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SUMMARY

Durham, in a review published in 1974, presented thé following
hyfotheses concerning the factors that control ambebqid movement: (1)
_ éctin ard my§sin are present in al1 cells: that exhibitvamoeboid moﬁe-
'ment and, changes iﬁ the internal [@a**] regulate contraction, (2) fil-
aments ofvactin and myosin form ah intimate association with the surface
4m¢mbrane and depending on the iodal (@af* ’ the'filaﬁents can cause the
membrane to relax or become rigid, (2) cattrluxes across the external
membrane (viz. efflux and influx) regulate the state of cOntfaction in
the proposed actinomyosin—surface membrane network and, (4) such catt
fluxes operating acreoss the mcmbfane manifest themselves (especially with
slime mowld plasmodia) as waves of adhesioh running across the uﬁdersurface
of a cell and aid in movenent, | |

A working hypothesis, that encocmpasses the ideas of Durham,
is that ca*’ entry and efflux across the external membrane control such
cellular pfocesses as extension of pseudopodia, exocytbsis, endOCytosis
and the direction of movement (chemotactic response) of amoeboid cells, .
In thg specific case of slime mould plasmodia, which best exehplify all
~of Durham's hypotheses, the simplest hypothesis to éxplain the conirol
of chemotaxis is that attractants (sugars, food,organismé) cause a Ca™t
efflux across the membrane and a subsequént movement, fofwafd.. Repellents
would act in a reverse manner by causing CdFF enﬁry, This hypothesis also
allows foxr the existencs of a Ca++maccumu1atingvOrganelleo This 6fgan»
elle might replace or act in concert with the proposed Cd+f fluxes across
the extérnal membrane., The in&estigatibns reported in this thesis were |
devised to examine experimentally this hypothesis. The results may

be summarized as followss
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1, Plasmodia submerged in an aqueous enviromment have a ﬁormal catt
efflux'that continues’fbr the 1life of the plasﬁodia. Chemotactic attracte
ants and other chemicals:may evoke é éudden increase in the efflux rate
" but this event is transitory and con#idered to bé.an artifact, Beyond
that, attractants do hot produce any significant long-term changes in
the Ca'™" efflux rate. This observation disproves the hypothesis that
attractants Affecﬁ the external membrane and cause an increase in Ca'h
8ffluX . Simultaneous optical recordings confirmed Durham's observa-
tion (i976) that attractants geherally increased the intérnal motile
oscillations., The recordings also disclosed the existence of a "shock”
'A period; in which the oscillations ceased for 10-15 minutes following
exposure to sugars aé attractants.

An artificial increase of Ca't. efflux by leeching with a éhe-
lating agent (EGTA) did not affect the streaming except after 20~30
minutes exposure.v The ability of.the plasmodium to withstand the afti«‘
ficiallyrhigh catt efflux'suggests théi there is an internal source of
caicium._ Furthermofe, since the.mechanisms that regulate the internal
[§é+¥] in the case of contractile proteins are not associated with catt

: tfanspori across the external membrane, the proposed hypothesis that
external Ca' fluxes are imvolved in chembtaiis is also not substantiated.
2. Half plate assay experiments demonstrated th;t plasmodia were repelled
when the external Ca™ or the EGTA concentratiqns in the agar Substrate
were af least 1 mM. EGTA is é repellent.because ofvits leeching effect
of Ca iorns from the plasmodium's membrane. Piasmodia were unable to
discriminate between 5 mM concéntratidns of Mg++ and Ca't and were
equally repelled by either. This confirmed the finding by Ueda et gl.n
(i975) that there is a threshold concentration at which the cationé,

Ca++, Mg++, Mﬁk+ and Bék+, to an equal degree, begin to cause the plas-
modial membrane to be depolarized and to alter the direction of the

" applied movtive force,
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Migrating plasmodia show no preference or rejection towards
different external (Ca'] in the range 10~ to 10™7 M. The chemotactic
response towards 1 mM glucose did not change when these different (@qu
were present in the agar substrate, It appears therefore, that the Ca.
ion has no effgct on the submembrane actinomyosin network, a conclusion
that runs éoﬁnter to the proposed hypothesis that Ca'' fluxes across .
the_mcmbrane control chemotaxise |
3¢ A technique is described for ihe isolation of mitochondria'from
shaker culture microplasmodia, Using rat liver mitochondria as a_staﬂ-
dard, isolafed‘miéroplasmodia mitochondria showed a poor respiratory
function and almost no oxidative phosphorylation capability. No.in-.
crease in the rate of respiration occurred when Ca.;L+ was added to the
susﬁension. When studied by murexide dual-wavelength spectrophotometry,'
mitochondrial suspensions'from microplasmodia did not show the active
Ca ' uptake observed with rat liver mitochondria. The preliminary re-
| sultsi from the polarography and murekide_studies suggest that plasmodial
mitochondria have no inherent energy;linked Cé++aaccumﬁlating ability
and that therefore, they could not participate in the'chemotactic response
.by:regulating the internal Ca'' concentration. However, the‘poor respir-
atory ability of the mitochondria may have been due to diffiéulties
experienced during their- isolation, and it dées not precludé a real

but impaired Cé%+maccumu1ating funcgion,
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CHAPTER ONE

R INTRODUCTION

With the evdlution of life. certain similar - characteristics
of sensory mechanisms havs persisted in all life forms. This sensation,
recognition and response are thus among the main Chafacteristics of 1live
ing cells. In order to uﬁderstaﬁd the smell and taste reception‘of higher
animals, current research is attemptlng to elucidate the mnolecular meche
anisms behind chemotaxis in smmpler, unicellular organisms. The most
primitive example of chemotaxis can bn seen in the response of fiagel-
lated bacteria to various sugars, amino acids and'repéllents_(Adler, 1969,
Berg & Brown, 1972). More advanced chemotaxis is seen in amoeboid move-
ment by eukaryofic sellscl

Cytoplasmic streaming in the myxomycete Physarum polycephalum

‘1s one of the bestestudied fonns of amoeboid movement (Kamiya, 1959,
Stewar? 1964, Komnick et ale 1973). TYet until recently it has not been
understood how a chemotactlc substance initiates the sequence of events
at the membrane leading to motion in the appropriate directions It is
also nst known how the initial recognition of the substance is convayéi
ihternally to the mechanisms for motion and how the membrane coordinates
with the internal "shuttle" streaming to bring about movement,

| & Physarun plasmodium is effectivel& a singls ehsrmous'amaeba,
with a large volume of cytoplasm (several em? surface area), enclosed
in one continuous external membrane, The cytoplasm streams in a singular,
rhythmic, back and forth pattern through"a'finely-dichotgmously«branched.

‘"venous" network of channels. Hydrostaticvpressure gradients throughout
the plasmodium supply the motive force to drive the cytoplasm. These |

'gradients act in concsrt to produce waves of altsrnative cqntraction and

relaxation and time~lapse cine films vividly show these waves (cf. intes-
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tinal peristalsis) sweeping across a migrating plasmodium:(stewart. 1964),
There is biochemical evidence showing that éonﬁractile-proteins, homole
ogous with muscle proteins are the basis for the waves of contraction.
Many large organisms move by prOpagatihg Waves along their
external surface. A similiar mechanism has often.béen suggested to.
underlie amoeboid movement. Durham and Ridgway, in 1976, gave experie
mental evideﬁce supporiing the hypothesis that the rate of the "shuttle"
streaming (viz° frequency of the ﬁ3ves) can direct the movement of a |
- plasmod:ium. Ia brief, they proposed that plasmodia migréte towards
those situations (chemotactic attractants, warmth) which increase thé
| frequency of the waves, and away from those whiph’decrease the frequency
(repellents). | | |
Durham and Ridéﬁay's hypothesis explains how a plasmodium-can
be seen as an efficient food seeking machine. It is useful to think of
the plasmodium as.being polyrhytﬁmic,'in the sense that different afeas
have fasier and slower rates of oscillations in streaming. A major prenme-
ige in their hypothesis is the eiistence of a membrane~linked actino-
myosin network énd they propose that attractants acted by reducing the
: [Qiﬁi in the region of the network. The membrane and the network would
‘then relax at that region and the pressure of the internal cytoplasm
would cause a. "pulge" forward., This region now the front, will inher-
ently develop an increése in the rate,of oscillations and so doing en-
train the “élower“ areas of the plasmodium to move in that direction.
Ard in the reverse situation, the hypothesis éxplains the retreat of a
plasmodoium away from a repellent, This hypothesis will be explained in
greater detail in the second chapters - ‘ ’ .
Various workers (Wohlfarth-Bottermann, 1964, Koﬁnick ot al.

1973) havs pointed out the homology betwsen amoeboid movement and more
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| ofganized muscle movement, B§th'havebthe contractile proteins, actin
and myosin, and these interact to supply the forcé. Until recently, there
was only experimental evidence for (Ca ions as being the regulating elé- '
ment for contraction in muscle. Ridgway and Durham (1976) presented evi-
dence for a similiar role of Ca++ in amoeboid movement, They demonstrated
that ca'™ concentrations inside a plasmodium changed synchronously with.
its oscillations, If Calions are the regulating element for the contrac-

tile proteins and these govern tﬁe rate of streaming, then this raises
the question of what intracellular process regﬁlates the [?a*{)in‘hhe
cytoplasm, | |

The sarcoplasmic reticulum has been established as the intra-
cellular organelle reguiating local concentrations of Ca++ for muscle
concentration. No similar organelle has been found in Physarum plasmo- |
dia. However Ettienne (1972) and Braatz and Kemnick (1973), have shown
by electron microscopy, a Ca++;accumulating ability in certain membrane-
| bounded ATP-dependent vacuoles located near contractile fibrils in the
ectoplasm. Ca™‘.specific pumps have also been identified in cellular‘.
mambranes and there is a range of cell types among unia'and ﬁulticellu—
lar organisms, from those not regviring ca™ to those with armarked da=
pendence on the presence of external Cd+#o It has not been detefmined
whether O’ pumps exisé-in the external membrane in the cése of acella
ular slime moulds. | |

A reasonable model for chanotaxis would begin with the assume
ptioh that there are inherent Ca © puips in the external membrane and
the internal oscillations in the‘ﬁbf#], obserﬁed by Ridgway and Durham,
reflect their activity., The pumps would act in waves across thaiplasmo-
dium‘and account for the observed waves of contraction, Accompanjing

this is the basic assunption that the cytoplasmic [Ca**]is the regula-
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tory element for the contractile proteins. Chemotactic attractants or
their metabolic byproducts would have a two-fold effect. Agreeing with
Durham'and Ridgway's observation (1976), attractants will increase the

frequency of streaming, but as the result of increased frequency of the

waves of Ca** pumping internally and across the external membrane,

| Secondly, attractants would act on the hypothesized membrane-actinémyosin
netiork by lowering the (?a*f] and bring about localized relaxation. Ine
>terna1 vacuoles, mitochondria or Ca'* in the external membrane could do
this and the subsequent relaxation,  would cause a "oulge" forward,

’ Further, it is known from tissue.cultures (Manery, 1966) that
Gé++ is required for adhesion of cells to the substrate. Assuming the
ekistence of waves of Cdk+.eff1uxes across the plasmodium, these would
have the effedt of causing the underside of a plasmodium to act in waves
‘ of'relaxation ard adhesion. The sum total of these actions would result
in the plasmodium migrating toward attractants.and %y reversing the
‘effects, move away from repellents. | |

To test the above hypothesis and determine whether or not sige

nificant Ca'’ flukés occur ard of what magnitude; Durham and the authér' ‘
designed a flow-through chamber device. The chamber enabled fhe sequeh-
-tial collection of the 450a-bearing effluent,:which previously flowed over
a large surface area of a 45Camlabe11ed plasmodium. The latter plasmom
dium was perfused with a control solution, followed by chahgéovers to
solutiohs of chemotactic attractants and repellents, The levelvof uSCa
efflux was determined by scintillation counting, In order to better as-
‘sess the response of the organism and determine if any causal relation-
ship existed between the external Ca’t efflux and the streaming, the
chamber was made tranéparent and simultaneous optical recordings were

made of the motile streaming.
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Although Braatz and Komnick (1973)'have shown the existence of
Cé++-accumu1ating vacﬁoles; otherﬁorganelles, notably the mitochondria,
may be responsible for regulating the cytoplasmic ca'™ concentrations.
Cheung et al. (1974) observed that mitochondrié were primarily in the
: “peripheral_cytOplasm of the advancing plasmbdial fan® while Braaté and
Komnick (1973) reported calcimn deposits of calcium preciéates could be
seen in mitochondria, Both these two observations together with Durham's
premise of attractanfs acting-by»reducing the {?d** in the advancing
peripleral region, suzgest that mitoéhondria-ﬁight play a role in chemo=~
- taxis, .In order to study whethef slime ﬁould mitochondria per se have
‘an energy-linked Ca™.accumulating ability, some preliminary experiments
were done to measure the respiration and Ca'™ aceunmulation of rat liver
mitochondria, After proficiency in thevrelevant techniques had been
obtained, this knowledge was then applied to the study of slime mould

mitochondria,e

-

. RN
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. CHAPTER TWO

REVIEBd OF LITERATURE

A. General survey of calcium involvement in celluiar metabolism

1e Extra. and intracellular roles of calcium

Caleiumm is a comparatively common element, Its basic involve
ment in the eukaryotic cell's metabolism is evidenced by the'age of 2,7 .
X.1O?Fyears, attributed to calcareous algal limestones found iﬁ Rhodésia
(Séifriz, see Kamiya, 1959). The>beginning of cellular evolution most
likely took place in the sea and the uni- and ﬁulticeilular life Corms
which arose ha#e ever since segregated the cations Nd+, K+, and Ca't et
ther inside or outside-cellﬁlar membranes.

Tonized calcium concentratiohs are often GXpresSed lcgarith-"
mically, thus molar concentrations of 10”2, 10"5 and 10“‘9 correspond to
pCa valués of 2, 5 and 9 respectively, Using this conventioﬁ, intracell-
ular pCa is approximately 7, whereas in the interstitial fluid the pCa
is closer to 3 (Rasmussen, 1970). This partitioning involves ca*t fluxes
between three regions; '(1) the extracellular milien, (2) the cell'’s
plasna ﬁembrane, and (3) the intracellular region. With such a large
Céf+ gradient there should be a significant inward net drivihg force,

The passive entry of Cé ions is prevented by various cellular mechanisms
which will be discussed laters |

Besidés bone formation, many tissues can form solid dspositis
of calcimm saltss The list includes carapaces of invertebrates; egg
shells, stem calcification in sﬁbnewart algae and higher plants. The
potential for ﬁndergoing calcification is alsovinherenﬁly present in most
tissues of higher animals, It is well known that certain human crgans
and fissues can undergo calcification.under paﬁﬁological conditioﬁse

Lehninger (1970) drew the conclusion that, because of this biological
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potential for calcification, there must be scme ubiQuitous process for
the deposition of insoluble calcium salts, buf also the necessary meche
anisms for its regulation, V

Apart from the sfructural function, the ionized form of calciwum
has a very important "mediator® function within cells. Nerve impulses
and'hormonés communicate with target organs via the nervous and circula~
tory systems respectively. Neufqns. secretory cells of glands, cardiac -
muscle, etc, all have in common the fact that each one'receives‘an.exter- '
nal stimulus (e.ge électrical, hormdnal, mechénical), Superficially, it
appears that -each cell type carries out a specific function separate
from that of the others, However, internally all may have similar basiec
riechanisms controlling their specific functions.

Cyclic AMP and Ca ions have interrelated roles as intracellular
. mésseﬁgers (Rasmussen; 1970)s The external stimulus reacts with the cell
membrane of the cell tybes mentioned previously., It méy result in an in-
tracellular increase of cyclic AMP and Ca''o The increase in cyclic AMP
usuwally activates phoryléting enzymes (protein kinases). The products
of the ph05phorylafion reaction catalyzed by these enzymes are now sensie
tive to the increased ca’t coﬁcentrations; Their activaﬁion by Ca™t may
‘lead.either to further engzymatic activation,‘to a change in protein struc-
ture (contractile proteins), regplation of packéged vesicle secrétions
(hormonél, neural), or to control of transport of Ca‘* (Rasmussen, 1970).

~ The response of cardiac muscle to epinephrine, with the fesultu

antvglycogenélysis and contraction, illustrates the way in which the sys-
tem functions in a specific case, Epinephrine stimulates the cell membrane,
thereby indﬁcing increased cyclic AMP production and faising internal Ca'Fr
coﬁéénﬁrétiénso The presence of cyclic AMP leads to the phosphorylation

of a phosphorylase b kinase to its active form by a phosphorylase b kin-
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ase kinaseo .The product of that reaction, as;a_kinase now sensitive to
Ca ions present, converts phbsphorylase b to phosphorylase a, The latter
form now is able to reduce glycogen to glucoseg1;phosphate. Besides the
"activation of the prptéin kinase, the increased Ca' :also plays a part
in cardiac actomyosin interaction, /

Another example of the mutual reliance between cyclic AMP and
Céf+ is thought to be the endocrinevsecretion'éf insulin from beta cells
~ of the pancreas. It has been demonstrated that the release of insulin
brougi:v about by glucose requires the presencé of Ca ions (Rasmussen,
1970), Cyclic AMP is also involved but its site of action is still une
‘clears Also of interest is that Lacy et al. (1968) showed that calchi-
cine blocks glucose~induced secretion, He proposed that this indicated
that calchicine interferes with the microtubules involved in intracellular 
transport of insulin-bearing Vesicles 10 the cell's surface membrane for
fusion and secretion, As microtubules are made of contractile proteiné,

Ca lons probably regulate their function and influence vésicle transport.
o In summary the-roles of Catt as an intracellular messenger |
(Raamussen, 1970) are; (1) the specific activation of the phosphorylated .
protein (enzyme) préduced as the result of protein kinase action, (2) act=

jvation of other enzyﬁatic.reaction, (3) possible action as a feedback
inhibitor of the eniyme for cyclic AMP synthesis (eege membrane bound
adenyl cyclgse), and (4) the regulation of contractile proteins (muscle,
microtubules, microfilaments). | 7 |

A network of microfilaments undérlying cell mémbraﬁes has been
implicated in cell division (cleavage furrow formation), cytokinesis, and
non-muscle movament represented by amoebord and ecytoplasmic streaming
(Chapman-Anderson, 1973, Durham, 1974). There is much evidence pointing to.
Cd++ a8 being vital to all celiular functions involving c¢ontractile mech;

anismss
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2. Factors resulating intracellulsr calcium (Catt)

Many intragellular processes require that the intracellular
[§d¥¥] be appro#imately 103 times less ihside the cell than outside,
The mechanisms responsibie for maintaining the intraceilular pCa fall
into two groups:‘ (1) intracellular sequestering.organelles, and (2) memn~
brane-involved tfanspcrt. The cellvmembrane mechanisms for éxituding‘Cd**
#ill be discussed after the Ca'' sequestering organelles have been déalt
with, o | |

. The organelles of the first group coﬁsist of mitochondris
and the sarcopiasmic reticulum of muscles. In ﬁost cells the uptake and
release (buffering action) of cat* by mitochondria seens to be quéntit~
- atively the'mqst important for maintaining the normal low pCa value of
the cytoplasme Both organelles are known for their ca't sequestering
function. Invthe short term, either are capable of stabilizing the pCa
in the region of 6 and 8, but this capacity is limited (Lehninger. 1970,
Borle, 1973). Ultimately, if the total internal (Ca**) is not to rise,
the Ca ions which enter the céll must be transporfed aétively across the
surface membrane, | A | | ,

The mitochondria of every tissue type of higher animals and
planfs examined have been shown to have the ability to accvmulafa large
quantities of Ca' W by an energy-dependent process. Further, of all the
common uni- and bivalent cations present in cells, only catt is rapidly
and'sQoichiometrically accunulated by mitochondria (Lehninger, 1970).'
“The possible control that some mitochondria may have over the Catt inw
- volved in actomyosin contractile systems is a ﬁajorvpart of this thesis.
'This relationship between mitochdndriagvcd++ uptake and cytoplasm'was
best described by Borle (1973). His mypotheéis, was that generall& the

calcium activity (concentration) of the cytoplasm (Cac) was a function
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of three independent variables: (1) calcium activity (concentration)
in the mitochondria (Ca ), (2) rate of caleiwm sfflux (J ) amd (3) rate
of calcium influx (Jcm>° For a steady stafe (homeostasis), the rate of

calcium influx (Jcm) into the mitochondria is equal to its efflux rate (Jmc).
(1) dJd = J

The rates are determined by a specific rate constant and

calcium activity for eachas

Jpe = Kge X Ca  ad  J_ = KX Ca

(2) or Kpe & Cay = Kcm X Cac

Transposing gives the equation that sums up Borle's argument.,

(3) Ca, = Com X Ko

¢ X
m

Thus it is possible for the Ca'' level in the cytosol to be
changed by these three variables, Tt can rise or fall by three differ=
ent mechanisms: - (1) by changing the Ca't concentration in the mito-
chondria (Cam), (2) by changing the efflux raté of Cat*t from the mito-
chondria to cytoplasﬁ (ch), or (3) by changing the rate bf.sequéstrau
-tion of Ca ionsvinto the mitochondrié (Kcm)° Two examples of factorsv'
influenéing cytoplasmic ca™3: phosphate ions (POQB”) and the parathy=
roid hormone;‘will be discussed in relation to Borle's equation (3)e -

The phosphate ion, as a pemiantanion, will be precipitated
when taken up with Cé++ by mitcchondria,. A risé in cellular phosphate
will immediately increase the precipitation of caleium phosphate in the

mitochondrial matrix and therefore reduce the fres Cd++ concentration,
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St

within ke matrix. According tc Borle's equatlon, since the cytoplasmic
[?a i](Ca ) is a direct functlon of the mitochondrial Ca't (Ca ) concen-

tration, cywOplasmlc catt witl drop accordlngly, The converse occurs
".with a drop of cellular phosphate ioﬁs. |

It is firmlj established that parathyroid hormone acts by
stimulating the enzyme adenyl cyclase thus raising intracellular‘cyclic
AMPAconcentrctiens (Raanusseh, 1970), It also brings on a dramatic catt

| efflux f%cm mitochondsisa ard the cell membrane into the cytoplasm. These
results can be interpreted in terms of a stimulation by cyclic AMP of the
rate of Ca ' efflux (K ) from mitochondria. Logically from the equation,
_ such a stimulation would immediately increase the free ca*t concentration
V(Cac) of the cytoplasm,. .

Although it has been easy to demonstrate mitochondrial Ca¥+
uptéke to the extent of massive loading and the cubsequent lowering of
the Ca™t concentrction in a cell free medium to 10"7M, no one has sccceSS-'
fully deﬁonstrated a physiological process whereby mitochondria‘may I'e=
lease their hoarded calcium back into the cytoplasm, Borle (1974), using:
rat liver mitochondria, showed that cyclic AMP stimulated Ca'™ release
from isoiated mitochondria, The cyelic AMP, in this instance, would be
acting by influencing the efflux rate {ch) of Ca™* into the cytoplasme
Other investigators have commented that his results have not proven re-
péatable (Green, 1975).

The contractionureléxation‘cycle of cardiac muscle, like that
of skeletal muscle is controlled by the transiocation of Ca++‘among intra-
cellular ctructnres (Scarpa and Graziotti, 1973)s The in vivo relaxa-
tion of the myofibrils requires a Ca’" concentration of about 10“ZM,

certainly-within the ability of cardisc mitochondria, The act of catt

pemoval. eccurs in about 200 ms during each beat. The sarcoplasmic retice
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wlum, which is the source df Catt removal during the relaxation of skél;
etai muscle, ié relatively scarce in heart muscle, Therefore, some in-. '
vestigators have suggested that cérdiac mitocﬁondria may regulate the |
contractile cycle cf the heart by taking up and releasing signifiéaﬁt
amounts of Cé++ during the cycle. _Scarpa and Grazictti (1973) showed
that cardiac mitocbondria,-in vitro,cbuld'not trahsport ca't With suffi- -
ciently rapidity to partiéipate in the Ca™™* redistributioh for each heart
. ¢ycle, . _ .,

The other factors contiolling the intérnal >Cé+f]involves'the-
.cell'membrane,rbhaﬁges in its permeability to Ca ions, and the extrusion
of catt aeross it against the existing gradient., One ﬁechanism 1s the
~active transport vy ATP-dependent Cé++‘carriers in'the éellular and or-

ganelle membranes, The evidence of their action has been most clearly

| ~ seen in erythrocytes and a variety of cultured cells including Hela and

Lecells (Schatzman, 1974), Ancther type of Ca' -ATPase punp is known
‘for certain vacucles in slime mould‘plasmodia (Fttienne, 1972, Bfaatz-
and Komnick; 19?3)» Tt has been shown that these vacuoles accumulate
Ca++ ions from véry idw concentrations and are_dependeht on the presence
of ATP. Rasmussen (1970) showed that in many examples of excitation
and subsequent hormone secreiion or nerve transmission, ca™ is required
exiracellulafly. From that obserﬁation and results of other researchers,. -
Rasmussen proposed that the increased cyclicé AMP (brought about by hor-
none-adenyl cyclase iﬁteraction).acted by allowing Ca%+ influx across -
the cellxmembrane {increased permeability) and aléo "mcbilizing- Ca++
from intracellular pools® (mitochondria, vacuoles, etc).

A more specialized transport mechanism, that of ca't estrusion
in ekchange for Na* entry, has only been shown to exist in the giant squid

‘axons and to a lesser extent for muscle and the gut (Kretsinger and Nelson,
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1976) o The Na' gradient 3s maintained by a Na'-ATPase pump. There
is no evidence for a Cé++-ATPase ptmpkin‘the squid axon or any other

faxcitable® tissues, Cé++ exiruSion can occﬁr in the absence of ATP

hydrolysis. It appears that one Ca ion passes outward with the influx of

~three Na ions. This mechanism evidently can keep the Ca'™ level of the
’axon's axoplasm between 10=999 and 10“?M. catt is only one of the ions
involved with the generatibn ahd propagation of nerVe.potentials, How. |
Ca't ions are involved with nerve potentials is still unclear and the

actual function of the Ca'™ gradient remains unknown,

Y
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3. Current experimental approaches for determining changing
- e¢elciwm concentraticns

Most celluwlar studies haﬁe used one of the following lines
of thought. The changes of cattinflux or efflux from ceils can be re-
- corded while they are subjected to various conditioas. Conve?sely, one
can obserﬁe how the cellsvrespond to predetermined manipulated changes
in either the internal or external Ca%concentrations° By circunstance
these studies deal with the detection of changes in very low calcium
.concentrationsa There is a limit therefore to the degree that such studies
can become quanﬁitativé. Ca' " studies of intact cells represent a épecial
difficulty because: (1) in most eukaryotic cells the concentratiéns
of free Ca'tin the cycoplasm is 1()'6 to 10"7M,.(2) membrane bound or non=
jonized calcium may interfere with measurements and (3) the preéence of
other ions (eog. Mg++, Na') may also interfere.

A1l the reasons listed above explain why in vivo studies}
(esge tissue cultﬁres, glycerinated models of muscleé, amoebae, slime
moulds, eléctron microscopy), for the large part, are qualitative in nate.
ure, Thus when one considers the many different approaches, he must con-
sider how his particular approach may interfere with the cell'ls normal
physiclogy and whether it suits the particular cell type and experimental_
sitﬁationo The pros.ana cons of six methods will be discussed below,.

&, Galcium chelating buffers

Ta many studies it isreSSential to distinguish_befween ihe_total-
calcium and the free ion., Further, in many systems the Ca't concentrations
are in the range of 10°5 = 10°%u, Since it is extremely difficult to
measure the free Cat’ versus bound Cé++, one can resort to choosing a bufe
fering.égent that will "set" the concentration of free Ca't Just as one
uses a i buffer, Using thié analogy with pH buffers, one can control

the pCa of any medium. One chemical agent used is EGTA (ethylene glycol
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bis (Baminoethyl ether)-N, N'-tetraacetate, It is a calcium chelator
and as such its structure is so modified as to wrap its four carboxyl

groups around the Ca ion and effectively remove it from solution,

<D0oCx , coo®

Ve
HC cH
2 Y ecg -CH -N” 2
J 2

Qe i \CHz\co

Solutions containing mixtures of EGTA and its calcium ccmplei.
have known calculated stabilized concentrations of free ca™ which are
changed only siightly by dilution at a given pH or by addition of extra
: Cd++ or M§++. Another factor in its favor is that-its chelating capacity
is most effective in the pCa range from 8 to 5. Ca'' ~EGTA buffers have
been uséd for determining the precise ca't concentration that will cause
contraction in the large nuscle fibers of the spider crab (Portzehl et
al. 1964)., By injecting into these cells successively lower buffered pCa
solutions, ihe resting pCa was, in theory, determined by finding the buf-

6 M), Similarly, EGTA was used .

fer which caused no contraction (viz, 107
. . : At . :
in the medium to show up the Ca  accumulating vacuoles in electron micro-

scope studies of Physarum (Braatz and Komnick, 1973).

- b. Galeium electrodes

These electrodes measure Ca ion levels similarly to»either OXw
ygein or B electrodes and have an effective pla range of 1 to 5 (10’1'- -
107y (Kretsinger and Nelson, 1976). The usefulness of calcium determine
ations ié limited therefore b& its comparative lack of sensitivity towards
the very low caleium concentrations found in cellse Carr (see Kretsinger
énd Nelsoh, 1976) pointed out that the reliability of the measurements is
"“strongely dependent? on careful calibratiorn of the electrode with standard

calcium solutions, maintaining a constant temperature and tasking suitable
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vprecautiohs agaiﬁst possible interfering ions, such as Mg't, Ba't and
Ni'", Various researchers have expressed the hope that Ca't electrodes
will be miniaturized to allow insertion into cells and that the pCa range
_ will be extended from 2 to 8, o |

c. Spectrophotometric indicators of calcium

Various chemical reagents will react colorimetrically to dif-j
ferent metal ions. Perhaps the most commonly used ié:murexide (amuonium
Vburpﬁrate); a metallochromatic indicator with a high sensitivity for the
calcium ion, Murexide binds with calcium forming a Caf+-murexide complex
which has a different absorption maximum from that of free murexide;
Spectrophotometric measurements with murexide have the advanfages of
speed, relative accuracy and‘depéndability. However it is ﬁnstable (has
to be made fresh daily) and there can be intérference from most divalent
‘and trivalent cations excluding Mg™* (Kretsihger and Nelson, 1976). ‘

The assay will detect changes ofﬁ;f+]vto as low as 2 X 1077 M,
and its speed has led to considerable success in kinetic stﬁdies of Ca '
uptake by rat liver mitochondria (Mela and Chance, 1968, Scarpa, 1976).
USing a cuvette,'mufexide can be added-(30-50‘mM) to a cellular or subcell~
vlayr suspension and with a double-beam spectrophotometer, aﬁsorbances at
-two wavelengths can be measured, Double-beam refers to having the absorw
- bance of oné wavelength (reference ~-500 rm) Substracted from a éecond
one of a different wavelength (measuring /;540 nm)(Mela and Chance, }968).
The difference (A A =AM "AR) is then displayed on a chart recordel;o -

de Aeguorin spectroscopy

_ Whereas murexide is a chemical indicator, aequorin has a bio=
logical origin. It is a bioluminescent photOprotein and was isolated'
from theé jellyfish Aegﬁorin'(Kretsinger and Nelson, 1976)e The reaction
involves two Ca ions and the rate of light emission is linear over the
concentration'range of 10““ - 10”8M, With such a range, it hés obvious ap-

plicaticns as a method for the determination of @aﬁ*]inside cells, HNo

AY
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other factors besides Ca ions afe required for the reacti&n ﬁo take place.
Aequorin Was'successfully injected into the streaﬁing network of a Phy=~
sarum plasmodium and then by using é sensitive’photcmultiplier, the rate
of light emitted led to oscillations that presumabl; arose from internal
{Ca ]fluctuatlono (Ridgway and Durham, 19?6).

45

Se Ca radioactivity measurements

The one isotcpe of caléium, 45Ca, is easy tovuée because of a
long half life of 162 days, it is a B enitter and is inexpensive, It is
standazc. brqcedure to add the aqueous sample to a commercial scintillation |
ficocktail® and the vials are counted using the proper channels limits on
the scintillatlon counter. One useful technlque consists in 1ncubating
suwocellular fractions (mitochondria, sarcoplasmic retlculum vesicles, etc)
ard at set times, using Epperdorf pipettes (vize. microliter amounts), Tape
idly filtering the aliquots with bacterial filters (Klingenberg and Pfaff,
1967)s Such filters (Millepore, Nucleopore) can be chosen according to.
pore sizé,’chemical resistahce, and the extent to which it willdissolve
in the scintillation cocktail and thus not hinder the countlng of the vial,

Langer and Frank (1972) used 5Ca because of its sensitivity
and suitability for the in vivo study. They found a method which imvolved
‘attaching and growing a single layer of contractile cardiac cells on a
slide made of scintillation material. The slide was then set in a two
pért scintillation vial-flow cell, Half the apparatus was a scintillation
vial whichbheld the slide for counting and the top half (flow cell) had in-
flux and efflux tubing to either introduce ¥5¢a or wash off the isotope
with the effluent. During the time the apparatus is in the scintillation
counter, print outs show the isotope activitj during calcium uptake or re=
legsee‘ v .

The method of Langér-and-Frank is very similar to the one de-

veloped by A.CsH, Durham and the author and reported in the present thesis,



In our case, we were interested in the ¥9Ca efflux from a plasmodivm of
Physérum spread on agar. The plasmodium was in a sealed rectangular
chamber with an influx tubing at one end and opposite to it an efflnx

. tubing. We used a fraction collector to collect 1 ml aliquots from the
chamber efflux. More detail will be given in the Materials and Methods
secﬁion, |

f+« Enzyme assays as caleciun indicators

A last method based on enzyme aséays will be mentioned, If'-f
an intracellular enzyme is sensitive to Ca ioné, the activity of ﬁhe €N=
zyme in vivo may reflect the pCa to which it is normally exposed. Adenyl
cyclase in certain memﬁ;ane and protein kinases have been shown to be sen-
sitive to Ca ions, The reduction of NAD is calcium dependent and engzyme
reactions which use NAD as aicofacior can be very easily followed Spectro;
photometrically., Mitochondria, when actively respiring, take up catt with
the oxidation of NA.DH2 and with consumption of oxygen, both of which can |
be monitored, Reed and Bygrave (1974) monitored the oxygen consumed by
rat liver mitochondria. They showed by a decrease in dkygen respiration
that the La3§ ion and ruthenium red competitively blocked calciﬁm binding-

sites on the mitochondrial membranee
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B. Classification of cell motility

1, Mechanisms of motility among different cell types

Komnick et al. (1973), in an exhaustive review on cell notil
ity, classified all "direct" movement into three grOups:’ (1) protoplasmic
movement, (2) ciliary and flagellar movement, and (3) muscle contraction,
The unity of the three tyﬁes of movement is indicated by the fact that
all three are found in vertebrates, For example, leacocytes use amoeboid
vmovément to creep through the 1yﬁphatic system, the sﬁerm cells are flag- .
ellar and in the third categorj are the highly organized muscles (vise
ceral and skeletal), The first of the three types of movement is the
most important cn account of its pervasiveness and diversity throughout
the animal and plant kingdom, The other modes of motion are thought to
have arisen phylogenetically from it. | |

Protoplasmic movement includes two separate phenomona: amoe-
boid movement and protoplasmic streaming. Protoplasmic streaming usually
occurs within a figid cell wall which plays no part in the cell’s motility. |
The cell’s nucleus remains stationary within the cytoplasm while all about
it various patterns of protoplasmic ﬁovement occur. This phenomenon is
best demonstrated by freshwater algae (Nitella) and marine coenocytic
algae (Aggigﬁg&igig)o In both of these organisms, the streaming occurs
in clongated stem cells (Kamiya, 1959). Streaming has alé§ been cbserved
in animal. tissue cells and free-living cells (e.ge. protozba such as Sten-

tor, Paramecium, ete).

Cells which uﬁilize amoeboid»ﬁovement, on the other hand, lack
a cell wall and the protoplasmic streaming leads o distortions of the
cell!s membrane, This chacteristic ability of the membrane thus enables
the cell to engulf food and expel wastes (Vizo endocytosié and exocytcosis)

and affords both the means of attachment in an agueous enviromment and



locomotion., Amoebae, leucocytes, cultured fibroblasts and plasmecdia
of acellular slime mouids exhibit this type of movement.

For more than a century up until the 1950's, all experimente-
'atién onvéell motility centered on observaiionsAand manual manipulations

- of any relatively large plant or animal cell that suited the experimenter's

‘purpose (e.g. Nitella, Acetabularia, Pbysarum, etc), Progress towards
understandiné the cellular mechanisms actually producing the motive force
ﬁnderlying each type of'protoplaémic streaming, came witﬁ modern physical -
and bicchemical techniques, in conjunction with patient and astute micro-
scopic‘observations. Such progress has shown that the molecular meche
anisms of all types of movement previously discussed are basically the
sames Therefore these are now termed "contractile movements" (XKomnick
et al. 1973). This term is also applicable to any cellular process that
involves an actomyosin system and hence contractioh ahd relaxation in-
volving Ca ions (cell cleavage, ﬁorphogenesis, exocytosis and endocy=
tosis, wound.healing respbnse)(Komnick et al. 1973, Durham, 1974). It

is not possible here to include these other processes and the discussion '
will be limited to the causai mechanisms of amoeboid movement in the
amoebae and slime moulds; Much of the material discussed concerning
amoebae will also pertain to a large degree to slime moulds,

There are many species of amoebae with various patterns of aﬁoen
boid movement, but all have in common the motive force necessary to drive
" the cytoplasﬁic streaming whiéh is uitimateiy derived from cytoplasmic
contractile processes, Before the presentlyvfavored contractile‘theory,
others were.prcposed involving surface tensions, membrane potential dif-
ferences and "jet propulsions" as‘possible mechanisms, These theories
have now been discarded, leaving thé ectoplasmic theory (hydraulic.pfessure;

theory) as the one most widely acdepted today.
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Amoebae (e.ge Amoeba proteus) may exténd pseudopodia over a
surface by a "ballooniﬁg" forward of the cell's membrane due to internal
sol-gel transformations (Komni.ck 33'5;. 1973). .The.term sol-gel refers
to an outer, more or less solid ectoplasm surroﬁnding a more fluid inner

- endoplasm. Amoeboid ﬁovement may invdlve one or more mechanismse The
"ballooning" mentioned refers to a theory 6f Durham (1974), in which he ‘

- proposed that within the ectoplasmic cortex were randomiy arranged actin
and myosiﬁ filaments. The myosiﬁ filaments are thought io bé free, while
the ac*in filaments are attached'at one end_to’the underside of the plasma
 membraﬁe. There are many electron microscope studies supporfing this view
(Pollard, 19?3). Analogous to the conditions in musele, a local decrease
in Ca'’ concentration underneathvthe membrane and in the area of the fil-
aments would allow a relaxing of the microfilament network. Eecause of
constant pressure (tension)’of the membrane by the cytoplasnm, therelwould
be a subsequent bulging forward ét the relaxed region. Contimuation of
this proceés would.allow the extention of a pseudopod. Likewise, iocal
increases ifx@g%#]would tightenAthe actinomyosin network preventing any
extension forward, A hypothetical model incorporating the above features
goes far in expiaining the mode of action of phagocytosis and aﬁoeboid
movement, |

Such a network lying underneath the membrane has been impli-
cated as the source of the contractions of the ectoplasmic cortex. The
presently favowed hydraulic pfessure theory proposes that such contrac-
tions in the rear (uroid) of the amoeba drivés the central endoplasm
forward when a pasudopod is extended. It appears that és the central
erdoplasm is pushed forward, the protoplasm at the front is brought to
the rear and reverted to ectoplasm, which contracts and exerts pressure.

on the endoplasm and the cycle is repeated (Komnick et al. 1973).
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A second theory, the frontal confcra'cthn theory,. holds that

A the pressure is exerted at the front_when a pséudopod is extended. Cone- |
tractioh at the front would tend to squeeze the eﬁdoplaszh forward, so
displacing the plasma membrane, After adhesion of the cell surface to
the substratum, the cytoplasm near the point of contact would then gel,
and subsequent con’cractioﬁs from this site would pull the cell body to-
wards the new site of adhesion; The pattern‘of birefringence, which re- .
veals fibrilar organization, supports this theory (Allen, 1961).

The first evidence connecting contractile proceéses with
anoeboid movement came when Hoffmann~Berling (1956) demonstrated that
glycerinated amoebae contract under the same conditions as glycerinated
muscle fibrils., The amoebae were kept in 20% buffered glycerol at 0 OC
for two days. They were then washed with a buffer solution to ramove
~the glycerols The procedure of glycerination increases the permeability
c¢f the cell membrane, preserves intracellular organellss but allows the
gradual removal of ions and small molecules from the cell. Following
this procedure, it was observed by Hoffmann-Berling that when a solution
of 1072 1 14gC1, and 1073 M ATP was added, a transient movement of the
dead protoplasﬁx occurred lasting about two minutes, but did not oceur .
| when cyclic AMP or pyrophosphate was added.

Alin to the procedure of glycerination and giving .more' support
to the actinomyosin nature of amoeboid movement is the use of heavy mero=-
myosin to decorate actin i‘ilé.ments in vivo, When cleaved enzymaticé.lly,
nyosin gives rise to two components, light and heavy meromyosin (HMM).
The latter is considered to be the head regicn, %o possess ATPése activity
and to be responsible for binding to the actin filaments. Glycerination
allows the penet:éa.tiori of HMM through the cell membrane, Using glycer- |

inated amoebae, Pollard (1973) demonstrated that certain thin filaments,
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in situ as well as isolated from the cell, were able to bind MM of
‘rabbit skeletal muscles The fidecorated" filaments showed a character-
istic arrowhead array indicating thé binding of amoeba F-actin with the
M of skelétal myosine

Amoebae actin and myosin proteins have been isolated and
shown to combine with their skeletal muscle counterparts. Schaefer=Dan-
neel. (see Komﬁick et al. 1973) have shown by electron microscopy, thét
the internal arrangements of thin and thick filaments, when favorably
sectioned, showed a "lateral aligmment with periodic cross connectigns,“
This "ladder" structure is also seen in muscle actomyosin and reflects
fhe interaction between actin and myosin filaments. Schaéfer—Danneei
concluded that when ﬁhe simiYarity in stracture was taken into cqnsidm
eration as well as the 6bservation that the length of the filaments did
not. change during cgntraction, pointed to a possible sliding mechanism ‘
akin to that found in muscle. Ali the evidence indiqates that the ﬁnder-
1ying mechanisms of amoeboid movement and muscular contraction are fund-
amentally similar at the molecular level. This view is further supported -
when comparative studies on slime mould plasmodia are taken into consid-
eration.

On a much larger scéle, the cytoplasmic streaming of slime
mould (myxomycete) plasmodia seems to resemble the observations made with
aﬁoebae. When growing on a petri dish (Fig. 1) a plasmodium of Phy~

sarum polycephalum gives the impression of being effectively a single

|rnormous amoeba, with a large volume of cytopiasm (surface arca of several
cmz) enclosad in one continuous membrane. It accomplishes its movement
and the'distribution of cytoplasm by a singular mode of cytoplasmic
movement termed "shuttle" streaming by Seifriz (see Kamiya, 1959)s The

cytoplasm streams rhythmically back and forth through a neiwork of "venous"
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channels and is believed to be driven by hydrdstatic‘pressure gradientse
External influences (chemotactic agents, temperature, adverse conditions)
can superimposé a slow purposeful net movement over the whole organism.
As in the case of-amoebae, the motive force creating the hydro-
static preééure and thus the cytoplésmic streaming, is produced by con-
 tractile proteiné organized as filaments (Komnick et al. 1973). These
filaments (plasma fibrils) are capable of attaining a sufficient siée to
become visible undér the light microscope and are observed in regions of
the plasmodium; where an increased generation Bf motive force for cyto-
plasmic streaming must be assumed; wbhlfarth-Bottermann (1964), partly
frgm %heﬁfollowing evidence came to'thé conclusion that the fibrillar
. network is not permanent but forms (viz. assembles from precursor ele-
ments) during or prior to contraction and disappears during relaxation, '
He observed that if a 1 mm diameter venous channel was cut, the force of
{he cytoplasmic streaming extruded a drop of protoplasm. Within a
nimite, a new membrane will have formed and'ﬂithin 10 minutes, the drop
will have receded back *nto the "veins." | |
Fixation and scctlonlng of these drops show that the reab=
sorption is brought about by ‘contraction of an extensive fibrillar nete
work in the peripheral ectoplasm of the drop. The resultiné pressure ‘
to cause the droplet's profoplasm to recedé must be higher than that -
within the plasmodial vein, Or if a plasmodial strand is suspended in
the air, when the suttle streaming causes the endoplasm to flow’againét '
the pull of gravity, an extraordinary amount of work is invoived.
Wohlfarth-Bottermann clearly showed thét this ﬁork involved the forma-
tion of fibrils. - |
Their ultrastructure by electron microscopy corresponds in a

striking way to the actomyosin arrangement seen in vertebrate smooth
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muscle and striated muscle (thlfarth-Bottermann, 1964, Xomnick et al.

1973)s Combined histochemical and‘biochemical evidence shows that these
filaments have ATPase éctivity and contain actomyosin. Taken as a whole,
the evidence woﬁld suggest that the streaming occurs as an all pervasdive

hydrostatic-contractile process.
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2, Physiology of myxcmycete plasmedia

a. Life cycle and morphology

There are different facéts of the life cycle of the slime
moulds that give them uhique animal and fungal affihities. Some early -

: mycologisfs referredbto then as mycetozoansv(fungalvanimals),-6thers also
believing they had a fungal affinity used the term myxomycetes (slime
fungi). Although the production of spores and spore bearing structures
(sporangia) might have justified.inclusion with the fungi, other features
such as their phagotrOphic mode of nmutrition, fype of flagellation, amoe~
boid movement, melosis in developing‘spores and certain important bio=

chemical differences between them and fungibmake‘them look much more

- like protozoa,

The mycologists Martin and Alexopoulus (see Olive, 1975), after -
reviewing the available cytological and biochemiczl evidence, placed then
in a special subdivision of fungi called Myxomycotina, The life cycle'of |
slime méulds is usually a simple one and generally has distinct haploid
and diploid phases (Fige 2)e Spores germinate to liberate either uni-
muicleate flagellate cells or myxoamoebae. Both types feed By phagodyto-
zing other unicellular organisms and undergo cell division, Syngamy
and karogamy occur when. two cells of compatible strains fuse to form a
. diploid zygote. By repeated muclear divisions, a growing multinucleate
piasmodium érises. The plasmodium céntinues to feed until adversé con;
ditions occur (temperature, hﬁmidity, food supply) and it may either form
a sclerotium (dormant state) or preduce sporeébearing fruiting structures
(Fige 2)o Meiosis occurs with spore formation completing the cycle
(Alexopoulos, 1962).

The plasmodium is the stage of interest here in the life cycleo

The most intensively studied plasmediwn is that of Physarum polycephaltm,
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which can now be maintained in axenic culturs {Daniel and Rusch, 1961).
It is commonly observed in nature,_grdwing on fgtting logs and decaying
organic métter on the férest floor. 1In the laboratory, grown as an
- axenic culture, it consists of a bright yellow, flattened, fan-shaped
‘mass with a "yenous® ﬁetwork or reticulum, leading a continuous advanc-
ing front (Fig.' 1)e It was-given the common name "slime mould" be-
cause of an outer layer that can be felt and is termed a slime sheath.
Thi$ slime shéath corresponds to fhe glycocalyx of amoebae, McCormick
(1970) established that the slime was a sulfate galactose polymer con-
taining traceslof rhamnoée, Underneath the sheath is the membfaﬁe proper
of the cell. | |

| Any edge of é plasmodium may become an advaﬁcing front or
a retreating rear when a‘éhemotactic agent (viz. food source, metab§1ic'
poison, ete) is encountered during its migration, The ability to respond
is arresult of thé interdependenée between.its f'yenous" network.and
amoeboid'movement. As it lacks individual cells (acellular), it can
R best be described as being a reticuléted network of channels making up
the mass df proioplasmispread over a firm substrate. The structural
basis of the network consists of two phases of protoplasm that are inter-
changeable in form and differ in viscosity. As in amoebhae, there is a
gel-like éctoplasm which éonstitutes‘the walls of the network's channels,

through which courses a fluid endoplasm (Fig. 3 e

Iﬁ P, polycephalum, the endoplasm flows through one more
channels in a certain direction for about a minute, pauses and resumes
streaming in the opposite:direction (shuttle streaming). The streaming
endoplasm contains mumerous ill-defined granules, mitochondria,»nuclei;
ingested matter, ete, which serve as indices for observing the streaming,

The "shuttle" streaming can reédily'be recorded by using a combination
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microscope, photocell and chart recorder apparqtus that will convert
changes in light entensity through the plasmodium into coiresponding
tracings on the chart recorder (Fig. 4). |
The protoplasmic streaming in this 6rgani$ms shares a certain
characteristic with amoeboid movement, viz. that the internal streaming
. involves changes in the férm of the organism:-and, as a rule, also causes
locomotion, Hence if can be placed in the category of améeboid movement,
.In addition to contributing to plésmodial migration, the movement of the
protoplasm is undoubtedly imvolved in maintaining an even distribution
oonxygeh, nutrients and metabolites throughout the plasmodium, Because
the stfeaming occurs in two opposite'di;ections, it is the net difference
between the quantities of protoplasm carried in each direction which con-
iributes to its locomotion, In effect the plasmodium advances in that
'diréction towards which a larger amount of protoplasm has been transported
(Kamiya, 1959). The rate of streaming is a function of the-bressure
(motive force) exerted by the channel'!s walls, the protoblasmic vViscos-
ity, and the every-changing diameter of its dichotomously-branching chan-
nelse | | | N
" The question centrallto the whole sfudy of plasmodial movement
.is, What factors control the motive force, how is this force exerted and
what dirécts the plasmodium's'movemént? The most impbrtaht contributions
in’this regard have come from the experiments of Kamiya (1959), Ueda et
al. (1975), carlisle.(197o) and Durham and Ridgway (1976). This section
will be concluded with descriptions of the works by Kamiya, Ueda et al.
and Carlisle, The section, coneluding the literature review, will discuss
the hypotheses of Durham (197%, 1976) with emphasis on the role of Ca" in
the plasmodium's chemotactic responsé. |

b. Kamiya's experimental apparatus for studying cytoplasmic streaming

in Physarum




Fig. 4. A chart recording trac1ng ShOWlng the’ "ebb and flow" streamlng
0501119tions of endoplasm through a maJor channel. The abscicca indicates
“the time (10 min/cm) The ordlnate, top to bottam, 1ndlcates decrea31ng

light 1nten51ty, through the area of plasmodium, as monltered by the

Pt
)

_ photocell-electrlcml clrcuit.
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To answer the previous question, Kamiya (1959) was the first
to devise a "double chémber" method for measuring the pressure of the
motive force. The chamber was divided into two compartments (Fig. 5).

- In each compartment there was a smail mass of piasmodium which was con-
nectedbto a correspoﬁding portion in the other compartment by a strand

of protoplésm breaching an air-tight divider between the two, Flow of
protoplasm from one chamber to the next will increase the air pressure

in the next chamber and depress tﬁé water-filled manometer. If however,
Vthere is also a device for exerting'additional'éressure into the sys- -
tem (rubber bulb and screw, Fig. 5), the experimenter can ihcrease the
pressure sufficiently to counterbalance the pressure exerted on the ﬁrqto-
plasm and stop its flow.

If rapid successive readings of the counter-pressure are taken
from the manometer and plotted against time as the abscissa, undulating '
curves which représent the‘changés in the pressure (motive force) are ob=
tained.(Fig. 6). Such a curve termed a "dynamoplasmogram" by Kamiya
(1959) is helpful as a criterion for judging the physiological reaction
~of the protoplasm to various experimental situations, '

_ Kamiya proceeded to use his method to test the effect of
metabolic inhibitérs. chloroform, ether, plant auxins, temperature and
nucleotides (ATP and cyélié AMP) on oscillations of the motive force.
Later his method was adopted to include simultaneous measurements of
changes in the respiratory rate and électrical potential-differences'
between the two protoplasmic'masses. The pofential differendeé between
the anterior and posterior parts of the plasmodium in the double chamber
were measured in conjunction with the streaming pressurs (motive forcej
to establish whether there was a relationship between the two. The dif-

ferences in the potential (viz. electromotive force) between the two
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Fig. 5. Diagram showing the general arangement used by Kamiya. (1959)
for measuring the motive force of protoplasmic streaming in a plasmodium,
The whole system consists of a double-chamber having compartments A and

" B, manometer M, stopcock SC and rutber bulb RB, the volume of which is
controlled by screw S. The protoplasmic masses in compartments A and B
exchange cytoplasmic streaming through an air-tight dividers,



. Fig. 6. a. A smple dynamoplasmogram" recorded by Kamiya (1959). The
'plotted points’ represent cm of water moved (manometer) versus time. Note
the simple synusoldal stream:mg pattern. : A complex "dynamoplasmog?am“

recorded by Kam:Lya showi.ng the introductlon of spontaneous chanses in the

o

streamlng osclllatlons by the plasmodimn.
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compartments was meésured by a potentiometer conducted with a pair of
calomel electrodes tarough salt bridges_ﬁhich were cohnected with the
agar of each compartment, Whereas Kamiya simply read the changes in
millivolts from the potentiometer, Ridgway and Durham (1976) used a
high-impedance differential voltage ampli. fier which was linked to a

chart recorder. jFigure 7 shows two cﬁrvés expressing the changes in

the pressure which cause the streaming and the potential difference ih
fhe plasmodium, | . _ |

Kamiya referred to the potential differehce curve as the
"électroplasmogram" (EPG) in analogy to the "dynamoplasmogram" (DPG). -
'figure 7 also shows that under normal conditions, both curves parallel'
to each other as regards wave form, amplitude and wavelength. However,
thg curve. representing variations in pressure and hence streaming rate
- (DPG), precedes electrical potential variations (EPG) by up to a quarter
of a cycle. 4s for an expldk3ation of why the two curves do hot coin-
- cide, Ridgway and Durham_(19?6) suggested that the EPG ié an extracellulér
record of the voltage difference between the two ends, whereas the'recorded .
motive force measurements, the plasmodium's internal respoﬁse shows ime .
mediafely the internal reactions, Therefore, they reasoned maxihum
'.electronegativity does not necessarily correspond to peak intracellulér
depolarizétion of the contracting end, As will be discusééd later, Dur-
ham found that Cé“'concentrations increase at the end which is depolar-
_ izing, becoming relatively more electronegative and contracting.
| The data of Kamiya (1959) obtained with the equipment déscribed

above, contain several pertinent.obsefvations that aid in the understanding
of scme #spects of the factors controlling the.motive force and contrac-
tile process, |

If the whole plasmodium within the double chamber is treated



Fige 7o Superimposed representatlon of the osc1llat10ns of the recorded

- motive force (dynamoplasmogram-DPG) and the potential difference (electro=

- plasmogram-EPG) . Motlve force curve is shown by black ‘circles and precedes.

the potentlal difference curve indlcated by open circles (Kamlya, 1959)



Potential difference
(uv) -

SOTUITH UF ouwyy. o .
e 99 40t o & w4 m o 69 93 47 29 05 85 85 #4525 05 81 #H 4,

v

‘[\3 i
i
B e |
=T
i

> L7

/ £

———
fﬂ\vt““ +
oy

ﬂ . Pda

4T

Motive force
{ of water)



-~

#ith an air and'co2 mixture, the streaming stops and gelatibn of the
endOpl;sﬁ ensues. As'$ consequence, the pressufe (motive force) is re-
duced to zero and feadings can no longer be taken. The phase relation-
ship before and after gelation is conspicuous. .It can be clearly shown

- that the waves that éucceed gelation are in a phasé which would suggest
a hcontinued periodic activity during the gelated period," Kamiya sur-
mized that the mechanisms cohtrolling the.periOdic generation of the
motive force must have been‘funcfioning no m#tter whether the protoplasm .
was fres or in évgongealéd state,

In gonjunction with the previous observation is anbther find- -
ing, namely that along with induced gelation, the periodie waves of ihe
EPG curve continue despite the fact that there is no motive force. The
EPG oscillations continue if the-central connecting strand is solidified
‘or if the strand 1linking the two protoplasmic masses is replaced entirely
by a piece of wetvcotton.thread (Kamiya, 1959). Using the double-chamber
volumetiic method, if the streaming through the connecting strand is
accelerated, 6r made to flow counter to its normal direction for sevéral ’
oscillétions of streaming, the EPG curve continues unaffected, Kamiya'
concluded that the rhythmic potehtial variation proceeds independently
.of the protoplasmic streaming, although there is a high positive correl-
ation between the two curves of the EPG and DPG under normal conditions.

_ ¢e Carlisle's petri dish chemotactic assays

Carlisle (1970) was the next worker after Kamiya (1959) to
contribute to the investigation into the_plasﬁodium's movement, Pre-
viously,.résearchers were hampered by lack of axenic cultures and chem-
. icaliy defined growth media, Measuranehts of the degree of chemotactic
response (viz, to attracfants and repellents) at a given concentration

took dayslof patient observation and was dependent on subjective judg-
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" ment, EVen then, the lowest éoncentration exértiné a chemotactic ef=
fect remained vague. |
The experimentation for determining the degree of chemctactie
vrespénse was quantitated by the use of axenically grown plasmodia agd
Carlisle's method of assafing migration, The results were assessed by
means of statistiecal analysis. The tests on the chemotactic effective-
. ness of sugars were carrigd out oh petri plates of.suéar-free standard
. agar medium from which two welisand a central trough had been excised
(Fige 8). Distilled water was placed in one well and an equal volume
of sugar solution in the other and the dish was left for 1 to &4 days for
the sugar to diffuse throﬁgh the agar to the edge of the'trough, An
excised square of starved plasmodium was placed in the centre of the
.t:oﬁgh so that it touched both halves of agar in the petri plate.
The extent of higration was observed daily, or more frequently

~ if necessary, An individual test was recorded as positi#e if the plase
ﬁodium had reached the well containing the test soiution but had not
réached the control'well, and negative if the controi well was reached<‘..
first., If the plasmodium reached both wells, or neither well, that
-particﬁlar test was considered unsuccessful and not included in the total
count., if out of ten runs and totally random migration oééurred; then
a score of five positive results would be expected whereas using a
‘strictly positive or negative chemotactic substance would yield ten or
Zero positivé resuits respectively. The binomial distribution was used
to determine the significance of a series of pefri dish tests. Carlisle
found that 1% solutions of glucose; galactose, mannose, maltose and pep=-
tone produced positive chemotaxis while sucrose, fructose or ribose did

not, This paralleled thelr ability to support growth.






d. Ueda's experiments to determine the threshold concentrations for
ionic and chemotactic chemicals

Five years after Carlisle's paper, Ueda et al. (1975) repor£e§
a series of experiments showing the précise‘"thfeshold" céncentration
for recognition to certain chemotactie chemicals. quificagion of
Kamiya's double-chamber technique allowed Ueda and his coworkefs té de-
fine the "tactic motive rofée“ as thedifference in-preséure of streame-
ing when the plasmodium ié actually moving from one compartment to an-
other during a chemotactic response to a chemical, This difference in
pressure was determined by finding the base line of the DFG oscillétiops'
for a control and ﬁhen a test solution of the chemical was added to a |
chamber (Fige 9J). Since the plasmodium migraﬁes fo the chambér con=
taining an attr aétant, the baselihe of_the DPG oscil;atiohs-of fhe:
motive force (pressure) tracing would rise. A repellent would cause
migrétion.away and‘the base line would fail. The rise or fall of the _4:
DPG baseline was determined as the difference between the baseline of
the;cdntrol and that obtained under the influence of various chemicals
was given in cm Hy0 read from the water filled manometer and was définai.'
as positive for attractants, |

Various éhamotactic agents and ions were added to one com-
partment (Fig. 9) via'the.tubing, at increasing concentrations, and
it was observéd that for a particular sugar, ion, mucleotide, etc,
there was a fhreshold concentration at which a change in both the elec-.
trical potential and the motive force occurred. Glucose and galactose
at a concentrétion of 10”4 M were attracténts and produced a éhange in
both parameters., The chloride salts of the ions tests: K+,.Nd+,‘NH+.'
ca ', Mg, La3+,‘acted as repellents,

'Ueda‘gi al. (19?5)'also discovered that there was some depende -

ence of the'cations'.threshold concentrations (Cth)_on the ion's valen-



a ¢ ;&5
. DU' :.‘ " ’: ou —_

in ' . 0

CONTROL ‘LISmM Ka

-

4
e

MOTIVE FORCE femH0) ~ -
[=] .

n
(o)

Fige 9. Schematic diagram illustrating the general arrangement used
by Ueda et al. (1975) for measuring membrane potential and motive force
of protoplasmic streaming. a. Shows the double chamber used with en-
closed slime moulds. V is the potentiometer and the solutions are ex=
. changed by tubing, b, Sideview of the double chamber where AG signify
the supporting agar gels. c. Water-filled manometer (M) and rubber =
bulb-screw (SC) assembly for supplying pressure to the chambers. d.

- Dynamoplasmogram: solution in one compartment was exchanged from water
to 15 mM KCl at the arrow indicated in the figure. Motive force of
-taxis of the plasmodium is the difference between the baselines of the
oscillations, a2s depicted in the figure,
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 cies (2)s When plotted as log Z versus log Cyy» & linear relationship
was found and this‘held.true for all the cations studied. From that
discovery, fhe authors concluded that the ionic effectvfollowed a ﬁell-
- known law of -colloid chemistry (Shultz-Hardy rulé) and they suggésted
that "the effect of vélencies of cations on the electrical phenomena

at the plasmodium's membrane plays an indispensable role in the recep-

tion and discrimination of chemical substances,"
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Co Summary and thesis of cat? involvement in Physarum amoeboid movement

Durham, in a.1974 review, presented a comprehensive theory
for normuscle movement of certain cells that gave Several functions to
the Ca ion., He focusedbparticularl& upon the control of movement by
"~ caleium ion fques‘acfoss membranes as influenced by chemical and elec-
trical proce;ses_at those membranes. He envisaged thgﬁ waves of alter-
nating net ca®" entry and efflux can move along the external membranes
of cells and that this was the controlling element in directing amoeboid
novenerits No.experimental evidence has shown fhe existence of sugh waves
‘in any éells_that exhibit amoeboidbmovement, However, Durham presented
4indirectvevidence from a wide range of cell types to support his theory,
| An obvious parallel to the proposed role of Ca' is the Na'
actién potential that is propagated along nerve axons’and’leads to a .
sequence of opening and closing of specific ion channels and a change in.
membrane potentiale. Independently, Baker and Blaustein (see Durham, 1974)A_
have shown that there is catt pumping in the‘Squid axon is voltége sen-
sitive and that catt entfy éontinues at the normal'resting potential of
the cell at a rate that is sensitive to small fluctuations in the meme
brane potential, |

Whereas the Na' action potential predominates in importance
over Ca't entry for nerve axons, Durham (1974) cites evidence showing
Caf action potentials for Cé+f crossing the external membrane and con-
sequent stimulation in the case of the muscle cells for guinea pig
taenia coli, Barnacles, and snail and frog heart., According to Durham,
the "mostly Cé+f action currents’ (sic) diffef from the more studied
Né+ action currents by: (1) a more gradual rise andrfall, (2) the am-

plitude is not dependent of stimulus intensity and (3), there is a lower
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resting potential of the membrane. External Ca*t is further implicated
in conﬁrolliné movement‘by the fact that ca™t entry alters the membrane
potential and thereby controls the‘ﬁovement and direction of the beating
in the case of Paramecia cilia (Eckert, 1972). | |
Evidence from nerve action potentials and other cellular studies

led Durham (197%) to proppse that a Catt current (wave) controls amoeboid
movement in the amoeba and the much larger plasmodia 6f slime moulds, As
Kamiya demonstrated (see Fig. 7), electrical potential differences be-
tween {wo points of the plasmodia fluctuate at the same frequency as

the pressure differences (viz. motive force) with a similar waveform

but differént phase. The visible vaves of luminescence- that pass over
the surface of 1arge.marine jellyfish (viz. Catt-aequorin interaction) 
may represent the propagation of waves of catt entry into these orgaﬁ-r
ismse Similar oécillations of the internal [ba+f] have been shown to .
exist in the cytopiasm of plasmodia by Ridgway ard Durham (1976). They‘
used a cémplex appératus to heasure the potential differences (viz. EPG)
as'explained before, and also simultaneously measured the light emitted
by aequorin injected into the plaémodium's “venous" network, |

Tt is known that :;equorin combines specifically with Ca'™

ard emits light (Ridgway and Ashley, 1967). Ridgway and Durham found
thét the curves for the light enission closely followed the curves of
_the EPG recording. Also, as imﬁlied by the aequorin light emission,
maximm ionized calcium (Ca**)‘concentratipns preceeded maximun exter-
nal electrode electronegativity by a small fréction of a cycle, As
Tasaki and‘Kamiﬁa (1950) observed, Ridgway and Durham also found that a
' gentle mechanical shock (light tap) to the housing abparétus induced a
sharp peak in the EPG but also induced a peak in the 1ight-emission |

| tracing of aequorin., The close parallel of the EPG with the internal



Ekﬂ4j suggested to Durham a possible causal reletionship between the
membrane potential and4the control of the free (@a*‘] in the cytoplasm.
A Because an EPG of a plasmodlum is an extracellular record,

Durham (1974) suggested that the electrical waves (s1c) may repressnt
a manifestation of ion fluxes across the external membrane, If experi-
‘mentally confirmed as being waves of Ca'' entry and efflux along the
plasmodium's surface, it would satisfy two necessary requirements: (1)
tangential movement along the memcrane and (2) oscillating character.
These two characteristics are prerequisites_fof Durham's theory, if

- such waves are to direct aqg control the plasmodium's movement, This
| aspecﬁ will be discussed in more detail later,

Intracellular Ca't has been firmly established as the regul-
ating factor for fhe actin and myosin proteins in amoeboid movamenf as
well as in organized muscle fibres (Komnlck et al. 1973, Durham, 1974),
YrJohJ_faz*th-Boitemann (1964) has (lanonstra'ted the existence of contractile
fibrils in tvhe'l cortical or ectoplasmic layer of plasmodias With sequen-
tigl fixation and electron'microscopy he showed the appearance and organ-
izationof contractile fibrils at the periphery'of a recently extruded o
dfoPlet of cytoplasm, Wohlfarth-Bottermann also presented experimental
evidence showing that it.was the cortical contractile fibrils.which |
exerted the pressure to force the cytoplasm back into the severed Iyein,
The e#istence of such.a cortical contracfile network is an important ad-
junct to the proposals of Durham (197%) and Durham and Ridgway (1976)
for explaining the chemotactic sction of attractants and repellentsx |

Durham ard Rldgway (1976) found that chemical attractants and
warmth generally broubht about a higher frequency of streaming while
repellents and lower temperature caused a lower rate. The plasmodium

can be visualized as an efficient food~seeking organism, elways migrating
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(creeping) over the substrate in a random fashion, The question caﬁ

' be asked, "What mechanism enabies the piasmodium to bring its bulk
aréund and move in the direction of a newly encountered fooa_sourcé
(vize attracfant)?" Durham and Ridgway reasoned that if an extended
part (i.e. a péeudopod for amoebae) of a plasmodium encountered an
attractant, that partiéular area would develop a faster rate of stream. .
ing, become the front and entrain the rest of the plasmodium to follow,
A repellent would cause a reverse action and a retreat.

With that simple concept in mind, one may think of an smnsba -
or much larger plﬁsmodium as being similar to a flattened liquid drop-
let with a certain surface tension. Underlying thg surface membrane is
" a hypothetical actinomyosin network with the ends of the actin filaments
attached to the membrane and the myosin filamenﬁs randomly associated wiﬁh
them. The "droplet" study by Wohlfarth-Bottermann (1964) and mmerous
electron microscope studieS-(Pollard and Korn, 1971) tend to support
but do not conclusively prove Durham's premise of such a network. The
proposed network of filaments imparts a éﬁrface tension’keeping the in-

- terior under slight pressure. Increases or decreaseé in the freaG?ﬁ*j» o

would cause the éctinomyosin network reSpectively to contract into a

tight meshwork or to relax. Durham made a further assumption that
attractants acted by causing a decrease in the internal free‘ @A+¥] y

thereby relaxing the network and allowing the membrane to “bulge' forward

from internal pressure. _

Thus for the local region involvedvthere will be a “bulging®
forward of the plasmodium after encountering the attractant and a resulting
faster frequehcy'in streaming, This fegion of faster frequency will en-
traiﬁ the rest of the plasmodium which has a relatively slower frééuency.

to move in that direction. Xamiya's observation can now be included,
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namely that a net flow of cytoplasm in one direction can occur as the
resultant of repeated éycles of streaming. Repellents would cause a
contraction of the underlying.actinomyosin network (viz. by reduced
internai. Ebf{] ), tighten the meubrane, produce a slower frequency of
streaming and be entrained by the “"faster!" fegions of the plasmodium and
thus be retracted,

The simplest model for chemotaxis would suggest that attr#ct-
ants increase the rate of pumping-of calcium ions outwards across a
cell's external membrane, The withdrawal would lower the cytoplasmic
@a++] in the region of Dufham's hypothetical membrane-actinomyosin nete--
‘ work and begin the sequence of evenis described., Thus the free Gﬁipfj
in the cytoplasm has two functions: (1) to regulate the hypothetical
membrane-actinomyosih network and chemotactic acceptance or’rejection '
and (2) to regulate the contractions of the contractile proteins respon=
sible for the hydraulic pressure'(motive force) generation, |

’ & third possible function\of the Ca ilon may be to aid meﬁbrane

adhesion to other cells and to the ﬁnderlying substrate, Durham (1974)
proposed that the internal oscillations in the ﬁﬁf*] , may also be ex=
hibited on the surface as was suggested by the external EPG measurements
‘'which were taken to mean ion fluxes. Takén with the féct that cells in
tissue cultures require ca’" in the medium for proper adhesionﬁto their
culture bottles (Manery, 1966), such fluxes of Ca‘’ from the plasmodial
membrane would serve the function of‘repeated cycles of relaxationvand
adhesion of the membrahe to the substrate.

Assuning the existence of waves of alternating net Catt entry
and efflux moving along the membrane, there would also be an accompanying
wave of contraction and relaxation travelling in the peripheral actino=

myosin network near the surfacé of a cell., Durham (1974) in his hypoth-
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esis proceeded to explain that any one place on the cell surface would.
tend to experlence an éxpansion and relaxation of the local surface

areé altefnating in time, When such waves of contraction and relaxation
operate in combination with cycles of adhesion,‘the bottom surface will
terd to movévsidewisé relative to the underlying substrate, Whether |
the cell is an amoeba or a particular region of a plasmodium and whether
it will mOVe.in the same direction as the travelling waves, or the op-
posite direction, will depend upéh the exact phase relationship between
_the acdresion wave and the contraction wave, ~ Durham cites the fact that
many muiticellular organisms use oscillations (ripples) of their under-

surface for locomotion, such as slugs, earthworms, caterpillars and

"slugs" of fhe eellular slime mould Dictyostelium discoideum;

It would be of interest and it is the object of this thesis to
verify tha three proposed functions of cat* discussed above, The first
objective was to investigate whefher the internal oscillations in (pa**]
for Phxéarmnplasmodia propégate themselves to the surface and whéthef
chemotactic attractants produce an increase in Ca ' efflux from the sur-
face membranebaé predicted by Durham' s hypothesis. The experiments'
described in the following chapters were designed to test the above
hypothesis and.more spe¢ifically to determine whether a chemotactic re-
sponse produces any‘significant'cd++ offlux from the slime mouid.into
an aqueous enviromment, of what magnituds these are and whether there
is a causal link between the changes in Ca'' efflux and the motile oscile
lations.  Secondly, slime mould mitochondria ﬁere isolated and their
functional integrity was tested by respiration measurements, similar
to those used with standard rat liver mitechondria preparations. This
was followed by aﬂ investigation of the in vivo énergy-linked ca™ accum-

wlating ability so as to give an indication of whether plasmodial mito-
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chondria could participate in regulating the cytoplasmic [c:;*"].
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CHAPTER THREE
MATERTALS AND METHODS -

1. Axenic culture of Phvsarum polycephalum

Howard in 1931»(see Alexopoulos, 1962) reported a number of

different focd substrateé for the culturing of the>blasmodial phase of

the myxomycete Physarum polycevnhalim. The plasmodia were first cultured

on flesh agarics (Agaricus sapidus) and later on pure cultures of fungi

~ growing on nutrient agar. Ettiemne (1972) used an cat-meal agar medium
when a well-defined medium was not needed and Cummins and Rusch (1968)'

used half..strength corn meal agar supplemented with a food bacterium,

_ Aerobacter 2810ZENES, , _
The lack of pure cultures and defined media often hampered the
assessment of chemotactic response and biochemical studies. As a result,

the pure culture of the plasmodia of P. polycephalum on a semi-definei

mediun developed by Daniel and Rusch (1961) has been a boon to resegchers
working with this organism. The complete growth medium for maximal growth
is given belows | | |

Component | ' Amount (g/1 mediwm) = Substitutions

Tryptone (Difco) 9,0 : " Peptone (Oxoid) 10,0 g/
Glucose, anhydrous . 9,0 -

Yeast extract . - 1,4
/Citric acid o H,0 3,6

K, HPO), : | 1,8

CaCl, o B0 0,

MgSO o HO :

5% 0 | 0, 5%

Mnol, . b0 0,076 -

FeSO, o 7H,0 | 0,085 FeCl, . 4H,0- 0,06 g/1

g S - (NsB,~A1l ifon must be ferrous)

ZnS0;, o 7H,0 0,03 '

Hemin (Added separatcly- see below) .~ Hemoproteins and chick embryo

extract



In three papers (Daniel aid:Rusch, 1961, Daniel ot al. 1963,
Daniel and Baldwin, 1964), Daniel gave details on the culture of Physarum
for both semi-defined and fully defined media. With the seni-defined
mediqm giﬁen above, it was foﬁnd that for convenience, the metal salts
(bracketed above) could be made up as a concentrated stock, usually 40X
ina 0,5'liter volumetric flask. It was necessary to'dissolvé the citric
acid beforehand to avoid the formation of insoluble precipitates. _Tﬁe

| mediwn was usually made up in litér quantities and adjusted to pH 4,6 .-
© yith KOH pellets. To limit deterioration of the mutrients, the flasks
-were strictly éutoclaved fof 10 minutes at 15 lbs pressure.

Daniel et al. (1963) also discovered a unigue reduirement for
an iron protoporphyrin’(lx). This is supplied by making upva 0,05% hemin
solution in 1,0% NaOH which is autoclaved separately from the nutrientA"
media, The hemin is then kept refrigerated and transferred at fhe COn~
centration of 1% v/# either to the shaker flasks before use or to the
cooled agar medium'prior to pouring ihto petri disheé. The hemin can be
replaced by other hemoproteins or chick embryo extract.‘ As a rule, for
optimum aeration and fragmentation, the shaker flasks ﬁere kept one~fifth-
full (1 oo 50 ml and 200-300 ml for 250 and 2000 ml flasks respectlvely)o

P, polycephalum, strain M3cV (obtained from A.C.H. Durham),

~was initially in the dormant sclerotium stage on sterile filter paper.
Using aseptic teéhnique, the conspicuous or:orange patches qf the scero=-
tium weré cut from the paper in an elongated triangular shapé.‘ Thesei
were inserted into 250 ml shaker flasks, lying sideways with 50 wl medium,
- 8o that only the tip of the triangle touched the edge of the quuld med-
ium. The paper acted as a wick drawing moisture to the sclerotium and,
once reV1ved, a slowly spreading plasmodium was observed within 48 hours.

Once the plasmodium had spread out on the surface in a thin
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"1acé“.pattern aﬁd reached apprbximately 2-3 cm2 in size, the flask

wa$ turned uprighte To obtain microplasmodia, the flask was shaken suffi-
.ciehtly to maintain aeration, to break up.the initial mass into individual
micrqplasmodig (m,p.)_but not to the extent of producing froth (viz. 150 zpn
setting- G10 Gyratory Shaker, New Brunswick Scientific Company, New Bruns-:
wick, New Jersey,'U.S.A.).'.A two ml inoculum transferred to a 250 ml

. flask containing 50 ml reached a peak in growth in three days and was

then transferredaagain. Alternatiﬁely, the whole flask may be flamed and
the contents tipped into a 2 liter flask. Some flasks should be set aéidé
in the refrigerator as insurance against future cdntaﬁination. It can be
estimated that 2-4% of the m.p. develop into dormant microsclerocia which
~can be revived later, For. plasmodia on solid agar media, 2 ml of packed-
(settled) m.pe can be pipetted onto a pléte and these will fuse within 12
hours and develop nuclear synchrony after about two mitotic divisions
(Cumins and Rusch, 1968), Nuclear synchrony refers to a characteristic

_ property of the multinucleate plasmodia, namely that all the nuclei undergo
intranuclear division with the subsequent nuclear phases in strict syn-

_ chrony, | _ ‘

Two autoclaved pipétte cannisters for 1 and 5 ml pipettes were
kept for adding hemin and transferring cultures. To avoid much needless
time and effort removing Bacterial or fungal contaminants, étrict'observance
of aseptic technique is necéssaty when transferring cultures. Develqping
contaminénts can usuélly be seen on a plate, If such is the case; it is
a simple matter to either excise the contaminant or if it is overwhelming,

to excise a 2;3 cm2

piece of plasmedium free of the contaminant and trans-
fer it to a new plate., If the contaminant is anintegral part of the plash-
odium, then the plasmodium's speed of migration can be used to advantages

An excised section is transferred to a blank agar plate and in a starved
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state, it may migrate uéito % cn in 6 hours; after repeated transfers
this usually leaves the contaminant behind. |

'  For- shaker cultures, absence of contaminants is indicated by
" a clear medium and no rihg around the flask (viz. surface-air interface)
‘beyond that caused by the hemin., 4n indistinet cloudiness indicates bac-
terial or yeast contaminahts, whiie myéelial fungi usuwally roll into small,
gray spheres- "tennis balls." Such contaminants can never successfully
be removed from a cuiture and therefore a new line has to be started from

a refrigerated flask or an agar plate.
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v'2.v‘Technicue of the flow-through chamber
Kamiya (1959) was the.firstvto devise an apparétus in which
part of a plasmodium was eprsed to different solutiéns. The degree of
chemotadtic response to these solutions was determined by making manos
metric determinations amd simultaneous measurements bf the potential dif-
: :ferénces between the onposing ends of the plasmodium. Using Kamiya'

- basic idea of a chamber that could be perfused w1th a solution, equip- -
ment was de51gned to collect the 5Ca efflux carried off by a continuous
perfusion that initially flowed over a large surface area (several cmz)
of plasmodium., The surface area varied from run to ruh and this factor
affected the level of 45Ca efflux with each rﬁn. To assess the organ~
* ism's physiological response, the motile streaming oscillatioﬁs were Op=-
tically recorded at the same time as the collection of the perfusing
solution.v For these purpéses, the best fdrm of plasmodium for our needs
had to be considéred, viz. how best to incorporate the 45Ca isotope andAb
design the transparent flow-through chamber. For the optlcal rccordlng,
the accompanying Optlcal-electronlc circuitry had to be devised,

P, polycephalum was maintained as mlcrOplasmodla in an axenic -

shaker culture. For - the best optical recording the plasmodium had to be
-orientated in the length of the chamber (Fig..10 Je Also it had to be
in a starved condition and actively_migratiﬁg, To meet these_conditiéns;
two methods were devised, Both began with the'u5Ca incorporatibn by a
calcium-deprived plasmedium on a radicactive plate. To incréase the in-
corporation, the microplasmodia were previously trahsferred to a flask
cohtaining the usual medium but lacking CaClz.' After two days of log-
‘arithmic growth, in which their calcium reserves were depleted, 2 ml of
éettled microplasﬁqdia were pipetted.onto a thinly poured petri diéh con-

taining 1 nCi/ml of 4503012 (Radiochemical Centre, Amersham) in an other-
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Fig. 10, A d:z.‘agram showing two views of the floﬁmthrough chamber,
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wise calcium=-free nutrient agar ﬁedium.

These microplasmodia fused intb'one_piasmodium and covered
the radioactive plate. Characteristically, when they had exhausted the
" available nutrients, the’migrating piasmodia forﬁed large, lemon-yellow
-accumulations preparatory to sporulation., When the first ;f the two
methods foerrientating the plasmodia in the chamber was followed, these
accumulation§ wefe transferred to a freéhly poured 2% agar pléte with.1 mM
NaCl and 1 mM CaCly. They then reverted back to a plasmodial form and
proceec'sd to migrate around the plate, Approximately 60% of those put
dovn, migrated and orientated properly, viz. with a migrating front, be- .
~hind which were major "veins" and a trailing posterior. These plasmodia
were then cut out with enough supporting agar to fit the éhamber, This
method has its disadvantages because; (1) the time can be extremely vare
iable (448 hours) as to when'the plasmodium becomes orientated prOpefly,
(2) approxlmately 40% never: become orientated properly and (3) after 24
hours, the plasmodium ages and has a dried appearance,

An alternative method was developed to avoid these disadvantages.
Rather than have the plésmodia migrate haphazardly'on a plate, a method was
develéped so that they would migrate within a chamber and cover it to the
greatest possible extent, USing the blunt end of a spatula, Pafafilm was
molded around the inside of the chamber leaving enough Parafilm to project
1-2 cm outside, *The bottom of the chamber was layered with 2% agar gel conn.

taining 1 mM NaCl and 1 mM CaCl The plasmodial éccumulations from the

e
radioacﬁive plate were then transferred to thé chamber and their migra-
tion confined by the hydrophobic nature of the Parafilm. Several
chambers can thus be made and incubated at 25 °¢ ina moist -atmos~f
phere: while the accumulations migrate outwards over the agar, covering .
an area of several cmz. Usually within 3-4 hcurs, the plasmodiﬁm develops

"veins." The Parafilm can then be trimmed away and the chambef covered
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with a glass microscope slide, sealed with Vaseline, and placed on the
" objective stage of a binocular microscopes
- Several chambers, 5cm X 2em X fem in drnehsions, were Con=

structed with strips of plexiglass and epoxy glue., Two holes were drilled
-at the opposite ends and the tubes attached with epoxy. The tubing ran
from the solution reservoir above the chamber and the efflux was carriéd.
by graV1ty to a fraction collector and a waste container below the chamber,
Red light (760 filter) passed through the molded Parafilm, the supportlng
" agar and finally throuzh the small area of the plasmodlum to a photo=
resistor set in one eyepiece (Fige. 10)e A regular, sinusoidal optical
tracing waé produced when either a ma jor "vein" or the periphery of the
~ plasmodium was ;n the eyepiece's field of vision., Conversely, when there
Were many smaller veins, répresenting a complex ccﬁbination of overlap-
ping areaé of contfaction, a ragged chart recorder tracing resulted.

Changes in the organism's surface area or thickness related to
its motile streaming oscillations influenced the light beam transmitted.
The photoresistor transferred these fluctuations in light intensity, as
electriéal impulses, to an amplifier whose output was displayed on a
chaft recorder (REC 61 Servograph, Radiometer, Copenhagen), The elec-
tronic circuitry was constructed as shown in Fig, 11,

Simultaneously with the optical recording, a neutral solution
| of 1 mM NéCl, 1 niM CaC].2 was made to flow throqg‘n the chambe1: 'at a rate
of fifteen drops per fraction collector vial or four vials per minute,

These vials, containing 45Ca leeched from the plasmodium were filled with

| 4 ml of a scintillation cocktail (Insta-gel, Péckard_Instruments), and.
their radioactive counts per minute (CPM) were measured using the 140
presét energy chammel of a Packard Tri-Carb Model 3385 scintillation

‘

counter,
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Fig. 11. A diagram of the electronic circuit devised for optically
‘recording the motile oscillations in Physarum plasmodia. B, 9,0 V.
'battery; P, photocell set in microscope eyepiece; R,, 200 kohm preset
resistor; R,_3, 100 kohm resistors; T 29 teminalsito carry output to
chart recorder; O.Aes LM307A, miniaturized operational amplifier,
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A typical experiment consisted of preﬁaring a chamber and
allowing the neutral solution to flow over the plasmodium for 30 minutes.
It was previously determined that‘the plasmodium_suffered no i1l effects
by being submerged and would.continue a étreamiﬁg pattern for up to 6-8
hours, Thereafter, the streaming would become progressively weaker and
fimally stop. After the first 30 miﬁutes, a regular streaming pattern
ensued from which it wes relatively easy to judge the organism's response
to different solutions applied. Beforevchanging solutions, the position
was noted of several vials coinciding with.the’Optical recording on the
- chart recorder. Thereafter, the CPM of each vial could be superimposed

dn the optical recordings.
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3¢ Preparation of Ca++~EGTA buffers for half plate assays

The Ca'” -EGTA buffer used in the following half plate assays
were made up according to the calculations of Portzehl et al, (1964).
The calculations and the preparation of media were done as follows,
| EGTA (ethylene glycol bis ( B-aminoethylether)-N, N'-tetra-
acetate) from Sigma Chemicals, is specific for the binding and chelation»
_of,ionized calciume The EGTA ligand (L) has four ionizable protons
~and each disassociates at a particular pH. Only the forms of 73~ and-
Lq- are effective in the chelation of Ca*t and/the association equations
for. each are given beiow.

_[ca L Tot]

1) + y= 2 = 106288 _ J
(1) Ca +L° <«Calp, K, =10 [Ca ™ L  Tocl

- 103,88= Eca HLTOt]

> , ++ 3= 7 : ' E——WI--j—
( ) Ca + HL « Ca HLTOt K Ca HL . Ca HL :'

As is seen, the protonated form (HL3") has a much_lower associ-
o ation constant and as a consequence, that reaction can be deleted fromv
further calculations, The éonstants given-are for a pH of 7,1 (Portzehl -
et al. 1964). The bound Cat* is effectively equal to the totai.@?f¥] _

as there is very little free Ca'’ in comparison (equation 3). -
(3) [Ca Lyoed = [Ca++T0t] - [Ca++freej

Thus, substituting and rearranging the first equation gives
-the equation below for finding the molar concentration of EGTA needed in

making the buffer, once the total [§a+¥] and the desired pCa value-are known,

_ | ++
() [upg] = E2 Tt
EK'Ca L]EC3++freej
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~ One~tenth volume of 0,1 M Ca'' -EGTA buffer was added to the
agar medium., A range of pCa values from 4 to 7.(viz. (§a++fre;]', 10'4,
10=5 M, etc) were obtained by using the molar concentrations of EGTA
indicated in the table below:

Table 1 . The concentrations of Ca++ahd EGTA required to achieve the
indicated pla value,

pCa Cap, . EGTAy
- 0,i M 0,13 oM
5 n 0,0013 M
6 " 0,013 M
7 wo 0,131 M

The pCa values Were maintained by adding 104 v/v of the Ca’™t-
EGTA buffer to all_agar mediae. The pH was adjusted to 7,0 by the add-
ition of 5 mM Tris and the medium was gelled with 1,55 v/v of Ionagar
(bxoid, Code L12 purity)e The half ﬁlate assay method of Carlisle (1970)
as modified bj Durham (1976) was used here. Plastic disposable petri |
dishes were employed. The bottom plate was divided into two eqtal halves
and the pCé va;ue of the half containing glucose was indicated with a
marker pen, The medium was autoclaved with a magnetic stirrer added
until the agar was melted, Sterilization was not necessary, since fhe
plates were used immediately and the results of the plasmodia's migration
were usually known within 6 hours. o

Ohce melted, the medium for a particuiar pCa was mixed thor-
oughly with the magnetic'stirrer.and poured into the dishes, allowed to
gel and one half scooped out with a spaﬂula following the drawn demarca-
tion line, The medium of a differing composition (viz. pCa, (¥g+¥],

- added glucose) was then poured in and carefully brought up to the same
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height as that of the firét half, To avoid diffusion of Ca ions across
the interface (viz. blurring the sharp demarcation line of the two halves),
the plates were made just prior to putting down the plasmodial accumu-

' lations on the interface line.
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4. Isolation of mitcchondria from rat liver and slime mould
microplasnodia ' . _

~ This section is devoted to descriptions of metheds for the
isolation of two dissimilar types of mitochondria from rat liver and
slime mould microplasmodia, The integrity of the isolated mitochondria
.(i.c. oegree of respiratory control) was assessed by the polarographic.
"oxygen electrode" technique,
| The mitochondrial»protein was deiermined by the biuret method
(Koch\end Putnam, 1971). Crystallinebovine serum albumin (Miles Labor-
atory) was used to set up the stendard curve, Koch and Putnam modified
the biuret method to measure the protein contentvih impure systems such
as bacterial cultures. Their method corrected for increased turbidify;
partly because the absorption of the copper-peptide complex Wwas ﬁade
more sensitive by measurement iﬁ the ultraviolet region. When compared
with the Lowry method, in which potassium ions and Tris buffer can ade.
versely affect colour development, the biuret method is more accurate and
shows better‘reprodﬁcibility. |
Mitochondria are.intracellular organelles characterized: by
certain well defined structural features and 2 narrow range of sedimenta-
tion coefficients and are the main sites for the phosphorylating electron
transport chain. For stﬁdying respiration and electron transport, bio-
chemists have developed various procedures for the isolation of mitochon-
dria, the procedure varying with the type of tissue or cell.
The beginning of any isolation procedure starts with e decisionbas re-
.gards the manner of mechanical disruption (homogenization) of the tissues
or cells in an appropriate medium. Preference should be given to the
method gentlest in rupturing the cells and releasing their constituents,
followed by the best degree of reproducibility and final yield. Differ~

-ential centrifugation and filtration are then employed to separate the
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mitochéndria from the cell debris, red blood célls, microsomes and sol-
uble components. The respective methods will be discussed for rat liver
tissue and slime mould microplasmodia.
a. Rat liver |

, Rat livér mitochondria were prepared.accdrding-eo conventional
nethods (Vinogradov and Scarpa, 1973) and the initial addition of 1 mM
EGTA was included in order to obtain mitochondria relatively free of'en-
dogenpué calciume A rat starved‘évernight was stunned by striking its.
head against a bench counter, _it's liver was dissected out as quickly
as was possibie and extraneous tissue trimmed away. The isolation pro-
cedure was carried ocut throughout on ice,

The liver was minced in an ice-cold medium of 0,25 M sucrose,
5 mM Tris, 1 mM EGITA at a pH of 7,4, The sucrose-blood mixture was de~
canted off and fresh sucfose redium was added., Mincing was continued |
until the pieces were 1-2 mm in size. When most of the blood had been
removed, the minced liver was transfefred to a préchilled Braun Dounce
‘ ‘homogenizer. The tube was filled to the SO.ﬁl mark with cold sucrose |
medium. The homogenizer tube had a capacity of 50 ml and a clearance of -
0,1 m with the teflon pestlé and the pestle was driven by a stirring
motor with a shaft rotation of 600 rpm.

AUsing the stirring motor to drive the pestle, the homogenizer
tube was passed ﬁﬁ and down until only a few fragments of tissue remained.
Usually this meant six strokes and it was found to be preferable that scme
tissue remain.rather than risk damage to the mitochondria already released.
The homogenate was divided between four 50 ml polypropﬂgné tubes for the
Sqrval SS34 fixed angle rotor and centrifuged for 10 min at 600g oﬁ the
Sorvail wltracentrifuge Model RC-Z.V After centrifugation:(Fié. 12'),

the pellets (cell debris, blood cells) were discarded and the supernatant
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\\4 A
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Fig, 12. A diagram showing the isolation procedure for rat liver
mitochondria.
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was centrifﬁged for 5 min at SOOOg. The reoulting pellets were fesus;
‘pended by repeated pipetfing with minimal medium and combined into one
tube, Thé low and high speed centrifugations were repeated twice to ré-

. move as ﬁany contaminanis.as possible from the miﬁochondrial fraction.
For the second washing and the final suspension, the mediﬁm was changed
to 0,25 M sucrose, 5 M K,HPO,, 2 mlf MgCl, and 5 i Tris at pH 7,4. After
the final high speed spin, the pellet was resuspended in a minimal volume
of sucrose and kept on}ice. | |

b, Slino mould mlcroplasmodla

The 1solatlon procedure of Grant and Poulter (1973) was followed

.Wlth minor changes. These were prlmarlly to adapt the procedure from .

plasmodla to mlcroplasmodla shaker cultures and to handle the larger amount o

. of material. P. pglycephalum mlcroplasmodla were grown»under sterile
conditions and the 1solat10n procedure was carried out throughout on-ice.
The mlcroplasmodla were harvested from three 2-litre shaker flasks w1th |
ZOO‘ml of growth media in each., After three days growth, the settled
mass of microplasmodia in a measoring cylinder eqqalled 250-300 ml.

hese wefe'deCanted into four 200 ml cellulose nitrate tubes, The tubes
were then placed into the swing-oui.holders of a Sorvall GSA rotor and
centrifuged for 5 min at. 500g (Fig. 13).

After centrifugation, each pair of microplasmodiél pellets
were broken up in a beaker of 200 ml of cold O 5 M sucrose, 5 mM Trls
and 1 mM EGTA at a pH ?,4. It was found to be important that the micro=-
plasmodia be suspended in a volume of at least 10 times the wet weight,
of the pellets used, as this allowed for a proper velocity'through the.
disinbegrator and a sufficiently thin homogenate for later filtration .
through the milkvfilters. Individually, each of the 200 ml beakers were

decanted into the pre-chilled cylinder tissue disintegrator designed by



™Mge 13. A diagram showing the isolation procedure for' slime mould
mitochondria from microplasmia,
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Polson iﬁ 1973 (Fig. 14 );

Polson's apparatus utilizes compressed air to force £heomicro-
piasmodia-sucrose suspension through an adjustable.space between a sta-
tionary solid cone and ah adjustable concavity.. It provided an efficient,
‘reproducible method of homogenizing suspensions of single cells (especial-
1y since they are devoid of cell walls) and the extent of disintegration
can be controlled, The factors favoring pressure homogenization are:

(1) over 90% of the cells are disfupted, (2) microplesmodia and their
liberatzd components are nof subjected to prolonged exposure to disrupting
forces, (3) a'higﬁ degree'of reproducibility of the homogenate and, (4)

_ the parameters of the system-pressure (i.e. velocity), time, aperture

width and suspending medium can be varied to suit the need of the operator, -

The optimum setting for the disintegrator was with a conical
space of 0,4 mm and an air pressure of 25 kg/cmzo The resulting homo-.
genate was flltered through a single cotton-wool milk filter pad (Spr_ng- '
bok=190 mm medlums, National Dairy Equipment Ltd, Johannesburg) on a ‘
buchner funnel and a low enough suction applied so as to avoid perfor- '
ating the filfer. The filter was changed for every 100 ml of homogenate,
After the first filtration, the homogenatet}ras filtered again and the
"filter pad changed every 200 ml. This step proved very important in
renoving the slime from the preparation.

The filtered-homogenate was divided between’the four cellulose
nitrate tubes of the GSA rotor and cold fresh sucrose medium added.to
each to make them 80% full, After twice centfifuging and discarding the
pellet (Fig. 13), the supernatant was subjected to high speed centri-
fugation. The pellets from the four tubes were resuspended, combined
and transferred to a 50 ml polypropylene tube for a Sorvall SS34 rotor.

After the first of two high speed spins, to remove the slime from the
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Fige 14. A diagram of the cell distintegrator designed by Polsen (1973).
The microplasmodia were added to the chilled cylinder and.the top screwed
~on, The top is comnected to a:compressed air cylinder and the O=-ring
provides the seal, The lower part of the appartus consists of a solid
- brass cone (c¢) designed to fit the underlying conical cavity. ~Screw
threads on the sides of the conical cavity (d) allow for adjusting the
width of the gap between the opposing convex and concave surfacess
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mitdchondrial ffaction, the pellet was resuspended in'coid 0,5 M sucross,
5 Mt KHPO,, 2 nlf MgCly, and 5 mM Tris at pH 7,4 and the same medium was

also used to resuspend the final pellet.
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5 Polarography of mitochondria

The application of the oxygen elgctrode technique for the
study of mitochondria respiration and oxidative phosphorylation was
first developed and repdrted by Chance and Williams (1955). The tech-
‘nique provides a simple, direct and rapid means of determining:the ADP:0
(vize P/O) ratio.y Since it is a direct measure of the number of moles
of ADP phosphorylated o ADP with each oxygen atom, the ratio is con-
sidered to be a major criterion of mitochondrial phosphorylative ability
and funstion integrity,  Several ty"pes.of electrodesexist, but there
are two basic types: the platinum wire electrode and the "Ciark“ type
A which is partially,enéased in glass and has the exposed Pt electrode im=
mersed in saturated KCl and a polyethylene membrane separating the KCL
phase from the reaction medium.

Both elecfrodes depend on a polarized electric cui'rent° ‘The .
voltage applied between the anodé and cathode parts of the électrode
immersed in an oxygen-containing solution (Pt electrode negative to an-
ode) causes the dissolvedboxygen to undergo electrolytic reduction.

Yith a current of -0,5 to -0,8 volts, the voltage across the anode and
~cathode is directly proportional to.the oxygen concéntration of the sol-
ution, Specifically for the Clark electrode used, a potential of -O§6?V
| was applied to the Pt electrode relative to the Ag-AgCl electrode and
passed through a variable potentiometer in the O2 meter.s The current:
generated across the elsctrodes was displayed on a chart recorder (REA
160 Titrigraph Module, Radiometer, Copenhagen) with 1 mV full-scale
deflectiong | '

The bare platinum electrode fits very well into an optical
cuvette, can be made to vibratecor rotate for mixing and consequently,

is used in conjunction with sﬁectrophotometric studies. Because of
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its direct contact with the solution, the electrode has a very fast
'_response although the sensitivity can vary unexpectedly This is mainly
due to the fact that if uncoated, the electrode can be ea51ly "poisoned"
'.by reactive chemlcals such as cyanide and iodide; even mitochondrial
proteins cause a loss of reactivity that can affect future experiments
(Hagibara, 1961). Therefore, the electrode must be coated with a pro-
tective film, usually collodiuﬁ. ‘This coating does however wear thin
after repeated use and leads to spurious results.

Membrane-coa*ted electrodes {e.g. Clark) largely avo;d these
hazards and are preferable in situations not needing a fast response.
' This type indirectly measures the free oxygen that diffuses across the.
membrane to ﬁhe KCL phase and is electrolytically reduced by the current
geﬁerated between the electrodes. .Hence-the voltage is a measure of the
oxygen activity rather than the acﬁual oxygen concentration. The aotivitj
ooefficient of Oziin solution varies in proportion to the concentration
oflelectrolytes or ionic strength, For the reaction mixtures used.in
the respiration studies, an initial oxygen cohceotration of 240 MM 0,/1
ﬁas used for the air saturated solutions, This value was taken from
. Chappell (1964) and Chance and Williaﬁs (1955) ‘who used the values of '

237 and 240 pM O /l, raspectively,

A Clark electrode (Yellow Springs Instrument Coe, Yellow Springs, -

Ohio, U.S.A.) was used in the polarography‘experiments. The vessel used
tovhold the reaction mixture was a modified 5 ml glass beaker with a
small projecting tube (spout-0,2 cm diam.) attached to one side. The
spout was so situated as to be immediately adjacent to.the surface of
the reaction medium and was used to make additions with micropipettes
(Eppendorf) of 5-50 pl capacity. The amount added never changed the

total volume by more than 5%,
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7 The small volume of the'reaction vessel helped‘to_éxtend the
mitéchondrial preparations, ‘thus increasing the number of possible eXper-
iﬁents per isolation and also facilitated mixing of the solution by a-

_ maghetic stirrér. The speed with-which the electrode reséonded.to changes
in 021c0ncentration induced by respiratory activity of the mitochondria
appeared to be limited only by the rate of @ixing. Back diffusion of
oxygen at the air-medium interféce was almost wholly prevented by»the
nearly'perfect fit of the membrane-coated electrode into the beaker.

The addjtions of small volumes of ADP solutioh led to an immediate in-
crease in respiratory rate for rat liver mitochondria. Additioh of
neutralized KCN fo produce a final concentration of 1 mM caused an im-
mediate inhibition of respiration, “immediate“»indicéting the response
after reaching a steady-state solution within 15 Sec. Ail'experiments

.were run at ambient temperature..
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6o Dual-waveléngth murexide spectrophotometry

Murexide is a divalent cation-sensitive dye and as such has
been used to study Ca++_and ¥n't movements in biological systems (i.e.
sarcoplasmic reticulum vesicles, ﬁitochondria, intact cells). When used
in a suspension, murexide remains in the external medium because of its
'insolubility in and permeability through biblogical membfaneé. Because .
of a high coefficient of absorption, lqw,concentrations (20-50 M) can
be used. Murexide has a Low affiﬁity and specificity for Ca** but the
rate constant for the reaction of murexide witﬁ catt is ﬁigh enough‘to
.allow fast kinétic measurements of Ca't binding or transport (Scarpa, 1972), .

| 'The change in abscrbance when the complex is formed can be |

seen when Ca** is added to a cuvette of murexide: there is an observe _
able colour change from purple to orange. The ca imurexide camplex, as
qompared to murexide élone, exhibits a lower light absorbance af 540 m
and a higher absofbance at 470 m and an equivalent absorption (isobestic'
point) for both at 507 mme. The production and diéappearance of the Ca™tw
murexide complex can therefore be measured through changes in absorbance
at 540 or 470 me For the study of mitochondria, there is concomitant
production of a turbid solution and cpnsequent light scafteriﬁg effect,
This interference is minimized by taking absofbance readingé af two close -
wavelengths, One wavelength is theqreferencé and the second is the
measuring wavelength and is substfacted from the firste. |

Mela and Chance (1968), in their mitochondrial studies, used
a dual-wavelength spectrophotomeler to record absorbance measurements at
540-510 mm, the reference and measurihg wavelehgth rGSpectively. They
demonstrated that murexide remained outside of mitochondri; and did not
affeét mitochondrial respiratory contrél. In addition, the measuréd |

wavelengths of 540-510 m were unaffected by the absorbance changes of
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the reSpiratory carriers (cytochromes), |

Rat liver and slime mould mitochondria have been isolated -
as described previously in media including 1 mM EGTA (pH 7,4) to remove
endogenous calciume. = Thereafter, for the final washing and suspension of
‘the pellets, hedia of 0,25 M sucrose-RLM (0,5 M sucrgse—SMM), 5 m! KZHPO4.
'5_mM Tris at pH 7,4 were ﬁsed. The temperature of the reaction medium
was 24 %. Murexide was a gift of Dr, Bermamn and the Aminco Chance
dual_wavelength spectrophotqmetér-was used with the kind permission of
Professor Kench. Murexide stock (5,25 mM) was made up the same day as
the experiments and ZOLnl was transferred to the 3 ml cuvettes to have
a final concentration §f 35 nlM.

Tﬁe spectrophotométer wés used in the dvwal wavelength mode, in
which the reference and measuring light beams (540 and 510 m respectively)
aré alternately time-shared through a single cuvette. A tungsten-iodide
(fisible) lamp was used for the wavelengths needed. The optical chopper .
: was set at nomal and the absorbance range set at 0,02 in order to limit
pén deflection to a reasonable heighf on the graph papers The response
spéed of the recorder unit was set at slow (viz. absorbance readings
every 2,5 seconds) to prevent the ﬁixing of the mitochondrial suspension
from resulting in a too % jerky" pen response. The speed of the pen was
set at 50'sec/in which was felt to be satisfactory to sepafate absorbance

changes to additions to the cuvette,
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CHAPTER FOUR

RESULTS

i -
"5Ca efflux and chemotactic response, as measured with the

Tl ow-through. chamber

1o

~The primary aim of the following experiménts was t§ find if
there ﬁas any cofrelation between the initial chemotactic reéponse'of
the plasmodium apd the calcium efflux from its surface, Ihe floﬁ-through
chamber was used here to observe éimultaneoﬁsly the bytéplasmic movements
aﬁd the rate of calcium extrusion from an organism labelled with 45Ca;
The:radioactive counting rate of each fractionncollector vial (CPM)
gave'the average relative rate per 15 seconds (appreximately) of *5ca
offlux from the plasmodim, HNo absolute figures for the ¥5ca efflux could
be obtained as this was ihfluenced by such uncontrollable factors as the
‘area (am?) of the plésmodium within the chémber; the extent of migration
(reiative age) and the as§imilati0n of #5¢a from the radioactive plate,
~ Over many hours, the raig of #5Cca efflux remained approximately steady,
being nore affected by the dhanges in the surface area of the plasmodium ,
. than by depletion of the internél calcium stores. Random fluctuationsi_.
bétween‘vials werse usualiy less than 10% of the CPMbréadings of adjacent
'§ials.

Béfore the experiments were done, it was deened necessary to
know to what extent the slime sheath contributed ¥5ca to the efflux
counted, since this layer is in direct contact with the f10w1ng (pevfus~
ing) solntlon. A prelnninary experiment was devised to answer this
question, A chamber containing g non-radioactive plasmodium (deprived
of Ca'") was filled with * Ca-labelled growth medium (1 nCi/ml) for 15
minutes. Afterwards, the chamber was perfused with.a neutral soiution

of 1 mM NaCl and 1 mM CaCl, (pH 7,0) at a rate of 1 drop/sec or 15 drops/vial.
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A second chamber was treated 3n the same manner but 0,5 mi EGTA (pH 7,0)
was added to the neﬁtral perfusing solution. As shown in Figure 16, the
two curves '(ﬁiz. C?M/vial vs time) for ‘solutions with and without EGIA,
closely approximate éach other and both shot-f that the efflux rate decreases
within minutes to an insignificant l,evel; Beéause the efflux rate decrease
was short rather than prolonged and the perfusing solution with EGTA
showed no greater increase in the ca™ efflux over fh'e first, it appéars
that the slime sheath, which is a.galactose polysaccharidé .(McComick et
" al, 1970), has little or no long term binding affinity for calcitvzma |
In the following experiments, the sugars glucose, galactose
and sucrose were nsed because of their known chemotactic effect (Cariisle,
1970, Ueda et al. 1975). Sucrose, in contrast to élucos_e and galactose
has a2 mild repellent effect. Therefore it was oi‘.interest-to compare
- the responses initiated by both types of sugars in terms 61‘ calcium
efflux and physiolqgical response (motile s‘treaming).v |
a. QGlucose | -
The first '@@h@i: was with glucose, The plasmedimm was pre-
pared as described in Section 2 of thé Materiéls and Methods and allowed .
to establish a steady rhythm by being perfused for at least 30 minutes
with the neutral solution. The view through the microsc_:'ope-'s eyepiece
- had to be_ché._nged often in order to show a regular sinusoidal chart re-
. corder tracing. _ Thereafter, the neutral solution was abruptljr switched

over to a solution of 1 mM glucose, 1 mM NaCl and 1 mM CaCl The corresw

2’0
ponding fraction collector vial and time was marked on the recorder papere
The chamber was perfused with the sugar solution for approximately 10-15
‘mimutes and then returned to the neutral solution. If no changes in the

‘streaming were observed, the experiment was terminated, The fraction

collector vials were then prepared for scintillation counting and their _



Fig..16.A45Ca efflux from the external slime sheath after rédioactive
incubation with ¥9ca for 15 minutes, (@) indicates the CPM/vial for
the Catt efflu# under the passive neutral solution of 1 mM NaCl and 1 i
CaCl,. (€) indicates the CPM/vial for the Ca'’ efflux from a second
incubated plasmodium which underwent perfusion by a solutidn of 0,5 mM
EGTA (pH 7,0), 1 mM NaCl and 1 mM CaClz. Note the close resemblance of

the two curves and the sharp dropoff to the background level.
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éounts per mimite (45Ca-CPM)_were plottéd over the cﬁart recorder tracing,

After having repeated the glucose experiments 15 times, two
short-term effects became apparent. The first was an abrupt cessation
~of étreaming which marked the beginning of a period of "shock" usually
laSting_for 15 mimtes (Fig. 17)e The second.éhort-term'effect Was a
sudden transient '7Ca sfflux (Mpeak") followed by a gradual decline to
~the normal efflux level (viz. the baseline), The decline probably ré-‘
flects the time taken to ﬁash the-tranSiént radioactivity out of the
. chamber and obscures the point whers the efflux peak ends. When using
glucose and testing each vial with a urine sugar analysis paper (Lilly
Tes-Tape), it was found that *he firsf traces of sugar appéared in ‘the
third vial or about #5 seconds after the changeover to the glucose sole-
ution., The third vial in the majority of the runs, had the ‘.highest CPH
in the "peak" and marked the onset of the "shock" period. Hence, it
seems probable that both phenomema commence with the entrance of the sugars
into the chamber. | | »

It was difficult to define (i.e. assign percéntéges) the freg-
uency of appearance for either of the events descfibe&uabove. 0ften the -
evehts were distinct, sharp and easy té recognize, .However there were
charf recorder tracings in which "ragged“ or donfused oscillations, pre-
ceding or follpwing*the event, made the particular tracing difficult to
interpret; ‘Such tracings wéré due to improper placement of the chamber
under the microscope objective lens, Another possible causé would be
that physical movement of the plasmodium during a run would shift the
microscOpe's field of visioh from that of a major Pvein® to overlapping
areas of contractlon. The ¥5¢a peaks were easily dlstinguished but did .
»not appear W1th SOme I'ullSe-

Both events often appeared together or singly.and very seldom,

they were absent altogether (compare Fig. 17 ard 18), These observations



Fig. 17. Simultaneous recordings of motile oscillations {continﬁous line)
and 45Ca efflux (points-CHd/vial), mﬁstrating particula.riy-a "shock®
period following the start of exposure to 1 mM glucose (arrow), Notice the
increased frequency when the oscillation restarts, and the very steady cal-
ciun efflux rate. For Figures 17-28, Abscissa: Time in minutes, Ordinates:
Thousandé of radioactive counts per minute per vial of effluent, and trans-

mission of light through the plasmodiwm,
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Fige 18+ A repeat of the experiment presented in Fig. 17, illustrating a
" #56a efflux peak, the return of the efflux to a baseline and the absence

of a period of'"shock“vas seen in Fige 17
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were not related to aﬁy obvious factor such as the age (freshness) of
the plasmodiume. Rose et al. (1972) reported t uhet glucose would stop an
actively migrating starved plasmodiwm on an agar_plate. The period of
~ shock described here demonstrates sueh»inhibitioh o migration and shows
graphically the physielogical response- induced by the added glucose
solution, | |
b. Galactose

Ueda et al. (1975) reported that both glucose and galactose
attracted plasmodia to the same extent when the concentretions exceeded
about 107¥ M, Therefore.it was of interest to test whether galactose,
as an attractant, produced similar phenomena as'mentioned for glucoses

Ten experimental runs were made using 1 mi galactose, following
- the same procedure as for glucose, Figure 19 shows the results of one
such experlment in which both phenamena can be seen, However, under the
exact same conditions, in another run (Fige. 20), the 45Ca peak was absent.
As was obserVed for glucose, those runs with "peaks" had the hlghest
radioactivity (CPM) in the third visl after the changeover. |

| Of the ten runs with galactose, 8 showed a "shock", 6 showed

a 450a peak and 4 of those runs with "peaks" also had a discernable
"shock" periods A satisfactory explanation for these variations: is
not available.af present,
¢o Sucrose . |

Ueda et al. (1975) also demonstrated that sucrose would begin
to repel at 0,03 M concentration. This is cohsiderably more than fhe
concentrations of glucose and galactose in the previous experiments..'
'Sucrose, while being a sugar, differs not only in being a repellent buf'
- also in requiring a higher cencentration to initiate the chemotactic re-

sponse, On the basis of Ueda's observation, five of the following exper-



Fige 19. Simultaneous recordings of motile oscillations (continuous line)
and ¥5ca efflux, illustrating a "shock" and ¥5Ca effiux peak following the .
start of exposure to 1 mM galactose (arrow), Notice the increased frequency

as with 1 mM glucose in Fige 17,
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Fig. 20, - Simultaneous recordings of motile oscillations (continuous line)
and the *2Ca efflux, illustrating an absence of a *Ca efflux pezk when 1 mM

- galactose was introduced,
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iments were done with 1 mM sucrose and the remaining five with 0,03 M
sucrose. | |

| 'Figure. 21 shows an experiment with 1 mM sucrose in which no
"sh_ock" event can be discerned but a ¥5Ca peak is present. None of the
1 mM experiments showed "shocks" but in three of them the ¥5¢q peak ﬁas
| present, Figure 22 ;shows‘ an experiment with 0,03 M sucrose in which both
the 450a peak and a pe:;'iod of "shock" can be seen. In contrast to the
inconsistency seen with the glucdse and galactose e.xp»eriments, all the
experiments with 0,03 M sucrose showed both phenomena to be presente

d., Valinomycin and EGTA

Two furtber expefments were also done: one with valinomycin
’to find if changing the membrane potential had any appreciable effect
and the second, with EGIA, to determine the extent of the anticipated
| C.':fwr withdrawl and its effect on the motile streaming. The potassium-
vs‘pecific ionophore valincmycin has been shown to transporf potassium
ions passively across biclogical and artii‘ical'membranes (Grant and
Reynolds, 1972). Microelectrode measurements by Hato et al. (1976)
gave values of =50 to =90 mv for the plasmodial membrgne potential,
depending on the external mediwme In theory, outward transport of K*
by valinamycin should hyperpolarize the membrane and thus have an effect
on cat* transport if the transport is regulated by the mem‘brane potential,
It remains uncertain to what ex‘lv;ent_the slime sheath blocks the iono-
phore from crossing the membrane.

In the actual experiment, five runs were made in which 10 pg/ml
valinomycin (Sigma Charﬁ.cal) was perfused through as with the previous
runs, In all five, there were no "shock® periods or changes in motile
streaming pattern but in 2 runs the changeover did evoke similar 45Ca
efflux peaks as with the sugars (Fig.‘ 23, This suggests that the effect



Fig, 21. Simultaneous recordings of motile oscillations and 45Ca efflux,
illustrating a prominent efflux peak and no apparent charge in the motile

streaming when a solution of 1 mM sucrose was introduéed.
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Fig, 22, A repeal of the experiment in Fig. 21 but the perfusion solution
contained 0,03 M sucrose, Note the presence of both the 45ca efflux peak,
the start of a "shock" period when the sugsr solution is introduced (arrow)

and the lower frequency when the oscillation restarts,
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Fig. 23. Simultaneous recordings of the motile oscillations and the ¥5ca
efflux, illustrating the absence of chénge in the motile streaming when

10 yg/ml of vaiinomycin was introduced. Note at the boinﬁ of introduction
the beginning of a calcium efflux peak,
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Fige 24, Simultaneous regérdings of motile oscillations and caleciwm efflux,_
illustrating particularly a more than fhreefold inc:éase in calcium effluk

- rate following the start of exposure to 0,5 mM EGTA (pH 7,0-arrow). Notice:
- how the oscillations become ragged and gradually die away with continuous

calcium chelation.
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was not specific for the sugars tested.

The last experimen£ consisted of a changeover from the neutral
solution to a solution of 0,5 mlf EGTA (adjusted to pH 7,0 . with NaOH).-
As expected, this induced a prolonged calcium efflux(Fige 24). This |
experiment wﬁs repeatgd three times and during each run, the plasmodium
survived at 1eést 20 mimites of a thfeefold increased Cd*rFefflux before
there was a significant change in its movement. As seen in Fig, 24,
éfter 15«20 minutes, the amplitudé of the osciliationé becomes shorter
and ragged but they are not altered in frequency. The ability of the
plasmodium to withstand the artifically high baseline (continued leeching
by EGTA) suggests that there is an internal source for the célcium which
is not originating from the»slime sheathe.

Se Summaz 2 ‘ »
After performing more than forty such related experiments,

the conclusion can be reached that there is a normal persistent baseline
%562  efflux into the perfusing solution. Table 2 below gives a syn-

opsis of the observations made with the flow~through chamber,

Table 2.’ Occurrence of the "shock", 45ca, efflux peak and other events.

Substance Concentration _ Obsexrvation
Glucose 1 mM tShock® and ¥9Ca peak events present
Galactose ‘ 1 oM it u n o u n
Sucrose ) 1 mM No "shock" Bgt 45peak event present _
30 mM "Shock" and "~Ca peak present in every run

Valinomycin 10 ué/ml No "shock" but 450& peak event present
EGTA 0,5 mM Neither event occurred, no'chaﬁge in

- ‘ streaming, sustained elevated "“Ca efflux
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As Table 2 shows, all the runs with sugars produced some
chart_recbrder t#acing‘with "Shock? periods. In a.minority of runs,
for an unknown reason, the Yshock" event did not appear. These periods -
of quiéscence inrthe motile oscillations may reérésent the time needed
by the organism to adjust internally to the newly encounteréd,chemotactic‘
substance, It seems reasonable to suggest that the "shock" event devel-
oped- through the cours: of evolutlon because it aided in the phagotrOphic
process, After the initia1~chemotactic recognition, the plasmodium would
expenc needless energy in.migrating‘ip other directions when 6ne part of
if had already encountered a food source or favourable temperature (warmth
vs cold), Section C of the literature review sumarizes various hypoth-
eses concerning the reorientation of a plasmodium in such situations,
Valinomyein and EGTA (nonesugar solﬁtions) produced no change in the
streaning, thus supporting this effect of sugars. | v

Since, the peak of 45Ca efflux observed with the sugars and
valinomycin is of short duration and since the efflux returns to approxe .
imately the initial ievel_,, it is possible tha# this phenamenon is an
‘artifact and has no physiological basis. Another explanation for this
effect would be that the introduction of the "test" solutions altered
the osmotic pressure'of,the aqueous medium perfusing over the plasmodiume
‘The change in préssure could conceivably detach Ca ions that were tenu-'
oﬁsly attached to negative charges of the externalv"slime“.layero |

The significant result is that there Was no measurable long
term change in the catt efflux rate in response to chemotactlcally attract—
ant sugars, despite the clear change in oscillation frequency. From that
observation and the fact that the elevated LGTA-induced Ca'* efflux did
not alter the streaming, it may be hypothesized that the normal Ca‘™’

not related to the'chemotactic‘recognition and response, These observa-
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 tions also argue against the original hypothesis that ca't fluxes
~ control the chemotactic response, and indicate that the essentiai meche
anisms for the regulation of the internal [pa*f] and of the contractile

proteins does not lie with Cd++Atransport across the external membrane,
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26 _Cék+—stimulafed respiration of rat liver and slime mould
mitochondria by polarography :

Mitochondrial fractions of rat liver and slime mould mito=-
chondria were isolated as described in Section 4 of Materialé and Methods,
The aim of the following experiments in polarography were based on tho
fact that those mitochondria having én energy-linked ability to accum-
uiate catt, display this ability by having their reépiration increased
markedly during Cd++-accumulation. Hence it can be a method of investi-
gation into whether slime mouid mitochondria possess a similar Ca++-acctm-

ulating capability.

a. Determination of P/0 ratios

It is first necessary to determine that -Lae mitochondria ars
functiohally intact and have not been injured by the:isolation'procedure.
The best and most rapid criteﬁion is by determining the P/O ratio that
occurs duriog the process of oxidative phosphorylation.

Biochemists first observed that ohosphate was taken up during
tﬂe aerobic oxidation of citrate, pyruvate, glutamate, succinate and
malates It was later determined that phosphate was consuned by the -
process of phosphorylation of ADP to ATP during the passage of‘eiectrons
and protons through'tﬁe mitochondrial elecfron transport chain. The
vprocess of oxidative phosphorylation can be followed by debermining the
ratio of the moles of phosphate (viz. ADPO comverted to ATP to the atomsl
of oxygen taken up in the reaction., These measurements, called P/O
ratios, were found tolvary with the substrate used.

Specifically, the mitochondrial oxidation of succinate prodoces
fumarate with the concomitant production of a reduced coenzynme, FADHZ’
(flavin adenine dinucleotide), This fla&oprotein becomes oxidized as
it passes its electrons aod protons to the respiratory chain, As the

electrons and protons pass through the chain, 2 moles of ADP are phosph-
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orylated to ATP with the eventual reduction of atomic oxygen to watér.
Rotenone is added to mitochohdrial suépensions to lbnif_the obserfétion,
during a-respifatory study, to on1§ the oxidation of succinate and sub-
sequent ATP production. 'Rotenone is a.specific‘inhibitor of NAD-iinked

- substrates and thus blocks the production of ATP from all other substrates-
excepting succlnate.

When succinate is added'ﬁithvroienone, the highest theoretical
value for the P/O ratio is 2,0. »The_obser#ed;expefimental value is
usdally less than 2, but.the closer the value tha greatef the degrge ofy
intactness of the reépiratory chain and citric acid cyéle with all fhe
‘necessary enzymes present for both, Suéh'ﬁitochondria have good fespir-
atory control_and are termed to be ?tightly coupled.” |

The equipmeﬁt for the expériments consisted of a Clérk-oxygen
“electrode linked to a chart recorder which had an adjustable time scalé.
The elecfrodé was tested byAaddiﬁg a mixture of baker's yeast and giucoSe ‘
to an eir-saturated water medium (Fig, 25)s The resuiting chart recorder
trécing shows tﬁere was @ nearly iinear decrease in oxygen. This led.
,eventﬁally to amaerobic conditions‘broﬁght on by the constant respiréf
tion of'the yeast.

With the accuracy of ﬁhe electrode established, the experiﬁents
for the P[0 determination could begin., The experimentation began using |
rat liver mifochondria as a standard, to which 1ater-expefimentébonA |
sline mould.mitochondria could be compared, Figure 26 shows the tracing
for the P[0 ratio determination for the RIM. To 3 ml-of»the'reaction
medium, a 0,5 ml mitochondrial suspension was added to give a final cone
centration of 2,1 mg brotein/ml. The reaction medium was air saturatéd
and the same medium was used for the final Washlng and suspen51on of the

_ mltochondrla during centrifugatlono



Fig. 25 A chart recording tracing showing the iinear decrease in the
oxygen content when a solution of bakef's yeast and 5% glucose is added

to 3 ml air-saturated water miiture. The immediate decrease in the oxygsn
content is due to the anaerobic conditions of the yeast-glucose solution.
Fige. 26, A tracing showing succinate and ADP'stiﬁulate& respiration by
rat liver mitochondria with 2,1 mg protein/ml present. The reaction
medium and additions (viz. shown by arrows) are described in the text.

For the P/0 calculations, the respiration after the second ADP addition
(viz. covered 17 vertical divisions) was used, For Fig; 26=29, the a&di-

tions (arrows) indicate the final concentration for the chemical added,
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Thefe is an initial drop in the oxygen measured as the anaero-
bic mitochondrial suspension was added, followed by nearly zero endog-
enous respiration. At the first arrow (see Fig. 26), 20 pl of 0,35 M
succinate was added as substrate. The respiration increased and reached
a steady rate. Following that, 50 pi of 0;17 M ADP was added and a very
rapid rate of.respiration.ensued.v The succinate respiration resumed
after the ADP added was exhausted. The same amount of ADP was again
added at the third arrow and that amount nearly reduced the oxygen 1eve1
to zero. The second addition of ADP was used for determining the P/O ratio.

~ Since the divisions of the chart recorder paper reflect the
'oxygeh ccnsumed, it is necessary to find the percentage of the total
oxygen consumed and multiply that figure by the actual oxygen content
cf'the saturated medium at the start. There were a total of 54.divisions
‘and the ADP respiration occurred during 17 divisions or covered 31% of
tﬁe distance, If 240 W1 of O, were in the reaction medium inifdaily,
~ then 314 of the oxygen cohsumed isv75,5 A or 151 ppatoms of oxygens
Adding 50 pi of 0,017 M ADP gave a final concentration of 0,24 mM or
240 pM or 240 pf of ADP. The ratio of ADP consumed to oxygen is found -
by dividing 240 pM by 151 p-atoms of oxygen, giving the answer of 1}59.
vThls flgure comcares favorably with the 1 80 value of" Chance and Williams

(1955) and the 1 ,72 one of Hagihara (1961).

After experience had been gained with RLM, similar exper--
iments ﬁere performed on slime mould mitochondria (SMM). Figure 27 shows
a tracing for M that followed the same pattern of additione as in »

Fige. 26,. Because of the extreme. slowness of the respiration, the chart
recorder.speed was set at 5 min/cm, as against 1 min/cm for rat liver.
‘The addition of the mitochondrial suapension brought the total volume

to 3,4 ml and 2 mitochondrial protein concentration of 2,0 mg/ml. Folw



Fig. 27, A tracing showing succinate and ADP stimulated respiration by

slime mould mitochondria with 2,0 mg protein.ml presents The reaction

© medium and additions (shown by arrows) are described in the text, For

the P/0 calculations, the'respiration after the first ADP addition (cov-

ering 20 divisions) were used,

Fig. 28, Previous to the addition of the RIM suspension, 50 pl of 0,023 mM
rotenons and 20 1l of 0,035 M succinate were added,' RIM were added (2,2
mg protein/ml) and folipwed by the indicated additions oi."Ca++ and suc-
_éinate. Noté the increased respiration after the first calcium additioh,
‘indicaiing the stimulating effect of catt oﬁ respiration during C&**-accum-

ulation by the mitochondria,
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lowing a slight decrease in tﬁe oxygen content there was no endogenous
respiration, Adding zo'pl of 0,67 M suvceinate brought a slow constant
respiration indicating the slow oxidation of the succinaté. Ten mine
“utes later, 10 pl of 4,5 mM ADP was added and the mitochondria showed a
‘slight increase in thé respiration rate when oxidative phosphorylation |
was eﬁpected. Thirty minutes later, after a noticeable return to suc-~
cihate respirétion, 10 m1 of ADP was again added but no change in rate
of respiration was observed, EVehtually, anaerobic-conditions were
reacheda. o | | ‘

' The total verticai'distance covered was 54 divisions and
, represented the 240 pM of oxygen consumed, The ADP respiration covered
20 divisidns or 37% of thé total, Therefore 37% of 240 pM gives 89 pM.
0, or 178 p-étoms of" oxygen taken up., Adding 10 pl of 4,5 mM ADP gave
a final concentraticn of 0,0134% mM or 13,4 pM of ADP, Dividing 13,4 pM
by 178 p-atoms givés the answer of 0,075 for the ADP/O (viz. P/0) ratio.

'iThis figure is twice the figure of 0,03 derived by Barnes
et al. (1973) but both reflect the extremely poor phosporylation ability
and the fact that the ! were not "tightly coupled. Barnes and his co-
workers interpreted the finding that NAD greatly stimulated thq mitochon-
drial rate whereas mitochondria are normally impermeable to nicotimamide
nucleotides,.as meaning that the mitochondria were probably not intact,
Fivé separate mitochondrial isolationsrand P/0 determinationé produced
anraVerage of 0,06, The incréased oxidative phosphorylative ability-‘
over that reported by Barnes et al. (1973) may be interpreted as coming
from the differences in the isolatipn-procedure, |

b Céf+-stimulated respiration by;polarography

Rat liver and slime mould mitochondria have shown P/O values

which conform approximately to published values, Increased reépiration
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with the addition of Cd%+vis a criﬁerion that can be used for determining
whether the ability for energy-linkéd catt transport exists in the mit.
ochondria., Chance (1963) and Reed and Bygrave (1974) used this method

to assess Ca'' transport in RIM and to establish whetﬁer the respiration
rate was affected by Ca** and agents that interfere with Ca'* transporte
Polarographic measurem°nts of respiring RLM show this effect clearly and- 
will be used to compare the behaV1or of RIM to that of MM,

To a reactlon medium of 0,25 M sucrose, 5mM Tris and 5 mM
K HPO4 at a pH 7,4, 50 pl of a 0,023 m{ ethanollc solution of rotenione
(Signa Chem:.cal) and 20 pl of 0,35 ¥ suceinate ware added., The rotenone
inhibits the ATP production from any other substrapes other than‘succin-
ate and aids in the full oxidation of succinate. To 3 ml of the above
medium, 0,5 ml of the RIM was added bringing the total concentration of
mitochondrial protein to.2,2 mg/ml. The reaction was initiated by the
addition of the mitochondria and after a steady rate of succinate res;
piration was achieved, 20 pl of 0,05 M CaCl, was adagd (see Fig. 28,
first arrow), As can be>éeen, there was an immediate déflection indi-.
cating a marked increése in the respiration rate. With the exhaustion -
of the succinate, the respiration rate fell to a barely perceptibla
level, Anothér 20 p1 of calcium.induced no change but addiég 20:pl of
succiﬁate resuned the respiration until it reached anaerobic conditioﬁs.'
This effect of increased oxygen consumptzonlllustrates the stimulating
effect of Ca’' on the respiration rate and shows when there is accom-
panying catt transport into the mitochondria (Lehninger, 1970).
This propérty has been shown to exisﬁ in all mammalian mito-

chondria, those of higher plant cells and of the fungus Neurospora

ggggég (Lehninger, 1970, Carafoli, 1973). So far however, such acfivity"

‘has not been determined for slime mould plasmodial mitochondria, Admit-
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Figure 29, The same initial additions of rotenone and succinate were
made to the reaction medium as in Fige. 28, SMM were added (1,8 mg -

protein/ml) and followed by the indicated additions of Ca*t, succinate :
and EGTA., Note the lack of any increased respiration when catt o
added and the lack of any decrease in respiratlon when catt is removed '

when EGTA is added.
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tedly, the isolatioﬁ procedure is difficult and the low P/O ratio
suggests that a large'bercéntage of the mitochondria may not be intact.
However it was of interest to repeat the above experiment and try to
determine if the respiration of slime mould mitochondria could be ine
: creasgd by adding ca*t, |

The same reaction medium was employed as with the RIM, except
that 0,5 M sucrose was used; Barnes et al. (1973) had previously reported
that succinate oxidation was notAaffected by the inhibitor rotenon; and
that it inhibited malate and NAD oxidation, Therefore the succinate
respiration should be unaffected by the addition of rotenone, To 3 ml
of the reaction medium 0,6 ml of ﬁitochondrial,suspension was added to
make a total coneéntration of mitochondrial protein of 1,8-mg/ml. As
can be seen in Figure 29, after the mitochondria were added a steady
respiration rate ensued under succinate oxidation, At two separate
points (arrOws) 20 p1 of 0,05 M Ca++ was added but there was no observé
able effect. .Additional substrate (50 pl of succinate) produced no
increase in fhe reépiraticn and 20 p1 of 0,5 M EGTA (pH 7,4) produced
'no effect, - | |

The lack of any observable increase inlresplratlon when Ca**
was added must be interpreted as meaning that M under these condltlons,
do not accumulate ca'* to an appreclable extent., The same lack of stim-
ulation was also observed where OYldatlve phosphorylation was expected
upon addition of ADP, This was confirmed when an excess amount of the
EGTA was added to the medium, The respiration rate did not éhange when

the available calcium was suddenly removed from the medium,
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36 _Chémotactic response of plasmodia with changing external
' fCa'" ] in half plate assays

The aim of the.experﬁnents was to determine whether: (1)
plasmodial migration {vig. direction of mﬁvement) was affected by the
predetermined pCa in thé agar substrate, (2) plasmodia can distinguish
betweén equal concentrations of Mgt or Ca++,.and (3) the chemotaxis of
plasmodia is affected by the external pCa oftﬁhe agar.substrate.

Tonagar (Oxoid, Code L12 purity) is widely used for electro-
phoretic éiudies because of its purity and gel strength and for these
reasons it was employed in the present work; Altﬁough the Oxoid ;aﬁﬁal
gives an "avefage" batch analysis of 150-200 ppm for the calcium content
of their purified agar, it was felt that an analysis of the calcium éon—
tent should be repeated, since excessive calcium and potential binding
'sités of the agar could be major interfering factors in maintaining ths
| calculated pCa‘values. Therefore the calcium content of the agar was
analyzed by flamé atomic absorption and by murexide spectrophotometry.

_'For analysis by atomic absorption, the powdered agar wWas des-
sicated by storing with silica gel for two days. Three samples Were
prepared by mixing 1,5% w/v wiﬁh: (1) twice distilled water, filtered

and using the filtrate, (2) 0,1 M HCL and 0,1 M HNO, and boiled for 15

3
minutes and, (3) 1 mM EGIA (pH 7,0) for 15 minutes, filtered and using
_the filtrate. |

The Samples, free of solid matter, were anélyzed with a Varian
Techtran, Model AA6 and the calcium content (expressed in parts per
million-PPM) was determined by comparison with appropriate standards.
The results are shown in Taﬁle 3 for each respective treatment. As
can be seen the dissolved acid treated égar had the greatest amount of

caleiume The other two samples that were filtrates had approximately

half the amount of caléium. The difference in analysis figures repre-



sents the free calcium of the‘filtrates as against the total inherent
calciun in the agar. For the half plate assays, the total Ca*t] of

-2 Me The atomic absorption analysis showed

the agar substrate was 10
© that a mixture of 1,5% agar would contribute approximately 107 M of
calcium as compared’torthe 10=2 M added in the prepérations. From the
calculations shown in Section 3 of the Materials amd Methods, the amount

of calciun inadvertently added becomes insignifiéant and does not alter

‘the calculated pCa value of the agare

Table 3. Atomic absorption analysis of agar or filtrate after acid and
Ca’® chelation treatment, .

Treatment Calcium concentration
pglg agar (ppm)| Molar (1,5% w/v agar)
(1) Distilled H,0/filtered 325 8,1 X 10~°
(2) 0,1 M HCL, HNOg & boiled 820 20,5 X 10~0
for 15 min . '
(3) 1 mM EGTA (pH 7,0) & 410 10,3 X 10=°
~ mixed for 15 min/filtered

~ An alternative ﬁethod to atomic #bsorption, which measures

zthe total calcium, is murexide spectrophotometry. As discussed in Sectioﬁ
6 of the Materials and Methods, murexide readily complexes with free Ca -
ilons and the consequent absorbance decrease is measured by using a dual
wavelength sﬁectnophotometer. This method is therefofe able to determine
the free Ca'* vs. the bound caicium in the urmelted agar preparation;. Ihe :
agar preparation can be added to a cuvette (1,5% w/v) and kept suspended
by using a vibréting coiledpla§inum elecfrode. The effect of light scat-
tering is largely avoided because of the use of a dual wavelength spectro-

photometer,



B Figure 30 shows the additions of 10 pl aliquots of § mM ca™
to a blank, Each addition produced an almost identical absorbance de~
creasé. After the third additiom, an excess of EGTA was added and the
absorbance returned to its s’cartmg level. In Fig. 32, 1,5% agar was
added which caused a small drop in absorbance., This was followeci by.
: a'n'.'add_ition of 10 pl of 5 mM ¢att which alone would have pfoduced a
fimal concentration in the 3 ml cuvetts of 16,6 pM. The decreaser in
-Aabsorbance was approximately 2,3 cm and is the same as the other addi-
tions in Fig, 30, The agar caused an absorbariée lowering of 1 cm.
Since the length of the absorbance decrease is in direct pro-
portion to the amount of catt added, the decrease that occurred when
- the agar was added corresponds to a final @aH] of 7,2 X 10-6 M (7.2 pM).
This figure confirms the results of the atomic absorption analysis. The
~prompt rise to the initial absorbance level when the excess EGTA is
added, indicates that the EGTA readily chelates all the available catt,
" including the calcium added with the agar. This observatio.n also suggests
that the chemical groups ‘in thev agar bind Ca ions less strongly than
EGTA and that these groups do not interfere appreciably with either the
equailibrium reaction for the chelation of Ca'" by EGTA or the final pCa
~value of the agar. .It may be‘concluded from these experiments that the
ca*t content of the agar will not interfere or alter adversely the pCa
values used, » |
| The next prerequisite was to determine the upper limits of
- @aJ'f] and fEG‘fA] which would repel ;')lasm-odia.. Concentrations of 1, 5
and 10 mM of Catt were used without adding EGTA for buffering the agar
and likewise, conéentrations :oi.‘ @,5, 1 and 5 mM EGTA w’ei'e used without
tl;xe addition of. calcium. Opposite the plate halves containing either

Ca'" or EGTA, were "blanks" made with freshly distilled water, 5mM



Fig. 30, Murexide spectrorhiotometry showing seQuenﬁal.adqitions of Ca'™t
to a distilled water blank containing 35 pM murexide. For Fige. 30-31, the
: additions (arrows) indicate the final concentration for the chemical added,

- Note the constant decrease in the absorbance with each Ca*+ addition,.

Fig. 31. Murexide spectrophotometry ;howing the drop in absorbance when
1,56 w/v of agar is added to the cuvette., This is followed by two.addi-
tions of catt and EGTA. The agar is kept suspended by a vibrating electrode
and the interference from light scattering is avoided by the subtraction

- of the absorbance at 510 mm from that of 540 mm,
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Tris (pH 7,0) and 1,54 agar.
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These tests were followed by a single

expernment to test the plasuodia's response to either 5 mM Mg

H
Ca’s

Usually 20 plates were used for each half plate assay.,

For plates

in which it was difficult to decide to which half the plasmodia has

‘moved (il.e. when spread equalLy to both sides or had died), the results

were classified as "Indeterminate' and counted separately from the

other plates.

Table &,

The resilts are given in Table 4 below.

Hallgplate assays demonstrating repelling concentratlons of

Ca'', EGTA and Mg''

e Total No, | No, positive with |Percentage of |"Indeterminate"
- I Ca plates ['‘taxis to Ca't half|plates counted | (Not counted)
1 mM 20 8 8/16X100 = 15% 4
5 mt 2 4 164 0
10 mM 20 0 0% 0
_ No. positive with
II  EGTA taxis to EGTA half
0,5 mM 20 8 8/14X100 = 57% 6
1 mM 20 6 30% 0
5 m 20 0 0% 0
11T Mgttt & catt fi,;?iitéle Wiﬁf -
5 mM apposing 20 6 6/13X100 = 46% 7
halves : E

The results of these teasts indicate that a Catt concentration

 between {=5 mM has the effect of repelling plasmodia.

The range of EGTA

concentrations used leads to repelling because of the severe leeching 6f

Ca ions from the underside of the plasmodia,

There is no apparent effect

on plasmodial migrationAwith 0,5 mM EGTA, but scme influence begins at



1 ;M and there is a marked effect at 5 mM, The juxtaposition of media
with reépective cqncentrations of 5 mM for‘Mg++»and Cdk+; both equally
buffered (pH 7;0) demonstrates that the plasmodia préfer neither,

| _ Since 5mM of Ca™* has been found to repell, this equality

-of action for Mg and Ca ions indicates that the plasmodium cannot dlstln-
 gu1sh between the two cations and is repelled by bothe This inability
to differentiate between the two cation; was first shown by Ueda et g;._
- (1975). Beéinning at the threshoid point (0,1 mM), the membrane depol-
arizes in a linear fashion with increasing concentrations of the cat- |
ions: Cd++, Mg++, Mot and Ba'*. Ueda and his coworkers also showed,
using changes in the motive force as the éfiterion; that the chloride
salts of ca*t and Mg++ émdng other ions acted as répellenis. Thus the
repelling effect of catt is not specific, but has a common actlion with |
~ other cations, namely that'it'changes the membrane potential (depblar-
ization). EGTA rspells ‘because 1t leeches Ca ions from the external
membrane and thereby damages the membrane's 1ntegr1ty.

| a., Effect of dlffering_ppa on plasmodial migration

Four experiments were done to establish whether migrating
plasmodia were influenced by the concéntration of free Ca't of the
.substrate. Fresh accumulations: of plasmodia were used and bnce_on new
- agar medi#, theSe readily reverted back to the active migrating form,.
Thé pCa values»for each half of the petri dishes are shown in the first
" column of Table 5. | ‘ .\

Except for the second series of plates.tested (pCa-5-6), the
percentages show that there was an overall tendency ofvthe plasmodia to
migrate towards the half with the lower Gﬁﬁqj. This test was meant
Snly“as an attempt'to discover obvious prefefences and a.large nuber

of tests together with a statistical analysis would be reqnired to
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determine if this tendency is signifieant,

Table 5. Half plate assays demonstrating plasmodia's lack of ability

to distingysshexternal Ca™"J of agar substrate.

‘Apposing - Totél No.| No. plates with| Percentage of | "Indeterminate”
pCa halves | plates | 'taxis toward |plates counted| (Not counted) |
higher pCa : '
Y5 22 6 6/17X100 = 35% 5
- 56 20 9 4% 6
6=7 21 6 43% 7
b4-7 - 21 7 47% 6

. bs Bffect of 'differing.pCa on.plasmodial chemotaxis

These tests differ from those in the previous section in that

1 'mM glucose is present in one of the two halves and the whole plate has

the same pCa., They were designed to test whether the chemotactic move-

ment of the plasmodia towards a known chemotactic substance (see example,

- Fige. 8) is altered by varying the [@a++] of the substrate.

Table. 5

Half plate assays demonstrating chemotactic response towards

1 mf glucose with changingexternal Ca’" of the agar substratee.

Total No.| No., positive | Percentage of | "Indeterminate”
pCa plates chemotaxis |plates counted | (Not counted)
4 20 18 90% 2
5 20 17 85% 3
6 20 19 95% - 1
7 21 18 85% 3
{No ca™ ard 22 12 6
1 mM EGTA ' 75#
(pCan13)
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As Table 5 shows, for the pCa range tested, the chemotactic
.response.was not élteréd by the different Ca**lconcentrations. Only |
with a large excess of EGTA and no Ca*" (pCa ~~13) did-the plasmodia

" occasionally die ("Indeterminate" cdlumn) from the extreme leeching of
.Ca ions before it couid reach the glucose half. In summary, the fol-
lowing conclusiohs can be made: |

.'1)_ plasmodla wers repelled by concentrations of 1-5 m{ Cca*™
and 5 mM KGTA,

2) plasmodla were repeiled equally by, and hence could not dise
tinguish between, the cations Mg** and Catt

3) .migration of plasmodia was not affected by changes to the
Ca*t concentration of the agar in the pCa range of 4 to 7,

4) chemotaxis of plasmodia towards 1 mM glucose was not affected
by changes in the pCa range of 4 to 7.
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4, Murexide spectrobhotometry of mitochondfial Catt fluxes

" This section is devoted to the study of the extent of Ca**a
accumulation by rat liver and slime mould mitochondria (RLM and M re-
spectively). The main reasons for the experiments with RIM were to
gain experience working with mitocchondria and to establish what the norm
is for Ca*‘-uptake as shown by hurexide specthphotometry. The later
experiments with SMM stem from the fact that no research has been pub-
lished on Ca+*-transport or accuﬁulation by the mitochondria of plas-
modia, There is indirect evidence, as discussed earlier in Section C
of the Literatﬁre Review, to suggest that if such an ability was found
to exist, the mitochondria could serve the important function of regul-
ating the @a“] of the cytoplasm,
ae. -Rat liver

For the spectrophotometry, a uniform suspensionbbf the mito-
chondria was maintained by constant agitation with a vibratihg platinum
wire electrode, The electrode did not interfere with the light beam
path, Microliter amoﬁnts of the different concentrated chenicals were
deposited on the end 6f a long-handled plastic "dip stick" which then
stirred the content$ of a cuvette inside the spectrophotometer. A few
strokes éf the stick assurred complete mixing and reduced the interruption
of the absorbance reading to a minimum,
Figure 32 demonstrates the correlation between changeé in

catt concentration and absorbance of murexide when repeated'micfomolaf
amounts (zo.pl) of 10 mM Ca't were added to a reaction me&ium containing
35 uM of murexide, With each 66 pM of ca** added, there is an absorbance
decrease at 540 mu. This is because of the formation of the Ca‘*-mur-
éxidé_complex which absorbs less than murexide alone, When 10 ﬁl 6f

0,5 M EGTA were added, the absorbance returned to the initial level,



Fig. 32. ;Calibrafion 5£ the hurexide method for Ca'™t determination in a
medium devoid of‘RLM. Tha‘reaction nedivm (3 ml) contained 0,25 M sucrose, |
| 5 mt K, HPO, ; 5 mli Tris (pH 7,4) and 35 M murexide, The subsequént additions
of ca™" and EGTA are reported in the figure. Arrowsin Fig. 32-39 indicate

the final concentrations for the additions made.

- Fige 33. Determination of the calciuﬁ contént‘in successive additioﬁs
of succinate, ADP and K,HPO,. The reaction medimm (3 ml) contained 0,25 M
sucrose, 5 mM Tris (pH 7,4) ard 35 M murexide. The additions made are as

reported in the figure.



' A1.6 m{ EOTA

N

PIMGA

50 « 510 m - ) .
Absorbance " : . 0,006 A .
increase : 66 _aM catt . :

5 mM suceinate

0,5

e

L3N

S s e—
’ secopc_ls : .

mMA:;P'

b

5 mi KpHPO,

|

Tt

1,6 =¥ ECTA .

\

s




- 88 -

The speed of the return illustrates the ease with wﬁich the Cattwmur-
exide éomplex dissociates, | |

It is an important prerequisite_for the mitochondrial exper-
‘iments to know the extent to which interference of the added reactants
willaffect the Ca't-murexide absorbance readings. The most significant
“interference would be the.inadvertent addition of Ca™, Thereforé cOnw
trol tests were run with thé reactants: succinaté,.ADP and KZHP04. |
Figure'33 shows the sequential 40 pl additions of 0,37 M succinate,
37,5 v ADP and ©,37 M KpHPO, . Of the three, only ADP produced a sig-
nificant absorbance decrease, indicating the preéence of increased Ca*t
in the medium. The final addition of 10 pl of 0,5 M EGTA returned the
‘absorbance to the level fourd before ADP was added. |

Inesi and Scarpa (1972) pointed out that a ma jor - cause of error
.in sﬁch studies could be due to the fact that commercial preparations of
AﬁP or ATP may contain apprecilable amounts of calcium. This is what waé-
. observed in Fig, 33 and will have to be kept in considerétion when ADP
is used in later experiments on oxidative phosphorylation. .

, o Thevmain purpose of these experiments was to dupiicate'thé
condifions shown by polarography of energy-linked Ca*+-accumulation by
mifochondria. 'gigure 34 shows a murexide absofbance tracing of catt-
accumulation by RLM during succinate—induced respiration; The total
volume was 3 ml and there were 1,9 mg protein/ml present. The reaction
medium consisted of 0,25 M sucrose, 5 mM fris (pH 7,4)vand 35 pM murexide,
At the first arrow (see Fig. 34), 40 pl of 0,37,M_succinate was added‘and
- followed by two later 50 and 40 pl additions of 10 mM Cé++ and 0,37 M
KZHP04 réspectively. ; |
| The addition of succinate induces no change, but és is known

from the-pblérographic studie&, suceinate initiates rapid‘respiration.



Fige 3he - Ca'* accunulation oy RLM under succinate-induced respiration,

Th_é reaction'line;dium (3 ml) containéd 0;25 M sucrose, 5 mM Tris (pH 7,4),

35 pM murexice and no phosphéte was included, There is 1,9 mé protein/ml
- presente. 'I'he. sequentisl additions of succinate, Cé.‘H and K 2HP04 ére as

reported in the figure.

_'Fig. 35_. The effect of rotenone on @H-accmuation by RIM. The reaction '
A‘medium _(3 ml)l contained 0,25 M sucrose, 5 mM KS5HPOy, 5 mM succinate, 5 mM
Tris (pH 7,4) and 35 M murexide., There is 2,1 mg protein/ml present,
The subsequent additions of Ca't arxi-fotenone are as reported in the

figure,
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A minute 1ater,.166 nM‘of Ca++ were added and‘caused an immediate de-
flection in absorbance, Immediately thereafter the_mitochondria‘began to
take up Ca't at a constant rate. When‘phoephate ioﬁ (KéHPOu) was added,
a eharp acceleration was‘seen until all fhe added Ca** was sequestered.

It is known that phosphate may accompany the respirations
llinked accumulation of catt and that 1,7-2,0 Ca ions and about 1,0 '
phesphate ions are accumulated per pair of electrone ﬁraversing the
respiratory chain'(Lehninger, 1§70); In the absence of phosphate or
ATP or ADP, the succirate oxidation only allows limited Ca** uptake _
(i.e. A~ 80 nmol/mg mitochondrial proteln)(Lehnlnger, 19?0). In the
_ presence of acetate or phosphate, the anion facilitates Ca**—accumula-v
tion to the extent of 200-300 nmol/mg'protein. This is what was ob=
served in'Fig. 34, viz..the accelerated Cattaaccumulation because of
the preseﬁce of a permeant anion_(P043').:

Rotenone had no_effect on succinate and Ca*f—accumulating
respiration as shown in Fig. 35. The figure shows a tracing of an exper-
iment in which rotenone was added during active catt-accumilation by RIM,
| There was 1,8 mg protein/ml pfesent and the total volume was 3,2 ml, The
reaction medium was 0,25 M sucrose, 5 mM KéHPQ » 5mM Tris (pH ?,4)_and
35 3 murexide, At the-first arrow, 50 yl of 10 mM Ca™* was added to the
cuvette. Midway‘thrcugh the Ca™tt accumulation, 50 p1 of 0,023 mM
rotenone was added, The addition of‘the.rotenone caused no discern-
able change in the Ca'* -accumulation rate. This lack of interfer-
ence with Ca+f-accumulatlon is the reason what Reed and Bygfaﬁe (1974)
could use rotenone in their succinate Cattestimulated respiration
experiments, ’ |
| As was seen in the previous polarographic studies (Fig. 26),

when ADP was added and initiated oxidative phosphorylation, the respir=
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ation acceiérated to a coﬁstant rate until all the ADP had been consuméd._
The addition of Qa++ waé-alsb seen to stimulate succinate-induced respir-
ation, It would be of interest to know whether the rate of Ca*t uptake
is influenced by the onsetvof oxidative_phosphorﬁlation, Figure 36
shows a repeat of.the polarographic experiment in Fig, 26, in which, .
RIM ﬁnder succinéte respiration, undergo oxidative»phosphoryiation; The.'
reaction'medium is 0,25 M sucrose, 5 mM-KZHP04. 5rM Tris (pH 7,4), 5mM '
succinate, 0,33 pM rotenone and 35 mM murexide. The total volume is 3 ml
and the total RLM concentration is 2,4 ng protéin/ml. At the firsh and
second érrows;.50vpl of 10 m4 Ca** and 50 pl of 17 wiM ADP Were'added,

After the addition of catt, the mitochondria began to accum-
ulate the ca*t actively. The ADP was added half way through the accum=
wiation and it caused the absorbance to be reduced abruptly. Previous
control experiments had shown that this was due to the unavoid;ﬁle COnN
tamination of the purified comﬁercial ADP preparation with calcium, Tﬁe
amount of deflection indlcates that about 38,7 mM of Ca++ was added with
the ADP and hence. the 17 mM ADP stocx contained 2 3‘pM catt . Figure 36
demonstrates that the rate of Ca** accumulation after the addition of
: ADFjis the samé as the initial uptake rate, Therefore the précess of
oxidétive phosphorylation does not interrupt Ca*t uptake iﬁ fat'liver_'
mitochondria, | o

Lehn{ngér (1970) showed that a third type of Ca™ transport -
couid occur when phosphate and ATP or ADP are present. In this;case..
mitochondria become massively loaded (3000 nmol/ﬁg proﬁein) with pfeciﬁ- i
itated caleiun phosphate (Cag(PO,),)e No reason.why ADP Or‘ATP should
bring about such a difference in Ca transport has been preseﬁted.

In this section, experience was gained in observing C&**

‘accumulations by RLM using the“murexide technique. The conditions shown
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Fige 36 Ca'teaccumulation by RIM during oxidative phosphorylation.
The reaction medium is the same as in Fig. 35. Thepe is 2,1 mg RIM -
~ protein/ml present. The subsequent additions of Ca’ and ADP are as
- reported in the figure, _ - o
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to promote Ca*twaccumulation by RIM were then applied to SMM,
- be Slime mould

Slime mould mitochondria (SMM) of P. polycephalum were shown

byvpoiarography to have a slow respiration under succinate oxidation,

a low P/0 value and a.rate_of respiration which was unaffected by the

addition'of catt, However, theré have been no studies done to determine

whether SMM ﬁave a Cat“-accumulating ability akin to mammalian mitochon-
dria. Although it must be assumed that the SM have been damaged by the -
isolati&n procedure or naturally possess poor respiratory function, it-_.
would be.of interest to krow . whether some potential for active catt-

_ tfansport exists during reépiratibn. The existence of even a poor Ca+f
uptake capability would suggest that the ﬁitochondria could have a :ole
in regulating the cytoplasmic @a”] o As such, this proposed function -

»of the ubiquitous mitochondria which were observed by Cheung et g;._(1974) ‘v
to be in the "peripheral cytOplaém of the advancing plasmodial fan" would
concur with and fulfil the need for a regulating factor (i.e. cytoblas-
mic @a++] , see Section C, Chap, 2). '

| To demonstrate whether a Ca*'-accumulating ability existed,

SMM ﬁere subjected to the same succinate respiration and oxidative phos-

phorylation experiments as RIM. The mitochohdria preparations werebgen-
erally highly.coloured owing to the presence of the characteristic yellow

pigment produced by P, polycephalum, It is possible that these pigments

and the "slime" (a galactose polysaccharide) are interfering factors in
the absorbahce readings of murexide. Saghsenﬁaier et al. (1973) reported
that the living plasmodia énd the extracted pigments had two absorption
-maxima, at 360 and 380 rm ahd little absorption in the regién of murexide
measurement (510 and 540 nM), The interference of the contaminating"
“slime" and pigments isolated with the mitochondrial fraction was deterw

"mined in the following control test,.



-92 -

' The'SMM had p#eviously been isolated in a medium of 0.5.M :
sucrose, 5 mM KéHPoq,.S mM Tris (pH 7,4) and included 1 mM EGTA, which
was omitted in the last wash and suspensioh. A thicvk mitochondrial
' sus_pension (4,4 mg protein/ml) ‘was .centrifuge.d briefly at 5000g to pel-
let the mitochondrial .fraction:. The yellow supernatant was transferred
toa cuvette an'd murexide (35 pM) waé added. Figure 37 shows the‘mur_-‘ :
exic_le absorbance tracing and vto’ the cuvette were addec} four suéce.ssive.- |
10 bl aliquots of 10 mi Ca** followed by a 10 ul addition of 0,5 M EGTA.

The first iwo additions of Catt caus\;d the expected decreise
in absorbance .But was followed by a slight rise in the absorbance, The
last two additions of Ca'' caused the ébsorbance to Vfall to nearly the
same extent-as the first two additions and there was no rise in the
absorbance afterwards. When 1,6 mM EGTA (excess for chelation) was.
added, most .of the added calcium was removed from the solution. but
some remained in the media as shown by the fact that the absorbance did
not return to the initial level, The next control experiment shows
more clearly the trué absbrbance changes that will occur without the
interferiqg effect of the "slime" and pigments. »

| .The reactiqn medium was the same as for the previous experi-
ment but without the SYM preparation ard with the same ca't and EGTA_
additions. The levels of’ thé .subséquent -absorbance changes for the ca '
and EGTA are indicated in Fige. 37 by regions of ci'oss h}atching.‘ When the
' cont;rol' and the experiment with the slime are ccmpared, ‘t;h:e presence of.‘ '
the slime and pigments appears to have two effects. The first is the
sequestering of a small amount of the calcium fhat was added in the first
v_ two additions as shown when the absorbance did not decrease to the level
without the contaminants (viz. the control). And vhen EGTA was added

‘at the end of the experiment, the binding of the slime prevented the
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Fige. 37. Determination of the interference from the "slime" polysaccha-
ride and pigments on murexide absorbance readings ard Ca  determina-
tion, Two experiments are presented: (1) main tracing indicates absor-
bance changes with "slime" supernatant present and, (2) a control with-
out "slime" fraction present., The reaction medium in both experiments

. consisted of 0,5 M sucrose, 5 mM K,HPO,, 5 mM Tris (pH 7, 0) and 35 pM
murexide. The cross hatched area %ndlcates differences in absorbance
between the control and "slime". experiments.- . A -
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removal of the Ca** from the medium and the return of the absorbance
to the initial level. ~These effects of the contaminants will have to
be considered when interpreting the results of experimeﬁts with sSMM
respiration and catt upfake. B

To show poésible catt uptake under succinate respiration, a
suspension of SMM was added to a cuvette with the reaction medium, to- '
a total concentration of 2,2 mg protein/ml., The total volume was Byml‘
and the reaction medium consisted-of 0,5 M sucrose, 5 mM KZHPou, 5 mM
Tris (p9 7,4) and 35 p¥ murexide. As indicated in rig. 38, successive<
additions were made of 40 pL of 0;37 uM succinate, 50 pl of 10 mM catt
»_and 10 a1 of 0,5 M EGTA. Figure 38 shows that there was no absorbance_
change when succinate was added and a minute after the beginning of»
succinate respiration 166 M of Ca++ was added, The calcium reduced
the absorbance to a low level but the.Ca++ was not taken up as rapidly
as in the case of RLM (see‘Fig. 3% & 35) The absorbance rose slowly i
to 25% of the total absorbance decrease and leveled off. When 1,6'mM
EGTA was added, the absorbanqe increased until almost 2ll the calcium
had been chelated., .

The discrepancy between the catt uptake aBility of RILM and
S may be due to the SMM having either a poor or non-existent Ca**-accume
ulating ability. The contaminating slime ahd pigments bind Ca ions to
a amall and undetermined degree but most of the Cca™t 'is free to be accum-
ulated by the mitochondria as‘is shown when EGTA is added at the end of
_the experiment (Fig. 38). The slow rise in aﬁsorbance seen after thé
calcium is added may indicate either slow binding of Ca ions by the slime
or almost negligiblé accunulation by the damaged mitochondriae.

| Figure 39 shows an.absorbance tracing of M undergoipg oxi-

dative phosphorylation, As indicated in the figure, the first and second



Fig. 38,.Ca T eaccumulation by SMM under succinate~induced respiration.
‘There is 2,2 mg_protein/ml present. The reaction medium is the same as

in Fig. 37 and the additions are as reported in the figure.

Fige 39. The effect of rotenone and oxidative phosphorylation on;Ca**-
accumulation by MM. The reaction medium and SMM concentration were the

same as in Fig, 38, The additions are as reported in the figure.
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additions were 40 and 50 1 of succinate and Ca™* respectively, and the
last was a combined addition of 50 m1 of 20 uM rotenone and 50 pl of
"14 M AD;. The reaction medium anﬁ MM concentration were the samé as
in the previous figure.. The presence of rotenone had no effect on the
" apparent slow catt accumulation, The ADP added reduced the absorbance
because of fhe'appreciablé amount of calcium in the purified ADP as pre-
viously determined in a control experiment (see Fig. 36). ‘The period of
oxidative,phosphorylétion following the addition of ADP did not affect
the slow disappearance of Ca't, /

| The experimenﬁs described in Fige. 37=39 were chosen from five :
different trials, each using SMM preparations that varied becéuse of the
isolation procedure (viz. length of time for initial disintegration, fil-
~ tration procedure, centfifugation), The murexide spectrophotometry cone
firmed the polarographic experiments in demonstrating that S do not
actively accumulate Ca'' during respiration or oxidative pho$phory1atioh.
Further work will be nécessary to see whether these conclusions should
be quantified, Such work shouid involve a better isolation technique
to obtain mitdchondria with fully intact respiratory function and no
A“slime“ contamination in the suspension. |

The poor respiratory control of the mitochondria prévents one

from completely rulihg out the existence of any catt trahsport. However,
the above observations méke it appear that SMM have no energy-linked cat™
transport capability and that they are thus similar to fungal mitochohdria;
The resulté also do not support the idea that plasmodial mitoéhondria

could have played a role in regulating the cytoplasmic [Ca*t
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CHAPTER "FIVE
DISCUSSION

For the reasons fully discussed in the literaturé review,
the simplest model for chemotaxis would be to suggest that attractants
increase the rate of pumping of calcium ions outwards across a cellfs
external membrane (Durham, 1974, 1976). This hypothesis would answer -
both quéstions of how the chemotéctic substance affects the membrane
lbcally and also how the recognition (Chemoreééption) is convéyed‘intern-
ally to the cohtractile mechanism for movement, |

In order to test fhis model, the experiqents in this thesis
were designed to investigate: (1) the influence of chemotactic substances
~on the magnitude of catt flﬁxes from the external membrane of a plas- . |
modium, (2) the extent that the external [paﬂj affects plasmodial mi-
gration and, (3) whether plasmodial mitochondria possess the ability to
regulate the internal .(bdFt] . | V

The results obtained with the flow-through chanber and half
plate assays appear to rule oﬁt the'importance.of Ca+¥ fluxes in such
a model. There was no appreciable long term change in ca™ efflux in
the presence of attractants, although the model predicted an increased
sustained Ca'™t efflux, Likewise, there was no change in the efflux in the
presence of a répellent. From the results it may be concluded fhat any
change in the Ca'’ efflux that does take place during a chemotactic re-
sponse represents less than 10% of the normal baseline efflux, However,
a solution of 0,5 M EGTA, perfused to chelate.the calciun,causéd up to
a 2004 change in efflux without noticeably affecting the motile oscilla-
' tioné. It was also observed that attractants could cause a brief éhys-

iological reaction (a "shock" period). while both attractants and repél-'
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lents réspectiﬁe;y*ihcreased énd decre#sed the frequency of the motile
oscillationé.' . | | '

7 The neutral (basal) medium used in the perfusion of the chame=
ber (1 mM NaCl and 1 n CaCl, at pH 7,0), was chosen to limit unspeci-
fic leeching of Ca ions from the piasmodium; ,It was assumed that the |

VCd++' present (pCa 3) in the solution would "cus  the external éur-
face from releasing its bound #5Ca and the resultant counted #5ca efflux
wouid reflect only physiologically linked flﬁxes. |
The loss of Ca ions (45Ca) may have either of two effects or
both: if their origin is outside the external membrane, the ions lost
are probébly replaced by cations in the perfusion medium and thus there is
no change in the surface charge. Hatoet al. (1976) found that plasmodia -
have a membrane potential of =50 to =90 mv, being negative on the insidé-
oé the cell with respect to the outside. Hence, the other effect would
be that if the Ca ions are from internal stores and are pumped out be-
yond the membrane, as indicated by the prolonged EGTA-induced efflux, then
the membranse would become hyperpolarized. The change in potential would
be counteracted to a certain extent since the existing sﬁrface charge"
(the sum of negative and positive charges) is thought to be reduced (vize
become 1éss negatiﬁé)'because the Ma* and ca't cations present in the per-
fusion medium tend to cancel the negative charges present. Since the memw
~ brane potential'énd sﬁrface chérge are interdspendent, fhis would tend to
keep the membrane depolarized to é small but unknown extent.r |
Sugars are nbn-electr§1ytes and thus would not influence the
membrane potential in this manner, 'The potaséium ionophore valinomyéin
was used in cénjunction with the flow~-through chamber experiments to ob-
serve hoﬁ the Ca' ' efflux would change when the potential changeds In.

theory, the ionophore had the ability to transport K ions from the cyto-
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plasn into the external medium, following the existing concentration
gradient for potassium. Loss of the kt cations would result in increased
negativity on the intérnal side of'the membréne andithus éausé the membfane
to be hyperpolarizeds The extent of the intérference of the slime layer
with the ibnOphore crossing the méMbrane remains unclear, Ifr hyperpolar-
ization is assuned, this had no observable effect on the Ca™ efflux or
the mofile oscillations_(see Fig, 23).  More will bc said later about

the acfion'of sugars and cations.on the membrane potential,

, That Cd++ fluxes play an iiportant fgle'canvalso‘ﬁe ruled out -

by the léck of directed movement in response to changes in external

Ca++

concentrations, This was iilustrated by the experiments in which
plasmodia migrated in the half plate catt-EGTA buffer assayse These
rtests showed there was no preference for or avoidance Of.any of the

- pCa concentrations between 4 to 7. Furthermore, there was no @reference

for or ability to distinguish between 5 m} MgCl, and 5 mM CaCl,, and

2

plasmodia migrated'towar&sA1 mM glucose just as readily in the presence

" as in the absence of 1 nM EGTA (pH 7,0), |
Thus’ﬂhe.outcmne of these experiments supports the findings

of Hatano (1970) and Ueda et al. (1’975)_. Hatano found that cytbplasnic' '

‘streaming in Physarum did not respond tb changes in external Cé%+ conw-

centrations unless the external membrane's permeability'to Ca ioﬁs was .

increased-ﬁy initial treatment with caffeine. Ueda et al. observed that

Cé++ affected the membrane potential and direction of movement in the

same way as any other divalent cation. In contrast to the behaviour

of Physarum, Chi and Francis (1971) found that Dictyostelium discoideun _

. amoebae on a solid surface releasé caleilum in response to the chemotactic
'attracfant'cycliqlAMP, When released by individual amoebae, the secre-

‘tion of cyclic AMP is known to cause aggregation of all the cells in
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the vicinity, leading eventually to sporulation. Durham (unpublished
obsefvations) found,vhowever, that these amoebae in a liquid suspenéion
showed no change in Ca't efflux in fesponsé to cyclic AMP,

Our results have shown that the existing catt ~ fluxes ére not |
linked to the chemotactic response and that the orgunism is unaffected
by different exterhal[§é+fl ‘Stated differently, the organism's chemo-
tactic-recogﬁition and response ﬁas shown not to be dependent on a speci-
fic concentration of Ca ions in the surrounding medium. It is clearly
advantageous to an organism like Physarum to be independent of external
sourceS 6f'Ca ions. ' -

Other cellular processes which are belleved to be controlled
by internal CCaH] and to be independent of external @a ] include
cleavage of sea urchin egg cells (Schroeder, 1972) and_cytOplasmlc stream-_
ing in the alga Chara (Pickard, 1972). It is possiblé that in a marine
énvironment, in the early stagesiof cellular evolution, simple‘orgénisms
did carﬁy out their Ca'’ fluxes across external surfaces. At a later
vstage, when organisms were faced with situations of limited calcium
(rain water, solid dry surfaces), what little calcium obtained had to
be conserved, Thus free-living organisms~ev61ved ceilular procecses
that were independent of fluctuatiohs in the external [?é++] » Whereas
processes'inside multicellular organisms, such as synaptic transmitter
release (Katz and Miledi, 1966) and liver cell division rate (Wnitfield
et al, 1976) have remained.eitremely sensitive to the external Ca‘t
cdncentrations. |

If one accepts that cat™ is conserved and that the internal.
rhythmic and peristaltic contractions of contractile proteins occur be=
cause of oscillations in the cytoplasmic Z?d*ﬁ] ,'then the question

. which needs to be answered is: How is the membrane involved in the local
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recognition and the control of amoeBoid'movement via control of fhe
internal (bé++} ? ‘

| Durham's hypothesis that regiohs of lower énd.higher oscilla-
tions in streaming control the direction of the plasmodium, is the onlj '
reported hypothesis concerning that aspect of amoeboid movament.v The
-regulatory role ascribed by Durham (1974) to the Ca ion and Ca**t concen- -
trations (see literature revieﬁ) is not supported by the results of ihé'
flow=-through chamber and half plafe assayse. 'The question also.femains_as
to whick factors regulate the internal (a**] [ Ettienme (1972) and
Braatz and Komnick (1973) have shown the existence of Cat*-accumulating
vacuoles which so far, are the only reported organellss capable of regule
ating the internal (ca™) . -

The organelles known to accumulate Ca'” and the factors that
regulate the internal [?d*ﬁ] have been listed in the literature review.
The mitochondria appear tobbe the most important organelles that‘would
have the ability to regulate the cytoplasmic [ba*f] in the plasmodium.
Despite the large volume of research done involving,sliﬁe mould mito-
chondria, no work has been published concerning ion transport or mbre
specifically calcium transport capability. ‘

The results of the polarography experimentsvreporied in this
work, showed that the plasmodial mitochondria have a poor respiratory:

V,function and a low oxidative phosphorylatioh éapacity. TheseAare prime

indicators of mitochondriél integrity and together they indicate that the °
majority of the mitochondria were functionally impaired. This probably
reflects the difficulty of the isolation procedure. In view of our hy-
pothesis that an organelle is responsible for internal (§d++] regula.
tion; it was of interest to examiné the mitochondria for Ca++ tranépbrt

ability despite their apparent lack of integrity.
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. Chance (1963) amd Scarpa and Graziottie (1973) defined the
minimum requiréments that cardiac mitochondria would have to fulfill if
they were to héve an'éctiVe role in the contractile cycles These are:
(1).to be capgble of accumulating high intra-extramitochondrial catt
ratios and, (2) kinetically the catt tréhsport should'Operate with suffi-
cient rapidity to particiﬁate-in‘thé cat redistribution required by thev
contractile cycle, The same requirements also apply.to plasmodial mit;
échondria. ' | | | |
Along with evidence for podr respiratory control in the case
.of plasmodial mitochondria, the polarography experiments showed that, con-
trary to the abilities of mammalian mitochondria, the addition of ca™
had no effect on the rate of respiration. Experiments with murexide
spectrophotometry showed that ca't was taken up to a negligible extent,
‘It seems, therefore, that plasmodial mitochondria do not meet the two
réquirements stated above and that they resemble those of yeasts and
mycelial fungi in having ho Ca*® transport capacity. However, until a
better isolation procedure is devised and mitochondria can be obtained
which have unimpaired respiratory function and the "slime" fully,remove@,
the possibility cannot be ruled out completely that plasmcdial mito=
chondria could have such a function. Thus, for this particular link iﬁ
the chain of interrelated chemical processés between the iﬁitial'recogni;
tioh and the chémofactic response, the question has not been conclusive-
1y settled. |
- Evidence from Kamiya (1959) and recéntly from Ueda g}lgl. (1975)
and Hato et al. (1976) supports the hypothesis that the initial recogni-
tion (cheﬁical stimulnus) involves an induced change in the membrane po-
tential, Kamiya first demonstrated that the two curves DPG and EPG (see

Fig, 7, literature review), repreéenting changes in the motive force gener
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ation and membrane potential, followed each other cloSely_and seemed to
‘be interdepenaeni. The two papers of Ueda et al. (1975) and Hato et al.
 (19?6) showed that the'recognitioﬁ and taxis, involving-different'con-
- centratiOnS-of sugars ahd jons, varied directly with the degree‘of depolar-
~ ization of the membrane and the reducfion_of the surface charge.
| Both Ueda and Hato with their coworkers make thevsuggestion'
that the changes they observed are the result.of a structural or conform-
~ational change in the memb rane's structure which is- transnitted to the
‘motile system of the plasmodiume. This suggestion provides some of the
answer to the question of.how the membrans could react ioeally and it
‘could explain the extensions of bseﬁdopodia and seleeted morement‘towards
 attractants, |
Conceivably, the conformational change would be the trigger that 
switches on a membrane-bound enzyme and this would produce a "second mes-
senger® (Rasmussen, 1970). This messenger would act as ah intermediarj .
in regulating mitochondrial or vesicular release of calciumvor it could
influence the concentraticn of an intermediary and hence the Ca++ stores
“and the contractile apparatus. A second alterﬁative would be that the de-
tected membrane depolarlzatlon would be that the detected membrane depolar- A
1zat10n would be conveyed internally, akin to passage of a nerve action -
potentlal to the surcoplasmlc retlculum in muscle, and would regulate the
Céf+ stores in this manner. . What is notably absent and has not been '
showm to exist by any electromn mlcroscope study, is the required allm
_ pervasive and ramifying plasma membrane sysbem to convey the depolariza-
tlon internally to each organelle and outwards in a ripple: effect.
The evidence of a-conformatlonalrchange and the suggestion of
a chemical "second messenger? should promete furﬂher researcﬁ'into de- :

termining the levels of cyclic'nucleotides (i.e. cyclic AMP) before and
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after exposure to a chemotactic substance. The concept of membrane
depolarizations regulating taxis becomes’reasonable when it is consid-
ered that the sensory receptors of ,,’larger.organisms (i.e.‘siggt,
smell, taste, etc) function by having the envirommental signals sfimul-
ate the apﬁrOpfiate cells and the stimulus transduced into changes of
ion mévements. The ccmplgxity of chemotactic phenomenona and amoeboid
movement in Physarum is clearly illustrated by the inconclusive natufe
of fhe results obtaired in this thesis. | -
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CHAPTER SIX
CONCLUSION

.It was the purpose of this thesis to review the involvement
~of the Ca ion in amoeboid movement, especially pertaining to the chemo-

tactic responsé_of the plasmodial phase of P. polycephalum. Thé factors

regulating Ca.'H concentrations and current experimental approaches for
determining éhanges in cellular Ekf*] were reviewed, |
The study beigan with gaining familia}ityvand competence in
the culturing of the plasmodium on solid and liquid medias A condition
of a hypothesis put forth by Durham was reviewed and then tested with
the constructed flow-through chamber device, The outcome of tests with
attractants and repellehts showed that no significant long term catt
fluxes occurred in a chemotactic.situatiqn. The direction of piasmodial
migratiqn was used as a criterion; in the half plate assays, and the |
results demonstrated that generally, external Ca'' concentrations held
no special significance to Phaysarum. The cations Mg*t amd catt could
not be diffefentiated'and,'the chemotactic recognition and attraction

+

.towards 1 mM glucose was not changed with Varying ca't concentrations

of the substrate.

It was reasoned therefore, that if Ca’t controlled the cone
tractions of contractile proteins, in analogous a manner to muscle,
there must be an internal specialized organelle regulating the cytoplés-
mic [Ca**] . Mammalian mitochondria show a well established ability
~for Ca't accumulation, The physiological significance or purpose of
this function remains speculative because of the lack of knowledge of
why this function should exist. On the strength of the hypothesis pro- -

posed by some researchers, thaf cardiac mitochondria function in the
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contraétile cycle, it was decided to investigate if a parallel Ccatt
accunulating ability existed for slime mould mitochondria (SMM).

' ‘Contrary to the observations from standard rat liver mito;
chondria preparations, the additibn of ca™t imduced no increase in respire
ation of plasmodial m3tochondria. Using murexide in the suspension, in
conjunction with a dual-wavelength spectrophotometer, an active Cdkfv’
transport and accumdation ability for rat iiver mitochondria could be |
~ demonstrated, Identical experimental conditions for slime mould mito- - '
chondria showed that they possessed no energy-iinked ca™t uptake cape u
ability. The inability may bevgenuine and if such is thé case it would
group the SMM together with those of yeasts and mycelial fungi in having
no such inherent ability. The question is notconclusively decided since
the lack of functional integrity, as evidenéed by the poor respiratory |
control,.may mask an existing ability for ca™t trahsport.

| Some suggested ideas for further work are as follows., More
work is needed to devise a better isolation procedure for obtaining
mitochondria with full respirafory control and oxidative phosphorylation
ability, It would thén be essential to reexamine their Ca’ uptake
ability, The half plafe assays of migfating plasmodia could be extended
to the study of different concentrations of caffeine and lanthanum (La3+).‘
Hatano (1970) showed that the cytoplasmic streaming of fragmented plas-
nodia did respond to changes in the external (ba**] if caffeine was
preéent to rodify the membrane's permeability. Lanthanum ions have béen‘
used as a "probe" in biological systems (i.e. muscle contraction) because
the ion can often compete with and inhibit the.site of action for ca*tt,
Similarly, if the membrane potential is in soms way an intermediary step
-betwéen chemotactic recognition and the actual response, then chemical

agents known to uncouple or prevent membrane depolarization should se=
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lectively interfere with chemotaxis._
| If as proposed in the discussion, a2ttractants bind to spe-
cific receptors on thé external membrane and initiate the release of
a "second"méssenger"'which would fhen react with hypoihesized organelles
for Cat™ storage, it wouldAbe bf interest to determine cyclic nucleotide
levels before and after eiposure»to an attractant. Such sites of "recog-
nition" on the membrane may prbve to be soluble with detergents and an
éxperiment could be devised whereby'fresh ;ccumulatiohs of plasmodié
would be agitated in various detergeat solutions, washed free cof tﬁe_
detergent and the chemotactic response tested by the half plate assayse.
Or the same procedure could be adapted (viz. using centrifugation) for
V‘microplasmbdia by the procedure of Ueda et al. (1975).
- Two further methods can be envisaged for repeating the experi- |
‘ments with the flow-through chamber and external Ca‘t fluxes. For the
45Ca-measurément, Langer and Frank (1972) described a novel apparatus
for the attachment and growth of a layer of contractile cardiac cells
on a slide overlaid with scintillatioh material, The slide is then
mounted in a Scihtiilation cell with accomﬁanying infiux and efflux
tﬁbihg for perfusing solutions through, The tubing allows the intro-
duction or washing out of theperfusing solution from the scintillation
vial as the cell is counted in the scintillation couhter. ‘This method:
conceivably could be adapted for plasmodia,. |
Another apparatus can be envisaged for the murexide spectro-'_
photometric measurement of aerated microplasmodia. An aerated chamber
would be posiﬁioned above the cuvetté compartment, A mesh would.preV¢ht
the circulating microplasmodia from entering the adjoining cuvette and
blocking the light path. The liquid medium would flow freely through

the mesh and allow absorbance readings to be made in the cuvette com-
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pértment. Additions could be made in microliter amounts and these would
result in the same final concentrations of the chemicals used in the
flow-through chamber experiments. The results from either of the last

two experiments could be used to confirm and further investigate the

phenomena studied in this thesis,
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APPENDIX 1
ABBREVIATIONS AND SYMBOLS

Adenosin diphosphate
Adenosine triphosphate

Degrees centr1grade

‘Cyclic adenosine monophosphate

Centlmetre |

Radioactive counts per minute ‘ _
Ethyléne_ glycol bis ( f-aninoethylether)-N, N’-tetraacetatle _
Figure | ' '

Acceleration due to gravity

~ Gram

Heavy meromyosin |

‘Molar solution (containing 1 o molecular weight per lltre of

solution)

Minute

Millimetre

Milligram
Microlitre = 10"'3 ml

.Micromolér = 10'6 M

Nanocurie = 10~ Ci

NUmber '

,Negativa 10gar1thm of the calcium ion concentration

Negative logarithm of the hydrogen ion concentration
Parts per nmillion

Rat liver mitochondria

Slime mould mitochondria'

Volume by volume

Weight' by volume
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APPENDIX 2
The author has been associated with the research work reported in
the following publication:

 DURHAM, A.C.H. & RIDGWAY, E.B..(1976) Control of chemotaxis in Physarum

polycephalume J. Cell Biol. 69, 218-223.

Some of the results cbtained in this thesis have been published in
the following paper: ‘_ ; ”
LUDLOW, C.To & DURHAM, A.C.H. (1977) Calcium ion fluxes across the

external surface of Physarum;polxcephalum. Protoplasma, in press.
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