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use outside a warm room was explored. A prototype detector flow system ,
which utilizes once—through perfusion , is described.
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!UMMARY

Oxygen utilization by cells on artificial capillaries has been ffound

to be sensitive to a variety of toxic substances incorporated into~~~eb.::: medium stream. BHK or L929 cells grown in the extracapillary compairtment

-
~~~~~ 

-. of 80—150 fiber artificial capillary cell culture units use 0.073 ± C.025

pmoles/min glucose and O76 + 0.26 p1/m m oxygen and excrete 0.078 * 0.038

pinoles/min lactic acid by 7—10 days after initiation of the cell cultures.

Except at flow rates <0.05 ml/min , metabolic rate was not significaiit ly
: af fec ted  by change in flow rate  or by use of d i f f e r en t  medium perf~osion

modes (through the fiber bore or through the extracap illary compart~ent) •
The cell population (estimated from glucose and oxygen utilization as

20xl06 cells/unit) does not increase significantly when the serum (calf)

content of the medium is K1%.

Incorporation of toxins such as potassium cyanide, sodium iodoacetate,
hydroquinone , 2, 3—dimethylphenol, o—toluidine , 2 ,4—dinitropheriylhy&azine,

and N ,N—die th y l—m—t oluamide into the nu t r ien t  stream inhibited oxy~~n

ut i l izat ion by the cells within 90 m m .  The amount of inh ibition was dose

and time deperi 4 ent .  At 30—90 mm a f t e r  trea tment , the concentratimis of

toxins which caused 50% inhibition of oxygen utilization (EC
50) we~~ only

slightly higher than the concentrations which cause 50% inhibition of

cell growth af ter  72 hr (LC
50) .  The EC 50 concentrations were for o~-to1uidine,

32 ppm ; hydroquinone , 3.2 ppm; dimeth y lphenol , 36 ppm; dinitrophert~lhydra—

zine , 22 çpm; and N ,N—diethyl—m—toluamide , 250 ppm . [n certain cases (with

hy droquinone , dinitrophenyihydrazine, o— to luidine , and potassium cyanide) ,

the inhibition was reversed by perfusion with nontoxic medium whem the

initial dose was su f f i c i en t ly low and the treatment time sufficiemtly

short .

Based on oxygen u t i l iza t ion  as a measure of cell funct ion , a compact

prototype monitor for water  potabil i ty is proposed . Some features of the

proposed prototype have been tested;  for  example , the requirement that

the cell growth chamber be maintained at 37 ° by use of a small ha&ting bath

and that  the water  and medium stream can oe mixed sa t is fac tor i ly to provide

n u t r i e n t  to the cells.
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1. INTRODUCTION

..‘. The objective of this program is the development of an on—line biological
detector for water toxicity monitoring. Before designing a prototype detector,

toxic ef f e c t s  on cell metabolism must be understood . Wi th this purpose ,

studies have been made to determine:

1. The length of time artificial capillary cell cultures can be

maintained ;

2. The stability of the oxygen utilization rate as a function of

time ;

3. The medium requirements for  maintenance perfus ion ;

4. The feasibi l i ty  of “ through—the—shel l”  rather than “through — the--

bore” per fus ion ; 
-

5. The reproducibi l i ty  of cell es tabl ishment  on the cu l tu re  uni t s;  and

6. The effects of selected toxic materials on cellular oxygen utiliza-

tion.

From these studies , the basic requirements for an on—line , fast—response

:~ 
biolog ical detector using mammalian cell metabolism as the toxici ty indicator

have been established.
- ..

2. BACKGROUND

During the first year of research in the biological detector program ,

some of the difficulties involved in routine cell culture using artificial

cap illaries were overcome , and the perfusion system for rapidly monitoring

cellular metabolism was developed . Attempts were made to mt~asure the effect

of toxins on lactic acid excretion and glucose utilization. However , these

.:--~ 
. measurements were not sensitive enough to meet the objectives of the Army

M1JST program; namely, that the toxicity detector have a response time of 15—30

mm and permit continuous monitoring of the water st:ream. Oxygen utilization

is a metabolic parameter of mammalian cells which is known to be sensitive to

many types of toxins . This parameter  sa t i s f ies  program requi remn ent . s , since

measurement can be made wi th  an oxygen electrode and s ince  the cell  number on

the un i t s  can be ad jus ted  to hei ghten the observable re spimse.
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Using  cyanide , iodoacctate , and o— to lu id i i i e  as toxins , it was found th a t

a rapid inhibi t ion of oxygen u t i l i z a t i o n  could be e l ic i t e d  by incorpora t ing

appropr iat e  amounts of toxin  in the medium s t r e am.  The response using throu~;h—

the—bore per fus ion  ( f low through the cap illaries onl .y) was slower than that

using through—the—she ]  1 perfus ion  (f low through the extracap il lary  compartment
of the cul ture  un i t)  with lodoacetate and cyanide;  no response was elicited

during perfusion through—the—bore with o—toluidine.

In the f i r s t  section of this report , aspects of our work on cell

culture using a r t i f i c i a l  cap i l lary perfusion are summarized . Subsequent sections

of the report deta i l  the studies of the e f f e c t s  on cellular oxygen u t i l iza t ion

of toxins added to the medium stream.

3. CELL CULTURE ON ARTIFICIA L CAPILLARIES

In the f i r s t  annual report (July 31, 1976) , the methods used to cul ture

cells on a r t i f i c ia l  capil lar ies  were described. Since the report , addit ional

data  concerning the rapid establishment of cells on artificial capillaries have

been obtained ; new culture units have been used;  and comparisons have been made

between d i f f e r e n t  modes of a r t i f i c i a l  capi l lary perfusion.  The results from

f i r s t — y e a r  and current  studies are discussed below . The dimensions and proper—

ties of the cap illary uni ts  used for these studies are given in Table I.

3.1 Lactic Acid and Glucose Metabolism

Only one repor t has been made describing glucose utilization by cells

on a r t i f i c i a l  capillaries as a f u n c t i o n  of time in culture. This and other

studies3’4 indicate that  the t ransfer  of cel ls from a t radi t ional  cul ture

environment to artificial capillary units requires a period of adaptation before

a subs tan t ia l  cell populat ion is established. In one stud y ,  however ,5 a claim

was made that  growth to l0~ cells per cul ture  uni t  can occur with in 9 days

- - a f t e r  inoculation of 5 x 10~ v i rus—trans formed  hamster embryo f ibroblasts .

• We have found tha t , on the average , w i t h i n  2 weeks a f t e r  in i t ia l  plant ing,

the cell popula t ion  reaches approximate ly  21 + 8 x 106 c e l l s/ c u l t u r e  uni.t fo r

BIlK and L929 cells (Table 2 ) .  This cell popula t ion  was ca lcu la ted  assuming an

average glucose u t i l i z a t i o n  of 5 pmoles/ l0 6 cel ls/day .6
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TABLE 2. AVERAGE GLUCOSE CONSUMP TION ANI) 1.ACTATE EXC RE TION
_____ 

BY BilK ANI) L929 CELLS ON ART II -’I ClAL CAP iLLAR IES 
_______

Glucose Lactate Number of
Consumption Excret ion Experiments

Cells 
— 

(ij molcs/min) (pmoles/min)  Averaged

BILK 0 .072  ± 0.020 0.086 + 0.034 9
-
~~~~ 

L929 0.075 ÷ 0.037 0.065 ± 0.047 5

- - 

Table 3 presents the cell culture data from which the averages in Table 2

were derived. It is evident from the data neither planting with  d i f f e r e n t  cell

I
- 

numbers nor use of different reservoir volumes has a significant effect on the

cell establishment.

The results in Tables 2 and 3 were derived f r o m  cell cultures maintained

by a recirculating perfusion system (Fig. la). Use of once—through perfusion

~~ either through—the--bore (Fig . ib) or through—the—shel l  (Fig. ic) gives somewhat

lower average glucose u t i l i za t ion  rates (Table 4 ) .  These measurements , however ,

were made on cu l tu res  perfused at a flow rate  of 0.05 mi/mm , at  which the

glucose u t i l i za t ion  ra te  and lactic acid excretion rate were found to decrease

I s ignif icant ly (Table 5) .  No d i f f e rence  was found between the lact ic  acid

• excretion or glucose utilization by cultures perfused through the shell, and

that by cultures perfused through the bore.

The effect of flow rate on glucose utilization and lactic acid excretion

j  is shown in Table 5. As flow ra te  decreases , the glucose u t i l i z a t i o n  and

lactic acid excretion increase, presumabl y due to the Pasteur e f l e c t , 7 since

oxygen depletion of the medium must occur as the flow rate slows. The glucose

utilization rate of the cells at a flow rate of 0.60 nil/rain indicates that a
-
~~ 6$ population of 28 x 10 cells was present  on this cul ture  un i t  (using an

6 . 6estimated glucose utilization rate of 0.0035 pmoles/lO cells/rain). At

this population , the oxygen utilization rate is estimated to be 1.4 u i/m m . 7

- - 
From this utilization rate , the estimated outlet oxygen tension of the medium

• stream can be calculated at the d i f f e r e n t  flow rates.  These values  are

:-~ . included in Table 5. At  low flow rates , all the oxygen in  the medium would

probabl y be used . As the medium becomes more anaerobic  due to oxygen dep le tion

by the  cells , more glucose is u t i l i z e d  to support  the c e l l u l a r  energy requ i r e—

• m e n t s .  At very sb ’-: f i o w  r .~tes , however , glucose met abol ism appears to slow

to one—half  t h e  v a l u e  e x h i b i t  L d  at  h i gher  f low ra les.  The reason fo r  this is

as yet unc lea r .
-S.’
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Fi gure 1. Perfusion schemes for  a r t i f i c ia l  capil lary cell culture

A — reservoir for tissue culture
A’ — reservoir for tissue culture med ium plus toxin

- 
B — Silastic tubing E’— female Luer connectors
C — peristaltic pump F — Luer — 3—way stopcock

- U — male Leer connectors G — oxygen meter -

4 - 
- D’— male Luer to closed end 

-

E — female Leer to closed end
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I. TABLE 4. LACTIC ACID AND GLUCOSE MET AB OLISM :
_______ 

O N C E— T 1 I RO I J C I h— P ER F ’U S  ION 
_______ ______ _________

Glucose L a c t i c  Acid Number of
Mode Cells (pmoles/min)  (p i t i o les /m in)  E x p e r i m e nt s

Through Bore BilK 0 .045 ± 0.001 - 0.074 + 0.007 (3)
Through Shell BilK 0 .043 ± 0.006 0 .097 -I- 0.009 (3)

jj

• TABLE 5. EFFECT OF FLOW RATE ON CLUCOSE ’ AND LACTIC ACID METABOLISM
—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ CSRI I 50 Un it ;  Flow Thr~~j~h _Bore) 

_______

-5-
-

Lactic Acid Glucose U t i l i z a —  E s t i m a t e d
Flow Rate  Excre t ion  Rate  t ion Ra te  O u t let  1)0 2( mt / m m ) (p mo1es/u~ n) (p moles/mi n) (mm})g)

0.08 0,088 ~0 .O68 0
0.18 0.165 0.145 0
0.21 0.165 0.140 0
0.32 0.149 0.128 26
0.45 0.123 0.106 66
0.60 0.115 0.099 86

I
- 1 .
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The e f f e c t s  of m e d i u m  seru m con ten t  on glucose u t i l i z a t i o n  and t a c t a t i ’
excret ion are shown in Table 6. U s i n g  a r e c i r c u l a t i n g  p c i - f u s i on  system , BIl K

cells were i n i t i a t e d  on para l le l  cap i l l a ry  cu l ture  u n i t s  in wh i ch the medium
contained e i ther  5% , 1% or 0.1% cal f serum. Ba~ ed on glucose u t i l i za t ion

resul ts ) the cell popula t ion by day 6on un i t s  pe r fused  with 5% calf serum

medium was more than double tha t  of un i t s  per fused  with 0 .1% serum . Fur t he r—

more , the un i t s  perfused w i t h  0.1% serum showed no growth f rom days 4 to 6 ,

whereas the- uni ts  perfused wi th  ei the r 1% or 5% serum showed s ignif icant  growth .

A slower initial growth is apparent with  1% serum—initiated cultures.

-:

TABLE 6. EFFECT OF SERUM ON METABOl IC ACTIVITY 
________

5% 1.0% 0. 1%
Glucose Lactic Acid Glucose Lactic Acid Glucose Lactic Acid

Day (p moles/mm ) (p moles/mm ) (p moles /mm )

‘4 0.081 0.114 0.045 O.064 0.043 0.065
6 0.097 0.146 0.062 0.062 0.040 0.073

— 
- ___________ __________

In several cases , capillary cell cultures have been maintained for periods

I longer than 2 weeks . Our results (see Annual Report , 1976) are in basic agree-

ment with those of other workers ;
5 
namely, that cell cultures on artificial

capillaries can be maintained for months provided the medium is changed fre—

quently ,  the flow ra te is suff iciently rapid to prevent prolonged periods of
oxygen depletion, and the unit  is kept contamination free. The curren t study

has made several contributions to these observations: (1) Cells on artificial

capillaries can be grl,’wrI outside a CO
2 

incubator provided the medium is b u f f e r e !

by addition of 20mM IIEPES , pH 7.3. (2) A plateau in growth is reached relatively

quickly (within 1—2 weeks) when the medium contains 1% ca l f  serum ; use of 0.IZ

calf serum medium for  maintenance is also possible. (3) Prolonged perfusion (at

least up to 2 weeks) using once—throug h f low is possible provided the f low r at e

- 
- . is not so slow that  inordinate nu t r ien t  dep letion r e s u l t s,

3.2 Oxv~~ n Metabo 1Lsm 
-

Some of the l a t t e r  dat ’ — d iscussed above were der i ved fi- om s tudies  of

oxygen u t i l i z a t i o n  by cells  on a r t i f i c i a l  c~ip il1ac ies  - The oxygen t ’ i . Ii z t t t i o n

data  f rom a number of d i f f e r e n t  types  of cu l tu re  u n i t s  p l an ted  w i t h  e ith er  n~~

- 9
‘ --‘.
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-- TABLE 7. OXYGEN UT ILIZATION BY CELLS ON ARTIFICIAL CAPILI.ARY UNIT S

In i t i a l  U t i l i z at i on
Pl anting 

—6 
Flow Rate A~O2 Rate

Cells Unit (cells x 10 ) (mnl/min) (mm Hg) Mode (p1/mm )

L929 3S100 5.6 0.46 
- 

130 bore 2.21

L929 3SlOO 7.5 0.21 55 bore 0.42
L929 3S 1OO 13 0. 21 78 bore 0 60

:~~-- 
L929 - 3S100 11 0.27 100 bore 1.00

L929 3S100 15 0.31 110 shell 1.26

L929 3S100 6 0.16 48 bore 0.28

L929 3S100 5.5 - 0.31 75 shell 0.86

BilK 3S100 30 0.25 70 bore 0.65

BIlK 3s100 30 0.25 90 bore 0.83
BilK 3S100 7,5 0.31 115 bore 1.32

BHK 3S100 7.5 0.31 78 shell, 0.89

BilK 3SlOO 7.5 0.29 59 bore 0.63

BilK 3SlOO 7.5 0. 29 
- 

85 shell 0.91

BilK 3SlOO 30 0.25 112 shell 1.04

L929 3x50 7 0.17 56 shell 0 .42

:-:;-: L929 3x50 7 0.17 
- 

58 shell 0.35

L929 3x50 7 0.17 - 54 shell 0. 36

L929 3x50 7 0.24 90 sho ” l  0.68

L929 3x50 7 0 .24 127 shell  1.12
v .929 3x50 5 0.26 105 shell 1.01

L929 3x50 6.5 0.29 45 bore 0.48

L929 3x50 6.5 0.29 70 shell  0.75

BHK GSRI (150) 7 0.18 95 bore 0.63

BilK CSRI(150) 7 0.29 34 bore 0.36

BilK GSRI( 150) 7 0.16 
- 

32 bore 0.19

BilK GSRI(150) 13 0.35 70 Lore 0 9 0

BilK CSRI( 150) 13 0.25 I TS  hor 1.06
.5
) _ _ _ _  —-- - . -—.— 

( c o n t i n u e d)  
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_ _ _ _ _ _ __ _ _ _ _ _  _ _ _ ________________  

TABLE 7. Con t inued  _________

:~: Initial Ut i l i z3t l o f l
Planting 

6 
Flow Rate ~~O Rate

Cells Unit (cells x 10 ) (mI/mm ) (mm ?i,g) Mode (p1/mm )

- BIlK CSRI(l50) 9 0.25 
- 

119 bore LlO

BILK CSRI (l50) 9 0.25 85 shell - 0.79

j - 

BilK GSRI(150) 9 0.25 115 shell 1.06

L929 GSRI(80) 7 0.25 102 bore 0.94

L929 CSRI(80) 7 0.24 88 bore 0.78
- ..

L929 GSRI(80) 7 0.24 40 shell 0.35

L929 GSRI(80) 7 0 .22 50 she].l 0.41

L929 GSRI(80) 7 0.21 110 shell 0.85

L929 GSRI(80) 7 0.21 52 shell 0.40

L929 GSRI(80) 7 0.31 70 shell 0.80

I L929 GSRI(300) 7 0.51 127 bore 2.40-.5...,
L929 GSRI(300) 7 0.20 131 shell 0.97

L929 GSRI(300) 40 0.34 112 shell 1.41

L929 GSR’[(500) 21 0.17 92 ‘bore 0.58

L929 CSRI(500) 21 0.30 133 bore 1.48

L929 GSRI(500) 21 0.31 114 bore 1.31

-‘
5

-
.
.

‘1 .11 
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or L929 cells at  different cell densities are given in Table 7; the data are

summarized in Table 8. The measurement of oxygen u t i l iz at i o n  ra te  was made on

cultures allowed to grow for I to 2 weeks after initial planting. Except for

the Amicon 3 x 50 culture units (which have a s ign i f i can t ly lower permeability
than the other uni t s ;  L ( H 20) = 80 cm/ atm see , whereas for  the GSRI—80 uni ts ,
L = 1125 cm/ atm see , see Table 1), the oxygen utilization rates reached an

~~ average of 0.76 ± 0.26 p1/mm (29 determinations) . There is no significant

- - difference between the average oxygen u t i liza t ion  of units perfused th rough—

the—bore (0.79 p1/mm ) and that of units perfused through— the—shell (0.72 p1/mm ).

Either mode of perfusion , therefore , can sustain the cells on the culture

P un i t .  In addition , no loss of cells due to the flow of medium over them

(which might occur in through— the—shell’ perfusion), is observed af ter this
-:.‘- t ime in culture . The oxygen ut i l izat ion data indicate that  the different units

:::~ are comparable with  respect to their ability to support cell growth (at least

for BHK and L929 cells) . These results conf irm those of Wolf and Munkelt2

from a comparison of cellulose acetate and Amicon acrylic copolymer fibers .

TABLE 8. OXYGEN UTILIZATION (Summary)
— 

Artificial ‘ Oxygen Uptake Oxygen Uptake
-~~.

- Cap illary Through—Bore Throug h—Shell
Unit Cells (p1/mm ) (p1/main)

3 X 50 L929 0.48 (1)a 0.59 + 0.22 (7)

~~~~~~ 

- CSRI—80 L929 0.86 ± 0.08 (2) 0.56 ± 0.21 (5)
3S100 L929 0.90 + 0.56 (5) 1.06 (± 0.20) (2)
GSRI—l SO BilK 0.71 + 0.31 (6) 0 .92 ± 0.14 (2)
3S100 BHK 0.85 + 0.23 (4) 0.95 ± 0.06 (3)

aN b  of determinations.
-r

If the oxygen consumption is assumed to be 0.047 p1/lU6 cells/m m ,
7

the cell population on the uni ts  reaches an average value of 17 x io6 cells
per cul ture  un i t .  This number is in close agreement with that ob tained from

glucose utilization data , 21 x io6 cells. We assume , therefore , that on the

- small cul ture  units  of 150 f ibers  or less , such a population can be achieved

within 1 or 2 weeks fo l lowing  ini t ial  p lan t ing .  Furth cr m .~re.  a greater cell

population is undesirable , since more cells would demand a greate~ -~mo-..int  ~~
oxygen from the medium , which could be provided only by increasing the f low

.— s~

-‘5’

12

- _ - -  -

~ .— - .-. - ~‘ .~ 
5- 

4’ 5- .~ .‘ -p,, -~ 5’ jd’,, ,s
C ,~ C -.~ -. _ C C ..-~ C .5 J- .. .P- .~‘ 

5-b, ~~ .~~ i



— , . 5.. -- — - — .. ‘r m W ~~r ‘v r; r.~ . - — - - . - - - - -

ra te .  At a u t i l i z a t i o n  ra te  of 0.76 p 1/ mm , ti m e Ap 07 would be 86 mmH g f o r  a

unit perfused at a flow rate of 0.24 m/lmin. At: this Ap0
2 

the outlet oxygen

tension would be “-‘60 mm}Ig, a value which would ensure that all the cells on
the cul ture  unit receive an adequate  supp ly of oxygenated medium .

The oxygen utilization rate did not show a significant change with flow

ra tes vary ing form 0 .24  to 1.24 mi/main (Table 9). At slower flow rates (0.11

mi/ mm ) ,  the u t i l i za t ion  rate  could not be determined since all the oxygen

was depleted from the medium ; at flow ratds higher than those listed in Table 9,

the ApO2 was too small to be measured accurately.
These studies indicate that both through—the--shell and through—the—bore

perfusion can maintain cells on the units without affecting the oxygen utili—

zation rate. As mentioned above (Section 3.1), once—through perfusion can

be used for prolonged artificial capillary cell culture. When the culture

med ium contains 0.1°!. calf serum (as with the glucose and lactic acid studies),

El no increase in oxygen utilization was found in 2 days; a slight increase in
the oxygen utilization rate occurred with 1% calf serum (Fig. 2). This study

‘-:1. has now been extended to 2 weeks of continuous once—through perfusion using
1% calf serum medium . Even with the higher serum levels (under which cell

division is not prevented), a plateau in the oxygen utilization rate was

found with L929 cells (Table 10). The average final ApO
2 
(114 mnmllg) obtained

at the flow rate of 0.24 ml/min may represent a limitation in cell popu].aLion

due to the unit geometry and medium supply .

In summary , the average glucose and oxygen util ization rates and lactic
acid excretion rates for BHK and L929 cells are 0.073 ± 0.025 pmoles/min,
0.76 ± 0.26 p1/main, and 0.078 ± 0.038 pmoles/min , respectively . These rates

corresponded to an estimated cell population of 20 x 10
6 
cells/capillary unit.

The u t i l iza t ion  rates for  through—the—bore  and through—the—shel l  once—through

flow are , within exper imental variation, the same. The limit to the usable

l i f e  of such uni ts  has not been set , but exceeds 2 weeks using any of the

perfusion methods.

—
J.S ~~~
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TABLE 9. EFF I CT OF FLOW RATE ON OX’~CEN UTILIZATION

Flow Rate  A1,02 U t i l i z a t i o n
(mi/ ma in )  (mm H g) Rate (~i l/m i n )

- 0.11 141 0.57
-5.

0 .24 118 1.04

0.50 74 1.37

1.24 22 1.01

.5
’

* TABLE 10. EFFECT OF PROLONGED ONCE-THROUGH FLOW ON OXYGEN UTILIZATION

- - 

BY CELLS ON ~~I~~~~~~~L c I L L A R  
______ _____ ____

Time after Oxygen Utilization Rate (p1/main)
Init:tation

(days) Through—the—Bore Through—the—Shel l

7 0 .74 . 0.69
9 0.77 0.72

11 0.78 0 .77-! 14 0.78 0 .79
18 0.78 0.80
21 0.73 0.80

- aGSRI_80 cap ill ary units planted wi th L929 cells ; ccl I cul  tures
• were i n i t i a t e d  us ing  a rec i rcu la t ing  pe r fus ion  macdc and main-

t a ined  for  7 (lays p r io r  to beg inn ing  o n c e — t h r o u g h p e r f us i o n ;
flow rate for once—through—perfusion , 0.24 m I / m m .

.
°-‘ -
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4. ~-~x’cr’-y STUDI ES USING A R T I F I C I A L  CAP ] LLARY CE l l. CULTU RE
- .~~~-

1 -
~~~

We have tes ted the toxicity of 8 substances  on oxygen u t i l i z a ti o n  by B ilK
or L929 cell s on a r t i f i c i a l,  cap i l l a rie s .  These substances  i nc lude  three
phenols:  phenol , 2, 3— d imeth y iph ermol (2 ,3—DMP ) , and hy droquinone  (II Q) ; an
insect r epe l lan t , N ,N— d i e t l iy l—m—t olua m ic l e (DET) ; a dye , 2 ,4 — d i n i t r o p imeny l—

hydrazine (DNP II ) ; an ani line  der iva t ive , o—tolu id ine  (o—to l) ; and two metabo—
lic poisons: pot ass ium cyanide , which inhIb i t s  the final step in electron

t ranspor t, and locloacetate , which can react with a number of proteins , and in

particular , inhibits glycolysis by bind ing to glyceraid ehyde phos phate

dehydrogenase. These toxins  were incorpora ted  into the perfusion medium at a

par ticular dose , and perfusion (using a once—through mode) was continued

for at least 120 mi ’iin unless complete inhibition of oxygen utilization oCCuii~~l

prior to tha t  t ime.  In some experiments , the toxic response was reversed by

the introduction of fresh medium not contain ing toxin.  In all cases to date , t he

toxic response was manifested by a decrease in the cellular oxygen utilization

ra te.

The introduction of toxin to the cells on the capillaries has been per—

formed in a number of different ways. In our first experiments (see Annual

Report , 1976), a syrin~~pump was used to perfuse medium with toxin through
.
,(

5’ ~~~

either the shell or the capillaries of the culture unit. For these experiments ,

the flow of medium to the culture unit was interrupted during the change fro; m

• toxin—free to toxin—containing medium. In all experiments performed since

July 1976 , no such interruption of flow to the un i t  was necessary . In these

latter studies , perfusion was maintained with a peristaltic pump . The change

from medium free of toxin to medium with toxin was accomp lished simply by
closing and opening appropriate stopcocks in the reservoir system (Fig. lb

or lc).
In certain experiments , the medium in the shell compartment was rep laced

with riediwa containing toxin (medium—change s tudies)  - In these studies , time

per fmi ~; ion th :- ough-- t he—bore  of the cap il l  aries was c o n t i n u e d  also with medium

c -’ntal .nin~ tox in , and the extracapillary change was carried out withou t

stopp I mmg flow . Ti m e ’ purpose o ~ t h e  medium change stud] os wa~ tn dct c: - .’in ~
t h -  ‘ i i i  mniuma  t imc- at w h i c h  an i n h i b i t]  on of oxyg~ mi u t i l i z a t i o n  cou ld  be sensed -

p
., 15

.5.



• C: w’rr, ~~~ ,- ~ -v-r’, .-~~ fl~W - V--W V — M W  W i ’ I l  ‘V ~~ T~~~ N

-‘S

In studies not involving rapid replacement of the extracapillary medium ,

diffusion of the toxin across the capillary walls (in through—the—bore intro-

duction of toxin) and d i lu t ion  of the toxin by the extracap i l lary medium occur

initially. In through—the—shell perfusion of toxin , only the time for replace—
ment of the- shell volume with toxin—containing medium should delay the obscrv—

able response.

In all studies , the oxygen utilization of the cells on the cul ture  unit

was measured for at least 30 main. Prior to this determination , the oxygen

tension of the medium (both with and without toxin) was measured at the flow

rate which was used to perfuse the cap illary unit. The inlet medium oxygen

tension for medium with or withou t toxin averaged 146 ± 7 mmfl g (44 determi—

nations , uncorrected for changes in barom�tric pressure). The outlet medium

p0
2 

frum the culture unit was continuously measured by the oxygen electrode
(IL) and recorded by a chart recorder. S~ lastic tubing (permeable to gases)

was used to connect the reservoir to the unit to ensure that the medium was

equilibrated with atmospheric oxygen. The unit outlet was connected directly to

the oxygen meter flow cell. All measurements were made at 37°C.

4.1 Perfusion Through—the—Bore: Nediua Change Studies

:~~~ 
Toxicity studies have been performed in which the medium in the shell

was replaced with medium containing toxin while, simultaneously , medium con—
tam ing toxin was allowed to flow through the bore of the fibers . Since the

oxygen content of the original shell medium is partiall y depleted at the time
of change—over and the rep lacement medium is fully oxygena ted, part of the

initial increase in the exit medium oxygen content is due to equilibration of

the capillary fluid with the oxygenated shell medium . This transient increase

has been subtrac ted from the curves in Figures 2 , 3, and 4 since this artifact
would not be encountered in use. The amount of the apparent increase in exit

oxygen tension due to this transient was obtained from the curves which result

when the medium in the shell (of the same units used for the subsequent toxicity

measurements) was replaced with medium not containing toxin; the replacement
was performed in an identical manner for the control and the toxicity studies.

Differences between such curves reflect the inhibition of oxygen utilization

due to treatment with toxin (Figs. 2, 3, and 4). Correc tion for oxygen meter

dr ift (downward) in Figures 2—4 is made by subtracting the comparable drift

....~ from medium f lowing through the o ygen ~-etcr at the same flow rate In Figure

- 
.5
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Fi gure 2. E f f e c t  of o — t o lu i d i n e  on oxygen u t i l i z a t i o n  by cell - s on
- a r t i f i c i a l  c a p i l l a ri e s  (medium change s tud ies )  -

• Curve (a) , 1 929 cells on an Amicon 3S100 unit were perfused wi tim medium
at a flow rate of 0.27 mI / a im ; a t  the ar row , the medi u m in the shell was
replaced with fresh medium containing 28 ppm o—toluidinc and per fus ion
with this medium was begun th roug h—the—bore  also .
Cu ye (h) , 1511K ce-u .s on an Amicon 3S100 unit w e - m e  pe r fu sed  at  0.25 mI /mm .
At the arrow , replacement of the ex t r a cap i l l a r y  m e d i u m  w i t h  med i um con tain -
ing ]O0ppm o—tol was performed . The curves have been corrected as described
in the text.

17
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Figure 3. E f f e c t  of N ,N—die th y l—m—tol u amid e  on oxygen u t i l i z a t i o n  by
cells on a r t i f i c i a l  cap i l laries (medium change studies).

L929 cells on Amicon 3x50 culture unit were perfused at 0.29 mi/mimi . At
the arrow , the extracap illary medium was changed to medium wi th  toxin and
perfusion was begun through—the—bore with the medium containing toxin .

:~~ 
Curv e (a) 10 ppm DET , (b) 50 ppm , (c) ]00 ppm. The- higher doses

fol]owed the l ower doses on the same capil lary cull:ure unit. (Curves were
corrected as described in the text.
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Figure 4. Effect of 2,3—dimethylphenoi on oxygen utilization by cel ls on
artificial cap illaries (medium change studies).

Cu rve (a), L929 cells on an Amicon 3x50 unit , flow rate 0.16 mi/nu n,
were treated as described in the legend to Figure 2 w i t h  m e d i u m  c o n t a i n i n g
10 ppm 2 , 3 D~1P.

Curves ( h — d ) ,  L929 cells on CSRI—300 units , curve (c) w i t h  100 ppm a t
a perfusion rate of 0.17 mi/mim i , curves (b,d) w it h 25 , 100 ppm at a rate of
0.30 mI/mm . All curves have been corrected as described in time text.
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2 , the e f f e c t s  of o— t o l u i d i n e  a t  28 and 100 ppm (curves  a and b) are shown

us ing  t ime me dium change method of i n t ro d u c i n g  medium c o n t a i n i n g  o—t olu id i i i e ;
in Figure 3 , the effects of N ,N--diethyl—n—to luamide at 10, 50 , 100 ppm (curves

a—c) are shown ; and in Fi gure 4, the effects of 2,3—dimethy lphenol at 10, 25 , 1011 ,
and 100 (curves a—d).

In cer ta in  exper iments  (d ie th y l —m —tolua mn ide  and dime thyiphenol treatment),

lower doses were followed by higher doses of the same toxin when inhibition of

oxygen utilization did not occur at the l ower dose. The curves for tIme 2,3--
dimethyi phienol toxicity studies (Fig. 4) have not been corrected for differences

in the flow rates and culture units. In two studies , a 0.16 mi /mm flow rate

~~ was used , and in two o ther  studies , a ra te  of 0.31 m i/ m m was used . One of time

studies was performed using an Amicon 3 x 50 culture unit (0.16 ml/min), and

three stud ies with GSRI 300 fiber units. With the smaller Amicon unit , even at

the slow flow rate , the toxicity of the 2,3—dirme thyiphenol is sens ed so oner
than when the GSRI 300 fiber units with their f i v e — f o l d  larger shell volume

were used . The d i f f e r ence  in flow ra te  a f f e c t s  the response time for  the

2,3—D~1P doses when time GSRI 300 fiber units were used. Time greater number of

cells on the unit using faster flow (curve d , Figure 4 , initial oxygen utiliza—

tion rate 1.26 p 1/ mm ) compare-cl to the unit using slower f low (curve c ,

Figure 4 , ini t ial  oxygen u t i l i z a t i o n  r aLe  0 .75  p1/mm ) caused a sligh t de lay

in the t ime at which the response reached a p l a t e a u .  With this same type of

t~n i t  (curve b , Fig. 4) no response was seen using 25 ppm DMP , a l though on an

Amicon 3 x 50 unit a marked (and rapi~ response occurred at 10 ppm. In the

former stud y ,  the contact time of the cells with 25 ppm DNP must  have been

too short to permit detection of the toxin , whereas with the smaller extra—

cap i l lary volume in the Amnicon 3 x 50 unit , the toxici ty was rap idly d e t e c t e d .

• The percent inhibition of oxygen utilization (defined as t im e ini tial

~pO2 
minus Ap02 

at time t , divided by the initial t~p O 2) at 15, 30 , 60 and 90

mm after introduction of toxin is given in Table 11 for  the three toxins

- . s tud ied  by the m e d i u m  change procedure . Time -se values are ca lcu la ted  f rom Li m e

• toxin  re sponse curves of Figures 3—5 . The da ta  indicate  that these tox ins

pa r t  i a i l y inhi t )  i t  oxygen t i t i l  i z a t i o n  as earl y as 1.5 mm a f t e r  t i m e  i n i t i a l

t r e a t m ent  - in i ~~;t ca~:c ’s , the anount  of i nhib i t  ion reaches a ~~ a t e - a u  by 60—90

n i n .  The v a r i an c e  in t he se  va 1uc~; is probabl y sub s t a n t i a l  ; f o r  examp le , fo r 1~ -~1~S at 100 pp m , the aven ge of two determinati otis at 90 ma in is 65 ± I 5Z i n h i b i t i on .
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(a)

0 20 40 60 80
time (main) -

.5” .
..

Fi g~m re 5. E f f e c t  of t o x i n s  on oxygen u t i l i z a t i o n : throug h—the—
bore p e r f u s i o n .

(a)  E f l  cc t of U - b~ pp m po t a ss ium cyan ide  on BIlK ce l l s  on an
Am icon  3S100 u n i t , p e r f u s i o n  at 0. 2~ ml / mn irm , st a r t i n g  t i m ~e 0.

(b) E f f u c t  of 100 ppm sodiu m io d o aco ta te on BIlK cells on a
CSRI—l 50 un i l  , 1) er fm ~m s i o n  a t  0 . 2 5  iul . / m : m i n .

.5:.~:
1 (e) Effec t of 100 ppm o—tol on BiLK eel I s  on a CSRI 150 u n i t

pom fu e  ton  i t_ 0 ~5 p 1/ r i m
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TAI ~L~’ l  1. 1N 1I1B [TION OF ox YGl:N Ui 5 1  LI ZATI ~1 :: ~-~l~ ) T tn -I CHANGE S l’El ) IE S
—--—— -

~~~~~
- —

~~~~~~~
-— —— —-

~~~~~ 
5 . — .— - --5-— -— - -——-—- - — — - - — - - — — - — -  -5- -

:~~ Con cemi I r a t  ion Percen t  I m ih i b i t  ion ” A f t  em
Toxin  (ppm) 15 mi i i  30 mii i  60 m a i n  90 main

N , N , DET 10 0 0 0 0
N ,N ,DET 50 53 68 63 47
N ,N ,DET 100 51 63 71 74

o— tel 28 13 27 44 54
o—tol 100 26 51 71 77

2 , 3—D ~f P 10 42 - 60 60 60
S 2,3—DMP 25 0 0 0 0

2,3—I)NP 100 (1) 25 43 50 50
2,3—DMP 100 (2) 19 20 39 80

p
5 ( o u t l e t  I)°2

)
t ( o u t l et  p02 )

.—
.
.. ~ ercent inhibition = ----:

~~~~~~~~~~~~~~~~~~
—

~~~~~~~~~~~~
- —

~~~~~~
-— —

~~~~~
- —  X 100(~ n] e t pO ,, — out l et p O ,, )

5’
where t = t ime  a f t e r  in t roduc t ion  or t o x i n , 0 = time before introduction

:---
~~ of toxin (inlet p0

2 
is time p0

2 of time rediuni conta in ing toxin)

The medium ch ange me thod gives an indication of th e minimum possible

response time . All o the r  method s for  int ro c ’~ cing  toxin  involve delays due

to equ i l ib ra t ion  of the bore - wi iii sht: I m e - d i e m  (through—the—b ore flow) or

due to slow rep lacement of the toxin—free r~-d ii~m ( t h r o u g h—the—she l l  f l ow) .

The resul ts of the medium ch a nge st u d i e s in d i c a t e  t h a t  these toxins can

rap idly inhibit oxygen utilization by time c~ 1ls on t h e  capillary units.

Further , the larger initial response w i t h  the Am ico n  u n i t s  indicates  tha t

given the same ccli number , a faster response may be achieved w i t h  a smaller

shell holdup volume.

4 . 2  P rhis ion Thr ough-the-Bore or Throu~~~~~he-She1 1

.~~~~~ Ti m e e f f e c t s  of various toxins o-m oxygen u t il i z a  ion by ce l ls  on a r t i {i—

ci.al cap illary units using e i ther  t h r o u g h — t i m ~ — bu re  or throug h—t h e—shel l  p er—

fus ion  have also been s tudied . In these s tudies , m e d i u m  con ta in ing  toxin was

del ivered to the c a p il la r i e s  by a p c r ist a l  t i c  pump u s i n g  time mode shown in

Figure Ib ;  no separate step to replace the e;~t r a c ap i l l ar y  m c d i u ~: w~c; pe r fo rm e d .

- A l l  the toxins  s t u di e d  t o  da te  have been dcl ivc ’r ed to the c e l l s  e i ther  by t hi s

:~~~ mode of perfusion or by time mode of F igure  ic in which  t he  p er fu s  on is t i ir oug h~
t ime- she l l .
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Nos I of the  i ’xpc r i m uc ’ mm t  s u s ing  e L  t i m e r  th rou gh - — t i m e — b o r e  or th rough — tu e—she  I I

p e r f u s i o n  were p e r f o r m e d  as fo1 iows . A tw o — r e s e r v o i r  sys LCm—— one wi th m to:-: 1 m m - -

c o n t a i n i n g  m c d i  urn , one w i t h  med ium a l o n e — — w a s  c onu m e c ted to t h e  o:-:ygen r.c ter  by

‘m~2 ft of Silast  ic tub ing  (0.0313 incl m bore) (Fi g. ii,, c) - Tim e r m ed iu : .m cont a l i m e d

20 nmM m;PEs and i~ calf serum. The oxygen c o n t e n t  of the m edium (with  or

w i t h o u t  tox in)  was measured a t  0 .24  m I / m a i n  and a baseline e s t ab l i shed  (or any

d r i f t  recorded) . The c u l t u r e  un i t  w i th  establi simed cells was then  added to

the perfusion system wi th  toxin—free medium f l ow i ng .  Tile e x i t  pO ( f r o m  il ia2
bore or shell depending  on the exper iment )  was recorded for  at least  15 ruin

b e f o r e  making a change to pe r fus ion  wi th  medium conta ining t o x i n .  From Lii is

procedure , time oxygen content  of the med iu m enler imig  the u m m i t  and t h a t  of

the med i um leaving time un i t  were de te rmined  using the same oxygen meter  and t im e

same flow ra te .  No si g n i f i c a n t  d i f f e r e n c e  in oxygen tension was f o u n d  fo r

medium conta in ing  toxin compared to medium wi thou t  tox in .  Fl ow r a t e  was f i r s t

est imated by s e t t i n g  the speed cont ro l  dial  of the p e r i s t al t ic  pu~n p amid l aL ei

was measured d i r e c t ly on the medium leaving the oxygen mm i e te r .

The curves resulting from through--the--bore perfusion show the inlilb i L ion

of cellular cixygen u t i l i z a t i o n  as a func t i on  of t ime . Represen ta t ive  curves

are given in Figure 5 for sodium iodoacctat e  (100 ppm , curve b ) ,  o— ~ 
-

(100 ppnm , curv e c ) ,  and po tass ium cyanide (6 .5  ppm curve a) .  Represe; ly e

curves for through—the—shell, perfusion of toxin are given in ~-‘ig. 6 for  ;-otas--

sium cyanide (6.5 ppm , curve a ) ,  o—t o l u i d i mm e (100 ppm , curve b ) ,  sodium io do—

acetate (100 ppm , curve c ) ,  2 , 3— d imne thy lp h m eno l  (25 ppm , curv e d) , and hydro—

qu~ none (50 ppm , curve e ) .  Using through—the—bore  pe r fus ion , l i t t l e  (or no)

inhibition of oxygen utilization was sensed in short: exposure  t ime s (less

than 100 ma in) wi th  o—to lu id ine  (100 ppm ) ; a rapid inhib i t ion  was found  when

the t h r o u g h — t h e — s h e l l  pe r fus ion  mode was used .

The percent  inhib i t ion  of oxygen u t i l i z a t i o n  at 15 , 30 , 60 , and 90 mai n

a f t e r  i n t r o d u c t i o n  of tox in  u s i n g  through — t h e — s h e l l  p e r f u s i o n  is  given in

Tab le  12 for  a l l  the toxins s tud i ed to cia Ic. A compar i son  (on the same t y p e

of c u l t u r e  u n i t )  between t h r o u gh — t h e — b o r e  and t I i r ouig h — t h e - - a h m e l  1 modes of

i n t r o d u c i n g  toxin has also been made - These re su l  ts ,-mre shown s epara t e l y in

Tab le  13. From l a b]  Cs 12 and 13 , i t  is c lear  t i m a t  t h r o u g h — - t h e — h o m  e per f t m ~~i on

1mm most Cases , leads  to a delay  in  the sensing of l ox i c i  t y compar ed to pc’rful5 ; m~(n

t h r o u g h  t i l e  s l m c .l i  - For o — t o l  , 2 , 3—DNP , phenol , and DNPII , i h m i  s del  ;iy is beyond

the 1 5—30 ru n n c n ~; i ui ~’, time des i re-cl for  ti - me NI JS T  pro j ccl . Fur t i me  c m: o cc- , ~~; i tim
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Figure 6. E f f e c t  of t o x i n s  on oxygen  u t i l i  za l ion:  Throug h—the—
— shell p e r f u s i o n .  AL L’~2O ma in  p e r f u m s i o n  w i  tim ;edium

c o nt a i nin g  tox in  w ; s  b c -gun .
(a)  l~929 cells  on an Am ic ou i  3S 100 m m i i i  t t r e a t e d  wi Lb 0.65 ppm

~ 
po ta s s ium c y a n i d e  at  .i f l o w  r a t e  of 0.27 m i / m m .

(h)  BilK i i i i s  on On Ani i co ; i  3~fl00 ur m i t t r ea t e d  w i Lii ~~~~
- ppm

o— to i  a t  0 .25  m i/ n  i n .
(c)  B ilK (‘c-i Is on a C S R I — 1 5 0  cmi i lu re  u n i t  t r e a t e d  wi . ~0 ppm

soduim ;i  i o d o a c e t r m t- e at  0 .25  mi / mm .
(d)  1929 cc-il s on an i\i~i .i con 3:-:50 umm i I t reflte (I ~- ‘it hi 2-) ~ j~~i

2 , 3—d I mae t h y i p~ 
- no I a t  0 - 26 in 1/ ;- :  i n  -(e) L9 29 ccl is on a CSRI —~0O u m m  It t rca t oil m-~ I thi 50 p~) i - i h m yi l  roqu in  e:e

.
~ at 0 .34  t t u i / u ~~iu .
i
-

p
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TABLE 12. INHIBITiON OF OXYGEN UTILIZATION :
TUR OU CU—IIIE — SIIELL P1-~RFUS 10fl STUI )IE S

C o n c e n t r a t i o n  Flew Ra te  Percent Inhibition Af ter
Toxin (ppm) (mi/main) 15 ruin 30 m a i n  60 r u i n  90 r u i n  Uni t

- 
— ______— — — — -—--—— —— -—------——--—---——---———-— ——_______ ______________

o—t o l  0.1 0.17 0 0 0 0 3x50
.- 1 0.31 0 0 0 NT ’1 38100

10 0.17 0 - 6 12 12 3x50
10 0.31 4 8 8 8 3S100

*10 0.17 0 0 0 0 3SlOO
- 25 0.31 6 13 32 32 3S100

28 0.27 8 100 NT NT 3SlOO
28 0 .27  22 36 60 63 3S100
50 0.31 6 16 38 44 3S 100

.5() 0.17 0 0 0 0 3x50
100 0.31 17 50 100 100 38100
100 - 0.25 6 39 62 71 3S1OO

- 
2,3—D~-1r 1 0.26  0 0 0 0 GSRI—80

*4 0.24 53 53 53 53 3x50
10 0.26 0 3 11 11 3x50
25 0 .26 0 7 31 58 3x50

IIQ 0.1 0 .22  0 0 0 0 GSR 1—80
*1 0.21 64 64 64 64 GSRT—8 0
1 0.31 7 11 NT NT 3S100
1 0.21 6 22 35 48 CSRI—8 0

10 0.31 20 35 NT NT 3SlO0
*10 0.21 0 - 0 0 17 GSRI—80

- . 25 0.31 50 NT NT NT 3SlOO

-. 
50 0.34 0 0 74 85 GSRI—300

DNP II 1 0.31 0 0 0 0 CSR1—80
-
~~ 5 0.31 0 0 0 0 GSRI— 80

10 0.31 31 31 NT NT CSRI—8 0
20 0.31 43 64 N T NT CSRI—8 0

DET 50 0 .29  0 0 0 0 3x50
100 0.29 0 0 7 1.6 3x50
150 0.29 0 0 12 23 3x50
500 0.29 0 0 12 63 3x50

5
., 5 . - - - - - — - — ----- ----———----——-—-— -—-—-~~~~~ --———---  _____-—-———---—— ----- - ---—---S— - - - .— — —  

I 
~1‘ NT = not tested.
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phenol , o — t o l , and 2 , 3— I ) MP , the i n h i b i t i o n  is st 11 1. less a f t e r  960 mm than

when t h r o u g h — t h e — s h e l l  p er fu s ion  was used w i t h  t h e  same doses of these t o x i n s ,

:~ 
i n d i c a t i n g  tha t  sonic pheno ls may be absorbc-d b y the f i b e r  pol ymer .

- In cer ta in of the cxp er i mem ’it s  l i s ted  in Table  13, time inhibit . ioa of oxy~;en

uti1i-~atioii is f a r  from values an t ic ipa t ed  on the basis of other data using

the same toxin.  These da ta , which have been marked wi th an as te r i sk  in the

table , are excluded f rom the dose—response curves ( fo r  through—the—shel l

perfusion) in Fi gures 7—10. In studies using concentrations ranging from 10—100

ppm , o—t olu idin e  was found to p a r t l y i nh ib i t  cel lular  oxygen u t i l iza t ion

within 90 m m .  In two experiments , one wi th 10 and another with 50 ppm o—tol ,
no inhibi t ion was found . With hy droqu inon e (at  1 ppm) and 2 , 3—dimethy lphenol

(at  4 ppm) , large , rap id inhibi t ion of oxygen u t i l i z a t i o n  occurred soon a f t e r

in t roduc t ion  of toxin.  The early in h i b i t ion  (at  15 mai n )  did not increase wi th

time as was found for  other doses of these toxins  and wi th the other toxins
“-

.5
’

studied. Furthermore , these doses were more toxic than expected fro i other

data given for the same toxins . We suspect tha t  these results are artifacts

and do not represent toxicity to L929 or Bi{K . Such artifacts could arise from

several sources , inc lud ing  unrecognized microbia l  con tamina t ion  of the c ul ru r ~
u n i t ;  presence of trapped air- h u b b ie s  in the oxygen meter  electrode ciiambe- r;

sudden change in flow ra te  of the medium stream ; change in temperature of th e-

pe r fus ing  medium , and loss of metabo l iz ing cells  from the c u l t u r e  unit  shell.  -

To minimize such artifacts , each unit was routinely tested for nicrobial

contamination by culture of an aliquot  in Brain Heart  Infusion broth and

thioglycollate medium for 24 hr. However , contamination could occur a f t e r

the aliquot  was taken . Units with  cloud y medium e i ther  in the shell or

reservoir were not  used , even if the tests for microbial contamination were

negat ive.  Contaminat ion could lead to a lack of response to toxin if ti me

::~ 
contaminant  is insens i t ive  to such concen t ra t ions . The presence of air in

the chamber of the electrode would 1c-z d to a sudden rise in the  medium p02.

• Upon swi t ch ing  f rom medium wi thou t  toxin to medium wi th  tox in , the system

was checked to make sure no bubbles were t rapped in the e l e c t r o d e  chamber.

It is possible , however , that  the increases in  oxygen m m l i i  iza t ion  in the

suspect experiments w i t h  2 , 3—D~lP and hl Q arose f r o m  this  cause .  The o the r

pos!~ible causes of a r t i f a c t s  (change in tempnrature or f low ra te )  arc less

l i k e l y .  T im e oxygen m o n i t o r i n g  in ; s ens i t ive  t.o t em p e r at u r e  changes , but

t u e  m e d i u m  was a lways  p r e c q ui l  ib r a t o d  1.0 37 ’  , anCi t h e  war m i  rooa in  which
-

—p.—
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these experiments were carried out is large enough that small fluctuations in

t empe ra tu re  would occur only slowly. The oxygen meter  reading has been found

to be flow—rate dependent only when the electrode membrane is dirty, broken ,

or mic~robia1ly contaminated . These occurrences would also lead to a severe

d r i f t  in readings w i t h  t ime and a loss of calibration, both of which are

-
S 

checked bef ore beginning an exper iment .  Loss of cells f rom the unit shell
could lead to a decrease in oxygen utilization. We have found , however, that

the live cells adhere s tr ongly to the fibers (and wall of the unit) and are
not easily washed out. Furthermore , nontox ic medium was pass ed over the cells
( t h r o t m g h — t h e — s l m e l l )  for  at  least 15—30 main before the toxic medium was intro-

duced. A visual check was made ,however, to see if cells were present in the

effluent after making the change from medium free of toxin to medium contain-

ing toxin.

Dose—response curves for each toxin can be plotted from the data given

in Tab lc- s 11, 12 and 13. These are given for the toxins o—tol , HQ and 2 ,3—DMP

-.5-
- in Figures 7, 8, and 9 , and for 2 ,4—DNPH and DET in Figure 10. The data

from b o t h  me dium change and through—the—shell perfusion studies have been used .

A graph of t he  p e r c e n t  i nh ib i t i on  of oxygen u t i l i za t ion  versus log of the

concentration of toxin (ppm) at different times after beginning the perfusion

of tox l n—conta ining medium is in Figures 7—9 . Early in the experiments

(15 , 30 w in ) , the response to toxin was less than at later  times (60 , 90 ma in ) ,

and the scatter in the points was greater. Th3 curves indicate that toxicity

can be rapidly detected with most of the toxins studied , but that the slopes
5,

of ti-ic dose—response curves are less than at later times. The toxicities at

d i f f e r e n t  doses have been compared , in most cases , for cells t reated on

different units and at different flow rates. Changes in these operating

paramete rs  will affect the immediate response detected more t han  the response

at later times. However , by 90 win, the maximum percent inh ibition at a
given dose probably has not been reached in most of the expe r imen t s .  Ther e—

fore , since different culture conditions were used (flow rate , type of unit),

it is not su rp r ising  that  a large va r i ab i l i t y  is found  in the d a t a .  We are

a t t e m p t i n g  to min imize  such v a r i a b i l i t y  in f u t u r e  experiments by using

identical mm:-i ts for all doses of toxin and keep ing the f low rate constant.

From - dose—response curves obtained by least—squres fit of the points ,

an EC v a l u e  ( concen t ra t ion  wh i ch causes 50% reduc t ion  in oxygen me tabo l i sm50
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of cells on a r t i f i c i a l  cap i l l a r i es)  can be computed for all toxins studied

in this  way . The st a t i s t i c a l  d a t a  presented  in Table 14 indicate how well

the poin ts  f i t  the s t r a ight  l ine.  In Table 15 , the EC
50 values ca lcu lat ed

from the line are compared for  the d i f f e r e n t  times after subjecting the cells

to to~~in.  They are compared in Table 16 to the LC 50 values (concent ra t ions

which causes 50% reduction of protein synt:hesis in cell cu l tu re  a f t e r  72 hr

of con t inuous t r e a t m e n t )  obtained by C h r i s t i a n  et al.8’9 for  the same toxins.

As can be seen in Table 14 , the EC 50 values at 15 win are comp letely un r ea l i s—

t ic ;  however , those for  30 , 60 , and 90 win are in reasonable agreement .  As

the t ime of m e a s u r e m e n t  increases , ti m e EC 50 values approach the LC50 values

(Table 16) , in d i cat [ng  tha t i n h i b i t i o n  of oxygen u t i l i z a t i o n  para l le l s  ce l lu l a r

growth inhibition. Cor robo ra t i on  of these results is needed to assess the

re l iabi l i ty  of the a i t i f i c ~ial cap il l a r y  t o x i c i t y  detec tor  for  sensing these

and o ther  classes of t ox in s .  It is possible that certain toxins would have

no e f f e c t  on c e l l u l a r  oxygen metabol ism or m i gh t  cause an increase in

cellular resp iration . Others  could be inact ivated by the cells before

exerting their t o x i c i t y . These questions mus t be resolved before  ox~’gen

metabolism of cells on a r t i f i c i a l  capi l la r ies  can be assumed to be a generally

app licable method for  d e t e r m i n i n g  the toxicit-y of a water s t ream.

4.3 Reversibi l i ty  of the Toxic Response

In several studies, we tested the abi l i ty  of the cells to recover from a

treatment with toxin . Recovery was measured by the res tora t ion  of a pretreat--

went oxygen u t i l i za t ion  ra te  fol lowing change of toxin—conta in ing medium to

tnedium f r ee  of t o x i n .  Table 17 lists the doses , times of t r e a t m e n t s , and t ime

fOr recovery for  t i m e t ox ins  studied in this way . In some cases , multi ple doses

were given to the same cell culture units , and recovery was assessed after

each dose. These data are limited , but  indicate that short treatments with

toxin  do not  s u f f i c i e n t ly ha r m the cel ls  to prevent  r e l a t i ve l y rapid recovery ;

prolonged tr ea tmen t  does cause s u f f i c i e n t cell damage to prevent  recovery

(even a f t e r  24 hr) .

-5..
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TABLE 14. LINEAR REGRESSION ANALYSIS OF DOSE—RESPONSE PLOTS

- 
_ _ _ _ _  

_ _ _  
FOR vARIous ’roxINs 

_ _ _ _  _ _ _ _ _ _ _ _ _

- Standard Coefficien t of

::- Toxin Time Slope Deviation Determinat ion

‘S 
- DNPH 30 75.1512 36.6853 0.677

DET 90 33.7803 21.3204 0.334
- DMP 15 16.9810 10.7038 0.456

DM1’ 30 41.7515 14.7719 0.666
DNP 60 26.2726 22.9335 0.208

~ 

DNL’ 90 44.3180 27.4034 0.343
o—to l  15 7.9735 6.7187 0.135

-- o—tol  30 31.6976 23.9399 0.180
- o—tol  60 39.5029 21.6004 0 .29 5
-- o—toi  90 73.3597 13.7781 0.780

-~ EQ 15 1.9141 11.0176 0.007
EQ 30 15.8488 2 .2535 0.943
EQ 60 22.5093 3.3544 0.957

-: EQ 90 25.8426 4.6984 0.938

- 

TABLL 15. EC5~ VALUES FOR VARIOUS_TOXINS

Time after Initial Exposure to Toxin
Toxin 15 win 30 win 60 win 90 ma in

o—toi >io
6 100 63 32

EQ >l0~ 110 10 3.2
- DMP >l0~ 120 103 36

DNP IL b 22 b b
DET b b b 250

- 
. aEC = concen t ra t ion  which causes 50% inhibi t ion of oxygen
- ut i2 izat ion  by cells on a r t i f i c i a l  cap i l l a r i e s .

bDose response curve not plotted
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TABLE 16. COMPARISON OF CONCENTRAT iONS OF COMPOUNDS WH IC h CAUSE
j~~ 50% REDUCTION iN PROTE IN SYNTHESIS IN CELL CULTURE (LC

50
) AND

50% REDUCTION iN OXYGEN METABOLISM OF CELLS ON ARTI F i CIAL
— 

_~~~~~~ i~~uN ITS_
(Ec 50) A T _ 9O MIN 

_______________

- 
LC50 EC 50

j  - Compound ( m gl l )  (mg/l)

Hydroquinone 0-. 8
2,4—dinitrophenyllmy drazine 4.5 22
2 , 3—di ine thy lphenol 18 36
N ,N—die th y l— m— t olu am ide  119 250
o—toiuidine 26 32

a -
- .5 EC50 measured at 30 win.

I 

_  _  _

-~~~ TABLE 17. REVERSIBILITY OF TOXIC RESPONSE __________

Length of Time Length of Time
Concentration for Treatment for Recovery Flow Rate

Toxin (ppm) (main) (mm ) (ml/ma in)  Unit

KCN 10 3 147 0.31 3S100
-~~~ IIQ 1 40 50 0.31 3SlOO

EQ 10 40 50 0.31 3S100
ItQ 25 30 165 0.31 3S100
EQ 50 160 No Recovery 0.34 GSRI—300
DNPH 20 20 30 0.31 GSRI—8 0
DNPEI 10 30 20 0.31 CSRI—8 0
o— tol 28 30 70 0.27 3S100

5
.

_.5
.5 -’
a

a

.5-.--
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The d a t a  f ront  c u l t u r e  of ce l l s  on a r t i f i c ia l  cap i l l a r i e s  and from time

ox)’g€~I1 ~h
-ib~ ~ ~ ics show t i m - m t  the present  p e rfu s~ .on Sys ten is su i tab l e

for a prototype tox i c i t y dot e c  t or  - A scheme for  such a p r o t o typ e  i.s s1tow’~
Ifl F igure  11. In tit. i scheme , med i um a t  t w i c e  normal  c o n c e n t r at i on  is fed

through t i m e  saute p e r i s ta l  t ic  pu :lp as the ¶-:ater s t r e a m  to be t e s t ed .  Flow

p. is r e g u l a t e d  by inc ters and va lves  and j S  then mixed using a s t an d ard m i x i n g

coil such as that used in autoanialyzers. Aft -er immixin g, the medium stream at

normal strength is fed through the oxygen electrode coapart rn en t .

Side and top views of the electrode chamber are shown in Figure 1 2.

The chamber , made f rom pol y p r o py le n e  or po] y ca rbonate , is au toc laved be f ore

use. The e n t r y  a mm d bypass  channels  could be machined in t o  the p lastic d cc—

trode chamber .  The ch amber is formed by gluing together  iden t ica l  halves wi th

ap p r o p ria t e  channe l s  cu t  out  to fo rm t ime el ec t rode  wel l .  The chamber mus t

be designed so that  h o l d u p  and liquid  volume are min ima ] and bubble entrap—

went  does not  occur. The electrode can be s t e r i l i z e d  by immers ion  in

h e n z a l k o u i u n m  ciii oride fol lowed b y wash ing  in St crile d ~ st f i l e d  w at er .  A

su itab le  oxyg en mi c r o ele c t r o d e , such as t ha t  from I n s t r u m n ~ nt  Labo ra to ri e s , is

used to record the oxygen tension in this inlet  s t ream . The separate  en t ry

and ex i t  tubes into  the e lectrode chamber are necessary to ca l i b r a t e  the

~~ e lec t rode  by i n t r o d u c t i o n  of the c a l i b r a t i n g  gases. A bypass tube is included

so that medium flow to the cells will cont inue  du r ing  the c a l ib r a t i r  of the

electrode.
~
‘1.-

A f t e r  passage th rough  the f i r s t  electrode , the medium en te rs  the cul—

ture unit. Entry to the shell or the fiber bore or both is made by opening

tlm - appropriate stopcocks - An id e n t i c a l  electrode at the exi t  imea sures  the

oxygen tc i -m~;ion of the o u t f l o w  medium . The p ico ammete r , which senses eiec—

t rodc  response , measures  the d i f f e r e n t i a l  c u r r e n t  of Lime two e l ec t rodes  or

(by means of a s w i t c h i n g  m e c h a n i s m )  the cur ren t of ti thee  el .ect:rode s e p a rat e l y ;

the  m e d i u m  then goes to waste .

For time prot oivpe , a l l  valves are m a n u a l  1 y opera ted - The e lec t rodes

and rime ciii Lure unit ar c m a i nt a~ ned a t  37 °C e i the r  by a h e a t i r m g  b lock

-~~~~~ sp c c i  a l l y machined  to I i  t each co~np orme nt. or, mort 5i1i~p i )‘ , by it ~mc isio~ in

a wa ter  bath. Tim e cci i ture u n i t s  cu r r c -n t  1 y in use won] ci I t - q t l i  rc- a heating 
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block I eugt i m  of a t  least  12 cm; the  clecti -oci e co impa r  m cmi Ls such as that  ~;I m o wmm

in F igure  12 could be designed to r e q u i r e  no more than 2 cm apiece  in such a

~~~ dry block hea te r .  T lme r e fo i - e , a min imum hea t i ng  block ]e ngt h  of 18—20 cm

w o u l d  be n e c e s s a r y .  A stainless steel coil of tubing em bed d ed in the block

must  be long enough so th~-ii temnp~~r a tur e  e q u i l i b r a t i o n  would occur  before  the

m e chi un m reaches time f i r s t  e lec t rode.  At the an t ic ipa ted  flow rates necessary

to maintain the units (0.1—0.3 ml/min), this l ength can be as short as 30 cm .

The length of tubing leading from the reservoirs to time culture unit

would be kept to a minimum to avoid delay in the detector response time . The

pro to type  described here does not require  medium p r e equ l l i b r a t e d  wi th  oxygen

j  if 0.3—0.5 ma Silastic  tubing is used to connect time reservoir with the cu l tu re

un i t .  F i t t ings  leading d i rec t ly into the uni t  are of a quick disconnect type ,

such as Luer , so that culture unit replacement can be readily tiade under

:-~ sterile conditions.

For each therno s t a ted  block or water  bath , two capillary culture units

are m a i n t a i n e d ; one for monitoring purposes and one to be maintained under

identical conditions to serve as a replacement .  The second does not have

adap l a t  ion fo r  oxygen m et  e r i m i g .  Other  replacement  uni Ls , also without oxygcin

S metering, could be mainta ined  with a similar thermostated blocic. A water

bath  (Thelco Model 82 fro m Precision Scientific Company) is currently used

to maintain the 37°C temperature necessary for both the oxygen electrode and

for the artificial, capillary unit. The culture unit can be comp letely im ;nc- r scd

in Lime water  bat h to provide p rec i se  t empera tu re  cont ro l .  An IL electrode

f i t t e d  into  a f l o w — t h r o u g h cuvette  made f rom p o lyca rh ona te  is being used (.0

measure ou t le t  p0 2 . The e l ec t rode  chamber it; mainta ined  at 37 ° C by an

external circulating water bath . -

The electrode and culture unit arc in—line wi th a reservoir held at 22°C.

Connection ot the reservoir with  the culture unit was made wi th  70 cm of

Tygon tub ing  to connect  the stainless steel tubing wi th  the u n i t .  F i t t ings

• are 17— gauge Lu e r— l o k  (fe mal e) needles (s tainless s teel) adapted  to

s ta in less  steel L u e r — l o k  male conn ec tors  (Ex t r a c o rp o r e a l) .

Th is setup was tested to d e t e r m i n e  if it would provide warm (37°C)

mnedjuni to both the cul t-ur - u n i t  and the e lect rode - A YSI (Yell ow Springs

Instruments) Model 4 1TC T e l e — Th er r on ie t er  w i t h  a b a n j o — t y p e  thermistor 1)T01)e

was used fo r  these m ea su r ement s .  The probe was inserted intc, a piece of
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amber rubber tubing, which was conncc t :ed  by a shor t  p iec e of Tygon tubing (6 ce)

to the steel  coil d e s cr i b e d  above . E q u l  1 i b r ium tenpt-rature was measured wit ii

the thermistor probe above t i m e u-iater bath (air temperature of 28°C) and with

the probe ou t  of time water bath. Wate r from a reservoir was pump ed through
.
•
. the tubing and past the probe at  two d i f f e r e n t  flow rates. The temperatures

• recorded by the probe m a i n t a i n e d  under these different conditions arc given in

Tabl e 18. As shown , at a 2 ml/mn irm flow rate , water at room temperature is

warmed to 37°C af ter passing through the metal coil heat exchanger. At a flow

rate of 5 mI /min ( t i m e  fastest possible wi th this tubing), the medium may not
.5 

have r i-ached 37° by the time its temperature was sensed by the thermistor.

Th e thermistor comes to equilibr iurim quit:e rapidly (1—2 see) ; therefore , these

numbers should r e f le c t  accurately time actual temperature of the entry water .

With the thermistor probe out of the wa ter bath , slight cooling due to re—

equilibration with the ambient air temperature u-las noticeable at flow rates

less than I i-il/mimi . The temperature of the water leaving the steel tubing,

however , has more time to equilibrate with time bath temperature at slower flow

ra tes .  Since the cu l tu re  un it  system uses a flow rare of ‘u’O.2 nil/mm r a the r

than 2 nil fm -i n n , time t empera tu re  of the medium will equilibra te  with the ba t h

tempera ture  before  reach ing  the cul ture  u n i t .

These resul ts  indicate tha t  an in—line m e ta l  coil will provide adequate

thermal e q u i l i b r a t i o n  to warm ti m e room t empera tu re  medium to the 37° tern—

peratu re  for  t issue cu l tu re .  The seine coil can also serve to mix the flows

from the wa te r  s t ream (conta in ing  toxin) and culture medium at  2X final

strength . 
- 

-

The system was tested to determine if mixing of the two solutions was

adequate. Two reservoirs were used for this exper iment ;  the f i r s t  with w a t e r

and the second wi t i i  a di lute Trypan ~iue solution (A580 0.348 rum) . Upon

mixing time solut i cins 50:50, t i m e A 580 was 0.152 nm. 
T,-~b1e 19 sh ows time

of the effluent mixed by the  st a i n l e s s  s tec i coi l described above . The

• 
. mixing was assayed at different flow rates. As can b -  seen in Tuble 19, the

saline solution was in slightl y greater concentration at hi gh flow rates

(5.4 mI /mm ) th an  at  low f low r a t e s .  No c o nv e c t i o n  c u r ren t s  wer e vi~~ih i e  in

th e sample , indicating that the solution was homogeneous.  These result shie~
that simp le m ixing of two s - t r c a m s  is r e l at i v e l y st r a i g h t — f o r w a r d  at the f low

40
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ra te s  whi i  e lm w i ]  I be used and wi t im a m u l t i p le  c h m a t m u e l  pe n s t a t  t i c  puii ; m ~ ~liose
flow ra te  is time same fu r  each chma imn c~ 1. Such p unmps a re a v a i l  able from Bri i - ~~; .1ii e

Inst r um e nt s  and Buch lei-

The p r o t o t y p e  d e t e c t o r  d e s c r ib e d  al)ove is sui tab le  for cell cu l tu re  and

toxicity studies outside time warm roOm . This  should a l low such studies to

be performed more conven ien t l y and should demonstrate the adaptabilit y of

artificial capillary cell culture to a relativel y mobile , simple apparatus

suitable for the ultimate requirements of the ~-iUST p rogram.
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