	damage	from	the	amount	of	fluid	i.m.	injected,	saline	(sodium	chloride	0,9%;	B.	

Braun	Medical	B.V.,	Oss,	NL)	was	added	to	ascertain	that	all	volumes	injected	were	identical.	

Animals	 that	did	not	 receive	atipamezole	 received	an	equal	volume	of	saline,	10	min	after	

immobilisation	was	recorded.	

Twenty	eight	days	after	 the	 third	sedative	session	 (day	112),	 following	unblinding	of	

the	dataset,	it	was	decided	to	add	an	additional	sedation	round	(protocol	3B)	with	ketamine	

(25	mg/kg)	 combined	with	 a	 tenfold	 lower	medetomidine	 dose	 (0.05	mg/kg)	 followed	 by	

atipamezole	 injection	 of	 0.25	mg/kg	 after	 10	min	 and	 similar	 amount	 35	min	 later	 if	 the	

recovery	phase	had	not	ended.	

While	 it	 is	 standard	 to	 use	 sedation	 when	 handling	 common	 marmosets,	 for	 the	

purpose	of	 this	 study	we	 avoided	 this	 procedure	 for	 bodyweight	measurement	 and	blood	

sampling	 because	 unsedated	 control	 values	 to	 determine	 the	 effect	 of	 the	 sedation	were	

required.	

Prior	 to	 each	 sedation,	 and	 one	 and	 two	 days	 following	 sedation,	 bodyweight	 was	

registered	to	determine	the	correct	dosage	of	 the	sedative,	and	to	determine	the	possible	

effect	of	sedation	on	bodyweight	development.	Marmosets	were	trained	to	voluntarily	enter	

a	Perspex	cylinder	and	were	taken	out	of	their	cage	by	means	of	this	cylinder.	The	cylinder	

with	the	animal	in	it	was	placed	on	a	weighing	scale	as	a	non-invasive	means	of	assessing	the	

bodyweight.	

For	 injection,	 one	 person	 manually	 restrained	 the	 animal	 while	 a	 second	 person	

administered	the	anaesthetic	volume	i.m.	 into	the	quadriceps	muscle	mass	on	the	anterior	

thigh,	into	the	left	or	right	quadriceps	femoris,	using	a	26G	needle.	Care	was	taken	that	the	

drugs	were	not	injected	directly	into	the	circulation.	

After	injection	of	the	sedative,	each	marmoset	was	released	into	its	home	cage,	where	

it	 was	monitored	 until	 immobilisation	was	 achieved.	 Once	 immobilised,	 the	 animals	were	

taken	 to	 an	 adjacent	 quiet,	 temperature-controlled	 room	 (24°C)	 for	 measurements.	

Procedures	were	 carried	 out	 using	 routine	 practice	 standards	 for	 short	minimally	 invasive	

procedures,	without	supportive	care	(i.e.	external	heat	or	secured	airway).	The	marmosets	

were	 breathing	 room-	 air	 spontaneously	 throughout	 the	 experiment.	 When	 the	
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immobilisation	 period	 ended,	 the	 animals	 recovered	 in	 their	 home	 cage	 on	 an	 open	 non-

heated	blanket,	facilitating	visual	control	by	the	observer	during	the	recovery	period.	

Determination	of	induction,	immobilisation	and	recovery	characteristics	

For	 each	 sedation	 event,	 induction,	 immobilisation,	 and	 recovery	 times	 were	

recorded.	 Induction	 time	was	 defined	 as	 the	 time	 between	 injection	 and	 loss	 of	 postural	

tonicity.	 Immobilisation	 time	was	defined	as	 the	 time	 from	 the	 loss	of	postural	 tonicity	 to	

the	animal’s	 first	attempt	 to	 lift	 its	head.	Recovery	 time	was	defined	as	 the	 time	 from	the	

animal’s	 first	attempt	 to	 lift	 its	head	until	 the	moment	 that	 the	marmoset	 could	walk	and	

climb	confidently	in	the	restricted	confines	of	its	cage	and	could	be	reunited	safely	with	its	

companion.	Total	procedure	time	was	defined	as	the	sum	of	induction	time,	immobilisation	

time,	and	recovery	time.	

For	each	sedation	event,	the	quality	of	induction	and	recovery	as	a	whole	and	at	3-min	

intervals	 during	 immobilisation	 were	 scored	 on	 an	 ordinal	 scale	 by	 a	 treatment-blinded	

observer	 (Table	1).	The	 reliability	of	 immobilisation	was	 judged	by	 the	degree	of	muscular	

tension	 (Table	2)	 and	pedal	withdrawal	 reflex	 (Table	3),	while	 sedation	was	 judged	by	 the	

palpebral	 reflex	 (Table	 4)36.	 To	 allow	 for	 a	 meaningful	 comparison	 between	 groups,	

immobilisation	 quality-	 and	 reflex-scores	 were	 censured	 from	 statistical	 analysis	 after	 9	

minutes.	Only	descriptive	statistics	were	performed	on	the	immobilisation	quality	data	and	

reflex	scores	from	9	minutes	into	the	immobilisation	onwards.	

Table	1.	Scorecard	for	quality	of	induction,	immobilisation	and	recovery	

Score	 Quality	 Character	

1	 Good	 No	vocalisation,	salivation,	compulsive	licking	or	sneezing.	No	
increased	attention	towards	injection	site,	no	
involuntary/uncoordinated	muscle	activity	

2	 Satisfactory	 Some	vocalisation	and/or	involuntary/uncoordinated	muscle	
activity,	salivation,	compulsive	licking,	sneezing,	some	discomfort	
from	injection	(<	5	min)	

3	 Unsatisfactory	 Violent	struggling/no	immobilisation	effectuated,	severe	discomfort	
from	injection	(increased	attention	towards	injection	site	>	5	min),	
excessive	salivation,	vomiting,	compulsive	licking,	sneezing,	
involuntary	muscle	activity	
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Table	2.	Scorecard	for	muscular	tension	

Score	 Quality	 Character	

0	 No	muscle	tension	 Complete	relaxation,	adequate	muscle	relaxation	for	performing	
minor	invasive	procedures	

1	 Normal	muscle	
tension	

Partial	relaxation	

2	 Increased	muscle	
tension	

Rigidity	in	muscles	

The	muscular	tension	was	assessed	by	resistance	to	flexion	of	limbs	(leg	muscle	tension	was	evaluated	by	flexion	
and	extension	of	the	left	rear	leg)	and	by	opening	the	jaws	(jaw	tension	was	evaluated	by	pulling	the	lower	jaw	
open	by	an	index	finger).		

Table	3.	Scorecard	for	the	pedal	withdrawal	reflex	

Score	 Quality	 Character	

0	 No	reflex	 There	was	no	increased	muscle	tension	and/or	bending	of	the	knee	
for	at	least	one	second	after	removing	the	haemostat	

1	 Normal	reflex	 There	was	muscle	tension	and/or	bending	of	the	knee	

2	 Increased	reflex	 There	was	increased	muscle	tension,	bending	of	the	knee,	and	
muscle	vibrations/involuntary	movements	of	other	limbs	

The	pedal	withdrawal	reflex	was	determined	by	applying	a	haemostat	(Hartman	baby	mosquito	BH104R,	straight,	
100	mm,	4”)	on	the	first	clip	for	1	second	on	phalanx	III,	just	above	the	nail	of	the	left	rear	leg.	

Table	4.	Scorecard	for	the	palpebral	reflex	

Score	 Quality	 Character	

0	 No	reflex	 No	narrowing	of	the	eyelids	or	muscle	movement	

1	 Moderate	reflex	 Delayed	and/or	incomplete	closing	of	the	eyelids	

2	 Normal	reflex	 The	eyelids	immediately	close	fully	

The	palpebral	 reflex	was	 tested	by	 lightly	 touching	 the	medial	 canthus	of	 the	 left	 eye	with	 a	dry	 cotton	 swab	
without	touching	the	cornea.	

	

During	 immobilisation,	 pulse	 rate	 (PR),	 indirect	 systolic,	 diastolic,	 and	mean	 arterial	

blood	pressure	(SAP,	DAP,	and	MAP,	respectively)	were	recorded	at	3-min	intervals	using	a	

non-	invasive	oscillometric	device	(vetHDO	monitor	with	MDSoftware,	using	a	Criticon®Soft-	

cuf®,	size:	 I,	colour:	white)	at	the	base	of	the	tail.	Respiratory	rate	(RR)	was	determined	by	

observing	 thoracic	 excursions	 over	 a	 30	 second	 period	 and	 multiplied	 by	 two.	 Pulse	

haemoglobin	oxygen	saturation	 (SpO2)	was	measured	using	an	earlobe	clip	of	a	veterinary	

pulse	 oximeter	 (Ohmeda	 biox	 3740;	 BOC	Health	 Care,	 Inc.,	 Louisville,	 USA)	 applied	 to	 the	

right	 hand.	 Rectal	 body	 temperature	 was	 monitored	 at	 3-min	 intervals	 using	 a	 digital	

thermometer	 (Microlife®Vet-temp;	 Microlife®,	 Widnau,	 Switzerland)	 with	 a	 measurement	
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range	of	32°C	 to	42.9°C.	To	allow	 for	a	meaningful	 comparison	between	groups,	PR,	MAP,	

RR,	 SpO2,	 and	 rectal	 body	 temperature	 were	 censured	 from	 statistical	 analysis	 after	 9	

minutes.	

Blood	sampling	

To	 determine	 possible	 local	myotoxic	 effects	 of	 the	 injected	 formulations,	 levels	 of	

AST,	 LDH,	 and	 CK	 were	 determined	 in	 serum.	 Samples	 (200	 μl	 blood)	 were	 taken	 from	

unsedated	 animals	 prior	 to	 administration	 of	 the	 sedative	 and	 24	 and	 48	 h	 post	 dosing.	

Control	samples	from	unsedated	animals	were	collected	on	day	0,	1,	2,	140,	141,	and	142.	

Samples	 were	 collected	 by	 one	 person	 restraining	 the	 animal	 while	 a	 second	 person	

performed	the	blood	sampling	by	inserting	a	needle	(26	gauge)	percutaneously	into	the	vena	

saphena,	confirmed	by	self-filling	of	the	needle	tip	with	blood,	of	which	blood	was	collected	

for	testing.	Afterwards,	firm	pressure	was	applied	to	the	sample	site	for	2	min	to	minimise	

haemorrhage	rises.	The	samples	were	processed	immediately	with	a	Cobas	Integra®	400	plus	

(F.	Hoffmann-La	Roche	Ltd,	Basel,	Switzerland).	

Statistical	analysis	

All	 statistical	 analyses	 were	 performed	 with	 the	 R	 language	 and	 environment	 for	

statistical	computing	(R	Foundation	for	Statistical	Computing,	Vienna,	Austria.	ISBN														3-

900051-07-0,	 URL	 http://www.R-project.org).	 To	 determine	 statistical	 significance	 in	

induction,	 immobilisation,	 and	 recovery	 times,	 paired	 t-tests	 were	 performed	 for	 the	 six	

pair-wise	comparisons	(P1	versus	P2,	P1	versus	P3A,	P1	versus	P3B,	P2	versus	P3B,	P2	versus	

P3B	and	P3A	versus	P3B).	The	quality	of	 the	 sedation	phases	was	analysed	using	 the	non-	

parametric	Wilcoxon’s	signed	rank	test.	To	adjust	for	multiple	tests	a	Bonferroni	correction	

was	 applied:	 the	 p	 value	 for	 statistical	 significance	 was	 set	 at	 0.05/6	 =	 0.00833.	 Clinical	

chemistry	 values	 (AST,	 LDH	 and	 CK)	 and	 body	 weight	 were	 analysed	 with	 mixed	 linear	

models	and	ensuing	parameters	estimates	are	presented	with	95%	confidence	 intervals,	 p	

values	of	<0.05	were	considered	statistically	significant.	

	

RESULTS	

Duration	and	quality	of	the	sedative	protocols	

Induction,	 immobilisation,	 recovery	 and	 total	 procedure	 time	 are	 shown	 in	 Figure	 1	

and	Table	5.	 Induction	 time	of	protocol	2	was	 significantly	 longer	 than	 that	 for	protocol	1		

(p	 =	 0.0016,	 paired	 t-test),	 protocol	 3A	 (p	 <	 0.0005,	 paired	 t-test),	 and	 protocol	 3B		
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(p	 =	 0.0001,	 paired	 t-	 test).	 There	was	 no	 significant	 difference	 in	 the	 other	 comparisons.	

Immobilisation	 time	 in	 protocol	 2	was	 of	 a	 longer	 duration	 than	 protocol	 1,	 but	 failed	 to	

achieve	 statistical	 significance	 (p	 =	 0.011).	 Immobilisation	 times	 in	 protocol	 2	 were	

significantly	 longer	 than	 those	 observed	 for	 protocols	 3A	 and	 3B	 (p	 =	 0.0001	 and	 0.0012,	

respectively),	 both	 with	 administration	 of	 atipamezole	 after	 10	 min	 of	 immobilisation.	

Recovery	times	for	protocol	1	were	significantly	shorter	than	protocol	3A	and	3B	(p	values	<	

0.0001,	paired	t-test).	Protocol	2	showed	statistically	significant	shorter	recovery	times	then	

the	other	protocols	 (p	<	0.0001,	paired	t-test,	 for	all	 comparisons).	There	was	a	significant	

difference	in	the	recovery	times	between	protocols	3A	and	3B	(p	=	0.0005,	paired	t-test).	In	

protocol	3A	and	3B,	a	relatively	 long	(at	 least	1	hour)	period	of	apathy	was	observed	 in	all	

monkeys	 after	 they	had	 initially	 sat	 upright.	During	 this	 time,	 the	marmosets	 clung	 to	 the	

wire	of	their	cage,	or	to	branches,	and	remained	there	for	prolonged	periods,	during	which	

they	did	not	react	to	any	external	stimuli.	

Table	5.	Induction,	immobilisation,	recovery,	and	total	procedure	time	in	min	(mean	±	SD)	
in	each	sedative	protocol	

	 Protocol	1	 Protocol	1	 Protocol	1	 Protocol	1	

Induction	time	 1.24	±	0.55	 2.54	±	0.65	 1.17	±	0.42	 1.20	±	0.31	

Immobilisation	time	 31.23	±	22.39	
	

53.72	±	13.08	
	

19.73	±	5.74	
	

22.78	±	22.37	
	Recovery	time	 135.84	±	39.19	 55.79	±	11.02	 405.46	±	29.81	 291.91	±	80.34	

Total	procedure	time	 168.32	±	45.60	 112.05	±	15.30	 426.37	±	29.11	 315.89	±	88.95	
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Figure	1.	Induction,	immobilisation,	recovery	and	total	procedure	time	in	minutes,	in	each	sedative	protocol	
per	individual.	P1	=	protocol	1,	P2	=	protocol	2,	P3A	=	protocol	3A,	and	P3B	=	protocol	3B.	Each	symbol	
represents	an	individual	animal	throughout	all	panels.	Top	of	the	box	indicates	upper	quartile,	middle	is	median	
and	bottom	is	lower	quartile.	

	

Quality	assessments	

Quality	of	induction	and	recovery	as	a	whole	and	of	immobilisation	at	3,	6,	and	9	min	

are	shown	in	Figure	2.	
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Figure	2.	Quality	of	induction,	immobilisation,	and	recovery,	scored	in	each	sedative	protocol.	A	=	induction,	B	
=	immobilisation,	C	=	recovery.	p1	=	protocol	1,	p2	=	protocol	2,	p3A	=	protocol	3A,	and	p3B	=	protocol	3B.	
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Quality	 of	 induction	 never	 reached	 the	 unsatisfactory	 score	 of	 3	 in	 any	 sedation	

protocols	used.	In	protocol	1,	8	monkeys	were	given	a	score	of	2	(2	due	to	vocalisation	and	

salivation,	 2	 due	 to	 vocalization	 alone,	 and	 4	 due	 to	 salivation	 alone).	 In	 protocol	 2,	 4	

marmosets	scored	a	2	(vocalisation	during	injection).	During	protocol	3A,	3	animals	scored	a	

2	 (vocalisation	 only);	 whereas	 in	 protocol	 3B,	 a	 total	 of	 6	 animals	 scored	 a	 2	 (4	 due	 to	

salivation,	 1	monkeys	 due	 to	 salivation	 and	 vocalisation	 and	 1	 animal	 due	 to	 vocalisation	

during	injection).	

The	 quality	 of	 immobilisation	 was	 measured	 every	 3	 min	 for	 all	 animals	 during	

immobilisation.	Because	in	protocol	1	some	animals	already	started	to	recover	after	9	min,	

detailed	comparison	of	all	groups	was	only	possible	for	the	first	9	min	(Figure	2).	The	quality	

of	immobilisation	after	9	min	is	described	below.	In	protocol	1,	two	animals	scored	a	3	while	

immobilised	 with	 ketamine,	 due	 to	 periods	 of	 apnoea,	 combined	 with	 involuntary	 limb	

movement.	 Five	 monkeys	 scored	 a	 2	 due	 to	 an	 observation	 of	 salivation	 or	 involuntary	

muscle	 movement.	 In	 one	 of	 those	 animals,	 quiet	 vocalisation	 and	muscle	 twitching	 was	

observed.	Three	animals	were	given	a	score	of	1.	In	protocol	2,	no	salivation	was	observed,	

but	 all	marmosets	 displayed	muscle	 twitches	 near	 the	 end	 of	 immobilisation	 (score	 2).	 In	

protocol	3A,	no	marmoset	was	given	a	score	of	3,	while	only	two	animals	scored	a	2	due	to	

salivation	or	involuntary	muscle	movement.	In	protocol	3B,	however,	one	marmoset	scored	

a	3	again	(same	animal	showed	this	also	with	protocol	1).	A	total	of	four	marmosets	reached	

a	 score	of	2	due	 to	 salivation	or	 involuntary	muscle	movement.	Eight	and	 five	animals	 for	

group	3A	and	3B	respectively	were	given	a	score	of	1.	

Quality	of	recovery	was	given	a	score	of	1	for	one	animal	for	group	1,	all	animals	for	

group	2	and	two	and	four	animals	 for	group	3A	and	3B	respectively.	Nine	animals	sedated	

with	ketamine	scored	a	2	due	to	salivation.	With	protocol	3A,	six	marmosets	scored	a	2,	and	

with	protocol	3B,	four	animals	were	given	a	score	of	2,	all	because	of	excessive	salivation.	In	

both	 protocols	 3A	 and	 3B,	 two	 marmosets	 scored	 a	 3	 due	 to	 excessive	 salivating	 and	

vomiting.	 The	 quality	 of	 recovery	 was	 significantly	 lower	 in	 protocol	 1	 as	 compared	 to	

protocol	2	(p	=	0.006,	Wilcoxon	signed	rank	test)	

Physiological	parameters	

During	immobilisation,	cardiorespiratory	parameters	were	continuously	scored	with	3-

min	interval.	The	3,	6,	and	9	min	data	are	shown	in	Table	6.	No	significant	differences	were	

observed	for	these	parameters	between	the	used	protocols.	RR,	SpO2,	PR,	and	MAP	values	

scored	 during	 the	 total	 immobilisation	 period	 were	 generally	 within	 clinically	 acceptable	
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limits	during	all	protocols	and	there	were	no	fatalities.	However,	in	protocol	1,	two	animals	

experienced	a	short	period	of	apnoea.	In	protocol	3B,	one	marmoset	(same	animal	showed	

this	 also	with	 protocol	 1)	 experienced	 again	 an	 apnoea	 period.	 No	 cyanosis	 of	 the	 visible	

mucous	membranes	was	observed.	

Table	6.	Cardiorespiratory	parameters	averages	and	standard	deviation	values	

	 3	min	 6	min	 9	min	

P1	PR	 367±36*	 371±23	 348±50*	

P2	PR	 330±52	 320±51	 310±51	

P3A	PR	 236±35	 230±32	 221±19	

P3B	PR	 263±29*	 257±18	 237±15	

P1	MAP	 87±8	 91±17	 85±16*	

P2	MAP	 94±21	 94±24	 96±28	

P3A	MAP	 75±11	 64±±6	 63±8	

P3B	MAP	 96±24	 87±21	 89±25	

P1	Body	Temp	 38.8±0.5	 38.4±0.5	 37.8±0.4*	

P2	Body	Temp	 38.9±0.5	 38,6±0.4	 38.3±0.5	

P3A	Body	Temp	 38.8±0.2	 38,2±0.3	 37.8±0.3	

P3B	Body	Temp	 39.2±0.4	 38.9±0.4	 38.5±0.4	

P1	SpO2,	 86±6	 86±5	 86±15*	

P2	SpO2,	 80±9	 83±10	 80±11	

P3A	SpO2,	 93±3	 92±3	 93±3	

P3B	SpO2,	 86±7	 84±7	 84±8	

P1	RR	 58±17	 56±10	 58±14*	

P2	RR	 41±10	 38±9	 38±6	

P3A	RR	 61±18	 56±14	 57±10	

P3B	RR	 58±12	 59±13	 59±14	

PR	(beats/min),	MAP	(mm	Hg),	body	temperature	(°C),	SpO2	(per	cent),	and	RR	(per	min)	in	the	tested	sedation	
protocols	during	the	first	9	min	of	the	immobilisation	period,	with	3	min	interval.	P1	protocol	1,	P2	protocol	2,	
P3A	protocol	3A,	and	P3B	protocol	3B.	n	=	10	unless	specified,	*n	=	9.	

In	all	sedation	protocols,	monkeys	were	between	38–39.5°C	at	the	beginning	of	each	

procedure;	the	rectal	body	temperature	dropped	by	a	total	of	3°C	within	20	min.	

Temperature	measurements	taken	during	recovery	tended	to	show	a	progressive	decrease,	

even	below	32°C,	until	normal	activity	was	resumed.	

No	effects	of	the	atipamezole	injection(s)	on	physiological	parameters	were	observed.	
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Reliability		

For	all	monkeys	muscle	tension,	palpebral	reflex	and	withdrawal	reflex	were	continuously	

scored	with	3-min	interval.	The	3,	6,	and	9	min	data	are	shown	in	Figure	3A,	B,	and	C.	

	

Figure	3.	Reliability	in	the	tested	sedation	protocols	during	the	first	9	min	of	the	immobilisation	period,	with	3	
min	interval	(A)	Muscular	tension	(B)	palpebral	reflex	(C)	pedal	withdrawal	reflex.	p1	=	protocol	1,	p2	=	protocol	
2,	p3A	=	protocol	3A,	and	p3B	=	protocol	3B.	n	=	10	unless	specified;	*n	=	9.	

	

The	 data	 of	 the	 whole	 immobilisation	 period	 was	 afterwards	 judged	 and	 is	

represented	in	Table	7.	For	the	muscle	tension,	data	protocol	1:	five	out	of	the	eight	that	did	

not	reach	a	score	of	0	never	reached	a	score	of	1	either.	Data	protocol	2:	all	animals’	muscle	
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tension	 scores	 were	 initially	 0	 and	 increased	 to	 a	 score	 of	 1	 towards	 the	 end	 of	 the	

immobilisation	period.	Data	protocol	3A/B:	Other	protocols	differed	in	scores	between	0	and	

1,	with	only	a	few	marmosets	reaching	a	score	of	2.	

Table	7.	The	reliability	in	total	of	the	tested	sedation	protocols	during	the	immobilization	

	 Palpebral	reflex	 Withdrawal	Reflex	 Muscle	Tension	

	 P1	 P2	 P3A	 P3B	 P1	 P2	 P3A	 P3B	 P1	 P2	 P3A	 P3B	

Good		 2	 7	 6	 3	 7	 10	 8	 8	 6	 10	 9	 9	

Not	Good	 8	 3	 4	 7	 3	 0	 2	 2	 4	 0	 1	 1	

P1	protocol	1,	P2	protocol	2,	P3A	protocol	3A,	and	P3B	protocol	3B.	The	reliability	was	judged	by	the	degree	of	
muscular	tension,	pedal	withdrawal	reflex,	and	palpebral	reflex	and	was	afterwards	divided	into	‘good’	and	‘not	
good’.	The	number	of	animals,	which	reached	at	 least	the	palpebral	score	of	0	were	defined	as	 ‘good’	and	the	
animals	 that	never	 reached	a	 score	 lower	 than	1	as	 ‘not	good’.	 The	number	of	animals	 reaching	a	withdrawal	
score	of	0	was	judged	as	‘good’	and	animals	never	reaching	a	score	lower	than	1	were	judged	as	‘not	good’.	The	
number	of	animals	 that	 reached	a	muscle	 tension	score	of	maximum	1	was	 judged	as	 ‘good’	and	animals	 that	
reached	a	score	of	2	were	judged	as	‘not	good’.	

	

The	palpebral	 reflex	 scores	differed	markedly	 in	 time	and	between	 individuals,	with	

some	 animals	 never	 achieving	 a	 score	 of	 0.	 All	 animals	 under	 all	 sedative	 protocols	 used	

achieved	a	score	of	2	before	the	end	of	immobilisation.	Three	animals	in	protocol	2	did	not	

reach	a	score	of	0,	but	were	all	given	a	score	of	1	at	several	points	during	the	observations.	

Only	one	of	the	four	animals	in	protocol	3A	that	did	not	reach	a	score	of	0	was	never	given	a	

score	of	1.	Two	of	the	seven	animals	 in	protocol	3B	did	not	reach	a	score	of	0	were	never	

given	a	score	of	1.	

Regarding	the	withdrawal	reflex,	no	score	of	2	was	given	to	any	animal	during	any	of	

the	sedations.	Several	animals	never	reached	a	score	of	0,	with	the	exception	of	protocol	2,	

as	all	these	animals	reached	a	score	of	0.	

Assessment	of	muscle	damage	

The	 first	 day	 after	 sedation,	 AST	 levels	 (Figure	 4A)	 had	 increased	 significantly	 for	

protocols	1,	3A	and	3B	as	well	as	for	the	control	protocol	(all	p	<	0.05;	Table	8).	A	small	but	

statistically	non-significant	increase	in	AST	levels	was	observed	for	protocol	2	(Table	8).	AST	

levels	remained	elevated	on	the	second	day	after	sedation	for	protocols	1	and	3	as	well	as	

for	the	control	protocol	(all	p	<	0.05;	Table	8).	A	statistically	non-significant	increase	in	AST	

levels	was	observed	for	protocols	2	and	3B	(Table	8).	
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Figure	4.	Blood	values	of	each	sedative	protocol	(A)	AST,	(B)	CK	and	(C)	LDH.	Data	presented	per	individual	at	
day	0,	1,	and	2.	Separate	panes	 represent	 the	sedation	protocols	 (PC	=	control	protocol,	P1	=	Protocol	1,	P2	=	
Protocol	2,	P3A	=	Protocol	3A,	P3B	=	Protocol	3B).	Each	symbol	 represents	an	 individual	animal	 throughout	all	
panels.	

The	 first	 day	 after	 sedation,	 LDH	 levels	 (Figure	 4B)	 had	 increased	 significantly	 for	

protocols	1	and	3A	(all	p	<	0.05;	Table	8).	A	small	but	statistically	non-significant	increase	in	

LDH	 levels	 was	 observed	 for	 protocols	 2	 and	 3B	 (Table	 8).	 The	 increase	 in	 LDH	 levels	

continued	 for	 animals	 in	 the	 control	 group	 and	 protocol	 3A;	 day	 2	 LDH	 levels	 were	

significantly	 elevated	 as	 compared	 to	 day	 0	 (Table	 8).	 LDH	 levels	 remained	 elevated	 in	

protocols	1,	2	and	3B	but	this	failed	to	reach	statistical	significance	(Table	8).	

CK	levels	increased	significantly	one	day	after	sedation	in	all	protocols	as	well	as	in	the	

control	 protocol	 (Table	 8)	 (Figure	 4C).	 The	 increase	 in	 CK	 levels	was	 significantly	 higher	 in	

protocols	 1	 and	 3	 as	 compared	 to	 controls	 or	 protocol	 2	 (Table	 8).	 CK	 levels	 decreased	

slightly	as	compared	to	day	1,	but	remained	elevated	on	the	second	day	after	sedation	in	all	

groups	(Table	8).	
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Table	 8.	 Estimated	 changes	 in	 muscle	 damage	 indicators	 (AST,	 LDH,	 and	 CK)	 and	 body	
weight	one	and	two	days	after	procedures	

	
Day	1	

	 	 	 	 	
	 Day	2	 	 	 	 	 	

AST	 Est	(95%	CI)	 PC	 P1	 P2	 P3A	 P3B	 	 Est	(95%	CI)	 PC	 P1	 P2	 P3A	 P3B	

PC	 198.8	(8.5	to	389.1)	
	

**	 NS	 ***	 NS	 	 286.0	(34.2	to	537.8)	 	 NS	 NS	 ***	 NS	

P1	 526.0	(335.7	to	716.3)	 **	
	

***	 ***	 *	 	 362.9	(111.1	to	614.7)	 NS	 	 NS	 ***	 NS	

P2	 79.4	(-110.9	to	269.7)	 NS	 ***	
	

***	 NS	 	 96.8	(-155.0	to	348.6)	 NS	 NS	 	 ***	 NS	

P3A	 1123.2	(932.9	to	1313.5)	 ***	 ***	 ***	
	

***	 	 1019.7	(767.9	to	1271.5)	 ***	 ***	 ***	 	 ***	

P3B	 246.4	(56.1	to	436.7)	 NS	 *	 NS	 ***	
	

	 239.8	(-11.9	to	491.6)	 NS	 NS	 NS	 ***	 	

LDH	 Est	(95%	CI)	 PC	 P1	 P2	 P3A	 P3B	 	 Est	(95%	CI)	 PC	 P1	 P2	 P3A	 P3B	

PC	 78.5	(-119.6	to	276.6)	
	

NS	 NS	 ***	 NS	 	 217.8	(13.7	to	421.9)	 	 NS	 NS	 NS	 NS	

P1	 299.2	(101.1	to	497.3)	 NS	
	

NS	 ***	 NS	 	 137.8	(-66.3	to	341.9)	 NS	 	 NS	 *	 NS	

P2	 40.0	(-158.1	to	238.1)	 NS	 NS	
	

***	 NS	 	 33.9	(-170.2	to	238.0)	 NS	 NS	 	 **	 NS	

P3A	 795.4	(597.3	to	993.5)	 ***	 ***	 ***	
	

***	 	 430.1	(226.0	to	634.2)	 NS	 *	 **	 	 **	

P3B	 43.3	(-154.8	to	241.4)	 NS	 NS	 NS	 ***	
	

	 72.2	(-131.9	to	276.3)	 NS	 NS	 NS	 **	 	

CK	 Est	(95%	CI)	 PC	 P1	 P2	 P3A	 P3B	 	 Est	(95%	CI)	 PC	 P1	 P2	 P3A	 P3B	

PC	 7.2	(4.0	to	12.9)	
	

***	 NS	 ***	 NS	 	 6.8	(3.3	to	13.8)	 	 NS	 NS	 *	 NS	

P1	 37.8	(21.1	to	67.7)	 ***	
	

***	 NS	 **	 	 8.6	(4.2	to	17.6)	 NS	 	 *	 NS	 NS	

P2	 3.9	(2.2	to	7.0)	 NS	 ***	
	

***	 *	 	 2.8	(1.4	to	5.8)	 NS	 *	 	 ***	 NS	

P3A	 74.2	(41.5	to	132.8)	 ***	 NS	 ***	
	

***	 	 21.9	(10.7	to	44.8)	 *	 NS	 ***	 	 ***	

P3B	 11.0	(6.2	to	19.7)	 NS	 **	 *	 ***	
	

	 4.2	(2.0	to	8.5)	 NS	 NS	 NS	 ***	 	

Body	Weight	 Est	(95%	CI)	 PC	 P1	 P2	 P3A	 P3B	 	 Est	(95%	CI)	 PC	 P1	 P2	 P3A	 P3B	

PC	 -0.9	(-4.5	to	2.7)	
	

NS	 NS	 **	 NS	 	 0.2	(-3.9	to	4.3)	 	 NS	 NS	 NS	 NS	

P1	 0.5	(-3.1	to	4.1)	 NS	
	

NS	 ***	 *	 	 1.9	(-2.2	to	6.0)	 NS	 	 NS	 NS	 *	

P2	 1.8	(-1.8	to	5.4)	 NS	 NS	
	

***	 **	 	 2.1	(-2.0	to	6.2)	 NS	 NS	 	 *	 *	

P3A	 -8.5	(-12.1	to	-4.9)	 **	 ***	 ***	
	

NS	 	 -2.4	(-6.5	to	1.7)	 NS	 NS	 *	 	 NS	

P3B	 -5.1	(-8.7	to	-1.5)	 NS	 *	 **	 NS	
	

	 -3.5	(-7.6	to	0.6)	 NS	 *	 *	 NS	 	

	

PC	control	values,	P1	protocol	1,	P2	protocol	2,	P3A	protocol	3A,	and	P3B	protocol	3B.	Changes	in	AST,	LDH	and	
body	weight	are	presented	as	day	X	–	day	0	values;	changes	 in	CK	are	presented	as	fold	 increases	day	X/day	0	
values	(95%	CI).	The	columns	labelled	PC,	P1,	P2,	P3A	and	P3B	summarise	between	treatment	differences	(NS	=	
not	significant,	*	<	0.05,	**	<	0.01,	***	<	0.001).	

	

Body	weight	

The	 first	 day	 after	 sedation	 body	weight	 had	 significantly	 dropped	 for	 protocol	 3A,	

whilst	non-significant	changes	were	observed	for	the	control	protocol	and	protocols	1,	2	and	

3B	(Table	8;	Figure	5).	The	second	day	after	sedation	body	weights	did	not	differ	significantly	

from	baseline	values	for	any	of	the	protocols	under	investigation.	
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Figure	 5.	 Body	 Weight	 values	 of	 each	 sedative	 protocol.	 Data	 presented	 per	 individual	 at	 day	 0,	 1,	 and	 2.	
Separate	panes	represent	the	sedation	protocols	 (C	=	control	protocol,	P1	=	Protocol	1,	P2	=	Protocol	2,	P3A	=	
Protocol	3A,	P3B	=	Protocol	3B).	

 

DISCUSSION	

This	is	the	first	study	that	directly	compared	the	effect	of	various	sedation	protocols,	

including	 alphaxalone	 in	 marmosets.	 The	 aim	 was	 to	 find	 a	 safe,	 reliable,	 short-term	

sedation	 protocol,	 with	 at	 least	 10	min	 of	 immobilisation.	 In	 this	 study,	 alphaxalone	 was	

shown	to	be	superior	for	sedation	in	marmosets.	Due	to	the	relatively	long	recovery	period,	

ketamine-	 medetomidine	 is	 not	 the	 first	 choice	 in	 the	 used	 dose	 and	 dosing	 regime	 for	

sedation	in	marmosets.	

All	induction	times	were	less	than	5	min.	Induction	time,	defined	as	the	time	between	

injection	and	loss	of	postural	tonicity,	was	a	very	accurate	measure	since	the	transition	from	

“awake”	to	“immobilised”	was	very	distinct.	

The	duration	of	 immobilisation	 indicated	that	the	alphaxalone	dosage	could	be	used	

safely	 for	 procedures	 lasting	 approximately	 40	min.	 Additionally,	 all	 marmosets	 displayed	

muscle	twitches	near	the	end	of	immobilisation.	Alphaxalone	is	described	in	cats	and	dogs	to	

cause	 myoclonic	 twitches14.	 In	 marmosets	 we	 observed	 these	 muscle	 twitches	 only	 just	

before	awakening,	which	could	be	interpreted	as	'warning	of	awakening’	signs	towards	the	
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end	 of	 the	 immobilisation	 period.	 The	 shorter	 duration	 of	 immobilisation	 of	 the	 other	

protocols	demonstrate	 that	 those	protocols	 can	only	be	used	safely	 for	procedures	 lasting	

less	 than	 15	min.	 Notably,	 in	 protocol	 3A	 and	 3B,	 atipamezole	was	 administered	 after	 10	

minutes	 of	 immobilisation,	 thus	 in	 this	 study	 we	 can	 not	 report	 on	 the	 duration	 of	

immobilisation	in	these	2	protocols	when	atipamezole	was	administered	later	or	not	at	all.	

In	 our	 initial	 set-up,	 we	 found	 an	 undesirable	 long	 recovery	 time	 in	 protocol	 3A,	

despite	 the	 administration	 of	 atipamezole.	 This	 was	 surprising,	 as	 it	 was	 expected	 to	 be	

shorter	 than	 for	 all	 other	 sedatives	 due	 to	 the	 administration	 of	 a	 specific	 antagonist	 of	

medetomidine:	atipamezole.	Short	 total	procedure	 times	are	preferred	as	 it	minimises	 the	

time	 between	 the	 animal’s	 removal	 from	 and	 return	 to	 its	 social	 group,	 and	 gives	 the	

advantage	of	the	animal	being	able	to	consume	food	rapidly	post	sedation.	In	cats	and	dogs,	

reversal	with	atipamezole	results	in	a	quick	and	full	recovery	(3–5	min)23,24.	This	combination	

is	also	described	as	a	common	induction	regime	for	non-human	primates	3.	Our	observations	

show	 the	 opposite	 in	marmosets,	 and	 are	 in	 line	with	 a	 study	 by	 Young35,	who	 found	 no	

difference	 in	 recovery	 times	 between	 macaques	 that	 received	 ketamine-medetomidine	

reversed	with	 atipamezole	 compared	 to	 ketamine	 only.	 Although	 ketamine	 supplemented	

with	a	lower	dose	of	medetomidine	and	an	additional	atipamezole	injection	tended	to	result	

in	 a	 shorter	 recovery	 time	 compared	 to	 the	 high	medetomidine	 dose	 group,	 the	 recovery	

duration	 remained	protracted	and	unacceptable.	At	 the	moment,	we	have	no	explanation	

for	 this	 finding.	 Particularly	 in	 protocol	 3A	 and	 3B,	 after	 an	 initial	 arousal	 involving	 sitting	

upright	and	an	attempt	to	climb,	the	animals	spent	several	hours	in	complete	apathy.	During	

this	period	of	apathy	 it	was	not	safe	 to	reunite	 them	with	 their	companion,	as	marmosets	

engaged	 in	 a	 conflict	 of	 dominance	 when	 one	 was	 temporarily	 not	 fully	 awake.	 This	

demonstrates	 that	 recovery	 should	 be	 well	 defined	 and	 is	 not	 merely	 waking-up	 after	

sedation.	

The	 drug	 dosages	 were	 chosen	 according	 to	 institute-wide	 practices	 and	 published	

references37,38.	Our	 experience	with	 the	used	protocols	 show	 that	 they	were	 sufficient	 for	

minor	 invasive	 procedures,	 such	 as	 blood	 collection	 from	 the	 femoral	 vein,	 tuberculin	

testing,	 wound	 care,	 and	 radiography	 (data	 not	 shown).	 The	 observed	 duration	 times	

showed	that	the	doses	and/or	use	of	antagonists	were	well	chosen,	as	induction	time	for	all	

protocols	was	very	short,	and	immobilisation	times,	without	taking	protocol	2	into	account,	

were	 not	 long	 enough	 to	 allow	 a	 dose	 reduction	without	 increasing	 the	 risk	 of	 creating	 a	

immobilisation	 period	 shorter	 than	 10	 min;	 our	 dosage	 can	 only	 be	 used	 for	 minimal	

procedures	requiring	less	than	15	min,	and	maybe	even	then	a	loss	of	reliability	can	occur.	
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Considering	 the	 overall	 quality	 of	 the	 different	 protocols	 tested,	 sedation	 using	

alphaxalone	shows	to	be	the	most	optimal	as	we	observed	no	(excessive)	salivation,	apnoea,	

involuntary	 muscle	 movement,	 or	 vomiting	 for	 this	 protocol.	 The	 side	 effects	 we	 have	

observed	with	ketamine	in	protocol	1	are	consistent	with	literature4-6.	Retching	and	vomiting	

during	recovery,	as	seen	in	protocol	3A	and	3B,	is	known	to	be	a	common	side	effect	of	α2-	

adrenergic	 agonists39.	 However,	 retching	 and	 vomiting	 were	 not	 seen	 in	 macaques	 given	

ketamine-medetomidine35.	The	observed	retching	and	vomiting	during	recovery,	could	also	

be	 due	 atipamezole,	 however,	 no	 information	 is	 available	 about	 the	 side	 effects	 of	

atipamezole	in	primates28-30,32-35.	

The	 most	 marked	 effect	 on	 physiological	 parameters	 was	 hypothermia,	 which	

probably	 delayed	 recovery	 from	 sedation	 in	 all	 animals	 in	 all	 sedation	 protocols,	 but	 all	

recoveries	were	uneventful	and	no	long-term	side	effects	were	observed.	Nevertheless,	the	

use	 of	 a	 heating	 pad	 or	 a	 lamp	 would	 be	 beneficial	 and	 should	 always	 be	 used	 during	

sedation	and	recovery,	as	described	for	macaques40.	

The	 limited	 changes	 in	 PR,	MAP,	 RR	 and	 %SpO2	 in	 all	 protocols	 remained	 within	 a	

clinically	 acceptable	 range	 in	 most	 animals,	 with	 the	 exception	 of	 two	 animals	 in	 which	

apnoea	 was	 scored	 during	 protocol	 1	 and	 one	 also	 during	 protocol	 3B	 between	 the	

atipamezole	 injections,	 which	 suggests	 that	 the	 apnoeae	 were	 a	 ketamine	 side-effect.	

Nevertheless,	the	recovery	times	of	both	animals	were	not	prolonged	compared	to	the	other	

animals	in	the	same	protocol	and	the	animals	recovered	without	intervention.	In	conscious	

unrestrained	marmosets	a	PR	of	230	±	26	bpm	is	described41.	The	small	drop	in	PR	and	MAP	

observed	at	the	start	of	the	sedation	procedure	(Table	6)	was	possibly	due	to	a	deepening	of	

the	plane	of	sedation,	as	the	drugs	were	absorbed	from	the	injection	site	-	and	rose	in	the	

end.	In	dogs	and	cats,	bradycardia	is	consistently	seen	with	the	use	of	medetomidine	due	to	

a	 combination	 of	 central	 reduction	 in	 the	 sympathetic	 drive	 to	 the	 heart	 and	 reflex	

bradycardia	 following	 peripheral	 vasoconstriction23,24,42,	 and	 can	 also	 cause	 respiratory	

depression34.	 In	marmosets	 there	was	no	significant	difference	observed	 in	blood	pressure	

drop	between	the	ketamine	and	both	ketamine-medetomidine	groups.	The	decrease	in	PR	is	

likely	 to	be	central	 in	origin,	although	an	 initial	 transient	hypertension	would	probably	not	

have	been	detected.	 In	 the	current	 study,	 the	marmosets	 sedated	with	alphaxalone	had	a	

lower,	 although	 not	 significantly,	 RR	 when	 compared	 to	 the	 other	 sedation	 protocols,	

however	not	significant.	This	lower	RR	for	alphaxalone	is	also	described	in	dogs	and	cats12,14.	

However,	the	%SpO2	values	did	not	differ	significantly	between	the	protocols.	The	recorded	

%SpO2	 levels	were	 lower	 than	 the	 generally	 accepted	minimum	of	 95%,	which	 indicates	 a	
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certain	level	of	hypoxia.	However,	the	recorded	%SpO2	may	have	been	not	reliable	due	to	a	

bias	 caused	 by	 the	 peripheral	 vasoconstriction	 effect	 of	 medetomidine	 or	 due	 pigment	

interference	with	the	sensor’s	capacity	to	read	accurately43.	

The	 withdrawal	 reaction	 and	 palpebral	 reflex,	 together	 with	 muscle	 tension,	 were	

used	 to	determine	 the	 levels	of	 sedation	and	analgesia	 in	 the	present	 study29,36.	However,	

some	 anaesthetics	 not	 only	 sedate	 animals	 and	 produce	 analgesia	 but	 they	 also	 interfere	

with	 the	 responses	 used	 to	measure	 these	 conditions.	 Ketamine	 is	 known	 to	 induce	deep	

sedation	 without	 reducing	 the	 palpebral	 reflex36,44.	 In	 contrast,	 in	 animals	 sedated	 with	

alphaxalone,	 there	 is	 a	 reduced	 palpebral	 reflex	 suggesting	 that	 this	 anaesthetic	 does	 not	

interfere	with	this	response.	In	the	present	study,	alphaxalone	induced	the	deepest	sedation	

and	analgesia	as	measured	by	 these	 responses.	No	 further	 literature	 is	available	 regarding	

the	analgesic	effects	of	alphaxalone	in	marmosets.	

In	 addition,	 as	 described	 in	 other	 studies32,35,	 a	 combination	 of	 medetomide	 and	

ketamine	provides	more	muscle	relaxation	than	ketamine	alone.	

Increased	AST,	LDH,	and	CK	levels	in	protocol	1	were	indicative	for	local	myotoxicity	of	

the	 injected	 formulation.	 These	 results	 are	 in	 accordance	 to	 published	 data	 on	 local	

myotoxicity	of	 the	 injected	 formulations	 in	marmosets	and	other	primates7-9.	Protocol	2	 is	

preferred	 in	 marmosets,	 as	 it	 did	 not	 cause	 muscle	 damage	 as	 indicated	 by	 the	 lack	 of	

increase	 in	AST,	LDH	and	CK	values,	despite	 the	relatively	 large	 injection	volume.	This	 is	 in	

according	to	literature	about	the	use	of	Saffan	in	primates5.	

Bodyweight	 loss	 was	 highest	 in	 protocol	 3A	 compared	 to	 the	 other	 protocols,	

explainable	by	the	fact	the	animals	had	a	much	longer	recovery	time	in	which	they	were	not	

able	 or	 willing	 to	 eat.	 The	 difference	 between	 protocol	 3A	 and	 3B	 shows	 that	 sedative	

dosages	 need	 to	 be	 chosen	 well	 as	 small	 dose	 changes	 indirectly	 influence	 important	

parameters	as	bodyweight.	

	

CONCLUSION	

The	aim	of	this	study	was	to	find	a	good,	short-term	sedation	protocol,	with	at	least	10	

min	 of	 immobilisation.	 Our	 finding	 that	 alphaxolone	 showed	 the	 shortest	 total	 procedure	

time	 combined	 with	 the	 longest	 immobilisation	 time	 demonstrate	 that	 alphaxalone	 has	

major	practical	advantages	over	the	other	sedative	protocols	tested.	
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ABSTRACT		

Objective	 To	 investigate	 clinical	 and	 physiological	 effects	 of	 intravenous	 (IV)	 alphaxalone	

alone	or	 in	combination	with	premedication	of	buprenorphine,	butorphanol	or	tramadol	 in	

common	marmosets.	

Study	design	Prospective,	randomised,	blinded,	crossover	study.	

Animals	Nine	marmosets	(Callithrix	jacchus).	

Methods	 One	 hour	 prior	 to	 anaesthetic	 induction	 with	 alphaxalone	 IV	 (16	 mg	 kg-1),	

marmosets	were	premedicated	one	of	the	following	drugs	intramuscular:	buprenorphine	(20	

µg	 kg-1),	 butorphanol	 (0.20	 mg	 kg	 -1)	 or	 tramadol	 (1.5	 mg	 kg	 -1).	 During	 anaesthesia,	 the	

following	parameters	were	 recorded	every	 five	minutes:	 respiratory	 frequency,	pulse	 rate,	

rectal	 temperature,	 haemoglobin	 oxygen	 saturation,	 arterial	 blood	 pressure,	 palpebral	

reflex,	 nociceptive	 withdrawal	 reflex	 and	 muscle	 tone.	 Quality	 of	 induction	 and	 recovery	

were	assessed.	Duration	of	 induction,	 immobilization	and	recovery	were	scored.	 Indication	

of	muscle	damage	was	assessed	by	aspartate	aminotransferase,	creatine	kinase	and	lactate	

dehydrogenase	values	in	serum.	Treatment	groups	were	statistically	compared	using	paired	

t-tests,	 Wilcoxon's	 signed	 rank	 test	 with	 Bonferroni's	 corrections	 and	 linear	 mixed	 effect	

models	where	appropriate.	A	value	of	p	<0.05	was	considered	significant.	

Results	 The	 main	 finding	 was	 the	 observation	 of	 a	 high	 incidence	 of	 apnoea	 in	 the	

buprenorphine	 group	 (eight	 out	 of	 nine	marmosets).	 In	 one	 animal	 apnoea	 lasted	 for	 63	

minutes.	Significantly	 less	 incidence	of	apnoea	was	observed	in	the	butorphanol	group.	No	

apnoea	 was	 observed	 in	 the	 tramadol	 group.	 Similarly,	 the	 control	 group	 showed	 no	

incidence	 of	 apnoea.	 Apart	 from	 apnoeic	 periods,	 no	 significant	 differences	 between	

anaesthetic	protocols	were	detected	at	any	time	point	during	the	immobilization	period	for	

physiologic	variables	neither	between	quality	scoring	of	induction	and	recovery	nor	between	

blood	parameters.	

Conclusions	and	clinical	relevance	In	view	of	severe	respiratory	complications	encountered,	

caution	 is	 advised	when	considering	pre-anaesthetic	use	of	buprenorphine	 in	 combination	

with	 alphaxalone	 IV	 in	marmosets.	 The	 combination	 of	 tramadol	 and	 alphaxalone	 did	 not	

result	in	any	cardio-respiratory	side	effects.	
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INTRODUCTION	

Marmosets	are	regularly	used	in	biomedical	research	as	a	model	 in	neuroanatomical	

and	 neurophysiological	 studies.	 Often,	 this	 requires	 the	 implantation	 of	 devices,	 e.g.	 for	

telemetry1-3.	 The	 implantation	 of	 such	 devices	 is	 a	 major	 invasive	 surgery	 and	 besides	

anaesthesia	 requires	 multimodal	 analgesic	 therapy.	 The	 anaesthetics	 should	 have	 a	 wide	

safety	 margin,	 lack	 of	 local	 irritant	 properties,	 allow	 for	 a	 rapid	 and	 complete	 return	 of	

consciousness	 and	 appetite,	 provide	 adequate	 muscle	 relaxation,	 and	 should	 not	

accumulate	in	the	body.	Alphaxalone	fulfils	these	criteria	for	marmosets4,	and	is	widely	used	

for	the	induction	and	maintenance	of	general	anaesthesia	in	several	other	species5-12.		

However,	 alphaxalone	 produce	 sedative	 and	 anaesthetic	 effects	 with	 no	

antinociception13,14.	 Therefore,	 alphaxalone	 needs	 additional	 provision	 of	 analgesia	 when	

major	surgery	is	performed,	both	pre-	and	postoperatively.	When	selecting	the	appropriate	

analgesic,	 one	 should	 keep	 in	 mind	 that	 adverse	 events	 might	 happen	 related	 to	 the	

combination	of	the	anaesthetic	and	analgesic	regime,	e.g.	opioid	analgesic	administration	is	

associated	with	respiratory	depression8,15,16.		

Reports	of	nonhuman	primate	experiments	rarely	include	details	regarding	possible	

coped	 adverse	 events	 related	 to	 the	 used	 anaesthetics	 and	 analgesics17,	 and	 no	 study	

regarding	 this	 subject	 has	 been	 published	 in	 marmosets.	 The	 aim	 of	 this	 study	 was	 to	

investigate	 the	 clinical	 and	 physiological	 effects	 of	 intramuscular	 (IM)	 premedication	with	

either	buprenorphine,	butorphanol	or	tramadol	of	anaesthesia	induced	with	intravenous	(IV)	

alphaxalone.	In	this	study,	the	used	drug	dosages	and	combinations	were	chosen	according	

to	the	institute‘s	practices	and	published	data18-20.	

	

MATERIAL	AND	METHODS	

Animals,	housing	and	care	

Ethics	 approval	 by	 the	 Animal	 Experiments	 Committee	 (DEC)	 of	 the	 Biomedical	

Primate	 Research	 Centre	 (BPRC,	 Rijswijk,	 The	 Netherlands)	 was	 obtained	 prior	 to	 the	

commencement	of	 the	study	 (DEC-BPRC	number:	#759).	The	procedures	performed	 in	 this	

study	 were	 in	 accordance	 with	 the	 Dutch	 laws	 on	 animal	 experimentation,	 with	 the	

regulations	 for	 animal	 handling	 as	 described	 in	 the	 EU	 Directive	 63/2010	 and	 with	 the	

Weatherall	 report	 (2006).	 BPRC	 is	 Association	 for	 Assessment	 and	 Accreditation	 of	

Laboratory	Animal	Care	International	(AAALAC)	accredited.	
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Nine	adult	common	marmosets	(four	males,	five	females,	mean	body	weight	391	±	

48	g,	mean	age	3.70	±	2.20	years)	were	selected	for	this	study.	All	animals	originated	from	

and	were	housed	at	the	BPRC.	The	animals	were	familiar	with	the	procedures	and	personnel	

involved.	 All	 monkeys	 received	 a	 complete	 physical,	 haematological,	 and	 biochemical	

examination	before	the	study	started.	Only	animals	with	all	values	within	the	normal	range	

were	included.	They	remained	under	intensive	veterinary	supervision	during	the	entire	study	

period.	Animals	were	housed	with	a	same-sex	buddy	in	cages	(150	×	75	×	185	cm)	enriched	

with	branches	and	toys.	Room	temperature	was	controlled	between	23.8-26.5	°C,	with	a	12	

hour	 light/12	 hour	 dark	 cycle	 per	 day	 (artificial	 lighting).	 Animals	 were	 fed	 commercial	

monkey	pellets	 (Ssniff®,	Soest,	Germany)	ad	 libitum	with	Arabic	gum	supplementation	and	

limited	 amounts	 of	 fresh	 fruit.	 Additional	 food	 and	 non-food	 enrichment	 was	 provided	

regularly.	Drinking	water	was	provided	ad	libitum	 in	water	bottles.	Water	intake	was	never	

restricted,	but	food	was	withheld	for	16	hours	prior	to	anaesthesia.	After	completion	of	the	

study,	the	animals	were	returned	to	the	marmoset	research	colony	of	the	BPRC.	

Study	design	

This	 study	was	 conducted	 from	 January	2015	 to	October	2015.	 Four	protocols	were	

compared	in	a	sequential,	blinded,	randomised,	crossover	design.	All	animals	underwent	all	

protocols	and	thereby	served	as	their	own	control.	A	28-day	 interval	was	applied	between	

protocols	 to	 allow	 for	 washout	 of	 previous	 drugs.	 In	 all	 protocols,	 as	 part	 of	 our	 routine	

anaesthetic	 procedures,	 animals	 received	 0.20	 mg	 kg-1	 meloxicam	 subcutaneously	 (SC)	

(Metacam,	Boehringer	 Ingelheim	B.V.,	Alkmaar,	NL,	2mg	ml-1)	and	0.05mg	kg-1	atropine	 IM	

(Atropine	 sulfate	 PCh,	 Pharmachemie	 B.V.,	 Haarlem,	 NL,	 1	 mg	 ml-1)	 one	 hour	 prior	 to	

anaesthetic	 induction	 with	 16mg	 kg-1	 alphaxalone	 (Alfaxan;	 Vetoquinol	 B.V.,		

‘s-Hertogenbosch,	NL,	10	mg	ml-1).	

The	included	single	group	protocols	were:	

1)	 Protocol	 ALP:	 Concurrent	 with	 the	 meloxicam	 and	 atropine	 administration,	 no	

premedication	 was	 administrated	 (control	 group).	 Anaesthesia	 was	 induced	 with	

administration	of	16mg	kg-1	alphaxalone	in	the	left	or	right	cephalic	vein	over	90	seconds.	

2)	 Protocol	 BUP-ALP:	 Concurrent	 with	 the	 meloxicam	 and	 atropine	 administration,	 the	

marmoset	was	given	20μg	kg-1	buprenorphine	 IM	 (Buprecare;	AST	Farma	B.V.,	Oudewater,	

NL,	0.3mg	ml-1).	Anaesthesia	was	induced	as	in	protocol	ALP.	
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3)	 Protocol	 BUT-ALP:	 Concurrent	 with	 the	 meloxicam	 and	 atropine	 administration,	 the	

marmoset	was	given	0.2mg	kg-1	butorphanol	(Torbugesic	Vet,	Zoetis	B.V.,	Capelle	a/d	Ijssel,	

NL,	10mg	ml-1)	IM.	Anaesthesia	was	induced	as	in	protocol	ALP.	

4)	 Protocol	 TRA-ALP:	 Concurrent	 with	 the	 meloxicam	 and	 atropine	 administration,	 the	

marmoset	 was	 given	 1.5mg	 kg-1	 tramadol	 (Tramal	 100,	 Grunenthal	 B.V.,	 Breukelen,	 NL,	

100mg	2ml-1)	IM.	Anaesthesia	was	induced	as	in	protocol	ALP.	

Just	 prior	 to	 medication,	 body	 weights	 were	 obtained	 to	 determine	 the	 correct	

dosage	of	medication	and	anaesthetic.	

For	medication,	one	person	manually	 restrained	 the	animal	while	a	 second	person	

administered	the	drug	volume	IM	and	SC	into	the	left	or	right	quadriceps	femoris,	or	into	the	

subcutis	 of	 the	 abdomen	 respectively,	 using	 a	 26G	needle.	 Care	was	 taken	 that	 the	drugs	

were	not	injected	intravascularly.	Once	(pre)medicated,	the	animals	were	released	into	their	

home	 cage	with	 their	 social	 partner	 and	 left	 undisturbed	 for	 60	minutes.	During	 this	 time	

they	 were	 monitored	 until	 they	 were	 re-restrained	 to	 induce	 anaesthesia.	 The	 observer,	

performing	 the	 quality	 scoring	 of	 the	 induction	 and	 recovery	 period	 and	 the	 anaesthetic	

monitoring,	was	totally	unaware	of	the	treatment	groups	and	could	not	observe	the	IM	and	

SC	 administrations.	 Therefore,	 it	 was	 unnecessary	 to	 add	 saline	 to	 the	 premedication	 to	

ascertain	that	all	volumes	injected	were	identical.	

To	 determine	 possible	 local	 myotoxic	 effects	 of	 the	 injected	 formulations	

(premedication	 and	 anaesthetics),	 levels	 of	 aspartate	 aminotransferase	 (AST),	 creatine	

kinase	 (CK)	 and	 lactate	 dehydrogenase	 (LDH)	were	 determined	 in	 serum.	 Samples	 (200	 µl	

blood)	were	 taken	 from	unsedated	animals	 just	before	alphaxalone	administration	and	24	

and	48	h	after	alphaxalone	administration.	Control	samples,	so	without	any	premedication	

or	alphaxalone,	were	collected	28,	27	and	26	days	prior	to	the	first	anaesthetic	protocol	and	

on	day	28,	29	and	30	after	 the	 last	anaesthetic	protocol.	Samples	were	collected	with	one	

person	restraining	the	animal	while	a	second	person	performed	the	blood	sampling.	Blood	

sampling	was	performed	via	direct	venipuncture	of	the	left	or	right	cephalic	vein,	confirmed	

by	self-filling	of	the	needle	tip	with	blood,	using	a	26G	needle.	The	samples	were	processed	

immediately	 with	 a	 Cobas	 Integra®	 400	 plus	 analyzer	 (F.	 Hoffmann-La	 Roche	 Ltd,	 Basel,	

Switzerland).	

Subsequently,	on	days	 that	alphaxalone	was	administrated,	while	keeping	 this	26G	

needle	 in	 position,	 the	 syringe	 with	 alphaxalone	 was	 connected	 to	 this	 needle	 and	 the	

alphaxalone	was	delivered	directly	IV	over	90	seconds	(dose:	16mg	kg-1;	rate:	0.133mg	sec-1).	
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To	 allow	 comparison	 afterwards,	 full	 dose	 was	 administrated	 in	 all	 cases,	 even	 if	 the	

immobilization	phase	was	already	initiated.	After	injection,	manual	restraint	was	continued	

and	firm	pressure	was	applied	to	the	injection	site	for	one	minute	to	minimise	haematoma	

formation.	

Anaesthetic	monitoring	

For	 each	 protocol,	 induction,	 immobilization	 and	 recovery	 times	 were	 recorded.	

Induction	 time	was	defined	as	 the	 time	between	 start	of	 the	 injection	of	 alphaxalone	and	

loss	of	righting	reflex.	Immobilization	time	was	defined	as	the	time	from	the	loss	of	righting	

reflex	 to	 the	animal’s	 first	attempt	 to	 lift	 its	head.	Recovery	 time	was	defined	as	 the	 time	

from	 the	animal’s	 first	 attempt	 to	 lift	 its	head	until	 the	moment	 that	 the	marmoset	 could	

walk	and	climb	confidently	in	the	restricted	confines	of	its	cage	and	could	be	reunited	safely	

with	 its	 companion.	 Total	 procedure	 time	 was	 calculated	 as	 the	 sum	 of	 induction	 time,	

immobilization	time,	and	recovery	time.	

The	quality	of	induction	was	assessed	(Table	1)	using	a	previously	published	ordinal	

scale4.	The	animals	were	not	intubated	and	were	allowed	to	breathe	room	air	spontaneously	

throughout	 the	 experiment	 to	 recreate	 a	 common	 research	 setting	 unless	 apnoea	 was	

observed.	If	apnoea	occurred	(no	respiratory	movements	for	30	seconds),	100%	oxygen	was	

provided	 with	 a	 flow	 of	 0.5L	min-1	 via	 a	 face	mask	 until	 the	 start	 of	 the	 recovery	 phase,	

irrespective	 the	 fact	 that	 some	 animals	 started	 to	 breath	 spontaneously	 already	 before	

reaching	the	recovery	phase.	At	the	same	time,	gentle	intermittent	manual	compression	of	

the	thorax	was	applied	(interval:	six	consecutive	compressions	of	two	seconds	each	every	30	

seconds	during	the	apnoea)	until	the	animal	started	to	breathe	by	itself.	As	animals	were	not	

intubated	 end-tidal	 carbon	 dioxide	 measurement	 and	 positive	 pressure	 ventilation	 of	

animals	 with	 apnoea	 were	 not	 possible.	 Also	 blood	 gas	 analysis	 (to	 detect	 possible	

respiratory	acidosis)	was	not	included	in	this	study.	
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Table	1.	Scale	scores	awarded	for	quality	assessment	in	all	anaesthetic	protocols.	

Score	 Quality	 Description	

Induction	

1	 Good	 No	vocalisation,	salivation	and	compulsive	licking	or	sneezing.	No	
increased	attention	towards	injection	site,	no	involuntary	and/or	
uncoordinated	muscle	activity	

2	 Satisfactory	 Some	vocalisation,	some	involuntary	and	/or	uncoordinated	
muscle	activity,	salivation,	compulsive	licking,	sneezing,	some	
discomfort	to	injection	site	(<5	minutes)	

3	 Unsatisfactory	 Violent	struggling/no	immobilisation	effectuated,	severe	
discomfort	from	injection	(increased	attention	towards	injection	
site	>5	minutes),	excessive	salivation,	vomiting,	compulsive	licking,	
sneezing,	involuntary	muscle	activity	

Recovery	

1	 Good	 No	vocalisation,	salivation	and	compulsive	licking	or	sneezing,	
aware	of	environment	

2	 Satisfactory	 Some	 vocalisation,	 salivation,	 compulsive	 licking,	 sneezing,	 some	
stereotypical	behaviour	but	periods	of	awareness	

3	 Unsatisfactory	 Excessive	 salivation,	 vomiting,	 compulsive	 licking,	 sneezing,	
profound	stereotypical	behaviour	(i.e.	the	animals	mostly	moved	in	
a	 circular	 pattern	 at	 the	 boundary	 of	 their	 enclosure	while	 being	
unaware	of	its	environment),	unaware	of	environment	

	 	

The	 following	 physiologic	 variables	 were	 measured	 and	 data	 collected	 every	 five	

minutes	by	an	observer	who	was	unaware	of	the	treatment:	Pulse	rate	(PR),	arterial	systolic	

(SAP),	diastolic	(DAP)	and	mean	(MAP)	blood	pressures	were	recorded	using	a	non-invasive	

oscillometric	 device	 (NIBP;	 vetHDO	monitor	with	MDSoftware,	 using	 a	 Criticon®Soft-cuf	 ®,	

size:	 I,	 colour:	 white)	 placed	 on	 the	 left	 upper	 arm	 of	 the	 marmoset	 (regio	 brachii).	

Haemoglobin	oxygen	saturation	(SpO2%)	was	measured	using	an	earlobe	clip	of	a	veterinary	

pulse	oximeter	(Ohmeda	biox	3740;	BOC	Health	Care,	Inc.,	Louisville,	USA)	positioned	on	the	

right	hand.	Respiratory	frequency	(Rf)	was	determined	by	observing	thoracic	excursions	over	

a	 30	 second	 period.	 Rectal	 temperature	 (T)	 was	 measured	 using	 a	 digital	 thermometer	

(Microlife	Vettemp;	Microlife	AG,	Widnau,	Switzerland)	with	a	measurement	range	of	32°C	

to	42.9°C.	

Assessment	of	anaesthetic	depth	

Clinical	criteria	used	to	assess	anaesthetic	depth	consisted	of	palpebral	reflex,	muscle	

tension	and	withdrawal	reflex.	Recordings	were	made	every	 five	minutes	after	 the	start	of	

the	 immobilization	 period	 until	 the	 end	 of	 the	 immobilization	 period.	 The	 presence	 or	

absence	of	the	palpebral	reflex	was	tested	by	lightly	touching	the	medial	canthus	of	an	eye	
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with	 a	 dry	 cotton	 swab	 without	 touching	 the	 cornea.	 For	 animals	 experiencing	 apnoea,	

palpebral	reflexes	were	not	assessed	due	to	the	presence	of	a	facial	mask.	Muscle	tone	was	

scored	 using	 an	 ordinal	 scale	 by	 judging	 resistance	 of	 the	 left	 leg	when	 pulled.	 The	 pedal	

withdrawal	reflex	was	determined	by	applying	a	haemostat	on	the	first	clip	for	1	second	on	

the	third	phalanx	of	the	left	leg	(Table	2).	Testing	for	analgesic	efficiency	was	not	part	of	this	

study.	

Table	2.	Score	card	for	the	palpebral	reflex,	muscle	tension	and	withdrawal	reflex.		

Score	 Quality	 Description	

Palpebral	reflex	

0	 No	reflex	 No	narrowing	of	the	eyelids	or	muscle	movement	

1	 Moderate	reflex	 Delayed	and/or	incomplete	closing	of	the	eyelids	

2	 Normal	reflex	 The	eyelids	immediately	close	fully	

Muscular	tension	

0	 No	muscle	tension	 Complete	relaxation,	adequate	muscle	relaxation	for	performing	
minor	invasive	procedures	

1	 Normal	muscle	tension	 Partial	relaxation	

2	 Increased	muscle	
tension	

Rigidity	in	muscles	

Pedal	withdrawal	reflex	

0	 No	reflex	 No	increased	muscle	tension	and/or	bending	of	the	knee	for	at	
least	one	second	after	removing	the	haemostat	

1	 Normal	reflex	 There	is	muscle	tension	and/or	bending	of	the	knee	

2	 Increased	reflex	 There	is	increased	muscle	tension,	bending	of	the	knee,	and	
muscle	vibrations/involuntary	movements	of	other	limbs	

Recorded	at	5-	minute	intervals	during	immobilisation	phase	in	all	anaesthetic	protocols.	

	

A	heating	pad	(ThermoluxWärmematten;	Witte	+	Sutor	GmbH,	Murrhardt,	Germany)	

was	 placed	 under	 the	 animal	 to	 preserve	 body	 temperature	 during	 the	 immobilization	

period.	 Eye	 drops	 (Viadrops,	 Ceva	 santé	 Animale	 B.V.,	 Naaldwijk,	 NL)	were	 applied	 in	 the	

eyes	at	the	start	of	the	immobilization	period.	

At	 the	 end	 of	 the	 immobilization	 period,	 the	 animals	 were	 allowed	 to	 recover	 in	

their	 home	 cage	 with	 the	 warming	 device	 placed.	 The	 quality	 of	 recovery	 was	 assessed	

(Table	1)	using	a	previously	published	ordinal	scale4.	

On	 the	 two	 days	 following	 sedation,	 body	 weight	 was	 measured	 to	 determine	 a	

possible	effect	of	anaesthesia	on	body	weight.	Marmosets	were	taken	out	of	their	cage	by	



Chapter	7	

144	

means	of	a	Perspex	cylinder.	The	cylinder	with	 the	animal	 in	 it	was	placed	on	a	 scale	as	a	

non-invasive	method	of	assessing	the	body	weight.	

Statistical	analysis	

Power	analysis	was	performed	 to	determine	a	 suitable	 sample	 size,	 and	 it	 indicated	

that	nine	animals	 in	total	were	necessary.	Taken	 into	account	α	=	0.05	and	β	=	0.2	 (=	80%	

power)	 and	 the	 assumption	 that	 a	 student	 t	 is	 the	 underlying	 distribution,	 the	 minimal	

detectable	 alternative	 is	 1.41	 x	 standard	 deviation	 (SD)	 of	 the	 difference	 from	 paired	

observations.	The	Minimal	Detectable	Alternative	was	calculated	from	SD	values	obtained	in	

a	previous	study	using	alphaxalone	4.	

All	statistical	analyses	(ER)	were	performed	with	the	R	language	and	environment	for	

statistical	 computing	 (R	 Foundation	 for	 Statistical	 Computing,	 Vienna,	 Austria.	 ISBN	 3-

900051-07-0,	 URL	 http://www.R-project.org).	 To	 determine	 statistical	 significance	 in	

induction,	 immobilization,	 and	 recovery	 times,	 paired	 t-tests	 were	 performed.	 Data	 on	

measured	physiological	parameters	 (PR,	SAP,	DAP,	MAP,	Rf,	T	and	SpO2%)	were	 tested	 for	

significant	 differences	 using	 the	Wilcoxon	 signed	 rank	 test.	 To	 adjust	 for	 multiple	 tests	 a	

Bonferroni	 correction	 was	 applied.	 Clinical	 chemistry	 values	 (AST,	 LDH	 and	 CK)	 and	 body	

weight	were	analysed	with	 linear	mixed	effect	models.	A	value	of	p	 <0.05	was	 considered	

significant.	

	

RESULTS	

None	 of	 the	 animals	 showed	 signs	 of	 pain	 during	 or	 after	 injection	 of	 the	

premedication	 with	 any	 protocol.	 After	 premedication	 with	 butorphanol,	 9/9	 animals	

showed	 signs	 of	 superficial	 sedation.	 After	 tramadol,	 4/9	 animals	 showed	 exaggerated	

tongue	 flicking,	 foaming	 at	 the	 mouth	 and	 mouth	 wiping	 for	 the	 first	 ten	 minutes	 after	

premedication	administration.		

The	quality	of	induction	was	good	in	all	protocols	(all	score	1).	After	alphaxalone	was	

administered,	apnoea	occurred	in	eight	out	of	nine	marmosets	in	BUP-ALP	(Table	3).	When	

using	BUT-ALP,	two	out	of	nine	animals	showed	apnoea.	All	apnoea	started	within	two	and	

five	minutes	after	 initiation	of	 the	alphaxalone	administration,	 so	all	 in	 the	 immobilization	

phase.	A	sharp	drop	in	SpO2%	was	observed	in	every	case	immediately	after	apnoea,	which	

was	immediately	treated	by	providing	oxygen	supplementation	and	manual	compression	of	
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the	thorax,	which	resulted	in	a	significant	increase	of	SpO2%	(Table	4).	The	ALP	and	TRA-ALP	

protocols	did	not	result	in	apnoea.		

Table	 3.	 Occurrence	 of	 apnoea	 presented	 as	 number	 of	 marmosets	 per	 9	 animals	 per	
protocol.		

Protocol	 Nr	of	animals	 Mean	±	SD	of	the	
duration	of	the	
apnoea	

Range	of	the	duration	of	
the	apnoea	

ALP	 0	 	 	

BUP-ALP	 8	 26.6	±	17.5	 8-6	

BUT-ALP	 2	 14	 14	

TRA-ALP	 0	 	 	

Mean	±	SD	of	the	duration	of	the	apnoea	(in	minutes)	and	range	of	the	duration	of	the	apnoea	(in	minutes)	are	
shown	 per	 protocol.	 ALP=alphaxalone	 IV,	 BUP-ALP=	 buprenorphine	 followed	 by	 alphaxalone	 IV,	 BUT-ALP=	
butorphanol	followed	by	alphaxalone	IV,	TRA-ALP=	Tramadol	followed	by	alphaxalone	IV.	

	

Clinical	data	of	the	first	45	min	of	immobilization	are	depicted	in	Tables	4.	Because	in	

some	protocols	some	animals	(two	animals	in	ALP,	one	animal	in	TRA-ALP	and	one	animal	in	

BUT-ALP)	 already	 started	 to	 recover	 at	 40-45	min,	 detailed	 comparison	 of	 all	 groups	was	

only	 done	 for	 the	 first	 45	 min.	 Apart	 from	 Rf	 and	 SpO2%	 in	 the	 apnoeic	 animals,	 the	

measured	 parameter	 variations	 were	 within	 clinically	 acceptable	 limits	 and	 no	 significant	

differences	in	any	of	the	recorded	parameters	between	anaesthetic	protocols	were	detected	

at	 any	 time	 point	 during	 the	 immobilization	 period.	 SpO2%	 showed	 an	 initial	 depression	

(even	 below	 40%)	 in	 several	 protocols,	 while	 animals	 breathed	 room	 air.	 In	 all	 these	

protocols,	 the	 SpO2%	 increased	 over	 time.	 In	 cases	 where	 oxygen	 was	 supplied	 in	

combination	with	manual	 compression	of	 the	 thorax	 (during	apnoeic	episodes),	 saturation	

increased	 to	95-100%.	No	cyanosis	of	 the	visible	mucous	membranes	was	observed	 in	any	

protocol,	 even	 not	 when	 SpO2%	 was	 below	 40%.	 Marmosets'	 body	 temperatures	 at	 T=0	

were	 between	 36.0–39.4	 °C.	 The	 temperature	 progressively	 tended	 to	 decrease	 in	 all	

anaesthetic	protocols.	At	 the	end	of	 the	anaesthetic	period,	measured	body	 temperatures	

were	 between	 33.6-37.5°C.	 There	 was	 a	 direct	 relationship	 between	 duration	 of	 the	

immobilization	and	decrease	in	body	temperature.	The	longer	the	immobilization	period,	the	

lower	the	body	temperature.	
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Table	4.		Physiological	parameters	measured	during	first	45	minutes	during	immobilization	
period	

	 	 Time	points	

	 Protocol	 T5	 T10	 T15	 T20	 T25	

Rf	 ALP	 34	±	13	(9)	 36	±	13	(9)	 38	±	10	(9)	 40	±	13	(9)	 40	±	13	(9)	

	 BUP-ALP	 3	±	8	(7)	 5	±	9	(8)	 7	±	13	(8)	 11	±	13	(8)	 12	±	13	(9)	

	 BUT-ALP	 13	±	9	(9)	 20	±	18	(9)	 24	±	21	(9)	 29	±	18	(9)	 31	±	17	(9)	

	 TRA-ALP	 29	±	15	(9)	 32	±	15	(9)	 35	±	13	(9)	 36	±	13	(9)	 36	±	11	(9)	

SpO2%	 ALP	 86	±	7	(9)	 90	±	4	(9)	 92	±	3	(9)	 94	±	2	(9)	 94	±	2	(9)	

	 BUP-ALP	 73	±	33	(7)	 78	±	22	(8)	 95	±	9	(9)	 95	±	8	(9)	 95	±	7	(9)	

	 BUT-ALP	 53	±	21	(9)	 67	±	21	(9)	 79	±	13	(9)	 85	±	9	(9)	 88	±	7	(9)	

	 TRA-ALP	 78	±	10	(9)	 84	±	7	(9)	 89	±	05	(9)	 92	±	4	(9)	 94	±	3	(9)	

T	 ALP	 38.4	±	0.4	(9)	 38.0	±	0.4	(9)	 37.8	±	0.4	(9)	 37.5	±	0.4	(9)	 37.2	±	0.5	(9)	

	 BUP-ALP	 37.8	±	0.9	(7)	 37.3	±	0.7	(8)	 37.1	±	0.6	(8)	 36.8	±	0.5	(8)	 36.6	±	0.4	(9)	

	 BUT-ALP	 37.2	±	0.9	(9)	 36.9	±	0.8	(9)	 36.6	±	0.8	(9)	 36.5	±	0.7	(9)	 36.4	±	0.7	(9)	

	 TRA-ALP	 38.1	±	0.4	(9)	 37.6	±	0.4	(9)	 37.2	±	0.5	(9)	 36.8	±	0.5	±	1	(9)	 36.5	±	0.5	(9)	

SAP	 ALP	 78	±	10	(9)	 76	±	7	(9)	 75	±	6	(9)	 78	±	7	(9)	 79	±	7	(9)	

	 BUP-ALP	 123	±	41	(9)	 89	±	16	(8)	 87	±	10	(8)	 87	±	9	(9)	 89	±	9	(9)	

	 BUT-ALP	 84	±	33	(8)	 75	±	7	(9)	 78	±	9	(9)	 80	±	9	(9)	 83	±	7	(9)	

	 TRA-ALP	 79	±	14	(9)	 79	±	13	(9)	 81	±	14	(9)	 80	±	11	(9)	 83	±	12	(9)	

DAP	 ALP	 44	±	7	(9)	 46	±	3	(9)	 46	±	6	(9)	 46	±	5	(9)	 44	±	7	(9)	

	 BUP-ALP	 64	±	26	(9)	 52	±	10	(8)	 50	±	4	(8)	 51	±	5	(9)	 50	±	7	(9)	

	 BUT-ALP	 48	±	16	(8)	 45	±	6	(9)	 43	±	6	(9)	 45	±	6	(9)	 45	±	6	(9)	

	 TRA-ALP	 41	±	6	(9)	 44	±	10	(9)	 45	±	10	(9)	 46	±	7	(9)	 45	±	9	(9)	

MAP	 ALP	 57	±	6	(9)	 58	±	4	(9)	 57	±	6	(9)	 58	±	5	(9)	 57	±	6	(9)	

	 BUP-ALP	 85	±	30	(9)	 66	±	11	(8)	 64	±	5	(8)	 64	±	5	(9)	 65	±	7	(9)	

	 BUT-ALP	 61	±	21	(8)	 56	±	6	(9)	 56	±	7	(9)	 58	±	6	(9)	 59	±	5	(9)	

	 TRA-ALP	 55	±	8	(9)	 57	±	10	(9)	 58	±	10	(9)	 59	±	8	(9)	 58	±	8	(9)	

PR	 ALPIV	 310	±	36	(9)	 295	±	33	(9)	 279	±	30	(9)	 260	±	26	(9)	 252	±	26	(9)	

	 BUP-ALP	 318	±	51	(9)	 309	±	57	(9)	 327	±	39	(9)	 327	±	41	(9)	 323	±	42	(9)	

	 BUT-ALP	 306	±	73	(8)	 311	±	18	(8)	 327	±	32	(8)	 331	±	37	(9)	 332	±	39	(9)	

	 TRA-ALP	 331	±	32	(9)	 307	±	26	(9)	 292	±	24	(9)	 279	±	26	(9)	 268	±	26	(9)	

Respiratory	rate	(Rf)	 in	number	per	minute	(mean	±SD),	haemoglobin	oxygen	saturation	(SpO2%)	in	%	(mean	±	
SD),	rectal	temperature	(T)	in	°C	(mean	±	SD),	systolic	blood	pressure	(SAP)	in	mmHg	(mean	±	SD),	diastolic	blood	
pressure	(DAP)	in	mmHg	(mean	±	SD),	mean	blood	pressure	(MAP)	values	in	mmHg	(mean	±	SD),	pulse	rate	(PR)	
values	in	beats/minute	(mean	±	SD)	and	between	brackets	the	number	of	observations	measured	during	the	first	
45	minutes	of	the	immobilisation	phase	of	each	protocol.	ALP=alphaxalone	IV,	BUP-ALP=	buprenorphine	followed	
by	 alphaxalone	 IV,	 BUT-ALP=	 butorphanol	 followed	 by	 alphaxalone	 IV,	 TRA-ALP=	 Tramadol	 followed	 by	
alphaxalone	IV.	
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Table	4.		Physiological	parameters	measured	during	first	45	minutes	during	immobilization	
period	

	 	 Time	points	(continued)	

	 Protocol	 T30	 T35	 T40	 T45	

Rf	 ALP	 40	±	12	(9)	 42	±	14	(9)	 42	±	14	(9)	 37	±	9	(7)	

	 BUP-ALP	 15	±	12	(9)	 15	±	11	(9)	 16	±	14	(9)	 17	±	13	(9)	

	 BUT-ALP	 32	±	16	(9)	 33	±	16	(9)	 33	±	16	(9)	 30	±	15	(8)	

	 TRA-ALP	 36	±	12	(9)	 36	±	12	(9)	 39	±	11	(9)	 39	±	10	(8)	

SpO2%	 ALP	 95	±	2	(9)	 94	±	3	(9)	 94	±	4	(9)	 96	±	2	(7)	

	 BUP-ALP	 95	±	6	(9)	 92	±	9	(9)	 90	±	10	(9)	 89	±	12	(9)	

	 BUT-ALP	 90	±	5	(9)	 91	±	5	(9)	 93	±	4	(9)	 94	±	4	(8)	

	 TRA-ALP	 94	±	3	(9)	 95	±	3	(9)	 95	±	3	(9)	 94	±	6	(8)	

T	 ALP	 37.1	±	0.4	(9)	 36.9	±	0.4		(9)	 36.8	±	0.5		(9)	 36.5	±	0.4		(7)	

	 BUP-ALP	 36.4	±	0.4	(9)	 36.2	±	0.5		(9)	 36.1	±	0.5		(9)	 36.0	±	0.5		(9)	

	 BUT-ALP	 36.3	±	0.7	(9)	 36.2	±	0.6		(9)	 36.2	±	0.6		(9)	 36.2	±	0.7		(8)	

	 TRA-ALP	 36.2	±	0.5	(9)	 35.9	±	0.6		(9)	 35.7	±	0.6		(9)	 35.6	±	0.7		(8)	

SAP	 ALP	 83	±	10	(9)	 87	±	15	(9)	 89	±	15	(7)	 88	±	14	(6)	

	 BUP-ALP	 92	±	8	(9)	 94	±	11	(9)	 106	±	26	(9)	 101	±	9	(9)	

	 BUT-ALP	 87	±	9	(9)	 89	±	11	(9)	 94	±	12	(9)	 93	±	11	(8)	

	 TRA-ALP	 81	±	9	(9)	 88	±	11	(9)	 96	±	16	(9)	 98	±	10	(7)	

DAP	 ALP	 45	±	7	(9)	 50	±	13	(9)	 50	±	9	(7)	 45	±	7	(6)	

	 BUP-ALP	 50	±	5	(9)	 50	±	6	(9)	 52	±	6	(9)	 53	±	5	(9)	

	 BUT-ALP	 47	±	6	(9)	 49	±	6	(9)	 52	±	8	(9)	 51	±	9	(8)	

	 TRA-ALP	 43	±	4	(9)	 47	±	6	(9)	 51	±	9	(9)	 50	±	14	(7)	

MAP	 ALP	 59	±	7	(9)	 64	±	14	(9)	 64	±	11	(7)	 61	±	9	(6)	

	 BUP-ALP	 65	±	5	(9)	 66	±	6	(9)	 71	±	12	(9)	 70	±	6	(9)	

	 BUT-ALP	 62	±	6	(9)	 64	±	7	(9)	 68	±	9	(9)	 66	±	9	(8)	

	 TRA-ALP	 57	±	4	(9)	 62	±	7	(9)	 67	±	11	(9)	 67	±	11	(7)		

PR	 ALPIV	 250	±	29	(9)	 232	±	38	(9)	 249	±	40	(7)	 231	±	35	(6)	

	 BUP-ALP	 311	±	43	(9)	 302	±	53	(9)	 279	±	67	(9)	 291	±	59	(9)	

	 BUT-ALP	 331	±	41	(9)	 334	±	40	(9)	 339	±	39	(9)	 332	±	37	(8)	

	 TRA-ALP	 259	±	27	(9)	 252	±	29	(9)	 257	±	42	(9)	 269	±	45	(7)	
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Induction,	 immobilization,	 recovery	 and	 total	 procedure	 times	 are	 presented	 in	

Table	5.	All	animals	were	immobilised	before	the	full	alphaxalone	dose	was	administrated.	

Table	5.	 Induction,	 immobilisation,	recovery	and	total	procedure	time	in	minutes	 in	each	
anaesthetic	protocol	per	individual	animal	(mean	±	SD).		

Protocol	 Induction	time	 Immobilisation	time	 Recovery	Time	 Total	Time	

ALP	 0.35	±	0.27	 67.32	±	26.53	 43.78	±	13.88	 111.44	±	36.08	

BUP-ALP	 0.20	±	0.06	 59.90	±	11.81	 36.79	±	12.99	 96.89	±	19.16	

BUT-ALP	 0.14	±	0.03	 68.19	±	22.52	 65.22	±	15.86	 133.55	±	34.06	

TRA-ALP	 0.10	±	0.02	 65.72	±	15.82	 32.69	±	10.46	 98.55	±	16.03	

Induction	time	was	defined	as	the	time	between	start	of	the	injection	of	alphaxalone	and	loss	of	righting	reflex.	
Immobilisation	time	was	defined	as	the	time	from	the	loss	of	righting	reflex	to	the	animal’s	first	attempt	to	lift	its	
head.	Recovery	time	was	defined	as	the	time	from	the	animal’s	first	attempt	to	lift	its	head	until	the	moment	that	
the	marmoset	could	walk	and	climb	confidently	in	the	restricted	confines	of	its	cage	and	could	be	reunited	safely	
with	its	companion.	Total	procedure	time	was	calculated	as	the	sum	of	induction	time,	immobilisation	time,	and	
recovery	time.	ALP=alphaxalone	IV,	BUP-ALP=	buprenorphine	followed	by	alphaxalone	IV,	BUT-ALP=	butorphanol	
followed	by	alphaxalone	IV,	TRA-ALP=	Tramadol	followed	by	alphaxalone	IV. 

	

For	 all	 animals,	 muscle	 tension,	 palpebral	 reflex	 and	 withdrawal	 reflex	 were	

continuously	 scored	 at	 five-minute	 interval	 only	 during	 immobilization	 (data	 not	 shown).	

Most	 animals	 scored	 a	 zero	 for	 the	measured	 reflexes	within	 five	minutes	 of	 anaesthetic	

induction	 (96	 out	 of	 98	 performed	 reflex	 tests).	 No	 significant	 differences	 between	 the	

protocols	were	observed.	All	marmosets	in	ALP	displayed	muscle	twitches	nearing	the	end	of	

the	immobilization	phase.	

The	results	of	 the	quality	assessment	of	 the	recovery	period	showed	no	significant	

differences	 between	 the	 protocols	 (data	 not	 shown).	 Quality	 of	 recovery	 did	 not	 differ	

between	 non-apnoeic	 animals	 and	 apnoeic	 animals	 nor	 between	 animals	 having	 SpO2%	

values	 >95%	 and	 <40%.	 All	 animals,	 including	 the	 apnoeic	 animals	 and	 animals	with	 SpO2	

values	 lower	 then	 40%,	 showed	 normal	 behaviour	 and	 appetite	 directly	 after	 ending	 the	

recovery	period.	No	alterations	in	behaviour,	social	interaction	and	appetite	were	observed	

over	the	subsequent	months.	

Blood	levels	of	CK,	LDH	and	AST	were	not	significantly	affected	following	anaesthesia	

(data	not	shown).	However,	values	of	day	zero	of	all	anaesthetic	protocols	showed	higher	CK	

values	compared	to	control	values	at	day	zero	of	blood	samples	taken	28	days	before	and	28	

days	after	the	anaesthesia	protocols.	These	changes	were	not	statistically	significant.	
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No	change	in	body	weight,	food	or	water	intake	following	anaesthesia	was	observed.	

The	body	weights	did	not	differ	 significantly	 from	baseline	 values	 for	 any	of	 the	protocols	

under	investigation.	

	

DISCUSSION	

Optimized	balanced	anaesthesia	protocols,	a	mixture	of	anaesthetics	and	analgesics,	

are	 of	 paramount	 importance	 to	 secure	 valid	 data	 acquisition	 and	 ensure	 animal	welfare.	

However,	 analgesic	 and	 anaesthetic	 agents	 have	 the	 potential	 to	 adversely	 affect	 the	

patient.	 Therefore,	 it	 is	 important	 to	 establish	 whether	 clinically	 significant	 interactions	

occur	between	the	analgesic	agent	used	and	the	anaesthetic	regime.	Of	particular	concern	

are	 the	 respiratory	 depression	 and	 the	 prolonged	 recovery	 times.	 Therefore,	 this	 study	

investigated	the	clinical	and	physiological	effects	of	IV	alphaxalone	alone	or	in	combination	

with	premedication	of	buprenorphine,	butorphanol	or	tramadol	in	marmosets.	

Our	data	showed	that	alphaxalone	 IV	causes	no	cardio-respiratory	side	effects	and	

provides	a	quick	and	smooth	recovery	and	induction,	which	makes	it	useful	for	clinical	and	

experimental	 procedures.	 However,	 one	 should	 keep	 in	 mind	 that	 alphaxalone	 is	 not	

described	 to	 have	 nociceptive	 properties.	 Addition	 of	 tramadol	 to	 alphaxalone	 IV	 did	 not	

resulted	in	cardio-respiratory	side	effects,	which	makes	it	applicable	for	performing	balanced	

anaesthesia	although	we	did	not	 test	analgesic	efficacy	of	 this	 combination.	Our	data	also	

demonstrate	that	care	must	be	taken	when	buprenorphine	is	used,	at	the	dose	we	used	in	

our	study,	in	combination	with	alphaxalone	IV.	The	main	side	effect	found	in	this	study	was	

the	 high	 incidence	 of	 apnoea	 after	 IM	 premedication	 with	 buprenorphine;	 approximately	

89%	of	the	marmosets	showed	apnoea	and	therefore	required	support	of	ventilation.		

Similar	 findings	 of	 high	 incidence	 of	 apnoea	 following	 alphaxalone	 administration	

after	 premedication	 with	 morphine	 were	 described	 in	 rabbits:	 nine	 out	 of	 ten	 rabbits	

experienced	 apnoea	 following	 IV	 administration	 of	 alphaxalone	 after	 premedication	 with	

morphine21.	 In	 dogs,	 apnoea	 was	 commonly	 observed	 following	 IV	 administration	 of	

alphaxalone	after	premedication	with	buprenorphine9.	Thus,	our	data	and	earlier	published	

data	demonstrate	that	the	combination	of	IV	alphaxalone	and	IM	opioids	regularly	results	in	

aggravated	 respiratory	 depression.	 However,	 one	 advantage	 of	 administrating	

premedication	 is	partly	 to	 reduce	 the	 required	dose	of	 the	 induction	agent.	 In	our	case,	 it	

could	be	that	after	a	premedication	with	buprenorphine,	a	lower	dose	of	alphaxalone	would	

have	been	 sufficient	 to	 induce	and	maintain	anaesthesia,	 and	 thus	more	appropriate	 than	
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using	the	same	dose	without	taking	the	effect	of	the	premedication	into	account.	A	follow-

up	study	performing	a	dose	reduction,	dosing	evaluation	or	sedation	scoring	might	solve	this	

question.	 Dose-dependent	 respiratory	 depression	 after	 administration	 of	 alphaxalone	 has	

been	observed	 in	 studies	 involving	 rats,	 cats,	dogs	and	green	 iguanas9,11,22,23.	 It	was	shown	

that	with	increasing	alphaxalone	dose,	the	occurrence	and	duration	of	apnoea	increased24,25.	

Apnoea	was	pointed	out	to	be	one	of	the	negative	side	effects	of	fast	alphaxalone	IV	

administration6,7,9,21,23,25.	 However,	 we	 observed	 no	 apnoea	 in	 the	 control	 group.	 The	

maximum	duration	 of	 apnoea	 in	 these	 earlier	 studies	was	 3	minutes,	while	we	measured	

even	 one	 apnoea	 lasting	 for	 63	 minutes	 (BUP-ALP).	 Furthermore,	 in	 our	 study	 the	

alphaxalone	dose	was	administered	over	90	seconds.	

Compared	 to	 earlier	 reports26,27,	 our	 buprenorphine	 dose	 was	 quite	 high	 for	

marmosets.	 Working	 with	 marmosets	 means	 off	 label	 drug	 use	 as	 evidence	 based	

statements	for	described	doses	for	marmosets	are	lacking.	Therefore,	we	followed	the	dose	

advised	in	the	product	data	sheet	for	cats	and	dogs.	

Respiratory	 depression	 is	 one	 of	 the	 two	 most	 commonly	 cited	 side	 effects	 of	

(partial)	 μ-receptor	 agonists	 like	 buprenorphine7,8,15,21,28,29.	 Therefore,	 the	 κ	 agonist	

butorphanol	 was	 chosen	 in	 BUT-ALP	 as	 analgesic8.	 Butorphanol	 is	 also	 called	 an	

“agonist/antagonist.”	It	seems	to	stimulate	the	κ	and	∂	receptors	and	antagonize	μ-receptor	

activity30,31.	 Butorphanol	 is	 already	 described	 in	 marmosets	 as	 part	 of	 anaesthesia	

protocols32-34	but	not	purely	 as	 analgesic.	Our	data	 showed	 that	 induction	went	 smoothly,	

however	apnoea	occurred	in	2	out	of	9	animals	in	the	immobilization	period.	

Tramadol	was	chosen	as	analgesic	in	TRA-ALP	as	it	is	a	narcotic-like	analgesic	used	to	

treat	 moderate	 to	 severe	 pain	 in	 humans35,36.	 It	 contains	 two	 forms:	 one	 form	 inhibits	

serotonin	 reuptake,	 while	 the	 other	 mainly	 inhibits	 norepinephrine	 reuptake37.	 Some	

authors	 also	 describe	 a	 μ-opioid	 receptor	 agonism.	 Even	 if	 μ	 opioid	 receptor	 agonism	 is	

considered,	 apparently	 the	 common	 side	 effects,	 bradycardia	 and	 respiratory	 depression	

seem	not	to	be	accentuated.	Presumably,	this	is	due	to	its	main	action	being	attributable	to	

monoamine	activity.	Although	analgesic	efficacy	of	tramadol	has	been	described	in	humans,	

the	analgesic	efficacy	in	animals	is	doubted38.	Tramadol	may	be	used	as	part	of	a	multimodal	

analgesia	protocol	as	a	suitable	alternative	for	buprenorphine	but	may	not	be	effective	as	a	

sole	analgesic39,40.	Effects	of	tramadol	administration	to	primates	seem	promising19,20.	
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The	BP	values	in	this	study	are	lower	compared	to	previously	published	data	for	non-

invasive	 blood	 pressure	 readings	 in	 marmosets41,42,	 indicating	 influence	 of	 the	 used	

anaesthetics	and	premedication	on	BP.		

Although	a	heating	pad	was	used,	most	animals	displayed	a	decrease	in	rectal	body	

temperature.	 Suppression	 of	 thermoregulatory	 defence	 mechanisms	 during	 general	

anaesthesia	 is	 dose	 dependent	 and	 mostly	 results	 in	 perioperative	 hypothermia43,44.	

Marmosets	 have	 a	 relative	 low	 body	 weight	 and	 large	 body	 surface.	 Healthy	 marmosets	

show	 a	 circadian	 temperature	 pattern	 with	 temperatures	 as	 low	 as	 35.5°C45;	 the	 values	

measured	during	the	protocols	did	influence	the	range	of	daily	fluctuations.	

Blood	 samples	were	collected	 to	assess	possible	muscle	damage	caused	by	 the	 IM	

(pre)medication	and	anaesthetics.	No	significant	differences	 in	CK	 levels,	 indicating	muscle	

damage,	were	observed.	The	slight	 increase	 in	CK	at	day	zero	of	 the	anaesthetic	protocols	

can	be	explained	by	 the	 injection	of	premedication,	which	was	provided	one	hour	prior	 to	

the	blood	sampling.	

Our	data	of	muscle	tension,	palpebral	reflex	and	withdrawal	reflex	did	not	correlate	

with	 each	 other.	 Palpebral	 reflex	 is	 thought	 to	 be	 testing	 anaesthetic	 depth	 (loss	 of	

consciousness),	 the	muscle	 tension	 is	 thought	 to	 test	 the	degree	of	muscle	 relaxation	and	

the	withdrawal	reflex	is	a	nociceptive	withdrawal	reflex	and	as	such	a	test	for	analgesia;	they	

each	 test	 one	 of	 the	 three	main	 components	 of	 anaesthesia.	 The	 scored	 reflexes	 cannot,	

therefore,	be	recommended	as	a	sole	 indicator	for	anaesthetic	depth,	but	each	one	has	to	

be	evaluated	separately	as	 to	 the	parameters	 it	 supposedly	 tests.	 It	was	not	a	goal	of	 this	

study	 to	 investigate	 the	 analgesic	 effects	 of	 the	protocols	 and	 analgesiometric	 studies	 are	

needed.	

	

CONCLUSIONS	

The	 aim	 of	 this	 study	 was	 to	 determine	 the	 clinical	 and	 physiological	 effects	 of	 IM	

premedication	with	buprenorphine,	butorphanol	or	 tramadol	on	anaesthesia	 induced	with	

alphaxalone	 IV.	 Our	 results	 showed	 that	 using	 buprenorphine	 in	 combination	 with	

alphaxalone	IV	in	marmosets	resulted	in	a	high	incidence	of	apneoa,	whereas	in	the	current	

study	 the	 combination	of	 tramadol	 and	alphaxalone	 IV	did	not	 result	 in	 cardio-respiratory	

side	effects.				
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Chapter	8	

Discussion	
	

The	common	marmoset	in	biomedical	research	

The	 common	 marmoset	 is	 widely	 used	 as	 a	 laboratory	 animal1-3.	 Refinement	 of	

housing,	 husbandry	 and	 handling,	 in	 such	 a	 way	 that	 not	 only	 distress	 responses	 are	

minimized	or	avoided	but	also	that	the	animal	can	express	normal	behaviour	–	by	providing	

sufficient	space,	proper	facilities	and	appropriate	company	of	the	animals	own	kind	-	would	

increase	the	welfare	of	laboratory-housed	marmosets.		Animal	welfare	is	known	to	concern	

physical	health	and	needs	but	also	the	animal's	mental	state	as	well	as	the	extent	to	which	

the	 animals’	 natural	 lifestyle	 is	 satisfied4-6.	 The	 progress	 of	 this	 thesis	 has	 been	 towards	

monitoring	 welfare,	 optimising	 data	 collection,	 refining	 housing,	 husbandry	 and	 care	 and	

refinement	of	veterinary	care	of	laboratory-housed	common	marmosets.		

	

Monitoring	welfare	

Legislation	 governing	 the	 use	 of	 animal	 in	 biomedical	 research	 requires	 that	 any	

unnecessary	pain	or	distress	 is	avoided	or	alleviated	(e.g.	European	Directive	2010/63/EU).	

Successful	 implementation	 of	 effective	 pain	 management	 strategies	 in	 animals	 requires	

objective	and	accurate	assessment	of	discomfort,	pain	and	distress	and	its	severity	in	order	

to	 optimize	 welfare	 conditions.	 Traditional	 methods	 of	 welfare	 assessment	 based	 on	

monitoring	of	behaviour	and	clinical	parameters	have	limitations	such	as	the	signs	observed	

may	not	be	specific	 to	pain,	 like	weight	 loss.	One	of	 the	possibilities	 for	assessing	 the	well	

being	of	marmosets	is	the	evaluation	of	the	production	of	ultrasonic	vocalizations	(USV).	In	

rodents,	 this	was	shown	to	be	a	 reliable	measure	of	distress7-11.	Analysis	of	our	 recordings	

(Chapter	2)	showed	that	marmosets	produce	USV	as	part	of	 their	normal	vocal	repertoire,	

both	 in	 undisturbed	 conditions	 and	 in	 those	 that	 elicit	 changes	 in	 their	 emotional	 states.	

However,	all	recorded	USV	were	extensions	of	specific	audible	vocalizations;	no	vocalizations	

with	frequencies	exclusively	in	the	ultrasonic	range	were	recorded.	Because	the	production	

of	USV	under	normal	and	stressful	conditions	was	similar,	we	concluded	that	USV	production	

couldn’t	 be	 used	 as	 a	 reliable	 indicator	 of	 pain,	 discomfort	 or	 distress	 in	marmosets.	 The	

question	remains	as	to	whether	the	presence	of	ultrasonic	frequencies	 in	the	vocalizations	

of	 marmosets	 has	 any	 biological	 relevance.	 Production	 of	 is	 energy	 consuming,	 and	 it	 is	
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therefore	 likely	 that	 vocalizations	 at	 these	 high	 frequencies	 are	 purposeful.	 Moreover,	

marmosets	have	a	hearing	range	of	up	to	36	kHz12,	demonstrating	their	ability	to	detect	USV.		

USV	 are	 used	 to	 detect	 objects	 and	 obstacles,	 to	measure	 distances	 or	 to	 locate	 prey	 by	

species	 such	 as	 bats	 and	 dolphins,	 but	 it	 is	 unlikely	 that	 this	 will	 also	 be	 the	 case	 for	

marmosets.	 They	might	 also	 serve	 as	 a	 private	 channel	 of	 communication	 that	 cannot	 be	

intercepted	by	predators	or	prey.	These	high-frequency	vocalizations	have	also	been	shown	

to	 be	 used	 by	 bats	 for	 social	 communication,	 such	 as	 identification	 of	 individuals	 and	

gender13.		Marmosets	live	in	relatively	small	groups	in	densely	forested	areas.	The	ultrasonic	

component	 might	 contain	 information	 about	 the	 sender,	 although	 no	 individual	 USV	

signatures	were	detected	in	our	study.	Although	our	data	did	not	clarify	the	function	of	USV	

production	 in	 marmosets,	 our	 observations,	 the	 finding	 that	 a	 limited	 range	 of	 audible	

vocalizations	 produced	 by	 marmosets	 contains	 ultrasonic	 components,	 offers	 new	

opportunities	to	study	the	biological	relevance	of	the	vocalizations.		

Another	non-invasive	measure	for	monitoring	discomfort,	pain	and	distress	in	rodents	

is	the	use	of	a	grimace	scale.	It	has	already	been	demonstrated	that	scoring	changes	in	facial	

expression	provide	a	reliable	and	rapid	means	of	assessing	pain	in	mice,	rabbits	and	rats14-23.	

Grimace	 scales	 have	 been	 developed	 for	 these	 species,	 based	 on	 changes	 in	 a	 number	 of	

‘facial	 action	 units’,	 such	 as	 narrowing	 of	 the	 eyes	 (orbital	 tightening)	 or	 changes	 in	 the	

position	and	shape	of	the	whiskers.	Scoring	facial	expressions	has	advantages	that	overcome	

some	 of	 the	 limitations	 of	 behaviour-based	 assessment	 schemes.	 Analysis	 of	 behaviour	 is	

more	 complex	 because	 of	 a	 greater	 range	 of	 behaviours	 to	 potentially	 score.	 Behavioral	

scoring	 has	 also	 shown	 more	 time-consuming	 to	 conduct	 in	 laboratory	 rodents.	

Furthermore,	 almost	 no	 training	 is	 needed,	 as	 changes	 in	 facial	 expressions	 of	mice	were	

detectable	 by	 relatively	 inexperienced	 observers18,24.	 Finally,	 the	 assessment	 of	 pain	 using	

facial	expressions	in	animals	may	have	a	further	advantage	over	existing	behavioural-based	

techniques,	in	that	it	capitalises	on	our	potential	natural	tendency	to	focus	on	the	face	when	

interacting	with	animals.	It	has	been	demonstrated	that	when	assessing	pain	in	rabbits,	even	

experienced	observers	 focus	predominately	on	 the	 face	 rather	 than	 the	body	areas	where	

behavioural	 indicators	 of	 pain	 are	 observed25.	 This	 is	 not	 surprising,	 as	 humans	 have	 a	

tendency	to	focus	on	the	face	and	in	particular	on	the	eyes	of	other	people	when	attempting	

to	assess	emotions	such	as	pain26,27.	For	macaques,	first	measurements	were	performed	to	

develop	 a	 Rhesus	 Macaque	 Grimace	 Scale28;	 the	 marmoset	 could	 be	 the	 next	 object	 to	

investigate.	 A	 camera	 for	 video	 analysis	 could	 be	 installed	 in	 their	 home	 cage	 for	 an	

automated	grimace	 scale	assessment.	Recordings	could	be	made	24	hours	a	day,	7	days	a	
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week.	Similar	to	rodents	(“Rodent	Face	Finder”17),	computer	software	to	automate	the	most	

labour	 intensive	part	of	process;	the	 locating	of	frames	from	video	sequences	 in	which	the	

animal's	face	is	clearly	visible	could	maybe	be	developed	for	marmosets	too.	This	potentially	

increases	 the	 ease	 and	 speed	 with	 which	 facial	 expressions	 associated	 with	 post-

surgical/procedural	 pain	 could	 be	 identified.	 Moreover,	 as	 recordings	 could	 be	 judged	

outside	 the	animals’	 room,	 the	animals’	behaviour	 is	not	 influenced	by	 the	presence	of	an	

observer	in	the	animals’	room.	The	development	of	a	grimace	scale	for	common	marmosets	

might	 be	 complex.	 It	 has	 been	 shown	 recently	 that	 the	 visual	 displays	 of	 common	

marmosets	do	not	concentrate	on	their	facial	expression	alone	but	is	an	integrated	reaction	

of	displays	of	their	white	ear	tufts	and	whole	body	posture29.	

Optimising	data	collection	

Telemetry	is	very	important	for	monitoring	physiological	functions	in	awake	and	freely	

moving	 laboratory	animals.	Although	 implantable	transmitters	reduce	stress	resulting	from	

daily	 handling	 and	 restraint	 and	 allow	 group	 housing,	 the	 procedure	 requires	 invasive	

surgery,	which	affects	behaviour	and	wellbeing	of	animals.	One	can	imagine	that	such	device	

involves	at	least	physical	discomfort.	This	aspect	is	important	in	cases	in	which	behaviour	is	

used	as	one	of	the	read-out	parameters	for	studying	the	progression	of	a	disease	and/or	the	

effects	of	a	 treatment	over	 time.	 It	 can	potentially	decrease	 the	 reliability	of	 the	obtained	

experimental	 results.	 In	 mice,	 it	 has	 been	 shown	 that	 recovery	 of	 the	 pre-surgical	 body	

weight	can	be	up	to	nine	days	after	surgery	depending	on	the	size	of	the	transmitter30.	No	

specific	 research	about	 recovery	 time	after	 implantation	of	an	 intra-abdominal	 transmitter	

has	 been	 reported	 in	 marmosets.	 The	 data	 from	 our	 study	 (Chapter	 3)	 showed	 that	 the	

surgery	led	to	decreased	motor	activity	marmosets	and	loss	of	body	weight.	Full	recovery,	as	

assessed	by	 reaching	all	 pre-operation	 values,	was	only	 achieved	31	days	 after	 surgery.	 In	

mice,	surgery	as	well	as	the	presence	of	the	intra-abdominal	transmitter	are	known	to	affect	

their	wellbeing	for	two	weeks	after	surgery,	leading	to	a	change	in	locomotor	activity	due	to	

decreased	motivation	or	physical	disturbance31,	32.	To	collect	reliable	data	in	marmosets,	this	

waiting	 period	 should	 be	 taken	 into	 account	 after	 transmitter	 implantation	 in	marmosets.	

These	data	are	important	to	refine	future	studies	utilising	these	implantable	transmitters.		

Refining	Housing,	Husbandry	and	Care		

Housing	conditions	of	laboratory-housed	marmosets	may	have	deleterious	effects	on	

the	welfare	of	the	animals,	and	consequently	on	the	reliability	of	the	obtained	experimental	

results.	 Therefore,	 it	 is	 important	 to	 characterize	 the	 background	 pathology	 of	 the	 colony	
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and	 to	modify	 the	 housing	 and	husbandry	 conditions	 to	 optimize	 the	 health	 status	 of	 the	

animals.	Over	the	last	decades	animal-housing	conditions	changed	significantly	at	the	BPRC	

for	marmosets:	 indoor	and	outdoor	enclosures,	 the	use	of	deep	 litter	 as	bedding	material	

and	disinfectant	agents	were	no	longer	used	in	marmoset	enclosures	(Chapter	4).		

Scent	marking	is	an	important	aspect	of	the	natural	behaviour	of	marmosets.	Also	in	

laboratory-settings,	 marmosets	 scent	 mark	 their	 cages	 constantly33.	 To	 limit	 removal	 of	

scents	 as	 much	 as	 possible,	 cleaning	 the	 enclosures	 with	 disinfectants	 was	 stopped.	 In	

addition	to	this,	limiting	disinfectants	use	could	have	an	other	beneficial	effect.	Based	on	the	

available	 literature,	 although	 purely	 speculative,	 the	 use	 of	 chemical	 disinfection	 of	 their	

environment	 could	 lead	 to	 chromosomal	 disorders	 in	 marmosets.	 It	 is	 known	 for	 other	

species	 that	 certain	 chemicals	 (mostly	 halogen-substituted	 hydrocarbons)	 can	 cause	

chromosome	disorders.	All	sufficiently	tested	chemicals,	which	have	been	demonstrated	to	

cause	 aneuploidy	 in	 vitro,	 were	 also	 shown	 to	 cause	 polyploidy	 in	 bone	marrow34-36.	 In	 a	

comparative	 study	 of	 marmosets	 housed	 at	 the	 German	 Primate	 Centre	 (Deutsches	

Primatenzentrum	 (DPZ),	 Goettingen,	 Germany)	 and	 marmosets	 housed	 at	 the	 BPRC,	

differences	 in	 polyploidy	 were	 demonstrated37.	 The	 biggest	 difference	 between	 the	 two	

colonies	was	that	chlorine-based	disinfectants	were	used	at	the	DPZ.	For	BPRC,	the	rate	of	

non-disjunction	in	leucocytes	was	significantly	lower	than	that	for	DPZ;	the	polyploidy	rate	in	

blood	was	 lower	 than	 that	 in	DPZ	 and	 endoreduplication	was	 not	 observed.	 The	 levels	 of	

chromosomal	 disorders	were	 elevated	 for	 the	DPZ	 colony.	 Based	on	 these	 data,	 it	 can	 be	

hypothesized	that	cytogenetic	abnormalities	observed	in	DPZ	marmosets	are	related	to	each	

other	and	have	the	same	origin	–	most	probably	a	chemical	substance	having	an	aneugenic	

effect37.	 In	 this	 respect,	 the	 modified	 housing	 conditions	 at	 the	 BPRC	 constitute	 an	

improvement	in	the	animals'	welfare.	Other	research	facilities	can	therefore	use	the	BPRC	as	

an	 example	 for	 the	 future	 restructuring	 of	 their	 facilities.	 Primate	 centres	 that	 breed	

marmosets	for	research	purposes	might	be	more	sceptical	of	banning	disinfectants	because	

of	 potential	 health	 issues	 for	 the	 animals.	 It	 can	 be	 argued	 that	 the	 disuse	 of	 chemical	

cleaning	 agents	 constitute	 a	 possible	 increased	 veterinary	 risk,	 as	 the	 subjects	 are	 likely	

exposed	to	a	higher	 load	of	 infectious	agents.	Especially	bedding	and	enrichment	products	

can	serve	as	potential	fomites.	Microbial	growth	is	assumed	to	persist	on	enrichment	even	

after	they	have	been	sanitized	in	a	commercial	cage	washer38.	At	the	BPRC,	no	evidence	for	

an	increased	infection	rate	was	observed.	

Another	important	change	was	the	provision	of	deep	litter	in	the	outdoor	and	indoor	

enclosures.	Deep	 litter	 is	 a	 floor	 covering,	preferably	of	 organic	origin	 that	 can	promote	a	
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range	 of	 activities	 including	 locomotion,	 foraging,	 and	 playing.	 In	 general,	 the	 changes	

reported	 involved	some	shift	 in	the	animals'	behavioural	profiles	towards	those	that	might	

be	 observed	 in	 their	 wild	 relatives.	 Hence,	 the	 provision	 of	 deep	 litter	 is	 seen	 as	

environmental	 enrichment39-41.	We	 assumed	 that	 the	welfare	 of	 our	marmosets	 had	been	

enhanced	by	the	provision	of	deep	litter.	

The	 risk	 that	 the	 disuse	 of	 chemical	 cleaning	 agents	 and	 provision	 of	 deep	 litter	

constituted	 a	 possible	 increased	 veterinary	 risk,	 as	 the	 subjects	 were	 likely	 exposed	 to	 a	

higher	 load	of	 infectious	agents,	 is	 an	 important	discussion	 issue.	Our	data	 showed	 that	 a	

large	 variety	 of	 bacteria	 were	 cultured,	 ranging	 from	 non-pathogenic	 to	 potentially	

pathogenic	 strains.	 However,	 over	 a	 period	 of	more	 than	 2.5	 years	 no	 increase	 in	 illness,	

mortality	or	breeding	problems	relating	to	this	environmental	microflora	were	observed.	We	

conclude	 that	 the	 welfare	 of	 captive	 marmosets	 has	 been	 enhanced	 by	 the	 provision	 of	

outside	enclosures	and	deep	litter	and	the	disuse	of	chemical	cleaning	agents.		

For	 the	 cynomolgus	 monkey	 (),	 living	 conditions	 are	 known	 to	 affect	 not	 only	

behavioural	 and	 physiological	 characteristics	 but	 blood-based	 parameters	 as	 well42.	 Living	

conditions	significantly	affected	several	serum	biochemical	and	haematological	parameters	

in	 macaques,	 and	 these	 effects	 varied	 by	 age	 and	 sex.	 Haematological	 and	 biochemical	

parameters	routinely	aid	in	disease	diagnosis	and	monitoring,	and	are	also	used	to	evaluate	

pathological	conditions	after	experimental	 interventions	 in	marmosets.	As	the	marmoset	 is	

housed	under	different	living	conditions	(experimental	facility	versus	breeding	facility),	these	

findings	 should	 aid	 researchers	 in	 avoiding	 inaccurate	 conclusions	 concerning	 this	 species.	

Therefore,	 comparable	 research	 as	 is	 done	 in	 cynomolgus	 monkeys	 should	 also	 be	

conducted	with	the	BPRC-housed	marmosets	in	our	further	studies.		

A	major	benefit	of	outdoor	enclosures	is	exposure	to	seasonal	fluctuations	in	light	and	

climate,	 and	more	 sensory	 stimulation.	This	provides	greater	opportunities	 for	exploration	

and	manipulation	that	contribute	positively	 to	 the	animals’	welfare.	Moreover,	marmosets	

are	unable	to	synthesize	vitamin	D3	without	access	to	ultraviolet	 (UV)	radiation	as	vitamin	

D3	 is	 formed	 in	 the	 skin	 from	 7-dehydrocholesterol	 when	 the	 skin	 is	 exposed	 to	 UV	

radiation43.	As	most	NHP	facilities	don’t	provide	their	animals	access	to	outdoor	enclosures	

and	as	windows	filter	the	UV	fraction	out	of	sunlight,	most	commercially	available	marmoset	

diets	 contain	 relative	 high	 levels	 of	 vitamin	 D,	 about	 3000-5000	 IU	 vitamin	 D3/kg	 diet.	

Nevertheless,	 there	 is	 disagreement	 whether	 these	 levels	 are	 appropriate.	 A	 vitamin	 D3-

intake	 of	 approximately	 55	 to	 87	 IU/kg	 body	 weight	 appeared	 already	 to	 be	 sufficient	 in	

order	 to	 maintain	 serum	 vitamin	 D3	 value	 in	 the	 physiological	 range	 of	 marmosets44.	 In	
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addition	 to	 daily	 dietary	 supplementation	 with	 vitamin	 D3,	 we	 assumed	 that	 access	 to	

unfiltered	sunlight	in	our	outside	enclosures	could	limit	or	prevent	vitamin	D	deficiency.		

Our	data	showed	a	peak	in	the	summer	of	vitamin	D.	When	marmosets	go	more	often	

outside	 in	 the	 summer,	 they	 receive	 more	 unfiltered	 natural	 sunlight.	 This	 enhanced	

exposure	 to	 natural	 sunlight	 might	 be	 responsible	 for	 the	 vitamin	 D	 peak,	 since	 for	 all	

monkeys	this	was	the	only	variable	vitamin	D-related	factor	during	the	sampling	period.	The	

frequency	 and	 duration	 of	 stay	 in	 the	 outside	 enclosure	 differ	 between	 animals	 in	

combination	with	the	seasonal	influences	such	as	the	number	of	sun	hours	and	UV	density.	

This	could	explain	the	difference	in	vitamin	D	values	between	animals.	Ideally,	we	would	like	

to	have	 compared	our	obtained	 values	with	 values	determined	 in	marmosets	 living	 in	 the	

rainforest	of	Brazil.	However,	reliable	values	are	missing.	In	NHP	facility,	with	indoor	housing	

conditions,	a	physiological	range	of	140-220	nmol/l	vitamin	D3	was	determined44.	They	don’t	

describe	 a	 seasonal	 peak.	 Their	 objective	 was	 to	 examine	 and	 optimize	 the	 housing	

conditions	of	marmosets	with	regard	to	nutrition	composition	and	nutrient	uptake,	as	well	

as	 to	 ultraviolet	 radiation.	 Therefore,	 even	 peripheral	 quantitative	 computed	 tomography	

was	 applied	 in	 order	 to	 describe	 the	 bone	mineral	 density	 status.	 Although	 our	 seasonal	

fluctuating	vitamin	D3	 level	 could	not	be	 linked	 to	 the	observed	 ‘micromelic	dysplasia-like	

syndrome’45,	 we	 think	 it	 is,	 specifically	 due	 the	 specific	 effects	 of	 vitamin	 D3	 on	 T,	 B	 and	

dendritic	 cells,	worthwhile	 to	 figure	out	what	 is	 going	on	with	vitamin	D3	 in	experimental	

facilities.	 In	 humans,	 there	 is	 an	 association	 between	 latitude	 and	multiple	 sclerosis	 (MS)	

risk,	possibly	attributable	to	UV-light	and	vitamin	D46.	Vitamin	D	is	not	only	described	as	an	

immune	modulator	 in	MS	 but	 also	UV-light	 is	 suggested	 to	 act	 as	 an	 immune	modulator,	

separately	 from	 vitamin	 D46-48.	 Therefore,	 provision	 of	 outdoor	 enclosures	 could	 be	

discussed:	 in	 one	 way	 its	 positive	 for	 the	 animals’	 welfare	 but	 it	 could	 be	 the	 cause	 of	

fluctuating	vitamin	D3	levels.	To	prevent	fluctuating	vitamin	D3	levels,	animals	should	maybe	

better	be	housed	 indoor	with	artificial	UV-B	 light	 sources.	However,	 in	 that	 case	 the	 rapid	

decline	in	UV	intensity	that	occurs	with	distance	from	the	source	should	be	considered.		

Refinement	of	veterinary	knowledge		

Radiology	 is	 complementary	 and	 valuable	 diagnostic	 imaging	 technique,	 which	

represents	a	non-invasive,	minimally	 stressful	 and	 rapid	diagnostic	 imaging	 tool.	However,	

minimal	 information	 is	 available	 in	 the	 literature	 about	 the	 normal	 skeleton	 of	 the	

marmoset49.	 This	 data	would	be	of	 great	 value	 for	 veterinary	 care	of	marmosets.	 Besides,	

marmosets	 are	 used	 in	 studies	 involving	 the	 skeleton50.	 To	 support	 these	 studies,	 normal	

skeletal	overview	was	created	(Chapter	5).	The	marmoset	dental	formula	showed	2I-1C-3P-
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2M	of	each	oral	quadrant,	which	confirms	earlier	reports51.	Seven	cervical,	12–13	thoracic,	

7–6	 lumbar,	 2–3	 sacral	 and	 26–29	 caudal	 vertebrae	 are	 present,	 with	 the	 thoracolumbar	

region	always	comprising	19	vertebrae.	Radiographic	anatomy	of	the	thorax	and	abdomen	in	

an	earlier	 report	 showed	 similar	 findings49,52.	 According	 to	 these	 reports,	male	marmosets	

often	have	13	thoracic	vertebrae,	whereas	females	almost	equally	have	12	or	13.	This	could	

not	 be	 confirmed	 in	 the	 present	 study.	On	 the	 contrary,	 only	 one	 of	 the	 seven	 examined	

females	 in	 our	 study	 had	 12	 thoracic	 vertebrae.	 On-going	 studies	 on	more	 cadavers	may	

clarify	this	ambiguity.	The	arboreal	life	of	marmosets	is	reflected	in	the	very	long	and	slender	

bones	of	the	limbs.	Our	measurements	of	the	lengths	of	the	long	bones	show	slightly	larger	

values	 compared	 with	 the	 morphometric	 data	 obtained	 in	 a	 previous	 study53.	 Different	

genetic	 background,	 health	 status,	 nutrition	 and	 housing	 conditions	 can	 probably	 explain	

this	 difference.	 By	 presenting	 detailed	 anatomical	 data	 on	 the	 skeleton	 of	 the	 common	

marmoset,	 this	 study	 obviously	 promotes	 the	 education	 in	 laboratory	 animal	 science.	

Together	with	the	morphometrical	data	provided	in	our	study,	more	insight	could	be	gained	

in	pathological	skeletal	changes	that	are	potentially	induced	by	experimental	protocols	and	

drugs.	The	present	morphometric	data	could,	for	example,	be	used	as	a	standard	in	studies	

on	 growth-related	 disorders	 potentially	 evoked	 by	 calcium	 imbalance,	 or	 to	 assess	 the	

impact	of	therapies	against	osteoporotic	skeletal	deformation.	Moreover,	 it	may	serve	as	a	

guide	 for	veterinarians	during	health	control	 in	determining	possible	abnormalities	 in	 their	

colony.		

By	 any	 chance,	 in	 the	 same	 period	 the	 skeletal	 overview	was	 created,	 0%	 to	 5%	 of	

adolescent	 marmosets	 in	 the	 BPRC	 colony	 showed	 bent	 arms	 and	 legs45.	 The	 animals	

displayed	no	pain,	discomfort	or	altered	behaviour,	but	were	unable	 to	stretch	 their	distal	

limbs	to	their	 full	extent.	To	characterize	the	 lesion	morphologically,	 the	bones	of	affected	

marmosets	were	 compared	macroscopically	 and	 radiographically	with	 those	of	 unaffected	

animals.	In	addition,	vitamin	D	levels	were	determined	for	those	animals	over	a	period	of	1.5	

years.	 The	 deformities	 were	 characterized	 by	 mid-	 to	 distal	 diaphyseal	 bending	 and	

pronounced	shortening	of	long	bones	(micromelic	dysplasia-like	syndrome).	The	morphology	

and	 density	 of	 other	 bones	 including	 the	 skull	 and	 vertebrae	 were	 unaffected.	 Although,	

values	were	low	in	a	fifth	of	the	affected	marmosets	between	the	ages	of	10	to	16	months,	

lesions	 associated	 with	 rickets	 were	 not	 observed54.	 Unfortunately,	 no	 cause	 was	

determined,	 and	 further	 research	needs	 to	be	done	 in	order	 to	establish	 the	origin	of	 the	

skeletal	deformation.	
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	 To	 perform	 the	 above-mentioned	 radiographic	 sampling,	 animals	 needed	 to	 be	

sedated.	Sedatives	vary	in	how	they	are	administered,	in	what	effects	they	have,	and	in	how	

they	are	metabolised	and	eliminated	from	the	body,	as	well	as	in	what	risks	they	hold.	Fast	

and	 safe	 induction	 and	 recovery	 from	 sedation	 are	 desirable.	 No	 standard	 protocols	 for	

sedation	are	available	in	marmosets.	Therefore,	a	study	was	performed,	in	which	the	clinical	

use	 of	 several	 sedatives	 were	 compared	 (Chapter	 6).	 After	 analysing	 the	 results,	 we	

conclude	that	IM	administration	of	alphaxalone	is	preferred	over	other	protocols	studied,	as	

it	 resulted	 in	 satisfying	 immobilisation	with	 acceptable	 and	 less	 frequent	 side	 effects	 and	

superior	 recovery	 time.	 Although	 alphaxalone	 has	 sedative	 effects	 in	 larger	 NHP	 too	

(unpublished	data),	its	relatively	large	injection	volume	makes	it	less	suitable	to	use.	

	 However,	 the	 analgesic	 properties	 of	 alphaxalone	 have	 been	 questioned55,	 56.	 As	

marmosets	 are	 used	 as	 model	 for	 neuroanatomical	 and	 neurophysiological	 studies	 this	

requires	 the	 implantation	 of	 telemetric	 devices	 (see	 chapter	 3).	 The	 implantation	 of	 such	

devices	 requires	balanced	anaesthesia,	a	mixture	of	anaesthetics	and	analgesics.	However,	

analgesic	 and	 anaesthetic	 agents	 have	 the	 potential	 to	 adversely	 affect	 the	 patient.	 The	

main	 challenge	 for	 veterinarians	 is	not	 to	 select	a	drug	but	 to	determine,	 for	 the	 selected	

agent,	a	rational	dosing	regimen	because	the	dosage	regimen	for	a	drug	 in	a	given	species	

may	 depend	 on	 its	 anatomy,	 biochemistry,	 physiology,	 and	 behaviour	 as	 well	 as	 on	 the	

nature	and	causes	of	 the	condition	requiring	treatment.	Both	between-	and	within-species	

differences	in	drug	response	can	be	explained	either	by	variations	in	drug	pharmacokinetics	

(PK)	 or	 drug	 pharmacodynamics	 (PD),	 the	magnitude	 of	which	 varies	 from	drug	 to	 drug57.	

Cefovecin	 sodium,	 a	 long-acting,	 third-generation,	 cephalosporin	 antibiotic	 is	 a	 good	

example	to	show	species	difference	in	PK/PD	of	drugs.	A	single	injection	of	Cefovecin	sodium	

provided	 up	 to	 14	 days	 of	 antibiotic	 therapy	 in	 dogs	 and	 cats58-60.	 However,	 the	 PK	 of	

cefovecin	in	NHP	is	substantially	different	than	for	dogs	and	cats.	Cefovecin	rapidly	reached	

Cmax,	 which	 however	 was	 lower	 than	 most	 of	 the	 MIC	 levels	 and	 with	 a	 very	 short	 t½,	

precluding	 its	 use	 as	 a	 long-acting	 antibiotic	 in	 NHP61-63.	 Therefore,	 we	 investigated	 the	

clinical	 and	 physiological	 effects	 of	 intravenous	 (IV)	 alphaxalone	 alone	 or	 in	 combination	

with	 3	 different	 analgesic	 pre-medications	 (buprenorphine,	 butorphanol	 and	 tramadol)	 in	

marmosets	instead	of	just	performing	extra-label	drug	usage.	The	main	finding	of	the	study	

was	 the	 observation	 of	 an	 unexpectedly	 high	 incidence	 (89%)	 of	 apnoea	 in	 the	

buprenorphine	group	(Chapter	7).	No	adverse	effects	were	observed	in	the	tramadol	group.	

In	 view	 of	 the	 high	 respiratory	 complications	 encountered,	 we	 advise	 caution	 when	

considering	 pre	 anaesthetic	 use	 of	 buprenorphine	 at	 the	 dose	 used	 in	 this	 study	 in	



Effects	of	analgesics	in	anaesthesia	

	 163	

combination	with	alphaxalone	IV	in	marmosets.	This	while	buprenorphine	is	a	common	used	

opioid	 in	 laboratory	 animals64.	 The	 combination	 of	 tramadol	 followed	 by	 IV	 alphaxalone	

instead	 can	 be	 considered	 safe,	 reliable	 and	 applicable	 for	 general	 anaesthesia	 in	

marmosets.	Analgesic	efficacy	of	tramadol	 in	pain	has	been	well	described	in	humans.	This	

drug	may	be	a	suitable	alternative	for	buprenorphine	to	analgesia	in	primates65,66.	Effects	of	

tramadol	administration	to	macaques	seem	promising67.	The	next	step	will	be	to	perform	an	

analgesic	efficacy	study	with	tramadol	in	marmosets,	as	each	drug	must	be	investigated	on	a	

species-by-species	basis	to	guarantee	its	effective	and	safe	use,	thus	ensuring	the	well-being	

of	animals.	

Clearly,	the	use	of	safe	anaesthetics	has	a	major	influence	on	the	welfare	of	laboratory	

animals,	 and	 the	 improvement	 on	 balanced	 anaesthesia	 should	 be	 considered	 as	 an	

essential	 aspect	 of	 the	 refinement	 of	 experimental	 methods.	 It	 is	 also	 important	 to	

appreciate	that	poor	anaesthesia	can	have	serious	adverse	effects	on	the	quality	of	results	

obtained	from	an	animal	experimentation.	Along	with	the	review	of	anaesthesia,	attention	

should	 be	 given	 to	 the	 pre-operative	 and	 post-operative	 care	 of	 the	 animal,	 since	 the	

provision	of	effective	post-operative	pain	relief	is	of	particular	importance.	

Closing	remarks	

The	 results	 from	 the	 studies	 described	 in	 this	 thesis	 will	 be	 important	 for	 on-going	

research	 regarding	marmosets	 as	NHP	models	 of	 human	diseases.	 The	 above	 findings	will	

help	 to	 improve	 data	 collection,	 because	 fluctuations	 in	 physiological	 parameters	 due	 to	

physiological	 and	 psychological	 stress	 will	 be	 minimised,	 as	 distress	 is	 an	 uncontrolled	

variable	 that	 increases	statistical	variance.	 In	addition,	all	data	can	be	used	 to	help	assess,	

guard	and	improve	the	welfare	of	laboratory-housed	marmosets.		
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English	summary	
	

The	 pathogenesis	 of	 human	 diseases	 can	 best	 be	 studied	 in	 humans.	 However,	

humans	visit	doctors	only	after	they	start	experiencing	clinical	signs	of	illness,	which	means	

that	the	disease	is	already	in	an	advanced	stage.	Also,	tissue	collecting	for	diagnosis	and/or	

research	 in	humans	can	be	a	major	problem.	Moreover,	 it	 is	often	not	possible	by	 law,	or	

ethically,	 to	 use	 humans	 to	 study	 disease	 mechanisms	 and	 to	 develop	 and	 validate	 new	

therapies.	Animal	 experiments	 are	one	of	 the	 available	methods	 in	 biological	 and	medical	

research	but	research	can	also	be	done	using	cells	and	tissues	outside	the	human	body	(in	

vitro).	However,	 it	 has	 proven	 to	 be	 very	 difficult	 to	 develop	non-animal	methods	 to	 fully	

replace	 the	use	of	animals	 in	 research.	Therefore,	 investigation	of	pathogenic	mechanisms	

and	development	of	new	therapies	in	animal	models	are	still	necessary.	Animals	should	only	

be	 used	 in	 biomedical	 research	 if	 it	 is	 unavoidable	 and	 if	 appropriate	 and	 validated	

alternative	methods	are	not	available.	The	animal	models	should	resemble	the	clinical	and	

pathological	 features	 of	 the	 human	 disease	 as	 close	 as	 possible.	 The	 vast	 majority	 of	

investigators	 still	 use	 rats	 and	 mice	 for	 unraveling	 disease	 mechanisms.	 However,	 with	

regard	 to	 the	 present	 state	 of	 scientific	 knowledge,	 in	 some	 cases	 the	 use	 of	 nonhuman	

primates	(NHP)	is	necessary.	

The	 BPRC	 houses	 self-sustaining	 breeding	 colonies	 of	 NHP,	 including	 common	

marmosets	 (Callithrix	 jacchus)	 for	 the	 purpose	 of	 conducting	 biomedical	 research	 on	 life-

threathening	or	debilitating	diseases.	Marmosets	are	social	arboreal	animals,	endemic	to	the	

forest	habitat	of	South	America.	The	body	weight	of	adult	marmosets	ranges	from	about	350	

to	 450	 grams.	 Their	 natural	 diet	 consists	 of	 fruits,	 seeds,	 insects,	 bird	 eggs	 and	 tree	 gum.	

Marmosets	live	in	cooperatively	bred	family	groups	composed	of	an	adult	breeding	pair	and	

multiple	 sets	of	offspring,	which	means	 that	 the	male	and	all	 previous	offspring	help	with	

the	 care	 of	 the	 new	 litter.	 Mothers	 usually	 give	 birth	 to	 twins	 or	 triplets	 per	 pregnancy,	

which	lasts	144	days.	The	offspring	are	bone	marrow	chimeras	as	a	result	of	establishment	

of	vascular	anastomoses	between	the	placentae	of	the	embryos	that	allow	sharing	of	bone	

marrow	elements.	

Their	 immunological,	 physiological	 and	 genetic	 similarity	 to	 humans	 make	

marmosets	 useful	 as	model	 for	 specific	 biomedical	 research	 as	 their	 disease	 pathogenesis	

and	clinical	symptoms	resemble	those	of	humans.	In	order	to	ensure	reliable	data	collection	

and	 the	 reproducibility	 of	 the	 experiments	 optimal	 welfare	 procedures	 with	 respect	 to	

housing,	 husbandry	 and	 handling	 procedures	 need	 available.	 Optimal	 welfare	 results	 in	
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better	 experiments	 and	 in	 a	 reduction	 of	 the	 number	 of	 animals	 required.	 Before	 the	

research	described	in	this	thesis	started,	BPRC	had	already	established	a	process	of	welfare	

improvement	for	the	marmosets,	which	was	continually	reviewed	and	adapted.	Because	of	

this	research	however,	the	process	was	accelerated	and	improved.	

Monitoring	welfare	

It	 is	desirable	 to	monitor	 the	welfare	 status	of	animals	using	objective,	non-invasive	

parameters.	 In	 Chapter	 2,	 the	 recordings	 of	 ultrasonic	 vocalisations	 (USV)	 as	 potential	

welfare	indicator	were	studied.	The	production	of	USV	and	its	use	as	a	welfare	indicator	has	

been	intensively	studied	in	rats	and	mice.	USV	produced	by	laboratory	rats	in	response	to	a	

negative	 mental	 stimulus,	 provided	 more	 information	 about	 their	 acute	 emotional	 state	

than	audible	 vocalisations.	However,	whether	marmoset	 calls	 have	ultrasonic	 components	

and	whether	common	marmosets	produce	other	vocalizations	exclusively	 in	 the	ultrasonic	

range,	had	never	been	described	 in	 literature.	 	 	 Therefore,	we	 recorded	 the	production	of	

USV	 during	 different	 settings	 (neutral,	 positive	 and	 negative	 associated	 settings)	 in	

marmosets.	 Analysis	 of	 our	 recordings	 showed	 that	 marmosets	 produce	 vocalisations	

ranging	from	audible	to	USV;	however,	no	vocalisations	with	 frequencies	exclusively	 in	the	

ultrasonic	range	were	recorded.	Because	the	production	of	USV	under	the	different	settings	

was	not	correlated,	we	concluded	that	USV	production	cannot	be	used	as	a	reliable	indicator	

of	pain,	discomfort	or	distress	in	marmosets.	

Optimising	data	collection	

To	 monitor	 welfare	 status,	 telemetry	 was	 identified	 as	 another	 possible	 option.	

Telemetry	 is	 the	remote	monitoring	of	an	animal's	physiological	parameters,	such	as	pulse	

and	 body	 temperature.	 Animals	 can	 be	 monitored	 awake	 and	 freely	 moving;	 without	

isolation,	 restraint	 or	 sedation.	 However,	 in	mice,	 surgery,	 as	well	 as	 the	 presence	 of	 the	

intra-abdominal	telemetric	transmitter,	are	known	to	affect	the	well-being	for	as	long	as	two	

weeks	 after	 surgery.	 In	Chapter	 3	we	 determined	 the	 recovery	 period,	 which	marmosets	

need	 after	 implantation	 of	 abdominal	 telemetric	 transmitters.	 	 The	 data	 from	 our	 study	

showed	that	full	recovery	was	only	achieved	31	days	after	surgery.	

	Refining	Housing,	Husbandry	and	veterinary	care		

In	 Chapter	 4	 we	 evaluated	 whether	 new	 housing	 and	 husbandry	 modifications	

constituted	increased	veterinary	risks	for	our	marmosets after	they	had	been	exposed	to	the	

new	conditions	for	2.5	years.	The	modifications	included	providing	both	indoor	and	outdoor	

enclosures,	use	of	deep	litter	as	bedding	material	and	discontinuation	of	using	disinfectant	
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agents	 in	 marmoset	 enclosures.	 These	 modifications	 were	 initiatives	 that	 improved	 the	

animals’	welfare.	However,	 these	modifications	constituted	a	possible	 increased	veterinary	

risk,	as	the	subjects	were	likely	exposed	to	a	higher	load	of	infectious	agents.	Therefore	we	

evaluated	 whether	 these	 modifications	 constituted	 an	 improvement	 or	 an	 increased	

veterinary	 risk	 for	 laboratory-housed	 marmosets.	 Although	 numerous	 bacterial	 strains	 -	

including	potentially	 pathogenic	ones	 -	were	 cultured,	we	did	not	observe	 any	 increase	 in	

illness,	 mortality,	 or	 breeding	 problems	 related	 to	 this	 environmental	 microflora.	 After	

evaluating	all	of	the	collected	data,	we	estimate	that	the	veterinary	risk	of	the	new	housing	

conditions	 is	 minimal	 to	 none	 in	 terms	 of	 clinical	 disease,	 disease	 outbreaks,	 abnormal	

behavior	and	negative	effects	on	reproduction.	

To	 determine	 deviating	 values,	 normal	 values	 need	 to	 be	 determined	 first.	 Normal	

values	are	available	for	different	physiological	parameters	like	blood	parameters,	respiratory	

rate	 and	 body	 temperature.	 As	 marmosets	 are	 used	 in	 biomedical	 research	 for	 studies	

involving	the	skeleton,	the	normal	osteology	of	healthy	marmosets	needs	to	be	known	first	

too.	Detailed	description	and	 illustrations	of	 the	 skeleton	of	 the	 common	marmoset	as	an	

anatomical	 guide	 are	 described	 in	 Chapter	 5.	 These	 data	 are	 not	 only	 of	 great	 value	 for	

veterinary	care	of	marmosets	but	also	supports	laboratory	animal	science.	

To	perform	certain	medical	procedures	on	marmosets,	 for	example	mantoux	 testing	

or	blood	sampling,	the	animal	has	to	be	sedated.	Although	various	sedatives	can	be	used,	no	

standard	 sedation	 protocol	was	 available	 Therefore,	 a	 study	was	 performed,	 in	which	 the	

clinical	 use	 of	 the	 most	 frequently	 used	 sedatives	 were	 compared	 (Chapter	 6).	 After	

analysing	 the	 results,	we	conclude	 that	 IM	administration	of	alphaxalone	 is	preferred	as	 it	

resulted	 in	 satisfying	 immobilisation	 with	 acceptable	 and	 less	 frequent	 side	 effects	 and	

superior	recovery.	

Major	invasive	surgeries,	like	the	implantation	of	telemetric	devices	(see	chapter	3),	

require	analgesic	therapy	besides	anaesthesia.	A	mixture	of	anaesthetics	and	analgesics	can	

be	used.	However,	certain	combinations	of	analgesics	and	anaesthetics	have	the	potential	to	

adversely	affect	the	patient;	respiratory	depression	 is	the	most	serious	one	because	of	the	

risk	 of	 a	 fatal	 outcome.	 The	 primary	 aim	 of	 the	 study	 described	 in	 Chapter	 7	 was	 to	

determine	the	cardiorespiratory	effects	of	premedication	with	buprenorphine,	butorphanol	

or	 tramadol	 on	 anaesthesia	 induced	 with	 alphaxalone.	 These	 three	 specific	 drugs	 were	

chosen	 as	 each	 has	 varying	 receptor	 effects	 and	 therefore	 may	 differently	 interact	 with	

alphaxalone.	 The	 main	 finding	 of	 the	 study	 was	 the	 observation	 of	 a	 high	 incidence	 of	

apnoea	 in	 the	 buprenorphine	 group.	 No	 adverse	 effects	 were	 observed	 in	 the	 tramadol	
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group.	 In	view	of	 the	high	respiratory	complications	encountered,	we	advise	caution	when	

considering	 pre-anaesthetic	 use	 of	 buprenorphine	 at	 the	 dose	 used	 in	 this	 study	 in	

combination	with	alphaxalone	IV	in	marmosets.		

Finally,	we	discuss	our	main	conclusions.	The	results	from	the	studies	can	be	used	to	

improve	 the	 welfare	 of	 laboratory-housed	 common	marmosets.	 These	 improvements	 are	

also	 valuable	 for	 scientific	 research	 since	 they	 will	 result	 in	 improvement	 of	 collection	 of	

reliable	 and	 robust	 data.	 This	 is	 important	 for	 on-going	 research	 regarding	marmosets	 as	

NHP	models	of	human	diseases,	which	hopefully	results	in	the	development	of	medicines	for	

human	life-threatening	diseases.	
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Nederlandse	Samenvatting	
	

De	 pathogenese	 van	 humane	 ziekten	 kan	 het	 best	 bij	 humane	 patiënten	 worden	

uitgevoerd.	Echter,	mensen	gaan	pas	naar	de	dokter	wanneer	de	ziekte	zich	uit	in	lichamelijk	

ongemak	 en	 de	 ziekte	 dus	 al	 enige	 tijd	 aan	 de	 gang	 is.	 Ook	 kan	 er	 niet	 zomaar	 zonder	

problemen	 weefsel	 voor	 verder	 onderzoek	 van	 mensen	 worden	 afgenomen.	 Maar	 het	

grootste	 obstakel	 voor	 het	 doen	 van	biomedisch	onderzoek	bij	mensen	 is	 het	 feit	 dat	 het	

ziek	maken	van	gezonde	personen	met	ongeneeslijke	of	ernstige	ziekten	moreel	ethisch	en	

wettelijk	niet	kan	worden		toegestaan.	Er	wordt	momenteel	al	veel	onderzoek	gedaan	om	de	

ingewikkelde	ziekteprocessen	buiten	het	lichaam	na	te	bootsen	maar	helaas	is	dit	nog	maar	

beperkt	mogelijk.	Als	gevolg	hiervan	zijn	wij	voor	het	krijgen	van	beter	inzicht	in	het	vroege	

ziekteproces	 (pathogenese)	 en	 voor	 de	 ontwikkeling	 en	 testen	 van	 effecten	 van	 nieuwe	

geneesmiddelen	 vooralsnog	 ook	 deels	 aangewezen	 op	 proefdieren.	 Een	 belangrijke	

voorwaarde	 voor	 het	 gebruik	 van	 proefdieren	 als	 ziektemodel	 is	wel	 dat	 zo’n	model	 echt	

alleen	maar	mag	worden	gebruikt	als	de	vraagstelling	niet	op	andere	manieren	kan	worden	

beantwoord.	 Het	 diermodel	 moet	 zo	 sterk	 mogelijk	 lijken	 op	 de	 klinische	 pathologie	 in	

mensen.	Vaak	gebeurd	onderzoek	in	knaagdieren.	Echter,	voor	sommige	onderzoeken	is	de	

niet-humane	primaat	een	beter	geschikt	proefdier	om	te	gebruiken.	

Het	 BPRC	 fokt	 en	 huisvest	 niet-humane	 primaten	 voor	 biomedisch	 onderzoek	

waaronder	de	marmoset,	Callithrix	jacchus	ofwel	de	penseel	aap.	De	marmoset	komt	in	het	

wild	voor	in	het	tropisch	regenwoud	van	Brazilië.	Een	volwassen	dier	weegt	tussen	de	350	en	

450	gram.	Marmosets	voeden	zich	 in	het	wild	met	 insecten,	 fruit,	 zaden,	noten,	eieren	en	

gom	van	bomen.	Ze	leven	in	familiegroepen	waarbij	de	hele	familie	helpt	bij	de	zorg	van	de	

jongste	 telgen.	Na	een	draagtijd	van	ongeveer	144	dagen	wordt	overwegend	een	twee-	of	

drieling	 ter	 wereld	 gebracht.	 Tijdens	 de	 dracht	 fuseren	 de	 placentaire	 bloedstromen	met	

elkaar	 waardoor	 de	 baby’s	 het	 bloedvormend	 systeem	 met	 elkaar	 delen	 (chimerisme	

genoemd).	

Marmosets	 lijken	 immunologisch,	 genetisch	 en	 anatomisch	 gezien	 veel	 op	 de	mens	

waardoor	 het	 ziekteverloop	 en	 symptomen	 van	 bepaalde	 aandoeningen/ziekten	 overeen	

komen	 met	 de	 mens.	 Hierdoor	 	 is	 het	 een	 geschikt	 model	 voor	 onderzoek	 van	 de	

pathogenese	van	deze	ziekten	en	voor	de	validatie	van	nieuwe	therapieën.	Om	betrouwbare	

resultaten	te	verkrijgen	(waardoor	er	ook	minder	dieren	in	een	experiment	ingezet	hoeven	

te	 worden)	 dienen	 de	 apen	 optimaal	 te	 worden	 verzorgd	 en	 de	 beste	 veterinair	 zorg	 te	
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verkrijgen:	welzijnsverbetering.	Voordat	er	begonnen	werd	aan	het	onderzoek	beschreven	in	

dit	 proefschrift,	 was	 er	 op	 het	 BPRC	 al	 een	 proces	 van	 welzijnsverbetering	 voor	 de	

marmosets	gaande.	Het	onderzoek	beschreven	in	dit	proefschrift	heeft	daar	op	ingehaakt	en	

dit	proces	versneld	en	verbeterd.	Dit	proefschrift	beschrijft	het	onderzoek	dat	gedaan	is	om	

de	veterinaire	zorg	en	welzijn	van	marmosets	naar	een	hoger	niveau	te	brengen.	

Welzijnsmonitoring	

Om	 de	 gemoedstoestand	 en	 welzijn	 van	 dieren	 te	 kunnen	 monitoren	 zou	 een	

objectieve	meetmethode	gewenst	zijn.	In	hoofdstuk	2	werd	een	potentiele	optie,	het	meten	

van	 ultrasonische	 vocalisaties	 (USV),	 nader	 onderzocht.	 Marmoset	 produceren	 hoorbare	

vocalisaties	en	de	hypothese	was	dat	zij	ook	puur	ultrasone	geluiden	konden	produceren.	Dit	

omdat	er	bij	knaagdieren	literatuur	is	waarin	beschreven	staat	dat	productie	van	pure	USV	in	

bepaalde	 negatieve	 situaties	 plaatsvind	 wat	 ons	 extra	 informatie	 geeft	 over	 hun	

gemoedstoestand	dan	alleen	de	hoorbare	vocalisaties.	Bij	een	aantal	marmosets	zijn	daarom	

onder	verschillende	situaties	(positieve,	neutrale	en	stressvolle	situaties)	hun	geproduceerde	

vocalisaties	gemeten.	Analyse	van	de	data	toonde	aan	dat	de	marmoset,	in	tegenstelling	tot	

knaagdieren,	 geen	 pure	 USV	 produceert.	 De	 marmoset	 produceert	 wel	 vocalisaties	 die	

uitlopen	tot	in	het	ultrasoon	gebied.	We	hebben	geen	correlaties	gevonden	tussen	dit	type	

vocalisaties	en	de	aanwezige	situatie.	Wij	durven	dan	ook	te	stellen	het	meten	van	USV	 in	

marmosets	 geen	 meerwaarde	 heeft	 ten	 opzichte	 van	 het	 bepalen	 van	 alleen	 hoorbare	

vocalisaties	met	betrekking	tot	het	bepalen	van	hun	gemoedstoestand.	

Optimalisatie	van	data	collectie	

Een	 andere	 optie	 om	 welzijn	 te	 kunnen	 monitoren	 zou	 het	 gebruik	 van	 telemetrie	

kunnen	 zijn.	 Telemetrie	 is	 het	 draadloos	meten,	met	 behulp	 van	 een	 ingebrachte	 zender,	

van	bepaalde	lichaamsparameters,	zoals	temperatuur	of	hartritme.	Dieren	kunnen	daarmee	

in	hun	eigen	kooi	worden	gemonitord	zonder	geïsoleerd,	gesedeerd	of	gefixeerd	hoeven	te	

worden.	 Echter,	 in	 muizen	 is	 beschreven	 dat	 het	 inbrengen	 van	 een	 telemetrische	

buikzender	tot	afwijkend	gedrag	leidt,	welke	2	weken	kan	aanhouden.	In	hoofdstuk	3	wordt	

het	 onderzoek	 beschreven	 waarin	 gekeken	 werd	 naar	 de	 herstel	 periode	 die	 marmosets	

nodig	hebben	na	het	inbrengen	van	een	telemetrische	buikzender.	De	data	toonden	aan	dat	

dieren	minstens	een	maand	nodig	hebben	om	volledig	 te	herstellen	van	de	operatie	en	 te	

wennen	aan	de	fysieke	aanwezigheid	van	de	buikzender.	
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Verfijning	van	huisvesting,		verzorging	en	veterinaire	zorg	

In	 hoofdstuk	 4	 wordt	 dieper	 ingegaan	 op	 de	 risico	 evaluatie	 welke	 heeft	

plaatsgevonden	tweeëneenhalf	 jaar	na	in	gebruik	name	van	een	nieuw	fokgebouw	voor	de	

marmosets.	 Het	 ontwerp	 van	 de	 nieuwbouw	 was	 erop	 gericht	 om	 de	 dieren	 een	 zo	

natuurlijk	 mogelijke	 leefomgeving	 aan	 te	 bieden.	 In	 het	 nieuwe	 gebouw	 beschikken	 de	

dieren	over	een	binnen-	en	buitenverblijf.	In	beide	verblijven	ligt	er	op	de	bodem	een	dikke	

laag	 van	 boomschors	 (biobodem	 genoemd).	 De	 biobodem	wordt	 niet	 schoongemaakt.	 De	

insecten,	 schimmels	 en	 bacteriën,	 die	 van	 nature	 in	 de	 biobodem	 leven,	 zorgen	 voor	 een	

vertering	van	fruitresten	en	de	ontlasting	van	de	marmosets.	En	er	wordt	geen	gebruik	meer	

gemaakt	 van	 chemische	 schoonmaakmiddelen.	 Dit	 zijn	 allemaal	 zaken	 die	 als	

welzijnsverhoging	 werden	 gezien.	 Naast	 de	 geachte	 welzijnsverbetering	 houdt	 deze	

nieuwbouw	 een	 theoretisch	 verhoogd	 risico	 op	 blootstelling	 aan	 pathogene	 micro-

organismen	 in	 (blootstelling	aan	externe	pathogenen,	niet	meer	schoonmaken	en	een	niet	

steriele	biobodem).	Tweeëneenhalf	 jaar	na	 in	gebruik	van	het	nieuwe	verblijf	heeft	er	een	

microbiologische	 screening	 van	 de	 biobodem,	 apen	 en	 insecten	 plaatsgevonden.	 Ook	 is	

gekeken	 naar	 de	 incidentie	 en	 oorzaak	 van	 ziekte	 uitbraken,	 fokresultaten	 en	 de	 sectie	

rapporten.	Onze	 bevinden	 tonen	 aan	 dat	 er	 in	 de	 bodem,	 insecten	 en	 de	 apen	 een	 grote	

diversiteit	 aan	micro-organismen	 te	 vinden	 is.	 Er	werden	 zelfs	 een	 aantal	 bacteriesoorten	

geïsoleerd	welke	 in	de	 literatuur	als	potentieel	pathogeen	worden	beschouwd.	Echter,	 tot	

op	 heden	 zijn	 er	 in	 de	 kolonie	 geen	 fatale	 uitbraken	 geweest	 van	 infecties	 die	 werden	

veroorzaakt	 door	 de	 in	 de	 bodem	 aanwezige	 micro-organismen.	 Ook	 zien	 wij	 geen	

fokproblemen.	 Wij	 durven	 dan	 ook	 te	 stellen	 dat	 de	 nieuwe	 huisvesting	 een	

welzijnsverbetering	is.	

Om	 te	 weten	 wat	 afwijkend	 is	 en	 wat	 normaal	 is	 dient	 men	 normaalwaarden	 te	

hebben.	 Dit	 geldt	 niet	 alleen	 voor	 de	 standaard	 lichaamsparameters	 zoals	

ademhalingsfrequentie,	 lichaamstemperatuur	 en	 bloedwaarden	 maar	 geldt	 ook	 voor	 het	

skelet	 en	 voor	 onderzoek	 naar	 gewrichten	 en	 botafwijkingen,	 bijvoorbeeld	 artritis.	 In	

hoofdstuk	5	wordt	een	overzicht	gegeven	van	het	normale	skelet	van	een	marmoset.	Deze	

anatomisch	beschrijving	met	normale	waarden	 is	niet	alleen	van	belang	voor	dierenartsen	

die	met	marmosets	werken	maar	dient	tegelijkertijd	ook	als	basis	voor	onderzoekers	die	met	

marmosets	werken.	

Voor	 het	 uitvoeren	 van	 biotechnische	 handelingen	 dienen	 marmosets	 te	 worden	

gesedeerd.	Hierbij	kan	men	denken	aan	een	bloedafname	of	het	zetten	van	een	mantoux.	

Hiervoor	zijn	verschillende	sedatiemiddelen	beschikbaar.	Echter,	er	is	nooit	een	vergelijkend	
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onderzoek	 geweest	 tussen	 de	 verschillende	 sedatiemiddelen	 qua	 veiligheid	 en	

betrouwbaarheid.	 In	 	 hoofdstuk	 6	 wordt	 een	 overzicht	 gegeven	 van	 het	 onderzoek	 dat	

gedaan	 is	 omtrent	 het	 vergelijken	 van	 de	 meest	 gebruikte	 sedatiemiddelen.	 Het	 geteste	

alphaxalone	 bleek	 een	 uiterst	 geschikt	 middel	 om	 te	 gebruiken.	 Dit	 gaf	 een	 goede	

spierrelaxatie	en	gaf	de	minste	bijwerkingen	van	de	geteste	sedatie	middelen.	

Voor	het	uitvoeren	van	complexe	biotechnische	handelingen	en	operaties,	 zoals	het	

inbrengen	van	de	in	hoofdstuk	3	beschreven	buikzenders,	is	sedatie	alleen	onvoldoende	en	

is	er	ook	behoefte	aan	 (pre-)operatieve	pijnstilling.	Hiervoor	zijn	verschillende	combinaties	

van	anesthetica	en	analgetica	mogelijk.	Echter,	in	de	literatuur	zijn	voorbeelden	beschreven	

van	combinaties	die	fataal	kunnen	zijn	doordat	bepaalde	effecten	worden	versterkt,	dit	geldt	

vooral	 voor	de	ademhalingsdepressie.	 In	hoofdstuk	 7	wordt	de	veiligheid	van	alphaxalone	

getest	 in	 combinatie	met	 de	 analgetica	 buprenorphine,	 butorphanol	 en	 tramadol.	 Dit	 zijn	

drie	 frequent	 gebruikte	 analgetica	 die	 echter	 alle	 drie	 een	 ander	 werkingsmechanisme	

hebben	waardoor	 hun	 interactie	met	 alphaxalone	 anders	 zou	 kunnen	 zijn.	 De	 verzamelde	

data	 maakte	 duidelijk	 dat	 de	 combinatie	 van	 buprenorphine	 en	 alphaxalone	 een	

ongewenste	 combinatie	 is	 omdat	 het	 tot	 een	 zeer	 hoog	 aantal	 ademhalingsstilstanden	

leidde	 (apnoe).	 Tevens	 toonde	 dit	 onderzoek	 aan	 dat	 de	 combinatie	 butorphanol	 en	

alphaxalone	een	betrouwbare	en	veilige	combinatie	is	om	te	gebruiken.		

Het	 proefschrift	 eindigt	 met	 een	 hoofdstuk	 waarin	 de	 belangrijkste	 bevindingen	

worden	bediscussieerd.	De	beschreven	onderzoeken	hebben	bijgedragen	aan	de	verbetering	

van	 het	 dierenwelzijn.	 Daarnaast	 heeft	 het	 ook	 bijgedragen	 aan	 betere	 condities	 waarin	

biomedisch	onderzoek	kan	plaatsvinden	wat	tot	betrouwbaardere	resultaten	zal	 leiden.	Dit	

alles	om	maximaal	bij	te	kunnen	dragen	aan	de	ontwikkeling	van	geneesmiddelen	voor	bij	de	

mens	invaliderende	en	levensbedreigende	ziekten.	
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Dankwoord	

	
Op	het	moment	dat	ik	besloot	om	bij	het	BPRC	te	gaan	werken,	had	ik	nooit	verwacht	

dat	 ik	 bijna	 15	 jaar	 later	 met	 een	 afgerond	 proefschrift	 in	 mijn	 handen	 zou	 staan.	 Nooit	

gedacht	dat	wij	dierenartsen	eigen	onderzoek	 zouden	doen	en	artikelen	 zouden	 schrijven.	

En	ik	vond	het	nog	leuk	ook	en	hoop	er	dan	ook	de	komende	jaren	mee	door	te	gaan!	

Hoewel	 ik	 verantwoordelijk	 ben	 voor	 de	 inhoud	 van	 dit	 proefschrift,	 is	 dit	 boekje	

natuurlijk	 niet	 alleen	door	mijn	 inzet	 tot	 stand	 gekomen,	maar	 vooral	 dankzij	 de	hulp	 van	

een	 groot	 aantal	 anderen.	 Veel	 dank	 dan	 ook	 aan	 alle	 co-auteurs	 van	 de	 publicaties	 en	

daarmee	ook	van	dit	proefschrift.	Langs	deze	weg	wil	ik	iedereen,	die	op	zijn	of	haar	manier	

een	 bijdrage	 heeft	 geleverd	 aan	 mijn	 proefschrift,	 onwijs	 bedanken.	 Top!	 Als	 je	 niet	

persoonlijk	hieronder	vermeld	staat,	betekent	het	niet	dat	ik	 jouw	bijdrage	niet	heb	gezien	

of	niet	waardeer,	maar	meer	dat	ik	het	dankwoord	niet	eindeloos	lang	en	te	slijmerig	wilde	

maken.	 Ik	 heb	 dus	 een	 selectie	 moeten	 maken,	 helaas,	 sorry.	 Een	 aantal	 mensen	 wil	 ik	

echter	toch	persoonlijk	bedanken	en	in	de	spreekwoordelijke	schijnwerpers	zetten.		

Allereerst	mijn	begeleider	Jan!	Dank	voor	de	kans	die	je	mij	hebt	gegeven	om	dit	niet-

standaard	 promotietraject	 te	 mogen	 volgen.	 Jouw	 begeleiding,	 je	 ideeën	 voor	 mogelijke	

nieuw	op	te	starten	onderzoeken	en	je	commentaren	op	de	drafts	(ook	al	 lieten	deze	zich,	

voor	 mijn	 gevoel	 dan,	 erg	 lang	 op	 zich	 wachten)	 hebben	 ervoor	 gezorgd	 dat	 het	 af	 is	

gekomen.	 Ik	 heb	 enorm	 veel	 bewondering	 voor	 je	 inzet	 en	 voor	 de	 wijze	 waarop	 je	 het	

aansturen	van	de	afdeling	met	het	ondersteunen	van	ASD-onderzoek	combineert.	

Ronald;	 ook	 jij	 bedankt	 voor	 de	 kans	 die	 het	 BPRC	mij	 gegeven	 heeft	 en	 de	 snelle	

afhandeling	van	alle	procedures	rondom	mijn	promotie.	

Thea;	sinds	jij	bij	het	ASD	hoort,	is	mijn	leven	zo	veel	makkelijker	geworden.	Uren	heb	

jij	 besteed	 aan	 mijn	 artikelen	 voordat	 jij	 ze	 kon	 indienen.	 Jij	 was	 zo	 lief	 om	 alles	 steeds	

grondig	 te	 controleren	 op	 vormfouten	maar	 zeker	 ook	 op	 taalfouten.	 Ook	 dit	 boekje	was	

zonder	 jou	niet	 tot	 stand	gekomen	omdat	 jij	 eigenlijk	alles	daarvoor	hebt	gedaan;	van	het	

bedenken	 van	 wat	 voor	 plaatje	 leuk	 op	 de	 cover	 zou	 staan	 (Francisca	 bedankt	 voor	 het	

tekenen	van	de	cover)	tot	de	layout	van	de	binnenzijde	van	het	boekje.	Echt	onwijs	bedankt.	
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Mijn	 dank	 gaat	 natuurlijk	 ook	 uit	 naar	 de	 leden	 van	 het	 Vetcare	 team:	 Leo,	 Robin,		

Merei	en	Rianne.	Bedankt	voor	al	jullie	hulp;	van	het	meedenken	met	DEC	aanvragen	tot	het	

maandelijks	nemen	van	de	röntgenopnames	in	NW.	Ook	Christa,	Jeroen	en	Chrispijn	dank	ik	

voor	hun	hulp.	

Een	 van	 de	 belangrijkste	 schakels	 in	 dit	 geheel	 zijn	 de	 dierverzorgers	 van	 het	 ASD	

geweest.	 Zonder	 hen	 geen	 studies!	 Meedenkend	 en	 meewerkend!	 Top!	 Marmo	 mensen	

onwijs	bedankt!	Annelies,	Fred,	Mariska,	Jeroen,	Sacha	en	Monica!	

	 Gert-Jan	en	Edwin,	dank	voor	het	altijd	flexibel	omgaan	met	het	inroosteren	van	de	

studies	en	het	regelen	van	de	juiste	mensen	ervoor	(van	MRF	tot	aapselectie).	Als	ik	opschrijf	

‘dankzij	 jullie	 heb	 ik	 niet	 alleen	 begrip	 gekregen	 maar	 ook	 een	 hechte	 vriendschap	 met	

Anwar	opgebouwd’	dan	weten	jullie	wel	wat	ik	bedoel.	

Annet,	bedankt	voor	het	steeds	mede	begeleiden	van	studenten.	Wat	op	papier	een	

simpel	project	leek,	werd	altijd	complexer	dan	gedacht	en	uiteindelijk	was	jij	steeds	weer	zo	

behulpzaam	om	dit	flexibel	op	te	lossen.	En	lief	dat	je	Scooter	een	nieuw	huis	hebt	gegeven.	

De	familie	Hartelust	verdient	ook	een	plek	in	het	dankwoord.	Jullie	waren	de	eersten	

die	mij	 inzicht	in	de	apenwereld	buiten	het	BPRC	gaven	en	Tilburg	voelt	nu	als	een	tweede	

thuis.	

Tijdens	 mijn	 promotieonderzoek	 zijn	 er	 verschillende	 diergeneeskunde	 stagiaires	

geweest,	die	elk	op	hun	eigen	manier	een	steentje	hebben	bijgedragen	aan	dit	proefschrift:	

Tessa	van	Nijnatten,	Elles	te	Poele,	Manouk	Hoelscher,	Milene	Rijnbeek,	Eva	Pelt	en	Sandra	

Roubos;	jullie	hebben	mij	ontzettend	veel	werk	uit	handen	genomen	en	ik	vond	het	leuk	om	

jullie	te	begeleiden!	Ook	hun	begeleiders	ben	ik	dankbaar;	Saskia	Arndt,	Joost	Uilenreef	en	

Inge	van	Geijlswijk.		

Daarnaast	 zijn	 er	 nog	 een	 aantal	 mensen	 op	 de	 achtergrond,	 die	 nieuwe	 ideeën	

aandroegen	of	hielpen	met	het	uitwerken	van	ideeën:	Martje,	Hester	Bolhuis,	Aric	van	Drie,	

Hugo	van	Oostrom,	Susanne	Rensing,	Thijs	van	Loon,	Almuth	Einspanier,	Hans	Nieuwendijk	

en	Mads	Bertelsen.	Ook	 jullie	bedankt!	 In	dit	 rijtje	horen	ook	Herbert	en	Gerco	 (memento	

mori)	thuis.	

Collega’s,	 die	 regelmatig	 interesse	 toonden	 in	 de	 stand	 van	 zaken	 en	 daarbij	 wijze	

raad	 gaven,	 hadden	 een	 stimulerend	 en	 motiverend	 effect:	 Babs,	 Jordon,	 Anwar,	 Ingrid,	

Yolanda,	Henk	en	vele	anderen:	merci	beaucoup.	
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Ook	 wil	 ik	 bij	 deze	 de	 Belgische	 tak	 van	 dit	 proefschrift	 bedanken	 voor	 de	

samenwerking.	Ik	hoop	dat	dit	nog	jaren	doorgaat	want	van	het	ene	boeiende	project	rollen	

wij	in	het	andere.	Wat	begon	met	een	korte	email	naar	Prof.	Ducatelle	om	te	informeren	of	

hij	 en	 daarmee	 een	 van	 zijn	 studenten	 mogelijk	 geïnteresseerd	 zou	 zijn	 om	 de	 normale	

anatomie	 en	 de	mogelijk	 daaraan	 gerelateerde	 anatomische	 afwijkingen	 in	marmosets	 te	

onderzoeken,	 is	uitgemond	 in	het	 fanatiek	verzamelen	van	magen,	hartjes,	nieren	en	 zelfs	

hele	 kadavers	 (Tom	 &	 Ivanela:	 bedankt	 voor	 de	 hulp).	 Dit	 alles	 om	 de	 verschillende	

vakgroepen	 van	 de	 veterinaire	 faculteit	 te	 ‘bevoorraden’.	 Christophe	 Casteleyn,	 Prof.	

Simoens,	Sofie	De	Bruyckere,	Chloë	De	Witte,	Bram	Flahou,	Prof.	 Saunders,	Prof.	Cornillie,	

Leslie	Bosseler,	Prof.	Decostere	en	Prof.	Chiers:	allen	bedankt!	

Ondanks	dat	ik	werk	en	privé	graag	gescheiden	hou,	zijn	er	activiteiten	waarbij	ik	het	

niet	erg	vind	om	op	dit	principe	te	zondigen.	Wat	gaan	drinken	met	Fred,	Ruud	en	Collignon	

betekent	werkgerelateerde	 conversaties	maar	 onder	 het	 genot	 van	 bitterballen	 en	 bier	 is	

dat	niet	eens	zo	heel	vervelend.	Ook	de	blackjack	avonden	met	Bram,	Fred,	Ruud,	Andre	en	

Rob	 waardeer	 ik:	 eerst	 bijpraten	 over	 het	 werk	 en	 daarna	 elkaar	 gewoon	 keihard	 blut	

spelen!.		

Gelukkig	 heb	 ik	 in	 de	 afgelopen	 jaren	 niet	 alleen	maar	 hoeven	werken.	 Tussendoor	

heb	 ik	 genoten	 van	 weekendjes	 weg	 naar	 collega’s	 in	 het	 buitenland,	 van	 Teheran	 tot	

Stockholm,	 van	 Vila	 Nova	 de	 Santo	 André	 tot	Wroclaw.	 Ik	 hoop	 dat,	 nu	 het	 promoveren	

achter	de	 rug	 is,	 er	nog	meer	 tijd	 is	om	 jullie	 vaker	op	 te	 zoeken.	 Jullie	waren	en	 zijn	een	

inspiratiebron.	 Jullie	 zijn	 jaloers	 op	 mijn	 vaste	 baan	 bij	 het	 BPRC	 door	 alle	 aanwezige	

faciliteiten,	 terwijl	 ik	 jaloers	 ben	 op	 jullie	 vrije	 dierenartsenbestaan.	 Marta,	 Paolo,	 Lotte,	

Marlene,	Nathalie,	Pablo,	Abi,	Ann-Marie,	Alfredo,	Leo,	Norin,	Herman	and	the	volunteers	of	

Rainfer:	thanxxx.		

Nikki;	wat	begon	als	avondjes	Nintendo’en	(samen	met	Linda),	eindigt	in	jouw	bijdrage	

als	 paranimf.	 Leuk!	 Maarten:	 van	 de	 Arena	 tot	 de	 Dordtse	 Krommedijk;	 samen	 strijden,	

samen	winnen.	

Tenslotte	 wil	 ik	 Sanne	 en	 mijn	 ouders	 bedanken.	 Jullie	 staan	 altijd	 voor	 mij	 klaar.	

Onbetaalbaar!	
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Curriculum	Vitae	
	

Jaco	 Bakker	 was	 born	 on	 October	 1th	 1978	 in	 Schiedam,	 the	 Netherlands.	 He	

completed	secondary	school	at	the	S.G.	Spieringshoek	te	Schiedam	in	1996.	He	proceeded	to	

study	Veterinary	Medicine	in	Belgium	due	the	so-called	numerus	fixus	system	being	applied	

to	the	study	of	Veterinary	Medicine	in	the	Netherlands.	He	studied	consecutively	three	years	

in	 Antwerp	 and	 three	 years	 in	 Ghent,	 focussing	 on	 companion	 animals.	 He	 obtained	 his	

degree	in	2002.	

Immediately	 after	 graduation,	 he	 was	 employed	 at	 the	 BPRC,	 Rijswijk,	 the	

Netherlands	 as	 veterinarian.	 At	 the	 BPRC,	 he	 was	 involved	 in	 general	 animal	 care,	

enrichment	 programmes,	 reviewing	 research	 protocols,	 disease	 monitoring	 (preventive	

medicine),	 new	 treatment	 options	 for	 the	 animals,	 breeding	 programmes	 and	 public	

education.	 	 Over	 the	 years	 he	 has	 worked	 with	 several	 primate	 species	 including	 owl	

monkeys	 (Aotus	trivirgatus),	chimpanzees	(Pan	troglodytes),	cotton	top	tamarins	 (Saguinus	

oedipus),	 cynomolgus	macaques	 (Macaca	 fascicularis),	 rhesus	monkeys	 (Macaca	mulatta)	

and	marmosets	(Callithrix	jacchus).		

Although	 knowledge	of	 primate	medicine	has	 increased	 considerably	 over	 the	 last	

decades,	 especially	 in	 the	 field	 of	welfare	management,	 improvements	 can	 still	 be	made.	

Under	 supervision	 of	 Jan	 Langermans,	 Jaco	 started	 a	 PhD	 programme	 aimed	 at	 further	

improvement	of	veterinary	care	and	welfare	management	of	common	marmosets,	 leading	

to	the	animals’	better	health.	

Apart	 from	 his	 projects	 on	 marmosets,	 he	 was	 and	 still	 is	 actively	 involved	 in	

research	 in	 the	 other	 species	 at	 the	 BPRC	 to	 improve	 veterinary	 care	 and	 welfare	

management.	 On	 these	 topics	 he	 set	 up	 a	 number	 of	 (inter)national	 collaborations	 with	

veterinary	groups,	which	have	already	resulted	 in	various	 joint	publications	and	 invitations	

to	present	his	research.	
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