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Func%onal	Responses	in	Otolith	Structures	from	
Micro-	to	Hyper-Gravity	

Invertebrates	(behavior/electrophysiology/gene	expression)	
	µG 	 	 	2	(1.41)	G	

~15-day:	Foton	M-2,	-3 	 	1-30	day	
30-day:		BION	M-1	
	

Mice	(otoconia	structure)	
	µG 	 	 	2	(1.41)	G	

~13-day:		STS-133,	-135	
90-day	MDS:	STS-128,	-129 	90-day	MDS:	Osaka	
	
Fish	(behavior/electrophysiology/synap:c	organizaiton)	

	µG 	 	 	1.5	(1.22G)	–	3	(1.73)G	
<16-day:		STS-90,	-95 	 	1-32	day/readaptaWon	
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1)	A	change	in	gravity	or	orientaWon	with	respect	to	gravity	has	a		
profound	effect	on	how	an	organism	interacts	with	its	environment.		

General	Concepts	Mo%va%ng	the	Study	

2)	A	highly	conserved	gravito-	
inerWal	sensing	system	has		
evolved	in	vertebrates.		
Otolith	organs	sense	the	sum		
of	inerWal	force	due	to		
translaWon	and		
head	Wlt	re:	gravity.	

3)	Posture	and	locomoWon	are	controlled	by	
the	neurovesWbular	system	and,	if	altered,	
equilibrium	and	motor	performance	along	the	
neuraxis		will	be	adversely	affected	temporarily	
or	even	lost	without	intervenWon.	
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Ves%bular	System:	The	Inner	Ear	

!  Semicircular	Canals	
!  Angular	Accelera*on	

!  Otolith	Organs	
!  Linear	Accelera*on	

OTOLITH	
ORGANS	
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Electrophysiological	(and	electron	microscopy)	techniques	were	
used	in	oyster	toadfish	to	evaluate	the	firing	rate	properWes	of	

utricular	otolith	afferents	upon	return	to	1G	following	a	relaWvely	
brief	exposure	to	weightlessness	aboard	the	STS-90	(NeuroLab,	15	

days)	and	STS-95	(Endeavor,	8	days)	and	following	1-32	days	
exposure	to	1.73G	and	re-adaptaWon	to	1G.	

Understanding	the	Fundamental	Mechanisms		
of	Neuroves%bular	Plas%city	
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Direc%onal	Sensi%vity	of	Hair	Cells	and	Afferents	
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Control	(A,B)	and	posclight	(C,D)	
responses	of	utricular	afferents	to	

inerWal	acceleraWons.	A,C:	Maximum	
sensiWvity	(Smax)	for	cycles	at	the	

afferents’	preferred	orientaWon.	B,D:		
Averaged	response	and	sWmulus	(LA	
re:g).		Ordinates	in	each	panel	are	

scaled	equally	to	illustrate	the	primary	
finding:	

	post-flight	afferents	recorded	shortly	
a@er	return	to	Earth	exhibit	a	
profound	hypersensi:vity	to	
transla:onal	accelera:on.	

	The	control	response	of	the	afferent	
shown	in	A	and	B	is	modeled	as	the	

dashed	curve	marked	by	the	
arrowhead	in	the	histogram	of	D.	

Influence	of	reduced	gravity	on	the	ves%bular	
system	in	vertebrates	
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				Post-flight	Afferent	
Hypersensi%vity	

	
Unit	sensiWvity	(in	imp/s/g)	of	
individual	responses	is	plofed	as	a	
funcWon	of	percent	within	each	
designated	group.		Groups	are	
formed	with	respect	to	Wme	post-
flight	of	STS-90	and	STS-95	Orbiters.		
Note	that	~60%	of	the	afferents	
recorded	in	the	first	session	(red	
filled	circles)	had	a	significant	
increase	in	sensiWvity	above	control	
(black	line).	
	
From:	Boyle	R,	Mensinger	AF,	Yoshida	K,	Usui	S,	
Intravaia	A,	Tricas	T,	and	Highstein	SM.	(2001)		
Neural	readaptaWon	to	1G	following	return	from	
space.		J.	Neurophysiol.	86:	2118-2122.			
	

Influence	of	Reduced	Gravity	on	the		
Afferent	Sensi%vity	
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STS-90	and	-95:	Main	Findings	
• Responses	of	utricular	afferents	to	applied	translaWonal	acceleraWons	were	
recorded	in	4	fish	sequenWally	for	5	days	following	two	STS	flights.	Within	the	
first	day	a@er	landing,	the	magnitude	of	response	was	on	average	three-:mes	
greater	than	controls.	The	reduced	gravitaWonal	acceleraWon	in	orbit	
apparently	resulted	in	an	up-regulaWon	of	the	sensiWvity	of	utricular	afferents.	
		
• By	~	30	hours	post-landing,	responses	were	staWsWcally	similar	to	control.		The	
Wme	course	of	return	to	normal	approximately	parallels	the	decrease	in	
vesWbular	disorientaWon	in	astronauts	following	return	from	space.		
		
• The	data	suggest	that	neural	adapWve	mechanisms,	likely	involving	structural	
reorganizaWon	of	the	hair	cell-afferent	synapse	(Ross	1993),	will	be	set	into	
moWon	as	astronauts	transiWon	between	gravity	states.		

• Although	we	afempted	to	characterize	the	utricular	afferents	during	the	enWre	
mission,	parWcularly	during	the	first	3-4	days	when	astronauts	experience	
disorientaWon,	we	were	unsuccessful.									Supported	by	NASA,	NIDCD	DC01837,	NASDA	
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The	Hyper-G	study	is	based	on	the	following	hypothesis:		gravito-
inerWal	sensiWvity	of	otolith	afferents	is	altered	as	a	result	of	the	
animal's	exposure	to	hyper-G	condiWons	well	as	µG.		It	is	reasoned	
that	the	transiWon	from	1G	to	hyper-G	will	decrease	afferent	
sensiWvity	(impulses	per	sec/g),	and	the	transiWon	from	hyper-G	
back	to	1G	will	increase	it	(back	to	normal	levels).	Thus,	the	
transi*on	from	hyper-G	to	normal	gravity	may	serve	as	an	imitator	
of	neuroves*bular	sequelae	to	µG.		

TesWng	Apparatus:	servo-controlled	using	
WaveMetrics	Igor	scripts	to	Galil	controller	
to	drive	linear	acceleraWon	(1.5m),	yaw	

rotaWon	(staWc	displacement	and	sinusoids),	
and	Wlt	(pitch	to	roll)	moWon	profiles.		

Because	of	the	high	sensiWvity	and	to	avoid	
impulse	rate	saturaWon,	a	common	linear	
acceleraWon	test	is	±0.03-0.05g	at	1-2	Hz.		

Influence	of	Increased	Gravity	and	Dura%on	of	
Exposure	on	the	Ves%bular	System	
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Planned	Interna%onal	Space	Sta%on	(ISS)	1.22	m	
radius	centrifuge	at	Ames	Research	Center	

Radius:	1.22m			Payload:	87	kg/habitat	
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Influence	of	Increased	Gravity	and	Dura%on	of	
Exposure	on	Afferent	Sensi%vity	

Significant	elevaWon	(*)	of	Smax	at	3-	and	4-Day	was	observed,	followed	by	a	significant	
decrease	(*)		at	16-,	24-,	and	32-Day.	It	is	possible	that	the	altered	gravity	(AG)	ini*ates	
first	a	large	gain	increase	in	response	to	a	challenge,	any	AG	challenge.	In	this	scenario	we	
would	expect	to	observe	a	change	in	response	sensiWvity	in	the	early	stages	of	μG	
exposure	as	well.	Regrefably,	those	data	are	lacking.	

Post-flight	afferents	recorded	a@er	
return	to	Earth	exhibit	a	profound	
hypersensi:vity	to	transla:onal	

accelera:ons.		
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Following	4-	and	16-day	
exposure	to	√(1+2)	=	√3	
=	1.73G	centrifugaWon,	
about	2-4	days	of	
recovery	at	1G	are	
necessary	for	the	
otolith	afferents	to	
return	as	a	populaWon	
to	normal	levels	of	
response	sensiWvity.	

Influence	of	Increased	Gravity	and	Dura%on	of	
Exposure	on	Afferent	Sensi%vity	

1.73G	centrifuga%on	+	Readap%on	to	1G	

11	

rboyle
Typewritten Text
Unpublished Results



	Space	Biology/HHC/Human	Research	Program	

*	p<0.05	
**	p<0.005	
***p<0.0001		

Total	#	fish	for	this	table	36	expt’al	+	12	control	+	8	OCC	+	8	1.22g	+		
9	re-adapt=	73	fish	and	4233	afferents	in	table		
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Afferent	Direc%onal	Selec%vity	
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Are	the	addi%on	or	subtrac%on	of	synap%c	bodies	in	utricular	hair	
cells	responsible	for	the	observed	afferent	sensiWvity	following	

centrifugaWon?		

We	selected	2	animals	in	control,	4D,	and	16D	groups	and	
counted	synapWc	bodies	in	2	locaWons	of	the	macula	
using	serial	reconstrucWons	from	transmission	electron	
micrographs.		Note	the	physiological	separaWon	of	the	
controls.	NO	significant	differences	were	found.	
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• Otolith	afferents	recorded	aver	return	to	Earth	exhibited	a	
profound	hypersensi*vity	to	translaWonal	acceleraWons,	and	
recovery	to	normal	level	was	within	1-2	days.		It	is	reasonable	to	
suggest	that	astronaut	behavior	following	a	short-term	exposure	
to	µG	reflects	the	physiological	changes	occurring	in	the	otolith	
structures.	

• A	biphasic	pafern	in	response	to	hyper-G	is	observed:	an	ini*al	
hypersensi*vity	(3-	to	4-day),	similar	to	that	observed	in	otolith	
afferents	upon	return	to	1G,	followed	by	a	transiWon	through	
normal	sensiWvity	to	a	significant	hyposensi*vity	at	16-	to	32-day	
exposure.	Return	to	control	values	following	4-	and	16-day	
exposure	to	1.73G	is	~4-8	days.		The	iniWal	hypersensiWvity	might	
reflect	the	more	common	transient	symptoms	experienced	by	
astronauts	in	the	early	stages	of	the	mission.	
	

Summary:		Influence	of	Altered	Gravity	on	the	
Peripheral	Ves%bular	System	in	Vertebrates	
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• Animal	behavior	within	the	first	day	post-flight	and	within	the	
first	days	of	hyper-G	was	noted:		a	hyper-excitable	state	and	a	
reluctance	to	move.		This	iniWal	behavior	to	altered	gravity		(AG)	
likely	reflects	the	hypersensiWvity	of	otolith	nerve	afferents.	It	is	
possible	that	AG	ini*ates	first	a	large	gain	increase	in	response	to	a	
challenge,	any	AG	challenge.	Using	animal	behavior	as	an	indicator	
of	the	underlying	otolith	afferent	physiology,	intermifent	or	
parWal	AG	exposure	on	ISS	might	be	applied	to	query	
neurovesWbular	changes	and	validated	parameters	as	potenWal	
countermeasure	protocols.		

Summary:		Influence	of	Altered	Gravity	on	the	
Peripheral	Ves%bular	System	in	Vertebrates	
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