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SUMMARY

Axonemal assembly lias been examined in three freshwater actinophrydian

heliozoans (EchinosPhaerium nucleofilum. Actinophrvs sol and

Actinosnhaerium eichhorni') following prolonged cold treatment. In

EchinosPhaerium axonemal microtubule assembly is nucleated at specific

sites within the ectoplasm by discrete microtubule-organising-centres

(MTOC's) whilst in Actinophrvs assembly is nucleated on, or close by,

the nuclear envelope. The double spiral microtubule axonemal pattern

in both Echinosphaerium and Actinophrvs appears to be established by a

self-linkage procedure. A self-linkage scheme that accounts for all

the, as yet, described complexities of the linkage pattern of the twelve

sided, radially sectored, double spiral microtubule pattern in these

axonemes is presented. An attempt to assess the in vitro microtubule

nucleating capacity of the surfaces of isolated nuclei of Actinophrvs

proved inconclusive. The nuclei of Echinosphaerium may be involved in

positioning of MTOC's which, in turn, determine the position of axonemal

bases because the numbers of nuclei and axonemes are very similar in

these organisms. Axonemal pattern in Actinospherium eichhorni is damaged~*

A

after prolonged cold treatment but axonemes do not break down completely

as they do in Echinosphaerium and Actinophrvs. During recovery of cold

treated Actinosphaerium axonemal pattern is repaired, possibly by a

self-linkage procedure.
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INTRODUCTION

Microtubules are found, in all eukaryotic cells. They are involved

in cell division, intracellular transport and many other aspects of cell

motility as well as playing an important role in cell cytoskeletons.

Microtubules are sometimes organised into bundles in which tubules are

packed in precisely defined configurations such as in cilia, flagella,

sperm tails, suctoriah tentacles and the^azopodia of certain rhizopods

(see review by Sleigh, 1973). Many ultrastructural and molecular investi¬

gations of microtubule bundles have been undertaken. These studies have

yielded much information concerning microtubule function, structure and

development.

The actinophrydian heliozoans, Schinosphaerium nucleofilum.

Actinophrys sol and Actinosohaerium eichhorni possess microtubule bundles

called azonemes. In these organisms azonemes are the central skeletal

portions of azopodia which are thin cell eztensions. Microtubules in these

azonemes are arranged in a double spiral pattern. In previous studies

of azoneme assembly in actinophrydian heliozoans azonemal microtubules

have been disassembled by ezposure to low temperature, high hydrostatic

pressures, colchicine, urea and copper and nickel ions. Redevelopment

of azonemes has been followed during recovery of organisms after return

to normal culture conditions (Tilney and Byers, 1969; Ockleford, 1973;

Tilnev et al.. 1966; Tilney, 1968; Shigenaka et al., 1971; Roth and

Shigenaka, 1970). In the account of their investigations into assembly

of the double spiral pattern of microtubules in Echinosrhaerium nucleofilum.

Tilney and Byers (1969) describe a variety of microtubule configurations

which they consider to be intermediate stages in azoneme pattern development.
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They proposed that the double spiral microtubule pattern in heliozoan

axonemes is established by a self-linkage procedure comparable to self-

assembly in viruses (Caspar and Klug, 1962). Tilney and Byers suggested

that building up of the double spiral pattern of microtubules is by

selection of the most energetically favourable bonding pattern and by

elimination of less energetically favourable bonding patterns.

Some microtubule bundle patterns are considered to be determined by

a pre-existing arrangement of nucleating elements before tubule assembly

begins, such as the cytopharyngeal microtubule bundles of the ciliate

Nassula, (Tucker et al.. 1975) and certain microtubule bundles in Ochromonas

(Brown and Bouck, 1973). Highly ordered arrays of nucleating elements

are called microtubule-nucleating-templates (MTHT's) (Tucker et al..

1975). Reider (1979) has argued that even in the centrohelidian heliozoan,

Ranhidiophrvs, the axonemes of which were previously believed to arise

by self-linkage (Tilney, 1971), axonemal pattern is determined by an

MTNT. Reider suggests that the centroplast of Ranhidionhrys, from which

axonemes arise, acts as a template for establishment of axonemal pattern.

Bardele (1977) has suggested a variant on an MTNT. Bardele proposes in

his flinker-nucleation' theory that conformational changes in microtubule

subunits specify where linkers bind. Each linker, through its linkage,

is able to induce secondary nucleation. As in 'template-driven' assembly,

Bardele's hypothesis supposes that each axonemal microtubule is nucleated

in its 'correct' position within a developing microtubule bundle.

Is axonemal pattern in Echinosphaerium nucleofilum established by

self-linkage as Tilney and Bjrers (1969) propose or could axonemal pattern

arise by 'template driven' assembly or by 'linker-nucleation'? Tilney



3.

and Byers did not serially cross-section developing axonemes near their

bases. It is not clear from their study whether there are differences

in microtubule number and packing arrangement along the length of a

developing axoneme. Is it possible that Tilney and Byers (1969) have

misinterpreted their results and, as argued for the azonemes of -.Radiidicphrys

(Reider, 1979)» axonemal pattern in Echinsnhaerium nucleofilum is determined

by an MTNT? Even if self-linkage does establish azoneme pattern in

Echinosohaerium. several questions concerning azoneme assembly remain

unanswered. Tilney and Byers (1969) do not ezplain how tubules are

brought together prior to azonemal pattern development, nor how azoneme

number and position are determined. Microtubules in the double spiral

pattern appear linked in a non-identical fashion i.e. the double spiral

is an example of non-equivalent tubule packing (Tucker, 197#; MacDonald

and Kitching, 1967; Tilney and Byers, 1969; Harris, 1970). Neither

Tilney and Byers (1969) nor Roth, Pihlaja, and Shigenaka (1970) have

satisfactorily explained how the non-equivalent packing of microtubules

in an azoneme could arise.

This thesis is a record of studies on Echinosnhaerium nucleofilum.

Actinouhrys sol and Actinosphaerium eichhorni that attempts to answer

the following questions:

1. Does azonemal pattern arise by self-linkage?

2. Are there prelocalised azonemal microtubule nucleating sites or do

microtubules assemble randomly in the cytoplasm?

3. Is it possible to account for the non-equivalent packing and linkage

of microtubules in the double spiral by a self-linkage procedure

and without a microtubule-nucleating-template?



How is axonemal number and. position determined?

If the axonemal microtubule pattern is damaged, can it be repaired?



MATERIALS AND METHODS

(a) Culture of heliozoans

(i) Echinosphaerium nucleofilum

Cultures of Echinosphaerium nucleofilum were obtained from the

Cambridge Culture Centre of Algae and Protozoa (C.C.C.A.P.), Cambridge,

England (List Mo. LE 1507/l). A stock solution of Na EDTA was made by-

heating 500 ml of glass distilled water to 90°C and adding 0.145 g

Na EDTA. A 1 ml aliquot of the stock solution was added to 999 ml

of filtered pond water to make the culture medium. Fresh cultures were

prepared by collecting at least 10 Echinosphaerium from a 1-week-old-

culture. The Echinosphaerium were pipetted into a 9 cm diameter dispos¬

able Petri dish containing about 20 ml of fresh culture medium.

(ii) Actinophrvs scl

Actincphrvs sol was obtained from the C.C.C.A.P. (List No. LB

1502/2). Culture medium was prepared by boiling 100 ml of filtered pond

water with several wheat grains for 5 minutes. To start a fresh culture

at least 20 Actinophrvs from 1-week-old-cultures were pipetted into a

9 cm diameter disposable Petri dish containing about 20 ml of culture

medium and a boiled wheat grain.

if£/ Actinosphaerium eichhorni

Actinosphaerium eichhorni was isolated from Dyers Brae pond in St.

Andrews. Dr. F.C. Page of the C.CoC.AoP. has confirmed my identification

of this organism. The cultures of Actinosphaerium originated from a

population of several founder organisms. Culture medium was prepared by
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filtering pond water. To start a fresh culture about 10 Actinosphaerium

were pipetted into a 9 cm glass Petri dish containing about 30 ml of

culture medium.

(iv) Food Organism

Heliozoans were fed with Tetrahvmena pyriformis (C.C.C.A.P. List

No. L 1603/1).. Tetrahvmena was cultured axenically at 12°C in an aqueous

solution of 1$ proteose peptone and 0.1$ yeast extract (Mackinnon and

Hawes, 1961 ). Before addition to the heliozoan cultures, Tetrahymena

was concentrated by mild centrifugation and resuspended in suitable

culture medium. About 0.5 ml of the concentrated suspension was added

to each Petri dish when fresh heliozoan cultures were set up.

(b) Light microscopy

(i) Ring preparations of living heliozoans

For observations of living heliozoans, a ring preparation was

devised (Fig. l). A ring of silicone grease (Edwards High Vacuum Ltd.)

was prepared by expulsion from a hypodermic syringe onto a glass slide.

A small drop of culture medium containing organisms was placed on the

slide in the middle of the ring of silicone grease. A square No. 1

coverslip of side 2 cm was pressed down evenly onto the ring until the

culture medium met the coverslip to form a column. Heliozoans in such

preparations were examined with a Zeiss Universal microscope using

Nomarski interference-contrast optics.



Figure 1.

A "ring preparation": the type of preparation which was

usually employed to examine living heliozoans.
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(ii) Heidenhain's iron haematoxylin technique

Echinosphaerium nucleofilum was fixed in watch glasses in a freshly

prepared mixture of 3 parts ethanol to 1 part glacial acetic acid. Fixed

organisms were washed in water and mordanted in 3$ iron alum for 1 hr.

Organisms were then washed in water and stained in 'ripened' haematoxylin

for 1 hr. After rinsing in water, organisms were differentiated in 1.5$

iron alum. The length of time necessary to produce the required differen¬

tiation was determined by trial and error. A differentiation time of

between 4 and 8 minutes gave the required result. Organisms were washed

in water, then dehydrated through a graded series of ethanols and,

finally, mounted in 'Euparal'. The Echinosphaerium in such preparations

were examined with a Zeiss Universal microscope using bright field optics.

(iii) Measurements and •photography

In all light microscopical preparations lengths of axopodia and cell

body diameters were assessed using an eyepiece micrometer or by measure¬

ment from photographs of known magnification. The microscope was equipped

with an electronic microflash device (Zeiss Ukatron UN 60) and a Zeiss

attachment camera loaded with Kodak Panatomic X film.

(c) Low temperature treatments

The three heliozoans were cold treated at a variety of low tempera¬

tures for different lengths of time. The temperature and length of cold

treatment was such that maximum axopodial retraction occurred without

causing death of the organisms. Echinosphaerium nucleofilum and

Actinosnhaerium eichhorni were both cold treated at 0°C (Echinosphaerium

for 6 hrs, Actinosphaerium for 17 hrs). Ring preparations and small
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culture dishes were placed on crushed ice in expanded polystyrene con¬

tainers. Actinophrvs sol in ring preparations and small culture dishes

was treated at -2°C for 17 hrs in a Gallenkamp cooled incubator.

The variation in temperature occurring in small culture dishes was

monitored with a thermocouple constructed using 1 x 10 in.diameter

wire. The junctions were prepared using copper and nickel-chromium alloy

(Eureka wire). The thermo-electric current was monitored by taking

readings at timed intervals from a flying spot galvanometer (Pye Unicam).

The galvanometer was calibrated against a mercury thermometer immediately

before each series of measurements and checked again afterwards.

(d) Preparation of microtubule protein

Rat brains were homogenized using an M.S.E. rotary tissue mincer,

into an equal volume of 50 mM Pipes buffer (pH 6.95), 5 mM 2-mercaptoethan.ol,

0.1 mM MgCl^, 0.1 mM ethyleneglycol-bis-((3-amino ethyl ether) N,N'-tetra-
acetic acid (EGTA). The homogenate was centrifuged for 60 minutes at

25,000 g in an M.S.E. Superspeed 50 centrifuge at 2°C. The supernatant

which contained most of the tubulin was retained. To initiate assembly

of microtubule protein, guanosine triphosphate (GTP, Sigma Chemical

Company, Poole, England) was added to the supernatant to give a final

GTP concentration of 1 mM. The resulting solution was incubated at

57°C for 50 minutes in a water bath. The solution was centrifuged at

57°C for 50 minutes at 40,000 g. The supernatant was discarded and the

large translucent pellet was gently washed with water and homogenised

with a glass homogeniser in 50 mM Pipes buffer (pH 6.95), 5 mM

2-mercaptoethanol, 0.1 mM Mg Cl^, 0.1 mM EGTA. The microtubules in the
preparation were left on ice for 2 hrs to depolymerise after which cold



insoluble structures were removed by centrifugation for 30 minutes at

40,000 g at 2°C. The resulting supernatant was used in all polymerisation

experimentso GTP was added to a small aliquot of this solution to make

a final GTP concentration of 1 mM. Celloidin coated grids were incubated

in the resulting solution in a Gallenkamp incubator at 37°C for 15 minutes

The grids were negatively stained in a 1^ aqueous solution of uranyl

acetate and viewed in a Philips E„M. 301.

(e) Transmission electron microscopy of whole organisms and isolated

nuclei

(i) Fixation of whole organisms

Heliozoans were fixed in small culture dishes by the method devised

by Roth, Pihlaja and Shigenaka (1970). A short prefixation (30 s) was

carried out by adding an equal volume of a solution of glutaraldehyde

(12.5$), MgSO^ (2 x 10 ^ M) and sucrose (2 x 10 ^ M) in a 3 x 10 ^ M
phosphate buffer (pH 7.3) to culture medium containing organisms. To

this mixture was added an equal volume of a solution of 0s0^ (1/),
MgSO^ (10 ^ M) and sucrose (10 ^ M) in phosphate buffer (1.5 x 10 ^ M,
ph 7.3). Heliozoans remained in this mixture for 30 minutes. The final

concentration of the combined glutaraldehyde/0s0^ fixative was as follows:

Glutaraldehyde 3•125^

0s04 0.5/°
Mg S04 10"5 M
Sucrose 10 M

Phosphate buffer 1.5 x 10 ^ M
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Fixed heliozoans were embedded in 2$ agar plaques using the technique

of Haller et al. (1961)- Each agar plaque served to support and protect

the axopodia of organisms. The agar plaques were dehydrated in a graded

series of ethanols, immersed in propylene oxide and, finally, embedded

in Araldite.

(ii) Fixation of isolated nuclei of Actinophrvs sol

Isolated nuclei of Actinophrvs sol were gently pipetted into an

Eppendorf tube. Nuclei were fixed by the combined glutaraldehyde/CsO^
fixation procedure described above. After fixation the nuclei were

pelletted, dehydrated and embedded in Araldite.

(iii) Microtoming and staining

After embedding, whole organisms were selected for sectioning by

inspection with a Zeiss binocular dissecting microscope. Blocks were

mounted on Araldite pegs and then trimmed. Araldite blocks containing

isolated nuclei pellets were also trimmed. Final trimming of the block

containing either a whole organism or a pellet of isolated Actinophrys

nuclei was carried out with glass knives on an L.K.B„ Ultratome III by

cutting 'thick1 (l pm) sections. These were stained with methylene

blue (Mullinger, 1964) and examined using bright field illumination.

These stained 'thick' sections were used as indicators of position within

the organism or pellet of nuclei for the thin sectioning that followed.

Thin sections were picked up on copper grids coated with pyroxylin

and evaporated carbon film. Sections were double stained in uranyl

acetate (Gibbons and Grimstone, 1960) for 90 minutes followed by lead
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citrate (Reynolds, 1963) for 2 minutes. Sections were viewed in a

Philips E.M. 301 operated at 60 kV. Electron micrographs were taken

on Ilford EM 4 plates.

(f) Scanning electron microscopy

Echinosphaerium nucleofilum was fixed as for transmission electron

microscopy (see above). Organisms were dehydrated in a graded series

of ethanols and, after three changes of absolute ethanoll, were placed

in absolute acetone. Organisms were then critical-point dried in a

Balzers Union critical point dryer and then fixed to aluminium stubs

with double backed sticky paper. The organisms were gold coated in a

Balzers Union sputter coater and viewed in a Cambridge 150 Stereoscan

electron microscope.



CHAPTER 1 .

AXONEMAL ASSEMBLY IE Echinosphaerium nucleofilum

Introduction

This chapter first deals with the organisation of Echinosphaerium

nucleofilum and its axopodia and axonemes in interfission organisms

under normal culture conditions. Then the changes that result when

cold treatment is applied and axonemes break down are described. The

bulk of the chapter is concerned with details of the assembly sequence

that takes place when axonemes reassemble after such treatment.

Results

(a) General description and fine structure of interfission

Bchinosphaerium nucleofilum

The cell body of Echinosphaerium nucleofilum is spherical (up to

300 pm in diameter)o The cytoplasm is divided into two distinct regions,

a peripheral highly vacuolated ectoplasm and a more compact vacuolated

endoplasm (Fig. $). Over 200 nuclei of diameter 6-10 pm are more or

less evenly distributed at the level of the ectoplasmic-endoplasmic

border (Fig. 3) (see Chapter 6). The nuclei possess peripheral nucleolar

granules (Fig. 4).

Numerous thin finely tapering axopodia of varying lengths project

radially from the cell body (Fig. 2)• Each axopodium contains a central

rod called an axoneme. Each axoneme is composed of microtubules;

transverse sections reveal a 'double-polygonal spiral arrangement* of

tubules (Harris, 1970) (Fig. 6). The axoneme is divided into 12 sectors.
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Links between adjacent turns of the spirals are called long links

(Harris, 1970). Links between adjacent tubules in the same turn of a

spiral are referred to as short links (Harris, 1970). Both types of

links are indistinct after processing for electron microscopy (Fig. 6).

Axonemal vesicles, spherical bodies up to 100 nm in diameter, are

often clumped together near axonemes (Fig. 10).

In some instances the proximal ends of axonemes, hereafter referred

to as their bases, teiminate with at least 20-30 axonemal microtubules

abutting on dense material attached to the nuclear envelope (Fig. 11).

However, most bases do not make such contact with the nuclear envelope

and may be situated up to 1.5 pm from the nearest nucleus (Tilney and

Porter, 1965). Within 1.5 pm of the base of an axoneme, dense material

is often found attached around the outer side of the outermost row of

microtubules in the double spiral (Fig. 12).

Abnormal patterns of microtubules in axonemes are occasionally

found (Roth, Pihlaja and Shigenaka, 1970). Extra tubules may be

inserted near the interfaces between sectors (Fig. 7). At the periphery

of the axoneme microtubules are found unlinked or in small groups outside

the double spiral (Fig. 8).
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(b) Effect of cold treatment

Cold treatment (0° - 4°C) (see Materials and Methods) of

Echinosnhaerium induces axopodial shortening, axonemal breakdown and

assembly of macrotubules (diameter 34 nm) and filamentous structures

(diameter 10-20 nm) in the cell body ectoplasm (Figs 13 and 14). These

features have been previously documented (Tilney and Porter, 1967;

Toyohara et al.« 1978).

After 6 hrs at 0°C numerous stubby protruberances up to 10 pm in

length project from the surface of the cell body (Fig. 15). Thin sections

taken from three organisms fixed immediately after removal from the cold

revealed that the protruberances are packed with macrotubules which, in

some instances, are aligned parallel to the longitudinal axes of the protru¬

berances (Fig. 17). A very few axonemal remnants are still present

(Fig. 18). Clumps of dense material from which a few microtubules radiate

randomly are situated at the ectoplasmic-endoplasmic border (Fig. 19).

In one instance a clump of dense material was attached to the outer side

of the microtubules of a small axonemal remnant (Fig. 20). These amorphous

dense clumps may be up to 300 nm in diameter.

(c) Regrowth of axonemes after cold treatment

To follow the recovery of organisms from cold treatment light

microscopically, ring preparations were removed from the containers of

ice and placed on the stage of a Zeiss Universal microscope. The temperature

of these small drops of culture medium containing organisms rises from 0°C
to about 21 °C in 4 minutes (Oc-kleford and Tucker, 1974). The cold induced

protruberances of organisms in sud? preparations begin to take on the
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tapering form of axopodia about 8 minutes after removal from the cold

(Fig. 16)0 Axopodia reach half (about 80 pm) their normal lengths after

25 minutes and attain normal lengths after about 60 minutes (Fig. 21)a

Organisms destined to be fixed for electron microscopy were allowed

to recover in their dishes of culture medium at room temperature. The

temperature of the culture medium and cooled organisms rises from 0°C to

15°C in about 15t minutes (Fig. 22) after removal from the cold to room

temperature. In culture dishes (where warming takes place more slowly than

in ring preparations) axopodia are first apparent on recovery organisms

10-12 minutes after removal from the cold. Evidently,axonemal assembly

has been proceeding prior to this. Hence organisms were fixed 7 minutes

after removal from the cold. They contain fewer macrotubules and filamen¬

tous structures and many more clumps of dense material, microtubules and

small axonemes. Cell extensions now contain small axonemes as well as

aligned macrotubules (Fig. 23). Clumps of dense material are situated

within 1.5 pm of the nearest nucleus. Numerous microtubules radiate

randomly from these dense clumps of amorphous material which may be up to

700 nm in diameter (Fig, 24). In some cases a dense clump may contain a

less dense area or areas of up to 250 nm diameter (Fig. 25). In Figs 21

and 25 oblique, longitudinal and cross sectional^profiles of microtubules

are near tos or embedded in, these clumps of dense material. Microtubules

radiating from these clumps are not organised into any recognisable pattern.

However, clumps of dense material may be attached along the lengths of

microtubules in the outermost row of small double spirals (Figs 26 and 27).

The clumps are distributed unevenly along the basal regions of axonemes

(over a length of about 5 pm) (Fig. 27). Numerous microtubules also

radiate randomly from these dense clumps that are associated with growing



Figure 21♦

Shows changes in the lengths of cell extensions of

Echinosphaerium nucleofilum elongating in "ring preparations"

during recovery after cold treatment. Each point on the graph

represents the mean length of the longest axopodia observed in

three organisms.
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Figure 22.

Shows the increase in temperature of 5 ml aliquots of culture

medium of Echinosphaerium nucleofilum and Actinosphaerium eichhorni

in fixation vessels, during the period after removal from the cold

(0°C) to room temperature
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axonemes (Figs 27 and. 28). Cross-sectional profiles of microtubules can

be seen at C in Fig. 28. At L and 0 in Fig. 28, longitudinal and oblique

profiles of microtubules radiate both proximally and distally from the

axoneme.

Microtubules radiating from the clumps of dense material sometimes

appear to be attached together by fine 'strands' (Fig. 29)= Microtubules

at the periphery of developing small axonemes just outside the pattern
• •

are also sometimes interconnected by fine strands (Fig. 30).

Three axonemes from two organisms fixed 7 minutes after removal from

the cold were serially cross-sectioned. Fig. 31 shows an axoneme, sectioned

at the ectoplasmic-endoplasmic border (about 40 pm away from the cell

surface), consisting of 36 microtubules. This count does not include

groups of microtubules close to, but outside, the double spiral pattern

e.g. group G, and single microtubules at the periphery of the pattern

e.g. m, .which could be part of the double spiral pattern but bear no short

link connections to other microtubules within the developing double spiral.

The same axoneme sectioned at a level 20 pm nearer the cell surface (Fig. 32)

consists of 26 microtubules. Comparing Figs 31 and 32 the partial spiral turn

2 12 3T is not present at the more distal level; microtubules m , m and m may

1
represent tubules that form this turn more proximally. Spiral turn T had

4 5lost one microtubule, which may be either m or m . An extra tubule has

been added to the microtubule group P. Two tubules attached to group P

appear to be forming a new turn at R. A microtubule has been lost from

group Q. Fig. 33 shows the same axoneme another 5 pm nearer the cell

surface. At this level the axoneme consists of 27 microtubules in an

6 7
arrangement similar to that seen in Fig. 32. Three microtubules m , m an(^

Q

m are outside the double spiral pattern but close to the centre of the

axoneme.
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The axoneme shown in Figs 34, 35 and 36 has been serially cross-

sectioned over a distance of about 1 dm at the ectoplasmic-endoplasmic

border i.e. at the axoneme base. Fig. 34 shows the axoneme at a point hear

its base. It consists of 15 microtubules in a small double spiral. At a

more distal level (Fig. 35) the same axoneme consists of 14 microtubules.

One group of microtubules, G, in the double spiral pattern is attached to

dense material from which randomly radiate numerous microtubules. Fig. 36

shows the axoneme, where it includes about 10 microtubules, 1 pm distally

from its position in Fig. 34. The microtubule group, G, is somewhat dis¬

placed from the double spiral pattern.

Discussion

(a) Macrotubules and filamentous structures

Gold induced macrotubules may be disintegration products of micro¬

tubules (Tilney and Porter, 1967). Warfield and Bouck (1974) suggested

that macrotubules are formed by longitudinal compacting of the loosely

coiled protofilament intermediates of microtubules. Toyohara et al. (1978)

first noted filamentous structures induced by cold in Schinosphaerium.

Based on evidence showing 'the connection or structural transition between

macrotubules and filamentous structures' they proposed that filamentous

structures are disintegration products of macrotubules. Both macrotubules

and filamentous structures appear to be finally degraded into tubulin

dimers (Toyohara et al.. 1978). Reassembly of microtubules is supposed to

proceed directly from tubulin dimers or indirectly from filamentous struc¬

tures or macrotubules or both (Fig. 37). Macrotubules and the filamentous

structures appear quite similar to the twisted ribbons found in in vitro

tubulin assembly systems (Kirschner et al.. 1975, Matsumura and Hayashi,

1976; Hinkley, 1978).



Figure 37.

A schematic drawing showing the suggested disintegration

and reformation process of microtubules (taken from Toyohara

et al.« 1978). Toyohara et_al. consider the processes indicated

by solid arrows confirmed by their data while the other processes

(arrows with dotted lines) they believe to be possible.
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The present study has shown that macrotubules may play a skeletal role

in heliozoans. The protruberances projecting from the cell body after cold

treatment appear to be supported by groups of closely packed macrotubules

oriented parallel to each other.

(b) Redevelopment of axonemes

The outer row of microtubules in the basal region of each axoneme

in untreated organisms is associated with dense amorphous material. Tilney

and Porter (1965) state that 'amorphous electron dense material . . .

is seen surrounding the basal ends of (axonemal) tubules1. They speculate

that the material represents a type of anchoring matrix or the monomeric

form from which polymerisation or growth of microtubules takes place.

Similar clumps of material are present adhering to the outer row of

microtubules in double spirals of untreated Echinosphaerium in micro¬

graphs published by Roth and Shigenaka (1970), for example, Pig. 9,

although these investigators do not draw attention to them or comment

on their function. In organisms recovering from cold treatment micro¬

tubules radiate randomly from clumps of dense material which, in some

cases, are attached along the lengths of microtubules in the outer row

of small double spirals. Clumps of material associated with axonemes

a

are found distributed unevely along the lengths of microtubules in the
A

double spiral. The clumps are only associated with the basal region

(a length of about 1.5 um) of developing axonemes. Similar electron-

opaque, structured or amorphous organelles in a great number of cells

and organisms are considered to be microtubule-organising-centres

MTOC's (Pickett-Keaps, 1969) e.g. the centriolar satellites of ectodermal

cells of Arbacia punctulata (Tilney and Goddard, 1970), the centroplast
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of Raphidioohrvs (Tilney, 1971)» the rhizoplast and. kinetobeak of

Ochromonas (Brown and Bouck, 1973). In Acanthamoeba castellanil. an

organism related to Echinosuhaerium. clumps of dense material also appear

to act as centres for microtubule initiation (Bowers and Korn, 1968).

Thus it is proposed that the clumps of dense material in Echinosuhaerium

are MTOC's i.e. sites at which nucleation of microtubules preferentially

occurs.

Serial reconstruction of small developing azonemes reveals

(1) The reassembling azoneme has its greatest number of microtubules

concentrated near its base in the vicinity of the clumps of dense

material.

(2) At more distal levels the double spiral pattern includes fewer

microtubules than it does close to its base.

(3) Tubules, close to the base of the developing azoneme, which

are unlinked or in small groups outside the pattern may sometimes be

included within the double spiral at more distal levels.

This evidence, and abnormal configurations of microtubules in both

developing azonemes and azonemes in untreated organisms, rule out a

template driven assembly system for pattern development. In template

driven assembly,tubule pattern is determined before tubule assembly is

nucleated and before well defined links connect tubules. In the developing

azoneme it appears that links play a major role in specifying the pattern

of tubule packing. Bardele's (1977) 'linker nucleation' theory cannot

ezplain abnormalities in pattern. In Bardele's theory a microtubule is

nucleated in its 'correct* position within the azonemal pattern. Roth,



Pihlaja and Shigenaka (1970) in their gradion hypothesis of allosterism

have tried to account for abnormalities in axonemes of untreated organisms

by specifying that 'anomalous microtubules can be included within the

usual axonemal array but preferentially in certain locations; anomalous

peripheral arrays can also be formed*. A self-linkage scheme in com¬

bination with a gradion-like linkage specifying mechanism appears to

fit the available evidence. Links between tubules would be made so

that the points of attachment of a link on each microtubule are at the

most energetically favourable sites. These favourable sites would be

determined by graded allosteric effects. Mistakes in the pattern

resulting from linking any other sites would not be favoured energeti¬

cally. These points will be further discussed in Chapter 3°

Once microtubules have been nucleated, they have to be brought

together for self-linkage between microtubules to occur. Fine strands

have been found between tubules. Edds (1975) has shown that cytoplasm

isolated from Echinosphaerium is contractile. IJltrastructural studies

of isolated cytoplasm revealed thin filaments which bind heavy meromyosin

(MM), suggesting that the thin filaments are composed of actin, and

thick filaments which may be myosin. Thus the fine strands between

microtubules majr be part of an acto-myosin contractile system which

pulls together microtubules prior to self-linkage.

Figs. 38 and 39 depict a possible scheme for axoneme development

incorporating MTOC's, self-linkage and contractile elements to pull

microtubules together. In this scheme microtubules are nucleated by

an MTOC from which they grow out at random orientations (Fig, 38).

Tubules are pulled together alongside one another by contractile elements.



Figure 58.

A schematic drawing showing dense material (dotted area)

in Echinosnhaerium nucleofilum which is nucleating microtubule

assembly. Microtubules are pulled together prior to self-linkage

by a contractile system (represented by strands interconnecting

microtubules).



 



Figure 59.

A schematic drawing showing a developing double spiral in

Echinosohaerium nucleofilum. Microtubule assembly is nucleated

by dense material (dotted areas). Microtubules are brought

together by a contractile system(represented by strands

interconnecting tubules). The microtubules fit into the developing

pattern by self-linkage.
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Where two microtubules are close enough links will be formed between

energetically favourable sites on each tubule. Once tubules are linked

at one point, links form between the tubules both proximally and distally

along their lengths. As the axoneme starts to assemble portions of the

dense MTOC material presumably spread along the just-formed portions of

microtubules in the outermost row of the developing double spiral (Fig.

39). Microtubules will continue to be nucleated by the MTOC. Micro¬

tubules elongate in both proximal and distal directions along the basal

region of the axoneme. At more distal levels elongation of microtubules

occurs in the distal direction. The contractile system will continue

to pull together tubules which fit into the developing axoneme in the

most energetically favourable positions. The greater the abundance of

tubules the greater the likelihood that tubules will link together. Thus

the developing axoneme has its ■ greatest number of tubules towards the

base of the axoneme where the MTOC is located.

This study, like previous ones, has yielded no information concerning

control of axonemal length and cross-sectional area; some possible

mechanisms by which such controls might be effected are considered by

Ockleford and Tucker (1974).

MTOC's play an important role in determining exactly where micro¬

tubules are formed within the cell. The number of axonemes and the

position of the base of each axoneme will depend on the number and

position of the MTOC's. The MTOC's in Bchinosnhaerium are distributed,

as are the nuclei, at the ectoplasmic-endoplasmic border. In Chapter 4

evidence is presented which suggests that .nuclear number and axopodial

number are related in approximately a 1:1 ratio. Thus each axoneme and

the MTOC towards the base of the axoneme may be associated with one nucleus.
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Perhaps, the number of axonemes is determined, by the number of nuclei

per organism,, Each axonemal base may have its position determined, by

its MTOC -which, in turn, is positioned by a nucleus. These points will

be further discussed in Chapter 4.

It is not clear how axonemes are oriented. Axonemes always extend

from the lectoplasmic-endoplasmic border through the ectoplasm, never

through the endoplasm. They are radially oriented. An MTOC may specify

to a certain degree the direction of growth of a tubule. This is

usually achieved by the MTOC being associated with some membrane system

which will then prohibit growth in that direction e.g. in mitotic cells

with 'closed* spindles, the MTOC's are attached to the inner nuclear

membrane (Vickerman and Preston, 1970; Cachon and Cachon, 1970).

However, in Echinos-ohaerium MTOC's are rarely attached to any membrane

system.



23.

CHAPTER 2.

AXOFEMAL ASSEMBLY IN Actinophrys sol

Introduction

The previous chapter dealt: with axonemal assembly in the heliozoan,

Echincsphaerium nucleofilum. On the basis of that study it was proposed

that axonemal pattern develops by a self-linkage procedure, possibly

involving a gradion-like linkage specifying mechanism.

In this chapter the organisation of interfission Actinophrys sol,

another heliozoan,and its axopodia and axonemes under normal culture

conditions are described. In addition, the assembly sequence that takes

place when axonemes of Actinouhrvs reassemble after cold treatment is

detailed. A comparison of axonemal assembly in the two heliozoans,

Echinosphaerium nucleofilum and Actinophrys sol, is then provided.

Results

(a) General organisation and fine structure of interfission Actinophrys sol.

The cell body of Actinophrys sol is spherical (about 50 pm in

diameter) (Pig. 40) and contains a single central nucleus (about 10 pm

in diameter; (Fig. 41 ).The nucleus possesses peripheral nucleolar granules.

Finely tapering axopodia project radially from the cell body,(Fig. 40).

Each axopodium contains an axoneme which radiates from the nucleus. Each

axoneme has a double spiral arrangement of microtubules (Fig. 42).
The bases of axonemes abut on the nuclear envelope (hitching, 1S64;

Ockleford and Tucker, 1973) (Fig. 43). There appears to be no structural

modification of the nuclear envelope at the site of axonemal attachment
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(Fig. 43). Azonemal vesicles, membraneous bodies with diameters of up

to 400 nm,are commonly found clumped near azonemal microtubules (Fig. 44).

(b) Cold treatment

Prolonged cold treatment induces azopodial retraction and azonemal

breakdown in Actinophrys (Ockleford and Tucker, 1973). However, even

after 17 hrs at -2°C there still remain azopodial-like outgrowths (up

to 25 urn in length) arising from the cell body (Fig. 45). These out¬

growths are filled with microtubules which are not arranged in double

spiral patterns but which are aligned parallel to the longitudinal azis

of the outgrowth (Fig. 46). Microtubule bases are attached to the nuclear

envelope (Fig. 47). The microtubule attachment points on the nuclear

envelope are apparently randomly arranged and the microtubules are

frequently not oriented in a radial manner. There are fewer microtubules

present than in untreated organisms. Azonemal vesicles are present in

cold treated organisms. A very few tubular structures of over 30 nm

diameter i.e. macrotubules, appear in the cytoplasm near the nuclear

envelope (Fig. 48).

(c) Redevelopment of azonemes

For light microscopical observations of organisms recovering from

cold treatment ring preparations were removed from the cooled (-2°C)
incubator and placed, on the stage of a Zeiss Universal microscope. The

small drops of culture medium containing cooled organisms warm up to

about 21°C in 4 minutes (Ockleford and Tucker, 1973). The azopodial-like

outgrowths begin to eztend about 12 minutes after removal from the cold

and reach normal lengths (about 140 Uim) in about 30 minutes (Fig. 49).



Figure 49.

Shows changes in the lengths of cell extensions of

Actinophrvs sol elongating in 'ring preparations' during recovery

after cold treatment. Each point on the graph represents the

mean length of the longest axopodia observed in three organisms.
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Organisms to be fixed for electron microscopy were cold treated in

small culture dishes. On removal from the cold (-2°C), the culture medium

containing cooled organisms warms to about 14°C after 19 minutes (Fig.

50). Extension of axopodia of organisms cold treated in culture dishes

(where warming is slower than in ring preparations) is first apparent

18-20 minutes after removal from the cold. Evidently axonemal assembly

has been proceeding prior to this. Therefore organisms were fixed 2, 5,

6.5, 10, 12 and 16 minutes after removal from -2°C. The number of

microtubules progressively increased in organisms between 0 and 16

minutes after removal from the cold. However, groups of microtubules

similar to those at the centre of small double spirals were observed

only after 12 minutes.

(i) 12 minutes after removal from the cold

Two organisms were fixed for electron microscopy at this stage in

recovery from cold treatment. These organisms maintain cell extensions

filled with parallel aligned microtubules not organised into a specific

pattern (Fig. 51). Bundles of up to 50 microtubules, and with a diameter

of up to lOO nm, radiate from che nucleus (Fig. 52). The bases of the

microtubules in the bundles abut on the nuclear envelope, the attachment

points of these bases being unevenly distributed along it in distinct

groups (Fig. 53). In each bundle, groups of up to 9 microtubules show

patterns similar to those at the centre of the double spiral (e.g. group

G in Fig. 52). Other tubules within the same bundle appear to be

randomly arranged. Fine strands are sometimes present between tubules

within the bundles (Fig. 54). No macrotubules occur in organisms at this

stage in recovery. Axonemal vesicles are associated with the microtubule

bundles (Fig 55). Single microtubules and clusters of 2-6 microtubules



Figure 50.

Shows the increase in temperature of 5 ml aliquots of culture

medium of Actinonhrvs sol in fixation vessel during the period

after removal from the cold (-2°C) to room temperature.
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also occur in the cytoplasm of the cell body (Fig. 56). Some of the

small clusters have microtubule patterns like that at the centre of a

double spiral pattern

(ii) 16 minutes after removal from the cold

Three organisms were fixed 16 minutes after removal from the cold.

The most noticeable difference between this stage and the last is the

increase in the number of microtubules per bundle (Fig. 57). Each bundle

consists of up to 200 radially oriented microtubules, and has a cross-

sectional diameter of up to 1.5 pm. The bases of microtubules in the

bundles are attached to the nuclear envelope (Fig. 58). Each large

bundle is subdivided into clusters of microtubules which have their

attachment points to the nuclear envelope grouped together. Within each

bundle clusters of up to 50 microtubules are in patterns similar to those

at the centre of double spirals (e.g. group G ih Fig. 57). Other tubules

within the same bundle do not appear to be arranged in any sort of

pattern. Fine 'strands' interconnect some microtubules in the bundles

(Fig. 59).

Two developing azonemes within the same large bundle were serially

cross-sectioned. Azoneme A (Fig. 60) at a level situated about 1 pm

distal to its point of attachment to the nuclear envelope, consists of

26 microtubules. It possesses two partial spiral turns; one (T°) con-

•j
sisting of 9 microtubules, the other (T ) consisting of 17 microtubules.

1
T has an abnormality in that the fourth, fifth and sixth microtubules

(from the centre) are in a triangular configuration. The same axoneme

about 3 pm nearer the surface of the organism consists of 24 microtubules

(Fig. 6l). T° consists of 8 microtubules whilst t'' consists of 16



microtubules. The abnormal triangular configuration of the fourth,

fifth and. sixth microtubules (from the centre) is not present at this

level. Fig. 62 shows the same axoneme at a level 1 pm nearer the cell

surface than in Fig. 61. The axoneme is composed of 22 microtubules.

T consists of only 6 microtubules whilst T consists of 16 microtubules.

Axoneme B in Fig. 60 is composed of 25 microtubules. The partial
o 1

spiral turn T consists of 5 microtubules and T consists of 11 micro¬

tubules. A group of 9 microtubules appears connected to the double

spiral pattern at P. The same axoneme 4 pm nearer the cell surface

(Fig. 62) consists of 16 microtubules. Comparing axoneme B in Figs 60

and 62, the group of microtubules at P in Fig. 60 appears displaced to

p'' in Fig. 62 and has lost three microtubules from its number.

Discussion

(a) Macrctubules and axonemal vesicles

A very few macrotubules are present after cold treatment of

Actinophrys. In the actinophrydian heliozoans macrotubules have only

been reported previously in cold treated Echinosnhaerium nucleofilum

(Tilney and Porter, 1967; Toyohara et al.. 1978; see chapter 3).

Macrotubules are considered to be breakdown products of microtubules.

Ockleford (1973) suggested that axonemal vesicles in Actinonhrvs

are composed of material oompoooa of material necessary for axoneme

formation e.g. tubulin. He observed that there was an inverse relation¬

ship between the number of axonemal vesicles and the number of microtubules

present when Actir.ophrvs recovers from cold treatment. Unfortunately,

in the present study, it has been impossible to accurately assess the



Several small azonemes develop within each large microtubule bundle

during recovery of Acti.nonhrvs from cold treatment. Serial reconstruction

of a developing azoneme within a large microtubule bundle, reveals that:-

(l) The greatest number of microtubules along the developing double spiral

pattern occurs at the base of the azoneme.

(a) An azoneme includes fewer microtubules at more distal levels than

it does at its base.

(3) Microtubules, which are in abnormal configurations just outside the

double spiral pattern, close to the base of a developing azoneme, are

sometimes included within the double spiral at more distal levels.

These results are similar to those obtained for developing azonemes in

Echinosnhaerium nucleofilum in Chapter 3. Thus a self-linkage steheme

possibly involving a gradion-like linkage specifying mechanism could account

for development of azonemal pattern in Actinonhrvs. However, there are

certain differences between azonemal development in Actinonhrvs and

Echinosnhaerium. In Actinonhrvs microtubule assembly is not nucleated by

identifiable MTOC's. In Echinosnhaerium microtubules elongate at random

orientations from the MTOC's and are later presumed to be pulled together

in order for self-linkage to occur. In Actinonhrvs bundles of radially

oriented and irregularly packed microtubules develop. During recovery from

cold treatment the number of microtubules in the bundles increases.

Several double spiral azonemes may develop within one large microtubule

bundle. The bundle may provide a 'pool' of microtubules which can be

brought closely together for self-linkage to occur. Fine 'strands1

beitween microtubules within the bundles may be part of an acto-myosin

contractile system which pulls microtubules together prior to self-linkage.
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A possible scheme for axoneme development in Actinophrys is shown in

Pigs 63 and 64. Microtubule assembly is nucleated at, or close by, the

nuclear envelope. Bundles of radially oriented microtubules develop

(Pig. 63). Contractile elements pull microtubules together. Self-linkage

brings about development of the double spiral pattern (Pig. 64).



Figure 65.

A schematic drawing showing bundles of tubules nucleated

on, or close by, the nuclear envelope (represented by a rectangle

in Actinonhrvs sol). Strands interconnecting tubules represent

contractile elements pulling microtubules together prior to

self-linkage.



 



Figure 64.

A schematic drawing of a small developing axoneme in

Actinophrvs sol* Microtubule assembly is nucleated on or

close by, the nuclear envelope (represented by a rectangle).

Strands interconnecting tubules represent contractile elements

pulling microtubules together prio± to self-linkage.
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CHAPTER 5.

A SELF-LINKAGE SCHEME FOR GENERATION OF THE DOUBLE MICROTUBULE

SPIRAL PATTERN

Linkage systems

In chapters 1 and 2 it has been argued that axonemal pattern in

Echinosphaerium nucleofilum and Actinophrys sol is established by a self-

linkage procedure. The double spiral arrangement of microtubules develops

because it is the most thermodynamically stable pattern. How could

self-linkage accomplish this?

Thin sections do not reveal intertubule axonemal links very distinctly

(Pigs 6 and 42). Tilney (1971) states that links 'give pattern to clusters

of microtubules'. In all the linkage systems suggested for the double spiral

(MacDonald and Pitching, 1967; Tilney and Byers, 1969; Harris, 1970; Cachon

and Cachon, 1974) links play an important role in pattern determination. The

linkage scheme proposed by Harris (1970) requires only one type of link (a

long link) (Pig. 65). The linkage systems proposed by MacDonald and Pitching

(1967) and Tilney and Byers (1969) are similar except at the centre of the

double spiral (compare Pigs 66 and 67). The linkage system proposed by Cachon

and Cachon is the same as that of Tilney and Byers. The system of links

between axonemal microtubules revealed by electron microscopy appears to be

compatible with these three linkage systems in so far as microtubules at

sector boundaries possess 5 links (2 short, 3 long) whilst microtubules within

sectors possess 4 links (2 short, 2 long) (compare Pigs 6, 66 and 67)0

MacDonald and Pitching (1967) subdivided long links into 'radial' and 'secondary'

links depending on length. Tilney and Byers (1.969) argue that 'radial' and

'secondary' links are of equal length. MacDonald and Pitching postulate

that the central microtubules of a double spiral are each connected to 7

other microtubules by 1 short and 6 long links (Pig. 66). Tilney and



Figure 65 °

A diagram of a transverse section through an axoneme.

The axoneme is divided into twelve sectors. The arrangement

of long links is that proposed on theoretical grounds by

Harris (1970)„
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Figure 66.

A diagram of a transverse section through an axoneme.

For convenience,only long links between microtubules are shown.

Short links lie between adjacent microtubules in the same turn

of each spiral. The arrangement of links is that proposed by

MacDonald and Kitching (1967) excluding the long link (dotted

line) interconnecting the central tubules.



 



Figure 67.

A diagram of a transverse section through an axoneme.

For convenience, only long links between microtubules are shown.

Short links lie between adjacent microtubules in the same turn

of each spiral. The arrangement of links is that proposed by

Tilney and Byers (1969) and Cachon and Cachon (1974).
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Byers suggest that each central microtubule is connected to 8 other

microtubules by 1 short and 7 long links (Fig. 67). In the Tilney and

Byers scheme one out of the 7 microtubules, connected to a central micro¬

tubule by a long link, possesses only 4 links (2 short, 2 long) whilst the

other 6 microtubules each possess 5 links (2 short, 3 long). MacDonald

and Kitching propose that each microtubule (6 in all), which is connected

to a central microtubule by a long link, possesses 5 links (2 short,

3 long). In the Tilney and Byers scheme, the eighth microtubule (moving

from the central microtubule anticlockwise) is linked to a central micro¬

tubule by a long link whilst in the MacDonald and Kitching scheme the

eighth tubule is connected to the second microtubule by a long link and

not to a central microtubule (Figs 66 and 67). In fact, in Fig. 9, the

eighth tubule appears connected to the second microtubule as MacDonald

Kitching propose. The linkage system which best fits the available

evidence is that proposed by MacDonald and Kitching (1967).

A suggested scheme of rules for self-linkage

Tilney and Byers (1969) and Roth, Pihlaja and Shigenaka (1970) have

proposed rules for microtubule linkage in attempts to account for axonemal

pattern development. Tilney and Byers (1969) admit that their rules cannot

account for the lack of such microtubule configurations as concentric

circles of microtubules with one or two tubules at the centre of hexagonally

and/or square packed clusters of tubules separated by short or long links.

Roth, Pihlaja and Shigenaka (1970) proposed a 'concept of preferred

linkage1. The microtubule linkage capabilities which they suggest (Fig.

22c in Roth, Pihlaia and Shigenaka, 1970) fit only the linkage system

proposed by Harris (1970).
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The linkage system, for which the following rules attempt to account,

is that postulated by MacDonald and Kitching (1967) (Fig. 66). 'Radial®

and 'secondary® links are considered to be of equal length. The system

also includes a long link interconnecting the two central tubules.

(1) Microtubules have three linkage 'capabilities' a, p, and y.

(Fig. 68).

1
A rare event brings two tubules, A and A together. These tubules

link together by one long link (Fig. 69). This is the only type of

linkage that can be effected by tubules that are not yet linked to

other tubules.

(2) A microtubule, linked to only one other tubule by a long link,

can link to a further 7 microtubules by 6 long links and one short link

i.e. possesses linkage 'capability® a (Fig. 68).

(3) Every microtubule joining into the developing pattern attempts to

maximise its links to other microtubules already in the pattern and

microtubules join the pattern more readily for loci where most intertubule

linkage can be effected by exploiting linkage 'capability® P (Fig. 68).

1
Hence, firstly, microtubule B links to A by a short link and to A

1 1
oy a long link. A parallelogram arrangement with A, A , B and B at the

vertices develops (Fig. 69). Then the double spiral tends to assembly

1 1 1
sequentially i.e. C, C , D, D , E, E , tend to add one after the other

into the pattern (Fig. 70). Once G, g"' has added into the pattern all

•j
the long linkage sites on A, A are occupied (linkage 'capability® a is

saturated for the central tubules). Tubule H therefore links by a long

•j
link to B and by a short link to G (Fig. 70).



Figure 68.

Linkage capabilities of axonemal microtubules. Long links

terminating with zig-zag lines represent 'inducing' long links

(see text for explanation).

Figure 69.

An early stage in axoneme pattern development. Two tubules
•j(A and A ) are linked by a long link. A parallelogram arrange-

1 1
ment of microtubules with A, A , B and B at the Vertices develops.

Figure 70.

An early stage in axoneme pattern development. The long linkage

1
sites on tubules A, A which possess linkage capability a are occupied.

Tubule H therefore links to b"' by a long link and to G by a short link

to maximise its links to tubules already within the pattern. Tubule

1
B possesses linkage capability Y because of its connection to a

central tubule by an 'inducing'long link and therefore I links to

-]
B by one long link and to H by a short link.

Figure 71.

1 1
Tubules B to G (B to G1) have linkage capabilities Y since

they are connected to the central tubules by long links ('inducing'
•jlinks). Tubule H possesses linkage 'capability' (3 because it is

connected to B by a long link which is a 'non-inducing' long link

(i.e. this 'non-inducing' long link on B is the long link closest

1
to the 'inducing' link which connects A to B, moving anticlockwise

-j
around tubule B). Tubule I possesses linkage 'capability' Y because

it is connected to B by an 'inducing' long link (i.e. the long link

1
furthest from the^ 'inducing' long link which connects A to B, moving

anticlockwise around tubule B).
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(4) Ordinarily a microtubule with short links only possesses linkage

'capability' |3 (Fig. 68). It can only join with two long links unless

rule (5) is satisfied.

(5) A long link from a central microtubule (an 'inducing' long link)

induces the microtubule, to which it is attached, to exhibit linkage

'capability' Y (Fig. 68). It can be interconnected to 3 adjacent tubules

by 3 long links. Tubule b"' has this capability and I adds into the
•j

pattern by linking by a short link to H and long linkage to B (Fig. 70).

(6) The long link furthest from the 'inducing' long link (moving anti¬

clockwise around the microtubule) is also an 'inducing' long link. Again

this 'inducing' long link induces the microtubule to which it is attached

<!
to have the linkage 'capability' Y (Fig. 68), e.g. I in Fig. 71.

(7) The long link nearest the 'inducing' long link (moving anticlockwise

around the microtubule) is a 'non-inducing' long link. The microtubule,

to which this 'non-inducing' long link is attached, has the linkage

'capability* (3 (Fig. 68) e.g. in Fig. 71.

The 'inducing' long link determines the position of the 12 sector

boundaries (Fig. 66).

The double spiral pattern does not appear to develop sequentially

(Figs 31, 34 and 60) exactly as the rules would suggest. The 'inducing'

and 'non-inducing' long links correspond to the radial and secondary links

proposed by MacDcnald and Kitching (1567). However, it is not argued

here that these long links differ in length or even composition. It is

more likely that allosteric effects, as suggested by Roth, Pihlaja and

Shigenaka (1970) in their gradion theory of allosterism, produce the



differences in long link properties. The close proximity of long links,

on a central microtubule, may initiate the allosteric changes in the

links. These changes may be transferred via a microtubule to other long

links i.e. 'inducing' long links.

This model is the first to be proposed that accounts for the double

spiral pattern. The linkage rules do not permit microtubule configura¬

tions other than the 'double spiral'. It is also worth noting that the

scheme is relatively simple in so far as all the tubules have identical

potential link 'capabilities'; different 'capabilities' are manifested

by different tubules because of differences in the positioning of

adjacent tubules and links that arise as the linkage sequence proceeds.

'Handedness' of the double spiral pattern.

In the present study, axonemes of Echinosphaerium, Actinophrys

and Actinosphaerium (see chapters 1,2 and 5) were thin-sectioned

either from tip to axonemal base (e.g. Fig. 6) or vice versa (e.g.

Fig. 12). The results indicate that axonemes coil wholly unidirectionally

i.e. organisms possess left handed double spirals. However, Tilney

and Porter (1965) report that in Echinosphaerium "whereas most sections

through the organism reveal that the axonemes coil unidirectionally,

an occasional section .' shows axonemes which coil in opposite

directions". Their example of bidirectionality of coiling of

axonemes may have resulted from the bending on itself of an axopodium

containing one axoneme with subsequent fusion of the membrane.

Sections of this structure would thus contain two axonemes, one a

mirror image of the other.
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CHAPTER 4.

NUCLEI MP THE SPATIAL LOCATION OF AXONEMES CT

Echinosphaerium nucleofilum and Actinophrys sol

Introduction

Azonemes in Echinosphaerium nucleofilum arise from MTOC's which

are situated close to nuclei (Chapter 1). Do the nuclei of Echinosphaerium

play a role in the positioning of MTOC's which, in turn, determine the

location of azonemal bases? In Actinophrys sola mature azonemal bases

are attached to the nuclear envelope (Kitching, 1965; Ockleford and

Tucker, 1S73; chapter 2). Thus the location of the base of a mature

azoneme in Actinophrvs is determined by the nuclear envelope. Microtubule

assembly is not nucleated by identifiable MTOC's in Actinophrvs (Chapter

2). Is the nuclear envelope of Actinophrvs involved in the nucleation

of microtubule assembly?

This chapter first deals with estimates of the number of nuclei and

azopodia in Echinosphaerium. A procedure devised for isolation of the

nucleus of Actinophrvs is described. An assessment of whether the

surfaces of isolated nuclei can nucleate microtubule assembly when incubated

in a rat brain tubulin reassembly medium is detailed. The possible role

of the nucleus in the positioning of azonemal bases in Echinosphaerium

and the failure of isolated Actinophrys nuclei to nucleate microtubule

assembly in vitro are discussed.
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Results

(a) Nuclear number in Echinosphaerium nucleofilum

Interfission organisms were fixed in watch, glasses in a 3:1 mixture

of absolute ethanol and glacial acetic acid, respectively, for 30 minutes.

The organisms were then stained using Heidenhain's iron haematoxylin
t t

technique. Stained organisms were mounted in Euparal on a microscope

slide and after application of a coverslip were very slightly flattened.

After this procedure the nuclei can be seen more easily. Most of the

axopodia of an organism retract or disintegrate at some point in this

procedure (Fig. 3). The ectoplasm and endoplasm can still be distinguished

from each other. Nuclei have diameters of up to 10 pm and stain intensely

around their peripheries. Nuclei are distributed unevenly around the

ectoplasmic-enaoplasmic border. Each stained organism was photographed

at levels 5-8 pm apart through the whole cell body.

The following procedure was used to estimate nuclear number in

Echinosphaerium:-

(1) A tracing of the nuclei present in a micrograph (M°) taken at one

focal level was made and the nuclei were counted.

(2) The same tracing was placed over a micrograph (M^) taken at the next

level in the same organism. Nuclei not present on the tracing were

marked in and counted.

(3) Another tracing was then made of nuclei in micrograph m"' .

(4) The tracing made at stage (3) was placed over a micrograph(M^)taken
at the next level in the organism. The nuclei not already drawn on

the tracing were marked in and counted.
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Stages (3) and. (4) of the procedure were repeated ai all levels

through an organism's cell body. In this way the total number of nuclei

in an organism was assessed.

Table 1 shows the nuclear number in sis organisms and the diameter

of each organism's cell body (after fisation)

Table 1.

Nuclear Number Diameter of cell body (pm)

138 155

132 185

174 215

213 230

155 230

165 250

Organisms with diameters ranging between 155 pm and 250 pm have

nuclear numbers between 138 and 213• In general, larger organisms

usually have more nuclei than smaller ones. The values obtained

indicate that Bc-hinosnhaerium does not have a fairly fixed and specific

number of nuclei that divide synchronously to double the number at some

point in the fission cycle.
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(b) Axooodial number in Echinosphaerium nucleofilum

(i) Scanning electron microscopy

Organisms destined for scanning electron microscopy were fixed using

the procedure devised by Roth, Pihlaja and Shigenaka (1970). During fixa¬

tion, axopodia droop and afterwards have only about half (approximately

90 pm) the length of axopodia of unfixed organisms. However, after such

organisms had been critical-point dried and gold coated, axopodia are

considerably shorter (only up to 20 pm long) (Fig. 72). Axopodia are

droopy, often intertwined and, in some cases, adhere to the cell surface.

The cell surface has a fuzzy appearance. These preparations were completely

unsuitable as a basis for estimating axopodial number.

(ii) Light microscopy

Interfission Echinosphaerium in ring preparations were examined using

lomarski interference-contrast optics (Fig. 5). Each organism was photo¬

graphed at levels 2-3 pm apart through a depth of 20 pm. The following

procedure was used to estimate axopodial number over the 20pm deep 'band*

of each organsim:-

(1) A tracing was made of axopodia in a micrograph (M°) at one focal

level and axopodial number was noted.

(2) The tracing was placed over a micrograph (m"' ) taken at the next level.

Axopodia not present on the tracing were marked in and counted.

(3) A tracing of the axopodia in micrograph m'' was made.

(4) The tracing made at stage (3) was placed over a micrograph (M^) taken

at the next level. Axopodia not already present were marked in and counted.
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Stages (3) and. (4) of the procedure were repeated at all the levels

through the 20 pm deep 'band' of each organism to provide an estimate of

all the axopodia present in the 'band'.

The surface area of the 'band' was calculated using the expression:-

2rrra

where r is the radius of the cell body of the organism and a is the

depth of the 'band* (Fig. 73).

The surface area of the whole organism is given by:-

A — 2
4 'i r

Therefore the number of axopodia over the whole surface of the

organism is given by:-

x n
a

where n is the number of axopodia present in the 20 pm deep 'band'.

Table 2 shows axopodial number in five organisms and the diameter

of each organism.

Table 2.

Axopodial number Diameter of cell body (pm)

154 152

161 154

208 165

231 178

242 179

Organisms with diameters ranging between 152 pm and 179 4m have

between 154 and 242 axopodia. The larger the organism, the more

axopodia it possesses.



Figure 73.

A schematic drawing of a supposed spherical

Echinosnhaerium nucleofilum of radius r. The depth of the

surface band over which axopodia are counted is given by a.
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Thus, comparing tables 1 and 2, it appears that the ratio of

axopodia to nuclei in Echinosphaerium approximates to 1:1.

(c) Isolation of nuclei from Actinophrvs sol

Up to 1000 Actinophrys in culture medium were added at room tempera¬

ture to an equal volume of a solution containing 20 mM Pipes buffer

(pH 6.95), 0.2 mil MgC^j 2 mM EC-TA and varying concentrations of the
■>

non-ionic detergent Nonidet P 40 (Uniscience Ltd., Cambridge, England)

k and spermidine trihydrochloride (Sigma Chemical Co., Poole, England).

The two solutions were thoroughly mixed. At Nonidet concentrations in
■

the mixed solution over the range 0.001^ - 0.25^ in the absence of

spermidine, Actinonhrvs swells and its axopodia retract (Fig. 74). The

mixed solution was centrifuged at very low speed (position 1) for 1

minute in an g.S.E. bench centrifuge. A small number of cells remain

with an appearance similar to that shown in Fig. 74. However, the majority

are completely disrupted and the cell contents disperse into the surround¬

ing solution. With detergent concentrations of less than O.CO*^ or with,

spermidine in the solution cells disrupt less easily. Results are

tabulated below (table 3) showing the numbers of cells disrupted and the

yield and appearance of nuclei. The 'survival' time of isolated nuclei

is the time during which nuclei can be found in the mixed and centrifuged

solution. After this time no isolated nuclei are detectable in the

solution.
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Table 3.

Nonidet
P 40
(*)

Spermidine
(mg/ml)

Cell

disruption
Nuclear

yield
Appearance of

isolated nuclei

(light microscopy)

'Survival' time
of isolated

nuclei

(mins)

0.25 _ +++ XXX As in Pig. 75 less than 2

0.05 - +++ XXX As in Pig. 75 less than 2

0.0C1 - H—H- XXX As in Pig. 75 less than 2

0.0005 - ++ X As in Pig. 75 less than 2

0.002 0.5 +++ XX Majority as in
Pig. 75. Some
as in Pig. 76

Some survive

up to 50

0.001 0.5 + X As in Pig. 76 over 50

0.001 1 + - - -

0.001 0.25 +++ XX As in Pig. 75 less than 2

++H— nearly all cells completely disrupted;

++ - over 50^ cells completely disrupted;

+ - less than 25cells completely disrupted;

xxx - a yield of 200-400 nuclei

xx - a yield of over 100 nuclei

x - a yield of less than 50 nuclei



Nuclei like the one shown in Fig. 75 (with a diameter of~10 p,m)

have a smooth surfaced appearance. They stick readily to glassware and

burst within 2 minutes of isolation. Fig. 76 shows a nucleus (of diameter

~10 |im) which has a clearly recognisable nuclear envelope. Such nuclei do

not stick to glass surfaces. Much of the contents of the nucleus is concen¬

trated towards its centre although some material still remains attached

to the inner surface of the nuclear envelope. Isolated nuclei of this type

survive for over 30 minutes after isolation. From the tabulated results

it can be seen that the best yield of nuclei which survive for over 30

minutes after isolation (and have the appearance as shown in Fig. 76) is

obtained using a solution containing, at final concentration (i.e. after

mixing with the suspension of organisms in culture medium), 0.001^ Nonidet,

0.5 mg/ml spermidine, 10 mM Pipes buffer (pH 6.95), 0.1 mM MgCl^ and
1 mM EGTA. Isolated Actinoohrvs nuclei were either incubated in this 'lysis'

solution for 15 minutes at 31°C or, after mild centrifugation and removal

of the supernatant, in a 'washing1 solution of 0.5 mg/ml spermidine, 10

mM Pipes buffer (pH 6.95), 0.1 mM MgCl^, 1 mM EGTA (i.e. 'lysis' solution
without Nonidet) for 15 minutes at 31 °C. After incubation the isolated

nuclei were fixed for electron microscopy. This examination was under¬

taken to assess whether exposure to Nonidet would cause extensive envelope

breakdown during the period needed for incubation with tubulin.

An isolated nucleus which has been incubated for 15 minutes at 31°C in

'lysis' solution is shown in Fig. 77. The nuclear envelope (30-35 nm

across) has lost the four layered substructure of the nuclear envelope

of untreated organisms (compare Figs 78 and 43). Portions of the nuclear

envelope appear to be composed of two layers but much of the envelope has

a fuzzy appearance. Most of the contents of a nucleus are concentrated

towards its centre into a dense clump (Fig. 77). Some large clumps of
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nuclear material with a granular appearance, however, remain attached

to, or nearby, the inner surface of the nuclear envelope (Fig. 77).

Isolated nuclei incubated in "washing® solution for 15 minutes

at 31°C possess a nuclear envelope (45-50 nm across) with a four layered sub¬

structure (Fig. 79). The two outer layers of the nuclear envelope stain

more densely than the two inner layers. Numerous nuclear pores can be

distinguished in the nuclear envelope (Fig. 79). There is no apparent

difference between the nuclear envelope of isolated nuclei incubated in

'washing* solution and the nuclear envelopes of untreated Actinophrys

(compare Figs. 79 ana 43). Fuzzy material adheres to the outer surface

of the nuclear envelope in isolated nuclei. Much of the nuclear contents

of isolated nuclei is concentrated towards the centre of the nucleus

although some nuclear material remains attached to, or nearby, the inner

surface of the nuclear envelope.

It is necessary to incubate isolated Actinophrys nuclei in a

microtubule protein assembly medium for about 15 minutes at 31°C to test

the ability of the surface of the nuclear envelope of Actinonhrvs to

nucleate microtubule assembly in vitro. After incubation for 15 minutes

at 31°C in the presence of Nonidet, the nuclear envelope of isolated

Actinophrvs nuclei is considerably damaged. However, if nuclei are washed

in "washing® solution, after isolation, and then incubated for 15 minutes

at 31°C in the absence of Nonidet, the nuclear envelope remains 'intact'

i.e. appears similar to the nuclear envelope of an untreated Actinophrvs.

Thus in further experiments nuclei were first isolated in 'lysis® solution

and then washed in 'washing® solution to minimise damage to the nuclear

envelopeo
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(d) Microtubule protein and isolated Actinonhrvs nuclei

Microtubule protein was isolated from rat brain and partially purified

by one cycle of polymerisation and depolymerisation. GTP was added to a

small aliquot of the resulting protein solution to give a GTP concentra¬

tion of 1 mM. The microtubule protein/GTP solution was incubated at 57°C
for 15 minutes. Structures of diameter 24 nm, morphologically like

microtubules, are revealed by negative staining (Fig. 80). Each tubule

appears to be composed of a number of protofilaments.

Electrophoretic analysis of the protein was performed by Dr. J.

Sommerville (results not shown). The isolated protein mixture had two

main protein constituents both of molecular weight around 55,000. The

main protein component of microtubules, tubulin, occurs in the form of

a heterodimer of two closely related 55,000 molecular weight monomers

(Bryan and Wilson, 1971; Olmsted et al.. 1971; Luduena and Woodward, 1975;

Luduena et al„. 1977).

Three volumes of microtubule protein in a solution of 50 mM Pipes

buffer (pH 6.95), 5 mM 2-mercaptoethanol, 0.1 mM MgCl , 0.1 mM EGTA,

1 mM GTP and 1 mg/ml spermidine were added to one volume of 'washing*

solution containing isolated Actinouhrvs nuclei to give a final micro¬

tubule protein concentration of 0.5 - 2 mg/ml. The resulting solution

was incubated for 15 minutes at 51°C. Isolated nuclei were fixed for

electron microscopy. Nuclei have a four layered nuclear envelope (Fig.

81 ). Microtubules lie close to nuclei (Fig. 81) but do not appear to be

attached to the nuclear envelope. As a control, one volume of 'washing*

solution containing isolated nuclei was incubated for 15 minutes at 51 C

with three volumes of a solution containing 50 mM Pipes buffer (pH 6.95),
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5 mM 2-mercaptoethanol, 0.1 mM MgCl , 0.1 mM EGTA, 2 mM GTP and

1 mg/ml spermidine. No microtubules were found near to, or attached to,

isolated nuclei so treated.

Discussion

(a) Nuclear and axopodial numbers in Echinosphaerium nucleofilum

During the preparative procedures for scanning electron microscopy,

using the critical-point drying technique, the axopodia of Echinosphaerium

undergo considerable shortening. It is not possible to distinguish between

axopodia (i.e. cell extensions containing axonemes) and small cell pro¬

jections which do not contain axonemes. Estimates of axopodial number

of Echinosphaerium from a scanning electron microscopical study may

therefore be misleading. It is not clear why critical-point drying/gold

coating techniques have such a drastic effect on the axopodia of

Echinosphaerium. Suzaki et al. (1980) have recently reported that freeze-

drying of heliozoans preserves them much better than critical-point drying.

Preeze-drying of Echinosphaerium for scanning electron microscopy was

not attempted in the present study.

Nuclear and axopodial number estimates made from light microscopical

studies may be subject to .error. Micrographs taken at different focal

levels through an organism may not reveal nuclei or axopodia 'hidden' by

being directly below other nuclei or axopodia. A tracing made of nuclei

or axopodia from a micrograph of one focal level may be slightly misplaced

over a micrograph of the next focal level. Nuclei or axopodia may

therefore, on occasion, be counted twice or not counted at all.
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Bearing in mind, the approximate nature of the counts, there appears

to be a 1:1 ratio of nuclei to axopodia in Echinosphaerium. By presuming

that axopoaial number approximates to axoneme number (i.e. most axonemes

project into axopodia), the axoneme to nucleus ratio is also 1:1. In

chapter 3 evidence that microtubules of each axoneme are nucleated by

one MTOC has been presented. Thus the ratio of nuclei to axonemes to

MT0C!s is approximately 1:1:1.

MTOC's determine the position of axonemal bases. MTOC's are close

to nuclei. Each axoneme is situated within about 1 .5 M-m of the nearest

nucleus. The ratio of MTOC's to nuclei is 1:1. Does each nucleus deter¬

mine the location of one MTOC? If so, by what mechanisms could a nucleus

define the position of an MTOC? The apparent lack of interconnections

between MTOC's and nuclei would appear to rule out 'structural positioning'

(Lynn and Tucker, 1976) where fibrous spacers specify the ordered spacing

of microtubular organelles. Frankel (1974) has suggested that positioning

of organelles within a cell depends on spatial variations in the concen¬

tration of certain chemical 'positioning signals' i.e. positioning of

organelles would occur by the same sort of mechanisms as those which have

been postulated for intercellular control of cell and tissue differentiation

during metazoan embryogenesis (Wolpert, 1969; Crick, 1970). Could each

nucleus be the source of a chemical signal which determines the position

of an MTOC? If nuclei are involved in the positioning of MTOC's, what,

in turn., determines the position of the nuclei themselves? These are

some of the new questions that emerge from the above studies and which,

for the moment, remain unanswered.



(b) Ability of isolated Actinophrys nuclei to nucleate microtubule

assembly uiyitro

Raff (1S79) states that 'a good (teleologically speaking) mechanism

for cellular control of the localisation ana/or orientation of microtubule

arrays would be to anchor either the initiation sites or the tubules

themselves into some other subcellular structure'. In Actinophrys, mature

axonemal bases are attached to the nuclear envelope (Kitching, 1965;

Ockleford and Tucker, 1975; chapter 2). The nuclear envelope acts as an

anchorage site for axonemal bases.

Evidence from a variety of sources suggests that membranes may be

involved in the nucleation of microtubule assembly e.g. in many lower

organisms the MTOC's are situated directly on the nuclear membranes

(reviewed by Hepler and Palevitz, 1974; Xubai, 1975); tubulin is a com¬

ponent of synaptic and presynaptic membrane fractions (Blitz and Pine,

1974; Walters and Matus, 1975) and of brain and thyroid membrane fractions

(Bhattacharyya and Wolff, 1975). Bhattacharyya and Wolff (1975) specu-.

lated that membrane bound tubulin can function as nucleating elements in

microtubule assembly. Does the nuclear envelope of Actinophrys possess

sites for the nucleation of microtubule assembly?

Gould and Borisy (1977) isolated the pericentriolar material from

Chinese Hamster Ovary (CHO) cells. The isolated pericentriolar material

is capable of nucleating microtubule assembly in vitro. Actinophrys was

lysed in a 'lysis' solution similar to that used to lyse CHO cells by

Gould and Borisy (1977), excepting that the type and concentration of

detergent was different and spermidine was included. The microtubule

nucleating ability of isolated Actinophrys nuclei was then tested in vitro.



Nonidet P 40 was used as a detergent in preference to other non-ionic

detergents as it is supposed to be more 'gentle' (Cummings and Tait, 1975).

Spermidine in the 'lysis' solution protects nuclei from disruption

(Rosenbaum and Holz, 1966; Prescott et al.. 1966; Cummings and Tait,

1975; Gorovsky et al., 1970). Protection of the nucleus is necessarily

an antagonistic process to cell disruption. Increasing the concentration

of spermidine in the 'lysis' solution prevents cell disruption. Therefore

a balance between the need for protection of nuclei and the need to

disrupt cells is necessary.

After incubation of isolated nuclei with microtubule protein no

microtubules were found attached to the nuclear envelope. The nuclear

envelope of Actinophrys appears incapable of nucleating microtubule

assembly in vitro. No attempt was made to break down axonemal micro¬

tubules prior to isolation of Actinoohrvs nuclei. Native microtubules

are preserved under the conditions in which Actinophrys was lysed (Gould

and Borisy, 1977). Thus, since the nuclear envelope acts as an achorage

site for microtubules, it might have been expected that some microtubules

would remain attached to the nuclear envelope even after nuclear isolation.

This was not the case, suggesting that, during the isolation procedure,

the bases of axonemes are 'ripped off' the nuclear envelope. Perhaps,

as microtubules break off the nuclear envelope, they pull away MTOC's.

Do microtubules fail to assemble onto Actinophrys nuclei in vitro because

of an inherent lack of MTOC's attached to, or embedded in, the nuclear

envelope or are the MTOC's lost or inactivated in some way during nuclear

isolation? Even if MTOC's are not lost or inactivated during nuclear

isolation several other factors may have prevented nucleation of tubule

assembly by any MTOC's on the envelope. The concentration of microtubule



protein incubated with isolated nuclei may not be high enough for

initiation of microtubule assembly by MTOC's. Fuzzy material attached

to the outer surface of the nuclear envelope may present a physical

barrier to microtubule assembly from any MTOC's in, or on, the

envelope. Microtubule protein isolated from rat brain may be incompatible

with the MTOC's of Actinophrys. Incompatibility of MTOC and microtubule

protein, however, seems unlikely. Mammalian brain microtubule protein

assembly has been nucleated by MTOC's from protozoa, e.g. chick brain

microtubule protein assembles on the isolated basal bodies of

Chlamydomonas (Snell et al., 1974; Stearns et al., 1976). Spermidine

was used to protect the Actinophrys nuclei during isolation and

subsequent incubation in the microtubule assembly medium. However,

spermidine, being a polycation, induces duplex microtubule formation
S

(Jacobs et al., 1975 ) and thus may have prevented microtubule

assembly by any MTOC's in, or on, the nuclear envelope. Therefore

these experiments have not established conclusively that the nuclear

envelope lacks sites iui vivo for the nucleation of microtubule

assembly in Actinophrys.

S
This reference can be found at the end of the reference list.
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CHAPTER 5.

AXOHEMAL REPAIR IN Actinosphaerium. eichhorni

Introduction

Prolonged cold treatment of Actinosphaerium. eichhorni does not

result in complete retraction of axopodia nor complete breakdown of

axonemes. Instead it induces abnormal microtubule configurations in

axonemes. Are cold damaged axonemes repaired during recovery from cold

treatment of Actinosnhaerium? If so, by what mechanism is repair of

axonemal pattern brought about?

Results

(a) General description and fine structure of interfission

Actinosphaerium eichhorni

Actinosphaerium eichhorni has a spherical cell body which may be

up to 750 pm in diameter. The cytoplasm is divided into two distinct

regions, a peripheral highly vacuolated ectoplasm and a more compact

endoplasm (Pig. 82). Nuclei of diameter 10-18 urn are distributed unevenly

at the level of the ectoplasmic-endoplasmic border. Unlike the nuclei of

Schinosphaerium nucleofilum and Actinophrvs sol which have peripheral

nucleolar granules (Figs. 4 and 41), each nucleus of Actinosphaerium

possesses a central clump of nucleoli (Fig. S3). Finely tapering axopodia

project radially from the cell body (Fig. 82). Each axopodium contains

an axoneme. The axoneme is composed of a double spiral arrangement of

microtubules (Fig. 84). In three organisms examined, all axonemes,

consisting of more than about 100 microtubules, possessed complete double

spiral patterns. Axonemes terminate freely in the cytoplasm at the
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ectoplasmic-endoplasmic border; their bases do not appear to be spatially

associated with nuclei. Axonemes are not present in the endoplasm.

The bases of axonemal microtubules are 'capped' by dense material (Fig.

85). In addition, certain microtubules that are outside the main double

spiral arrangement splay out from the base of each axoneme (Fig. 86).
These microtubules diverge distally, away from the base of the axoneme.

Axonemal vesicles (roughly spherical membraneous bodies of up to 500 nm

diameter) are often clumped together near axonemes (Fig. 87).

(b) Effects of cold treatment

Cold treatment (0° - 4°C) of Actinosnhaerium induces axopoaial

shortening. After 17 hrs at 0°C numerous axopcdial-like outgrowths (up

to 120 pm in length) project from the cell surface (Fig. 88). Thin

sections of two organisms fixed immediately after removal from the cold

reveal that the outgrowths are filled with microtubules (Fig. 89). The

microtubules are arranged in a double spiral pattern. However, the

double spiral patterns have abnormal microtubule configurations. Whole

sectors or portions of sectors are often missing from axonemes (Fig. 90).

Some spiral turns within the axoneme are incomplete (Fig. 91 ). Instances,

in which microtubules at the centre of the double spiral pattern are

missing, are common (Fig. 92). Intertubule spacings within the double

1 2
spiral pattern are abnormal (compare the microtubule spacing m -m in

1 2
Fig. 91 and the corresponding spacing m -m of an axoneme from an untreated

organism in Fig. 84). Filamentous structures (diameter 10-20 nm) in

large bundles of up to 2 pm diameter are present in the ectoplasm (Fig.

95). Axonemal vesicles are often close by axonemes (Fig. 94). Axonemal

vesicles have an elongated appearance with their surrounding membrane

'drawn out' into a long 'tail' of diameter 25 nm and length up to 0.5 pm

(Fig. 94).
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(c) Repair of axonemes after cold treatment

Organisms recovering from cold treatment were observed using inter¬

ference contrast microscopy in ring preparations. After being placed

on the stage of a Zeiss Universal microscope, small drops of culture

medium containing cooled organisms warm up from 0°C to about 21°C in

4 minutes (Ockleford and Tucker, 1973). The axopodia of cold treated

organisms in such preparations retract by up to 40$ in length during the

first 5-15 minutes after removal from the cold (Fig. 95). After about

15 minutes, axopodia begin to re-extend and reach normal lengths (about

180 pm) in 70 minutes.

Organisms destined to be fixed for electron microscopy were cold

treated in small culture dishes. On removal from the cold (0°C), the

temperature of the culture medium containing cooled organisms rises from

0°C to 15°C in about 15t minutes (Fig. 22). Extension of axopodia of

organisms cold treated in culture dishes (where warming takes place more

slowly than in ring preparations) is first apparent 16-48 minutes after

removal from the cold. Organisms were fixed 20 and 45 minutes after

removal from the cold.

(i) 20 minutes after removal frcm the cold

Two organisms were fixed for electron microscopy 20 minutes after

removal from the cold when their axopodia were extending. Axonemes in

these organisms have many abnormalities in the double spiral arrangement

of microtubuleso Sectors are often missing from axonemes (Pig. 96).

Some axonemes have abnormal configurations of microtubules at their centres

(Pig. 96). Microtubules are sometimes absent from rows of the double

spiral pattern (Fig. 96) or misplaced between rows (Fig. 96). Microtubules



Figure 95.

Shows changes in the lengths of cell extensions of

Actinosphaerium eichhorni in 'ring preparations' during

recovery after cold treatment. Each point on the graph

represents the mean length of the longest axopodia observed

in three organisms.
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within the axoneme at one level diverge from the axoneme at another level

(Fig. 97). The bases of axonemal microtubules are 'capped' by dense

material (Fig. 98). Many unlinked microtubules or small groups of

tubules outside the double spiral pattern lie within about 1 um of each

axoneme (Fig. 96). These microtubules are often interconnected by

fine 'strands' (Figs 99 and 100). Microtubules which are outside the

double spiral pattern but close to axonemes are more abundant in cold

treated organisms allowed to recover for 20 minutes after removal from

the cold than in untreated or organisms fixed immediately after removal

from the cold (compare Figs 96, 84 and 9°). In the ectoplasm there are

also bundles of microtubules mixed with filamentous structures and

axonemal vesicles (Fig. 101). Axonemal vesicles possess 'tails'. In

some instances, axonemal vesicle 'tails' appear to be continuous with

microtubules (Fig. 102).

Three axonemes from two organisms fixed 20 minutes after removal from

the cold were serially cross-sectioned (the results for two axonemes are

shown). Fig. 103 shows two large axonemes A and B. Both axonemes have

incomplete double spiral patterns. Axoneme A has four 'complete' spiral

turns (T°-T3), The fifth (T4) turn is incomplete. Axoneme A, at a

level 2 pm nearer the surface of the organism, has five complete turns

(T°-T4) (Fig. 104). The sixth to ninth turns (T^-T®) at X are incomplete.

A group of microtubules M is closer to the periphery of axoneme A in

Fig. 104 than in Fig. 103. In Fig. 105 axoneme A, at a level 2 pm nearer

to the surface of the organism than in Fig. 104, possesses four 'complete'

spiral turns (T°-T^). The fifth row has about 3 microtubules missing at

position Z. An incomplete tenth row (T^) of microtubules is also present

at this level at X. In the group of microtubules M a partial row of
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4 microtubules, G, is present. Axoneme A at a further level 2 pm nearer

the cell surface, has 4 complete turns (Fig. 106). At Z the fifth row

is almost complete although s:ome of the intertubule spacings are abnormal.
9

At this level row G is included within the double spiral pattern. T is

displaced from the pattern at X.

Axoneme B (Fig. 103) has an abnormal configuration of microtubules
•j

at its centre (microtubules at R are displaced from the centre). Turn T

consists of only 7 microtubules. At region P there are 10 partial turns

of the double spiral (T°-T^). Several sectors are absent at region Q.

Microtubules linked in groups are present at Q in the same axoneme 2 pm

nearer the cell surface (Fig. 104). These microtubules are absent at
1

the level of azoneme B shown in Fig. 103. In Fig. 104 turn T consists

of 9 microtubules. Axoneme B in Fig. 106 (about 6 pm. nearer the cell

surface than in Fig. 103) possesses an almost normal central configura-
1

tion of microtubules except for a missing microtubule at m. Turn T

consists of only 8 microtubules. At region P there are only eight partial

turns of the double spiral pattern.

(ii) 45 minutes after removal from the cold

Two organisms were fixed for electron microscopy 45 minutes after

removal from the cold. Although axonemes in organisms at this stage in

recovery from cold treatment appear almost like axonemes in untreated

Actinosohaerium. each has a few faults in its double spiral pattern.

Axonemes may have extra tubules inserted between rows near the interfaces

between sectors (Fig. 107). Microtubules at the centre of the double

spiral pattern and rows within the double spiral pattern are sometimes

absent (Fig. 108). Single microtubules or small groups of microtubules
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are present within 1 pm of the periphery of each axoneme (Fig. 107).
Microtubules which are outside the double spiral pattern, but close to

axonemes, are less abundant, in cold treated, 45 minute recovery organisms

than in cold treated, 20 minute recovery organisms but are more abundant

than in untreated or organisms fixed immediately after cold treatment

(compare Figs 107, 96, 84 and 90). Small groupings of up to 16 micro¬

tubules are present in the ectoplasm (Fig. 109). The microtubules in

these groups are in patterns similar to those at the centre of a double

spiral pattern. A small number of email axonemes consisting of up to

45 microtubules are also present in the ectoplasm (Fig. 110). Filamentous

structures of diameter 10-20 nm associated with axonemal vesicles are

in bundles in the ectoplasm (Fig. 111). Axonemal vesicles possess

'tails' (Fig. 111) which may possibly be continuous with the filamentous

structures-

(d) Effects of colchicine on the axopodia of Actinosphaerium eichhorni

Several Actinosphaerium in watch glasses were treated with a variety

of concentrations of colchicine (Sigma Chemicals, Poole, England). The

minimum concentration of colchicine dissolved in culture medium which

causes visible shortening of axopodia is 0.25$. In the following experi¬

ments which were conducted at room temperature, 0.5$ colchicine solutions

were used. Complete retraction of the axopodia of Actinosphaerium in

0.5$ colchicine takes about 16 minutes (Fig. 112). The rate of retrac¬

tion is approximately 11 pm/minute.

Actinosphaerium was cold treated for 17 hrs at 0°C. Organisms were

allowed to recover for 20 minutes after cold treatment in their culture

dishes. Their axopodia are then about 80 pm in length. Cold treated,



Figure 112,

Shows changes in axopodial length of Actinosnhaerium

eichhorni when organisms are placed in 0.5$ colchicine at

room temperature. Each point represents the mean length

of the longest axopoaia observed in three organisms.

Circles represent control Actinosphaerium. Squares represent
Q

Actinosnhaerium treated for 17 hrs at 0 C and allowed to

recover for 20 mins at room temperature before colchicine

treatment. Triangles represent Actinosohaerium which have

been briskly pipetted up and down.
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20 minute recovery organisms were immersed in a 0.5$ colchicine solution.

After a lag of about 6 minutes, axopodia of these organisms retract at

approximately 3 pm/minute. Axopodial retraction is complete within about

22-24 minutes (Fig. 112).

If Actinosrhaerium is pipetted briskly up and down in a Pasteur

pipette, its axopodia retract. Organisms so treated and with axopodia

of about 80 pm in length, which were beginning to extend, were immersed

in a 0,5$ colchicine solution. After a lag of about 2 minutes, axopodia

of these organisms retract at approximately 7.5 pm/minute. Complete

retraction occurs within about 14-15 minutes (Fig. 112).

Discussion

(a) Axonemal bases

Axonemes in Actinosphaerium terminate in the cytoplasm at the

ectoplasmic-endoplasmic border. Microtubules outside the double spiral

pattern diverge distally from the base of each exoneme. What is the

function of these divergent microtubules? Are these microtubules being

pulled towards the axoneme so that self-linkage can bring them into the

double spiral pattern as in the process postulated for Echinosphaerium

nucleofilum. chapter 1, and Actinophrvs sol, chapter 2? The divergent

microtubules are close by complete large axonemes which are presumably

not enlarging. It is unlikely that these divergent microtubules will

eventually be included in an already complete axoneme. It is more likely

that the divergent microtubules may help in anchoring the base of each

axoneme in the ectoplasm.
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The bases of axonemal microtubules in Actinosphaerium are 'capped'

by dense material. Spindle pole bodies (SPB's) isolated from the budding

yeast, Saccharomvces cerevisiae, nucleate microtubule assembly in vitro

(Byers et al., 1978). The microtubule end proximal to the site of

initiation on the SPB is distinguished by a 'closed' appearance because

of a terminal component which is continuous with the microtubule wall.

Byers et al. (1978) proposed that the 'closed' end represents 'a structural

modification persisting at the site of initiation process after having

served as a seed for tubulin polymerisation1. The ends of neuronal

microtubules in the nematode, Caenorhabditis elegans. possess either

filled or diffuse ends (Chalfie and Thomson, 1979). Chalfie and Thomson

speculate that either of these structural modifications of the microtubule

ends may represent nucleating elements. The 'caps' on the ends of axonemal

microtubules in Actinosphaerium may be 'seeds' for tubulin polymerisation

i.e. nucleating elements. Alternatively, the 'caps' may function as

inhibitors of polymerisation and/or depolymerisation at the base of axonemal

microtubules.

(b) Filamentous structures and axonemal vesicles

After prolonged cold treatment filamentous structures of diameter

10-20 nm are induced in Actinosnhaerium. Filamentous structures are

induced by cold in Echinosphaerium nucleofilum (Toyohara et al°, 1978;

see chapter 1). They are believed to be breakdown products of microtubules

Toyohara et al.. 1978, see chapter 1)„

As in Echinosphaerium nucleof'ilum and Actinophrys sol (see chapters

1 and 2) axonemal vesicles are present in Actinosphaerium in untreated and

cold treated organisms and in organisms recovering from cold treatment.
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The possible role of axonemal vesicles as repositories of material
| |

necessary for axoneme development or as controllers of Ca ion concen¬

tration locally near axonemes has been discussed in chapter 2.

Filamentous structures, axonemal vesicles and microtubules are

associated in bundles in cold treated Actinosphaerium during axonemal

recovery. The axonemal vesicles possess 'tails' where the surrounding

membrane has extended to form a narrow tubular structure. Filamentous

structures and microtubules sometimes appear continuous with the 'tails'

of axonemal vesicles. Do axonemal vesicles give rise to filamentous struc¬

tures and microtubules? Ockleford (1973) has suggested that axonemal

vesicles may contain material necessary for axoneme formation. Do

axonemal vesicles contain tubulin? It is interesting to note in this

connection that heliozoans, when treated with fluorescent labelled antibody

against tubulin, possess spot-like fluorescent regions in the cytoplasm

in addition to fluorescent axopodia (Seib, 1976 in Weber et al.« 1977).

These spot-like fluorescent regions may possibly be tubulin-filled

axonemal vesicles.

(c) Repair of axonemal pattern

Even after prolonged cold treatment at 0°C, Actinosphasrium possesses
blwse

axonemeso However, axonemes have abnormal microtubule configurations.

Whole sectors are sometimes missing from the double spiral pattern.

Microtubules are often misplaced between rows. Central microtubules and

rows of microtubules may be absent.' What happens to these abnormally

patterned axonemes during recovery of Actinosphaerium following cold

treatment? There are several possibilities:-
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(1) Abnormally patterned, axonemes may break down. Complete new axonemes

would then assemble.

(2) Abnormally patterned axonemes may re-extend with no repair of the

double spiral pattern,

(3) Abnormally patterned axonemes may re-extend with concomittant repair

of the double spiral pattern.

On recovery of Actinosphaerium following cold treatment axopodia first

undergo partial retraction and then re-extend. Retraction may result from

either complete or partial breakdown of abnormally patterned axonemes or

by repositioning of axonemal bases within the ectoplasm. If retraction

is because of complete breakdown of abnormally patterned axonemes, why do

axopodia not retract completely? It is possible that even during degrada¬

tion of abnormally patterned axonemes, new axonemes develop alongside

degenerating double spirals. However, organisms fixed 20 minutes after

removal from the cold, when axopodia are extending, possess only large

abnormally patterned axonemes. Ho complete axonemes are present. Thus

re-extension of axopodia cannot be accounted for by development of new

axonemes alongside degenerating abnormally patterned axonemes. Axopodia

containing abnormally patterned axonemes are extending. Abnormally

patterned axonemes do not break down but, in fact, re-extend. Is axonemal

pattern repaired during re-extension? After 45 minutes of recovery

following cold treatment, Actinosphaerium possesses almost normally

patterned large axonemes. Although these axonemes are nearly complete

they each possess some of the 'mistakes' found in axonemes of Actinosphaerium.

20 minutes after removal fronj the cold. It would appear that axonemal

pattern repair occurs during extension of axopodia (and therefore axonemes).



Serial cross-sectioning of repairing axonemes i.e. axonemes of

organisms fixed. 20 minutes after removal from the cold reveals

(1) The greatest number of microtubules along the repairing axoneme does

not always occur at the base of the axoneme.

(2) Microtubules which are in small groups outside the double spiral

pattern at one level in the axoneme may be included within the double

spiral pattern at another level along the axoneme.

(3) A particular position in the double spiral pattern which is occupied

by a microtubule at a certain level, sometimes lacks a tubule at a

more distal level, and yet can be occupied by a microtubule at a yet

more distal level (e.g. consider region Z in axoneme A Figs 103 to 106).

(4) Another example of changes in pattern at different levels is provided

by region X in axoneme A (Figs 103 to 106). As the axoneme is examined

at progressively more distal levels, pattern becomes more regular and

normal and then more abnormal again. This and item (3) are both clear

examples of pattern sequence which one would not expect to encounter

in the normal assembly sequence dealt with in chapters 1 and 2.

The number of microtubules close to the periphery of axonemes in

organisms fixed 20 minutes after removal from the cold is higher than the

numbers of such microtubules in untreated organisms and in organisms fixed

immediately after cold treatment. Serial cross-sectioning of axonemes of

cold treated, 20 minute recovery organisms indicates that, along the

length of each axoneme, there is microtubule addition to, and/or loss from,

the double spiral pattern. Mistakes in the double spiral pattern may be

such that partial pattern breakdown is necessary before pattern repair

can begin. Thus in cold treated, 20 minute recovery organisms microtubules



close to axonemes may be those which have been 'lost' from the damaged

double spiral pattern. However, at 20 minutes after removal from the cold,

axopodia (and therefore axonemes) are extending. Axonemal repair and

extension are concomittant. Thus it would seem more likely that many of

the microtubules close by axonemes in cold treated, 20 minute recovery

organisms are in the process of being added to the double spiral pattern.

As axonemal pattern is repaired the numbers of microtubules close by

damaged axonemes will presumably be reduced. This appears to be the case.

At 45 minutes after removal from the cold, axonemal pattern repair is

nearly complete although axonemes are still extending. The number of

microtubules close by axonemes in cold treated, 45 minute recovery organisms

is less than in cold treated, 20 minute recovery organisms.

It seems likely that repair of axonemal pattern in Actinosnhaerium

occurs by self-linkage and possibly involves a gradion-like linkage speci¬

fying mechanism (cf. axonemal development in Echinosphaerium nucleofilum.

chapter 1, and Actinophrys sol, chapter 2). In Actinosphaerium, during

recovery from cold treatment, microtubule assembly is nucleated (perhaps

by the 'cap® structures mentioned above) close by damaged axonemes.

Pine 'strands' interconnecting microtubules near axonemes may act as part

of an acto-myosin contractile system for bringing microtubules together

prior to self-linkage (see chapters 1 and 2).

(d) Effect of colchicine on axopodia

When Echinosphaerium nucleofilum and Actinophrys sol are placed in

solutions containing colchicine their axopodia retract because of axonemal

breakdown (Tilney, 1968; Ockleford, 1975). Axonemal microtubules in

these heliozoans are considered to be in a state of dynamic equilibrium
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with a pool of tubulin subunits (Tilney, 1971) i.e. axonemal microtubules

are undergoing constant polymerisation/depolymerisation while remaining

the same length. Colchicine is believed to affect the equilibrium between

polymerised tubules and the pool of tubulin subunits by producing a net

microtubule depolymerisation. This may be achieved because colchicine

bines to tubulin diners and a colchicine-dimer complex caps the polymerising

site on a microtubule and prevents assembly (Margolis and Wilson, 1977).

The axopodia of Actinosnhaerium eichhorni retract in solutions con¬

taining colchicine. The axopodia of control organisms retract at a rate

of approximately 11 pm/minute in a solution of 0.5$ colchicine. Twenty

minutes after removal from the cold (17 hrs at 0°C) the axonemes of

Actinosnhaerium have abnormal double spiral patterns (see above). When

these organisms are placed in a solution of 0.5$ colchicine, axopodia

retract at 3 pm/minute (after an initial lag). It might have been expected

that axonemes with damaged double spiral patterns would be more sensitive

to colchicine treatment than complete double spirals i.e. abnormal axonemes

(and therefore the axopodia which contain them) would retract more quickly

than complete axonemes. In fact, the opposite occurs. Axopodia containing

complete axonemes retract more quickly than axopodia containing abnormally

patterned axonemes, In organisms briskly pipetted up and down axopodia,

which are about the same length as axopodia in cold treated, 20 minute

recovery organisms, also retract in a 0.5$ solution of colchicine more

slowly than the axopodia of control organisms. Cold treated organisms,

20 minutes after removal from the cold and 'pipetted' organisms both

possess axonemes which are extending. Perhaps, polymerising axonemal

microtubules are less sensitive to colchicine treatment than axonemal

microtubules in control organisms, which are in a state of dynamic

equilibrium with a pool of tubulin subunits.



Differential cold effects on axonemal microtubules in Echinosphaerium,

Actinophrys and Actinosphaerium.

The heliozoans Echinosphaerium, Actinophrys and Actinosphaerium

possess the same axonemal pattern of microtubules. It is therefore

surprising that cold treatment of the three gives such widely differing

results in axonemal microtubule stability since the microtubules and

linkages in these heliozoans are likely to be similar. When

Echinosphaerium is treated for 6 hrs at 0°C, most microtubules

disappear with concomitant appearance of macrotubules (chapter 1).

In Actinophrys some microtubules remain even after prolonged cold

treatment i.e. 17 hrs at -2°C, very few macrotubules being induced

(chapter 2). Prolonged cold treatment of Actinosphaerium,i.e. 17 hrs

at 0°C, results in abnormal configurations of axonemal microtubules

and induces filamentous structures (see above). How can these

differential cold effects be explained? The cytoplasmic environment

of the axonemes in the three heliozoans is possibly different and this

may modify the effects of cold treatment. However, this question

remains unresolved.
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Figures«

Unless otherwise stated, all figures are transmission

electron micrographs. Abbreviations have been used to show

where other types of microscopy have been employed.

Mom - Momarski differential interference contrast

Brt - Bright field optics

SEM - Scanning electron microscopy

If abbreviations for organisms are used they are as

follows

Echinosphaerium nucleofilum - Echinosphaerium

Actinophrvs sol - Actinophrvs

Actinosphaerium eichhorni - Actinosphaerium

Mo scale bars are present on micrographs with clearly

evident microtubules (diameter 24 nm).



Figure 2.

A living untreated. Echinosphaerium. nucleofilum showing the

radial arrangement of azopodia.

z 310 (Nom) (Scale bar = 50 iim)



 



Figure 5.

An Echinosphaerium stained using Heidenhain's iron haematoxylin

technique. Numerous nuclei (n) are distributed unevenly at the

level of the border of the ectoplasm (EC) and endoplasm (EN).

x 400 (Brt) (Scale bar = 50 pm)

Figure 4.

This micrograph,'- shows two nuclei (n) of an untreated

Echinosphaerium. Nucleolar material (NM) is distributed

at the periphery of each nucleus.

s 4490 (Scale bar = 5 pm)

Figure 5.

The ectoplasm (EC) and endoplasm (EN) in an untreated

Schinosphaerium can be clearly distinguished in this micrograph.

An axopodial base (AP) is shown.

x 515 (Norn) (Scale bar - 50 pm)



 



Figure 6.

A cross section of a large axoneme in an untreated.

Echinosphaerium. Long links extend between tubules in adjacent

rows. Short links occur between adjacent tubules in the same row.

x 83,333

Figure 7.

A portion of a cross section of an axoneme in an untreated

Bchinosphaerium showing a microtubule (arrowed) misplaced between

two rows of the double spiral at a sector boundary.

x 166,666

Figure 8.

A portion of a cross section of the periphery of an axoneme

in an untreated Echinosphaerium showing unlinked tubules (arrowed)

close to, but outside, the double spiral pattern.

x 208,333

Figure 9.

The centre of an axcneme in an untreated Echir.osphaerium,,

The eighth tubule (moving from a central tubule anticlockwise) is

linked by a long link (arrowed) to the second tubule (moving from

a central tubule anticlockwise).

x 291,660



 



Figure 10.

Axonemal vesicles (V) in an untreated Echinosphaerium

close by an axoneme (AX)

x 125,000

Figure 11.

An axoneme in an untreated Echinosphaerium abutting on

the nuclear envelope (NE). Dense material (d) coats portions

of the axonemal microtubules.

x 41,667.

Figure 12.

Dense material (D) attached to microtubules in the outermost

row of a double spiral in an untreated Echinosphaerium.

x 62,500
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Figure 15.

Macro tubules (MA) in the ectoplasm of an Echinosohaerium

treated for 6 hrs at 0 C.

x 139»700 (Scale bar - 100 nm)

Figure 14.

Filamentous structures (f) in the ectoplasm of an Echinosnhaerium

treated for 6 hrs at 0°C.

2 119»992 (Scale bar - 100 nm)

Figure 15.

An Echinosnhaerium treated for 6 hrs at 0°C. Numerous

stubby protruberances radiate from the cell body (arrows).

x 266 (Norn) (Scale bar - 50 pm)

Figure 16.

The same Echinosphaerium as in Fig. 15 having been allowed

to recover for about 8 minutes after removal from the cold.

Many small axopodia (arrows) are visible.

x 266 (Norn) (Scale bar - 50 p.m)



 



Figs 17 and. 18 are micrographs of sections of Echinosphaerium

treated for 6 hrs at 0°C.

Figure 17.

A cross section of a cell protruberance. The protruberance

is packed with macrotubules (MA) which are aligned parallel

to the longitudinal axis of the protruberance.

x 23,529 (Scale bar - 500 nm)

Figure 18.

An axonemal remnant,

x 125,000
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Pigs 19 and. 20 are micrographs of sections of Echinosphaerium

treated for 6 hrs at 0°C.

Figure 19.

a clump of dense material (d) from which a few microtubules

radiate.

x 104,167

Figure 20.

A clump of dense material (d) attached to the outer side of

microtubules in a small axonemal remnant

x 125,000.



 



Figs 23 - 25 are micrographs of sections of Echinosphaerium

treated for 6 hrs at 0°C and allowed to recover for 7 mins

at room temperature after removal from the cold.

Figure 25.

A cross section of a cell extension. The extension contains

a small axoneme (AX) and macrotubules (MA) aligned parallel to

the longitudinal axis of the protruberance.

x 58,823 (Scale bar = 100 run)

Figure 24.

A clump of dense material (d) from which numerous microtubules

radiate

x 125,000

Figure 25.

Microtubules radiating from a clump of dense material (D).

The dense material contains a less dense area (a).

x 75,000



 



Figs 26 - 28 are micrographs of sections of Echinosphaerium
Q

treated for 6 hrs at 0 C and allowed to recover for 7 mins at

room temperature after removal from the cold.

Figure 26.

An oblique section of an axoneme to which is attached dense

material (d). Microtubules radiate from the dense material.

x 83,333

Figure 27.

Dense material (d) attached along the lengths of microtubules

in the outermost row of an axoneme. Numerous microtubules

radiate from these dense clumps

x 20,833

Figure 28.

Microtubules radiating from a clump of dense material (d)

which is attached along the length of a microtubule in the outer¬

most row of an axoneme. Microtubules radiating from the dense

material are shown in longitudinal (l), cross sectional (c) and

oblique (o) profile.

x 125,000



 



Pigs 29 and. 30 are micrographs of sections of Echinosnhaerium

treated for 6 hrs at 0°C and allowed to recover for 7 mins at

room temperature after removal from the cold.

Pigure 29.

Pine 'strands' (s) connect microtubules radiating from a

clump of dense material.

x 187,000

Pigure 30.

A fine 'strand' (s) interconnects microtubules close by a

small axoneme.

x 291,667



 



Figs 31-33 are micrographs of serial sections of an axoneme in an

Echinosphaerium treated for 6 hrs at 0°C and allowed to recover

for 7 mins at room temperature after removal from the cold.

Figure 31.

An axoneme sectioned at the ectoplasmic-endoplasmic border

(about 40 pm from the cell surface). See text for explanation

of labelling.

x 125,000

Figure 32.

The same axoneme as in Fig. 31 sectioned 20 pm nearer the

cell surface than in Fig. 31.

x 125,000

Figure 33.

The same axoneme sectioned 5 pm nearer the cell surface

than in Fig. 32.

x 125,000



 



Figs 54 - 56 are micrographs of serial sections of an axoneme

in an Echinosphaerium treated for 6 hrs at 0°C and allowed to

recover for 7 mins at room temperature after removal from the

cold.

Figure 54.

An axoneme sectioned at a point near its base i.e. near

the ectoplasmic-endoplasmic border.

x 125,000

Figure 55.

The same axoneme as in Fig. 54 about 0.8 pm nearer the cell

surface that in Fig. 54.

x 125,000

Fig. 56.

The same axoneme about 1 pm nearer the cell surface tha£ in

Fig. 35.

x 125,000



 



Figure 40.

An untreated living Actinonhrvs sol showing its radiating

axopodia and single central nucleus (n).

x 800 (Horn) (Scale bar - 20 pm)

Figure 41.

An untreated Actinonhrys showing the single central nucleus

(n) with its peripheral nucleolar material (nm).

x 3397 (Scale bar = 10 pm)



 



Figure 42.

A cross section of an axoneme in an untreated. Actinonhrvs.

x 125,000

Figure 4-5.

The base of an axoneme, sectioned longitudinally,

contacting the nuclear envelope (HE ) in an untreated

Actinophrys

x 79,166
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Figure 44.

Axonemal vesicles (v) close by an axoneme sectioned,

longitudinally in an untreated Actinophrys.

x 41,667

Figure 45.

An Actinophrvs treated for 17 hrs at -2°C. Numerous

cell extensions (arrowed) are present.

x 821 (Nom) (Scale bar - 20 pm)

Figure 46.

A cell extension of an Actinophrys treated for 17 hrs at

-2°C. Microtubules lie parallel to the longitudinal axis of

the protruberance.

x 41,667



 



Figs 47 and. 48 are micrographs of sections of Actinonhrys

treated for 17 hrs at -2°C.

Figure 47.

Numerous microtubules radiate from the nuclear envelope

(NE). The microtubule attachment points on the nuclear

envelope are apparently randomly arranged*

x 62,500

Figure 48.

Macrotubules (MA) close by the nuclear envelope (NE).

x 63,656 (Scale bar - 100 nm)



 



Figs 51 - 54 are micrographs of sections of Actinophrys treated

for 17 hrs at -2°C and allowed to recover for 12 mins at room

temperature after removal from the cold.

Figure 51.

A cell extension filled with microtubules which are aligned

parallel to the longitudinal axis of the extension.

x 54,166

Figure 52.

A bundle of microtubules in the cytoplasm. The microtubules

in group G within the bundle are almost in an arrangement like

that at the centre of a double spiral.

x 200,000

Figure 55.

The bases of microtubules within a bundle are attached to the

nuclear envelope (NE). The attachment points of microtubules on

the nuclear envelope are grouped together.

x 62,500

Figure 54.

A fine 'strand1 (s) interconnects tubules within a bundle,

x 254,167



 



Pigs 55 and. 56 and micrographs of sections of Actinonhrys treated

for 17 hrs at -2°C and allowed to recover for 12 mins at room

temperature after removal from the cold.

Figure 55.

Azonemal vesicles (v) close by a bundle of microtubules.

x 208,333

Figure 56.

A small group of microtubules in the cytoplasm,

s 208,333
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Figs 57 - 59 are micrographs of sections of Actinophrys treated

for 17 hrs at -2°C and allowed to recover for 16 mins at room

temperature after removal from the cold.

Figure 57.

A large bundle of microtubules in the cytoplasm. The

microtubules in group G- are arranged in a pattern similar to

that in a small double spiral.

x 62,500

Figure 58.

Microtubule attachment points on the nuclear envelope

(he) are grouped together.

s 62,500.

Figure 59.

Fine 'strands' (s) interconnect microtubules in a bundle,

x 555,555



 



Figs 60 - 62 are micrographs of serial sections of a large

bundle in an Actinophrys treated for 17 hrs at -2°C and

allowed to recover for 16 mins at room temperature after removal

from the cold.

Figure 60.

Axoneijies A and B sectioned at a level about 1 pm distal

to their point of attachment to the nuclear envelope. See

test for explanation of labelling.

104,167

Figure 61.

4-xonemes A and B sectioned 3 pm nearer the cell surface

than in Fig. 60.

x 104,167

Figure 62.

Axonemes A and B sectioned 1 pm nearer the cell surface

than in Fig. 61.

x 104,167



 



Figure 72.

The surface of Echinosphaerium nucleofilum showing

its fuzzy appearance and numerous cell extensions.

xi&i5 (SEM) (Scale bar - 50 pm)

Figure 74.

Actinophrys sol after treatment in a non-ionic

detergent (Nonidet P40) at a concentration of 0.002$

in the absence of spermidine.

x 667 (Scale bar - 20 |im)



 



Figure 75.

An Actinophrys nucleus isolated^ in a solution containing

0.25$ of the non-ionic detergent, Nonidet P40, in the absence

of spermidine.

x 2315 (Nom) (Scale bar = 10 pm)

Figure 76.

An Actinophrys nucleus isolated in a solution containing

0.001$ of the non-ionic degergent, Nonidet P40, and 0.5

mg/ml spermidine

x 2450 (Kom) (Scale bar = 10 pm)

Figure 77.

An Actinophrys nucleus isolated and incubated for 15 mins

at 31°C in a solution containing 0.001$ of the non-ionic

detergent Nonidet P40, and 0.5 mg/ml spermidine. The

nuclear contents (hP) are shown.

x 4800 (Scale bar = 5 pm)

Figure 78.

An enlarged yiew of the nuclear envelope of the

nucleus shown in Fig. 77.

x 174,000 (Scale bar = 100 run)
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Figure 79.

A portion of the nuclear envelope (NE) of an

Actinophrys nucleus isolated in a solution containing 0.0C1^

of the non-ionic detergent, Nonidet P40, and 0.5 mg/ml

spermidine and then washed and incubated for 15 mins at

31°C in a •washing' solution. The nuclear envelope (NE) has

a clearly identifiable pore (P). 'Fuzzy' material (f)

adheres to the nuclear envelope.

x 125,000 (Scale bar = 120 cm)

Figure 80.

A negatively stained preparation of microtubules

prepared by incubating microtubule protein isolated from

rat brain with 1 mM GTP.

x 166,667. (Scale bar = 100 nm)

Figure 81.

A portion of the nuclear envelope of Actinophrys

isolated in a solution containing 0.001^ of the non-ionic

detergent, Nonidet P40, and 0.5 mg/ml spermidine, washed in

'washing' solution and incubated in a microtubule protein

reassembly medium for 15 mins at 31°C. A microtubule is close

by the nuclear envelope (NE) which possesses a pore (P).

x 116,667 (Scale bar - 100 nm)



 



Figure 82.

A living untreated. Actinospherium eichhorni showing

the radial arrangement of azopodia. The cytoplasm is

divided into ectoplasm (EC) and endoplasm (EN)

z 153 (Norn) (Scale bar = 100 pm)

Figure 85.

A nucleus (u) of an untreated Actingsphaerium

showing the central nucleolar material (ffi).

z 6520 (Scale bar = 5 pm)



 



Figure 84.

A cross section of an axoneme in an untreated

Actinosphaerium.

x 125,000

Figure 85.

Cap-like structures (CP) on the ends of axonemal

microtubules in an untreated Actinosphaerium.

x 208,533



 



Figure 86.

Microtubules (arrowed) diverging distally away from

the base of an azoneme in an untreated Actinosphaerium.

x 58,333

Figure 87.

Azonemal vesicles (V) close by an azoneme in an

untreated Actinosphaerium.

x 58,333



 



Figure 88.

Actinosphaerium treated for 17 hrs at 0°C.

Numerous axopodial-like cell extensions (arrowed) are

present.

x 236 (Nom) (Scale bar = 100 pm)

Figure 89.

A cell extension of Actinosphaerium treated for

17 hrs at 0°C. The cell extension contains an axoneme

with a disrupted microtubule pattern.

x 51,421



 



Figs 90 - 92 are micrographs of sections of Actinosnhaerium

cold treated for 17 hrs at 0°C.

Figure 90.

An axoneme with missing sections (s)

x 112,500

Figure 91 .

An axoneme with incomplete rows (r)„ Intertubule

1 2
spacing m m is abnormal,

x 112.500

Figure 92.

An. axoneme with an incomplete central arrangement

of microtubules (c)

x 112,500



 



Figs 93 and. 94 are micrographs of sections of Actinosnhaerium

treated for 17 hrs at 0°C.

Figure 93.

a bundle of filamentous structures (f) in the cell

body ectoplasm.

x 90,905 (Scale bar - 200 nm)

Figure 94.

Axonemal vesicles (v) close by an axoneme sectioned

longitudinally. The axonemal vesicles possess 'tails' (7T).

x 45,833



 



Figs 96 - 98 are micrographs of sections of Actinosnhaerium

treated for 17 hrs at 0°C and allowed to recover for 20 mins

at room temperature after removal from the cold.

Figure 96.

An axoneme with missing sectors (s), a faulty centre (c)

incomplete rows (r) and microtubules misplaced between rows (m)

s 83,333

Figure 97.

Microtubules (arrowed) diverging away from an axoneme.

x 32,780

Figure 98.

Gap-like structures (CP) cover the ends of axonemal

microtubules.

x 208,333



 



Figs 99 and. 100 are micrographs of sections of Actinosphaerium

treated for 17 hrs at 0°C and allowed to recover for 20 mins

at room temperature after removal from the cold.

Figure 99.

Fine 'strands1 (s) interconnect microtubules,

x 208,333

Figure 100.

A network of fine 'strands' (s) interconnect microtubules,

x 208,333



 



Figs 1C"} and 102 are micrographs of sections of Actinosphaerium

treated for 17 hrs at 0°C and allowed to recover for 20 mins.

at room temperature after removal from the cold.

Figure 101♦

Microtubules (MT) closely associated with axonemal

vesicles (V) and filamentous structures (f).

x 104,166

Figure 102.

An axonemal vesicle (V) appears to be giving rise to

a microtubule (Mr).

x 104,166



 



Figs 103 - 106 are micrographs of serial sections of two

axonemes in an Actinosphaerium treated for 17 hrs at 0°C

and allowed to recover for 20 mins at room temperature after

removal from the cold.

Figure 10?.

Two axonemes, A and B. Labelling is explained in the

text.

x 62,500

Figure 104.

Axonemes A and B 2 pm nearer the cell surface than

in Fig. 105.

x 62,500
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Figure 1 05.

Axoneme A and B 2 n^i nearer the cell surface than in

Fig. 104.

x 62,500

Figure 1 06.

Axonemes A and B 2 |im nearer the cell surface than in

Fig. 105.

x 62,500



 



Pigs 107 - 109 are micrographs of sections of Actinosphaerium

treated for 17 hrs at 0°C and allowed to recover for 45 mins

at room temperature after removal from the cold.

Figure 107.

Almost a complete double spiral pattern although some

rows are incomplete (r). Microtubule m is misplaced between rows.

x 83,333

Figure 108.

Almost a complete double spiral pattern except for

the central arrangement of microtubules (c).

x 83,333

Figure 109.

A small group of microtubules in the cell bod}- ectoplasm.

They are in a pattern similar to that at the centre of a

double spiral.

x 166,666



 



Figs 110 and 111 are micrographs of sections of Actinosnhaerium

treated for 17 hrs at 0°C and allowed to recover for 45 mins

at room temperature after removal from the cold.

Figure 110.

A small complete axcneme.

x 208,333

Figure 111.

Axcnemal vesicles (v) and filamentous structures (f)

in a bundle.. Axcnemal vesicle "tails® (VT) and filamentous

structures appear to be continuous.

x 125,000 (Scale bar - 200 nm).
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