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Effects of Microgravity on Osteoblast Growth Activation

M. Hocaes-FuLrorp®t! axp M. L. Lewist

Lubaratory of Uell Growth and Differentiation, *Department of Yeterans Affairs, San Francisen, Californie $4121; thepartment of
Mediviane, University of California, San Francises, California 94121; and tJohnson Research Center and Depariment of Biologicel
Sciences, Liniversity of Alabama, Huntsville, Alabama 35895

Space flight is an environmental condition wheve as-
tronauts can lose up to 19% of weight-bearing bone
during long duration missions. We used the MCYT3-E1
ostecblast to investigate bone cell growth in micro-
gravity (107 to 107° g). Osteoblasts were launched on
the $T%-56 shutile fight in a quiescent state with 0.5%
fetal calf seyum (FCS) mediam and growth activation
was initisted hy adding fresh medium with 10% FCS
during microgravity exposure. Four days after seram
activalion, the cells were fixed before return to normal
Farth gravity. Ground controls were treated in paval-
lel with the flight samples in identical equipment. On
landing, cell nuonber, cell cytoskeleton, glucose wiiliza-
tion, and prostagiandin synthesis in flight (2 = 4) and
ground contrels (v = 4) were examined. The flown os-
teoblasts grew slowly in microgravity with total cell
number significantly reduced (35 = 8 vs 141 = 8 cells
per microscopic field). The cytoskeieton of the Hight
ostecblasts had a reduced number of stress fibers and
a unigque abnormal morphoelogy, Nuclel in the ground
controls were large and round with punctate Hoechsi
staining of the DNA nucleosémes. The fight nuclei
were 30% smaller than the cbhtruis (P < 0.0001) and
ablong in shape, with fewer punetate areas. Due to
thetr reduced numbers, the"ciells activated in micro-
gravity used significantly less givcose than ground
controls (80.2 = 0.7 vs 50.3 = 8.7 mag of ghacose/dl re-
maining in the mediwm) and had reduced prostaglan-
din E, (PGE.) synthesis when compared to conirols
(573 = 17 v 1885 & 41 pmel/ml). Cell viability was
normal since; on & per-cell basis, glucose nse and pros-
taglandin synthesis were comparable for flight and
ground samples. Takeﬁ together, these data suggest
that growth activation in microgravity results in re-
duced growth, causing reduced glucose utilization and
redured prostaglandin synthesis, with significantly al-
tered actin cyfoskeleton in osteoblasts. 1998 Academie

Press, Une.

' To whom reprint requests should be addressed at Laboratory
for Cell Growth and Differentiation, Code 151F, VAMC, Rescarch
Service, 4150 Clement Street, San Francisco, CA 94121, Fax: (415
ST6-1287.
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INTRODUCTION

Many disruptions to the basic cellular and metabolic
functions of humansg and animals oceur during expo-
sure to microgravity conditions (1, 2], Biomedical stud-
ies have shown significant physiciogical changes oceur
during space flight, which include loss of fluids and
electrolyvtes, loss of muscle mass, space motion sick-
ness, anemia, a reduced immune response, and a loss
of ealeium and mineralized bone. The progressive loss
of caleium and bone may be the most critieal biomedical
ohstacle that astronacts in extended duration space
flights (e.g., Mars mission) will encounter. The micro-
gravity-induced changes in growth hormone levels, cal-
citonin, parathyroid hormone, and vitamin D do not
explain the observed bone loss. Recent findings, how-
ever, suggest that the chserved changes in osteoblast
growth are caused by alterations in the basic molecular
mechanisms affected by microgravity [21. The elucida-
tion of the factors which affect the modulation of bone
cell growth will allow a direct approach to evaluating
and counteracting the debilitating effects of micrograv-
ity on bome formation. _

There s mounting evidence that PGE; increases
hone cell growth and plays a role in normal bone forma-
tion. In vifro stimulation of cultured bone cells with
growth factors enhances endogenous prostaglandin
production [3~61. In space flight, crew members have
a significantly reduced mechanical load which is
thought to play a role in bone loss. Direct mechanical
stimulation of cat bone tissue has been shown to in-
crease the synthesis of PGE; in vive [7]. Jee ef al. [8]
have demonstrated that PGE, stimulates trabecular
bone formation in vive bv 120% over a 21-day period.
Prostaglanding of the E series are now described as
autoerine and paracrine factors in osteoblast and osteo-
clast activity and remodeling. In addition, PGE; stimu-

" lates osteoblast replication and new bone formation,

but to date no evidence has heen found to explain its
effect on bone growth. Osteoblasts that are mechani-
cally stressed in culture synthesize and release the
PGE,. This laboratory has recently reported that osteo-
blast growth activation by serum is accompanied by
an increase in PGE, synthesis. Activation of osteoblast
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vation in misvogravity, We also found that osteo-
st growth activation with sera in microgravity tails
stimulate prostaglandin synthesis, These data sug-
Cthat miceogravity may play a vole in osteoblast
rowth activation gt the cellular level.
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METHODS

Proporaiun of osteoblasts, The osteoblast cell Hne was
provided fous by Dy, M. Kumegawn Closal Dental Univers
and cells were grown as previpusly deseribed (13] MO3T3-E! s
ntial medinm (aAMEM) (Sigma

,‘ ‘mmmi (""u
Jors I,..

GOL my promycin/mi, (125 my amphotericin Biml,
and 2 mdf L-glutamine (Sigma). At the Hme of prepara-
n, the cells were trypsinized and seeded on coverslips
that were placert in the Materials Dispersion Apparatus (MDA FCS-
4 weve activated during space fight in the MDA with
CSemedia ) :
Upon returs, cell nuclel were stained with
{12} and F-aetin was

B growth was guantified vsing microscopic counting of cell nuclel
o coverships by counding roultiple slides for a fotal of five fAelds
o and at the edges of the slides. A
e seanned and size analvzed using

portion of the phetography w
A2 imam‘e 1.3% software.

; MDA
"E o the

inilab hardwaere.  Hardware for these
Faterials Dispersion Apparatus (MDA
Technology A

‘ 'w:mm i mmmgﬁ Avity to hmm hmiq in the v
o wz‘ andd botvam bloeks mto cormtact. Bach of the test wells in the
hotinm block were modified fo accommodate two small coverships
;..\m;wudz»(i with osteoblasts. ) .
¢ detarls. The experiment was launched on TS-56 o
93 dnd vecovered on April 17 after a norainal 8-day mis-
ston, For the preigunch and orbit insertion phases, cells wers main-
tained at ambient tempetature (20 to 23°CH in medium contatning
- FOS to veward growth, Prior to activating the osteoblasts in
graviy. the sermperature was inereased to 37°C and blocks were
moved o bring the fivst top well into alignment with cells. The top
well eontained culbare mediam with & coneentration of FOS required
tw lm*w the final concentration in the top/bottomn well combination
£ Th rved to activate cell growth, After 4 days in miorograv-
, the bloc xre moved again to hring the second top well, con-
,;smn!;: formalin calewlated to give 3% final coneentration, into con-
tact with the cells 1o fix them white still in murcwmmty The temper-
ature was then set at 20°C for the remainder of the mission. After
lanning, the experiment was transported to Hangar L at the Kennedy
Space Uenter where the coverslips were removed from the MDA

£

i
i
I
t

raintlabs and shipped to the Principal Investigators' laboratories for
analysis. & concurrent ground controd experonent 1o L-gravity (1-G)

in the same type of hardware was conduetsd for the comparison to
fighe,

Uea.mi‘m'ﬂ.f.’.w. of FGEL.. S comperitve enzvme inimunos
5541"& Cayman Chemical, Ann Arbor, M was wsed 10 o i
in the osiecblast media. Microtiter D8-well plates were
2IRERS ady precoared with 2 monse monoclonal antibody that
binds t}w P site of rabbil oG, The addition of given guantities of
POE, standard or dilations of gnkeown samples to appropriate wells
was followed by the addition of the tracer {PGE, covalently bound
to electric eel acetvicholingsterise). This tracer did not show altered
binding affinily (o the rabbit ang-PGE, anvbody. Finally, a given
quaniity of rabbit ani-PCGE, antiserum was added which allowed
the wracer and standard or unknown ameunts of PGE, in the wells
to compete for binding. The anti-PGE, antibodies in turn were bound
to the monse anti- ig:Lx eonting the hiottom of the wells. Following an
overnight incuhation. the unbound reagents were rinsed from the
wells and a specific acevyicholinesterase substrate, Ellman's reagent,
which containg the subsirase acetylcholine and 5,5"-dithio-big-2-ri-
trobenzoic acid was added to each well, During the development time,
metabolized acetylcholine reacted with the thiol groups of the 5587
dithio-bis-Z-nitrobenzoic acid, creating a chromophore that absorbs
12 nm. The intensity of the absorbance was directly proportional
io the amount of bound tracer ond therefors inversely proportional
to the wmount of nontracer PGE: present in the standards or sam-
ples. All standards orsamples were run in duplicate, The anti-PGE,
antibody has a 9 cross reactivity with 15-keto-PGE,, 5% with
PGE, and «0.1% with all the other major prostaglanding and Huron.
hoxanes.

RESULTS
Reduction in cell growth activation in microgravity.
The flight and ground cells were plated and grown for
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FIG. 1. Comparisen of glucose remaining in media of Sown 13}

and ground (2) cells after 4 days in microgravity. Cells were main-

tained at 2070 on mediwm containing 0.5% fetal calf serum for ap-
proximately 30 b prelavnch plus 12,45 h in micregravity. The ten-
perature was then nereased to 37°C and the cells were stimulated
etal call
sernm. (hucose fevels represented are (1) media control after ¢ days;
123 glucose levels in ground control osteoblasts after 4 days; (31 glu-
cose levels in flight osteablasts after 4 days. a = 4 chambers (MDA}
ar samples (groumd mediat Error bars represent = SD.

.

by addition of an equal volume of medium containing 10%




FiG. 2. Structure of the actin cytoskeleton of flown (a} and ground conirel cells (b} using a Zeiss Neoftuar 106x o} objective. The T
actin in ostenblasts grown o the coverslips was stained with rhodamine-phalloidin and the actin cytoskeleton was visualized by fluorescence
mieroscopy. () Flight samples, (b) ground contrela,
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Condition ..

Duphmm zefs of’ mverslipq were, piace& m quadmphmte W(.I;&; in
gﬁmund and ﬂ}ghf h.
: haldin s qmebcvm state pyer the next 30 h prior

md slue was detamuned by re ahw an pﬁxd area by
feld wying the NH—I 1, 58 zmage software program "R
ported as the fnean . biamiard dewatmn

P O 0001 {n =4 helds t"cn' eae,h mnditmni

16 h befora ﬁ:ghﬁ {mde‘r these LQﬂdltl()n‘: ceils wcre o

quwawnt upon éntry into microgravity. The ¢ells were

reentry and 1andmg
Glucose utilization.
wﬂ wlmres after lamimg

\*diue&
( 9!1 L’Wr)skeietan

cmd eiong’qted extended podm rmd rounfied ent
around the nucleus.’ : U
Nudez
the H{)@bcht btamed nuclsei- had a distinetly dlfferent
m{n"phoh:;gjy and staining pattem in the i- G C(mtw}:,
compared to the flown osteoblasts. As Seen 1n Table
the coll number was &gjmfif,antly Toswer i

pattern and 4 rounded appearance with a significantly
larger nuclear size compared to the flown cells in Fig.
3a, which have an oblong shape and reduced punctate
staining. In addition te changes in morphology, there

Leragra %.fl t'v

U synthesis P
E, content in thé medium was sighifica

after 4 days by the endogenous synthe
ardware in'0.5% FOS media prior to hand-off to,

et iaunch the ﬂlght (mmmgrawty) and grul:md

5 are re-

3 Lhanlcal st;

activated with 10% seram after 16 b of microgravity = fight exercis

EXPOSIre, Four da\m later, the cell*s were. i’" ;wd before

~The med um removed from tlw :
: amaiy&ed iar gluws.ea conm, ‘

1he, flown
oatonblast% wheri compated to the 1:G nt,o!s “Ad geen
in Fig. 3b, Lhe control nuclél havéea punctate &-.atammg

LFORD AN‘D .‘LEWK%

;mum zwduwmn in ce?l

i, GO )1= mhﬂu

in ﬁpdce T‘h{\ av amz{? size of

‘huclet is also rcduced in the flown eells as cem‘pa%d 0

grotind commls P 0 0001), a8 shown in Table 1.
No'sér Wi @ iwamm ofpms?ag[andm gynthesis in mi-
“After 16 h of microgravity exposure, the
flown cells had a significant incr ease in prostaglandin
= 0.009) The steady «Late pzmi&glanmn
v increased
of the 1-G
ostcob].a.s?_i:y after growth activation. There was no in-

“crease in the steady state prostaglandin By content of
: ,the ﬂnwn cells 4 days following sertim treatment {Fig.
s, However, on a per-cell basis-at 4.4, prostaglandin
', synthesis was compdx able for hlght and vmund §Em-

: p]ea :

fx:«xsa(:uss.:_(m

in mwmgmmty munnauts hav 4 reduction of me-
& on the skeletal svstem. Although in-
¢ is & helpful counter measure used by both
the American and the Russian space prograims, the

. greatest losses of bone in the 1.5 Flighz program o¢-

curred 1 the 84-day Skylab 4 mission where exercise
was, regularly perﬂnﬂmad Crew m@mbers using exer-
¢ise ag 2 dountermeasire still lost an average of 4 per-
cent of bone over the 84- day mission period ( 2. How-

‘ever, in the 237- day ‘Soviet Soyaz T-10 mission. the
L Cosmanauts lost from 13- 19%
~h of dalls aexéreise. Both Lompdct and’
Cwere logt from the 03 caleis during this missio
Josg | appears | o n'icreaqe in gencral propmtmn 1o 1
i fsmn length, from 4 to 19.8% over an 84- to 184- dm
pemm{ {14,

- sistent exercise suggests that additional molecular
' "mechamsms are responsible for bone loss.

v of hine in spzte of 2.4
bene

15]. The loss of bone i in the presence of con-

hown to be released by bories | in vive {7, 16
5 il? as a résult of mechanical stress. The
addltwn of emgcnous pm;;mg,]andm ngreases osteo-

“blast grewth and can overcome a dexamethasone inhi-
_ﬁf'bmon of borie growth (dexamethasone is a glueocorti-

oo eoid which inhibits cytosolic phmphahpme 2 which re-
Dmp;te the ‘same expemmﬁntai rreatment o

duces’ pmbtagmndm synthesis). Space flight crews

‘experience both decreased mechanical stress and in-
tereased lweia af cortigol (3 nammllv oceurring ghuco-

corticoid), which could diréctly affect crewmen prosta-

glandin svnthesis. The’ rasulting down-regulation of

pros,taglandm bynthcms (Fig. 4} could potentially ex-
plain the bone loss observed in astronauts.,

Evidence from this and other laboratories points to
PGE, ag a local bone growth regulator. Jee et of. [8§]
have demonsirated that PGE; stimulates trabecular
bone formation in vive by 120% over a 21-day period.



FIfi 8. Nuclear morphology of flown (&) and ground control ¢ bi cells using o Zeiss Neoffuar 100 oil objective. Celle on coverslips in
the presence of 10% fetyl calf serum containing medium for 4 days were stained after the migsion with Hoechst 332588, Nuclear morpholugy
it shown in the fluorescence micrographs for {x) flown and eorresponding (b} ground control cells.
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explain its effect or
apace (h;ht expomm ;
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fion of bane formati n
normal bone br edkdown mechanisims.

In this study, we found ‘that the flown ost
were in good conditipn paqﬂhght hmwvel,

tinet changes in both morphology and stress fiber con-
tent when the cells were activated in microgravity
(Figs. 2a, 2b). There is evidence of inhibited serom

SFULFORD AND. L

" in micrograviey
S deLaat’s s group has
1 betweeh gene expt
- '_demonst

- p‘mm?s The résponse
eu

niierogravity for 6 ini,

_ mﬂtermenhanﬁer 10 m)nq The nuclear proto OTCOgenes
cijun and o-fos are knawn' zeguk\.tm% of DNA synthesis
: m} and are ;:e:lqun ed fm" e\mw i1t 5- phm

it the nuclear” responses to proteir
. duction were sensitive fo gratis
‘studies demonstrate that phori

‘ _Ucmgl avity infliences BGF-induced sig nal tr
: .not At ‘t\hu KG F bmd]ng and Fend
Jevel but upstream of €4

:_' vation ‘of_osteoblast ‘growth e
Cwe blocked growth and prostaglandin synthesis with
‘ _fdoxameth%an& ﬁnd reestablished growth by addition
“of exogerions PGE,|
0 cific Tnduction of c-fos mRNA expression and growth
anmhxblw* -actwammlm_the bsteoblast sug gests that the osteoblast
and ‘npt o 'ﬂteratmm in thcI
S ~,'med]atcd g{)wfh %imulatmn It 15 possibl
b}aat ce]k
hw had A
wgmhmnﬂy ch'mged mnr‘ph(}lngy “when compexmd to
the 1- controls, Actin'eytoskeleton demanstrated dis.
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Uiuco s mmzamn a8 ci w.suit nf reruced ceH nmber,

The redson for this wduu,d gmw th activation by sera
it net known however, the work of
partialls &esmzbnd ‘the rélationship
ion amx mu‘mgrmuv [24-281 by
ating that a vumberof 1 esponses of A431 cells
to, e;nderma.l gmwth fagtor’ CRGEY are affected by micro-
maéude a decreaso of ¢- /m; and
nduction And “sernm element-activity {241, In
r)Lmdmg rocket e*;pf«‘r*}ments Iwhere ¢alls éxperience
‘they demonstrated that sera
101 oi Lhe pmw onw;«mm

nd or EGE -mduwd expz"

5in the regponse or" t"he ¢ ,im pro

Vi
sis 26,

“n’latér studies, deLaats gmup demon%wted that
inase O signsl irans-
; M{_}u These
ster (TRAMnduced
c-fos and cyjun gene EXPressions were aifecwd by micro-

o grawty, while therg were no changes in. the caleium
' res;mn.w, ‘thus implic dting the dmcy ->i\ﬂ:emdc, portion

i the PEC signal mecluut.xo_n. In later work. they

"demohstrated that ‘the EGF -ii}dutpcﬁ afos and c-fun
-"expr‘ehsmn was not due toan effect o' the BEG¥F - recep-
3 :. tor mtemmtmn since thers was nérmal EGEF-

recepior
that o
suction
ptor redistribution
‘ g _ immediate gene expres-
on (28], Finally, deLatt bas demonstrated that EGF-
induced actin ¢ytoskeleton cbdnges are affected hy the

tributtorin thicr DI avity, T his sugges

“arachidonic  acid pathways through cvelo-oxygenase
'_ (pmstaghndml and-H-lipoxagenase (leukotriene).

~The requirement of pmstdglandm synthesis for acti-
demonstrated when

. Our rec(,nt finding of PGE, spe-

hoa o-fos
that the
wth and

ghowth activation by PGEs may work thr

r@ducimn I serur- mduccd osteoblast

:prostag}andm syhithesis in, mwmgravziy mizy share a

simiilar reduction of the early -immediate gens expres-
sion as destribed by deLaat’s group. The mechanism
which causes the downregulation of growth activation
is not known; however, studies from others have shown
changes in membrane struchure and rearrangement of
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cytoskeletal elements, sither of which could aller sera
ruediated gene activation of receptors, cyvioskelotal ro-
sponse, and cell signaling mechanisms,

I is wnknown if the bone loss seen in astronants
during fight is due divectly to the lazck of mechanical
stregs (1-G foree) in microgravity, systemic changes in
hormones, alterations in the signal transduction by se-
rum growth factors, or to changes in signal transduc-
tion at the molecular level. In this paper, we have
shown that in microgravity guiescent osteoblast cells
exhibit reduced sermm growth activation which results
in reduced prostaglandin synthesis, and reduced glu-

cose utilization, suggesting that st least a portien of

the reduced bone formation seen in space Hight may
be due to a direct effect of microgravity on osteoblast
growth regulation.
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