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_ of ouabain on the activation of human peripheral blood

o

41
Abstract'

This work presents an investigation cf the effects 3

‘lemphocytes induced in vitro by soluble antigens. The drug, *f
' which 4s ‘s specific inhibitor of the membrane Na —K -ATPese,
H'had previously been shown to inhibit reversibly the trans— ‘
- formation induced by the nonspecific mitogen, PHA Ouabain
‘.was found generally to inhibit antigen—stimulated cells in a -
h-manner similar to its inhibition of mitogen-induced activation,

lf _with an important exception. Exposure of the cultures to

-

[fthe drug for two days or longer rendered them irreversibly
'incapable of subsequent response to all of the specific _
*antigens tried, yet such cells remained quite capable of )

';’response to the mitbgen PHA. ‘ This treatment with the o
:inhibitor was shown to affect neither viability nor the ,cf

_ functicn of the macrophage pcpulation. Incorporation of _

' uridine ‘was as strongly inhibited as .was thymidine incorporation.

H‘The mixed Ieukocyte reaction was found also to be irreversibly

inhibited after a two—day incubation with ouabain, While
response to” the mitogens PWM or -Con A was 'not. The treatment
with inhibitor affected neither the presence of immunoglobulin

on the celle nor the fraction of immunoglobulin—bearing cells.
. . _ . . TE

~ The concentration'bf the drug'and the duration“of,the incubation -

_with-itﬂwere shown to be important for‘the persistent in-

hibition. ‘The inhibition was neither prevented nor reversed

: by increasing the concentration of K "in the culture medium

A
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(up to'26 mM) eifher durlhg or after the incubétion with

ouabain. These results are discussed

¥

~ are suggested §
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some hypotheses are'

I.‘

‘offered to explain themiand further experimental approaches



'\ démontre que générallement l'ouabaine 1nhibe de fagon

Résumé
Ce travail rappprte une €tude des effets induits

- par l'ouahaine lors de 1‘activation des lymphocytes circulant

* C

o humains par des aﬁtigénes solubles in vitro.

On avait précedemment établi que la transformation

1ndu1te par la PHA mitogéne naon spécifique, était inhibée o

'-L de’ faqon réversible par ce produit qui est un inhibiteur '

spécifique de- l‘ATPase (Na_—K ) dépendante membranaire. On o

.

identique les activqtions induites par un. antigene ou\Qer.un _f

mitogéne non spécifique avec cependant une 1mportante

"restriction-‘ une incubation des lymphocytes durant deux Jours

.ou plus en présence d'ouabaingn les rend incapables de -

' repondre a tous 1es antigenes étudiés de fagon irréversible,

+

alors qu'ils peuvent enbore étre stimulés par 1e mitogéne .
‘PHA. Ce traitement par l'ouabaine n affecte ni la viabilité'
cellulaire,'ni la fonction des mac ophages.' L'mncorporation

d'uridine comme l'incorporation de thymidine est fortement

i atteinte.& De méme la MLC est irréversiblement inactivée si

les celld&es sont incubées deux Jours en presence d'ouabaine,

' alors aqu' elles peuvent encore étre stimulées par les mitogénes

| PWM ou- Con A._ Le traitement des cellules par 1‘inhibiteur ’
‘affecte ni la présence d'immunoglobulines 3. leur surface,
| ni 1le nombre de cellules portant des immunoglobulines.' On
montre que comme la concentration en inhibiteur, la durée de
L‘incubation est 1mportant L'inhibition ne peut étrel'

&
”empéchée nl reversée en augmentant ;a concentration de X

-
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(jusqu a 26 mM) durant 1 incubatlon en présence ar ouabaine -
ou aprés ‘

Ces resultats sont discutés et quelques hypothéses

'pour les expliquer sont presentées,'ainsi que les’ approches .

' :experimentales a. réaliser pour leur vérification ultérieure;:‘“'
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‘_with statistical analysis cf the data.'

_'were appreciated
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1.3 The Lymphotyte —l**“iffan

- The subject of this work is a population of small

_round cells, to be found circulating through the blood vessels

'hj?of the human body.a These cells appear to be quiescent with

‘[jand surprising.‘ Lymphocytes are an’ integral part of our

ﬂlittle function or future, but their capabilities are many

A

N defense against all the foreign material encountered by our

'bodies, all the time._

.“

'”. Peripheral blood 1ymphocytes are small (7 to 8 LE in.

"_;diameter) but - very motile cells The chromatin of the nucleus

’:.is highly condensed' a nucleolus is visible only in thin _
f.sections. The " narrow rim of cytoplasm contains few organelles"
| there are.several mitochondria (less than 25) a Golgi apparatus,-‘
' '3and free riposomes*sparsely distributed throughout the cytoplasm
' (Ham, 1969) L o R "‘ |
_ The name lymphocyte is conventionally applied to : |
'f< any cell with the Same superficial morphology However, it
is increasingly obvious that this morphological group is '
'functionally heterogeneous. Cells which appear morphologically E A
.similar may be functionally quite dissimilar while functionally :
lsimilar cells may have very different appearances, related to
.different states of activation. There is, moreover, much
'..evidence that many aspects of immune functions are regulated
by cellular cooperation within the, lymphoid system. It is
 this mixed population with which T work and which I shall

_discuss.

[

‘1.1.2. "Subpqpulations, and their Interactions

Lymphocyte subpopulatlons can now be distinguished



’ »on the basis of many and diverse characteristics . longevity

-

a3

Qbone marrow) presence of antigens or complement receptors on .

in vivo homing propensities in vivo, derivation (thymic or.

N

tthe surface, buoyant density, electrophoretic mobility,‘ g 7’_}”'

ability to produce antibody or a host of other lymphocyte products,

uability to recognize antigen, competence in a variety of immuno—;d.

S logical assays, differential sensitivity to immunosuppressive

=N

'.agents - (for example see Gowans, 1967)

at

[P One of the most popular divisions, proposed by

e
(]

‘Glaman and Chaperon (1969), gives us two major subpopulations 'f

'-fthose derived from or dependent on the thymus tissue (T cells)

o subpopulations, but at this point at least ‘f’unctional }\
'-‘distinctions between these tio. are fairly. well establishqﬁ~

ﬁmarrow" (B) cells. Each of these may in turn be composed of

7and the rest which in the chicken are. of bursal origin and in

fmammals are called "bursal—equivalent" or sometimes “bone-;”

Al

b ;

'~‘Most of their features are described from studies on mice,

‘“~.1969)

much of this work was later seen to be reli:7ht fcr man as

well (Davies et al., 1971 Meuwissen et al. 969;_Roitt et.al.;

B cells are considered to -be responsible for

'synthesis and elaboration of antibodies, T cells take care of . -

| everything else (i e. cell—mediated reactions) as well as-

i

Co assisting B cells in their responses.‘

Immunological memory seems to reside in both
populations, both show evidence of_specificity in secondary

responses. However, work with haptens and carriers has



_3....
.'demcnstrated that the specificities of T and’ B cells to one
E antigen are directed at different determinants on the same
‘-fimolecule or particle (Schlossman 1972) This observation |
led to a‘model of T cell-B cell interaction in antibody ‘
response in which the role of the T cell was to trap antigen |
,with receptors specific for one determinant so as to form a
. local concentration at some critical site, thus facilitating |
the response of B 1ymphocytes to another determinant . owever,i:
}l'current theories have been modified to account for the ne;d f‘L.
for the macrophage or adherent cell and the finding that
" contact between T and B cells was not necessary., we may
suppose that T cells release & specific immunoglobulin which _f;
combined with the antigen, binds to the surface of* the adherent
cell this antigen—antibody complex would then be the o .
B activator of the B lymphocyte (Feldmann and Nossal 1972)
T cells have also been shown to elaborate some non—specific .
factors, yhich‘might in some instances help activate B cells
(Andersson et al. 1972a) '_‘ o o o o '

T and B cells can be distinguished in mixed or pure
populations by various means. One popular way ‘is to label the
cells, directly or 1ndirect1y, with. fluorescent antibody, .

Which is thought. to attach specifically .to the immunoglobulin
._'receptors on the B cells. T's are- thought to bear complement
receptors, and’in some species antibodies tc a T-specific

-_antigen are;obtainable5 although these may not label all T
' cells (Bianto and Nussenzwelg, 1971; Haskill et al., 1972).

T T D L N PR
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.21 T and B Cells In Vitro ~ =~ o' o~

.

T In experimental animals such as mice: it 1s easy to B
. obtain relatively pure preparations of ‘one or the other sub-

:_dpopulation,_by thymectomy, irradiation, bone marrow transplants,,

o chemical treatments, or genetic selection (Miller et al., 1971)

';In less intensively studied systems and in man, it is usually ‘;”

-.easier to obgain T populations by eliminating B cells, hy

'.;:virtue of their binding to various anti immunoglobulins, than s

~;it is to recover the B cells or to selectively eliminate T |
'cells (Wigzell and‘Andersion, 1971 Wofsy, 1971) Patients
o with immunological deficiency disorders may be one source of
_“human lymphocytes enriched in one or the other subpopulation
f?(Douglas, 1972) these may not be reliable sources of pure ' J‘x
lﬂpopulations, since “the’ lesion may not result in the total : ~'l"i

.absence of one cell type, but rather in. its abnormal fupction, .:Q
‘;at _gx point in the immune reaction (Catovsky et al., 1972-
Lischner et al., 1973, Wu et. al. 1973) -

S The definitive work of Greaves and. coworkers (Greaves'.

Iand Janossy, 1972) on’ mouse lymphocytes showed that PHA Con’ _
A and lentil mitogen activate only T cells, some antilymphocyte
sera (ALS) activate only T cells, some: both T's and B's; 1ipo- '
polysaccharide (LPS) activates only B cells, PWM activates _
'both T and B cells.' However, suitable manipulation, such as
.“concentrating and :nsolubilizing Con 'A or' PHA on, for example;.
' sepharose beads, renders these T—specific mitogens stimulatory o
to purified B cells as well (Andersson et al., 1972b; Greaves

and Janossy, 1972); soluble'T cell products have'also been

NI
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) . . & : v a . N .
E reported to render B cells receptive to activation by Con A
(Andersson et al., 19?2a) ~Singce: in most in vitro, and all:

YILTo,
~in vivo situations there are matrices which can fulfill tne &
o .role of the sepharose beads (for exam;le macrophages, reticular ‘
-'cells, red cellsl, in this study in which I used a heterogeneous
. mixture of cells, none of the common mitogens can be considered
7-especific for either subpopulation Indeed Phillips and Roitt 3
(1973) reported that up_to 30% of blasts induced by PHA in srl
human lymphocyte cultures had surrace markers characteristic
i of B cells.‘ Phillips and weiSrose (lg?h) reported PHA response
3 even in’ “purified“ human B cells Although Geha et al. (197ﬂ)
and Greaves et al (197&) were unable to confirm this result
they did agree that in cultures of mixed T and B cells, a
fraction of the responding cells could be B cells lt thus
seems most likely that mitogen activation of human peripheral |
lymphocytes (HPLs) in vitro involves both T and B cells ‘
' Some in vitro assays of immune function are thought
to reflect largely the activity of‘one or. the other type of
»lymphocyte Production of macrophage migration inhibition

factor (MIFL for example, is attributed to T cells (Hayry et al.,
1972),.as is cytotoxicity of sensitized lymphocytes to allograft.'
or tumor antigens on. target cells (Golstein et al., 1972)
‘B cells produce the antibody which is assayed by hemolytic:
-Jplaque production in a2 lawn of heterologous red blood cells,
“and the antibody that 18 cytotoxic in complement-mediated
.

cytotoxicity (Greaves and Hogg, 1971).,-Formation,of_rosetteS-

with heterologous .RBC.1is considered to be a T cell function
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in a nonimmune system (in which: the lymphocyte donor has not
been sensiti*ed) but in an immune system, with RBC coated with
jc‘antibody and complement .the rosettes form around B cells
-(Jondal et al., 1972, Jondal and Klein, 1918y, |
o ,}*; © In vitgg stimulation by soluble antigen may involve (fr
‘contributions from both subpopulations. The usual approach '
hto this question in man . has been to attempt to correlate ' |
.;1n EEEEQ activation, as measured by, for example, DNA synthesis,i
‘ with in vivo functions attributed to .one or the other type of |
.cell. Some authors ‘have found correlations between in gitgg
'iblastogenesis and delayed hypersensitivity (DH) in vivo
‘ f(Hirschhorh et al 1963), while others have been able to
correlate it with antibody production, but not DH (Fellner
et al 1967) while still others have been unable to show “_(:f.
'correlation of such activation with any other assay of immune \H
‘.-function (such as MIF production, antibody titer)(Curtis and
-fHersh 19?3, Simons and Fitzgerald 1969) |
While some authors reported differences in appearance
of the blasts between hPL cultures treated ‘with different .
‘ fmitogens or antigens (Douglas, 1972), others found no major-.
differences (Chalmers ‘et al., 1967) Greaves and Roitt (1968)
observed two types of cells in antigen stimulated cultures,

the maJority being like those in PHA cultures (putative T

'7~-cells),‘the minority having well developed endoplasﬂic reticulum

“and staining with anti—immunoglobulin (putative ‘B cells)
- Geha and Merler (197h) sins purified human tonsil lymphocytes,
found that although only T cells proliferated in response to

antigen, B cells proliferated in response to supernatants from-
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responding T cells.c'Thns, it'seems‘only safe to assume'for

the'present that the observed or measured response to antigen

in vitro probably includes components derived from both sub-‘ T

.;'populations. .
'-lcl 3 1 Macrophages a 153" :
a 1df: There is general agreement in the literature that

"there ia a requirement An many imTune functions, for a non- f'
lymphoid cell .type- usually referred to as the macrophage. |
"tThese are large mononuclear cells characterized by phagocytotic
factivity, high resistance to radiation and adherence to. glass;,
or: plastic surfaces (Schwartz, 1970)
" -In gitrg manifestations cf secondary‘response showﬁ
this requirement for macrophages, but their role is- not
entirely clear. Certainly several reports have shown that -
'p"an adherent radioresistant cell populaticn is necessary forlf
‘”optimum, or perhaps even any, stimulation cf .HPLs.: by aﬁtigen :
:(Cline and Swett, 1968 Hersh and Harris, 1968 Lake et al.,]"
31971),.as well as forJtheir‘participation in mixed leukocyte.
“reactions (MLRs) (Bach et al., 1971; Twomey, et al.; 1970) and
'3for interferon (Epstein et al., 1971) or antibody production
(Feldmann 1972; Sjoberg et al., 1972). In. most cases the
, macrophages had to be alive, healthy and in close contact
, with the lymphocytes. They could not be replaced by another
lfadherent cell (for example, autologous fibroblasts)nor by .
various cell fractions or products (Epstein et al., 1971'
Hersh and Harris, 1968)

Although earlier theories about’ macrophage function

centred around a processing‘of antigen (modification and
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possibly combination with a'specific RNA before passage to
ymphocytes) (Schwartv 1970) ~some worhers have squested that
f-the helper function might be a result of increased 1ymphocyte—
_lymphocyte contact as they cluster around the macrophage.
Current dogma assigns a role of intermediate specificity to‘

f_"the macrophage in 1n vitro secondary response.‘ It is thought

>L

‘ to bind a complex of T-cell derived specific immunoglobulin “‘,t;

-

and antigen, this complex, on the macrophage surface, might
then stimulate B cells to synthesize antibody (Feldmann and
Nossal 1972) | |

-

?1 1. 3 2 ‘Red Cells and Platelets‘ ;

Several workers' (Newlin, lQTO- Tarnvik 19?0-

'-.‘Yachnin, 1972 Yachnin et al., 1972) have shown that autologous f

”red cells and/or platelets could have a significant effect on -

‘ transformation of HPLs. Yachnin's interpretation of these"' )
effects (Yachnin, 1972) was ‘that in the case af mitogens, the |
- potentiation phenomenon resulted from the ability of potentiating
_ particles to construct a concentrated matrix of PHA molecules
T at their membrane surfaces, for presentation, and more. CL
'..irreversible binding, to ‘sites on the surfaces of responsive
..lymphocytes.f Inhibition of mitogen response by high con-
centrations;of RBC.or platelets wasrconsidered to ‘e 2 result
‘.of‘competition for;binddngﬁuso.that_most of the_mitogen was
involved in, for example, red cell-red cell binding and was®
e not atailablg-to'1jmphocytes, Yachnin (1972) felt.that'the

plack of effect of these formed elements.on antigen response
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.~ simply reflected a 1ackrof specific or nonspecific recentors

. for‘the antigen.on'those.celis.a-

112_" Specific versus NonSpecific Response

~

In the fifteen years since PHA was found to stimulate

'jgrowth and division of blood lymphocytes (Hungerford et al., :'., -

'~1959), an. impressive array of other agents ‘has. been shown to e

'"_ have broadly similar effects.. These can be loosely categorized

"as either specific or nonspecific, according to their effects-

“

‘on 1ymnhocytes in culture. , . _'- ‘_l~-' _ '_ L | 5":-,f :

ﬂ:;%ﬁzll" Nonspecific Response

B .

The most visible effect of addition df a nonspecific
tivator (mitogen) to a lymphocyte culture is the appearance'

bf a 1arge proportion (up to 80%) of blast cells one or. two '
N

"-days latef many of whioh will 80 on to- divide. . The classical

;“mitogens are extracts from various plants, the most commonly

fjused being PHA Con A and PWM although a number of others -

_'have been:reported, Other mitogenic substances include ALS

(Grasbeck;et al;,'lgéﬂ- Woodruff et al., 1967), some heavy-

.‘metals (Hg (Caron et al., 1970 Yachnin, 1972), Zn -(Ruh-l

et al., 1971)), sodium periodate (Novogorodsky, 1972; Parker
et ail., 1972) The important distinguishing features of .

lnonspecific response are its magnitude, which by any measure

- is many times larger than the specific response,



."of the cells wh

R
=‘the time course; which characteristically shows an early peak
of activity (for example of DNA synthesis on day 2 or ‘ after .
; addition or mitogen)(Douglas, 19?2 Loeb and Agarwal 1971
1'Rubin et al " 1969) independence of presence or other cell
:gtypes (although this. point has been debated in the literature)

' and lack—qr need ror prior sensitization (even cord blood and

- that_of‘necnates,respond}o(LindahlfKiessling;and Book, lSSk);;

'l 2 l 2 Kinetics of Mitogen Response
B NonSpecific reSponse to mitogens by HPLs is-;f.c
A l ' +
L characterized by a rapid transformation of a,large proportion

of the small lymphocytes into large blast cells. The fraction -

ch transforms is about 50 to 80% by the second
fday of‘culture,'depending on such variables as’-the culture
system and the :onor of ‘the blood.- Since this large number
fbf blasts can“b seen before initiation of DNA synthesis in

. ‘most cells, it'can be assumed that it refleets direct or in-:V
Z_direct transformation of much of the- population and is not
denived by replication of a smaller fraction The large number

.;I;.
.'of blasts persists for several days, and the cells seem to be

able to keep proliferating after the first division. Marshall
et al (1969) never saw reversion of blasts to ‘small lymphocytes}'
'in their cinematographic studies. The total cell generation |
time for dividing cells seems to be on the order of 20 hours

’ (Sasakiand Norman, 1966 Soren, 1973)

Con A activation agpears to have inetics similar
' to ‘that of PHA (Douglas, 1972)



. “Others’ have not found" this deley (Chalmers et al., 196?)

i Peczalski et al 1969) It seems therefore to depend on

- . r

Some 1nvestigators have shown the peak of PWM

“_,response ‘to be delayed (Douglas, 1872), appearing about the |

' Sth day rather than 2nd, 3rd, or hth, as with. the othér mitogens‘

one report at least showed the early peak 1n unpurified cultures,'
'“_but a3 delayed one in. cultures of purified lymphocytes (Gajl-.._‘j

I
’-culture conditions, and in our hands PWM has the early response

*‘characteristic of mitogens.

'fﬁl,gﬁz‘ s ecific Response." N | |
‘: 'd " In the context of this,work this refers to in‘vitro @
' activation of blood lymphocytes by an antigen to which the
'donorrhas been pneviously sensitized (this is a requirement

. for response).1 This treatment also-results in formation of

blast cells (Pearmain et al., 1963, Schrek l;jg but these
'.are fewer in’ number early in the response (less than 5% on the .
'-second day) and even at the peak of response, 5 to 8 days .
after initiation of culture, are not as- frequent as In mitogen-'
treated cultures (Cowling and Quaglino 1965, Hirschhorn°et al., '
; 1963, Moorhead et al., 1967) There is in this case an S ‘!
-absolute requirement for the presence of macrophages (as

v

' discussed in.1. l 3. l)

oY

. -

L]

o 1.2.2.1 Kineties of Response to Antigen

-

The central problem in kinetics of in vitro pro-
iiferative response to antigen.by peripheral blood lymphocytes

is whether the numbers of activated lymphocytes measured (by

.
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" any means) represent only those cells derived by clonal pro- ;y

';;rliferation of specifically antigen sensitive cells or includes

‘a populationa possibly also clonally proliferating,‘recruited

:1}-.by the antigen activated cells early 4n the response

‘Considering the plethora of products released into the culture

e medium by activated 1ymphocytes (Dumonde, 1970 Kasakura 1970

'-Meuwissen et al. ,‘i2F9, Pick and Turk, 1972), ‘the latter seems

'h,not unlikely. Although Marshall et al., (1969) who were’ able if-

‘lito follow, cinematographically, individuaa human cells

!proliferating in vitro, felt that the number of blasts seen

in their cultures could be accounted for solely by successive

divisions of a few antigen sensitive cells their work did not .

rule out recruitment during the first two days of response.-f

‘J_Schellekens and Eijsvoogel (1971) have found good evidence of

Just such a phenomenon, in human peripheral lymphocytes, while

',QgLarralde (1970) had excellent cytogenetic evidence that

nmme

;jrecruitment accountedaior up to. 80% of proliferating-antiéen4;

_treated-rat'cellst' Lack of summation‘of response to different

antigens (Cowling and Quaglino, 1965, Schellekens and Eijsvoogel,

'~1971) and the low number of cells seen to bind antigen in an

-An vitro culture (Bona et al., 1973, Jiminez et al., 1971-

Raff 1973) also suggest that recruitment plays a maJor role,

'if not in in vivoimmuneresponse at least 'in our ability to

detect and measure response in vitro

The geéneration time of a dividing antigen-activated

cell has been found to vary widely, from 7.5 to 38 hr. (Bach

et al., 1969; Marshall et al., 1969). Marshall et al. (1969)
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jwere able to follow individual cells through up to 6

‘-.successive divisions over 8 days in culture.,r'

The late appearance of measurable numbers of blasts‘

| or levels of incorporation In specific activation is clearly =

' not a result of a "slow“ response, slnce the onset of mitotic o

e response has been observed even.at HB hrs (Marshall et al.,

"(1969)), but only a: reflection of the smal}er number of celle'

'*T»invelved, so that‘instead of measurins activation after one-.

‘- *

‘ or ne divisions, we must wait until the activated cells have“

"f.,increased their numbers to the lower limits of sensitivity of-

' .our measuring techniques, which may take a few days.

-
N

11L2.3" Mixed Iymphocyte Reaction o
S ' e

. This reaction, in which lymphocytes from genetically

dissimilar donors proliferate when cultured together, exhibits I

'-fcharacteristics of both of the above types of response. Like

.-response to specific antigen, the reaction requires adherent
cells and takes about 5 days to develop maximum response,'which
1s generally of a lower level than the response to nonspecific

mitogens. However, the frequency of responding units has been

. estimated to. be much higher than for any antigen (Zoschke and

i Bach 19713 and, as in mitogen response, prior sensitization
is not required. ' .

: The MLR' requires viable, metabolically active cells
for stimulus as well as for‘response (Lindahl-Kiessling o
and Safwenberg, 1972). .The,proliferation is apparently.
due to recognition_of surface.markersr(other than

histocompatibility antigens) on stimulating cells by .
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snecific receotors on re5bondinb cells (Yunis and Amos

1971)

R 3\.Events in Lymphocyte Activation K f:f'yi_7‘“ . ;“‘lif

Most of the detailed knowledge of the events follouing‘

‘]timulation in lymphoeytes has been acquired from cells treated :

with mitogens, usually PHA, simply because mitogens evoke ‘,'
changes in a large enough number of ceﬂls to enable sensitive
: biochemical;determinations to be madef As far as is known,

' other means of activation (other mitogens, as well as antigens)

fiinduce a series of events which is in most- respects qualitatively,

..\

:if not quantitatively the same. However, a Few. differences’

. have been noted and these will be described at the end of the

Asectionr . ]

-

1. 3 l l Early Metabolic évents-‘

The earliest measurable effects of mitogens on
’lymphocytes are changes An- properties ofnthe cell membrane.“
e Directly after PHA administration the normally.high electrical

resistance of the membrane is reduced at sites of cell contact
'(Hulser and Peters, 1971) . Within the first three minutes'
Pisher and Mueller (1968 1971) found a fourfold increase in-
.turnover of phosphatidyl inositol, almost completely restricted
" to the plasma membrane . Stimulation of de novo synthesis of
:'lecithin and neutral fats is also very rapid (Resch et al., -
'1973, Resch and Ferber, 1972; Kay,. 1968) and membrane |
‘_glycoprotein turnover barjzubled in 3 hours (Hayden et al:

.1970). After five ‘to thirty minutes, increases in lon

wd/
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(Quastel and Kaplan, 1970 Averdunk L972) and Ca ‘
(whitney and Sutherland 1973, Allwood et al., 1971)), gluoose.j
(Peters and Hausen,_lQle Averdunk 1972), uridine (Peters

_ and Hausen 1971a) and amino acid (Mendelsohn et al., 1971
van den Burg and Betel 1973) transport are demonstrable,"ﬁ‘
followed by increased uptake of phosphates (Cross and Ord ,
1971) and later of folate (Das and Hoffbrand 1970) “Since
the uptake of giucose, uridine, K and o-aminoisobutyric acididﬂi
aid not depend on’ protein synthesis, it was, concluded that inf.“'
| i these cases pre—existing but inaccessible transport sites hadﬁA'

‘been revealed.

P

Activity of membrane enzymes is also increased soon;.~

Y after mitogen contact including adenyl cyclase (within 10

minutes)(Smith,et al., 1971) and a Na —K —independent ATPase
(after 30 minutes)(Novogrodsky, 19?2) ’ The activity of the
former results in a cAMP level in the stimulated cell that is
2- 3 times that of resting cells (Smith et al., 1971) However,
. cGMP levels are soon raised 20-50 fold this may be a more B
important signal (Hadden et al 1972) '
1.3.1.2 Proteins | | |
Mitogen—induced protein synthesis is first measurable.

' after a few hours and peaks after 2H 48 hours (Kay et al., 1971)

Synthesis of new enzymes results in increased activity of
' carbohydrate metabolism (see 1.3. 1 u), of lysozomal

(Hirshhorn et al., 1967) and hydroxylating enzymes, and of

DNA (see 1.3. 1.5) and RNA (see 1.3.1.4) metabolism. After

several hours a number of mediators of cellular immunity are.

formed, some of-which are thought to be proteins (Dumonde,



| lﬁ?O}tMeuwissenlet'al.,71969).

' 143.153 Carbohydrates ' " _ | ”.‘ .‘“ "1 ) .';‘ .j.

Stimulation oft carbohydrate metabolism is detectable

- A4 .
'15 minutes after PHA addition. Two to twenty-four hours later -

ithe rates of glucose consumption and lactate production as

.f well as the levels of several intermediates of glycolysis were

)

L found to be raised. "PHA causes a slight activation of the

:jhexose monophosphate shunt in fSur hours as well as an increase'
Zin glycogen turnover. (Roos and Loos 1970 1973,,Loos and
sRoos 1973) -Aidlﬁ' . {1": U'gyff i“‘ R .
hl 3 l 4 RNA _ _ | _ .
. PHA increases ‘the combined rate of. synthesis of! all
.?forms of RNA abaut . 4 times., It also increases the half;life
:of the labile heterogeneous nuclear»RNA changes the pattern
of methylation of tRNA and increases the intracellular level
of a ribonuclease inhibitor. |
PH& affects ribosome activity by causing more

_efficient utilization of pre—existing ribosomes, by stimulating
-both the synthesis of the RSS precursor of rRNA and the
"processing‘of this precursor ‘into 328 and 188 subunits, and
by. reducing the rate of 188 RNA wastage, which in resting
cells amounts to loss of half the units before complete ribosome
assembly

| This general stimulation of RNA metabolism may be

partly a result of gene activation.. Acceleration of acetylation



- of histones and phosphorylatiou of nuclear proteins ~and’ an.
'increase in template activity of isolated nuclei have been _ﬂ-"
| reported and the ratio of euchromation to heterochromatin

.,'

=fp:changes from 0 56 to 19 8 in the stimulated cells. (Cooper, 1972)

-_3-"-1 3.1. 5 DNA | R

| Induction of DNA synthesis in HPLs is delayed ror-“'_ |

Cat least 2& hours after-initiation of culture with PHA (Bender ?ﬁ

.:'and PreScott 1962 Mackinney et al , 1962; Tormey and Meuller,_

ri:1965, Soren, 1973) Bender and, Prescott found mitoses only _f:
tafter 42 hours of culture, by 72 hours they had numerous h

""mitotic cells most undergoing their first division. However,.'
'Buckner and Pike (195H) and Sasaki and Norman (1966) reported

"__fa large proportion of cells in their second division in 72

,'hour cultures. Michalowski (1963) found very low incorporation
"dof thymidine for the first 30 hours of culture, followed by
ean increase to a maximum at 60 hours. Soren (1973) reported'
that most cells started to synthesize DNA Between us and 72
hours of cultute, but that there was great variation in time
of initiation' some were in first S at 2h hours, while others
‘were in first S at 120 hours of culture. " S o . }_'
' Loeb and Agarwal (1971) .reported that DNA polymerase
activity in- PHA- treated HPLs increased immediately prior to
‘replication of DNA. From that time the activity was very
.closely correlated to the ability of the cells to incorporate
- ,3H-TdR into DNA. The polymerase activity increased 30- to '
150;fold, and.there was evidence'that this:resulted from |

/j . | ) : $

-
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‘_de,noyo synthesi;‘if the enzyme (Loeb et al., 1968 Loeb et al
‘;l970) In a study of the thymidine salvage pathway, o
-Rabinowitv et ‘al., (1970) found that thymidine kinase activity '
'gincreased inparallel with DNA synthesis. ' T
o . ' Not all lymphoblasts go on to dlvide and it has been
:,‘suggested that even all those which synthesize DNA do not L”>
‘divide, that some merely extrude their new DNA into the medium

,and revert to the resting state (Polgar and Kibrick 1970

” ’;Rosers et al., 1972; sarma and Zubroff 1973)

l 3 2 Morphological'Changes

e

‘7! | -Lymphocyte transformation consists of a gradual
'change from a small or medium sized lymphocyte to a larse '
.blast cell, 50 that subclassifications are inevitably arbitrary. N
‘Generally in a culture_consisting originally or small and | ’
‘medium sized lymphocytes (7—10 u) which have .a dense nucleus,i-v‘

fonly a thin rim of cytoplaSm and few organelles, addition of f

' '.mitogen results in the appearance about 24 hours later, of

transitional cells._ These 1arger cells (10-12 0 still have .

‘a high nucleus/cytoplasm ratio, but the nuclear chromatin is
less dense, and nucleoli may be present. In the fdllowing

2& hours, larger (15 30 u) blast cells begin- to appear, thesei'
having a lower nucleus/cytoplasm ratio, a- leptochromatic
'nucleus, and a cytoplasm which is basophilic and rich in-
mitochondria, golgi, ribosomes, etc., and is often vacuolated;:‘

(Biberfeld 1971)

o b
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1.3, 3 Antigen-induced Events

.

Although the lower level of the response to specific
antigens precludes the performance of some of the studies Just '~~
A_Adescribed for mitogen—activated lymphocytes, a few studies

Ahave shown differences between the two modes of activation.

Cooper and Rubin {1965) - showed that the newly synthesized'l

'RNA molecules recoverable from PHA—stimulated human lymphocytes

.had a different size distribution from those found in SL-O—

»flargely the size of ribosomal RNA precursors, while in mitogen L
i treated cells the new molecules were clearly non-ribosomal

‘ Thus although both modes of stimulation,resulted in increased ‘
RNA synthesis, there was a clear difference in the RNA metabolism :
involved. ‘~;f1_'. -‘ f‘ .';fi” j‘l :

- Lucas (1970) looked at phospholipid changes in human l;

Y

- tonsil lymphocytes stimulated with PHA ' SK-SD. and tetanusl’ _;,;e*‘

: toxoid.A He found that SK-SD, like PHA, stimulated incorporation‘
.-of phosphate into phosphatidyl inositol while tetanus toxoid
. stimulated incorporation not into phosphatidyl inositol but j-"
.;into phosphatidyl choline and phosphatidyl ethanolamine. He .
suggested that this was due to a diversity of membrane receptors -;

for the different mitogens.

Souleil and Panijel (1972 1973) have reported a = . .-

difference in the DNA replicative processes following mitogen
for”antigen treatment.of guinea pig lymph node lymphocytes.
Observations.on BUdR-labelled DNA isolated during iﬁ;iiizg'p-'
:reSponse to antigen suggested that ;in these cells.the number
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of separate DNA units unde“going.replication simultaneously

i‘_is higher than in non-specifically stimulated cells. However

'fLanotte and Panijel (1973) found’ that DNA replication in cells'

,vactivated in a MLR was similar to that in PHA stimulated cells,
~and unltike that induced by specific antigens |

There'may indeed be more differences between

:".specifically and non—specifically stimulated lymphocytes, but
'due to the paucity of cells available for study in the former,

'”*'Hespecially in humans, these remain to be- elucidated

'l 3. ﬂ The Lymphocyte Surface '_ TR

Components of the outer membrane surface obviously

«'play a crucial role in all reactions involving lymphocytes,l( .

However, the sequence of events at the surface and the- relation

L

"of this to- the more distal events in activation have yet to

be elucidated. Lymphocytes have membranes which seem to fit ﬂ'-al;

the "fluid mosaic” model of Singer and Nicolson (1970) | That
.[is, a lipid biﬁayer studded with movable protein and glyco- |
" protein complexes, such as enzymes, antigens and receptors of.
'various types.p Some of the differences between T and B. lymphd%yte
_capabilities undoubtedly reflect differences in the receptors

;or markers on their surfaces., Fcr example, only B cells are

-~

tholight to. bear large amounts of surface immunoglobulins

'(Vitetta and th 1973), while only Ts are thought to carry

the site for recognition of foreign antigens on other lymphocytes
(Benacerraf and McDevitt, 1972) However, not all of ‘the

distinctions can be ascribed to surface variations' for. example
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'murine Ts and Bs bind soluble PHA equally well “but only Ts

‘-respond by proliferating (Greaves et al., 1972 Stobo et al.,

o 1972) Also, Loor (197@) was unable to detect surface binding

"of PWM to either T or B‘cells, although it activates both
'types of cells.‘ri 'V«l.. coT "'l - - oo

: The native distribution of immunoglobulin receptors-’
and of binding sites for lectins is apparently dirfuse and

L random (de Petris and Raff 19T3, Loor lQTﬂ)l: However, ‘soont -

‘nafter administration qr labelled lectin or anti—immunoglobulin,"'.

_ the distribution ean be seen to change. First there may be

7formation of “patches" of . label “As this “can. occur in the

Y

: _cold‘and in the presence of metabolic inhibitors, it is

ih- probably a process of passive diffusion.‘ This may be followed'
f.by-"cap formation, when multivalent 1ectins or antigens are ."
: 'I-ihir'oli{red and if the cell 1s metabolically active.. In this
i;process, the patches are actively moved to one pole of the
:cell how the patches are segregated from unlabelled membrane;
or how they are moved 1s not yet known. Pinocytosis of the
. 1abelled cap usually follows, although 1n some cases the
materiallaccumulated in the cap is shed. -Pinocytosis can
'-also-occur in the absence of capping, (de Petris and Raff,

1973, Loor, 197u) That endocytosis of ‘bound ‘mitogen or

- antigen is not, a prerequisite for activation is evident from

'studies with mitogen or antigen linked to sepharose beads.'
these can still stimulate 1ymphocytes (Geha and Merler, 197R

yGPE&VES and Bauminger, 1972)



PO

Loor (197&) showed that lectin binding sites on
. murine lymphocyte membranes could move independently of

immunoglobulin receptors, although caps of both formed at the
"f same pole of the cell ' _ ._- _ .
. Thus, although it is. clear that one result of treatingﬁ
lymphocytes with mitogens is interaction with membrane receptors dm
and movement of these receptors, it is not clear whiCh specifio

- f_ event(s) could trigger transformation. o ‘”f RS

'.leh h .‘ Cation Transport

The distribution of the monovalent cations K and
Na is invariably different inside and outside living cells.

y The extracellular environment has a relatively high Na con-t,
centration and a low K s while inside the cell the situation
is reversed Since the ,cell 1s permeable to both cations, K+
must be pumped- into the cell and Na' _out in order. to maintain~1

_a state inside the cell which is lap ely independent,of the

composition of the extracellul _ ectrolytes. This process
is important in regulation of cell volume, transport of,other

\v) substances and certain other cellular activities._

‘l.ﬁil' Transport of’ K and Na

Since the sodium and potassium ions are being moved
across the membrane against a cpncentration gradient energy
must be expended to accomplish the exchange. This energy is
obtained by hydrolysis of ATP which binds on the inside of’

© the membrane,‘w.;re the reaction products, ADP and Pi’ are
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liberated.'lThis hydrolysis and the coupled transport of K+
into and‘ﬁa out of ‘the cell constitutes an envyme complex
known ae the "membrane-associated magnesium-dependent sodium'
and potassium activated adenosine triphosphatase » generally
referred to as the Na -K -ATPase or the sodium—potasSium pump
This system requires the combined presence of sodium and i':;'?
potassium for activation, and in the intact cell the erfeﬁt l
of sodium is from the inside and that of potassium fromégﬁe

outside. There is competition between the two ions for both

'-i. sites but the respective affinity ratios are quite different

(Skou, 19T3, Schwartz, 1972)

Such detailed knowledge as exists about the aotivities

-

of the pump in situ has been obtained largely from studies with

isolated squid giant axons and red blood cells*from various‘

| ':._species. However, Lichtman et al., (1972) have accumulated

evidence which points to the existence of a system of pumps
and leaks in the human lymphocyte qualitatively similar to :
that of ‘the red cell For maintaining intracellular 1ion con-

centrations.

'l.ﬂ;2‘: Cation Transport and Transport of Other Substances

. Transport of K and/or Na has been shown to be
intimately involved in the transport of other substances into
the cell against a gradient. Riggs et-al., (1958) found that .
in “the case of amino acid uptake into Bhrlich ascites cells, /
the presence of internal K and external Na was critical
They also found that K ions migrated outward in exchange for:

Na ions during the uptake of the. amino acids. Crane

et al.,.(1961) found that accumulation: of actively transported

F) ’ ' . Y B

PO

-

.
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sugars into hamster intestinal tissue required active transport
of Na ions Both the Na and K ion concentrations n;re
| critical for upnill transport of galactose in rat kidney slicesdl

‘(Almendares and hleinzeller, 1971 Kleinzeller and hotyk 1961) -

Atftwhile both - Csaky et al (1961) and Crane et al. £196l) observedgu'

'. that inhibitors of alkali metal cation transport were also,

inhibitors of intestinal monosaccharide transport It is 3:,;j‘;

f

',evident therefore,_that in tampering uith h and P transport
g _one must be aware that there is also an effect,even if indirect

© on’ transport of various other substrates._f

~

- -
N o

t _f_l ﬂ 3 Cation Transport and Cell Volume Hegulation S |
: ' For a cell to maintain a fixed volume ' must limit

the free diffusion of salts and water between the cell and its

7T.fenvironment. ‘The mechanism of regulation must be sensitive to

very -slight changes in theaintracellular concentrations of some.,

---of these. Animal cells in general regulate their VOlume by ion

R

pumps that o1 ose the leakage of ions across the membrane.ﬂ Thus
the continued fanction of the sodium and potassium transport
system regulates cell volume (Robinson, 1968)

Jung and Rothstein (1967) who studied cation metabolism'r
4in ré ation to-céil size in an exponentially growing mouse “”
lymph ma cell line, pointed out.that inpgrowing cells, as
. opposed tofthe4steadp state red cell indwhich'most of the

'-pgroundwork has been done, the continuous‘increase in size

.presumably reflects ‘a continuous increase in the cellular osmotic f-.

-content. Since sodium and potassium make up a large proportion

'of the cellular osmotic content, gr0wth in velume may reflect
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- ‘ _
cin 1arge part, an accumulation of these cations (and accompanying

anions).' Growing cells must therefore be geared to continuous

-

accumulation of electrolytes, rather than to maintenance of a
"steady state N l't' s

: + . R -
. . L . . .

','l M u Effect of Antibody on Cation Trankport in LK Sheep Red

Cells::f PR L ;qi_rf} .H'_ - |
' In populations of sheep the RBC of some individuals
fcontain a K condentration typical of animal cells (about
‘:80 mM) while the majority of individuals have red cells with
| a low f concentration (about 13 mM) (Evans and King, 1955)
'—“These two phenotypes are determined by a single genetic locus .
.ﬁ.with two alleles, the allele for low K_ (LK) is dominant. The : fp

-

”major difference is apparently in the number of membrane pump
\-sites,‘the HK cells having about six times the number on the
1K cells (Dunhém and Hoffman, 1971).  Leur et al. (1970) found o"
- that treatment of LK cells with an antiserum to a membrane

"antigen present only on cells-of-homozygous-LK sheep-stimulated

"'jactive transpgrt in the +LK cells both by changing the kinetics

'.Tof the pump and‘by increasing the number of pump sites._ This

- finding is interesting&because it.demonstrated that interaction-
of a membrane antigen and its’ antib’ody can affect membrane - _' : ‘

.‘transport. L _“' "". : A '__, U 2 L

1.5 Role of Kf?in'Cell'?unctions’
' As "the, dominant intracellular cation, K would be

"'expected to ha‘/fa significant role in:cellular‘functions.

,
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It has been shown to be involved in cell respiration, glycolysis,
activity of many enzymes, macromolecular synthesis and fat' _
metabolism (Kernan, 1965) However, it is sometimes difficult
to differentiate among the effects of ohanges in the activity
of the cation pump, the effects of the actual level of the_
cation in the cell, nd the effect of the cation on the transport
of other substances -;'d ‘ ','- , - o 15 _ |
‘ | ) . For egample, in Lubin s (1967) report of the inhibitior
of. macromolecular synthesi caused by low intracellular K
this low xT - wWas achieved not by inhibition of the pump but by'fit
increasing leakage through the membrane, and Byrhes et al
(1973) finding of stimulation of DNA polymerase acti ity by -

K was in a cell free system._ However, other workers haveé

suggested that the ouabain sensitivity of their systems might

' be due to the inactivation of the pump in turn affecting the lh

levels of ADP in their cells (Whittam and Blond 196H Pena

- et al 1969)5

1 5 l Monovalent Cations and Enzyme Activation

o Enzymes activated by K are involved in a great

variety of reactions and in’ all- organisms {Lubin, 1964). Some

LY

such as pyruvate phosphokinase taken from sources in several P

phyla were found to be uniformly K dependent while others,
such as’ S—adenosylmethionine synthetase are K dependent in
eukaryotes (where studied) but not in bacteria (Lubin; 1964).

CatiOns may partilcipate in the reaction-as part.of

'la complex wilth the.substrate (for;example,_with ATP- 1In

phosphorylltransfer:reactions) or they may be instrumental



.I(Suelter, 1970)% Suelter (1970) compiled_a list of monovalent

it 27“'-‘
in maintenance of a specific protein conformation necessary

Tror optimum catalytic activity (for example, pyruvate kinase)

V-iacation-activated enzymes, which he classified into a few L

\ “an interaction of the cation with the substrate and enzyme

types of reactions. He felt that the sum of data suggested
-

'form a. functional ternary complex._i’ - :' e
| ‘. It is noteworthy, in the light of the .
*importance of cAMP.levels in cells, +that at least in some
tissues, (including rat diaphragm (Lundholm et al., 1967)
.'fat cells (Mosinger and Kujalova, 1966) brain (Suelter, 1970)
'and thyroid (Burké, 1970)) the agtivity of adenyl cyclase can’
‘be augmented by high 1evels of K | o

It is evident that K is intimately involved in a

'}number of reactions critical to cell function._

A

1 5 2 Potassium and. Ribosome Integri_y

Potassium is apparently critical in the maintenance
- of ribosomal structural integrity. 'In vitro studies of

'.mammalian ribosomes have shown that as a result of" K deficiency,

_monoribosomes 1ose their ability to use poly—U as an artificia1> 'gll
lmessage for synthesis of polyphenylalanine and dissociate into, ’
;subunits or are transformed into smaller particles. These
effects .are not reversed upon incubation in medium containing S
(Naslund and Hultin, -1970).
Although endogenous amino acid incorporation by
.fpolyribosomes is’ more.resistant to the effects of K depletion,c

s

“this treatment dpes result in a characteristic gradual change



/f ‘ j_z‘.;_QSf;_'
-_%;;;3;-1n their sedimentation patterns, suggesting that mixed aggregates
‘5: are formed consisting of normal and structurally modified
'particles This destabilization of ribosomal internal structure
"7 hay be due in part to the absence of the stabilizing effect
of monovalent catiOns on the secondary structure of RNA
"-,(Naslund and,Hultin, 1971) In any- case, if this disruption;

opf ribosome structure is also a result of depletion of cellular.

-fK ,-such treatment could be expected to have inerse effects,.

-

', some perhaps quite subtle _
. . x._y S T

1.5: 3 Potassium and Chromosome Structure | h? e
‘ ’ '

_ Alterations of chromosome morphology, uisualized as
‘ ‘J_condensation or” uncoilins of chromatin, are directly related
fl.to changes in gene activity In the polytene chromosomes of
dipteran salivary glands,’gene transcription can.be visualized

- - *

as: puffs of expanded chromatin at particular sites along the

chromosome; functionally related to the transcri ion of '\
o wparticular genes. During embryogenesis these‘ uffs appear and
lidisappear at. consistent and specific stages, h _ various -
' treatments can induce some puffs to appear off-s. : |
o Berendes et al. (1955) and Kroeger (Kroeger, 19 3; Kroeger and \ ‘
; Miller 1973) have done ‘this with- high potassium solutions.
Kreuger (1963) hypothesized that the treatment with salts
:mimicked_q?e effect_of the hormone.ecdysone.. He suggested
"that'the hormone.altered the membrane potentlal, causing a
." stimulation of. the sodium pump, thereby increasing cellular

K &t the expense of Na ), which increase resulted in a

changing of the puffing pattern and release of a specific
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fselection of messenger RNAs to. accomplish Specific changes in

\'rcell metabolism.-i

1.6 Inhibitiou of h Transnort by Ouabain: e

Cardiac glycosides such as ouabain (strophanthin)

=

[from Str;phanthus, and a variety of digitalis compounds have

.long been used in. treating congestive heart failure, ‘but their d
fcellular effects have Just Begun to be clarified.; One glycoside,.
[ouabain, is widely used as & specific inhibitor of the Na -K -~,
tATPase. It was first observed by Schatzman (1953) that ‘the
‘ active movements of.Na and K in RBC. were prevented by low j
‘;_concentrations of strophanthin—K (ouabain), one of. the .
‘,glycosides.' The compound did not seem to affect energy—yielding

reactions, and since it had no effect on cation movements when'

'g.'cells were kept cold was ‘not’ 1ike1y to be affecting only

membrane permeability. It was noticed that half maximal in- |
t'hibition of cation tranfport occurred at concentrations similar
“?'to those required for inhibition of the Na eK‘—activated ATPase'
(Bonting et al., 1962 Post and Albright 1961) Caldwell and
nKeynes (1959) showed that the site of action of ouabain was not
- inside the cell but at the outer surface. Several workers

' (Bonting et al., 196& Dunham and Glynn, 1961; Glynn, 1957,
Kinsolving et al.,1963) showed that only the active transport
of K" was affected and that increasing-extracellular.K B
decreased the ouabain inhibition; Studies on ouabain'binding:
Ito”RBcs revealed a,competition between ouabain and K+ fOr‘ |

binding sites, withibinding of ouabain strikingly paralleled
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?by inhibition of the Nat pump (Baker and Willis, 1970) ' Since

R f: ouabain doesn‘t seem to enter the cell and since its effects

are 1argely preventable or reversible by high concentrations_
J‘of K N any results of its application are considered to be -
a'directly or indirectly a result of its inhibition of- active

3transport of Na and K .”_

.

S1.6.1 Quabain Interaction with-the ATPase‘

-.\‘

O It is a characteristic of the enzyme system described

in l i 1 that it is inhibited by cardiac glycosides (Skou 1973).
Matsui and Schwartz (1968) showed that. the ‘binding of tritium
.:'labelled digoxin to a heart ATPase required ATP and magnesium,
was stimulated by Na and depressed by K Some workers have
*suggested that comhination of ouabain and the enzyme is' ‘
irreversihle under physiological conditions (Albers et al.,”
‘1965), however this is not in agreement with other work (Baker_

and Willis, 1970) The consensus now is that ouabain binding is

. reversible (Hokin and Dahl 1972) , There are some reports of a

"_ was at low. concentrations (10

'.stimulatory effect of. ouabain on the enzyme, when the drug

' -10 io “T M -~ which is within the
therapeutic range) under conditions where higher concentrations
. were inhibitony (Bonting et al., 1964; Palmer et al., 1966)
Others have failed to obtain this result (Kinsolving et al.
,1963) ' o " |

At least'at higher‘concentrations; the‘effect of

glycosides, including ouabain, on this enzymelsystem is
clearly one of inhibition due to binding of the drug such that

.potassium cannot bind.
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tl,6ia Ouabain and Tissue Culture Cells

3-vitro Such studies are not necessarily relevant to work on

.l:-. 31 ‘_. -

-
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v

This drug has not been widely used on cells growing'
in tissue culture, most studies of 1ts- effects are doneﬂon e

slices of heart or skeletal muscle.l Some of the studies that_”

haue_been done_involved.common cell lines derived1from mice,_“

= which‘are'quite'refractory‘to ouabain-effects;-in viuo and-ini'”

5

1) .l
-' A

‘ human\cglls, and will not be discussed here.

p} Vaughn(l972) treated HeLa cells with ouabain for a.

S ——

. few hours at a time and round that within 3 hours: enough newh'7;
"t‘ouabain—binding sites were generated that Xt transport was fully

'restored.' Gf course,‘this recovery was observed only as long

»’

as transport was not totally inhibited. He felt that the cell

was responding to the localized damage to normal function

- ——

resulting from ouabain binding by synthesizing new enzyme

systems. - ' ‘ - o .
Lamb and McCall (1972) grew HeLa- and Girardi (human

heart) cells for up to 2“ ‘hours in various concentrations of .

' ouabain. They reported a rise in intracellular sodium and ‘an

equal fall in potassium, proportional to the ouabain concentration

8

used (above §'x 10 M). . Inhibitor-treated cellslattained

new steady-state concentrations of Na and K the rate of

| attainment ‘also depended on - the concentration of ouabain, but' -

the new equilibrium was reached after 8 to 24 hours " Qnee

' the changed level was reached it was maintained for at least

five days (Boardman et al., 19?2) They found-that ouabailn

in the culture medium affected the-growth rate of the cells,

but not their volume. The effects were exacerbated by lowered
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~extracellular K+ and prevented bytincreased éxtrdbellular K+

-.ijhe drug had no e?fects on ng cbntent and fluxes, nor ont Ca f_

" ‘content and fluxes, nor. cn me brane potential.

l 6 3 Ouabain and. Lymphocytes

. ~

. The work of Quastel and, Kaplan showed that ouabain, -

at relatively low concentrations (down to 10.. ) had a

Fprofound inh;hitory effect on RNA, DNA and protein synthesis, o
.y‘respiration, and blast transformation of HPLs - stimulated in

‘vitro by PHA (Quastel and Kaplan, 1968' Quastel anchaplan A :.

1970a b, Quastel ‘et al., 1970) This inhibition was:_

"Lantagonized by the inclusion of excess.K (up to 26 mM) in the‘

'»'_: culture medium, and could be«reversed simply by washing the

'-cells. Studies on K transport showed that PHA had no effect
'on KT efflux but caused an increased influx, which could be
'inhibited by ouabain. They suggested that this increased K
itransport was nectssary for lymphocyte transformation, which |

'would account for the great sensitivity of activated lymphocytes'

to ouabain.

Averdunk (1972) also studied K transport in human

'lymphocytes treated with PHA or ALS He found an increase

. in KT _influx which, in combination wit%a slight reduction in

the rate of K+ efflux, resulted in increased concentrations of

:K within the cells..

Kay (1972) 1coked at the immediate increase in RNA

synthesis after addition of EHA in‘HPL cultfures. Ouabair did‘

“not affect this early increment in uptake of labelled precursors

although 1t did- inhibit the later, larger increase. This lack
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of inhibition was observed .even in cells preincubated with the

drug for many hours He suggested that the sodium/potassium

. ‘balance was the critical factor, and that inhibition of RNA

’ Wsynthesis might be secondary to fnhibition of protein synthesis.
‘ ) , ~

Van den- Burg and Betel (1974) reported that the -

l

}Con A- induced increase in c-aminoisobutyric acid uptake in rat

' lymphocytes, although dependent on energy generation and on
‘protein synthesis, was not affected by 1 mm ouabain (which

: resulted in 80% inhibition of the Na' —K ATPase) l

'l 7 The Problem and the Approach .‘ ,"1:g Ué""

.-, N ._‘_ Previous work of Quastel and Kaplan showed conclusiveiy
'.gthat inactivation of the membrane ATPase by specific inhibitors
caused arrest of all the parameters of - PHA-stimulation of HPLs-
Lx'that were investigated' synthesis of protein, RNA and DNA
transport of K » respiration, blast transformation and mitosis.
Since PHA caused an increase in K influx but no change in its
:_rate of efflux, and since this did not depend on protein- . .
f-synthesis, and was not associated with.an increase in the'v
a affinity of existing enzymes, they hypothesized that one effect
‘ of PHA might be to change the configuration of the surface
glycoproteins such that previously cryptic transport ‘sites
were revealed and activated The increase in binding of
'tritiated ouabain after PHA stimuiation seemed to support this
-hypothesis, which would account for the great sensitivity of

transforming lymphocytes to the inhibitor

¥



',-sensitiye, under some conditions ‘Tes

-3y -

The work of ‘Quastel and- Kaplan demonstrated ‘that

T tranSportswas important in PHA-induced lympHocyte Y

transformation.‘ Considering the diversity of nature and :
function in the lymphocytes,&n human peripheral bloodc it was
of interest to determine whether lymphocytes stimulated in
:other reactions would be similarly sensitive to inhibition or

”K transport. Human peripheral leukocyte cultures and l

asolublefantigens to which the cell donors were sensitized

'were used to investigate the ouabain sensitivi Y. of antigen—

. finduced activation.: It was found that although in many

respects responses to antigen and to mitoge‘ seemed equally

‘to antigen was
e“irreversibly lost while mitogen response was relatively

>'unaffected This work is thus concerned with elucidation of

'-the details ‘of this differential sensitivity and demonstrates

‘that it shows promise as a tool for the-dissection of lymphocyte

actions and interactions in in vitro immune responses.--

.-
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2. MaterialS‘and'Methods .

2'1 Leukocyte culture technigﬁes

- \2 l 1. Scurce of cells

Donors were. volunteers, apparently healthy, most

. ,male, most aged 20 to 30 years.' Peripheral ’9nous bloo was ;
'xwithdrawn into heparinized syringes, then distributed into

.i.glass vials to which had been added dextran, to give a ratio
':of blood deitran 7. 5 l These were left at 3T°C for 1/2

' to RS hour, until the red cells and plasma ‘were clearly :
‘-separated and each about nalf the total volume. All mrther

o preparations were done at room temperature._"

' 2 1“2 Preparation of cell suspensions

2.1.2.1 Standard procedures

In experiments done in tubes, the‘leukocyte-rich
-Iplasma was added 'so as to be 15% of final culture VOlume.'
'.The cells, therggtre, were added -in varying numbers, depending .
on the cell count ot\the zonor., The WBCs in the final
culture suspension were counted and a.plasma smear- was made
‘and later stained with Wright‘s stain for a differential
count. Thus, although the lymphocyte concentration was not

"‘controlled, it was known. It was usually 0.5 to 0.8 x l06

per ml. - o
' d In’ experiments done in plates, the cells were
prepared so that in the culture;suspension there were 106
‘lymphocytes per ml., unless a variation was part of the
experimental design The 1eukocyte-rich plasma was removed .

‘from the settling vials and centrifuged the plasma removed
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and’reserved'and the:cell button resuspended~in medium. An’
aliquot of this cell suspension was diluted in Turk s Ll

' solution (2% acetic acid -0.01% gentian violet 1n water)
‘CV\'

._which stained the nuclei so that the mononuclear cells oould

et be distinguished Aliquots of cell suspension were added to '

‘lfculture medium (medium 199 + 152 autolcgous plasma) to give

LI

.‘the appropriate cell concentration. Cell viability was

u.fohecked using exclusion of trypan blue as the criterion ror

"life. B o __' '
: : S o 2.

f,12 1. 2 2 Preparation of purified" lymphocytes

These were prepared by passage of 1eukocyte—rich ll_
flplasma through a’ glass syringe partly packed with slass wool,"
'kin a modification of the Rabinowits technique (Rabinowitz, 196h),
: developed by Quastel (1970) Cells recovered from this‘

.column after a 1/2 hour incubation appeared to be at 1east

t99% pure lymphocytes.‘ Recovery of lymphocytes was never

':yclose to - 100% but was, generally between 50 and 80% Usually,
'cells prepared in this manner showed normal PHA response but

no response to antigens.

.2 1.2.3 Preparation of “purified"‘macrophages‘g

- These were prepared according to Alter and Bach :_I‘ ";
(1970)' Unpurified leukocytes were plated with medium -
3199 + 30% autologous plasma in plastic petri plates and .
'incubated in a humidified 5% CO2 in air ‘atmosphere for ﬂ to

6 hours. Nonadherent cells were then removed by washing :

twice with PBS + 10% plasma. After a further two days of
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- R Culture conditions .f . :;;‘“

between e 100 and l lD

2.1 , Mitogens ahd Antigens

LR N

incubation, plates were. washed with PBS and trypsinized to

.remove adherent cells. These were washed and resuspended in

medium + heparin (to prevent clumping) and counted

-

Appropriate numbers were then added to cultures of purified

lymphocytes, to give a: ratio of macrophages lymphocytes of

C For tube experiments,_culture medium consisted of

T

lSS leukocyte—rich plasma + 85% TC 199 (without antibiotics,f{

. to reduce unplanned antigen responses) Aliquots of 3 or

2.5 ml.rwere distributed to 75, mm plastic screw-capped tubes..‘

These were tightly closed and incubated in a vertical position

' until harvested usually 3 to 7 days later.

For microplate experiments, culture medium was made
up with 15% fresh autologous plasma, the appropriate volumelp'
of cell suspension, and enough TC 199 to make up the rest.
Aliquots of 200 A were distributed by Oxford pipettor to the_i
wells of a microplate (capacity 0. 330 ml Y. The plates were ?f
covered and kept in a small plastic box with a, humidified 5%
Coz-in-air gas phase in an incubator until harvested.

K —free medium, used in some experiments, was custom—'"

prepared medium 199,.with NaCl but no KCl. (Gibco)

These were added to the- culture medium before

.distribution to‘the tubes or wells ‘when possible. Otherwise



_experiments, exc_;

'the‘same'aslthos ‘

H

In either case, stock_of each concentration,was made up so

_ as to add 0.02 ml.-stock pér ml. culture.. Inhibitors to be

- 38 -
they were added as- Q. 05 ml. to 2 S ml. cultures, or as 25 or

50 by of a solutiOn diluted in medium to- microplate cultures.r

) Standard doses were selected ‘on the basis or dose response

T Con A and PWM, where doses used were .

by my colleagues. Table 2 2 is e 1ist

of the standard doses, given as ml. of stock (made up according

to manufacturers instructions) per ml. of culture Antigens g5“
which came as liquid,preparatioés were dialyzed overnight

against at least 100 volumesmof’PBS ‘to remofe-toxic,preri'

servatives. md_.' ‘ -.'.ﬂ‘ Coa e

2.1.5 f Inhibitors _.J . _:'; 'jg.- A'_i ‘A.'1;‘L-}a,"'~-
' In most experiments ouabain was. used as a specific

inhibitor of the membrane Na —K -ATPase.‘ In some, digoxin :s
and/or acetylstrophanthidin (Acstro) were used for comparison.'
. If the purpose of. the experiment was to totally |

inhibit the ceils, the inhibitor was added either at the -

' time of. initiation of culture or one day before harvesting.

addedﬁto'microplate‘cultures were'diluted inimedium:so as to

. ‘add. 25 or-SO.l'p?r.cultufe, '.'t_._ _.?' = R e

'In experiments in wich the ouabain was included in

. the culture medium from day 0 until ‘the medium was changed, it
' ‘was added as 0.02 ml. stock per ml culture before addition of

- cuiture'tobthe‘ceiis of the microplate.

Y

2.1.6 Washing procedures -

‘eritical to the results is-the procedure used;to
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L wash the cells afiter their two day exposure to ouabain.ff

‘h\ Cultures inrthe tubes were centrifuged gently, all but 0.5 ml

| of the medium mas removed by suction through & pasteur pipette,‘

B fresh medium ‘was added, cells were resuspended by mixing on
a vortex mixer then spun again.. This was repeated and after

[4
the second wash, fresh culture medium, with or without mitogen

s

-

‘ﬂl or antigen-was.added  The’ caps were tightened the cultures

mixed and reincubated. _ , o
';,3 e o Cultures in microplates had about 150 A of their,‘ _

' medium gently removed and lSO to 200 A of wash medium gently

added The plates were then 1eft to sit at least 15 minutes
to allow mixing of the wash and culture media and settling
of any disturbed cells._ The wash medium was: removed and
replacement medium added JBoth wash and replacement media T

contained 15% autologous plasma, and antigens or mitogens f}

. were added t0o the replacement medium berore distribution.

"“..
1

Thg?removed culture and wash medium contained so - ™~

few cells that it was not pbssible to count them even. when'_‘

concentra'ted 100 to 200 times._

T
T

2. 2 ‘ "Use of'radioactive;tracers

2 2 l : Addition to cultures-f.
- In most experiments, incorporation of 3H-thymidine,
presumably into DNA was used as. the measure of activation.
In a few experiments 3H—uridine, or. 1“0 thymidine
'-was used Table 2.3 gives the specific activities and amounts 3
used in culture for all of these. They were added to the fl

I.b‘

tubes as. 0 2 ml., and to the microplatezggs 25 or 50 A, diluted

o ;
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L wc 199 Sl {y38R
-;culturef;:%cs;agcg SRR

" ? microplates .

M;A.STHﬂJ'
'LSC vials

f‘minivials & carriers

Cammia s

’ -SLO streptolysinro reagent

...ouabain (strophanthin-G) 03125
. digoxin D6003
.‘acetylstrophanthidin . A3259
. ‘mitomyein C _ © - MO0503

‘dextran,(Macrodex,

6% in saline)

o 'f‘ - f:30505.

r ~
. N\

'Ecchofiuor B ;i Lo ,NEF'éui.

:radioactive precursors ' see table 2 2»"

. e~ﬂdf+f' R :
 1_Scarces.cf'Mataria1s 2.1 . "
ot - R o
Name. .. . - .. Number ~..Source '
hepar‘n , “l-..e.,:" _ 50770 ‘General - ' Chagrin Falla,

Biochemicals Ohio.-

N Pharmacia"f Montreal

i

Gibeco - ' Grand Island
- Faleon.--  _N. Y.
~ Plastics o

Falcon © Oxnard,

Plastics{ California_

'.,Falccn Oxnard

PlasticSq. Califorﬁia

 Otto Hiller Magison,

Wisconsin

New'England Dorval Q.

© - Nuclear

Picker . - .Ottawa
Nuclear oo

"tNew England chval;iﬁlq.

Nuclear: S
New: Bngland"Dcrval,_P;Q.
Nuclear SR

-

Difeco . .. Detroit Mich.

PHA phytohemagglutinin—M 05— 2857 o . :
PWM R 536 . .Gibeo " Grand Island,
- e Lo o0 . N.YL
Con A - e Y I A Caibiochem = LaJolla, Calif
.o pTe ; D — ~ Wyeth - Marietta,-ﬁa
= TABT - B L L ~ Connaught o
S c ; Med Res Lab Willowdale,
_ - Ontario .
VAR(SKSD) Lederle . “Pearl River, N
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Table 2
Standard doses of mitogens and antigens'
.'mitQSEF':hnf*:..[ml°'é£°¢k/m1¥_cultu?efvgldmezusedgf,,}F
. .‘kPHA | . : ’ ] "‘7 :‘ 0‘02.. " . .

‘z'{.ff,; o 1%£ i N ‘L‘Hf Table 2 3

g QV' Standard doses of. rd&goactive precursors_ﬁ‘

e _ ;.‘catalogue . ' S -
precursor . number! - Specifi°_§°t131ty,¢.1n culture

- Thymidine-methy1-3ﬁ NET 027'” . 6.7.Ci¥sgole’ ‘1 wCi/mi. . .

. Thymidine-methyl-3H CNET 027x 20 Ci/mmole - 1 uCi/mI.”

18,

' Thymidine-methyl-1'C - NEC: 568 . 54.7 mCi/mmole - 0.02 wCi/ml.

 uridine3E (&) NET 028 . 5-15 Ci/mmole ~ 1 uCi/ml.

| UriainéeS-BH .. NET 174 '...525-Ci/mmole - L'pCiﬂPl. |

LN

;}Néw_England'Nuclear; Dorval, Canada

ERFTN

‘concentration -

7
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in 199 in each case.j a“" T T
. RIS - . f: - o - ‘
_ Originally a 2 hour period for incorporation was
'-.'used but although this was adequate for good separation of

mitogen and control results, a 1onger incorporation time

proved better for distinguishing the lower levels of antigen

activation. This was generally h hours. Isotopes were addedf

+

using sterile technique and further incubation was at 37°C

'»-2;2f2 . Harvesting and counting
Cultures in tubes were harvested by centrifugation

and-washing, once with PBS, twice with cold 5% TCA, ‘Thef_ -

resulting precipitate was solubilized overnight in hyaminef-h

| hydroxide then mixed with 15 ml_ Aquasol (a dioxane—based

premixed cocktail) in standard glass or plastic scintillationf.

Avials; o ]‘j‘"*. B ._ff' T __j, Zf‘_-*

‘. Microplate cultures were harvested on the multiple

automatic sample harvester (MASH) designed for that purpose

(Hartzmann et al. 1972) Brief washes with saline ‘or water

and methanol sufficed to. give a lahelled prefipitate on glass
%N\\fiber filter strips.' The filters were left to dry, then .

counted in 3 ml. of Econofluor (a toluene—based premixed cocktail)-

in minivials.” . - . 0 . o - k)

Most of the counting was done on a~Beckman LS 233

machine, at ambient temperature.‘ Samples were automaticalIy

) counted for 5 minutes or to 1% efficiency, whichever came‘

ﬁru,="'. T o | | e
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2.3 Fluorescent staini;g

Detection of immunoglobulin-bearing.cells was: done ‘:f,.

: using a fluorescent anti—human immunoglobulin (Burroughs—Wellcome)

-

"'f Q;QA . Treatment of data

according toiéhe method of Sheldon et al (1973) Briefly, “c
the glass-wool purified lymphocytes were washed and incubated

for '30 minutes at- u°c with the anti—immunoglobulin._'The"=

o preparations, -made in duplicate, were observed under’ normal

- and under fluorescent light and - 200 cells per slide (i e.

per preparation) were.counted and scored for fluorescence.ply‘

Ll

There were always more than two replicate samples._,'

- y in the tubes, .3 or 5, in the. microplates generally N. These_
-;numbers were selected for convenience of handling, in the U

. racks or on the plates.

Data analysis consisted of a comparison of treated

' and control means, using the least significant difference

LW

(lsd) to determine whether there was activation in a given set S

'; of cultures. The comparisons were made on square root trans-

ﬁormed data, since untransformed data do not satisfy the-:

assumptions for this kind of analysis, i. e. they are not

' normally distributed and the variances are not 1ndependent of

the means. The 1sd is basically a student's t test using a
pooled error variance, obtairied in this case from an analysis
of variance (anova) on ‘the" transformed data from 26 experiments,

as follows.
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3.7 . RESULTS

“‘93312" i CultureVcnaracterizationaﬁ -

3.2:1 - Cell concentration.u”' ‘ _

K :i One of the most important variables in the culture
{system is the cell concentration.. Since this was not N

| "standardized in the first experiments, done in tubes, it could

' not be shown that effects were not due £o suboptimal culture

'iconditions. One tube experiment on. cell concentration versus ¥
3response showed that PHA reSponse varied little between 0 2 .-l

6

_and l 1% 10" lymphocytes per ml., whereas SLO response was .

fvery low at 0 2 x lO6 and high between Q. 6 and 1. l X lO6 .

‘;lymphocytes per ml. The dontrol value did increase a 1ittle ?--'
with. higher concentrations. V;{V”‘ ‘_'{w ~"Lf‘ ' 'rﬁ' |
-éf‘ _" When work wa; begun on the microplates, several ’
,experiments were done to determine optimum cell concentration.

'cControl counts did not vary much with changing cell con-"'
-centration- ' The optimum for PHA response on day 5 showed a :
great deal of interindividual variability (Fig 3. L) but

. since antigen (SLO or VARY. response was usually greatest at

6 B

" or about 1 X 10 Iymphocytes per ml. (Fig 3-2) and PHA also.

gave high counts at this concentration, this was used as the
- standard. It might be noted at this point that resggnse to')
'antigen ‘is still observed when the cell numbers are ‘halved,

.ialthough very much .more dilution leads to no detectable response.

This will become relevant in discussion of the effect of

. ‘ouabain on the cells' response to antigen.
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"ﬂ showed these to be optimum (Figs. 3. 3 and 3 H) . 0 Ol to-'"“

- 47 -
3 P ¢ - :
In- summary, the cell concentration used in most or
'the experiments (l x 106 lymphocytes per ml. culture) was

that found to give maximum antigen response in all donors

ﬂtested, on the da§b tested.

f3,1.2 i- Antigen and Mitogen Concentration | L
'#f;‘ Perhaps the other most important ‘factor in theer
.culture technique is the concentration of antigen.‘ It must
.Fbe high enough to give maximum stimulation without being toxic'
;to the-cells.; In the earlier experiments in tubes, -a narrow
“¥range of antigen and mitogen concentrations was tested,.' %
'comparable to those used in published work and in other
;laboratories. A few experiments in the microplate system -

in

' 0. 02 ml. stock per ml. culture for SLO VAR, and PHA.

‘ 3.li3- Other features or the culture sysuem

f These include choice of medium, choice and con— ;
:centration of autologous plasma, choice of gas phase (air or’
5% 002 in air), culture vessel and harvesting technique. .
These were selected on the basis of the previous experience
.of my colleague M.R. Quastet- (1970) and modified on the advice
‘of F.H. Bach (personal communication) . In all cases'techniques

used were comparable to those used in many other 1a39ra56?I§§"“‘*\\
. . . ‘ . \

doing similar work.. . N L /
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3.2 Time Course and Activation Levels

3.2.1 Time Course '

PHA response (as measured by incorporation of

3H-thymidine) was found to peak on‘day 2 or 3, then to decline

to a 1ow level by day T or 8 It is noteworthy that although o

this response peaks much earlier than that to antigen,_there

. is still a considerable increase over control inoorporation
- up, until at least day 6 (FIg£*3 5) \ ’
_ o Antigen response usuaIly reached its peak between 'A_‘
s day 5 and‘day T,‘VAR usually at day 6 and/or 7, SLO at days ;;
; 5 and 6 (Fig. 3. 6a b) With 810, the increase over control

incorponation was already noticeable by day 3 or H with VAR,

: by day 4.0y 5
| experiments fﬁ which f*_

Therefore in designi

'responses to PHA and to antigens were. to be measured it was.
necessary to reconcilg days of peak activity of PHA- (2 3 H),'

. SLO (u 5, 6), and VAR-(S 6,7} treated cells. Since PHA was
used mainly as a control, to show Iympqéépte_activation,"

cultures were usually harvested on day -and/or 6;.

3.2;2‘ Levels of Activation :-f.' ,”~' : f'd“

15;} et 'H PHA.stimulation resulted in levels of thymidine: ]
. incorporation ranging from about 100 times control in early .
days to about 5 times control in yater days. There was, of .
course, ‘a great deal af inter—individual variation, as well-

‘as some intra individual variation over time The same 1s

true &antigen response, which varied from up to 100 times

control in the case of the high response to streptococcal

- -'/

’



Figure—S:
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Time course of PHA stimulation. , _
‘3H-thymidine incorporation in cultures treated
“with PHA on day 0
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Time course of SLO stimulation

3H—thymidine incorporation in cultures treated _;

with SLO on day O
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 'fshows that ouabain had no effect on the 1ow background

“;.54;9:;;1
.antigens to the 2 to 10 times control characteristic of
"response to tetanus or typhoid antigens : The range of values
fof the cpm were usually of a magnitude which permltted clear
,'distinction between stimulated and non—stimulated'levels of

"[incorporation\ When variability amcng replicates was smalll
" even ‘law response appeared to be distinct from none, but in

‘J'some cases,'although the mean cpm of antigen—treated cultures

.

'was higher than that of the control ‘there- was overlap in the .

-

-prange of values. In such cases the data were considered

inconclusive and were ignored.' ' ‘ o ,
_ T : .

3.3 . Inhibition of response by ouabain

The protocol foz this experiment was patterned i‘
d‘directly on - that of Quastel and Kaplan (1968) including the .

. range of, concentrations likely to be effective., Fgg, 3. 7
‘ o

J‘H
-incorporation in control cultures.' Fig 3 8 shows that‘in

jg'my culture system, PHA response is inhibited in a way directly

.comparable to that found by Quastel and Kaplan (1968 1970)

‘In parallel experiments, response to antigen (SLO or DTT) was ' _
. found to be. inhibited in. a similar way, with complete : ‘
inhibition of - incorporation at 2 x 10 - M ouabain in thezzv_'
culture medium (Fig. 3 9) Thus it seemed that response to
.antigen was, sensitive to this inhibitor of the Na -K —ATPase

in the,same way ds was response to mitogen. ' ";

t—"
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Figure 8__ Effect of ouabain on PHA stimulation. o
' 3H—thymidine incorporation in cultures treated
. with BHA and ouabain on day 0, harvested day 3.

.-.. .
e
r
s
- ’ <
-
-’ I,
I



2800 -

_ '.‘.|.oo :

Lo oo 0u_db'd:in'~. concentration (m} .

,\- ) ) T



- )
ety . . - ) . " ' . !
Lo ' ' : T .
- - L ‘. ’ .
g~ ~ . : . P - ) )
: 7 . - SRS : '
~ ~ N o y
- . - . . - P .
. . . .
. - .
——— - - - o
-’ - N - RN . .-
I . .
< . Y .
. - R '-
- -‘\ b .- M
- . : .
- ' - ' .
- - A : . ' .~ :
Y . . .
-1 = Lo N 4
. < .
‘- V- -
w oo
o . .
- .
\l -
» o s
T ' .. "
Fy Q)

- Figure $: Effect o ouabain ot antigen stimulation._
‘ s L 3H thymidine incorporation in'cultures treated
“with antigen (SLO og)DTT) on day 0, harvested
day 5 or 7. Ouabain was added‘for the final 8 S

¢ R . - hours of cu'ture.,‘ ha

‘.
Y . .
’ ’ - . i
N .
- ~ - .- -
. . - )
q - . W,
. - 4 ’ .
: A A e
. «» - -
|. ) . , N . .c
R _ A
- ) ‘ ] ’ '
R N
~

” .
[}
L™

“
&E.



g
g S -

§ n'qo :

g - N i .fOuobi:ir,n- concentration (m) |

&




Ce - ’ .

3.4 Prevention of'Ouabain-inhibition by increased K

S u"-":?

a4

in the culture medium o

) . : Again, the protocol was the same as in ekperiments-
A ‘w-i'th PHA done by Q&astei ‘and Kaplan (19?0) KCl was added to-

give different h concgntrations in the medium on day 0, ia?d .

i

ouabain was added for the final 2u hours of culture, day : 5 L

to day 6 4in this case. Fig. '3:10: shows that increasing the

'-fKT concentration could partiaély or completely prevent any .

inhibition by ouabain of the PHA response That the same

was true for antigen respéhse is. shown by Fig 3. Il

Again, these results indicated that the effects of

1

ouabain on antigen response were similar to its effects on

) mitogen response.. They Were also evidgnce that ‘the- effect of 'n

@ the dsyg was a K -specific one, as was concluded by Quastel

-

(1970) .That is, the ouabain was apparently acting on. the“
Na —K ATPase to prevent cation transport, which action could

be re%ersed or prevented by excess K .

oy S - e
'3.;\8 Reversal of'ouabain<inhibition,by.washing and medium

- change

-

,% "‘“" - In the experiments of Quastel and Kaplan ' (1970) on

. *

the effept ‘of ouabain on the PHA response, the inhibition

.- dtuld be reversed ir the cuabain was ‘removed by washing the

. . . RS

cultures and adding fresh ouabain-free medium ' Fig. 3 12

shows that 1f cells culture& with PHA were also treate with’

ouabain for the- initial 1,2 or 3 days of. culture, “the

-

_ inhibition lasted only as_long a’s the ouabain was prese t.
t

‘

‘-'?here was nd reduction of peak respOnse ahd thihielay 1n'i%

'
-

X
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o 1
,of K into c0ntrol and PHA treated cells.

g336} Washing_effects

Y
™)

reaching the peak was - equivalent to the length of time the

1ouabain had been in the culture.-

‘4 .

However, as: is clear from Pig. 3 13, response to

ffantigen was not 50 easily recovered. Removal of the drug

LAY

'after two days in the medium seemed to cause an irreVersible

loss of antigen response A one-day exposure seems not to

';have had this drastic effect These experiments were
f~'performed using the 1owest concentration of ouabain
7(2 x lO =T M) that in previous experiments had resulted in

3complete inhibition of 3H thymidine incorporation when it .d -

L3

'Twas present during (and oy hours before) the incubation with ‘

: the isotope This concentration was also that shown by -

-

.Quastel and Kaplan (lg?Ob) to completely inhibit transport o

‘ It see ed then, that there was, a difference in the

”‘sensitivity of the PHA- and. antigen-treated cells to prolonged

.1ncubation with xhis inhibitor."‘- S ,ﬂ' f - -

""

Y

-
A
Bl '1

The first obvious possibility to investigate was

\ Whethenkthe difference was merely one of binding of antigen
Versus mitogen to the cell, such that the wash removed antigen
‘but not m; ogen . Table 3 1 shows that simply washing antigen

' and PHA treated cells didn't usually reSult in a. decrease in

response-J?HA was. usually increased probably because of

" penewed nutrients. In some cases antigen response was decre\sed.

However, this problem was easily circumvented by adding antigen

~anew-after the: washing operation. Thus, the differential

4
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: sensitivity to washing was discounted as the cause of lost

*

- antigenfresponse._ B # .
E \ ; * . .‘ o W - ) ‘ - ’- )
-3.7 - ZOSCth—Bach effect° 5-'~f. R l

_’.IA. R

35involved activation of HPLS: by one’ antigen, killing of
:stimu\ated cells Q*,BUdR light treatment fcllowed by re-

Vstimulation with a different antigen. The observation that

Fd

 The experiments of Zoschke éflﬁBach (19?0 1971)

‘addition of the second, following antigen resulted in normal
¢

dresponse was taken as evidence‘that response to different ;g_

'Jantigens involved diffewent subpopulations, at least as far .
‘as_ the few tested antigens were concerned The question, then,

,;was whether the effect of the ouabain wadrto kill or inactivate 3

‘1-«;-

: the cells responding to the antigen, in which case there .4nf

' should remain cells able to respond to other’ entigens and ff‘

-

wlto mitogens. Experiments were performed in which cells were

; cultpred with ouabain and antigen for two-days, washed .then'

cultured with the same or: a different antigen or with mitogen -

for several more days.r Table 3 shows that in such “sequential“,

‘experiments additiOn of’ the 'second, antigen s€111 failed_to;

elicit response,'whfle additibn of HA'resulted,in'the.usualé

e

. .

Ahigh level. of thymidine incorporation. ‘From this et was ! TR *

concluded that the inhibition was . a nonspecific vne., affecting

'

the cells' ability to: respond to any antigen.

c-.

_i , Effect of ouabain alqne day 0-day 2

1:(

Conclusive evidence of this }ack of specificity

came from expen}ments in which cells were cultured with or
.=
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without. ouabain for the first two days of culture, washed
and only then, after washing, challenged with antigen or

mitogen._ In such experiments, as Table 3 3 illustrates,_ “

-
-

. mitogen but not antigen response was: consistently observed o . i
Thus it was apparent that ouabain was affecting some component
of the system.necessary for measurable response to antigen :

-

but not for mitogen Tesponse..

D 3.9 ; Intermission -fl_fi“”“;.".:) SRR f(:"
o - Several possible approaches presented themselves:

at this point in time. One‘simple explanation was that the
drug was killing a large fraction of the lymphocytes, so that
mitogens,:which activate 2 large proportion of cells, still“
- '7']'*, came in contact with a number of sensitive cells sufficient-
| ‘ to elicit a response, whereas “too few cells reactive to any#
' ;y“, one antigen remained to pegmit response.. A massive kllling.
| . should be detectable by simple dye—exclusion measurements of
‘%nrffag?';,viability and by cell counts. Since a major difference in
N tne requirements for antigen “and for PHA stimulation is the' - ‘tf
. need for macrophages in the specific response, the effect of .
QT' ‘the inhibitor on these ‘cells was also an obvious target for-

'investigation. It was*also of interest to check whet?ﬁr this
;/7 df%ferential effect was only between antigen and PHA, or

. could be extended to Qi:tinguish other sorts of specific

1iioz- Bnple MLR)rand

nSpecific (other mitogens) responses.
-«

3.10 iabilitx L : .
' The only easy way  to measure viability in -this

system is to count the proportion of cells with- membranes

-
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‘ the dﬁ% was always over 90% at the stsitjof the experiment

:not ou&bain was included in the culture medium (Table 3 ﬂ)i

fon the basis of low cell concentration (1. e more than 50% \
' from section 3 1. l), this should be reflected in reduced

"numbers in counting.

N . ) : - 6% -

.Ildamaged enough that they ‘do not exclude dygs such as trypan

‘ _blue. In several experiments, the fraction of cells excluding .

1]

and this did not decrease in the first two days, whether or

5

It had been obvious that since Pﬂnifesponse was intact, there
"was not copplets\killing, it now seemed that there was’ not
;_.even a. significant per cent killing, since the lymphocyte -
fconcentration did not seem to decrease during this time. yDye;'-u
”-exclusion techniques do not indicate the fraction of cells

B which have died and disintegrated but Af such cells were in .

"1arse numbers, large enoush ta lose antigen response purely

e T l"'

" The cells, jpen,,seemed.to be alive and well enough :

' to respond to mitogen, but not to antigen._’

3.llf',h Effect of ouabain 0- 2 on uridine incorporation An

'< antigen--and in PHA-treated cells

It .was of interest to. know whether only DNA synthesis
N

was. affected by the two-day ouabain- treatment. Table 3. 5 shows

::that incorp’;ation of 3H—uridine, presamably into RNA was

also differentially sensitive. In each ‘case antigen-induced

..incorporation was reduced to control levels or less, while

the effect on PHA-induced incorporation, while variable, was

in TI0 case drastically inhibitory. Thus,_the drug séemed

'also to be affecting events earlier in the process of o #
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'53;12 ,MacrOphages _'”‘ ' “;f‘ ;“*,'-[1'5'*6

1and without ouabain., They were then recombined, cOntrol

transformation~than DNA synthesis.

.\‘.‘\n

Could it be then that the macrophages were the cells

’

7;;af°ected? The concentration of macrophages in culture is too o
. low to permit direct viability estimates, but experiments were--ﬁ
'?'performed to permit evaluation of their capacity to function.
f‘wafter exposure to ouabain as accessory cells in lymphocyte
::response to soluble antigen. The experiments were performed
'Aas follows.: cultures of “purified" lymphocytes and of
;macrophages were prepared as described in Sections 2 l 2 2.

R and 2.1.2.33 samples ‘of each-were cultured for two. days with

.lymphocytes ¥ control macrophages, lymphocytes treated with

'L‘ouabain for two days + control macrophages, control lymphocytes
"'+ macrophages treated fOr two days with ouabain.‘ After further-
.,incubation, these cultures were assayed for response.- Many

.-difficulties arose with this system._ The first was, inability

to collect enough macrophages to do the experiment in the

_tube culture system. The advent of the microsystem made the ¢

:experiment possible, but the number of manipulations made the

contamination rate for this expi§iment higher than normal.'

The other maJor problem was failure to purify the cells well

‘enough, so that there was still antigen response in the "pure“'

e N

‘control cultures; In such cases it was not possible to . (/'_

¢

' ‘demonstrate that untreated macrophages were. able to reconstitute
' response to control lymphocytes, s0 results from the treated

'population were made equiVocal Table 3. 6 gives the data :

-



-7

-~
D. -—_
- "
-

_'frOm the- macropbage reconstitutionw‘xperiments that gave some
hind of result Although most of the experiments did not give
' '.definitive results in all treatment classes, in several of

A
v

"them, treatment of lymphocytes with ouabain did result in

floss.of antigen response, which was not regained after addition :..E-

' f untreated macrophages. Presumably, if the effect had been-
lf,?ff‘due to inhibition of macrophages only, addition of untreated
B '.cells should have enabled the lymphocytes to respond (assuming
that in these experimentS'the macrophages ‘as’ isolated were
}functional)-- In fact in the two experiments (B and C) in.
'ywhich the macrophages were shown to reconstitute response in
f:purified cells, the results with ouabain—treated cells supported
\':f‘the above interpretation.. ,l :“A'.‘_‘ f;"”-7_f"f'_:"f?' :
Thus, considering the observations of Rosenthal v
et d1L (19?2) that high concentrations of ouabain did not
:V.e']affect the ability of guinea pig macrophages to present .
:.c immunologically relevant antigen to lymphocytes, as, well as ,;
"the above results, 1t seems unlikely that the site oﬁ,our -

'differential sensitivity is ‘the macrophage rather than. the

| . e 1ymphocyte. o
RS
L . . : N - o
ff- 3.1 Dther mitogens and ouabain ' _
CVeml .
3%%, S Figs 3 lﬂ and 3. 15 show*that lymphocytes stimulated

'by PWM or Con A and in the MLR had a sensitivity to ouabain )
comparable to those stimulated by PHA and antigen. Quastel :
(170) also showed that the MLR was similarly inhibited) .
The effect of prolonged treatment with the drug (from _

initiation till day 2) 15.shown in Table 3. 7 for the mitogens

and in Table 3.8 for the MLR. ‘f - o ;:T.‘

‘7'-. o ' " . s

i
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o 3.13:1 Dther‘Mitogens | N L 3‘ : ‘ -Q"'

”‘:" P

'ouabain on mitogen response varied among the five experiments’

.

shown in Table 3. T Th Pﬁﬁﬁiesponse was reduced in 3 of the

periments by 20. to HOS, was unchanged in one and - in another‘”

‘

was increased,by 40% COn A response was also reduced in

S e effect’of a two—day incubation with. 2 x 10‘7 M N

7{£=2.“§\ the same three experiments, by 20 to 50%, and ip the others'f' R

was unchangéd Response to PWM was . decreased in four of the gfwu:
five experiments, by 40’ to TO% in the fifth it was increasedﬂi';
by ho% f“.-ff“”'*f}'ﬂ_ _"jﬁ--{ IR

‘u

Thus, Con A seems comparable to RHA in its resistance

_“,

to ouabain inhibition, but PWM is apparently more sensitive.“_ a

. It was not howeVer, as: sensitive as was antisen response,

\

T 'in none of the - experiments was PWM—induced 3H—thymidine

incorporation reduced to. the level of the controls. -

Ao It. was of interest to determine whether the MLR &
;.fd.‘ B somewhat differeﬁt specific response, was affected ‘1ike antigen
.A"l' or like mitogen response. A MLR in which the” cells are mixed

. ~\Sn day 0 and cultured with ouabain until day 2 was affected |
e imilarly to the antigen-treated cultures i.e.. irreversibly o
e inhibited.. (Table 3.8). However, since the MLR involves two
;:" separate events, stimulation and response, it was of interest
eb know which of these was inhibited. Attempts to perform
one-way MLRs after two-day preincubation, with or without f" p
ouabain (using mitomycin-c as inhibitor of thymidine incorporation

."in the stimulating cells) were unsuccessful for reasons

Ty
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'—'.— 80 =
;unknown. We were often unable to get even two—way reactions
in cells mixed after two days in cultnre,_with or without
fouabain The results of one variation of .the MLR involving
‘:preincubation with ouabain are shown in Table 3. Sb In these-'
‘eiperiments, cells frOm donor A were incubated with or without
".ouabain for two days then washed fresh donor B cells were fﬂ“'
, .then added This combination did result in some response,'

‘in two experiments, preincubation bf A ceils with cuabain '

;did not diminish the responSe, in the third the incorporaticn

“'“is rather close to that of ‘the - control although still higher. Jit'

.i‘ Thus, although the two-Way (mixed day 0) reactions show that .
| least one facet of ‘the MLR was irréVersibly inhibited the :
. .latter experiments show-that at least one was not inhibited

:-;In these, the response must represent either A's, unaffected ;'

-

ir\response to B or" A's unaffected ability to stimulate B.-. _;

e Thus, although the MLR is a type of specific
'reaction, and was similarly sensitiVe to prolonged exposure :
‘to ouabain, the inhibition did not affect ‘both the response

*.to foreign cells and the ability o stimulate those cells.

The experiments to distinguish between these were not one

in this laboratory and will be: included in- the discussion.

Ié.lhll- Other ATPase inhibitors-—do they haxe the same. effect°

- . It was of some interest to discover whether the
effect of the ouabain wWas. specific to that drug, or whether

| other drugs which inhibit ‘the Na qK -ATPase had similar effects.-

Quastel (1970) had *already found that digoxin but not digitoxin

gave inhibition curves similar to that of ouabain for PHA



i..?j;. - 8L -

"stimulated cells Figs. 37 15&, and 3 l?a o shou_the effects

- of digoxin and of acetylstrophanthidin on PHA- and antigen— .

'treated cells., Digoxin again was effective at concentrations
similar to ouabafn, while somewhat higher concentrations of
AAcStro were required to give the same inhibition. Diphenyl-g
o hydantoin was also tried over a concentration range of lO -
tq-10-6 M, but had no inhibitory effect. | |
o The efiect of including the inhibitors in “the
‘.culture medium for the first two days, then washing to removemg'
1"them is shown 1n Table 3 9 The concentrations used were'
‘different in each experiment (for digoxin and AcStro), depending-
J'on the sensitivities of the donors In experiment a, response
3to SLO was irreversibly lost while response to PHA, although .
. decreased, was still present., In experiment B, responses “to. i
"SLO and VAR were eliminated, while PHA was if anything \'“ .
increased after ouabain and AcStro treatments and much decreased.

'but still in evidence after digoxin treatment. In C response

' to one of the antigens, VAR .was much reduced although not (\‘

L completely eliminated by digoxin and AcStro treatments, while

- SLO response was unaffected as was. PHA reSponse, probably .

'because the concentrations were not quite high enough. ' o
However, it daid seem that with appropriate concentratiOns of.
these drugs, differential sensitivity of antigen and mitogen
'response could be demonstrated. This indicated that’ the
'.ouabain effect was not specific to that drug (and therefore

" not a result of its particular structure or binding prOperties)

andtsuggests that the important feature. 1s inhibitlon of the
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'-'have in common)

. membrane Na —K -ATPase (since that is what these three drugs‘

‘\_.‘

: ‘3.155. Surface Effects | _
7.;""' One. explanation for the difrerential sensitivity

:could be that the drug affects surface components responsible ;

'stgpfor antigen response, while leaving relatively unaffected

‘those components which bind and/or mediate response o’ PHA
. and other mitogens. Surface immunoglobulins are generaliy
-‘considered tobe receptors for specific antigens, so it would'

' ‘be of obvious interest to see whether such a surface

"fcharacteristic as binding of anti-immunoglobulin'would be

affected by the two-—day incubation with ouabain,

l'%r- As can be seen in Table 3. 10 cultures exposed to

houabain, even at high concentrations (up £0 h x 10 ~6. M)i;'
"exhibited proportions of cells binding‘fluorescent anti-:.
'L“immunoglobulin similar to the proportion in control cultures.
'In a. tew cases there appeared to be an, increase in the fraction'.
of cells binding the anti-immunoglobulin, but without a great :
_deal more . data no quantitative comparisons can be made.
However, it can be seen clearly that’ there is, after ouabain
’ preincubation, no significant loss of surface immunoglobulins,l
'_.nor of cells from the population which bears surface ; ‘
immunoglobulin. ‘ ' - :

These experiments were not designed to reveal subtle
‘thanges in distribution or amount of surface 1mmunoglobulins

which could influence responSes,
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VEe

‘-'cells to Sepharose beads with PHA, COn A or - PWM coupled to

'“-surfaces. :

"loss of response.%.ﬁ

’day treatments reduced counts to control levels
5

[

-~ 89 -

An etperiment was also done to compare binding of

‘fithem.(as described by Greaves .and Bauminger, 1972) Although
jthe method was not quaﬁtitative, control cells were seen to_p
:'.bind profusely ta the Con A and PHA beads,_but hardly at all

| ':'to the. P\m beads.‘ Cells incubated with or, without ouabain

‘ff“,COn A beads. This was taken as - further evidence that the '

v

' ,treatment did not result in generali’ed disruption of cell

.

-~

'jf Thus, although & subtle~surfaoe erfect is not B

'rexcluded by these experiments,_it seemed that a general loss

of'surface receptors was unlikely as an explanation of the‘”"

e
b

Lo
- .

+3.16 VEffect of length of exposure and concentration of

ouabain on reSponses to antigen and mitogen

’7 esponse

-

' Since two days is .a long time to expose cells tO'

an inhibitor we wanted to knOW*whether a shorter incubation h

[} -

fwould‘have any effect. In 12 experiments, .shown in Table-

3. ll in which 1 and 2 day treatments were compa;ed, the 2
in all- but

two cases, which were reduced by 70 and 90%. The one day

»treatments showed great variability in effect: 4 were .

reduced to control level 3 were unchanged and the counts o

‘in the other 5 were reduced byu30 to 85% Thus, there was’

n. v :

(2. x lO ? M) for two days bound equally‘well to the PHA and o

AN

~3.16.1 Effect of one day exposure to ouabain on antigen o
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wol T ; 9‘1' -
"generally a diminution of response even after a one day
exposure But the effect was not usually ‘30 drastic as was .

;that of & two day treatment

The above experiments were done using 2 x 10 ? M

- ouabainr—would a. higher concentration have a more consistent -

effect with the shorter incubation°' In the 8 experiments in f
',wnich both 2 and 8 % 10 -7 M ouabain’ were used (Tadle 3.12),
rthe higher concentration eliminated response in all cases,_.v

: fwhile the lower accomplished the same in T out of 8 with a.

".‘ftwo day exposure, but only 4 out of 8 after a one day exposure._-7

~

‘ﬂHowever,_in 5 out of 6 cases the one-day treatments with the
L“higher concentration also eliminated PHA response, so this K .'

A'shorter harsher treatment could not ‘be used\to contrast

“yfuantigen and mitogen responses,'

Y

3;16,2 Effects of two day exposure £o. different concentrations -

‘of ouabain On mitogen and antigen responses

The only experiments discussed here are those in
‘which more than one concentratiOn was tested

PHA response (Table - 3 13): Of seven experiments, 8 and

H x 10~ ol M reduced the incorporation to control levels in all
"buﬁ one case, which was unchanged from untreated levels., Two,
- x 10 7 M had the usual range of effects, only one reduced to
: control the others from 50 to 200% of. untreated counts._'Inf
‘four experiments, 1.5 and 1 x . 10 =7 M had a range of effects
similar to that of 2 x 1071 M. Thus,'concentrations slightly
higher ‘than the usual were inhibitory, while concentrations

'~ slightly lower had about the same. effect. C
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lAntigen respon (Table }l#) In twelve and 6 experiments

.,'
-

'{ lrespectively, the two higher concentrations reduced

,;incorporation in all cultures to control level The usual o
'ﬁftdconcentration, 2 % 107 “T u, reduced all but one Of the twelvé:"“ffj
;fo-control that one. was reduced to less than 0% DT ts o
t*untreated value.f The next concentration, 1.5 %107 7 in
'“Tthree experiments brought incorporation in all culxures down
SR to the contrcl level., The 1owest concentration used in these
.gexperiments,_l x 1070 M did show some variation, from no . "
.ft.effectato complete inhibition«; It seems, then, that there is f

'=;still an inhibitory effect on the cells of some donors even

downtto lO -7 M‘ and with all tested even’ at l 5 X lO ‘ M.-'

' _3 16 3. | PHA and 2 % 10~ 7 M ouabain -— variation in 'effect

- In 66 experiments in which cells were incubated

for two days with or. without ouabain, then treated with PHA

f

dthere was quite a bit of variation in the occurrence and in

,'_the severity of the inhibitory effect.' In 30 experiments,

there wds no significant difference between rates of thymidine

K incorporation in control and ouabain—treated cultures._ In: 20
‘ﬂexperiments the- ouabain treated cultures incorporated quite a
i bit more thymidine than did the controls._ The 1ncreases
‘ranged from 2 to several hundred times, the*latter usually
Awhen the coutrol counts were very low, particularly after six

' or seven days in culture. In 11 experiments, PHA-induced

counts were decreased 50 to 80% and in 6 of the 66 experiments,

"t

. the incorporation was’ reduced to control level or less. .

' Although the ouabain affected the response in 3670ut of 66
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T
¢ésés; it'causedvinhibition on the scale"of-thatfcommon;torh
"pantigen respdnee-in only sfcaSes.-»mnié veriabilitg”may-bev
due in part to different sensitivities of ‘the donors to the o
f_rdrug, as well as: to the varying levels of contaminating non-. ;,f

o -lymphoid ouabain—binding cells in the cultures.

-,

3.7 Ei‘feots of K on. ouabain inhibition _?*-f' L

R As was previously described (eection.3 M), high h |
.'ifconcentrations in the culture medium served to antagonize the

'Q-'ouabain inhibition of precursor incorporation.' It seemed

-'f:Vlogical to investigate the effect of increased K concentration

| on the lingering inhibition of antigen response after prolonged

'frexposuﬁk to ouabain. ,.!ff3 ”*Lfrff'
L s o ’ '

- Table 3 15 shows that . for antigen activation, the : ? :
s presence of 26 mM K in the culture medium during the two day -
i exposure to ouabain did not protect against the lingering '
inhibition. If we were concerned with a simple competition
jrbetween K ‘and ouabain for binding sites on the membrane
enzyme this would not be the result one would have expected. s
. However, Allen and Schwartz (1970) reported that although K
ldid antagonize ouabain binding to a calf heart entyme ‘
zpreparation, the ion did not. prevent binding of the glycoside
but only slowed the rate at which the maximum was reached. o
. Thus, the two ‘day incubation may be long enough to permit _
maximum binding of-ouabain regardless ‘of the K concentratiOn.
: Inclusigh of K had no effect on PHA response, which;

Was. generally not affected by the ouabain treatment

In the, next experiments, the cells were incubated
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.

- for lack of recovery'S?hant g"

SRR 3

'in'the'usual‘manner with onabain for two days, then,.in‘the.\‘

replacement medium after washing, were. given extra K (20cmM)

\This treatment also failed to assist recovery of the response f
‘*:j(Table 3 16) Such a result might be explained by the finding‘ff
"c'of Akera and Brody (19r1) that K . when added after formation'

'5Ktaof the ouabainqenzyme compiex, st&bili ed that oomplex and .

”'finhibited dissociation of the ouabain from the complex.,

p-lftl- Effect g;z% on ouabain inhibition or PHA response

As was previously mentioned (section 3 15 l), a two

: day preincubation with 8 x 10 7 M cuabain. did sérve to inhibit
"PHA response.? Seeking to compare this inhibition with that
3,of antigen response, the experiments described above were

_'repeated using this high concentration of ouabain and PHA.“;

Tables 3 17 and 3 18 show that although inclusion of high K

Hduring exposure to ouabain did not prevent inhibition, addition
. of extra- K ~after washing out the ouabain did allow the | _
H _response to be recovered., Thus it seemed that the- effect onap"

- PHA response is. 2~ more easily reversible one than is that on

antigen- * This result is compyyible. with the above explanation
response under the same

conditions if one assumes that PHA causes conformational

. changes associated with uncovering of cryptic K transport

,,sites as ppstulated by, Quastel (1970)

This result also militates against the hypothesis-

»that the inhibitory effect is- exerted by cell killing.
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. '3.18.. . The effect of pre-incubation in. K'-free medium. on

'-response to ant_gen and Lo’ PHA j: ; S '_‘ - ' s“l_s'

e If the effeot of the. ouabain were. to.deprive the
'{1lymphocytes of the needed level of” intracellular K*,-it' :
Jseemed worth checking whether the inhibition would also be
2observed fpllowing prolonged incubation in medium devoid of
'phg.{ Table 3. l9’shows the results of such experiments. The '
| .first experiments were’ne witn autologous plasma in the
qulture medium, which could have contributed a small amount
61 f K . Sinceithis treatment did notfseem to have the same“
",_effect as ‘aia the parallel ouabain treatment the latter - .
'oexperiments were done with the two day. incubation in plasma—
'J‘free medium, for: both control and x* -free cultures.‘ This made'l
;dno difference.f Of seven experiments, in only one was, reSponsei'
5to antigen lost after incubation in K -free medium., Thus, it
appeared that the effect of K -free medium was not experimentally,
,.comparable to that of ouabain. This was tested by setting
up control cultures, with antigen or mitogen, washing them,
' two days before harvest -with K -free medium, and reincubating
'ﬂthem in K _free medium for the last two days.: Table 3.20
hows that this treatment did\not affect the PHA response at

'

all while a parallel ouabain ‘treatment did. In one of the

.‘: experiments, the antigen counts, which had been fairly low,

e
. were reduced to control levels. In ‘the other, antigen response

. + .. - S
.Was not reduced at all. Thus incubation in X «free (even when
.-'plasma-free) medium was not equivalent to incubation in a

standard medium.with ouabain. It 1is possible that the cells
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‘were able to maintain their intracellular K by continuous
7rpumping, especially since the rate of leak is relatively
slow (Quastel 1970) In this case, the intracellular K
?lawould not be much reduced;\while in the presence of ouabain,‘;.
it would be reduced to the concentration in the culture

N

medium (about 6 mM)

a;Discussion A L . :
: | This work was begun with the intent to extend to B
- antigen stimulated cells the observations of Quastel (1970)

' 3'on the effects or ouabain on PHA-treated lymphocytes., These‘:

fjobservations were, essentially, that the specific inhibition-“'-th

of the membrane Na —K —ATPase resulted in a profound but :
-a reversible inhibition of all parameters of PHA induced blast-
‘transformation. Quastel (1970) proposed the following

;hypothesis-to account for-these results; An early effect of

PHA could be induction of cOnformational changes of proteins"-

in the'cell membrane, leading'to activation of K transport
. and thus to increased levels of K in. the cell ‘which would
be necessary for cell’ enlargement and for activation of

: metabolic processes during transformation. Ouabain, then;
would simply prevent the increased K transport, thereby
'preventing subsequent developments.

Antigen.binding to the cell surface would be

'expected to cause perturbations in the membrane different

from those induced by binding of 1ectin.‘ Such perturbations

- might or might not lead to conformational changes associated

1]
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.with an increase in the number of available K transport
sites,_although the activated cell would be expected to need

':additional k¥ 1n order to increase in size and metabolic

-”activity.' Due to the low number of responding cells in

' ,antigen—treated leukocyte cultures, at least in the critical

'Jf'?‘iinitial stages, 1t would have been difficult to measure

-,

“changes in K transport directlyc‘ However, it was possible

q'-v'ffto study the consequences of inhibition of K transport by

T

f';ouabain, especially when response was assaYEd at 1&ter Stages |
‘T(such as. at’ DNA synthesis) | h; | |
T o L The first experiments suggested that ouabain

";?affected antigen response in much the same way as’ it did :

J.response to PHA. Equivalent inhibition of DNA synthesis was

ﬁiachieved at similar concentrations and the inhibition was

'fantagonized by increased extracellular-K .. HoweVer in one -

‘iaspect of the inhibition the response to antigen differed

.ﬂ‘markedly from: that to mitogen._ This was in the reversing of

'linhibition by washing theé cultures ‘to remove the. drug. When
"this was done after a prolonged incubation (two days), mitogen.-
.but not antigen response was recovered. Although there was
'some variahility in the effect of this treatment on leukocyte
-reactivity, generally there remained virtually no response
:to antigen in cultures preincubated for two days with the ‘
' udrug (at 2 x 10 -7 M), whereas response to PHA was nearly
-always in. evidence, although ‘sometimes. reduced or increased.
This finding indicated a difference, either in the

requirements for stimulation or in the events following
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stimulation, between responses to antigen and to PHA It was -
then shown that this differential sensitivity was applioable
to the MLR (which was 'as. inhibited as antigen response) and-
to other mitogens, PWM and Con- A (response to which was ﬂ7'f

r o

L demonstrable after ouabain pretreatment)

 Effect. of % on the’ inhibition c,if'ﬁii RS

The most likely reason for the effect of ouabain .
% .

L is the depletion of intracellular K ‘which results from in— o o

'.-”‘\,‘ e tem -._._
R e i

: i activation of the Na -K pump. It ‘was not possible to reverse

'{ or to antagonize the effect of preincubation with ouabain by

including up to .26 mM K in the culture medium, during or “f17:

following the ouabain treatment.' This K concentration was
f sufficient to prevent ouabain inhibition during the last 2&
‘W*hours of response, in,the early experiments. However, this

rﬂ_may not be surprising in.view of the reports that in isolated

: membrane preparations, K antagonism cannot completely prevent
ouabain binding, but can oniy decrease ifs rate (Allén and '
Schwartz,.1970). Thus, over the long incubation period in
these experiments sufficient ouabain might even in the
presence of high k* bind to the membrane sites to cause the '

~effect responsible fqr loss of responselto antigen.. Quastel

| (1974) founa ‘that eroess K4‘could prevent binding'of '
3H—ouabain to PHA-treated lymphocytes ‘but could not reverse
it, over periods of one to two days.- However, even the
prevention of binding was incomplete, and the experiments'

: were done with a ouabain concentration of oply 3 x 10 8 M

and 2 x* concentration of about 24 mM. Fallure of k* ,to
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'”iaccelerate dissociation of bound ouabain may be explained by

B ]

:f‘certain results from isdi%?ggmmembrane preparations Akera

~and’ Brody (1971) ‘have shown that K s when added after the'

ji'ouabain is bound to the €nzyme, serves to stabilize the ff"
h complex, thereby slowing the rate of dissociation of the‘SL\7 .
Tldrug. i ."_;.;ﬂ:;‘ 'f'i _7'“‘;' ' S

Unfortunately, the relevant biochemical studies

7'?}‘have been carried out over time periods of minutes or hours,

'hi'not days, SO there is no detailed information on drug—enzyme;

"interactions over the time period that is important in this -

]work. Even the few tissue culture.studies (such as Lamb and

"‘McCall 1972* Vaughn and Cook; 19?2) did not involve exposure ].;_'

'to ouabain for*more than 2h hourst‘ It is therefore difficult
'w:to speculate 'as- to the interactions that might have occurred }{f'

‘flduring the. lengthy treatment used here.’

S There 1s of‘course the possibility that the effect
' ,of ouabain is.not mediated by depletion of cell K‘. It is-
known that the drug remains largely on the outside of the'
:cell bound to a’ component of the membrane. The inhibition
".could therefore be caused by the mere presence of the
“molecule, perhaps interfering with the binding of antigens-:
"to their receptors, or, in the case? of the MLR masking |

surface characteristics by which the cell 18 recognized as

"foreign - Or. it could by its bindipg prevent rearrangement ~.

of surface molecules following contact of antigen and. cell.
'-Although the ouabain pretreatment did not affect binding of

'immunoglobulins_ nor binding of cells to sepharose-PHA this
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ﬂkind of effect could be more subtle, not - detected by studies
j:'of this nature._ e f; :f’_"f" ".'}'i.]' *gn

| In addition, Leu et al. (19?3} had evidence that
"?ouabain could.affect migration of guinea-pig macrophages in ‘Cf )

;’a manner which was unrelated to Na -h ion exchange, they ;

“f}ffpostulated that in this case the drug might directly stimulate

'p‘ﬂactinomyosin contraction mechanisms. Information on effects

7;of ouabain not directly resulting from its inhibition of the

' ffNa -K pump is scant the drug has been implicated in :

o ftransport of Mg (Beauchamp et al., 1971) and of glucose

ﬂ~J(Bronstead, 1970 Ward and_Becker, 1970) but these are not
hh,well—defined phenomena.‘i" i | ; | |
N 1d Clearly, it would be - difficult, with the present
.]famount‘of information about ouabain interactions with o
fmammalian cells, to hypothesize a particular mode of action )

f_not relatkd to its effect on K transport..‘.

Is the macrOphage function affected by the ouabain treatment°

One of the important differences between specific and
'non-specific response is the requirement in the former- for
' macrophages (section 1.1.3.1. ) The data obtained suggested
ﬂthat these cells were’ not the target for the lingering ‘
inhibitory effect, since ouabain-treated macrophages were
_able to restore antigen reactivity to macrophage-depleted .
.'lymphocyte cultures, while untreated macrophages were unable
to restore reactivity in ouabain—treated lymphocyte cultures.
This‘conclusion is\supported_by the finding of Bosenthal‘

et al. (1972) that5ouabain,'at.concentrations which inhibited



h transport had no effect on the ability of guinea pig -
macrOphases to present immunologicaiiy relevant antigen to .

lymphocytes. Thus it seems we must look to the lymphocyte'_

- as the site of the diffef“htial sensitivity.

7,} Does the ouabain sffect only T cells.or. Only B cells”I_ o
| ' One obvious possibility was. that one: could attribute' )
this difference to the activities of one or the other sub-',

,population of 1ymphocytbs. The sum of recent evidence .

suggests that in the MLR: it 18 predominantly the B cell which G

stimulates and the I cell which responds (Lohrman et al., ir‘n':l-

197u a, b Lohrman and Whang—Peng, 197&). , Since preincubation:f'
with ouabain affects stimulation but not response in the MLR
(Sasportes et al., 197&), one. is led to suspect that the B

i cell might be the specific target of the ouabain effect This
hypothesis is fortified by the observation that PWM response

o was rathef more sensitive than were PHA and Con A response";

to this treatment, since ?WM response includes a B cell '

component as well as T ell activation. Proliferation induced

by PHA and Con A is\apﬁ;rently almost entirely of T cells,fi
(Greaves et al., 1974 a b, Geha and’ Merler, 197H) However,
such evidence as. exists suggests that T cells are also '
prominent in the proliferative response of human lymphocytesl

' to‘soluble antisens‘(Geha et a1.,.1973, Gela and Merler,
1974; Smith and Haegert, 1974). Thus, if ‘only B cells were.
irreversibly affected by the drug, one would expect at worst'
an effect on antigen response simi ar to that on response to'

| PWM, il.e. 1f B cell‘proliferation.were_eliminated, total;
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‘:l:response might be reduced but there would be a residual

- response, due to the unaffected T cells, which also respond

'to mitogens. But althbugh PWM response was reduced in some eh?'

"Tuf-cases by two-day preincubation with 2 x 10 7 M ouabain, ~'[‘”i

'antigen response was’ eliminated in’ nea:ly all cases by this

treatment. It therefore ‘seems unlikely that the cause of

;“loss of response is due solels to a selective suppressive -“

.\’ [N

.effect on B cells.5”:

 Is there inhibition of synthesis of ‘a secreted molecule°

CAn alternative hypothesis to account for both loss
:of response to antigens and loss of stimulatory capacity in
"leukocyte cultures is that the metabolic shutdown effected
.fby long exposure to ouabain prevented the synthesis, immediately

© upon contact of cells with antigen, of an essential “message“ -

required fo s imulation in the MLR or for‘"rebruitment“ in

'the response‘to 'tigens. Parsa and Kountz (1974) have shown;

that Py number of n wly synthesized proteins are released into-
. the. culture medium in the first few hours of an MLR and that
‘this early synthesis must take place for stimulation to occur.,
‘.Many authors (beginning with Easakura, 1970) have presented
ievidence of the release of “blastogenic factors“ into culture.
medium by lymphqcytes activated by various means (sectiou ,'.
1.2.2.1. y. Schellekens and EiJsvoogel (1971) had evidence .
that recruitment by soluble'factors during the first.days of
culture with antigens was a eritical factor in elicitation of

a measurable response. Valentine (1972) was able to dlssociate

. proliferative response in cultures of antigen-treated human.
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"1eukocytes, frcm production of “lymphocyte transforming

At

'factor" Perhaps in these important early hours of response
" “the. cell might not have recovered enough of its faculties to‘of
_yprSEuce these proteins for release intd the medium., In this
f['case, the lymphocytes could be capable of developing response 'ff
]_i_to antisen as cell K was restored but ‘the low number of |

:E”fliicells involved would not be detected in this culture systemc:'x
‘-;; SOme attempts were made to study this possibility, but we’
1_;were not able consistently to, obtain_a.“recruitment“ factor f!
g'~from antigenrtreated cells Supernatants from PHA—treated
c'cells did cause stimulation of DNA synthesis in homologous
‘cultures, but neither the production of nor .the response to

,these supernatant factors was affected by two—day preincubation

with ouabain (2 x- lO - M) This result suggests that failure -

fto produce or to respond to recruitment factors Wwas, not the"n”'

n cause of the differential sensitivity. It does not exolude

"j'a difference in production of‘recruitment factors between

A'antigen-treated-and mitogen—treated‘cells.

-~

»

Is' this an effect on a surface component°"

One tempting hypothesis is that the ouabaih may-: be‘

affecting synthesis of a surface receptor for antigen while

having less effect on synthesis of the surface components

"

which bind plant 1ectins aUnstimulated lymphocytes have a~

constant low rate of turnover of membrane components (Cone )

(

et al., 1971) some of these, including immunoglobulins, arel

. shed into the medium and must be replaced FVitetta and Uhr,

'1973). Since k¥ 1s important in protein synthesis its absence

-
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"could affect‘replacement~of'shed reoeptors,ﬂthJL"affecting

- ability to bind specific antigens. . on the other hand, a B

cell might be able to suffer the 1oss of many of its lectin \k*'
receptor sites and still be able to bind sufficient mitogen

“to induce activation“ For example, Andersson et al (1972)
measured the bihding of radiolabelled Con A to mouse thymus
lymphocytef and found ‘that although maximum binding was

107 108 molecules per cell, onIy 3 105 of the . receptors needed

to be occupied for optimal stimulation

- An. effect on.surface receptors might be expected

_to‘befreri_ \:le, so that when the ouabain left on, the cell

after the washing has dissociated and the intracellular K
has been restOred new receptors should be synthesized and
inserted into the membrane and responsiveness restored.‘ This _f
kind of effect was demonstrated by Milton and Mowbray (1972)
using Fraction C a component of bovine serum, to - suppress

reversibly, responses of‘human lymphocytes._ This substance
had'd'rapid inhibitory effect on secretion of antibody by

mouse spleen cells (2 hours) a slower effect on binding of o

anti immunoglobulin or PPD to human cells (2 days) and a.,;

" much’ slower effect on PHA binding andtresponse (4-5 days. f S

preincubation with inhibitor required) - They suggested-that

g Fraction € was acting at the level of mRNA synthesis and that

the different rates of disappearance of. the different functions

were related to differences in. turnover time of either the

"molecules themselves or of their mRNAs.‘ Unlike the case of

Fractionlc, a two—day,preincubationﬂwith ouabain did not -
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‘“observations o

‘capacity in both cases.‘

‘_ concentration -(10

‘case of antigen response.
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"Tresult in a general loss of anti-immunoglobulin_binding :

B Lcapacity in the cells, nor was the effect freely reversible.

_ This kind of hypothesis could account for the

portes et al (lQTH)-concerning the effect ;“

of preincuba i h ouabain on the MLR They were able to

extend my work (snowing that the two-way MLR was: irreversibly

"-"inhibited by, this tf'eatment} to show in addition that in’ one-

flway reactions,.stimulation but not response was affected.

=

This was in contrast to the effect on response to soluble

"fantigens, but could be explained by a differential loss of .

Pyeeti IR

psurface components, in this case loss of the molecules which. ti
g ‘are recognized as. foreisn by heterologous lymphocytes.n Thise
°;~was the explanation offered by Opelz and Terasaki (lg?&) for;
‘Tﬂ”their finding that mere preincubation for long periods (k orl.f.
-'c'more days) resulted in loss of_stimulatory abilities but not J;
of response in}the MLR.- Thus failure to replace shed membrane'r

icomponents-mzyjaccount for selective 1oss of stimulatory

However, the same mechanism may not account for 1oss

Hof responsiveness to soluble antigens. In both of the above
Lcases, response in the MLR and therefore the ability ‘to _f.

frecognize and respond to foreign antigens was not lost. In |

addition, the consistent inhibition of stimulation in

" the one-way MLR requires incubation with a higher ouabain

‘\
-6 M); two-day preincubation with a lower
concentration (10 -7 M) even enhanced the stimulatory capacity

of the cells.. The latter phenomenon was not observed in the
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The effect of ouabain which results in. enhancement

“fof stimﬁlation in the MLR may or ‘may ot be similar to its
| inhibitory effect at higher concentrations . For example, the.

;-firreversible inhibition might be due to irreversible in—

-

_activation of a critical enzyme sensitive to intracellular
"ﬂK levels. - At the lower concentration of ouahain, which would
f.5not completely inhibit K transport the enzyme may be ,".'

.;inactive only as long as the bound ouabain keeps intracellular i'

. . B

j.K suboptimal After removal of the ouabain and restoration

of normal cell K there might be an overshoot in production

: in the arfected pathway, due to accumulation of‘intermediates

'- ' !.'

"prior to the site of the block or. of enzyme subunits which

B might-result in enhanced stimulation. On-the other hand

elthough treatment with the high concentration might result

'in a depression of cell activity, the lower concentration,'--‘V

»

“not- being completely inhibitory, might act as 2 localized N
. inJury t?the membrane (cf Vaughn and Cook 1972) The*
B repair of this injury might involve synthesis of new: segments

and their insertion into the membrane. Such additions might .

iresult.in increased stimulation via, for example, an increase

- or rearrangement of the surface components that act as

we’ haVe discovered a simple treatment using a

'drug with well known properties, which distinguishes between

'.antigen and mitogen stimulation of . human leukocyte cultures.

A two-day incubation with ouabain, a specific inhibitor of.

the membrane Na -K ATPase, results in- virtually total 1oss
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,of antigen.but not mitogen resoonse ES have shown that
S -‘f" the irreversible inhibition is not due to cell killing, nor

: B to inhibition of macrophage function, nor to a generalized
o destruction of cell surface;characteristics.' The inhibition
was. neither prevented nor . reversed by increasing the external
ﬁff; .‘ngi concentration up to 26 mM (added during or after the

ouabain treatment), but since this was a long indubation this

SR does ot necessarily exclude an inhibition mediated by

| depletion of cell K ' :; .ghf.l"e.,-‘~“ .

o This differential sensitivity to an established |
_fdrug may have potential for exploitation in clinical situations.a
'-It has . already been extended by Sasportes et al (lg?h) to
. show that in the one-way MLR the capacity to stimulate is n

a_l;_;l' ehlirrexensibly lost after pretreatment with ouabain, while the

In the To

ucapacity to. respond s unaffected..” ' "'-f' -3:‘- f
wing section, I shall discuss some of

“the possible approaches to ‘be taken ir one were to continue-

: this study. ;-~-:1‘._ '. f S e oo

Direc ions.';'
‘ - Since an effect on surface structures could be
“both subtle and pleotropic, approaches which would detect
slight changes in, for example, antigen binding ‘would be
informative. Recently, Hersh and Dyre . (197&) have-been dble
"to study - binding of keyhole limpet hemocyanin to human '

phocytes, by coating RBC with- the antigen and counting
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‘treatment. One might also check rosette formation in ouabain'.
| pretreated cells, as ‘the complementary study o that on anti-il‘
immunoglobulin binding‘ And kY microscopic study of for
example, cap formation would indicate whether the bound

';"inhibitor exerted its effeot on movement of membrane components.'

| ‘ o Since Sasportes et al: (lQ?H) found that the '

ﬁf.sensitivity to prolonged incubation with ouabain lay in the
:}stimulating cells and since the macrophage is very important
in the MLR (Aﬂter and Bach 1970) one wonders whether the

‘ability of the macrophage to participate in’ the MLR is { - :T":[

'Laffected by the: inhibitor,- Marshall et al. (1966) and Rode

"':and Gordon (1974) have reported that cultured human macrophages

-ean. be used as stimulating cells in the MLR this would seem, to

',;be a ccnvenient one-way reaction system in which to assess

L"macrophage function after long exposure to ouabain. .
| ' Separation‘and selective stimulation ‘of T and B
,cells would clarify whether one or‘the other was qspecially

sensitive to the effects.of ouabain. These experigents might

-

"also shed some | light on the interactions of these cell types .

~in response to antigens and to heterologous cells in culture. N

The effect of K on this inhibition might be further

A
investigated using 2 variety of home-made,media including

" those with very low and . very. high (up to 100 mM) xF con-

4

' centrations.- I o
The specific effects of the treatment on cellular‘
'actifities could be assessed. The possible enzymes affeqted

;may be too numerous to study, though perhaps some of those
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