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Abstract 

A flow apparatus  has been developed f o r  t h e  s tudy of t h e  metabolic 
response of  anchorage-dependent ce l l s  t o  a wide range of  s teady  and 
p u l s a t i l e  shear  stresses under wel l -control led condi t ions.  Human um- 
b i l i c a l  vein endo the l i a l  c e l l  monolayers were subjec ted  t o  s t e a d y  shear 
stresses of up t o  24 dynes/cm2, and t h e  production of  pros tacyc l in  was 
determined. The onset  of flow l e d  t o  a bu r s t  i n  pros tacyc l in  production 
which decayed t o  a long-term s teady  s t a t e  rate (SSR). The SSR of ce l l s  
exposed t o  flow was greater than the basal release l e v e l ,  and increased 
l i n e a r l y  w i t h  increas ing  shear stress. Th i s  s tudy  demonstrates t h a t  
shear stress i n  c e r t a i n  ranges may not be de t r imenta l  t o  mammalian c e l l  
metabolism. I n  fac t ,  throughout t h e  range of  shear stresses s tud ied ,  
metabol i te  production is maximized by maximizing shear stress. 

Introduction and Approach 

One of t h e  major chal lenges t o  t h e  scale-up of  mammalian c e l l  
c u l t u r e  is o f t en  s t a t e d  t o  be t h e  de t r imenta l  effects  of  shear stress on 
c e l l  v i a b i l i t y .  However, mammalian cel ls  e x h i b i t  a wide range of  shear 
s e n s i t i v i t y  w i t h  respect t o  t h e  stress l e v e l  requi red  t o  cause ove r t  
l y s i s  and death.  Some recent  evidence sugges ts ,  t h a t  a t  lower l e v e l s ,  
shear stress may have bene f i c i a l  effects  on c e l l u l a r  metabolism ( 1 )  and 
poss ib ly  v i a b i l i t y .  Since ce l l s  i n  most b ioreac tor  conf igura t ions  w i l l  
i nva r i ab ly  be subjected t o  some degree of f l u i d  mechanical stresses, a 
clear understanding of t h e  effects of shear stress on c e l l u l a r  metab- 
ol ism will be required f o r  optimal design and opera t ion  o f  mammalian 
c e l l  r eac to r s .  T h i s  problem may be b e s t  approached by s tudying ce l l  
metabolism under condi t ions  of wel l -character ized shear stress. To t h i s  
end, we have developed a flow apparatus  capable of  sub jec t ing  cu l tured  
anchorage-dependent c e l l s  t o  a wide range of  s teady  and p u l s a t i l e  shear 
stresses f o r  long time periods.  

The ce l l s  used  i n  t h i s  s tudy are primary human umbi l ica l  vein endo- 
the l ia l  cel ls .  Endothel ia l  ce l l s  form a mul t i func t iona l  l i n i n g  of t h e  
in t ima l  surface o f  blood vesse ls .  T h i s  l i n i n g  is continuously subjec ted  
t o  both s teady  and o s c i l l a t o r y  f l u i d  shear stresses, r e s u l t i n g  from t h e  
flow of blood i n  t h e  c i r c u l a t i o n .  Since they are t h e  only anchorage- 
dependent cel ls  t h a t  are normally phys io logica l ly  exposed t o  shear 
stress, they may provide a use fu l  model f o r  ce l l s  i n  a b ioreac tor .  
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One func t ion  of  endo the l i a l  c e l l s  t h a t  appears t o  be  modulated by 
shear stress i s  t h e  metabolism of  arachidonic acid ( 1 ,  2 ) .  Arachidonic 
acid i s  a n  e s s e n t i a l  polyunsaturated f a t t y  ac id  s t o r e d  i n  i t s  e s t e r i f i e d  
form i n  the  c e l l  membrane phospholipids. It is l ibe ra t ed  from phospho- 
l i p i d s  by t h e  a c t i o n  of a phospholipase (Figure 1 ) .  I n  umbil ical  vein 
endo the l i a l  cells, t h e  major metabol i te  of  arachidonic  acid is pros ta- 
glandin I z ( P G I  2) o r  p ros t acyc l in ,  which is  produced by t h e  cyclooxy- 
genase pathway (Figure  1 ) .  Pros t acyc l in  is a s t r o n g  vasod i l a to r  and t h e  
most potent  endogenously generated i n h i b i t o r  of p l a t e l e t  aggregation. I t  
h a s  important b i o l o g i c a l  a c t i v i t i e s  i n  nanamolar concentrat ions.  

Previously,  we had demonstrated t h a t  shear stresses of  10 dynes/cm 
s t i m u l a t e  t h e  production o f  p ros t acyc l in  i n  c u l t u r e d  endo the l i a l  cells  
( 1 ) .  O s c i l l a t o r y  shear stress (one Hertz) w i t h  t h e  same mean value 
enhanced t h e  production ra te  even fu r the r .  I n  t h e  p re sen t  s tudy ,  t h e  
flow apparatus  we have developed f o r  t h e  s tudy of  t h e  response of  
c u l t u r e d  anchorage-dependent ce l l s  t o  f l u i d  shear stress is descr ibed i n  
de t a i l .  I n  add i t ion ,  t h e  ea r l i e r  da t a  ( 1 )  are extended t o  demonstrate 
t h e  effects  of a wide range o f  s teady shear stress on t h e  production of  
pros tacyc l in  by primary human umbil ical  vein e n d o t h e l i a l  ce l l s .  

Human u m b i l i c a l  vein e n d o t h e l i a l  c e l l s  were h a r v e s t e d  from umbil- 
i ca l  co rds  by means o f  c u l t u r e  procedures adapted from Gimbrone ( 3 ) .  F o r  
removal of  t h e  e n d o t h e l i a l  ce l l s ,  t h e  veins  were cannulated,  r i n s e d  w i t h  
100 m l  of  phosphate-buffered s a l i n e  (Pas; Gibco, Grand I s l a n d ,  N Y ) ,  
f i l l e d  with 0.03% col lagenase enzyme (Cooper Biomedical, Malvern, PA) i n  
Medium 199 (Gibco, Grand I s l and ,  N Y ) ,  and incubated f o r  30 minutes a t  
room temperature. After incubation, t h e  enzyme s o l u t i o n  was f lu shed  
through t h e  v e s s e l  w i t h  100 m l  of PBS, and t h e  e f f l u e n t  was c o l l e c t e d  
and centr i fuged a t  650 x g f o r  10 minutes. The c e l l  p e l l e t  was re- 
suspended i n  Medium 199 supplemented w i t h  20% fe t a l  bovine serum 
(Hyclone, Logan, U T ) ,  200 U / m l  p e n i c i l l i n ,  200 pg/ml streptomycin 
(Gibco, Chagrin F a l l s ,  O H ) ,  and 300 Pg/ml glutamine (Gibco). The c e l l  
suspension was p l a t ed  on to  g l a s s  s l i d e s  (75 x 38 rum; F i s h e r  S c i e n t i f i c ,  
P i t t sbu rgh ,  PA). The glass s l i d e s  were p r e t r e a t e d  with 0.5M NaOH f o r  
two t o  three hours and r i n s e d  w i t h  d i s t i l l e d  water, thereby enhancing 
c e l l  adhesion by confe r r ing  a charge on t h e  glass surface.  Two s l i d e s  
were seeded pe r  cord (5.0 x l o 4  t o  1.0 x 10’ ce l l s  pe r  s l i d e ) .  Cul tures  
became confluent  a f te r  three o r  fou r  days and flow loop experiments were 
run three days a f te r  t h e  c u l t u r e s  reached confluency. 

The apparatus  c o n s i s t s  o f  two r e s e r v o i r s ,  s i t u a t e d  one above t h e  
o ther ,  w i t h  a p a r a l l e l - p l a t e  flow chamber posi t ioned between them 
(Figure 2 ) .  Flow is driven through t h e  chamber by t h e  hydros t a t i c  
pressure head created by t h e  v e r t i c a l  d i s t ance  between t h e  upper and 
lower r e se rvo i r s .  The pressure head is  maintained constant  by contin- 
uous pumping o f  c u l t u r e  medium from t h e  lower t o  upper r e s e r v o i r s  a t  
rates i n  excess of t h a t  flowing through t h e  chamber. The excess d ra ins  
down t h e  glass overflow manifold (O.D. 19mm, Pyrex, Corning Glass Works, 
Corning, N Y ) ,  which a l s o  se rves  t o  f a c i l i t a t e  gas exchange with t h e  
medium. The upper and lower r e s e r v o i r s  are blown of g l a s s ,  wh i l e  t h e  
interconnect ing tub ing  c o n s i s t s  of  Teflon PFE (O.D. 0.125 in . ,  Cole 
Parmer, Chlcago, I L ) ,  except f o r  t h e  s e c t i o n  through the r o l l e r  pump 
which is s i l i c o n e  (Masterf lex,  Cole Parmer, Chicago, I L ) .  S i l i c o n e  
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c o l l a r s  j o i n  t h e  r e s e r v o i r s  t o  t h e  man i fo ld  and t u b i n g .  The r e l a t i v e l y  
i n e r t  and g a s  impermeable t e f l o n  t u b i n g  p r e v e n t s  water and g a s  l o s s  and 
minimizes  a d s o r p t i o n  o f  c e l l  n e t a b o l i t e s .  

The f low chamber c o n s i s t s  o f  a machine-mil led po lyca rbona te  p l a t e ,  
a r e c t a n g u l a r  S i l a s t i c  ( s i z e  0.020 i n . ,  Dow Corning ,  Midland,  M I )  
g a s k e t ,  and t h e  g l a s s  s l i d e  w i t h  t h e  a t tached e n d o t h e l i a l  c e l l  monolayer 
( F i g u r e  3 ) .  These were h e l d  t o g e t h e r  by a vacuum main ta ined  a t  t h e  
p e r i p h e r y  o f  t h e  s l i d e ,  forming  a channe l  o f  p a r a l l e l - p l a t e  geometry.  
The u s e  o f  vacuum i n s u r e d  a n  uniform channe l  dep th .  The d e p t h  o f  t h e  
channe l  formed was normal ly  220 pm, and t h e  area of c e l l s  exposed t o  
shear was 16 om2. F o r  s t u d i e s  o f  c e l l  n e t a b o l i s m ,  i t  is  m u a l l y  
impor t an t  t o  minimize l o o p  f l u i d  volume and maximize c e l l  s u r f a c e  
area. The po lyca rbona te  p l a t e  has  two man i fo lds  th rough  which medium 
e n t e r s  and e x i s t s  t h e  channel .  The e n t r y  p o r t  i s  l a r g e r  t h a n  t h e  e x i t  
p o r t  and s e r v e s  as a bubble  t r a p .  A va lve  o p p o s i t e  t h e  e n t r y  p o r t  
a l l o w s  f o r  t h e  removal  of t h e  bubbles .  

A l l  l o o p  p a r t s  are washed i n  Haemo-sol ( B a l t i m o r e ,  M D ) ,  r i n s e d  i n  
d e i o n i z e d  water, and oven-dr ied ,  t h e n  au toc laved .  The l o o p  p a r t s  a re  
allowed t o  cool,  assembled under  a l a m i n a r  flow hood, and  r e a u t o c l a v e d .  
Medium is added t o  t h e  t o p  r e s e r v o i r  (10 - 20 m l ) ,  f i l l i n g  t h e  bot tom 
r e s e r v o i r  as well ,  and f l o o d i n g  t h e  chamber. Then t h e  s l i d e  w i t h  t h e  
c u l t u r e d  c e l l s  i s  i n v e r t e d  o v e r  t h e  f looded  chamber, and clamped. Care  
must be t a k e n  t o  a v o i d  en t r apmen t  o f  a i r  bubb les  i n  f l o w  channe l .  

Dur ing  a n  expe r imen t ,  t h e  c i r c u i t  components are p l a c e d  i n  a 37OC 
a i r  c u r t a i n  i n c u b a t o r  sys tem and t h e  r e s e r v o i r s  are connec ted  t o  a 
g a s s i n g  sys tem t h a t  m a i n t a i n s  a humid i f i ed  atmosphere o f  95% a i r  and 
5% CO,. 

The wall s h e a r  stress on t h e  c e l l  monolayer i n  t h e  f low chamber may 
be  c a l c u l a t e d  u s i n g  t h e  momentum b a l a n c e  f o r  a Newtonian f l u i d  and 
assuming p a r a l l e l - p l a t e  geometry: 

T -  -!i!& 
bh2 

where 

Q = f low r a t e  cm3/sec 

p = v i s c o s i t y ,  abou t  0.01 dyne-sec/cm2 

h = c h a n n e l  h e i g h t ,  0.022 cm 

b = sli t  w i d t h ,  2.5 cm 
= wall s h e a r  stress, dynes/cm2 

The mean r e  i d e n c e  time o f  medium i n  t h e  f l o w  chambe nd t h e  
t u b i n g  between r e s e r v o i r s  f o r  t h e  expe r imen t s  performed r anged  from 5-30 
seconds .  T h e r e f o r e ,  i n  time c o u r s e  s t u d i e s  o f  m e t a b o l i t e  p r o d u c t i o n ,  
sampl ing  from t h e  lower  r e s e r v o i r  c o n t r i b u t e s  2 t empora l  e r r o r  o f  t h e  
o r d e r  of l ess  t h a n  one  minute .  
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The flow ra te  was c o n t r o l l e d  by a d j u s t i n g  t h e  r e l a t i v e  d i s t a n c e  
between t h e  two r e s e r v o i r s  by changing t h e  l eng th  of t h e  overlow 
manifold tubing.  The flow rates were monitored b y  a3  electromagnet ic  
flow probe (Zepeda Ins t rumen t s ,  S e a t t l e ,  M A ) .  The Reynolds number of  t h e  
flow through t h e  chamber is given by: 

where U is t h e  c h a r a c t e r i s t i c  o r  mean average flow v e l o c i t y ,  P is t h e  
d e n s i t y  of t h e  medium, and lJ is  t h e  v i s c o s i t y  o f  t h e  medium. Combining 
equa t ions  ( 1 )  and (21,  

( 3 )  h 2 P  Re = T(-) 
6p2 

The value of  t h e  q u a n t i t y  i n  t h e  p a r e n t h e s i s  f o r  t h e  apparatus i s  
0.807. For  t h e  range of  shear stresses used  i n  t h e  p r e s e n t  s tudy ,  t h e  
Reynolds number v a r i e d  from 0 t o  20 ,  i n d i c a t i n g  t h a t  f l u i d  flow through 
t h e  chamber was laminar .  Because of  t h e  l a r g e  aspect r a t i o  ( b / h )  and 
low Reynolds number found i n  the flow chamber, t he  above equa t ion  i s  
v a l i d  f o r  n e a r l y  a l l  of t h e  monolayer s u r f a c e  except  very n e a r  t h e  
l a te ra l  edges of  t h e  flow chamber. 

S c h l i c h t i n g  ( 4 )  g i v e s  a n  estimate of t h e  e n t r y  l e n g t h  (R) f o r  
plane P o i s e u i l l e  f low as: 

R = .04 ( h )  Re ( 4  1 

For ou r  naximum Reynolds number of  20 and a channel he igh t  o f  .022 
S i n c e  t h e  channel  l e n g t h  cm, t h e  e n t r y  l e n g t h  is approximately .018 cm. 

was 6.4 cm, t h e  e n t r y  l e n g t h  was n e g l i g i b l e  f o r  these experiments.  

I n  t h e  p r e s e n t  s t u d y ,  c e l l  monolayers were s u b j e c t e d  t o  shear 
stress f o r  seven t o  eight hours.  Samples were withdrawn very 5 t o  30 
minutes ,  and t h e  f low c i r c u i t  was s imultaneously r ep len i shed  w i t h  f resh 
medium t o  ma in ta in  a cons t an t  c i r c u l a t i n g  volume o f  20 m l .  Sample and 
r e p l e n i s h i n g  volumes were both 1 m l .  A t  the  end of  each experiment,  t h e  
monolayers were photographed and c e l l s  were ha rves t ed  and counted w i t h  a 
hemocytometer t o  determine the  t o t a l  count. Cel ls  were ha rves t ed  en- 
zymat i ca l ly  by t r e a t i n g  t h e  a t t a c h e d  ce l l s  with trypsin-EDTA ( 1  mg/ml 
porcine t r y p s i n ,  0.2 mg/ml EDTA without Ca2+ and Mg2+; Gibco, Grand 
I s l a n d ,  N Y )  f o r  t h r e e  t o  f i v e  minutes,  c e n t r i f u g i n g  t h e  ce l l  s u s  ens ion  
a t  650 x g f o r  10 minutes,  and resuspending t h e  pe l l e t  i n  CaZP- and 
Mg2+-free Hanks balanced s a l t  s o l u t i o n  ( I r v i n e  S c i e n t i f i c ,  San ta  Ana, 
C A I .  V i a b i l i t y  was determined by t h e  a b i l i t y  of ce l l s  t o  exclude t r y p a n  
b lue  dye (Gibco, Grand I s l a n d ,  NY). The v i a b l e  count was used t o  normal- 
i z e  t h e  p r o s t a c y c l i n  product ion rates w i t h  r e s p e c t  t o  c e l l  number. To 
e l i m i n a t e  v a r i a t i o n s  due t o  i n d i v i d u a l  donors and monolayer age,  rep l i -  
cate c u l t u r e s  were used.  Here, c e l l  monolayers were grown from ce l l s  
seeded a t  i d e n t i c a l  d e n s i t y  from t h e  same pool of  donor cords  and u t i -  
l i z e d  concur ren t ly .  Cell monolayers were exposed t o  s t eady  shea r  
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s t r e s s e s  of  6 ,  16,  and  24  dynes/cm2 and sampling was done s i a u l t a n e -  
ously.  This covers  t h e  range of  phys io log ica l  in terest  f o r  time average 
wall s h e a r  stresses i n  a r te r ia l  v e s s e l s .  I n  experiments designed t o  
c o n t r o l  f o r  t h e  flow chamber c o n d i t i o n s ,  c e l l  monolayers were p e r f u s e d  
by a s y r i n g e  pump a t  a near-zero s h e a r  stress (0.016 dynes/cm2). The 
outflow medium was c o l l e c t e d  f o r  s e v e r a l  hours t o  determine t h e  basal 
release r a t e .  

P r o s t a c y c l i n  product ion i n  t h e  experiments was assayed i n  samples 
by measuring l e v e l s  of immunoreactivity t o  t h e  s t ab le  nonenzymatic 
breakdown product  of  p r o s t a c y c l i n ,  6-keto-prostaglandin F (F igu re  1 ) .  
Before a s say ing ,  t h e  samples were incubated a t  37OC f o r  h a l f  t o  one 
hour, t o  ensu re  h y d r o l y s i s  of  a l l  p r o s t a c y c l i n  t o  6-keto-prostaglandin 
F ,  . The a s say  s e n s i t i v i t y  was 5 pg/O.l ml, and c r o s s - r e a c t i v i t y  of t h e  
a n h b o d y  wi th  o t h e r  c u l t u r e  media components and pros t ag land ins  was 
n e g l i g i b l e .  

la 

The radioimmunoassay b u f f e r  used  f o r  d i l u t i o n s  of ant ibody and 
t racer ,  and f o r  t h e  cha rcoa l  suspension,  c o n s i s t e d  of  0.05 M T r i s - H C 1 ,  
pH 7.5, and 0.1% g e l a t i n  (Sigma Chemical Co., S t .  Louis,  MO). The so lu -  
t i o n  was heated s l i g h t l y  t o  d i s s o l v e  t h e  g e l a t i n .  The radioimmunoassay 
was performed by incuba t ing  0.1 m l  of 6-keto-prostaglandin F s t a n d a r d s  
(Sigma Chemical Co. S t .  Louis ,  MO) o r  samples with 0.2 ml of  bFiluted an- 
t i body  and 0.1 m l  of 3H - label led 6-keto-prostaglandin F (10,000 
cpm) (New England Nuclear,  Boston, M A ) ,  i n  polypropylene t b e s  (Sar- 
s t e d t ,  W. Germany) and vortexing.  The s t anda rd  curve was cons t ruc t ed  
from s t a n d a r d s  ranging i n  concen t r a t ion  from 5 pg/O.l m l  t o  500 pgl0 . l  
m l ,  which were d i l u t e d  i n  radioimmunoassay bu f fe r .  The e f f i c i e n c y  o f  
a d s o r b t i o n  of  free a n t i g e n  by cha rcoa l  was determined by t h e  blank 
t u b e s ,  which con ta ined  0.1 m l  tracer and 0.3 m l  bu f fe r .  Each s t anda rd  
and sample was run i n  t r i p l i c a t e .  Q u a l i t y  c o n t r o l  was monitored by 
p l ac ing  known s t a n d a r d s  ( 100 pg/O. 1 m l )  of  6-keto-PGF a t  in t e rmed ia t e  
p o i n t s  amongst t h e  samples t o  be assayed. The incub&ion was c a r r i e d  
ou t  a t  4OC f o r  16 hours. Sepa ra t ion  of  t h e  bound and free a n t i g e n  was 
achieved us ing  gamma-globulin-coated charcoal .  The cha rcoa l  suspension 
was prepared by d i s s o l v i n g  1 gm of bovine gamma-globulin (Sigma Chemical 
Co., S t .  Louis ,  MO) and 3 gm o f  Nor i t  A cha rcoa l  (Sigma Chemical Co., 
S t .  Louis ,  MO) i n  100 m l  of radioimmunoassay b u f f e r .  The supe rna tan t  
ob ta ined  af ter  c e n t r i f u g a t i o n  was counted i n  a l i q u i d  s c i n t i l l a t i o n  
coun te r ,  i n  t h e  presence of  10 ml l i q u i d  s c i n t i l l a t i o n , f l u i d  (Hydro- 
f l u o r ,  Na t iona l  D iagnos t i c s ) .  

Cumulative product ion o f  p r o s t a c y c l i n  was determined by performing 
a mass ba lance  over  t h e  flow loop ,  t a k i n g  i n t o  account samples withdrawn 
and medium rep len i shed .  By means of  a Marquardt non l inea r  r e g r e s s i o n  
a n a l y s i s  u t i l i z i n g  t h e  s t a t i s t i c a l  so f tware  package SAS, measurements o f  
cumulative product ion o f  p r o s t a c y c l i n  were f i t t e d  t o  a four-parameter 
equat ion:  

= A + B . ( 1  - exp ( -T /C) )  + D.T ( 5 )  
pC 

where Pc is t h e  cumulative product ion of p r o s t a c y c l i n ,  T i s  time, and A ,  
B ,  C ,  and D are t h e  parameters t o  be determined. By t a k i n g  t h e  time 
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d e r i v a t i v e  of  Equation (51,  a smooth expres s ion  f o r  t h e  ra te  of  produc- 
t i o n  (P) as a f u n c t i o n  of t i n e  is obtained:  

( 5 )  p = B/C e x p  ( - T / C )  + D 

The parameters c a l c u l a t e d  by the  r e g r e s s i o n  a n a l y s i s  a r e  r e l a t e d  t o  t h e  
k i n e t i c s  of  t h e  ra te  of  production. The parameter D r e p r e s e n t s  t h e  
stsady-state o r  long-term production r a t e  (SSR), and C was a t i m e  
cons t an t  f o r  t h e  r a p i d i t y  of decay of t h e  i n i t i a l  b u r s t  i n  product ion of  
p r o s t a c y c l i n .  Furthermore, given t h e  l eng th  of t h e  sampling i n t e r v a l ,  
t h e  peak product ion rate can be  expressed as t h e  ra te  of product ion a t  
time ze ro  ( 3 / C  + D ) .  

Results and Discussion 

Cell  monolayers perfused a t  a near-zero shear stress of 0.016 
dynes/cm2 produced 11 ? 0.5 pg P G I 2 / 1 O 6  ce l l s /min  ( n = 3 ) .  This  product ion 
ra te  of  p r o s t a c y c l i n  i s  e s s e n t i a l l y  t h e  saae as t h a t  seen f o r  t i s s u e  
c u l t u r e  (no flow) controls of  human umbi l i ca l  ve in  e n d o t h e l i a l  c e l l s .  
F igu re  4 d e p i c t s  t h e  cumulative product ion and product ion r a t e  of  a 
t y p i c a l  se t  of  experiments where rep l ica te  e n d o t h e l i a l  c e l l  monolayers 
were exposed t o  s h e a r  stresses of  6 ,  16 ,  and  24 dynes/cm2. The o n s e t  of 
f low l e d  t o  a sudden i n c r e a s e  i n  product ion of  p r o s t a c y c l i n  which de- 
c r eased  t o  a cons t an t  o r  s t e a d y  s t a t e  ra te  (SSR) w i t h i n  s e v e r a l  minutes 
(F igu re  4 ) .  The SSR inc reased  w i t h  i n c r e a s i n g  shear stress (Table 1 ) .  
The SSR of  ce l l s  s u b j e c t e d  t o  24 dynes/cm2 were s i g n i f i c a n t l y  g r e a t e r  
t han  t h e  SSR of c e l l s  sub jec t ed  t o  6 dynes/cm2 ( p  < 0.01; two- t a i l ed  t- 
t e s t ) .  All va lues  of  t h e  SSR are g r e a t l y  d i f f e r e n t  from t h e  t i s s u e  
c u l t u r e  (low o r  no flow) c o n t r o l s .  In Figure  5 ,  SSR is p l o t t e d  as a 
f u n c t i o n  o f  t h e  s t e a d y  shear stress imposed. The SSRIs t r e s s  response i s  
e s s e n t i a l l y  l i n e a r  i n  t h i s  range of  shear stress, with a s l o p e  o f  4.9 
pg/lO cells/min/dyne/cm2 ( c o r r  = 0.93). It should b e  noted t h a t  t h i s  
range of  s h e a r  stresses covers t he  time average estimates of  shea r  
stresses normally seen i n  t h e  human v a s c u l a r  system. 

Both t h e  peak product ion ra te  (B/C + D) and t h e  time cons tan t  f o r  
decay of  t h e  i n i t i a l  b u r s t  of  P G I z  product ion ( C )  were n o t  s i g n i f i c a n t l y  
a f f e c t e d  by t h e  magnitude o f  s t e a d y  shear stress exposure over  t h e  range 
s t u d i e d  (up t o  24 dynes/cm2). Th i s  i s  shown g r a p h i c a l l y  i n  F igu re  4.  

The flow appa ra tus  desc r ibed  above provides  a s imple and inexpen- 
sive'  method f o r  exposing anchorage-dependent ce l l s  t o  uniform wall shear 
stress, and has s e v e r a l  advantages over o t h e r  dev ices  used t o  e v a l u a t e  
t h e  e f f e c t  of  mechanical stress on ce l l  funct ion.  Flow through t h e  
chamber i s  laminar and well c h a r a c t e r i z e d  (51, and a l lows  f o r  i n  s i t u  
s u p e r p o s i t i o n  o f  p u l s a l t i l e  flow. Furthermore,  t h e  flow chamber can be 
mounted on a n  i n v e r t e d  microscope, a l lowing f o r  cont inuous v i s u a l i z a t i o n  
us ing  video microscopy. 

The flow system is we l l - su i t ed  f o r  analysis  of t h e  e f f e c t s  o f  shear  
stress on t h e  metabolism of  attached cel ls .  T h i s  system has  been used 
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t o  s u b j e c t  e n d o t h e l i a l  ce l l s  t o  shear f o r  times i n  excess  of  f i v e  days .  
The e x c e l l e n t  cell-to-volume r a t i o  ( 10 c e l l s / l O  m l )  f a c i l i t a t e s  t h e  
s tudy  o f  t h e  product ion o f  me tabo l i t e s  by c e l l s .  Furthermore,  sampling 
of  t h e  medium is p o s s i b l e  without  c e s s a t i o n  o r  d i s tu rbance  t o  t h e  flow 
i n  t h e  c e l l - l i n e d  pa ra l l e l  p l a t e  f low chamber. S ince  most of  t h e  appa- 
ra tus  i s  assembled of  g l a s s  and t e f l o n ,  there  is no l o s s  of  medium due 
t o  permeation through t h e  tub ing  o r  evaporat ion.  T h i s  avoids  problems 
a s s o c i a t e d  w i t h  changes i n  t h e  osmotic balance of the medium. 

S e v e r a l  groups have s t u d i e d  shear stress effects  on c u l t u r e d  endo- 
t h e l i a l  c e l l s  using a modified cone-and-plate viscometer ( 6 ,  7 ) .  Such 
a n  appa ra tus  g i v e s  nearby uniform shear f i e l d s  when ope ra t ed  a t  moderate 
t o  low speeds.  These dev ices  can be adap ted  t o  a l low continuous micro- 
s c o p i c  monitor ing,  though t h i s  is n o t  easy. The disadvantages of t h e  
cone-and-plate device as c u r r e n t l y  operated are t h a t  i t  has  a smaller 
cell-to-volume r a t i o ,  does no t  pe rmi t  continuous sampling o f  t h e  c e l l  
i ncuba t ing  medium, and has s i g n i f i c a n t  t i s s u e  c u l t u r e  medium evapora t ion  
which r e q u i r e s  continuous i n f u s i o n  of  f resh medium f o r  purposes of ad- 
j u s t i n g  t h e  osmolar i ty .  

Others ( 8 )  have used flow loop  dev ices  q u a l i t a t i v e l y  similar t o  t h e  
one d e s c r i b e d  he re in .  However, t h e  f l u i d  volumes necessa ry  t o  o p e r a t e  
these a p p a r a t i  are t y p i c a l l y  o f  t h e  o r d e r  of  100 m l ,  and t h e  s u r f a c e  
area of  ce l l s  exposed t o  de f ined  shear i n  t h e  f low chambers h a s  been 
approximately 1 cm2. The low cell-to-volume r a t i o  make these dev ices  
inadequate  f o r  use i n  most metabol ic  s t u d i e s ,  s i n c e  many me tabo l i t e s  o f  
i n t e r e s t  are produced a t  very low rates, y e t  have extremely important  
b i o l o g i c a l  effects.  

The data demonstrate t h a t  phys io log ica l  l e v e l s  of  s t e a d y  shear 
stress and t h e  o n s e t  o f  shear stress dramatically s t i m u l a t e  p r o s t a c y c l i n  
product ion i n  c u l t u r e d  human e n d o t h e l i a l  c e l l s .  While s t e p  i n c r e a s e s  i n  
shear stress l e d  t o  a b u r s t  i n  product ion t h a t  l e v e l e d  o f f  w i t h i n  sev- 
eral  minutes ,  shear  stress i t se l f  exe r t ed  a s u s t a i n e d  s t i m u l a t i o n  which 
l a s t e d  s e v e r a l  hours ( t h e  d u r a t i o n  o f  t h e  experiments) .  Th i s  l onge r  
term s t i m u l a t i o n  of p r o s t a c y c l i n  product ion ra te  v a r i e d  l i n e a r l y  w i t h  
i n c r e a s i n g  shear stress. P rev ious ly ,  we  have shown t h a t  t h e  degree of 
s t i m u l a t i o n  o f  product ion is  a f u n c t i o n  of  t h e  p u l s a t i l i t y  o f  t h e  wall 
shear stress as well as i ts  mean va lue  (1). 

The a b i l i t y  o f  ce l l s  t o  respond t o  e x t e r n a l  s t i m u l i  i nvo lves  t h e  
t r a n s d u c t i o n  o f  a s i g n a l  a c r o s s  t h e  ce l l  plasma membrane. One such 
e x t e r n a l  s t i m u l u s  appears  t o  be f l u i d  shear stress. 

Shear stress and t h e  t ime-variance i n  shear stress presumably act 
on c e l l s  by p e r t u r b i n g  t h e  ce l l  cy toske le ton  and i ts  membrane morphol- 
ogy. Time-varying o r  f l u c t u a t i n g  shear stress, such as p u l s a t i l e  shear 
and step-changes i n  s h e a r ,  probably p e r t u r b  the  anchorage-dependent c e l l  
as a whole, causing membrane p e r t u r b a t i o n s  a t  t h e  p o i n t s  o f  attachment 
t o  t h e  c y t o s k e l e t o n  and the substratum. On t h e  o t h e r  hand, s t eady  shear  
stress may act  by amplifying t h e  n a t u r a l  thermal o r  Brownian f l u t t e r i n g  
o r  r i p p l i n g  o f  t h e  membrane ( 9 ) .  This  f l u t t t e r i n g  h a s  been observed i n  
r e d  blood c e l l  membranes and phospholipid b i l a y e r s  (9). Our ea r l i e r  
work ( 1 )  has shown t h a t  p u l s a t i l e  stress ( 1  Hertz ,  ampli tude 20% o f  the 

169 



SHEAR STRESS INDUCED STIMULATION OF MAMMALIAN CELL METABOLISM 

mean) can lead t o  s i g n i f i c a n t l y  greater product ion rates of P G I 2  when 
compared t o  s t e a d y  stress exposure a t  t h e  same mean value.  

Previously,  i t  has been demonstrated t h a t  shear-induced product ion 
of  p r o s t a c y c l i n  may be blocked by ibuprofen ( 1 ) .  T h i s  would i n d i c a t e  
t h a t  t h e  po in t  of  a c t i o n  o f  stress s t i m u l a t i o n  i s  a t  t h e  cyclooxygena- 
t i o n  o f  a rach idon ic  a c i d  o r  i n  preceding s t e p s .  Since i t  is g e n e r a l l y  
bel ieved t h a t  a rach idon ic  acid metabolism i s  rate-limited by its in-  
t r a c e l l u l a r  a v a i l a b i l i t y  (101, i t  is p o s s i b l e  t h a t  shear stress a c t s  by 
i n c r e a s i n g  t h e  ra te  o f  l i b e r a t i o n  o f  a rach idon ic  acid. Active s e c r e t i o n  
of p r o s t a c y c l i n  is not  l i k e l y  s i n c e  there  are no preformed i n t r a c e l l u -  
lar s t o r e s  o f  p ros t ag land ins  ( 1 1 ) .  

There are s e v e r a l  p o s s i b l e  mechanisms by which shear s t r e s s - induced  
membrane p e r t u r b a t i o n s  could mimic a hormone/receptor i n t e r a c t i o n  t o  
s t i m u l a t e  c e l l  metabol isn i n t r a c e l l u l a r l y .  Shear stress may induce 
inc reased  phospholipase C a c t i v i t y ,  caused by t r a n s l o c a t i o n  of  t h e  
enzyme, i nc reased  s u b s t r a t e  ( a rach idon ic  ac id)  pool a v a i l a b i l i t y  t o  
phospholipase C ( p a r t i c u l a r l y  from t h a t  s t o r e d  i n  phospho inos i to l s )  due 
t o  shear-induced membrane movements o r  changes i n  membrane f l u i d i t y ,  
d i rect  a c t i v a t i o n  of calcium-act ivated phospholipase A 2  by inc reased  
calcium i o n  pe rmeab i l i t y ,  o r  most probably  a combination of these 
mechanisms. 

Levels  o f  shear stress i n  t h e  range of  5 - 20 dynes/cm2 can be s e e n  
i n  mammalial ce l l  b i o r e a c t o r  environments (1  2 1. Release o f  v a r i o u s  
a rach idon ic  acid me tabo l i t e s  s t i m u l a t e d  by t h i s  stress exposure can 
g r e a t l y  modify r e a c t o r  performance. It  has  been shown t h a t  cel l -cel l  
communication v i a  a rach idon ic  acid me tabo l i t e s  can a l te r  c e l l  f u n c t i o n ,  
l e a d i n g  t o  deg ranu la t ion  and aggregat ion i n  a shear f i e l d  (13) .  The 
e n d o t h e l i a l  c e l l s  used i n  t h i s  s tudy  are unusual f o r  t i s s u e  ce l l s  i n  
t h a t  t hey  normally do l i v e  i n  a n  environment which i n c l u d e s  f l u i d  me- 
c h a n i c a l  f o r c e  exposure. Because of  t h i s ,  the  r e s u l t s  presented above 
may be l i m i t e d  t o  t h i s  ce l l  t ype ,  and e x t r a p o l a t i o n  o f  these f i n d i n g s  t o  
t h e  metabol ic  r e sponse -o f  o t h e r  mammalian ce l l s  t o  shear stress exposure 
should be done w i t h  care. 

H o l l i s  and co-workers ( 1 4 ,  15) have observed i n  both i n  v ivo  and 
v i t r o  s t u d i e s  t h a t  shear stress s t i m u l a t e s  i nc reased  his tamine forming 
c a p a c i t y  i n  bovine a o r t i c  e n d o t h e l i a l  cells .  I f  s h e a r  stress s t i m u l a t e s  
p r o t e i n  s y n t h e s i s ,  there may be p o s s i b l e  a p p l i c a t i o n s  i n  mammalian c e l l  
b i o r e a c t o r  design.  Giard and co-workers (16)  observed t h a t  human f i b r o -  
b las t s  secrete up t o  30 f o l d  g r e a t e r  amounts o f  i n t e r f e r o n  when main- 
t a i n e d  on m i c r o c a r r i e r s  i n  sp inne r  f lasks  compared t o  ce l l s  i n  r o l l e r  
b o t t l e s .  S ince  t h e  shear stresses t h a t  cel ls  are exposed t o  i n  t h e  
sp inne r  f l a sks  are much h ighe r  t han  those  i n  r o l l e r  b o t t l e s ,  t h e  i n -  
creased product ion may be  a t t r i b u t a b l e  t o  shear s t r e s s - induced  stimu- 
l a t i o n  o f  i n t e r f e r o n  s y n t h e s i s .  

By choosing a n  a p p r o p r i a t e  r e a c t o r  c o n f i g u r a t i o n ,  ce l l s  may be 
sub jec t ed  t o  moderate shear stresses t h a t  would s t i m u l a t e  s y n t h e s i s  o f  
p r o t e i n s ,  y e t  not  cause c e l l  detachment and subsequent l o s s  o f  v i a b i l -  
i t y .  I n  fac t ,  t h e  s t r e n g t h  of  adhesion t o  t he  s u b s t r a t e ,  i n  and o f  
i t s e l f ,  may be i n c r e a s e d  if ce l l s  are s u b j e c t e d  t o  shear stress. 
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Prel iminary s t u d i e s  on e n d o t h e l i a l  ce l l s  sub jec t ed  t o  s h e a r  i n  serum- 
f r e e  medium suggested t h a t  sheared c e l l s  e x h i b i t  i nc reased  s t r e n g t h  o f  
attachment and v i a b i l i t y  compared t o  c o n t r o l  c u l t u r e s  (ou r  l a b o r a t o r y ,  
unpublished o b s e r v a t i o n s ) .  S t u d i e s  of  t h e s e  phenomena should inc lude  
i n v e s t i g a t i o n  o f  t h e  effects  of s h e a r  stress on t h e  s y n t h e s i s  and 
release of adhesive p r o t e i n s  such as f i b r o n e c t i o n  and co l l agen .  
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Table  1: E f f e c t  of Steady Shear Stress on t h e  Steady-State Product ion 
Rate of R e p l i c a t e  C e l l  Monolayers 

Shear S t r e s s  

Experiment 6 dynes/cm 2* 16 dynes/cm2 24 dynes/cm2 

1 40 1 i a  134 
2 66 aa 127 

3 71 a5 120 

Mean k S.D. 59 f 16* 97 f 18 127 7" 

p < 0.01; two-tai led t - tes t  
Product ion rates are given as  pg PG12/106 c e l l d m i n .  
f low o r  t i s sue  c u l t u r e  product ion r a t e  of  P G I 2  was 1 1  pg/106 ce l l s /min .  

Note t h e  very low 

F i g u r e  Legends 

F igu re  1: Arachidonic acid cascade v i a  t h e  cyclooxygenase pathway. 
Arachidonic a c i d  is l i b e r a t e d  from c e l l  membrane phosphol ipids  v i a  t h e  
a c t i o n  o f  a phospholipase.  T h i s  is metabolized by a series o f  enzymes 
(complex) t o  t h e  u n s t a b l e  endoperoxide PGH2.  I n  umbi l i ca l  ve in  endo- 
t h e l i a l  c e l l s ,  t h e  major pathway from P G H 2  i s  t o  P G I 2  v i a  p r o s t a c y c l i n  
syn the ta se .  P G I 2  is u n s t a b l e  and i n  b u f f e r s  a t  pH 7.4 is hydro l i zed  t o  
6-keto-PGFia with a h a l f  l i f e  o f  approximately 3 minutes. 

F igu re  2: Drawing o f  small volume flow loop. ( 1 )  upper r e s e r v o i r ,  ( 2 )  
lower r e s e r v o i r ,  (3) overlow manifold,  ( 4 )  f i l t e r e d  humidif ied 95% a i r  + 
5% C 0 2  i n p u t ,  ( 5 )  g a s  o u t l e t ,  ( 6 )  flow chamber, (7 )  g a s k e t ,  ( 8 )  s l i d e  
wi th  c e l l  monolayer, ( 9 )  microscope o b j e c t i v e ,  (10)  vacuum, ( 1 1 )  sam- 
p l i n g  p o r t ,  (12)  r o l l e r  pump, (13)  PFA t e f l o n  tub ing ,  ( 1 4 )  cons t an t  
p r e s s u r e  head, and (15)  flow probe. 

F igu re  3: Para l le l  p la te  flow chamber. The polycarbonate p l a t e ,  t he  
gaske t  (GI, and t h e  g l a s s  s l i d e  ( H )  wi th  t h e  a t t a c h e d  cel ls  are held 
t o g e t h e r  by a vacuum ( C ) ,  forming a channel of  p a r a l l e l  p l a t e  geometry. 
Medium e n t e r s  a t  e n t r y  p o r t  ( A ) ,  through sl i t  ( E ) ,  i n t o  t h e  channel ,  and 
e x i t s  through sl i t  ( F ) ,  and e x i t  p o r t  ( B ) .  Entry p o r t  ( A )  a l s o  s e r v e s  
as a t r a p  f o r  bubbles,  which can be removed through valve (D). 
Figure  4:  Effect o f  s t e a d y  shea r  stress on p r o s t a c y c l i n  product ion - 
r e p r e s e n t a t i v e  s e t  of  experiments.  R e p l i c a t e  c e l l  monolayers were 
exposed t o  s h e a r  stresses o f  6 ,  16, and 24 dynes/cm2. ( A )  The cumula- 
t i v e  product ion of  p r o s t a c y c l i n ;  ( B )  The product ion ra te ,  computed as 
t h e  d e r i v a t i v e  o f  t h e  f i t t e d  cu rves  i n  ( A ) .  

F igu re  5: E f f e c t  o f  s t e a d y  s h e a r  stress on p r o s t a c y c l i n  production. The 
s t eady  s ta te  product ion rates p l o t t e d  a g a i n s t  s t eady  shea r  stress. The 
va lues  6 ,  16, 24 dynes/cm2 r e p r e s e n t  averaged va lues  of  3 r e p l i c a t e  se ts  
o f  experiments (Table 1 ) .  The va lues  f o r  0.016 and 10 dynes/cm2 were 
obtained from d a t a  p re sen ted  elsewhere ( 1 ) .  E r r o r s  r e p r e s e n t  t h e  SEM. 

172 



c 

SHEAR S T R E S S  INDUCED S T I M U L A T I O N  OF MAMMALIAN C E L L  M E T A B O L I S M  

f 1,vrr  3 

Flgure 1 

URlGlNAL PAGE IS 
OF POOR QUALITY 

173 
FI'ure 5 


